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ABSTRACT

Reaching agreements over water management ongkeundary rivers is a complex yet necessary
endeavourto assurethat humans can live wiih the limits ofavailableresourcesThe myriad of
challengessboth physical and sociad nature the uncertaintyof water availabilitydue tonatural
hydrologicvariabilityis often increased by the involvement pfultiple managemeninstitutions.
Jurisdictionsof controlaretypicallydefinedby political bordersandthusthey representdistinct
geographic domains and interesisicreasing scarcifydriven by rgidly expanding populations
and our growing awareness odfimaticnon-stationary, increases the urgency to find agreements
among these institutionsAlthough the need is significant and growiraylack of available
approachesexist thatconsiders the physal, technical and political dynamics to address these

complexchallenges.

This thesis describes novel analytical methods to engage in the complex political realm of
transboundary river managemenBuilding from an engineering systems analysis approach to
engage this topic,ite main hypotheses of this thesis are: (1) Existing analytical approfmhes
water resource development are useful but often constrained in a transboundary negotiation
context, and (2) cooperation among -ciparian water management sgtitutions can be
significantly increased with strategic implementation of analytical tools to jointly macagent

and futurerisks.

To test this hypothesis, this thesis presents an analytical approach that (1) examines previous
applications of water reource models tadentify their perceived contribution to managing
transboundary rivers, (2) develops a new modelling framework ¢ngiageswith transboundary
negotiations, and (3) incorporates methods for +isksed decision making to evaluate the
benefis, opportunities and tradeffs of cooperation among enparian statesA retrospective
analysis is conducted on the Colorado and Muayling River Basins to understal@sons

learned from recent applicati@of analyticaimodellingtools. New methods arethen developed



and applied to the rapidly changing Eastern Nile River Badie ongoingonstruction ofthe
Grand Ethiopian Renaissance Dam (GERD) and the implications on downstream countries of Sudan
and Egypt provides the context aidelevant cae for testing the methods and evaluating the

hypotheses.

Results from this thesis demonstratee distinct advantages adn early development oystem

wide analytical tod within a transboundary contextwhich is made available to all parties.
Conversly, the challenges of reconciling multiple models used by different institutions after full
allocation is reached in a basin is a significant barrier to cooperative management. Results also
demonstrate the advantages of developing an analytical tool tisasufficiently accurate,
transparent and flexible to seek creative solutipasdthe need to selecanappropriate breadth

and depth ofmodel designthat conveys itscredibility, saliency and legitimadgp support a
decisionmaking processTheappropriae designof tools to consider multiple futurdaydrologic
scenarios can shift a discourse from rigid water allocations to considering the effects of new
developments in terms of changes to riskedto allow stakeholders to decidahether these
changes ar tolerable when juxtaposed with the benefits theaew infrastructure providedzinally,

the results show how risks among multiple stakeholders can be evaluated under expanding

uncertainties and cooperative solutions cdre sought to minimise or balancéese risks.

The application of the proposed methods to the Eastern Nile Basin indittat solutions are
indeed possible that benefit all three countries. A number of cooperative solusiaisientified
that suggestoperational rules for thenew and exgting infrastructure. These operatioran be
responsive to variable climatic conditioaad thus encourage dynamic cooperatidn this light,
the developments in Ethiopia need not be a risk, but can result in substantial benefits to the
downstream counties if agreements can be reached. Embedding highly adaptable analytical tools
within a negotiation process can help to overcome the challenges faced at this historic point on

the Nile River.
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1 INTRODUCTION

1.1 BACKGROUND

The useof rivers that flow acrospolitical bordersinherently involvesnanyperspectiveson how

water shodd be shared and managedpproximately 263 river basinsspan international
boundaries (Wolf 2007) and many of the 319 federal rivers of the world cross interstate
boundariegGarrick et al. 2013%rowing global populations resulting in increased demands have
caused concerns of increasingter scarcityand highlightthe need forimproved management

and postble redistribution of existing freshwater resourcé&leick 200Q) Furthermore the
increased awareness of the implicationdatiire global climate changd¥6rosmarty et al. 2000)

have called into question whether the natural water supplies of the future will resemble that of
the past(Milly et al. 2008) The formation of newrransboundary riversharing agreements or
adapting existing treaties to allow greater flexibility is seen as an increasingly important task as

river basins reach closu(€ooley andsleick 2011; Falkenmark and Molden 2008)

A wide variety ofwater sharingarrangements existthat seek tomanageand allocate water
amongst the national and sulmational stakeholdersfor variety of consumptive and nen
consumptive usefDe Stefano et al. 20L0Ylanyfactorssuch asstrong institutional capacitythe
drive for economicdevelopment and regionahtegrationand physical scarcithavebeen linked

to the emergence of these agreemen{Blomquist et al. 2005; Dinar 2009b; Sadoff and Grey
2002) A basinwide desire to mitgate the risks of flooding and drouglean contribute to
collective action to minimize harm from extreme eve(iall and Borgomeo 2013)symmetric
power dynamics&nd counterhegemoniananoeuvreshave also been shown to playsanificant
role ingeneratingthe political will tofind a compromisemong ceriparian stategDinar 2009a;

Zeitoun et al. 2017While a number of theories exigh causal factorfor successful treatieshe



negotiationprocesgsby which agreementgver international watemanagement anallocatiors

decisionare achieveds contextual, seldom replicated, and thpsorly understood.

This thesis addresses this challenge by first examiningettent use of analytical tools to seek
water-sharing agreements, and then develapsiew analytical frameworto demonstate how
these tools can be implemented better facilitate transboundary negotiation§oenhancemulti-
stakeholder engagementntegrated Water ResourceManagement (IWRM) has emerged as a
comprehensiveparadigm that strives to be inclusive aptbmote coordination among uses and
across variousisers(Grigg 2008)More recentframeworksof water diplomacy(Adelphi 2016;
Islam and Susskind 2018%es negottion theoriesto seekmutual gains throughrades to
enhancethe benefits that water provide(Sadoff and Grey 2002 entral tathe effectiveness of
both these paradigms is th&haring okxistingknowledgeof the currentand potential distribution
and utilization ofwater resources across bordersTo accomplish thigredible, legitimate and
salientinformation systemsseek toproducea commonunderstanding of howrivers could be
better managedinto the future (Cash et al. 2003Water resoure models are one particularly

useful tool for analysinthe development of new management strategies.

Models are often used within countries and amongelatively amicable ceriparian nationsto
addressmanagementchallenges These tools help tidentify efficient allocation schemes and
reservoiroperationsto meet multiple objectivegLoucks 1992; Wurbs 1994; Yeh 198hiccessful
usesof modelson transboundaryrivers such as the Columbia and Rhdeenonstrate thér utility,

but most successful contexts have been shown to have countervailing forces and relatively
abundant water(Hensengerth et al. 2012; Song and Whittington 2004)ch has been written

on how waters of intenational riverscouldbe managedn more contentious situationfGuariso

and Whittington 1987; Rogers 1969articularly in the context ofnternational investment
planning(GWP 2013) Howeverthe useof modelsas tookto navigatedifficult negotiationsover

water allocationsand dam operationsis far less frequent. This gap is primarily a result of



asymmetrical technical capacities among stakeholders to use maddistrust in modelslue to

the risk of embedded assumptions, and the gravitas implied by relying on such techniques in an
internationally binding contexBiswas 2011; Dinar 2009a; Salman 2008i8table exceptins to

this includesuccessfuhegotiatiors between the United States and Mexico over the Colorado
River(Buono and Eckstein 2014)ngoingplanning on the Mekong Rivéor a number ofdam
construction project4MRC 2014and the management of the Toktogul Reservoir on the Syr Darya
of the Aral Se8asin(Cai et al. 2003; Heaven et al. 200&hile a number of best practices have
emerged for collaborative modellinf.angsdale et al. 2013)here isa lack ofgeneralized
frameworks on how to integrate models withaninherently poltical decisioamaking process of

transboundary negotiations.

This thesiduilds umpn the framework ofwater diplomacy(lslam and Sussid 2012)with the

utility of modelsfor water resource planning and managemef@rown et al. 2015)While
traditional approaches to reach international agreements have relied heavily on historical average
hydrologic conditions to determine allocation values, thethodsdevelopedin this work utilize
riskbasal approacheshat have increasinglygained acceptancéHall and Borgomeo (.3)
Sochasticmethodsare developed and usetd evaluatethe potential forsatisfactoryoutcomes,

which aredefined as reaching tolerable level of riskGrey et al. 2013)r an acceptability criteria

of no significant harm(Salman 2007)Managing uncertainties that can be characterised by
probabilities and consideringhose whichcannot be easily predicted, are particularly challenging

in transboundary negotiation contexts

The central question of this research is homoperativerisk managementcan be incorporated
into transboundary water sharingegotiations Using a case study approach, | explore thjsc

with three distinct questions:



1) To what extent arewater resource models useful to facilitate transboundary
negotiations?
2) How mightwater resourcanodelsbe developed tenhance cooperation?

3) How caruncertainhydrologicfutures be incorporated to transboundary decision making?

1.2 AMS ANOOBJECTIVES

This thesis aims to pvide new methods for water resource decisiorakingin transboundary

river contexis and explore how modelling tools can bélized innegotiatiors to consider risk
based strategic cooperative solutiong.o achieve this aim, the following four objectiwesre
identified: (i) Explore previous examples of the application of water resource models in
transboundary contexts using the analytical framework of credibility, saliency and legiti(iiacy;
develop and apply a polieyriented water resource model taest its value for facilitating
cooperation in a transboundary contex{ji) develop a genered stochastic hydrology
generation method tosimulate significant uncertainties in future hydrologmnditions (iv)
develop an overarchinffameworkto applywater resource models and mutbjective search
methods to explore cooperative management strategies transboundary basinswhile

consideringhe deep uncertaintyf future hydrologicconditions

This research first examines the application of water vese models on the Colorado and
Murray-Darling River Basins to draw fraecentapplicable experience. The focus then shifts to

the Eastern Nile River Basin where negotiations over the Grand Ethiopian Renaissance Dam
(GERD) are currently ongoirithe methalology is applied in theontext of building cooperation

among the countries of Ethiopia, Sudan and Egypt



1.3 (HAPTERSUTLINE

Applying the critical lens o€ash et al. (2003)hat characterises the value of knowledge
management systems dmundary objectsChapter Z2xamines therecent application ofvater
resource models irtwo river basins includindhe federal and international transboundary
Colorado Riveand the federal MurraaDarling River Basitspecificallythis chapter analyses the
useof these modelgduring negotiationsamong thesub-national states or provinces, and within
the successful egotiation between the United States and Mexicbhese lessons are then
compared to the ongoing use of models in the Nile Bagie. focus of this chaptés on analysing
multiple technical and nortechnical viewpoint$o evaluate the roleof models awvalidboundary

objectswithin the negotiation contexts

Chapter 3 describes the development and application of a new water resource model constructed

for the Eastern Nile River Basin wilsimilarreservoir operation and policy developmeiaicus

as the Colorad River case studyl his newmodel iscalibrated anddemonstrated by simulating

variety of potential cooperative filling policiefor the new GERD reservpiwhile minimizing

impads to Sudan and EgyptheOK | LJG SNJ RSY 2y & (i NI ( S &LIAKSOSFD SEARS

and highlights the Mae of using these tools for collaborative policy exploration.

Chapter 4 describes a methodology fowlti-site stochastic hydrology generatiothat can
reproduce historicaktatistical characteristics andhe correlation structure amongasinwide
inflow locationsFurthermore, the parsimonious and generalized procedure can genetdpeits
with usermodificationgto the statisticatharacteristtsto simulate the potential effects of climate
changesThe methods appliedto develop multiple hydrologiscenarioswith varying hydrologic

persistencedor the Eastern Nile Basin.

Chapter 5 develops a gendizd methodology for exploring cooperativeanagement solutions
in transboundary basinand demonstrates this on the Eastern Nikngthe model developed in

5



Chapter 3 and the hydrologic sequences developed in Chapter 4. The method described in this
chapteralso appliesa multiobjective evolutimary algorithm to explore alternativeperational
policies and integrates deeply uncertain hydrologic futures into the evaluafidime robustness

of potential solutions



2 TRANSBOUNDARY RIVERDELS BRIDGING THE BOUNIESRI
BETWEEN SCIEN@ARTICIPAN AND REGIONAL BEOMMAKING

2.1 INTRODUCTION

Water resource models (WRMs) are frequently used to aid deemimking by capturing,
communicating and translating knowledge of complex hydrologic and social systems. Abstract
representations of these systemgeacreated using equations and assumptions, along with
spatially and temporally simplified data. WRMs are often used in contested situations with
multiple interests where the saliency of policy insight they provide must be balanced with
scientific credibity and perceived legitimacy of the knowledge from which they are built upon

(Cash et al. 2003)

Management of shared water resources across multiple jurisdictions such as federal river basins
is particularly complexGarrick et al. 2014and challenges are exatated in droughtprone
regions or fully allocated rivers. Water governance paradigms such as Integrated Water Resource
Management (IWRMYGWP 2000rnd water diplomacy(lslam and Susskind 2018gek to
improve dialogue and coordination among multiple scales of government, rwaers and
scientific knowledge through information exchanges across disciplinary, organisational and
knowledge boundarieflacobs et al. 2016These frameworks rely on scientifically credible and
socially robust knowledgaction systems to exchange information and guide interactions among

participants(Robinson et al. 2011)

WRMs have been a core part of regional water resource deersiing and management for
many decadegBrown et al 2015; Jacobs et al. 2018)t have struggled to articulate their value.
Growing pressures on water availability, combined with shifting governance and management,
has resulted in a need to +engage with design and application of WRkn Asselt and Rotmans

2002)to incorporate diverse contributions from multiple stakeholders, communities and interest



groups (Kroon et al. 2009)Varied scales of information across large basins often lead to
heterogeneity and knowledge gaps, and poses challenges to perform systiEmanalyses,
communicate findings and implement regional responses to phenomeol as droughts and

climate change.

The growing need for resource managers to learn, experiment and adapt to complex threats and
opportunities that are inherent in water decisianaking has attracted the attention of a growing
field of sustainability sence(Clark and Dickson 2003)his field of research draws on the notion

of boundary work(Gieryn 1983)hat describes efforts ofwo-way, iterative communication
between actors on both sides of the science/decigioaking boundary to translate and mediate
knowledge into policy decisionsor boundary work to be useful and usable, it needs to not only
be scientifically credible but assalient for realvorld applications and reflect legitimate
information-gathering processes that consider a range of values, interest and cor{&ash et

al. 2003; Clark et al. 2016; Jacobs et al. 20I6)}this chapter, the focus is onhow federal
I2PSNY I yOS aidNUzOGdzNBa dziAf AT S 2wad & Wo2dzyRI NE
across multiple state and national governments, stakeholder interests and disciplinary

perspectives to support river basin plaing.

This chapter first draws on responses from WRM designers and users in two fully allocated,
droughtprone and contested transboundary river basifiBeColorado River Basin (CRB) in North
America and the Murraparling Basin (MDB) in southeastern #ai&a. Both basins are
characterized by federal water governance structures and WRMs were recently developed or
enhanced in both basins amidst significant water planning and management reforms in response
to severe droughtThe chapter reviewBNVRM as itelates to the development and application of
WRMs to enable water managers to link knowledge with actions required to address complex
water resource management issues, then dsaw the sustainability science literature to describe

the key perspectives ahattributes of boundary work. Regional water resource planning contexts



within the basins are then reviewed and the survey responses analyseally, this chapter
discusses the recent history and ongoing challenges of applying a WRM to facilitate the

development and decision making process of the Nile Basin.

The results demonstrateghat WRMs act as boundary objects through their management
functions, however who has control of, and access to, the WRMs within a-jomidtlictional
context is a criticaldctor that affects their ability to function in this rolResults also show that

the successful use of WRMs is inherently iterative given the political and legal conditions that exist
in such a context. Furthermoregsults showthat enhancing stakeholdeparticipation in
modelling is valuable but numerous practical barriers and challenges Existchapteconcludes

with recommendations geared towards contributing knowledge to, and using knowledge from,

WRMs more effectively for managing drought riskthim federal and international river basins.

2.2 THEORETICARAMEWORK

Much has been written on water governance and the concept of IWRM, including what should be
integrated to achieve an inclusive yet practical management framew@&iswas 2004;
Gourbesville 2008; GWP 2000he ceevolution of water institutions; the rules, norms, values

and shared knowledge of practitionegsalongside development of governmental authorities,
creates challenges that can make watiecisionmaking regimes resistant to chanfeahiWostl

2009) One challenge includes the integration of bastale technological approaches with
increasing contribubns from diverse knowledge sources and interg®aymond et al. 2010)
Inherent challenges &@e on how such information can be best incorporated into traditional

reductionist, yet often relied upon, decisianaking frameworks.

¢KS GSNY Wo2dzyRINE ¢2N]J Q KFa 06SSy O2AySR (2

integration of knowledge @oss functional and organisational boundaries and different



knowledge domaingJasanoff 2004; Lemos and Morehouse 2008RMs are key boundary
objects to facilitate shared loAgerm problem solving capacity thaespect the domains and
differences contained in water governance knowledgtion systems(Jacobs et al. 2016)
Y. 2dzy R NB  2-NsHdh yad goveininény” an@ nayovernment water management
organisations - perform boundary wrk by acting as intermediaries between different
stakeholders(Buizer et al. 2016; Clark et al. 201@)hich become particularly relevant when

significant knowledge and power imbalances eid&titoun and Warner 2006)

In the context of this paper, a key role for boundary organisations is to build and apply WRMs that
are trusted by stakeholdersd to ensure that interests and individuals are respected, valued and
engaged in a legitimate proceflsemos and Morehouse 200%lowever the process by which

trust in WRMs is gained among competing actors is less understood beyond notions of stakeholder
participation (Olsson and Andersson 2007; Van den Belt 200dis is particularly relevant in
federal river systems that are bound by a common overarching government, but ownership and
management of water is maintained at snbtionallevels. As a result, local state governments
must find ways to camanage the shared resource. In doing so, WRMs become important
Woz2dzy REFNE 2028004Q F2NJ 2NHIyAalGAZ2ya (2 RSOS
assimilation of information acresmultiple sources, time scales, spatial domains and jurisdictions

(Liu et al. 2008)

Multi-level and polycentric governance structur@8strom 2010have been shown to increase
reliance to environmental shocks and systende changes through adaptatioPahiwostl
2009) however coordination among multiple governance institutions is important to avoid
fragmented decentralization(PahtWostl et al. 2012) WRMs provide a tangible form of
coordination across multiple state actors or between states and an overarching federal or basin
wide government. The application of WRMs for dispute resolution in a fouiidictional river

basins is well establishe@inar et al. 2007)and many river basins rely on them for effective

10
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management among competing interests. How WRMs are developed, managed, smared
applied to build consensus among competing actors has received limited attention and provides

a point of departure for this research.

2.3 RESEAROBONTEXT ANAAETHODS

2.3.1 WRM Contexts

2.3.1.1 Colorado River Basin

The CRBovers an area of 637,0uarekilometresanddrains portions of seven states before
flowing across the international border with Mexico and into the Gui€afifornia(Figure2-1).

The river originates in the Rocky Mitains and descents more th&000m along its coursed

the tidal waters of the Guliwith runoff dominated by seasonal snowmelt, the flows fluctuate
widelythroughoutthe year,with high flows occurring in the late spring and low flows during the

late autumn and winter months. Total annualnoff variesconsiderably, ranging froif@ BCMto

32 with an average o20 BCMp . S3AAYYAY I Aafge dtdtafe réskerihlrséweran pn n Q&
constructed to control this variability from causing catastrophilbod damageto existing
downstream irrigation provide a reliable source of water farew irrigation and municipal
development] Y R K I NJ S Jpéatentiakid hyttdpan@miEydlopmentn 1936 the Hoover

Dam was completed which formed Lake Mead. This structure allowed controlled irrigation
diversins via the AAmerica to the Imperial Irrigation District of Californi@he second large
structure, The Glen Canyon Dam, was completed in 1966 and forms Lake Powell upstream of Lake
Mead.The combinedstoragecapacityof these major reservoirs, alongtivia number of others in

the Basin provides around 80 BCM of storage capacity, or over the ability to completely capture

and control approximately years ofaverageannual runoff.
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Figure2-1. Map of theCGolorado River Basin
(USBR 2012b)

The river is managed and operated through a complex assemblage of regulations, which are

collectively referred to as theaw of the RivefMacDonnell et al. 199%hat establishes the rules
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for sharing between states and nations. Within the U.S., the Bureau of Reclamation (8 8iB8R
primary authority charged with the operation of the dams and reservoirs, and management of
water deliveries. Water sharing arrangements between the U.S. and Mexico are defined in a 1944

Treaty and administered by the joint International Boundang &/ater Commission (IBWC).

In 2000 the USBR completed an Environmental Impact Statement (EIS) to develop guidelines for
allocation ofsurpluswater among the lower basin stat€¢gd SBR 2000and in doing so, ushered in

a new era of collaborative WRM use in the basin. Responding to a rapid decline in reservoir
storage, growing demands and climate change riskShartage Criteria EI&ISBR 200Ayas
conducted soon thereafter to defenshortage conditions among the lower basin states and

improve coordination of reservoirs.

Central to each of these efforts was a WRM known as the Colorado River Simulation System (CRSS)
(Garrick et al. 2008; Jerdd al. 2011) Originally designed by USBR as a FORTRAN (Gode&ln

et al. 1981)the CRSS model was transferred to the RiverWare platform in 1990s with an objective

of making themodel more adaptable to changing policies and accessible to a wider audience of
stakeholdergZagona et al. 2001WVith this development, expertise in the CRSS ehbdgan to

extend beyond the USBR. New users included lower basin state governments, coalitions of upper
basin states, municipalities and water authoriti@g$SBR 2012a)Jnderstanding the role of the

CRS in the policy formulation process, nrgovernmental organizations (NGOs) and certain
Native American Tribes, who hold substantial interests or water rights in the Basin, also sought to
build their own expertise through collaboration with universities axternally hired consultants

(Westfall and Bliesner 2006; Wheeler et al. 2007)

The USBR made the CRSS model frealiagle to aStakeholder Modelling Workgrowomprised
of technical representatives from the different organizations, and held regular meetings with

interested technical and noetechnical parties. This allowed the USBR to share outputs from the

13



model and eceive welinformed suggestions for improvements. These efforts were not only to
promote understanding of the scenarios developed, but also to encourage stakeholders to
evaluate and propose management alternatives that could meet their own objectiverores
stakeholders became familiar with the model, the tool evolved into a platform for exploring,
sharing and testing alternative ideas for river management. Technical experts could evaluate
proposals presented at a formal policy level and also communaradescrutinize ideas informally

across networks of modellers.

On an international level, the Mexican government recognized the increasing need to engage over
future river management decisions and held a RiverWare training session in April 2008 toeincreas
their modelling capacity. Formal bilateral negotiations began in 2011 that used the CRSS as the
central analytical platform, and included participation of federal and state governments,
municipalities, NGOs and agricultural districts. Minute 319 to tBd41Treaty was signed in
November 2012 that demonstrated a new level of mildiiel coordination(Buono and Eckstein

2014)

2.3.1.2 Murray Darling Basin

The MurrayDarling Basirtovers an aga of overl.1 million square kilometresn southeastern
Australia and includgareasacrossfour states as well as th&ustralian Capitalerritory (Figure

2-2). With portions of the headwaters originating fromer systems in the hightasof the Great
Dividing Range and the Australian Alps, the vast majority of the basin consists of extensive plains
with elevations of less than 200 meters above sea level. The 23 river valleys covetyaofarie
ecosystems rarigg from rainforests of the eastern uplandshot and arid lands of the western
plains. Similar to the Colorado River, the annual runaffthe MDBvaries widely, ranging from

6.7 BCM to 117.9 BCM, with an average value of 31.8 BCM. A number of msseave been

constructedthat can store up to 22.6 BCM, or 70% of the average annual runoff. Regardless of

14



thisrelativelylimited storage volume, the outflows to the ocean near the city of Adelaidealse
5.1 BCMbn average due to upstream consumptidthile with the vast majority of the runoff is
used for agriculturaburposes approximately 3.4 million people live within the basin or within

areas that depend on the water from the river system.
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The National Water Initiative is the blueprint for Australian water policy and planningmefad

its policy prescriptions and objectives are widely accepted as salient and appropriate for Australia
(COAG 2004)Local, state and basin water planning institutions have agreed on a selyof k
elements within their water planning frameworks such as stakeholder engagement and applying
a riskbased approach to water resource management. Its implementation is the responsibility of

state jurisdictions or regional mulsitate partnerships such dlsose within the MDB.

WRMs such as 1IQQ&imons et al. 1996REALMPerera et al. 2009nd MSMBIGMOD(Close

et al. 2004have been used as decisisnpport tools to understand, plan and manage MDB water
resources over the past four decades, but principalyedloped at the individual subasin level

and managed by state agencies. Disparate characteristics, such as temporal resolutions and
alternative depictions of water rights systems, exist between the varioudaain model§MDBA

2012) In the throes of an unprecedented decaldmg drought, the Australian Government
passed the 2007 Water Act, which directed the fation of the MurrayDarling Basin Authority
(MDBA) and its mandate to strategically plan and manage the basin as a whole. From this greater
centralized management paradigm, the need to standardize and merge the existing modelling
frameworks emerged. Themere significant challenges to link thedividual historical models
within an Integrated River System Modelling Framew@#BA 2012)With funding from the
federal government, the new Source modelling platform was developed by CSIRO, now managed
by eWater LLC, with a goal to eventually replicate and replace the individubbsibmodels and
provide a common analigal framework(Dutta et al. 2013; Welsh et al. 2018Yhile the existing
models continued to be used during this period of critical drought, the new platform was designed
with the intention that multiple state agncies would adopt it for their future planning purposes.

The process of adoption of this common platform continues today.

The models strive to simulate the management of water across four states according to

parliamentary agreements. Under these regulasothe downstream state of South Australia
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receives a minimum annual entitlement flow and the balance is shared according to requirements
for salinity mitigation, flood storage and environmental flows as well as water user entitlements

(Connell and Grafton 2011; MacDonald and Young 2001; Walker et al. 2003)

The 2007 Water Act recognized the risk of environmental degradation resulting from low flows
caused by oveabstraction coupled with the persistent droughtn Ambitious agenda of water

policy reform set to establish Sustainable Diversion Limits (SDL); resulting in more than 20 percent

2T LINBGA2dza SEGNI OGSR o1 SNJ dzaS NBO2@OSNBR F2NJ
(Bark et al. 2014)This has required the application of integratedter governance frameworks

that can negotiate various uses to sustain multiple values and encourage local community input

and review of management objectives and prioritiB®binson et al. 2015/ challenge implicit in

the resulting Basin Plan 2012 is establistangapproach that provides credible water resource

sharing decisions between all water users, including the environment, managing the basin as a
single system while being responsive to local values and priorities. In this research, we contend

that the process of model development, adaptation and application to meet these multiple needs

constitutes an example of boundary work.

2.3.1.3 The NileRiver Basin

The Nile Basin encompasses 3.18 million square kilometres of Eastern Africa, including X1 nation
states of Burudi, Democratic Republic of Congo, Egypt, Ethiopia, Eritrea, Kenya, Rwanda, South
Sudan, Sudan, Tanzania, and UggRégure2-3). The river system is formed by two distinct major
tributaries, commonly called the & Nile and White Nile, which merge in Sudan to form the Main
Nile. The Blue Nile flows from Lake Tana in Ethiopia and carves a deep clockwise canyon through
the Ethiopian plateau before it passes into Sudan, contributing substantially to its agrieulture
based economyCraig 1991pefore joining the White Nile ithe capital city of Khartoum. The

flows that eventually become the White Nile begin in the complex of lakes, wetlands, and rivers

in the Equatorial Lakes region of Burundi, Democratic Republic of Congo, Kenya, Rwanda,
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Tanzania, and Uganda, and emerge fiagike Victoria as the Victoria Nile in Uganda. After passing
through the Sudd Wetlands of South Sudan as the Bahr el Jebel and joining the Bahr el Ghazal and
the outflow of the BareAkoboSobat tributary sulbasin, the river enters Sudan as the White Nile.
Downstream of the confluence of the two major branches of the Nile in Khartoum, the
intermittent Atbara River, originating in Ethiopia and Sudan as the Tekeze (called the Setit River
in Sudan), joins to form the last major contribution before winding tlglothe Nubian Desert and

into Egypt.

While no overarching governance of the Nile existmjous WRMs have been developed to
analysethe developmentpotential of the Basin Until recent years, the majorityf these studies

have beerconductedby externalindividuals, institution®r consultants working for one or more

of the countries.Guari® and Whittington (1987)Xdemonstrated that there is little conflict
between the objectives of Ethiopian hydropower and Egyptian and Sudanese agriculture by using
a classical mukbbjective optimization frameworkBlock and Strzepek (2018¢monstrated the
economic benefits for Ethiopia of largeale Blue Nile development under historical hydrologic
conditions, but also showed the pdisity of a reduced degree of benefit using stochastic
hydrology influenced by climate changes. SimilaMgCartney and Girma (201pyrovide an
analysis of multuse infrastructure development within Ethiopia and the resulting benefits to
Ethiopian agriculture and hydropower while considering the risks of climate change and reduced
flows. Jeuland (2010provides a hydreeconomic framework for integrating climate change
impads into infrastructure planning and found a high sensitivity of economic benefits to runoff
conditions, and furthers this work with a reaptions approach for analysing the selection, sizing,
sequencing and operation of reservoirs within Ethid@dieuland and Whittington 2014Arjoon et

al. (2014)use a stochastic dual dynamic programming approach within a kgdooomic
framework to optimize operations for the benefits of hydropower and agricultuedpction

under various builebut scenarios.
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Another class of models developed for the analysis of the Nile Basin is decision support tools,
which are generally commissioned by institutions and designed to be used by multiple
stakeholders. Models such ake Nile Decision Support To¢Yao and Georgakakos 2003)
integrate with a database to form a Decision Support System (D8f)g together vast amounts

of spatially and temporally discrete and distributed hydrologic data. More recently the Nile Basin
Initiative (NBI), which is envisioned to conduct studies on behalf of member countries, developed
the Nile Basin DSS to prdeia usefaccessible platform that can incorporate a variety of models
designed for various purposéNBIl 2014)Water resource planning models using the generalized
software platforms of MIKE HYDRO (formerly MIKE B@S8itker et al. 2012)and WEARYates

et al. 2005have been developed and integrated into the Nile DSS, while another cadre of models
developed by the Eastern Nile Regional Technical Office (ENTRO) of NBI includirfel &3A6xT
2012) Ribasim(van der Krogt and Ogink 2018hd RiverWardWheeler and Setzer 2012an
potentially be integrated into the Nile Basin DSS. All modelling platforms have their strengths and
thus cater to particular applicatior{8rown et al. 20153uch as the hydrologic focus of SWINE,

river basin planning focus of WEAP, and the reservoir planning and management focus of
RiverWare Similar to the CRSS model of the Colorado River and the-wanSource model of

the Murray-Darling River Basin, the objective of the NIIBS is to prade a shared analytical
platform from which decisions among competing stakeholder can be ntdolwever the use of

this platform has thus far been limited to the NBI anduanberof stakeholders in the Equatorial
Lakes region, and has not been adoptedhsy current major users of Nile water including Egypt

and Sudan for collective decisignaking.
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2.3.2 Methods

Information on model usagin the CRB and MDBas collected through multiple routes including
reviews of governmenproduced reports, academic literature and from a sestniictured survey.

A stratified sample selection was followed augmented with snowballinthdmeriod January

2016 through February 2017, invitations were sent to national and state level WRM developers,
users, as well as individuals representing stakeholder interest groups. The responses collectively
represent a variety of backgrounds, inteteand perspectives from both sides of the science
policy interface and multiple institutional positions in each the basin. The-sgoutured survey
asked respondents about their perspectives of WRM design and application. Questions were
guided by aspest of boundary work identified b€ash et al. (2003where, WRM information
needs to becredible(scientific adequacy)egitimate (its development is respectful of divergent
stakeholder beliefs and values, fair and unbiased) aalient (information is available and

relevant br decisioamaking).

In total, 44 invitations were sent and 21 returned for a 39% response rate. Ten completed
guestionnaires were returned from the CRB including four from federal level governments in the
United States (USBR and IBWEA), two from feded level governments in Mexico (CONAGUA
and IBW&Mexico), two from NGOs and two from stdtvel water authorities. In the MDB, we
received seven completed questionnaires including three from federal level researchers (CSIRO),
two from the basin authoritfyMDBA), one from a state government (South Australia) and one
from a statelevel rrigation district. Table 2-1 demonstrates the distribution of roles of the
respondents, with some respondents selecting more thaa oategory Theinterview questions

are provided in Appendix A.
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Table2-1. Survey Respondent Distribution

Colorado RiveBasin Murray-DarlingBasin
United States Mexico
Sub Sub
Federal Federal | Federal | Federal Federal
Institutional Manager 3 2 1 2

Research Scientist/Engine 1 1 1 3 1

Policy Analysi 1 2 1

Consumer Representativ 3 2

The questionnaire responsewere codedfor themes (Bernard and Ryan, 2010) using a
constructivist gronded theory approach that allowed strong themes to emerge (Glaser and
Strauss, 1967). These responses were then triangulated with the narratives provided in reports
FYR 20KSNJ I @At ofS fAGSNI Gd2NBxX y2iGAyAteri KS
compiling this information, the primary functions of boundary organizatignsonvening,
translation, collaboration and mediatiofCash et al. 2006Wwere linked to the model
characteristics of credibility, legitimacy and salief@€gsh et al. 2003Throughout the results and
subsequent discussion, respondeagiprovedquotesare providedto illustrate key findings.In

the discussion, these findingse contrastedvith the evolvinguse of WRMs in the Nile Basin.

2.4 RESULTS

Survey results are organised by credibility, legitimacy, saliency attributes of effective boundary

woN]J] ARSYGAFTASR o0& /lFakK SG fd® 6nHnnod @AGK

AYFNI a0NUzZOGdzNE FyR NB&2dz2NDOS O2YYAGYSyidao
and shared knowledge capacities within each Basin) that acted to enaptev@nt effective use

of WRMs to guide water resource management decisions.

Credibility:The CRSS was widely considered scientifically credible by all respondents across the

CRB. Survey respondents noted the modelling software platform, hydrologic détenetmods

used to evaluate uncertainty are well supported by pesmriewed literature, and equations
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simulating water management are structured as hierarchical rules that can be readily mapped
onto the Law of the River. Throughout the basin, water demavel® provided by the individual
states based on population projections. Assumptions of exaggerated future demands from the
upper basin states to safeguard future allocations challenged the credibility of WRM projections.
To manage this critique, the USBétdmented model assumptions thoroughly in each EIS study

so that decisions could be accountable to the collaborative decisiaking process.

In the MDB, the tools used to prepare the Basin Plan 2012 can be distinguished from the
subsequent platform and ndel developments. The historical sbsin models IQQM, REALM

and MSMBIGMOD were generally perceived to be scientifically credible due to the regard held

for the model developers and the established institutional usage of these models. The credibility

of the new Source software and the models actively being developed in this framework was
supported by detailed documentation describing guidelines for model develop(Btatk et al.

2014) quality control measures and procedur@elDBA 2012)and the scrutiny during the
development of its internal algorithm@Velsh and Black 2010yhe development of new models

using this platform has however attracted some criticism amongst variousfaumral
stakehoRSNE ® hy S NBALRYRSYy(l adliSR (GKS& aKIFI@S 27F(¢
support the modelling of the Murrag F NI Ay 3 . | &AYy ! dziK2NRGE dE t SN

influenced by limited access to the models, which are generally ownaudbydual States.

Legitimacy:According to respondents, the legitimacy of the CRSS was largely attributed to the
direct access to the model given to stakeholders and the transparency that the platform provides.
The USBHdeveloped model is freely availalie participants through theStakeholder Modelling
Workgroup however users must purchase a RiverWare software licence be able to modify the
model or hire external consultants to do so. Survey respondents commented that the ability for
stakeholders to angbke, operate, challenge and modify the CRSS helped them gain a sense of

ownership during the intestate negotiations of the EIS and processes, and allowed them to
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develop new alternatives to be proposed for consideration. Perceptions of model legitimacy
among various nommodelling stakeholders such as some Native American Tribes was not included
in this assessment. These groups often rely on USBR to interpret the information that the CRSS

produces.

Within the MDB, the legitimacy of historical WRMs wasdalhit established through their relative

simplicity at the time of initial development, followed by continuous use and enhancement across

state offices. As new models are developed using the Source platform, expert input and algorithms

from the legacy mode are incorporated, thus their legitimacy is expected to transfer as well.

State governments are generally responsible for developing their own local Source models while
managing and stakeholder engagement with respect to WRMs and their outputs. Thdatbee

new platform was generally seen as positive, however somestae respondents expressed

concerns. One respondent noted that their opportunity to provide feedback was limited to the

results of the models and not the models themselves. Another nedpnt questioned the
FOO0SaaAroArAtAle 2F GKS Y2RSt gKSYy OfFAYAy3 GKS
R20dzYSy Gl GA2ys YIFI18a dzas 2F (GKS Y2RSfta 20KSNJ (KI
adoption of the platform and implementation of new modeddlects a degree of caution among

the States or the constituents they represent. Problems of institutional fragmentation and

historical model developments have challenged coordination and boundary work efforts between

government and civil society, amonigt® governments and between states and the MDBA.

Saliencyin order to fulfil their respectivenandates to sustainably manage water resources into
the future, the USBR and MDBA are the primary drivers of new model development. One challenge
facing both lasins was the evolution of water management concerns that required the function
and scope of their WRMs to expand. In the case of the &iBncy of the CRSS model remained
strong among federal and state government, however NGOs found the narrowndss aégign

to be a significant limitation when modelling environmental objectives. As one respondent noted,
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While indusion or exclusion of particular aspects in a WRM is subject to debate, respondents
agreed that complex management decisions are difficult if not impossible to make without a basin

wide model. Concurrently many respondents recognized that models are heotultimate
FNDBAGNI G2NBR 2F 6L GSNI YIyYyFaASYSyld RSOA&AAZ2YEAD ¢ KA
exemplified during the EIS negotiations when solutions proposed by one state or coalition would
undergo a technical review by other parties using @RRSS. These reviews would occur alongside
evaluations from legal and strategic pologiented perspectives before acceptance or
counterproposals could be offered. This process would iterate until mutually agreeable outcomes

could be reached. Throughout éndevelopment of Minute 319, similar iterations of proposed

solutions followed by legal, political and technical analyses occurred between the two nations.

As experience with WRM development and application in the MDB highlights, issues such severe
drought can put enormous pressure on models to deliver immediate results to support the
development of new water management guidelines. The need for integrated models to provide

highly relevant decision support for basiide policies became increasingly cledkhile many
respondents highlighted that model saliency became a focus in terms of their capabilities,
A0NBYy3IGKAE YR fAYAGFEGAZ2Yyas y20KSNJ NBaLRyRSyl

expended in arguing about the model rather than what its saging.

Next, key insightare organised talraw on main functions of boundary management: convening,

translation, collaboration and mediation.
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Conveningis an important initial function of boundary work, but can face numerous logistical
challenges such fundinto enable stakeholder input, or context specific challenges such as the
selection of participant§Glicken 2000)This latter is delicate as excluding certain participants can
delegitimize any boundary work before it begins, while including too many voices can render a
discussion ineffective. Convenintalssholders in a federal context poses unique challenges of
representation. The degree to which interests are adequately represented bynatidnal
governments depends on the democratic nature and political focus of the government. As an
example, norecoromic interests may not be on the agenda of the governments, and inclusion of
NGOs may be necessary to voice these concerns. Establishing clear objectives at the outset can
assist with deciding the composition of a grdiluu et al. 2008)but can also influence the output.

This comparative analysis highlights that the capacity of water managemsittifions to work

with WRMs and for stakeholders to engage in WRM information is key to the function of

convening.

Development of the CRSS for managing the CRB began in 1970s by the USBR and from 1973 to
MpTy Al g1 a aIABSY & Sedwerdzhadet@Nhleisdmé of the pfddlensl y &  OK |
FYR aGNBy3IdKSy a42YS 2F | NBI & (RoWwan@tSal 19¢1SHA G KI O K
Participation from theStates likely began then, but one respondent to our questionnaire surmised
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During the interstate negotiations lading to the recent EISs, the States increased thdipbirse
modelling capacity and began to operate the CRSS independently of the USBR. Shortly thereafter,
NGOs also invested in their own modelling expertise, which allowed greater access to, and
understanding of, the alternatives under consideration. Within the U.S.A., the USBR facilitates a
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outputs. Through this technical working group, relationships that were developed throughout the
negotiations are maintained. Upon commencement of thaédtional negotiations that resulted

in Minute 319, the USBR also allowed thexXidan government to access the CRSS. This allowed
Mexico to ask informed questions regarding how the U.S.A. administered their treaty allocation
and better understand management process of the Colorado River. Throughout-tizidmal
negotiations, intersate and international committees of technical stakeholder representatives

convened regularly to explore mechanisms of cooperation.

In the MDB the need to meet the obligations under the Water Act 2007 and to determine the SDLs
became a major impetus to #elop a nationally consistent approach to modelling for water
management and planning. Significant efforts to were made to engage and inform stakeholders
throughout the development of the Basin PIGMDBA 2009)State water agencies provided the
models used to develop the integrated modelling framework and offered comments throughout
the proces, but convening of technical individuals across the states during the integrated WRM
development and application was less apparent than in the (HEBA 2010a; MDBA 2010b;
MDBA 2012)With regard to the developmérof the new Source modelling platform, since its
inception significant efforts were made to convene stakeholders. Early workshops were held
across the basin to elicit user requirements from eWater CRC partners. A team of senior project
staff travelled aarss Australia to hold meetings with key management organizations in all states
and territories with the aim of gaining their engageméi{elsh and Black 2010n addition a
Technical User Group (TUG) was convened that included indiwiiloal the eWater CRC partner

organizations that were actively involved in software development.

Translation:of information and knowledge across language or cultural differences is a primary
function of boundary organizations, and can manifest with dffecboundary objects developed
or applied by those institutions. This can be either through translators, a common spoken

language, or in the case of certain endeavours, the nature of the boundary work itself (Robinson
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et al. 2014). Models can be the mediufor effective communication, even when language or
other cultural differences exist, but can also present a barrier to some stakeholder's
understanding given uncertainty inherent in such decisapport tools(Weichselgartner and

Kasperson 2010)

The benefits of developing strategies to facilitate structured knowledge translation between

multiple actors and water governance amgsations were highlighted as key ingredients to

effective use of WRMs. In the case of the CRB, one respondent noted the importance of WRMs to

y2id 0S8 | WwWotl O] 02EQ FyR Ylyé SYLKI&AT SR (KS | R¢
0 St A S @ Sdrspardady taciliéaiedstakeholders being on relatively equal ground, rather than
KFE@Ay3 |y | ROl y-goveEh@ental IstgkBholder/ré€cogyizy that a model could
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engage in the complex task of policy development. The IBWC emphasized the translational
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were able to visualize the effects of drought and expected watkrcations to users in both

O2dzy (i NA S&¢ o

Experiences from the MDB highlight that translation requires that participants have sufficient

technical expertise to engage in a modbalsed dialogue. Substantial investments in time and

resources are often req@R> NBadzZ GAy3a Ay | Gt AYAGSR 0O2YYdy
Understanding the logic and limitations of models, the rationale behind the assumptions

imbedded within them, and the value they provide to the decision making process is often
challenging to comunicate to a nortechnical audience, particularly in the midst of a critical

dAGdzr GA2y &dzOK +Fa | &aSOSNB RNRdAdAKGP t SNOSAGSR A
required to explain modelling results to decision makers (and also explainmduasls could and
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information cannot relate to. Communicating hydrologic uncertainty, particularly in face of

unprecedented conditions, was a critical factoithe MDB.

Collaboration:is the process of building consensus for a particular obje¢titargerum and
Robinson 2015)The ceproduction of knowledge to underpin water modgldasanoff 2004%r
process of overcoming adversit$usskind and Cruikshank 198§ exanples of powerful forces

that can bond parties together. Such actions require time and effort to achieve success and can
be difficult in water management contexts where there are multiple decisiakers, users and
values to considefislam and Susskind 2012; Linnerc&yer et al. 2001; Robinson et al. 2014)
The benefits of collaborative model development for facilitating a broader understanding of trade
offs among stakeholders has been emphasised (van de Bedt)2Bowever such collaboration

can be hindered by time pressure for an outcome, the specialization of knowledge required, or

fear of political debates subverting the process or res{@itfedder et al. 2016)

Collaborative decision makingithin a federal river context is the main justification for the
formation of a river management organization or interstate compacts. A common WRM platform
for analysis provides a medium for this collaboration. Agreements reached among individual
states areexpected be accepted by the federal government, thus minimizing federal interference
or regulations being imposed. The ability to reach such a consensus is facilitated by parties having
equal access to the analytical tools and decisimaking process, angresumably some capacity

to influence them. An iterative exchange of possible solutions during negotiations is accelerated
considerably if each party has trust in a common tool to develop and analyse new ideas, thus

avoiding the risk of multiple modelsquriding conflicting results.

Ly GKS OFasS 2F GKS /w. I W2FFAOAIEQ Y2RStfAy3
from the states and other stakeholders in tBéakeholder Modelling Workgroufhen the CRSS

was transferred to the RiverWarsoftware platform, the goal was largely to encourage more
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collaborative participation; however, most respondents indicated that it still requires a high level

of expertise to understand, operate and modify. Many emphasized the need for a significant

amouwnt of time to understand and become comfortable with the model. One respondent stated,

6. dzAf RAY3 GNHzad Ay GKS Y2RSfs= Y2RSt FTNIYSs2N] |
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the CRSS during Minute 319 negotiations, one Mexican modeller identified a challenge as the
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Success of collaboration is not necessarily measured bgut@me, but by the process itself.

The Surplus EIS helped build instate cooperation and model acceptance that was leveraged for
the subsequent and more contentions Shortage EIS. Similarly, the modelling work during Minute
319 was perceived to formlzasis for future collaboration between the U.S.A and Mexico. Process
benefits were also realized by the NGOs ability demonstrate a relatively minor impact on other

basin users of water dedicated to environmental objectijdeeler et al. 2007)

In the MIB, states contributed the their individual stiasin models to form the Integrated River
System Modelling Framework used to develop Basin Plan @Q0DBA 2012)The modelling itself

was conducted by the MDBA and CSIRO, and comments were provided by the states. Our survey
replies and media reportgKotsios 2017indicated that various stakeholders continue to hold a

deep frustration oer a lack of access to the models. Whether development and application of the
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MDB WRMs for the Basin Plan could have been more transparent or inclusive is still a subject of

debate and speculation.

The technical challenges faced in assembling the dispanadels for development the Basin Plan
have both demonstrated the need for a unified platform and encouraged members of the eWater
CRC to work cooperatively to produce the new analytical tools. The new development of the
Source modelling platform benefifsom modern approaches to facilitate understanding and
cooperation such as object oriented programming, graphical user interfaces, databases and
internet communication. Welsh and Black (2010dlescribe extensive efforts tonvolve
stakeholders during development including solicitation of user requirements, incorporating
feedback, holding monthly project update meetings and conducting regular planning meetings.
To satisfy the needs of all eWater CRC partners, frequent debatesred on the appropriate
modelling approaches to incorporate. Managing equity in stakeholder influence was often
necessary, and when conflicts could not be resolved, multiple methods were incorporated into

the software, often prolonging its development.

Mediation: The function of mediation in a traft®undary river context is not limited to the
sciencepolicy interface as proposed in the original framing of the concept of boundary work, but
must also include mediation between upstream and downstreansdlictions, between national

and subnational governments, and between governments and a potential plethora of water
users. With a sound design to incorporate and adapt to different types of knowledge, interests
and geographical domains, WRMs can facilittitis effort as long as parties establish what

knowledge the tool can and cannot support or provide.

With the broad understanding that conflicts over water resources are likely to intensify in both
basins, increasing stakeholder engagement in WRM designagplication will be useful for

mediating those conflicts. One respondent in the CRB noted WRMs provide value to negotiations
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In the MDB this process continues, but even so, most respondents recognised that model outputs

are very influential and heavily relied on to reach agreements. With respect to their role as a
mediation tool between states during the ddepment of the Basin Plan, one respondent stated

GKFG TROFyiGl3Sa ¢6SNB KSfR o0& G!LBAGNBIY adrasSa X
GNROdzii F NAS&d¢ KAOK G(GKS& 2yfeée akKkFNB gAGK (GKS as5.
ownership were also blematic between the states and the MDBA since the MBDA was only

allowed to use the State models under restrictive licenses. The assemblage of madbisked

together to form an integrated assessment tool that was sufficient to develop the BasinnPlan i

response to the immediate need, however it was not distributed among stakeholders and thus

limited its ability to serve the function of a common mediation tool. However after initial

proposals, States provided comments and a number of model developnoentsred to help

refine the SDLEMDBA 2012)
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2.5 DISCUSSION

Federal rivers that flow across borders of sadiiond states are often forced to reach agreements

on how water is allocated, invoking knowledgetion systems that also cross politieals well as
conceptual boundaries to seek consensus among stakeholders. WRMs are tools that are used as
platforms for m&ing or justifying such decisions, with vastly different institutional approaches
and process designs within a medittor environment. The application of WRMs within a federal
river context demonstrates a complex form of boundary work, involving mangeisteand often

require iterations of possible solutiofSarkki et al. 2015)

The CRSS model in the CRB has evolved over five decades as the principal, and hence salient, basin
wide planning tool. Sinatae modernization of the CRSS into the RiverWare modelling platform in
1993, the capability of the software, general acceptance of the knowledge incorporated into the
model, and number of trained model users around the basin has greatly expanded. Thadhas

a profound effect on the credibility and legitimacy of the model among patrticipating stakeholders.
Future saliency is being tested as demands on the river evolve while the CRSS is ostensibly a

reservoir operations and management model.

In contrast, tle basinwide modelling platform in the MDB is earlier in its evolution and has
adopted an arguably more challenging task. Although various models have been used across the
MDB for over four decades, the Water Act of 2007 and subsequent CSIRO Sustaildble Yi
Project(CSIRO 2008)yovided the impetus to link the 24 local sblasin models into an Integrated

River System Modelling FramewdMDBA2012) The advanced state of these sbésin models

and the need to maintain their functionality when replicating them in the newly developed Source
software has presented a formidable challenge. Furthermore, the need to include aspects such as
rainfallrunoff modelling, environmental criteria and accounting procedures to simulate water

trading has led to the modular design of the Source software. The complexity of this scope has
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both challenged the model development yet broadened its audience for sglidsitimately is

expected to result in a mulfaceted modelling tool.

When analysing the development and application of WRMs within complex river basins with
respect to boundary work, it becomes clear that the classical definition of boundary work on the
sciencepolicy interface must be expanded to be applicaliiark et al. (201&)rovides a useful
generalized framework that classifies a matrix of one to many sources of knowledge mapped onto
the various uses of enlightenment, decisimaking and negotiation. Within this framework, both

the CRB and MDB are examplepadalftical bagainingdue to the incorporation of knowledge from
multiple experts and the negotiation among multiple users of knowledge. For a tool, such as a
model, to be useful, it must be sufficiently trusted by, not only the scientists that contribute data
and desig the algorithms, but also by policy makers that may use its outputs and stakeholders
that must adhere to the decisions they make from it. Stakeholders can help formulate the model
assumptions, but there must be a fundamental match between model functtgraadd what the

users can expect. Both case studies described this critical point of managing expectations and this

constitutes a significant component of boundary work.

In the case of these complex systems, the sources and users of knowledge aretdistaitross

political as well as social boundaries, thus boundaries exist between the multiple sources of

science, the multiple governance structures involved and the multiple stakeholders affected.

Figure2-4 presents a conceptual model of these three broad categories of actors, across multiple

political boundaries (states) within a federal state, and WRM types. The role of boundary work
0SG6SSYy SIFEOK AYGSNFIOS Aa aK2gy dolitidadstlier@K I NP dzLJQ
(Cash et al. 2003Within this space, we can identify types of models used and their particular

emphases. For example, purely scientific fleding models may focus on being a credible beacon

of truth, yet at the expense of transparency to stakeholders or utility ticgohakers. A decisien

support system may be constructed to be poliejevant, but lack scientific rigor or limit
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stakeholder access and understanding. A model focused on stakeholder learning might generate
broad understanding of the issues, but lack stific rigor or the flexibility needed to simulate

complex laws, treaties or policies.
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Figure2-4. Shared water resource models as a boundary objects
The evolution of WRMs emerged as a key theme in thisareh and is depicted iRigure2-4.
Models were initially developed in both basins, as well as many others in the world, as largely
scientific endeavours that sought to be useful decisimaking tools (1, 2), buargely inaccessible
by others who may wish to challenge their assumptions. As the value of stakeholder participation
and decentralized governance emerged, the need for greater access to these influential tools grew
(3). The migration of the CRSS into RigerWare software starting in 1993 and the development
of the Source in 2007, were both substantial efforts to increase stakeholder participation and
hence find the right balance between legitimacy, credibility and saliency (towards 4). In the
context ofriver basin management, this has been termed a hyaisbicy model(Wheeler et al.

2016)
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The successes and challenges of using WRMs in the CRB and MDB can provide insight to the
obstacles faced in the Nile Basin and provide iisgathways for overcoming them. The Nile

DSS began with a series of consultatitusby the NBI of stakeholders and external experts from
other river basins to determinevhat form of analytical frameworkvas needed to manage the

future of the Nile(Droogers et al. 2010)Drawing fromthese experiences, a comprehensiv
assortmentof requirements was developed thatould inform decisionspver investments,
management alternativegnd future negotiations. Specifically, the requirements prescribed that

the NileDSS include:

1 An information nanagement system that provides common and shared information
basis for the planning and decision making processes, locallyegidnally, and basin
wide, directly accessible for all stakeholders;

9 A modular river basin modleng and economic evaluatiaystem built around dynamic
water budget and allocation model, that helps to design and evaluate possible
interventions, strategies and projects in response to the problems and challenges
identified and prioritized in the stakeholder consultations;

1 Toolsfor a participatory multicriteria analysis to rank and select alternative compromise

solutions for winwin strategies.

Similar to the case of the CRB and MDB, the-Di#& was developed to facilitate basiide
decisionmaking However, the pathways of delopment differed considerapl The modelling
platform in which the NileDSS would be developed was based on a contract with the Danish
Hydrologic Institute (DHI) using a suite of commercial modelling prodBgtsusing a well
established modelling product, the NBI could provide emsce to its stakeholders of the
credibilityof the algorithms used.lie database associated with the NIESS would providewvast
repository of informationthat includes many types of data includiimformation on climate,

hydrology, land use, hydraulibaracteristics, environmentaleedsetc., and could include raw,
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processed and modelled informatiofurthermore the NileDSS was coupled with a Geographic
Information System (GIS) that would allow spatially distributed information to be utilized for
andysis, displayed, and archived. In principal, the IS also incorporates the ability of a
number of modelling platforms to access and utilize the information provided in the database, as

well as contribute to the archive.

With the use of professionalonsultants and a widbreadth of capabilities, the NBdoughtto
demonstratethe credibility of the Nile-DSSand worked to expand itdegitimacyamong a wide
variety of stakeholders and interestspweverthe multi-purpose development objective greatly
exceededthe narrow scope of the reservoir management objective of the CRSS, and even the
droughtdriven development of the baswide MDB WRMRegardless of these efforts gain
legitimacy challenges ibuildingstakeholder acceptance have beebserved particularly driven

by arguments ofaliencyin Egypt and Sudan. For Egypt, a lack of uptake has been largely driven
by the fear of capitulation aheir perceivedistorical rightsand a preference of prexisting tools

that are not shared basiwide, while the uptake of in Sudan has been attributed to the inability

of the modellingtools used in the Nile DS8 simulatecomplexand detailedeservoir operations.

Both countries have expressed concerns over the effort required to learn the complexitg of th

data intensive modelling system relative to the utility of the tool to meet their pressing needs.

The developmentof the NileDSS did not follow thevolution demonstrated inFigure 2-4.
Assumptions otredibilty and a focus on expanding its legitimacy subverted its saliency. This was
largely driven by the tense political contextvimich these efforts took place. The product vaas
generalized tool that sought to addreaswide variety of concernsather than atool that was
aimed on dealing with a particular pressing issBg.the time the critical issue of th@rand
Ethiopian Renaissance Dam (GERD) and&@14 Egypt had withdrawn from the NBI and the Nile
DSSwas not yetadopted by either downstream ripariazountry. Despite the efforts of the NBI,

the four functions of boundary woHconvening, translation, collaboration and mediatiooould
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not be demonstrated on a basinide scale without the participation of Egypt. Instead, an
additional modelling effdr by an external consultant was funded by a tripartite committee
comprised of representatives of Egypt, Sudan and EthiopiaeXpé&tled effort has thus far not
yielded any agreement due to conflicts over the assumptions in which the modelling is Gaded.
speculations can be made on whether the design and implementation of thédiSi&could have
been improved, however, a streamlined model that adequately addressed the emerging issue of
the GERD and coordination of its operational rules with exisgsgrvoirs could have made the
downstream countries more apt tose it. Since this issue of the GERD has not yet been resolved
at the time this thesis is being writtethe Nile-DSS magtill prove to be useful as a negotiation

tool for this orfuture projects but wil likely require an expanded user base and a narrower focus.

Throughout all case studies, it became apparent thatissue of access emerged as critical factor

for modekto serve as an effective boundary object between multiple stakeholgetiymakers

and scientific sources,imitations to model access can be a result of many reasons that include,

but are not limited to, proper training and understanding, financial resources to invest in the
knowledge required to participate, institutiohdarriers such as intellectual property rights, or

concerns regarding the of loss of local control over resources. Each of these barriers have been,

and must be, addressed by developers, managers and users of WRMs if they are to serve as
effective bounda@ 2062S00ad Ly GKS a5.3 2yS NBALRYRSYI
complicated and require an intimate knowledge of the model and the system to be able to run
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over discourse of water management, and the misuse of models can complicate negotiations or
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compromise their function asfiective tools for mediation. Developing effective protocols for

access and peer review can help to resolve these challenging issues.

2.6 QONCLUSIONS

WRMs in federal and international rivers have emerged as potent examples of boundary objects
serving the fundbns of boundary work to handle the complexities of allocating natural resources

in regions experiencing environmental changes. This becomes increasingly critical, as the potential
for future conflict exists at multiple levels and between multiple useis @ses. Both case studies
illustrate how drought and future drought risk initiated, and has sustained, significant
advancements of WRMs to manage boundary work. WRMs are influential tools for supporting the
decisionmaking process and can provide insightbisystemwide dynamics however, they are
simplifications of reality, imperfect by nature, and by understanding this, consideration of other

sources of knowledge is concurrently needed.

Many lessons drawn from this research are potentially transferabt#her contested federal or
transboundary contexts in which WRMs are implemented such as the Nile River, the Mekong
River, the Tigris and Euphrates Rivers. Similar to other knowledge information systems seeking to
provide viable and sustainable solutioriee challenges for WRMs often lies in the tensions

between saliency, credibility and legitimacy. Therefore, we provide three key recommendations:

1. A wellstructured modelling process should identify what aspects are included and
excluded in the frameworkesulting in explicit knowledge gaps that stakeholders could
help to fill.

2. Stakeholder groups can potentially benefit significantly from investing in their own
technical capacity to understand, review and use models collaboratively or independent

of the madel developers.
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3. Model developers must allow WRMs to be available for scrutiny by knowledgeable

stakeholders to enhance model acceptance and relevance.



3 OOOPERATIVELLINGAPPROACHES FOR THRANDETHIOPIAN
RENAISSANERAM

3.1 INTRODUCTION

The constructiomf the Grand Ethiopian Renaissance Dam (GERD) on the Blue Nile offers a unique
and timely opportunity for cooperation among the Eastern Nile countries of Ethiopia, Sudan, and
Egypt. While the potential benefits of the GERD to Ethiopia and surroundingrissuare
apparent through improved electrificatio(EDF and Scott Wilson 200f)estions of how the
GERD will affect water supply and power gextion of downstream countries has been the focus

of ongoing debates by numerous stakeholders and institutions both internal and external to the
basin. We acknowledge the historically rich and geopolitically complex situation that currently
exists in theregion. Consequentially, this study explicitly does not attempt to address issues of
this larger context, but focuses exclusively on the physical characteristics of the system including
the operation of current and planned infrastructure, along with thégmtial for coordination and

collaboration amongst the parties involved.

A review of existing design documents by an International Panel of Experts indicated the need for
further analysis of the period during which the 74 billion cubic meter (BCM) stoesgevoir
behind the GERD will be initially fillédPoE 2013)A recent Declaratioof Principles (DoP) was
signed by the leaders of the three countries that exemplifies the willingness of the parties to
cooperate on these matter€DoP 2015)however the technical details of how this cooperation
would manifest with respect to reservair filling have yet to be established. While this period could
result in the first effects to downstrema countries, it also provides the first opportunity to

translate the principles of cooperation into tangible actions.

Numerous computer models have been developed that simulate the-termy development of

the Eastern Nile Basi\rjoon et al. 2014; Blackmore and Whittington 2008; Block and Strzepek
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2010; Guariso and Whittington 1987; McCartney and Girma 2012; Yao and Georgakakos 2003)
and recent efforts have been conducted to analyse possible GERD filling issdBages et al.

2013; King and Block 2014; Mulat and Moges 2014; Zhang et al.. 20h8¢ all the modelling

tools listed above have strengths and have provided valuable insight for the basin, the studies
concernng GERD filling strategies has either limited the analyses to a handful of hydrologic
scenarios resulting in deterministic resulBates et al. 2013; Mulat and Moges 201ld¢ks detail

of the current complex operations of existing reservgikag and Block 2014; Zhang et al. 2015)

or provides limited flexibility to test creative and incremental degrees of coordination among

stakeholders.

This paper compares the findings of 224 potential and practical filling strategies that are
developed from combinations of 1) various operati@ishe GERD during filling, 2) modifications

to the current operations (reoperation) of the Sudanese and Egyptian Reservoirs, 3) explicit
coordination of releases from the GERD to avoid critical downstream impacts, and 4) starting
conditions of the High Asan Dam (HAD). Each management alternative was analysed using 103
sequences of hydrologic inflow data to compare the filling strategies and scenarios with a risk
based framework. This paper demonstrates that the degree to which cooperation takes place on
a technical level is a continuum ranging from unilateral operations to truly dynamically
cooperative solutions that reflect an awareness of the benefits and risks to ofBedoff and

Grey 2005)As a result, a wide variety of solutions can be identified thatinform a negotiation
process, yet the complexities of implementing cooperative strategies must not be

underestimated.

Finally, this paper argues that, although an agreement ultimately should not be based solely on
technical studies, a successful négtion can be supported through a walesigned hydrepolicy
modelling framework. We define such a framework as one that provides sufficient accuracy,

transparency, and flexibility for stakeholders to develop and test innovative solutions and explore
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the trade-offs and benefits of compromise. Such a framework should provide a sufficient
representation of the physical characteristics of a system alongside an accurate representation of

the existing and potential operational policies. In this spirit, a pdzficc NJ W2 LJGA Yl £ Q FA € f
intentionally not identified, but a potential pathway of mutual benefit through joint management

is identified for further exploration by stakeholders within the basin.

3.2 SIrUDYAREA
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Figure3-1. Map of Eastern Nile region with reservoir locations
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The study area consists of the Eastern Nile region of the Nile Bégimmre 3-1). Thisuses a
commonly assumed hydrologic division that amdes the Equatorial Lakes region from those
regions that contribute flows below the Sudd wetlands. The complex and buffering effect of these
wetlands and the longnaintained Malakal gage in South Sudan provide the justification for this
assumption, partiularly relevant wheranalysinguture developments in the Blue Nile tributary
that is independent of changes to the inflows around the Equatorial Lakesmonsoonal rainfall

over the highlands of Ethiopia generates the majority of the flow into theesystia the Blue Nile,

the TekezeSetitAtbara, and the BardkoboSobat sukbasins(Sutcliffe and Parks 1999 hile

only approximately half of the contributions from the Lake Victoria region emerge from wetlands
of South Sudan. As a result, the Blue Nile contributes approximately 57% of the total runoff into
the Main Nile as measad inflow to Egypt, while the White Nile and the Atbara River contribute
30% and 13%, respectivéBlackmore and Whittington 2008; NBI 201&khough the majorityf
precipitation falls in Ethiopia and the Equatorial Lakes region, Egypt and Sudan consume the vast
majority of water. This geographic disparity between where the rivers begin and where the water

is consumed provides both the potential for conflict ahe rationale for cooperation.

3.2.1 Infrastructure

The construction of the GERD is the latest chapter in a substantial history of infrastructure
development in the Eastern Nile Basin. Although coordinated planning and operation of
infrastructure across intern@nal borders has existed briefly in the past, the longevity of this
coordination has been limited with respect to actual operations. The Low Aswan Dam (1902),
Sennar Dam (1925), and Jebel Aulia Dam (1937) were constructed under British colonial influence
with a vision of coordinated management that would extend the availability of seasonal flood
waters in Egypt and open up the agricultural potential in Sudan with the Gezira irrigation scheme
(Tvedt 2004)After independence of Egypt and Sudan, the Khashim El Génna(1964), Rosaries

Dam (1966), and High Aswan Dam (HAD; 1970) were constructed under the auspices of the 1959
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treaty between the two countrieéNile Treaty 1959)This agreement established a joint technical
committee to oversee data collection and periodic technical assessments; however, joint
operations of the reservoirs was not established and the storage volume of the HAD made any
previous coordination between the original Aswan Dam and the Sudanese dams irrelevant. The
NEtFGAGSE & NBEOSYyld RSOSt2LIVSYyld LINBRRISYOME R2FNBAEK AS
(2009) have been effectively independent of international coordination during construction and
operation, with hydropower as essentially their only purpose. At the current time, joint
management of infrastructure across internationaluoalaries in the Eastern Nile basin is non

existent (segSalman 2016andYihdego (2016fpr more detail).

2AG0K Mcop ./a 2F ai2Nr3aS OF LI OAGeEezr 93&L)iQa I1!5
storage volume comparablto that of the GERD. Even though the benefits of the HAD have been
shown to be substantially positive for the economy of Eg{®trzepek et al. 2008)the
development of additional storage upstream has been met withcern due to uncertainty of

what the implications may be for both Sudan and Egypt.

3.2.2 GERD Project

The United States Bureau of Reclamation conducted a study on behalf of the Government of
Ethiopia that identified four potential dam sites on the Blue Nitejuding one which has now
become the location of the GERDSBR 1964As described in greater detail (Mihdego et al.
2016) Ethiopia began the GERD construction project in 2011, which has a planned full supply
elevation of 640 m and will create 74 BCM of resarstuiragec equal to approximately 1.5 times

the average annual flow at the dam location.
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Figure3-2. Annual flow volume at the GERD site
The addition of 6,000 MW of installed generation capacity to theraximately 6,833 MW that
currently exists within the basifiNBI 20123uggests that the GERD is likely to be a significant step
change for the region as a whole with respect to access to electfitigy2012; Whittington et al.
2014) Furthermore, the additional storage on a river system that produces an average 94.5 BCM
of annual runoff into Egyp{Blackmore and Whittington 200&puld potentially allow greater
reliability of flows for Sudan and Egypt. In addition to the Ethiopian hydropower benefits,
arguments supporting the dam claim that increased control dher natural flow regime will
result in reduction of the flooding risk to Sudan, reduction of sediment in the river that currently
challenges the management of reservoirs and agricultural schemes, hydropower efficiency
benefits for Sudanese reservoirs, imped depth for navigation, and reduced pumping costs for

water userg Ethiopian NPoE 2013)
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Critics of the dam clairtthat there are risks of reduced downstream water availability and reduced

Egyptian hydropower, the likely loss of recession agriculture in Sudan, losses to the brick
production industry that use the sediment deposits, reduced land fertility due to theatézh of

nutrient rich sediment, and an unknown environmental impd@gyene 2013; Egyptian Chronicles

2013y ! f GK2dzZAK (GKS&S ONRGAOCA OfFAY (KS NBASND2)
oversized, the Ethiopian geknment believes the benefits will be worth the $4.8 billion

construction cost.

Independent assessments note both potential costs and benefits, and have called for more studies
to be conductedBates et al. 2013; MIT 2014)/hile Ethiopia seks to take greater advantage of
the benefits the river may provide, it is still unclear how these benefits and costs may be incurred,

especially during the reservaoir filling period.

3.2.3 Previous Studies

In addition to the more general development studies ciéised in Sectior2.3.1.3 three recent
analysesavespecificallyconsidered the filling of the GERBates et al. (2013nalysed specific

fixed monthly release patterns that range from 20.8 to 40.0 BCM/year under three deterministic
average moderate droughtand severe droughscenarios and using three starting elevations of

the HAD. A combation of tools was used in this study including MIKE BASIN and the RAPSO model
(EDF and Scott Wilson 20@f)d separate runs were required tapture the transition of policies

from filling to normal operations. SimilarMulat and Moges (2014)sed MIKEHYDRO to simulate

a single historical period of 1988 Ty GKIF G NBLINBaASyGa al gSNI 3S¢
predefined single 6 year filling strategy. This study considers a single hydrologic inflow node on
each the Blue and White Nile tributaries, inclsdbe GERD and HAD, but contains no information

on Sudanese reservoirs or any intervening flois.g and Block (2014nd Zhang et al. (2015)

describe a model to simulate five potential filling policies including retention of 5%, 10% and 25%
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of inflows, and retention of flows @ the historical annual mean average (HASF) and 90% of the
HASF. This study uses stochastically generated inflows from a precipdatien hydrologic
model and includes the potential effects of climate change, yet the model is simplified with four

inflow nodes and considers only the GERD and no other reservoirs.

While the studies that have been published to date provide insight by analysing a number of
possible filling strategies, there remains an urgent need for a robust analytical-pdkcyed
modelling framework that can adequately represent all major infrastructures in the system with
their existing operational criteria, simulate the many potential GERD filling arrangements that can
be envisaged by the negotiators, and be physically accessildléogitally verifiable by parties
within the basinCash et al. (2003)escribe the essential role and criteria of knowledge systems
to enhance the credibility, legitimacy and saliency of the information they pro@deson and
Andersson (2007@¢mphasise that the acceptance and influence of water resource management
models depends on the accessdaability of stakeholders to understand and be able to criticise
GKS YSGK2R&a |YyR |adadzyLlianzya SYOSRREROAY VXKBSfif2R
framework needed for this analysis should be robust enough to represent a system with sufficient
accuracy be sufficienthyflexiblein its architecture, and b&ansparentenough to be understood

and trusted by stakeholders. Furthermore, any study should demonstrate a completeness of

sampling hydrology and management strategies.

3.3 METHOD

3.3.1 Modelling Framewark

For the purposes of developing and testing various potential filling strategies for the GERD, the
RiverWare platform was selected based on its flexible-balged desigiizagona et al. 200Bnd

ability to meet the above criteria. This capability has been demonstrated by its recent successful
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use in transboundary negotiations over international management of the Colorado Ril@ted

States of America and United Mexican States 2012)

3.3.1.1 RiverWare Modelling Environment

The RiverWaremodelling environmentutilizes an objecbriented workspace to represent
physical items in the bassuch as tributary inflow locains, reservoirs, hydropower generation
facilities, water diversions, water users, river reaches, pipelines, etc. Each object is described by a
number of dataattributes orslotssuch as time series informatiqe.g. inflows and outflows),
descriptive infomation provided in predefined tablege.g. elevatiorvolume relationships for
reservoirs power generation characteristics of turbinas a function of hydraulic head and flow
through turbines), or fixed scalar values (e.g. minimum operation levels efvass, roughness
coefficient of channels)Engineering algorithms are selected from extensive libraries that
compute facets of water management for each object based on the known physical characteristics
of the systemand information availableA model § executed over apecifiedtime horizon using

time steps ranging from hourlg.e. reatime operation3 to yearly (i.e. longrange planning
studies) Whenever an object is provided with sufficient information given thelected
engineeringalgorithmsfor that particular object, the objecsolves and outputs are produced.
These outputsare propagated throughout the model network through linbstween objects
causing other objects to solve. This solution systeequently results in an underdetermined
sydem wherever management decisions must be masdiilar to actual water management
infrastructure A prioritized rulebased simulatiorprocedureprovidesunderdeterminedmodel
objects with scripted user inpuvhichcancharacterizéhe myriad of multiobjective operational
policies that govern the management of water including international and -matioonal
agreements between users, water rights arrangements, legal constraints, and dam management
guidelines.This formatallows management decisions to bieeely coded into the logic of any

object to determine its solution independent of other objedts the model Alternatively,
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RiverWare has the capability of solving as classic optimization problem using a linearginee
goal programming technique ifhd when is desired by the user, but this solution method is not

used in the current modelling configuration.

The generalized format allows RiverWare to simulate the movement of water through a river basin
while maintaining masbalance yet not be constraga by predetermined management
algorithms or solutions. Data marement interfaceallows any pieces of data to be imported to

or exported or from the model, thereby connecting a model freely to databases, spreadsheets or
other modelling tools. Concurrentmodel executions allow multiple runs to execute in parallel,
allowing multiple scenarios such as hydrologic conditions, demand futures, or management
policies to be executed for statistical evaluation and policy analyses. RiverWare allows many other
capablities such asalinitysimulations and water accounting that are not used in¢herentNile

model, but provide an extensive platform fexpansion of the tool for future analyses.

3.3.2 Nile Basin Model Structure

The RiverWare model of the Eastern Nile depel for this study was structured to contain all

the major features in the basin that significantly affect water management and distribution
including: Lake Tana with the TaBales Hydropower Project and Tekeze Reservoir in Ethiopia;
Rosaries, Sennar, ki Aulia, Khashim El Girba, and Merowe reservoirs in Sudan; and Lake
Nasser/Lake Nubia formed by the HAD in Egypt. The recently heightened Rosaries Dam, the newly
developed Upper Atbara and Setit Dam complex, and the GERD are included in simulations of
future conditions. Monthly naturalized hydrologic input locations include 162 inflow nodes within
South Sudan, Ethiopia, Sudan and Egypt. Demand locations reflect the major Sudanese diversion
structures of the GezirManagil, New Halfa and Rahad schemes @ as the minor diversions

from the Jebel Aulia reservoir and small aggregated demands between gauged locations.
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Consumptive or notonsumptive water uses within Egypt are not modelled beyond expected

monthly releases from Aswan and necessary spillstirolroshka diversion works.

3.3.3 Data Requirements

The basirwide hydrologic inflow data were developed fgn der Krogt and Ogink (2013)d
provided by the ENTRO office of NBI. This study compiled historical hydrologic data collected from
a variety of sources with differing periods of record and filled in missing data using site specific
regression and partitioning techniques to reconstructiamplete naturalized datasetmeaning
non-depleted and unregulated by anthropogenic effeetsf 103 years (1902002). Stochastic
hydrologic conditions were developed using the indexjuential methodOuarda et al. 1997)
which applies a historical sequence of naturalized hydrologic flows to the future modelled period
(20162059) with a start date that corresponds toakeof the years in the reconstructed historical
record. The length of the simulation period was selected to allow the model to reach equilibrium
after the effects of filling under all hydrologic conditions. We acknowledge that the selected
hydrologic metha does not reflect future transient climate change conditigitly et al. 2008)

or the Hurst Effecof persistent behaviour of flowgHurst et al. 1965)however the approach is

considered sufficiently robust for this analysis given the stemtn nature of the filling process.

Estimates of current irrigation water use were obtained during the Nile Basin DSS development
(Carron et al. 2011 Historical diversions from the Nile Encyclopaddlide Control Staff 1933
Present)were used for calibration when available, and the Nile Basin DSS data was used otherwise
recognising that this likely represented an overestimation of historical uses. Diversions for the
Gezira/Managil scheme were updated with recent monthly avesafjom September 2012 to
August 2014(Sudan MoWE 2015Future target annual diversion volumes were assumed to
remain constant throughout the modelled period to isolate the effects solely attributable to the

GERD from any further changes to water tisgt could be partially attributable to the GERD or
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current estmated volume of 16.0 BCM per year using the data sources described above, and

9328 LJiQa Fyydadt RAGSNEAAZYA INBE |adadzySR G2 0SS ppc
specified in the 1959 Treaty with Sud@¥ile Treaty 1959Although these assumptions have been

incorporated into this study toreflect our best understanding of the current reality (see

supplemental appendix), variants upon them could be readily explored if new water use estimates

become available.

Current reservoir operations were obtained from numerous information sources thauighe

basin including the Nile Basin InitiatiilENTRO 2013)ater resource agenci€ggypt MWRI 2005;

Sudan MolHP 1968gngineering report§Lahmeyer International 2005; PB Power 2003; Salini
Costructtori 2006; SMEC International 20&8)l anaysis of various existing moddonker et al.

2012; Mulat and Moges 2014; van der Krogt and Ogink 2013; Yao and Georgakakof2b@3)

absence of further information, operations of single purpose hydropoweerkesrs were

simulated to generate a target power production. Reservoirs with more available information

were simulated as being managed forcambination of hydropower production, control of

sediment accumulation by seasonal reduction of pool elevatisasfying irrigation diversions

from the reservoir, and meeting downstream flow requiremenf&algle 3-1). Justas the

requirements that govern actual dam operations change throughout the year, prioritized
operation rules were written to simulate these changing objectives. The model was made
available and refined through seven training workshops conducted between 2012 and 2016 at
NBOb¢whs | RRA& !'olol !'yABSNAAGES ! yAODSMNEAGE 27F
LYLX SYSydtaAazy !'yvAad 2F GKS aiAyAadNeE 2F 21 GS5NJ w$
Water Resources Research Institute of the Ministry of Water Resources and lIrrigation. After

operational policies were simulated in the rules with the bestilable information, modifications
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were made to explore alternative management policies. All rules in the model were transparently
written to allow the technically trained stakeholders to readily understand the operational logic.

Participation in these triaing sessions does not imply endorsement of the model or the results.

53



Table3-1. Prioritized operation parameters of existing reservoirs
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1

Priority

Power Generation (MW m

Target Release (MCM)

Target Power (MW)

Target Elevation (m)
Min Outflow (MCM)
Power Generation (MW
Target Elevation (m)

Direct Diversions (MCN

Min Outflow (MCM)

Power Generation (MW
Target Elevation (m)

Direct Withdraws (MCN

Power Generation (MW

Target Elevation (m)

Direct Diversions (KIM)

Min Outflow (MCM)

Power Generation (MW
Target Elevation (m)
Downstream Demands

AN Tl WAY

Min Outflow (MCM)

* Rosaries release toeet starage proportional % of (GeziraDS Sennddemands) + Rosaries to Sennar Demarf@gsaries to Sennar Infl

Note: Tekeze Operated for 112 Mdtinstant hydropower, pper Atbara and Setit Dam complex ope@for 43 MW constant hydropower
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3.3.4 Model Calibration/Validation

A basinwide model calibration and validation was performed by simulating historical conditions
including hydrologic flows, channel diversions, and danerafons. Actual reservoir pool
elevations and historical dam operation policies were used whenever available to drive the
simulation, including historical dam construction dates and filling periods. Calibration parameters
include travel times using timkag routing and storage routing, flow and time dependent channel
gains/losses, channel evaporation, and evaporation from the swamps. Calibration adjustments
were performed over the period of 1951970 followed by a validation using the period of 1971
1990 Table 3-2 showsthe NashSutcliffe Efficiency (NSE), Percent Bias (PBIAS), and RMSE
observations standard deviation ratio (RSR) at each gage location. The validation of all metrics
were consideredvery goodor good according to published criteriéMoriasi et al. 2007)The

supplemental appendix provides additional calibration results.

Table3-2. Calibration and validation results

Calibration Period (1951970) ValidationPeriod (19711990)

Location NashSutcliffe PBIAS RSR NashSutcliffe PBIAS RSR

Blue Nile at Kessi 0.99 -0.73 0.10 0.99 -2.87 0.07

Blue Nile at El Dien 1.00 -0.84 0.05 1.00 -2.9 0.06

Blue Nile at Khartoum Sok 0.98 -5.31 0.16 0.91 -11.62 0.30

Baroat Gambella 0.83 -4.5 0.42 0.93 -1.78 0.26

Sobat at Hillel Doleit 0.85 -1.69 0.39 0.81 -7.03 0.44

Atbara Kilo3 0.89 -1.9 0.33 0.79 -10.58 0.46

White Nile at Malakal 0.89 1.76 0.34 0.85 0.79 0.39
White Nile at Melut 0.89 2.17 0.33 -- -- -

White Nile at Mogren 0.67 1.06 0.57 0.72 1.18 0.53

Nile at Tamaniat 0.97 -2.53 0.17 0.93 -6.59 0.26

Nile at Dongola -- - -- 0.94 -5.76  0.24

3.3.5 Reservoir Filling Scenarios

3.3.5.1 General Approach
Previous studies have recognised that the effects on downstream depends on the hydrology
during the filling period, the starting conditions of current reservoirs, and the filling policy

implemented(Bates et al. 2013; IPoE 2013; King and Block 2014; Zhang et al. TZ34 §pa of
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this study were to identify and evaluate potential filling and management options, and to test the
major dimensions of water distribution to, and energy production from, the three countries during
the filling period. Many filling strategies were eraged and tested throughout this study, and the
current paper reflects only a subset of these. Two general paradigms of GERD management during
filling emerged: 1) reach an agreement for the GERD to release a minimum flow or volume over
time, and 2) adopt apecified or capped filling rate over time. Only the minimum flow paradigm
allows the GERD to fill faster during wet years and slower during dry years whilst meeting a
minimum water requirement for Sudan and Eg{idi T 2014) so this paradigm is the focus of the

results reported herein.

3.3.5.2 Common Assnptions

Certain characteristics of the GERD filling were assumed for all scenarios based on stated criteria
of the chief dam construction engineer (S. Bekele, Personal Communication, 12 June 2015) and
known physical characteristics of the GEFDE 2013; MIT 2014)he reservoir is assumed to fill
during the initial year (2016) to 560 m (3.58 BCM) to test the first two installed turbines and remain
at that elevation until the start of the send year flood period (2017). Additional turbines are
assumed to come online every 2 to 3 months. Downstream releases may be passed through the
increasing number of installed turbines, through bottom outlets, or over the incrementally raised
openspillway(Figure3-3). Starting in 2017, monthly releases patterns from the GERD during the
filling period are assumed to evenly distribute an agreed annual release volume throughout the
year to the extent possiblgEthiopian NPoE 2013)hile readjusting continuously if shortfalls are
encountered. Once the minimum operation level of 38@14.7 BCM) is reached, maintaining this
level is assumed to take priority over downstream releases. The filling is considered complete
when the reservoir level reaches 640 m (74.0 B@Mat and Moges 2014t which time a policy

of regular energy generation of 1,308 GWh/month bediAd.of these assumptions are based on

best available knowledge and can be subject to refinement
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Figure3-3. Cross section of the GERD with assumed hydraulic capacities
The HAD is assumed to be operated primarily to meet downstream demands that total 55.5 BCM
per year. The minimum elevation for pewgeneration and downstream releases is 147 m (31.9
BCM), and the elevation range from 175 to 182 m (121 to 167 BCM) is reserved for emergency
storage or flood protection operations. Pool elevations above 178 m are assumed to begin spilling
into the Toshk canal(van der Krogt and Ogink 2013} drought management policy reduces
deliveries to downstream water users by 5% as the storage volume in Lake Nasser decreases below
60 BCM (159.4 m), 10% when storage falls beloBGB (157.6 m), and 15% when storage falls

below 50 BCM (155.7 niEgypt MWRI 2005 and Personal Comm. K. Hamed,.2012)
3.3.5.3 Scenarios Analysed

The model was used to study the effects of modifying five factors within the system. Sonse item

are simple numerical changes that represent the sensitivity of a particular parameter, while others
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represent conceptual changes to operation policies that respond to the existence of the GERD.

The five factors analysed in this paper are:

1) Total agreecnnual release volume from the GERD during the filling perkide agreed annual

release values of 25, 30, 35, 40, 45 and 50 BCM per year were analysed to reflect the range from
below the 1984 drought flow (30.9 BCM) to above the average annual flowB€M). In addition,

a rapid fill scenario (0 BCM) was also analysed for comparative purposes. The GERD will attempt
to release this volume every year until the filling is complete using the assumptions provided

above.

2) Starting conditions for the HADA range of four starting pool elevations of 165, 170, 175 and

180 meters is used to demonstrate the possible effects in Egypt resulting from initial conditions.

3) Sudan Reservoir Operation§wo potential scenarios were simulated including a) allmasies

use current operation rules and b) reservoirs are operated at the maximum elevation feasible with
releases only to meet hydropower demands (Merowe), meet downstream demands (Rosaries and

Sennar), and flood control operations, thus forgoing seastusting for sediment.

4) HAD Drought Management Polieyfwo potential HAD operation scenarios were simulated

including a) no drought management policy implemented and b) the drought management policy
implemented that reduces downstream deliveries basedaw storage thresholds as described

above.

5) GEREHAD Safeguard PolieyA policy was envisaged that uses the storage in the GERD to

ensure that the minimum power pool elevation of the HAD (147 m) is protected. This alternative
evaluates whether the pdelevation of the HAD is expected to fall below 150 m (providing a 3 m
buffer), and if so, an additional release is made from the GERD to try to maintain this elevation.

This additional release is made after any decision to implement the HAD drought emaiaty
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policy is made and thus reduced HAD releases are maintained. This policy terminates when the
GERD reaches 640 m. Two potential scenarios were simulated including a) no GERD support of the
HAD and b) with the GERD explicitly supporting the HAD wéhatiove criteria. Additional

thresholds and release volumes can be explored.

The five dimensions described above were used to generate 224 combinations of policies and
initial conditions, each being subject to 103 hydrologic traces and thus requiringca28)000

simulations.

3.4 RESULTS

3.4.1 Time to Fill the Reservoir

A key metric across the potential scenarios is how much time would be required to fill the GERD.
Figure3-4 demonstratesthe increase in average time to filhd the variance in that time given
hydrologic variability with an increasing agreed annual release. Including the first year of fill to
560 m for testing the turbines, the fastest possible time to fill the reservoir to the full supply level
of 640 m woull be during the flood of the third year (2018). In situations where the agreed annual
release exceeds the average annual flow rate of 49.4 BCM, the reservoir on average cannot fill

completely.
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Figure3-4. Years required to fill the GERD under various agreed annual GERD releases

3.4.2 Effects on Downstream Consumptive Uses

A major concern of downstream countries is whether the GERD will negatively affect the reliability
of their water supply.Table 3-3 demonstratesthe risk of shortages to Sudan users with and
without the GERD, and before and after any reoperation of the Sudanese reservoirs in response
to the GERD. The current management practices of the Blue Nile resdrv8iudan are designed

to operate the reservoirs at a minimum elevation to pass sediment until late September, and then
capture the end of the flood flow to retain sufficient storage to meet the needs of the Gezira
Managil diversion. The results show thhis current operation plan is not compatible with the
assumed constant operation of the GERD during filllhgwever, by starting the Sudanese
reservoirs at the maximum capacity when the filling of the GERD begins and reoperating them to
make releases dy to meet downstream demands and allow necessary spills during flooding, the

risk of shortages to Sudanese irrigated agriculture and municipal uses is essentially eliminated.
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This reoperation may be feasible due to sediment capture of the GERD, but tgafuather

investigation.

Table3-3. Shortages to Sudan Water Users (2Q025)

MaximumProbabilityof AverageAnnualShortage
Shortage (BCM)
BeforeDam After Dam  Before Dam  After Dam
Reopeations Reoperations Re@erations Reoperations

o o 50BCM 100% 0% 0.3 0.0
g § 45BCM 100% 0% 0.6 0.0
2@ 40BCM 100% 0% 0.6 0.0
0 = 35BCM 100% 0% 0.5 0.0
% g 30BCM 100% 0% 0.5 0.0
< 25BCM 100% 0% 0.5 0.0
0BCM 100% 100% 1.4 0.9

No GERD 4% 0.008

Figure3-5 demonstrates the average volume of shortages to Egyptian water users relative to the
55.5 BCM delivery assumption if there is no HAD drought management policy used, there is no
GEREHAD safeguard policy place, and Sudanese reservoirs have been reoperated as described
above. Although such a lack of adaptation to the construction of the GERD is unlikely, it shows the
effects of the initial elevations of the HAD and agreed releases from the GERD. Whiiiyisignp

the probabilistic distribution of shortages, it demonstrates that agreed annual releases of 35 BCM
and greater reduce the average shortage volume, while releases of 30 BCM or less may be
insufficient to keep up with the 55.5 BCM annual Egyptianalean It can also be noted Figure
3-5that as the effects of filling subside, the Ietegm riskof shortages for Egypt decreases relative

to the baseline condition due to the benefit of flow regulation that tBERD provides, however

this warrants further analysis of future water resource developments and potential operations

after filling is complete.
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Figure3-5. Average annual shortages to Egyptian water uséitsowt the HAD drought
management policy or GERIAD safeguard policy

By taking 175 m as the approximate starting pool elevation of the HAD at the start of 2016
(Personal Comm. I. Selah 2016), more specificity within the results can be explionac:3-6
demonstrates the probability of exceedance of shortages to Egypt during the initial 10 years after
filling commences and across the various agreed annual releases for all four combinations of
inclusion and exclien of both the HAD drought management policy and the GHRD
safeguard policy. While these cumulative plots demonstrate the potential range of shortages
across policies and their relative probabilistic distributions over the time period, they do not
reflect specific annual riskEigure3-6A shows that significant shortages are possible under dry
conditions if neither the HAD drought management policy or GHRD safeguard policy are put

in place.Figure3-6B demonstrates the effect of implementing the HAD drought management
policy which reduces the risk of severe shortages while increasing the likelihood of proactive
reductions to water users, but it also demonstrates tlthae risk of shortages beyond these
planned reductions are not eliminated for agreed annual releases of 30 BCM ariidess3-6C
shows that the GERBAD safeguard policy by itself does mitigate the vast mgjaofitthe risk
without the need for proactive reduced deliveries, however the possibility of high magnitude
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shortages remain under extreme conditions due to the minimum operation level of 590 m for the
GERD and the assumed immediate termination of the pdditer filling. InFigure 3-6D, the
combination of both the HAD drought management policy and the GiEARD safeguard policy is
shown to completely eliminate the risk of unplanned shortages to Egyptian water usact of

these plots demonstrates the paradox that higher agreed annual releases provide a guaranteed
delivery downstream during filling, but also prolong the filling process and therefore extend the

risk to downstream users.
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Figure3-6. Cumulative probability of exceedance of annual shortages to Egypt acros2@24.6
with initial pool elevation of HAD = 175 m.

No GERBIAD Safeguard Policy; B) With HAD Drought Policy, No-&&RBafeguard Policy; C)
No HAD Drought Policy, With GERIAD Safeguard Policy; D) With HAD Drought Policy, With
GEREHAD Safeguard Policy

Table3-4 highlights the differences between the policies in more critical terms by calculating the
maxmum probalility of the HAD reaching 147 m across all points in time throughout thge48

model run period. Below this elevation power cannot be produced and requested downstream

releases cannot be made therefore the model reduces downstream releasesitdain this
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elevation.Table3-4A shows this probability if neither the HAD drought management policy nor
the GERBEHAD safeguard policy are usd@ble3-4Bshows the derge to which the assumed HAD
drought management policy cannot alone protect the minimum pool elevation, Taide3-4C
shows the extent to which the GERIAD safeguard policy alone leaves a remaining risk due to
limitations of the minimum operating level of the GERD and immediate termination of the policy.
When applying either of these policies independently, it can be seen that much of the risk of
reaching this critical elevation is reduced, but some risk stiliam Finallyrable3-4D showshat

the combination of the HAD drought management policy and the GEARDsafeguard policy does
provide almost complete protection for the HAD.

Table3-4. Maximum probability of High Aswan Dam reaching the minimum power production
elevation (147 m) under 4 management scenarios across the run period-22G59

A) No HAD Drought Mgmt. Polic  B) With HAD DroughtMgmt. Policy

No GERIHAD Safeguard Policy No GERBAD Safeguard Policy
Initial HAD Elevations Initial HAD Elevations
180m 175m 170m  165m 180m 175m 170m  165m
No GERD 0% 0% 0% 0% 0% 0% 0% 0%
5@ 50BCM 3% 4% 6% 10% 0% 0% 0% 2%
§ © 45B0/ 3% 4% 6% 11% 0% 0% 0% 3%
2 E 40 BCM 5% 6% 7% 13% 0% 0% 0% 5%
Qg 35BCM 7% 9% 15% 31% 1% 1% 3% 6%
2 30BCM 7% 9%  21%  45% 4% 5% 6%  11%
©Z 25BCM 8% 9% 27% 47% 6% 7% 9% 18%
0BCM 2% 7% 17% 37% 1% 3% 10% 20%
C) No HAD DroughtMgmt. Pdicy D) With HAD DroughiMgmt. Policy
With GERBHAD Safeguard Polic With GERBHAD Safeguard Polic
Initial HAD Elevations Initial HAD Elevations
180m 175m 170m  165m 180m 175m 170m  165m
5 @ 50BCM 2% 4% 5% 8% 0% 0% 0% 1%
g § 45BCM 2% 3% 4% 8% 0% 0% 0% 1%
2 E) 40 BCM 2% 3% 3% 7% 0% 0% 0% 2%
Qg 35BCM 2% 2% 3% 7% 0% 0% 0% 1%
% 2 30BCM 2% 2% 3% 5% 0% 0% 0% 2%
OZ% 25BCM 2% 3% 4% 7% 0% 0% 1% 1%
0BCM 2% 3% 5% 21% 0% 0% 2% 2%
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3.4.3 Effects on Hydropower Generation

Table3-5 reports the average annual change to Ethiopian, Sudanese and Egyptian hydropower
generation with the addition of the GERD averaged across two time frames: the initial 10 years
starting from the commencem of filling (Short Term) and the following 20 years (Medium
Term). The results for Sudan assume no reoperations of Sudanese reservoir management takes
place, and the results for Egypt assume Sudan reoperations have taken place, but no HAD drought
managenent policy or GERBIAD safeguard policy has been implemented. Although this not a
likely scenario, this arrangement demonstrates the result of inaction of each country to adapt to
the GERDTable 3-6 presents simlar results, but assumes adaptation has taken place by
reoperation of the Sudanese reservoirs, and implementation of both the HAD drought
management policy and the GERIAD safeguard policy. The differences betw@&able3-5 and
Table3-6 demonstrate the largely positive effects of these operational changes averaged over the

shat and mediumterm time periods.
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Table3-5. Chang of average annual energy generation (GWh/year) due to the GERD without downstream adaptations

Ethiopia Sudan No Reops Egypt No Drought Management; No GERBD Safeguard
Short Medium  Short Medium Shot Term Effect Medium Term Effect
Term Term Term Term Initial HAD Pool Elevation Initial HAD Pool Elevation

Effect  Effect Effect Effect 180m 175m 170m 165m 180m 175m 170m 165m
50BCM 10339 13481 561 1029 -872 953 -1049 -1094 -386 -417 -482 -536
45BCM 10660 14011 376 1076 -1090 -1180 -1289 -1330 -363 -400 -471 -531
40 BCM 11106 14037 272 1136 -1314 -1408 -1508 -1540 -290 -324 -389 -434
35BCM 11441 13815 253 1147 -1405 -1493 -1582 -1599 -200 -228 -282 -310
30BCM 11675 13547 282 1144 -1393 -1480 -1559 -1553 -169 -197 -245 -262
25BCM 11784 13460 296 1140 -1374 -1455 -1528 -1509 -164 -191 -237 -255
OBCM 11890 13306 230 1134 -1135 -1224 -1305 -1299 -140 -164 -210 -235

GERD Agreed
Annual Release

Table3-6. Changef average annual energy generation (GWh/year) due to the GERD with downstream adaptations

Ethiopia Sudan With Reops Egypt With Drought Management; With GERIAD Safeguard
Short Medium  Short Medium Stort Term Effect Medium Term Effect
Term Term Term Term Initial HAD Pool Elevation Initial HAD Pool Elevation

Effect  Effect Effect Effect 180m 175m 170m 165m 180m 175m 170m 165m

50 BCM 10339 13481 1498 2262 -869 -943 -1024 -1030 -342 -369 -425 -456

45 BCM 1066 14011 1360 2234  -1086 -1167 -1259 -1259 -309 -341 -399 425
40 BCM 11106 14037 1216 2244  -1309 -1393 -1469 -1443 -211 -233 -267 -275
35BCM 11441 13824 1158 2246 -1384 -1459 -1507 -1460 -139 -158 -188 -194
30BCM 11662 13556 1081 2227  -1370 -1440 -1482 -1430 -121 -138 -160 -169
25BCM 11780 13477 996 2223  -1356 -1426 -1456 -1403 -118 -131 -155 -162
0BCM 11891 13306 952 2206  -1124 -1198 -1233 -1181 -98 -116 -137 -141

GERD Agreed
Annual Release

Short Term = Average from 2018025 (10years), Medium Term = Average fr@26- 2045 (1130 Years)
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These tables provide direct comparisons of energy gains and losses between the countries and
allow contrasts with the risk of shortages to Sudaakle3-3) and EgyptRigure3-6 AD). For
example, an agreed annual release of 35 BCM would add an average of 11,441 GWh of energy
each year for Ethiopia in the short term, and assuming the initial elevation of the HAD of 175 m
and no adaptation policie@ able3-5), would reduce an average of 1,493 GWh each year for Egypt
and incur a 3% cumulative risk of shortages of at least 5 BCM throughout thetastmorperiod

(Figure3-6A).

Several general results emerge from examining these two tables. The average annual energy
generation in Ethiopia (dominated by the GERD) increases with decreased agreed annual release
in the short term, which is largely based on completing thiadi early and transitioning to normal
operations. Sudanese energy generation is improved by reoperating their reservoirs. In contrast,
the combination of the HAD drought management policy and GHERD safeguard policy results

in competing factors that ult in increases and decreases to energy generation for Egypt. These
include reduced HAD turbine flows, additional water made available from the GERD, increased

pool elevation, and the reduced likelihood of reaching the minimum power generation elevation.

Various noHdinear behaviours can be observedTiable3-5 and Table3-6 that are largely based

on the timing for which filling is achieved relative to the time periodedufor averaging. The
maximum energy generation in Ethiopia occurs at the point of transition to normal operations
when the GERD is at 640 therefore, this peak occurs in the shetérm under low agreed annual
releases and the mediwterm period for hidper releases. Similar behaviour of Sudanese and
Egyptian power generation can be seen as well. One notable result is thénearty from the

50 BCM agreed annual release scenario, which is due to this release exceeding the average annual

flow of 49.4 B®! resulting in the GERD not being able to reach full capacity on average and
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GERD Agreed

consequentially less mediwterm energy generation for Ethiopia and slightly greater generation

for Egypt and Sudan.

While the change to energyeneration in Ethiopia is quite sth betweenTable3-5 and Table3-6
indicating that minimal concessions are requird@ble 3-7 provides another perspective to
demonstrate the foregone energy benefit to Ethiopia to provide assurance to Egypt through the
GEREHAD safeguard policy. The exceedance probability of generating the target energy of 1,308
GWh/month is shown as a function of the agreed annual delivery aartirgg elevation of the

HAD. This table again demonstrates that the ability to meet this payesreration target is
essentially unchanged when protecting the HAD power pool elevation given any additional release
from the GERD can be passed through the ingb to generate electricity. Assumptions were
made regarding the ability of the GERD to generate energy throughout the filling period while
making the necessary releases and the uniform energy demand pattern after the filling is
complete, however the denral for energy will depend on factors such as the local market
demand, capacity of transmission lines, and timely completion and/or expansion of the regional
interconnection project¢Block and Strzepek 2010; MIT 2Q1Bhis highlights the opportunity to
match the agreed annual release with these energmdnds and the need for flexible energy
demands if additional releases are required.

Table3-7. Change if6reliability of a 1,308 GWh/month firm energy generation of the GERD due
to implementation of the GERBAD Safeguard Policy

Short Term: 20162025 Medium Term: 202€045

Initial HAD Elevations Initial HAD Elevations
No 180 175 170 165 No 180 175 170 165

BCM Safeguard m m m m  Safeguard m m m m

o 50 10.1 0.0 0.0 0.0 0.0 34.1 0.0 0.0 0.0 0.0
§ 45 12.9 0.0 0.0 0.0 0.1 65.6 0.0 0.0 0.0 0.0
E) 40 28.4 0.0 0.0 0.0 0.2 79.5 0.0 0.0 0.0 0.0
< 35 42.6 0.0 00 -01 01 80.0 -01 -01 -01 -01
g 30 52.6 00 00 -05 -07 78.2 01 01 02 02
< 25 59.0 -0.2 -04 -06 -1.2 77.6 0.1 0.1 0.2 0.3

0 69.6 00 -01 -03 -0.8 76.5 00 00 00 0.0
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3.5 DISCUSSION

Results indicate that the GERD will indeed provide a substantial amount of hydropower generation
once the turbines are installed and the reservoir begins to fill. The study demonstrates tteat un

the assumed hydrologic conditions and Aoereasing demands during the filling period, the risks

to existing downstream consumptive uses and hydropower generation can be managed with the
combination of an agreed annual release from the GERD, proaetwperation of the Sudanese
reservoirs, implementation of a drought management policy for the HAD, and a safeguard release
FNRBY G(G(KS DO9w5 AT (G4KS 115 L2t StS@raAzy TFlLffa
needs across all hydrologic cations is only feasible with cooperative management of the

upstream infrastructure in Ethiopia and Sudan.

Maintaining reliable water supplies to the large irrigated agricultural areas of Sudan will require
modifications to the operations of the RosariesdaBennar dams to accommodate the intra
annual timing of releases from the GERD. With effective communication and coordination
between Ethiopia and Sudan, the supplies to these large diversions can be assured throughout the
filling period. This would requerthe Rosaries and Sennar reservoirs to reach their full capacity
during the first year of GERD filling and make releases to only meet direct diversions requirements
to the Gezira/Managil canals, satisfy the minimum downstream flow requirements, and ipass a
flood water while retaining the maximum possible volume of storage. Howaithrout agreed
annual GERD releases and propeoperation of Sudanese reservoirs, up to 28% losses to energy
generation in Sudan may occur in the initial years. Once filingmplete, up to 21% increases in
energy generation can result due to greater available flows during theflnod period and
reduction of spills during the flooding season. Implications of sediment management during this
transitional period were not arigsed in this study and we did not attempt to evaluate the impacts

to flood recession agriculture in Sudan, either along the river or around the reservoirs due to
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revised dam operations. Developing detailed reoperation plans of the Sudanese reservoirs was

beyond the scope of this current study, but is a topic for further analysis.

Risks to Egyptian water supplies and energy production are dependent on the initial storage in
Lake Nasser when filling begins, the hydrologic conditions that occur durindlitige dieriod, an
agreed annual release from the GERD, and the operational policies of the HAD and all upstream
reservoirs. This study quantifies this risk and demonstrates that it can be significantly reduced
with proper planning. Egypt will lose both hpgower generation from the HAD and the ability

to fully satisfy downstream demands simultaneously if the HAD pool elevation falls below the
intake elevation of 147 m. In this study, management of this risk was analysed across different
agreed annual releas and by examining two policies including 1) Egypt proactively reducing
releases through the HAD drought management policy and 2) Ethiopia making additional releases
when the elevation of the HAD is expected to fall below agmrecified trigger elevatioand Sudan
allowing this water to pass downstream to Egypt. By relying only on an agreed annual release, the
risk of reaching this minimum elevation ranges from 2% to 47%, depending on the release value
and the initial storage of the HAD. The HAD droughhagement policy can reduce the risk of
large shortages by making planned reductions; howgseme risk of reaching this elevation

remains, particularly if an agreed annual release of less than 35 BCM is used.

In contrast, the GERBAD safeguard policyndeavours to maintain the HAD at an elevation of

150 m regardless of an agreed annual release. In this case, the extra volume released is
dynamically estimated to assure the 150 m pool elevation is maintained based on the expected
incoming hydrology and denstream Egyptian demands. However due to losses, lags, extreme
hydrologic conditions and infrastructure limitations, maintaining this level is not always certain.
The results indicate that the GERRIAD safeguard policy alone largely protects the HAD eoids

the need for Egypt to proactively reduce releases downstream of the HAD. Howeverinimum

power elevation of the GERD can be a limiting factor when providing this supplemental water and
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extended for a period of time after the GERD is filled to assure the risk to Egypt is alleviated.

To eliminate all risks of the HAD reaching the minimum power elevation, a combination of the

HAD drought management policy atice GEREHAD safeguard policy was shown to be effective.

2 KAETS GKAA LRftAOe adzaA3Sada LRIGSYGALFt LINBIFOGA DS
avoids the risk of unplanned shortages to Egyptian water users. Support from the GERD can be
made to maintain the pool elevation of 150 m after assuming planned downstream releases

subject to the HAD drought management policy. Any such collaboration between the GERD and

the HAD requires an increased level of cooperation that assures particular releasebden

made from each reservoir.

The large generation capacity of the GERD would allow Ethiopia to provide the HAD safeguard
releases with only small reductions of hydropower production. The foregone benefit depends on
9GKAZ2LIALlI Q& | 0 lefgphgéreratédavhedzthd viated isheeded BowiSsyeam. If there

is demand and transmission capacity that can absorb the energy generated when these excess
flows are required, then protecting the HAD with flows from the GERD can be economically
beneficial(Tawfik 2016)In addition to the use of the HAD droughainagement policy, the three

key additional components of this strategy: an agreed annual release, a trigger elevation for
protecting the critical HAD power pool elevation, and the calculation of a safeguard release

volume, are subjects for negotiation @further analysis.

3.6 (ODONCLUSIONS

Although much dialogue and analyses have taken place regarding the GERD and its potential
downstream benefits and impacts, there remains a need for specific arrangements to manage the

process of filling the GERD. In thisdstuwe present some possible arrangements of reservoir
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coordination to achieve this goal and demonstrate an analysis framework that quantifies the
benefits and risks. We demonstrate that reservoir coordination is a continuum ranging from
unilateral managerant to dynamic operations that reflect current needs. Unilateral actions by
Ethiopia may result in both positive and negative externalities such as improved energy generation
for Sudan and reduced energy generation for Egypt. An agreed annual releasth&daERD
demonstrates a greater degree of coordination that results in increased benefits and reduced
downstream risks. Further along this continuum is a dynamic awareness of the water security
situation between ceiparians. This study demonstrates thisncept by analysing safeguard
releases from the GERD to support the HAD under critical circumstances which minimises severe

risks.

Risks to water supply and hydropower generation have always existed on the Nile, and changes
to the system may alter this Ksprofile either positively or negatively, and either temporarily or
permanently. This study, along with others that consider the filling of the GERD, can provide
important technical information for the negotiation process. A single correct solution ilselynl

from any study, but the analysis allows negotiators to understand how significant the changes of
risks might be, whether they are acceptable, how they might be managed, and whether
alternative approaches must be pursued. Ultimately, we believe thidysdemonstrates that a

middle ground does indeed exist.

Notes

1. In the absence of future estimated energy demands patterns, 1,308 GWh/month
represents the projected 15,692 GWh/year energy generation distributed evenly over the
year (IPoE 2013)While the reservoir will have a 6000 MW installed capacity and hence
the ability to provide pela power generation and avoid all spills, the assumption used will

only require power generation to exceed 2000 MW in less than 2% of all cases.
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4 AMULTISITE NOIRARAMETRIC METHOR RYDROLOGIC SCENARI
GENERATION IN TRSTERNILEBASIN

4.1 INTRODUCTION

E\aluating hydrologic conditions across river basins with multiple tributaries is a challenging yet
necessary task to manage water resources at a basin scale. Water resources system models are
often used for both planning and operational purposes in rivesifs(Brown et al. 2015)and
typically require estimatesf river flow sequences at different locations throughout the basin.
Developing synthetic hydrologic sequences to drive these models allows a river system to be
studied with a wide variety of potential scenarios and thus allows water managers to undgrstan
system dynamics and risks more thoroughly than would otherwise be possible using historical data
alone (Thomas and Fiering 1962)o develop a set of synthetic hydrologic sequences across
multiple locations, each synthetically derived sequence must not only mairdtitistical
properties that are consistent with historical flows at that location, but must also maintain the
appropriate statistical dependence among the multiple locations. Applications using synthetic
hydrology approaches include drought frequency gses (Salas et al. 2005)drought
vulnerability assessmen{®orgomeo et al. 2015p)eservoir design and operatiorisontaseri

and Adeloye 1999and infrastructure planning studi€Block and Strzepek 2010; Jeuland 2010)

4.2 SIOCHASTIdYDROLOGY

Synthetic streamflow generation methods were initially developed using parametric methods
such a periodic autoregssive models (PARlatalas 1967; Thomas and Fiering 19823apture

both the first order statistics and the autorrelation of flows from previous time steps.
Variations such as moving averages (ARMA) andusatiansformationgHirsch 1979; Salas et al.
1982; Tao and Delleur 197&)ere developed that improved performance of these classic

methods. A number of temporal disaggregation approaches have been developeglitate
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both annual and monthly statisti¢&rygier and Stedinger 1988; Mejia and Rousselle 1976; Santos
and Salas 1992; Stedinger et al. 1985; Stedinger and Vogel 1984; Valencia and Schakke 1973)
the context d the Nile RiverMontanari et al. (2000developed a fractional autoregressive
integrated moving average model to captureth the short and longerm persistence of the Nile
flows. Well known limitations of parametric methods have been demonstrated such as
assumptions of underlying functional forr{arairie et al. 2006)vhich prompted the development

of nonparametric methods that are not subject to these limitations.

Alternative nonparametric methals of synthetic hydrology generation have emerged in recent
RSOIRSa GKIFG IINB O2yaARSNBR WRIFGF RNAGSYQ | yR
a wide variety of possible density functiohsll and Sharma (199®roduce a nearest neighbour
approach (NN) that begins with an assumed initial hydrologic condition, identifies a set (K) of
similar states withinthe historical record, and then makes a weighed selection of the subsequent
time period based on the degree of similarity, resulting in a bootstrap resampling of historical
hydrologic conditionsPrairie et al. (2006)puilds upon this KNN method with a residual
resampling that allows generation of values not seethihistorical record. Similar to theMN
approach,Sharma et al. (1997htroduces a kernebased resampling method that estimates a
kernel (weight) function at each point of interestarboton et al. (1998)escribes a temporal
disaggregation method based on this kernel density estimate that can be applied to annual
resampled values, and suggests that it could be expanded for spatial disaggregation as well.
Prairie et al. (2007answers this suggestion by developing-BlK based disaggregation method

for annual flows at a single site that can be applied both spatially and temporally.

RecentlyBorgomeo et al. (2015@)troduced a norparametric approach to synthetic streamflow
generation thatuses the combinatorial optimization method of simulated anneafKigkpatrick
et al. 1983) which has previously been applied to a number of optimization prob{@asdossy

1998; Farmer 1992)This method begins with a series of randomized flow values drawn from a
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historical sample set along with a flexible uskefined objective function that describes the
statistical characteristiche user wants to preserve or perturb in the synthetic time series. This
method was applied to generate synthetic flow sequences on a single site with results superior to
a PAR(1) routine. An advantage compared to other-parametric methods is that botannual

and monthly statistics can be maintained, thus temporal disaggregation is not regaosgbmeo

et al. (2015aplso demonstrated how the method could be used to perturb statistics of interest
(e.g., interannual variability) whilst preserving low order moments of the flow distribution. The
simulated annebng approach has not yet been developed for msite generation of synthetic

streamflows, and thus offers a point of departure for this wirlexpand on this methodology.

4.2.1 Multiple-Site Synthetic Hydrology

Multi-site synthetic streamflow generation isrtsidered initially in an&iering and Jackson (1971)
with an assumption that the statistical dependence among flows at related sites can be adequately
characterizecamong the random components of flows at the sites. In subsequent development
of parametric methods, Grygier and Stedinger (1988Jescribe procedures of spatial
disaggregation similar to those of temporal disaggregation, therefore first generating synthetic
flows for a particular mainstem downstream site, followed byadigregation to its upstream
tributaries. Santos and Salas (199@¢scribe a parsimonious mettofor lagone multisite
temporal disaggregation of flows using a ste{se procedure to minimize matrix sizes while

maintaining the appropriate crosrrelation between sites.

As mentioned above, the ngoarametric KNN method developed biprairie et al. (2007 used

for both temporal and spatial disaggregation. This method was used to synthesizesiteulti

inflows across the Colorado River Basinforyseil KS | ®{ ® . dzZNBIl dz 2F wSOf I Y
Simulation System (CRSS) model. Combinations of parametric afhraometric methods have

been proposed byrinivas and Srinivasan (20053t demonstrate the use of aon-transformed

PAR(1) or a transformed PARMA(XIasker and Dunne 199W&jth block bootstrapping, which
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successfully captures mukite covariance statistics. While this method clearly demonsg #te
benefits of both parametric and ngparametric methods to achieve a muiite and multiseason
outcome, it requires multiple steps, a high variable count and commensurate computational
burden. Recently, entropy methodSrivastav and Simonovic 20B4)d simulatioroptimization
approacheqSrivastav et al. 2016)ave been successfully applied to muglte and multiseason

flow simulations. Application of these methods has focused on reproducing observed time series
without demonstrating their ability to model climate induced changes in streamflow properties,

which is the focus of this paper.

Methods for generatingynthetic sequences of climate variables across multiple sites have been
developed widely and are often referred to as weather generafdfdks and Wilby 1999Wilks
(1998)uses Markov chains at multiple sites that are dnilay a correlated random field, but does

not fully capture spatial variability of the generated precipitation fields. This approach was further
developed byBrissette et al. (2007Xhalili et al. (2009)and Srikanthan and Pegram (2009)
Various norparametric methods have been developed such as a reshuffling algorithm for daily
weather sequencegClark et al. 2004)KkNN approachegBuishand and Brandsma 2001,
Rajagopalan and Lall 1998)d NeymarScott rectangular pulsg8urton et al. 2008Breinl et al.
(2013)proposes a serparametric combination of M&ov processes and a reshuffling algorithm

to generate precipitation values that may exceed historical daily values and proposes its use for
risk analysis applications. Whilst weather generators enable simultaneous simulation of multiple
weather variables (i) this represents an even more challenging problem spatially than the
streamflow problem, so, as the citations above indicate, experience with spatial weather
generators is mixed and (i) the weather variables then have to be propagated through a
hydroogical (rainfalkunoff) model, introducing another layer of uncertainty. Direct synthetic
streamflow generation offers the potential for a more accurate representation of observed flows,
though at the expense of not providing a direct means of testimgdtiects of specified climatic

or catchment changes.
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4.2.2 Considering Climate Change

I 2YY2yft e -BABRE G RING lard B&sai 2016) analysing the hydrological
effects of climatic change use stochastic weather generators based on parametric or non
parametric resampling of historical climate data andditioned on change factors provided by
global circulation models (GCM§)lenis et al. 201%)r regional climate modelgAlemseged and

Tom 2015) These approaches result in ensembles of tempesatund precipitation that are used

as inputs to rainfaltunoff models and subsequently water system modBlsrgomeo et al. 2014)
These methods have been applied in the context of the Klock and Strzepek 2010; Kingla
Block 2014; Zhang et al. 2016) assess potential impacts of climate change on infrastructure
development, however the results from the GCMs are known to be highly variable in Eastern
Africa(Beyene et al. 20t onway and Hulme 1996; Strzepek and McCluskey 200¥le these
methods provide useful estimates of the potential effects of climate change in addition to the
natural variability, uncertainties in these approaches arise due to the selection of clinaatels,
choice of greenhouse gas emissions scenarios, techniques used for weather generation,
downscaling procedures, and the parameterization and structure of rainfiadiff models(Teng

et al. 2012)

L 0SNY I G A3 20N -naidESvgpproaBhas have been suggested thatsider the
effects of climate change by testing plausible ranges of climate related variables and then
evaluating the robustness of the management decisions being considered across this spectrum
(Brown and Wilby 2012Groves and Lempert 2007; Herman et al. 2015; Nazemi and Wheater
2014; Prudhomme et al. 2010Yhese approaches effectively present the sensitivity of the
modelled system to different climatic changes, and climatic variables from global circulation
modek are used as points of comparison rather than drivers of the analysis. However, the
methods still require the stochastically generated weather and rainfiabff models to generate

stream flows.
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Additional approaches to evaluate the impacts of climatenge can be made through resampling

of historical stream flows with climatexpected modifications incorporated into the resampling

LINPOS&daad Ly (KAGLIE (INSINYRIGAKSE OKRYIAEY I NBE AYyiNRR
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wider variety of potential climate change outcomes. Time series of synthetically generated flows
are produced with desired modifications to the statistics that are believed to be most influenced

by climate changes. In the case of the Nileuland (2010and Jeuland and Whittington (2014)
stochastically generated hydrologic flodrem a simplified autoregressive modg@tiering and
Jackson 197]1)then introduce a range of scaled runoff percentages that reflect results from
regional climate based analyses.hé&t applications of synthetic streamflow generation for
bottom-up water resources assessments inclidizemi et al. (2013yho analysd the impact of

a changing river flow regime on water supply security in the Canadian Prairiddeamén et al.
(2016)generated more severe and frequent drought to test urban water portfolios irstheh

eastan United States.

The nonparametric method introduced bBorgomeo et al. (2015ajemonstrated the ability to
generate synthetic sequences that reproduce potential climate change effects of increased high
frequency persistence of flows (longer duration of irtmanual droughts and extended wet
periods), increasethter-annual variability of flows (larger variation of wetter and drier years),
and perturbed seasonal flows (lower dry season flows). This method was demonstrated for a

single site on the Thames River, but was not expanded to mu#tifde across the rar basin.
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4.3 MATERIALS ANMIETHODS

4.3.1 Rationale and general approach

This research presents a method for developing synthetic streamflows at multiple sites across a
large river basin, which differs significantly from existing rnmité methods described abovkat

either rely on rainfaltunoff models and/or require sequential steps such as data matrix
transformations, principal component analyses and spatial or temporal disaggregation. The
approach presented here uses the combinatorial optimizabased methd of simulated
annealingKirkpatrick et al. 1983p simultaneously generate sequences representing time series

of hydrologic inflows across multiple locations. The method seeks to generate outputs that
maintain the statistical properties of a set ofpit time series which are generally based on

historical flows but can also introduce ussrecified perturbation of these input statistics.

The general approach developed Bprgomeo et al. (2015djrst calculates a set of target
statistics from a historical time series (i.e. mean monthly flow, monthly standevdtions, lag
correlations, mean annual flows, intannual standard deviation, etc.). The historical time series
are then randomly resampled to generate an initial synthetic output time series and thus does not
initially maintain any of the statisticalrgperties. An objective function is developed that
guantifies the difference between the simulated and historical observed statistics. An
optimization routine is applied that iteratively rearranges elements of the synthetic outputs by
randomized swappingf@lements in the time series, followed by aeealuation of the objective
function. The rearranged sequence is either accepted or rejected based on evolving probabilistic
criterion until a useispecified endpoint is reached. The result from the algoriiera new time

series that has statistics which closely match those of the historical sequence.

We describe an enhancement to this method that simulates the statistical characteristics of
multiple interdependent time series. While generic in nature andeptally useful in many

applications, this modification is demonstrated by simultaneously simulating flows at multiple
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locations across a river basin. The method uses the relevant statistics from each individual series
along with the crosgorrelations (o other characterisation of the spatial dependence) between

the time series at the different locations to generate a set of synthetic time series that replicates
these historical statistics. To simulate the potential effects of climate change, the téatjetiss

can be perturbed from historical conditions, resulting in time series that demonstrate these
changes. The consideration of the relationships between all simulated time series of interest
extends the work oBorgomeo et al. (2015&)to the multiple sites. Moreover, the case study on

the Eastern Nile (seBection 3) represents very different hydrological conditions to those tested

by Borgomeo et al. (2015@n the Thames, including strong seasonality and intermittent flows at

some sites.

4.3.2 Simulated Annealing

The combinatorial optimization algorithm used in the process described above is that of simulated
annealing This algorithm uses the analogy of cooling a melted material into a crystalline structure
(Kirkpatrick et al. 1983)whereby the atoms in the resulting complex system are arranged and
rearranged while a lower energy level is continuously sought. Aisteuapproach is taken that

first describes an atomic configuration (state) and the energy of that state relative to some
desirable or equilibrium energy level (objective function). Next, a simple alteration to this
arrangement is proposed such as the gpig of two atoms (elements), and the new energy level

is reevaluated and any improvement to this outcome is noted. If the objective is better satisfied
O2YLI NBR (2 (GKS 2NAIAAYIE FNNry3asSySyidz G4KS ySg |
state. Irherent in the progression of this simple algorithm is the discovery of local optimal
solutions by which further simple rearrangements are increasingly unlikely to result in
improvements even though more optimal solutions may indeed exist. Convergencecan lo
optimal solutions is partially overcome by allowing a certain degree of acceptance-oplessl

rearrangements.

80



Metropolis et al. (1953began the formalization of this algorithm by describing a lattice of
LI NI AOf Sa dzy RSNH2AYy3 | LISNIdzZNBF A2y FTNRBY 6KAOK
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Equatiord-1
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WhereT is the temperature of the system and represents a physical camgint of the system
that is analogous to the Boltzmann constant in statistical mechdHKickpatrick et al. 1983)n

this case, a random numbey) (is generated between 0 and 1 and compared with the result of

Sljdzt A2y o6mM0OdP ¢KS QRIMYODS AyaR INBESLAGISR MFF W B t ¢
4.3.3 Simulated annealing for a single site

Borgomeo et al. (2015ajescribe the process by which the simulated annealing algorithm is
developed and applied to a single streamflow location on the Thames River. The elements
required to invoke the algorithm are (1) an initial configuvatiof time series, (2) a swapping
algorithm capable of rearranging elements in the initial configuration, (3) an objective function
describing the desired properties of the final synthetic time series, (4) an annealing schedule that
describes the acceptamcor rejection of proposed elemental swaps, and (5) a termination

criterion for the algorithm.

An initial configuration is developed from resampling the historical record. The method used
generates years of streamflow valuesfor each month by randan sampling from the historical
monthly distribution f(¥. Initial configurations can resample values from any fitted parametric or
non-parametric distribution, or derived directly from empirical data. The objective function is
constructed from differences selected statistical metrics between the historical record and the

initially generated sequence:
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Equatiord-2

where Q is the initial value of the objective function used for normalization, K is the number
statistical metrics z that are to be reproduced, and w is an optional weight given to each metric to
balance the influence of each parameter@mphasize particular statistics within the objective
function. Statistics from the observed historical series (obs) and the simulated series (sim) can
include, but are not limited to, monthly mean values, monthly standard deviations, monthly

autocorrelatbn, annual standard deviation and annual autocorrelation.

The effect of climate change can be introduced in a variety of ways to the simulated annealing
algorithm. By introducing changes to the target statistics, the objective function is altered and the

swapping algorithm will rearrange the simulated series to match the statistics of the modification.

Equatiord-3

In the example of the Thames RivBorgomeo et al. (2015aemonstrates that simple increases

of the monthly autocorrelation allows simulation of increased persistence of low and high flows
within a single annual cycle. Similarly, increases of the -em@ual standard deviation can
introduce changes to the loAgrm variability resulting in more fogient droughts and wet
periods. Furthermore, they also demonstrate the ability to reduce mean values during the low
flow periods through modifications of the objective function, however it should be noted that
forced lower mean flows in particular periodssult in higher flows during other periods. Global
reductions to total annual water flows can happen if both initial resampling and target statistics

are modified.
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Incremental modification of the target statistics allows generation of hydrologic scenariest

GKS NRodzaldySaa 2F | & SN NBa2dz2NO6zLI& @ B LIBINPI OK S
suggested byBrown et al. 2012; Prudhomme et al. 2018 d does not require the use of rainfall

runoff modeling. The selection of statistics within the hydroldggused multisite synthetic

streamflow generation process may be guided by the expected changes to temperature and
precipitation resulting from climate changes. Directly perturbing streamflow chaniatits

provides a water systerariented perspective that focuses on addressing critical questions for

water supply. Such questions may ask what the impact might be for longer durations-tdévow

years triggered by extended droughts or the impact of fhikure of expected annual floods that

are necessary for replenishing owggar system storage.

4.3.4 Simulated annealing algorithm for multiple sites

4.3.4.1 Required information

Generating synthetic hydrologic sequences at multiple locations within a river basin is a
extension of the concepts presented in the previous sections. In the simulated annealing
algorithm, flows are derived from parametric or nparametric resampling of historical
distributions or values at each location, therefore a historical dataseigsired at each location

of interest. The relationships between the different time series must be reproduced, therefore
the historical datasets must cover a consistent time range. Acquiring a complete dataset of flow
gauge data across a large river basia inontrivial task and is often done through backfilling of
missing values or extrapolation of missing time series, etc. While it is beyond the scope of this
article to discuss the statistical methods potentially used to obtain a complete dafidgsth

1982; Hughes and Smakhtin 1996; Rees 2008)necessary to say methods used to filling missing
data affects the properties used in generating synthetic sequences and care must be taken to
obtain a complete andobust historical dataset that accurately demonstrates the variability and

statistical relationships.
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4.3.4.2 Developing mulsite stream flows
The steps required to develop multiple synthetic series mirror the single site case, with added
dimensions of multife locations and consideration of the correlation between the various time
series. The first step is to identify the set of properti8sdr statistical metrics to be reproduced
across each set of locations)(
Equatiord-4

URJ B AU

To develop the objective function, the differences between observed and simulated values for

each zare aggregated across each location prior to combining the weighted statistics. The

objective function is formlated as:

Equatiord-5

whereg is the index of gauged sites G to be simulated.

A metric may include one or a combination of statistics sashmean monthly flow, monthly
standard deviations, lag correlations, mean annual flows, iatetual standard deviation, and the
Hurst coefficient for longerm memory. To maintain the observed statistics between multiple
gauged sites, one objective musbntain information that quantifies the crossorrelation
between the sites. A simplified cressrrelation metric aggregates the vector product of each pair

of gauged locations to create a G x G matrix:

Equatior4-6
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where eachds a historical observed time series for each i and j location.

The second step is to generate n years of initial streamflow values x for ea¢h jipnrandom

sampling from the historical monthly distribution jjat each location g. This initial sampling

begins each synthetic sequence with historically realistic values, however statistical properties are

not initially maintained beyond monthly ean values and standard deviations.

The third step is to invoke the simulated annealing algorithm to rearrange the initial streamflow

sequences. The procedure is as follows:

1)

2)
3)
4)
5)

6)

7)

8)

An initial B is selected, that is analogous to a high temperature state whérénge series
configurations are accepted

A random gauge site g is selected for the modification of its time series

Two randomly selected values for g are selected to be swapped

¢tKS OKFIy3aS Ay (KS 202S00GA0S Fdzy OGAz2y nh Aa Ol
LT ph f nangeidatSs ageépted ds Madurrent simulated result
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As described earlier, this is done by generatifhglay R2 Y Yy dzZY6 SNJ 6 v 0 dzy A F2 |
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Repeat steps -B while periodically updating the value of T after a udefined number of
iterations M is reached. At these updates, lower the value of Tby aR&F A Y SR Ay ONB Y S
such that4 4 Jyandm 4§ p.

Terminate the algorithm when a usspecified criterion is reached such as a total maximum

number of iterations.
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Various usedefined citeria are described in the above procedure including the selection of

statistics to be reproduced through the set metrics Z, the assignment,oth& number of
AGSNIrGA2ya a 0SG6SSy dzlRIFGS&a (2 ¢ GKS NYXaGasS 27
mentioned earlier, the set of statistics (Z) to be reproduced reflect both the known characteristics

of the system and any specific objectives that are being considered. For example, systems such as

the Nile are known to demonstrate loAgS N WY S Y SidteBc of atads biétdand dry

years(Hurst 1951)therefore inclusion of the Hurst coefficient is appropriate. For systems that do

not demonstrate such tendencies, theditional computational burden may not be worthwhile.

While certain statistical properties may be commonly used such as average flows or standard
deviations, the technique is highly customizable to meet the needs of the locations being

considered.

The optimization element of this algorithm is contained in the iteration of steps 2 through 6. New
arrangements are continuously sampled in a highly randomized manner to while evaluating for
improvements to the objective function. The optimization objective simplinimizes the

difference between a set of desired properties and the properties of a particular arrangement of
elements. After each exchange of elements, an evaluation of the objective function is conducted

and if improvements are found, the exchangadsepted and the form prior to the exchange of

elements is maintained. Howevef the exchange is not found to improve the outcome with

respect to the objective function, the exchange is @agingly rejected over time. While rejecting

a less desirableonfiguration is intuitive, accepting a ledssirable configuration is also permitted

in an attenpt to avoid potential subptiY I £ 2 dzi 02 YS & @ al AyalrAyAy3 (KA2Z
best outcome allows for constantsxploration of the decision space hd further the negative

deviation is from the state prior to the exchange however, the less probable the acceptance of

that state will be. As a result, the algorithm attempts to hone in on amugdtoutcome while

maintaining alevel of doubt that increass with multiLJr NI YSGSNJ WRAaGlI yOSQ | yR
YiAYSQd
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The algorithm described above requires some form of cooling schedule. Various forms of this
schedule have been developdtiajek 1988; Kirkpatrick et al. 198®pmpared(Yaghout and
Bjarne 1998and optimized Hoffmann and Salamon 199%@) a number of applications, however
there are no standardized guidelines yet for developing synthetic hydrologiekpatrick et al.
(1983)suggests that the simulation should proceed long enougkaah temperature to reach a
steady state and then proposes a simple exponential cooling that allows essentially all changes to
be accepted at the initial temperature stateyBnd 10 potential swaps for each element allowed

at each temperature.Bardossy (1998suggests that the number of iterations should be
proportional to the length of the time series (N) and M = N or M = 2N should allow each element
a high probability for being involved in a possible swap. In s ©f multisite annealing, the

total number of elements is the length of the time series multiplied by the number of rivers to be
simulated, therefore this would suggest a requirement of M = 2NG. However, due to the
interdependence between the multiplévers introduced through the cross correlations, a higher
number of iterations would be recommended. This research avoids solving this mathematical
guestion by applying a large number of iterations at each temperature step (M=4NG) throughout
92 exponentidy decaying temperature increments. Methods of optimizing annealing schedules
can lower energy results significantly compared to linear and exponential cgbloftmann and
Salamon 1990) therefore strategic methods of annealing schedules can be sought if

computational resources are limited.

The simulated annealingrocedure is generic in nature and can be applied in many contexts and
for many practical applications. The method effectively rearranges the elements that comprise a
complex system until the desired properties are sufficiently achieved. The optimizes@this

not particularly advanced or efficient in mathematical terms, but instead leverages computational
resources that are becoming increasingly powerful in terms of processing speed, and more widely
available in the form of muktore processors on dk®p and laptop computers, computational
clusters often available in universities and research facilities, and commercial cloud computing
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that can make use of many processors simultaneously for extended periods of time. In other
words, simulated annealings appropriate for any context with increasing computational

resources.

4.3.5 Model Verification and Validation

Verification and validation of mulite simulated annealing is necessary to demonstrate whether
the individual site statistics, correlations beden sites, and aggregate characteristics are
reproduced from the observed hydrologic inputs. Evaluating the statistical properties that are
incorporated into the objective function demonstrates the ability of the algorithm to replicate
these target statidts. Evaluating additional metrics that are not incorporated in the objective
function demonstrates how well the set of selected statistics describes the characteristics of the

time series.

Verification and validation can be accomplished by three gerspaloaches including: 1) a
gaugeby-gauge evaluation, 2) comparing aggregate statistics derived from the combination of
multiple gauges (i.e. basimide runoff), or 3) applying the synthetic results through a basin
simulation model and comparing the resulto a known downstream gauge (i.e. basgiide

outflows).

A gaugeby-gauge verification and validation provides the best assessment of the performance of
the algorithm itself, yet is lengthy to report for many sites. Stream flows should demonstrate the
ability to preserve the monthly mean and variance of each historical time series. Annual average
flows and interannual standard deviations should also be preserved at each gauge site,
particularly for systems with significant intannual variability. Inteannual and intreannual
temporal correlations should verify whether monthly flow patterns and yeayear persistence

of flow conditions are reproduced. Cressrrelations between sites should also be verified to

evaluate how well relationships betweemrious sites have been maintained.
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Verification and validation using mufite aggregate runoff or basin outflows allows a more
condensed yet less robust reporting. Bagilde monthly or annual flows helps to communicate

how well the simulated annealirggorithm performs, however the resolution among the sites is
obscured. The ability of the algorithm to replicate these statistics is particularly relevant for river
basin managers. Validation of basifide outflows using a water resource model incorpesat
multiple uncertainties including those in the hydrology data, lags, losses and any modelled
management decisions, and can provide a cumulative process assessment. A combination of
individual gauge and basimide evaluation metrics should be taken whesing multisite
simulated annealing in a decisiomaking process. Other statistics of particular interest to water
managers which are not necessarily incorporated into the objective function may include the

magnitude and duration of droughts and floodssakcific gauges or at a basinde scale.

4.4 APPLICATION

The Eastern Nile River Basin is used to demonstrate the proposed method using a reconstruction
of naturalized historical flows from 1900 until 2002. The Eastern Nile region covers an area of
approximaely 2.7 million krdwhich is 85% of the total Nile Basin and includes the drainage areas
of Ethiopia, Sudan, South Sudan and Egypt. The majdvasibs include the Blue Nile originating
near Lake Tana in Ethiopia and ending in Khartoum, Sudan; the Wlkdtermerging from the

Sudd Wetlands in South Sudan and merging with the Blue Nile in Khartoum; thAlBdreSobat
subbasin starting in the southern Ethiopian Highlands and draining into the White Nile near the
town of Malakal, South Sudan; the TekeSmit-Atbara subbasin originating in the Northern
region of Ethiopia and flowing into the Nile near the town of Atbara, Sudan; and the Main Nile
flowing from the confluence of the Blue and White Niles in Khartoum and flowing northward
through the Nubian de=t of Sudan and into Egypt. The upstreamst gauge considered on the

White Nile is that near Mongalla South Sudan, which drains the Equatorial Lakes region of the Nile.
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44.1 Data

The historical data set of naturalized flows was developedaryder Krogt and Ogink (2018

part of a study for the Eastern Nile Technical Regional Office (ENTRO) of the Nile Basin Initiative.
A primary output was a complete suite of time series at different locationsiitout the Eastern

Nile Basin that could be used to evaluate future development projects. This effort compiled over
40 gauged streamflow records covering different locations and time periods throughout the basin.
This study divided the basin into 162 hylbgic inflow locations (catchments) that were
delineated geographically by topography, location of streamflow gauges, and locations of existing
and proposed reservoir and irrigation developments. Some of these catchments can be
considered headwater contritiions while others describe local inflows along a reach. All locations
are nondepleted and unregulated flows. The reportymn der Krogt and Ogink (201dscribes

how a number of site specifiegressions between gauged locations were used to fill in missing
data across the multiple but often temporally fragmented sets of historical data, and spatial
disaggregation techniques were used to populate multiple inflow locations above gauges. The
resut was a complete dataset of monthly flow time series from 1900 to 2002 for all 162 catchment

sites, which is referred to as tlessumed historical flows

For this study, thislataset was analysed to reveal that the sites could be grouped into 18 sets of
cachments in which each member of a set was linearly dependent on the other members
Figure 4-1, catchments with like colours represent linearly correlated groupings and
representative okeysub-basins are labétd with Roman numeralin this dataset, 24 catchments
showed no contributing inflow (shown in grey), although we note that some of these catchments
may indeed regenerate net runoff, particularly in areas of the hydrologically complex Sudd
wetlands. The #ects of these net contributions are incorporated in water resource mogels

der Krogt and Ogink 2013; Wheeler et al. 200Ben calibrated at the downstream Makalal
gauge. In additionthree catchments between the Rosaries and Sennar Dams (sltowhite)

had repeating monthly patterns that when combined contribute less than 1% of the total basin
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between all 162 catchments, estimates of flows for &flsscan be determined.

The focus of our research was not to critigue the methods used to develop this naturalized
dataset, but to develop a muitiite simulated annealing methodology that can (i) generate
synthetic monthly streamflow sequences that reptie the statistics of this dataset and (ii)
demonstrate the ability of this technique to introduce perturbations to these statistics that
represent potential impacts to stream flows as a result of climate changes at the basin scale. The
method is thereforéntended to be useful for supporting ridglased decision making and analyses

of potential development pathways for the Eastern Nile Basin.

4.4.2 Historical Streamflow

The multisite simulated annealing algorithm was used to generate 100 realizations of monthl
time series for 18 of the key catchment sites that are each 50 years in length. The catchments with
no contributing flows or continuously repeating monthly flow patterns were assumed to remain

unchanged, and all other sites could be recreated usingmigk correlations among the 18 sets.

To begin the algorithm, the initial sequences for these 18 key sites were developed by random
sampling of the monthly flows from the reconstructed naturalized historical data from-200Q,

with the exception of thénflows from the Equatorial Lakes through the Bahr El Jebel (Upper White
Nile) at Mongalla (XVII) and a small catchment immediately above the Malakal (XII1}kAomel
historical step increase in precipitation over the Equatorial Lakes occurred stamtin§60
resulting in higher outflowgTate et al. 200])therefore data sampling at these locai® was
limited from 1966 to 2002 to replicate the recent statistics at this location. While the XVII site
represents the gauged runoff into the Bahr El Jebel, the smaller catchment (XIlI) represents the
ungauged inflows to Malakal and also demonstrates tiutable shift. Crossorrelations between

each of these two sites with the other locations were less than 0.3, therefore were considered

independent with respect to the other 16 sites.
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The initial historical sampling produced 100 ensemble sequenceesepmtiing randomized
monthly flows at the 18 sites across 600 months, totalling 10,800 elements in each sequence.
After this initial step, no statistical properties other than average monthly flows would be
expected to be well preserved. The annealing psscwould then transform the sequences to

match other important statistical properties.

N
W E
Key
sub-basin
Sub-basin

Figure4-1. Subbasins of the Eastern Nile Basin
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4.4.2.1 Annealing Formulation

The objective function was configured torabine metrics that compare matrices of mean
monthly flow 0 ), monthly standard deviations)(monthly lag autecorrelations up to 11 months
("), interannual standard deviations ), inter-annual lagl auto-correlation ¢), the Hurst

coefficient for lom-term memory H), and cross correlations between gauges (

Equatior4-8
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Terms describing the monthly mean and standard deviations were included in the objective
function to preserve the high seasonal variation of the Nile. The monthly autocorrelation up to
lag-11 was included to capture theorrect form of the seasonal variation. To capture myéar
persistence of droughts and wet periods, eyear interannual lag coefficients and the Hurst
coefficient are included as terms in the objective function, while the #aterual standard
deviafons are included to replicate the frequency of these droughts and wet periods. The
computationally intensive method originally introduced hturst (1951)was adapted using a
rescaling range techniqugenskiy and Seol 201)at computes the changing ratio of required
storage to standard deviation of annual flows using multiple scales of adjacentindbws of

time series data. Finally, the term aggregating thesscorrelations between gauges maintains

the temporal relationships between the time series.
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Each term is normalized relative to its initial state (0) before any annealing begins therefore all
terms in the objective function begin with a value of 1. Téwult of the equation decreases when

a configuration is found to result in a lower value of the objective function or increases if a higher
objective function value is accepted. Each term was weighted equally in the example provided (w

X ¢ 1), but uequal weights could be easily added.

The annealing algorithm was applied as described above, iterating between calculations of the
objective function and swapping of two random elements within a randomized selection of one
of the 18 sites.The initial @nealing temperature dis set to 0.2 which allowed 85% of swaps to

be acceptedKigured-2) while rejecting swaps that would cause extreme increases in the objective
function. After allowing the opportunity for gotential swaps of each of the 10,800 elements at
the initial temperature 7§, the temperature was decreased incrementally by 17%. This was
repeated for 92 temperature reductions and the algorithm was terminated after 4 million

iterations were complete.

7
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increasing the value of the objective function before cooling befiikpatrick et al. 1983)he

components of the objective function that were most sengtto the random rearrangement of

elements changes were those related to monthly statisfégyre4-3). This was because the initial

sequence configurations were selected from historical monthly observed sarapigsthus

random swapping is likely to make these statistics initially worse before improgisghe

temperature decreases, fewer numbers of swaps are allowed that increase the objective function.

After approximately 2 million iterations, the objectivenfttion elements of all components were

below their initial values.

The computational requirements to simultaneously generate a set of sequences for each of the
18 sites took approximately 18 hours of processing time using an HPC cluster consisting of Dual

Haswell CPU nodes which have 16 cores per node, a minimum of 64Gb of memory, and between
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2.6GHz (standard) to 3.4GHz (tusboost maximum) clock speed. To generate the required 100
synthetic traces, 7 nodes of the cluster were simultaneously invoked swaedls could be

completed simultaneously.

Annealing Temperature
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Figure4-2. Value of cumulative objective function and percentage of accepted swaps against
iterations in the simulated annealing algorithm
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Figure4-3. Value of objective function components against iterations in the simulated annealing
algorithm

4.4.2.2 Validation of Method
A variety of metrics were evaluatea tverify the ability of the multsite simulated annealing
method to reproduce historical value$he results were also compared to synthetically generated
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sequences using thel¥N resampling technique of the summed flows across all 162 hesrie

et al. 2006)ollowed by KNN spatial and temporal disaggregati@rairie et al. 2007)Monthly

flow values from each of the 18 annealed sites were compared to the assumed historical flows

and the results from the fIN method at these locations
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historical monthly flow values This showsmonthly historical flows (redrompared to 100
realizations of synthetic time series developed b)NK (green) and simulated annealing (blue).
Outliers are defined as beyond 1.5 times the shaded igteartile range.Roman numerals

The synthetic time series matched historical monthly flows well in the vast majority of cases,
however wider ranges of the outer quartiles were not uncommon. This is due to the flexibility of

Figure4-4 demonstratesthe ability of the multisite simulated annealing method to reproduce

correspond to the map ifigure4-1.



the algorithm to swap values across amyo months, and as long as the composite objective
function improves or the deviation is small while the system is not completely cooled, a swap is
more likely to be accepted. Increased outliers in the synthetic scenarios were more common in
low flow locdions where the effect of a deviation was also less influential on the objective
function (e.qg. site Xlll)zigure4-5 illustrates how the simulated results typically fall between the
historical minimum and maximumonthly values, but it is always possible for some values to fall

outside of this historical range.

—Historical Max «---- Historical Mean = -Historical Min

2000

1500

1000

MCM/month

500

0 .._u.;";

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure4-5. Example of multiple hydrologic scenario generation with historical monthly statistics

As sen inFigure4-6, a summation of the 18 annealed sequences demonstrates how both the
inner and outer quartiles distributions match well, but outliers can extend beyond the historical
values because of the largermple size of the simulated dataset compared to the historical

values.
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Figure4-6. Monthly distribution of the cumulative flows for all 18 annealed catchments

The ability of the simulated annealing methoal be used to simulate multiple sites relies on
maintaining thespatial dependence relationshipgtween the sites. Validation was performed by
comparing the correlations resulting from the historical and synthetic sequences between the 18
annealed sites. #shown inFigure4-7, the average crossorrelations ofthe 100 synthetically
generated tracesre well maintained in all pairs with some dispersion occurring particularly in
correlations including the lowest calated site of Equatorial Lakes inflow (XVII). Minor losses of
average correlation (8.17) occurred infrequently, unidirectional and among some of the highest
correlated pairs, indicating marginal improvements to the cromselation term inEquation4-8
becoming dominated by deterioration of the other termis.Figure4-7, the crosscorrelations of

the historical flows are shown by the lines ath@ crosscorrelation of he simulated annealing

resultsare shown by the boxplotsRoman numerals correspond to the magHigure4-1.
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Figure4-7. Reproduction of crossorrelation betweersites

Additional evaluations werg@erformed to determine the ability of the annealing method to
generate periods of regional high and low flows. Pairs of sites that had significant cross
correlations in the assumed historical record were examined to deiter the extent that these
relationships were replicated in the synthetically generated resHitgure4-8 demonstrateshe
historicalmonthly flow volumeqred) between Site IV and Site V (correlation = 0.97) igtire

4-9 between Site VI and Site VII (correlation = 0&ldhgsidethe reproductions using thé&-NN
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(green)and simulated annealing methodblue). Annual flow volumes from the same sites are
shown inFigure4-10 and Figure 4-11 respectively. Both the KIN and simulated annealing
methods performed poorly in maintaining correlations between the sites during the dry months,
but had greater success in doing so for the wettasnths of July through OctobeRelative annual
flows between the sites were more accurately simulated using thiNkechnique compared to

the simulated annealing due to its explicit use of spatial and temglisatgregation from a single
time series. Although the simulated annealing method resulted in a lower degree of correlation
among the sites relative to the-MN method, the general patterns matching the historical flows
typically occurred between highlprelated sites (i.eFigured-12). Sites that demonstrate a lower

degree of historical correlation would naturally have lower correlations in synthetically generated

flows.
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Figure4-8. Reproduction of monthly flows between highly correlated sites (IV and V)
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Figured-9. Reproduction of monthly flows betweerighly correlated sites (VI and VII)
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Figure4-10. Reproduction of annual flows betwe highly correlated sites (IV and V)
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Figure4-11. Reproduction of annual flows between highly correlated sites (VI and VII)
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Figure4-12. Example time series of annual flows for two highly correlated sites (IV and V)

Historical flows (A),KIN generated synthetic sequence (B) airdulated anealingsynthetic
sequence (C).
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An additional evaluation of the simulated annealing technique was performed by comparing the
sum of the basitwide synthetically generated flows to the basiide assumed historical runoff
derived fromvan der Krogt and Ogink (2013)he outputs from the 18 annealed locations were
used to estimate flows across all 162 catchment sites by replicating the relationships of the
perfectly correlated catchments in the distrite historical data set. A first order polynomial was
fitted between the key sites and their perfectly correlated constituents within the original dataset,
then the same coefficients were used to map each of the 18 synthetic series to the new sequences.
The three minor catchments with simple repeating patterns were duplicated in the synthetically
generated series to complete the full suite of sequences for 162 Siigsred-13shows the ability

of the simulated annealing techniguo replicate the historical basimide runoff while generating

of a large number of samplefed line is the mean, pink box is the standard deviation, and blue

box is the 95% confidence interval. Points show all years of each trace.
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Figure4-13. Annual total basin runoff from assumed historical flows and simulated annealed

4.4.3 Climate Modified Streamflow
A primary rationale for developing the muttite simulated annealing algorithm was to explore its

ability to generate synthetic sequences that reflect runoff from potential future climate changes.
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Borgomeo et al. (2015a)lemonstrated that for a single hydrology on the Thames River,
perturbations to the objective function can drive the algorithm to generate sequences with
desired modified statistical characteristioghile leaving other characteristics unchanged.
Whether such objectives can be achieved in a complex basin with multiple runoff locations such

as the Eastern Nile is the question that is addressed here.

In the case of the Eastern Nile Basin, three tardgterturbations were performed: modifications

to the inter-annual standard deviation of flows (ias), modifications to the-pear interannual
autocorrelation of flows (iaac), and maodifications to the Hurst coefficient (Hurst). For this study,
the successof each perturbation depended on whether the algorithm indeed generated
streamflow sequences with the desired modified statistical characteristics, whether other desired
characteristics remained sufficiently close to the statistics of the historical dataywhether the
synthetically generated sequences resulted in expected baile changes to drought

characteristics as we describe below.

In the first example, we attempt to generate hydrologic sequences with modified ias to produce
greater or fewer ocarrences of annual flows. This was accomplished by introducing a
perturbation factorss in the objective functioras a multiplier to the observed ias, and assigning

it to each of the desired levels 0.5, 0.75, 1.25 and 1.5. With each value assig@exynthetic

traces were generated, each of which are 50 years in length. The resulting sequences are denoted

asias 0.5ias 0.75ias 1.Qias 1.25andias 1.5in the following analyses.

In the second example, similar modifications to the iaac wer@thtced. By doing so, we tested

the ability to generate sequences with longer or shorter persistence of flows, hence increasing (or
decreasing) the likelihood that a drought year is followed by another drought year or a wet year
is followed by another wetaar. Within the algorithm, this is accomplished by introducing a

perturbation factorss in the objective function as a multiplier to the observed iaac, and assigning
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it to each of the desired levels of 0.5 and 1.5. The synthetically generated seguesstiting

from these factors were denoted @sac 0.5iaac 1.0 andiaac 1.5

The third modification performed was alterations of the Hurst coefficient at each stream flow
location. By modifying this parameter, we tested the ability of the annealirayitig to generate
sequences with changes to the lotegm persistence of droughts and wet years. We introduced

a perturbation factows in the objective function as a multiplier to the historical Hurst coefficient
and varied this from 0.8 and 1.2 times. Since the Hurst coefficient is bound between 0.5 and 1.0
by definition, each element in the array of objective Hurst coefficiergeevalso bounded within

this range. Synthetically generated sequences with modified Hurst coefficients are denoted as

Hurst 0.8 Hurst 1.0 andHurst 1.2

Equation 9 presents the objective function with the three perturbation factors introduced.

Equatior4-9
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Each factomm, == and== was ndividually varied while holding the others at constant value of 1
to identify the effects of their respective changes. As described earlierdagm was bound
from [0.5,1]. The results of each of perturbation were analysed by first measthe ability of

the changes to the objective function to meet the intended objective in the outputs. If this was
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indeed the case, the degree to which the other desired statistics changed was checked. Finally,
the effects of the changes on to the frequey and persistence of droughts and wet periods was

evaluated.

4.4.3.1 Variation of inte;lannual standard deviation

Synthetically generated sequences that were produced using modifications to the ias term in the
objective function demonstrated inconsistenciestiveen the annealed locationgigure4-14
shows the ratio of the ias for the annealed outputs to the ias of the assumed historical flows at
each of the 18 key locations. Results for each of the 5 perturbatiotietias are shown, each of

which are derived from the results for 100 synthetic sequences to generate the box plots shown.
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Figure4-14. Response of changes to ini@nnual standard deviation in the simulat@annealing
algorithm

Reducing the targeted ias within the objective function by=p0.75 and 0.5 resulted in
commensurate reductions in the synthetically generated flows in 13 of the 18 key sites. Increases
in ias were less frequent with only 5 of the dies able to produce appropriate sequences when
p1=1.25 was introduced. Only one site could achieve the appropriate increase whdng The

limited ability to deviate from the historical ranges was most pronounced at the sites with lowest
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flows (®es V, Xl, XIlII) while the sites with both higher flows and seasonal variation allowed for
larger deviations from historical values. The values used in the developing the sequences are
sampled directly from the assumed historical monthly data, therefbreihconsistent ability to
re-arrange the elements in a way that increases the probability of annual low and high flows is
attributed to effects on deviations from the assumed historical monthly means, which are also
parameters within the objective functio It is likely that both the annual and monthly targets and
possibly the initial sampling pool of values must be concurrently modified for the simulated

annealing algorithm to reliably generate higher and lower annual flows.

4.4.3.2 Variation of intefannual aub-correlation

The simulated annealing algorithm was significantly more successful in producing synthetic traces
with variations in iaad-igure4-15 shows that essentially 17 of the 18 key sites were responsive

to changes in the gterm in equation 8. The only site for which the algorithm was not successful

in scaling the iaac was the inflows to the Eastern Nile from Lake Victoria (XVII). This location has
the highest autecorrelation (0.58), the lowest cross comibns with other key sites in the basin,

and the highest overall magnitude of flow for a single site in the assumed historical set, therefore
deviations in the iaac as suggested by this intended perturbation would result in large penalties
incurred by deiations the other variables in the objective function. This site is the exception

though and overall the perturbation can be considered successful.
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Figure4-15. Response of changes to iri@nnual autocorelation in the simulated annealing
algorithm

The monthly distributions, crossorrelations, and Hurst coefficients were also verified for each of

the iaac scenarios and did not deviate significantly from the baseline annealed casé (p = 1,
ps=1)

Drought characteristics from the synthetically generated flows were evaluated to quantify the
practical effects to the changes of the iaac values. We arbitrarily selected the annual Q75 as the
threshold for drought occurrence. The duration of drought wiefined as the number of
consecutive years below this threshold and the drought severity is defined as the cumulative
multi-year deficit below this threshol@Mishra and Singh 2010jor each iaac scenario and across
each of the 100 synthetically generated sequencestdha basin runoff was derived as described
above and the duration and severity of droughts evaluated as showkigare4-16. In the
assumed historical hydrology, 20 droughts occur using this definition, all®statigtically small

yet replicable distribution. The cumulative deficit and duration of severe droughts increases

steadily with increasing intesinnual autocorrelations, thus demonstrating that modifications to
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the iaac targets within the simulated anneaai algorithm is indeed a useful for evaluatirgpt

increased risk of drought.
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Figure4-16. Drought duration and cumulative deficit (time and volume below Q75) from various
changes to the inteannual auta@orrelation

4.4.3.3 Variation of Hurst coefficient

The third climate perturbation was modification of the Hurst coefficient to alter the -teng
WYSY2NEQ 2F (GKS &d8aiGSYS 2NI STFSOGADSE @Hurstf (G SNA y 3
1951) Although the limits of the Hurst coefficient are occasionally reached and some dispersion

occurs Figure4-17 demonstrates that modificationstps in the objective function almost always

scales the Hurst coefficient appropriately when compared to the-perurbed case (1.0 Hurst).

This also demonstrates how well the Hurst coefficient of the assumed historical hydrology is

replicated in this nofperturbed simulated annealing case.
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Figured-17. Response of changes to Hurst Coefficient in simulated annealing algorithm

Basinwide drought characteristics of the scenarios that adjusted the Hursticeit were also
evaluated. Figure 4-18 shows that increasing the Hurst coefficient of the flow series (whilst
keeping the other statistics constant) increases the duration of severe droughts and resulting
cumulatve drought volumes, as would be expected by its original functional definition of an

indicator.
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Figure4-18. Drought duration and cumulative deficit (time and volume below Q75) from various
changes to thedurst coefficient

4.5 ODNCLUSIONS

This paper presents a method for mdite synthetic hydrology generation to reproduce historical
sequences and generate perturbed sequences for water resources vulnerability assessments in
large river basins. The ngrarametic method resamples observed data, using a simulated
annealing algorithm to optimize the fit between the statistics of the simulated and observed
series. This method is particularly useful for water management at a basin scale, and can provide
planners wih an important tool for riskbased planning. An application of the method is
presented here for the Eastern Nile Basin, with 18 primary flow locations simulated which is
expanded to all 162 catchments of the Basin. It has been shown to successfullgteeptisumed
historical runoff at multiple locations while maintaining correlations between the sites and total
runoff volumes across the basin. The riflerv driven method provides distinct advantages over
methods that rely on generation of synthetic whar sequences and propagating the outputs

though traditional rainfalfunoff models. This bottorup method requires minimal assumptions,
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yet is capable of incorporating essentially any characteristic of historical flows that is desired to

capture.

The algrithm also enables perturbation of the flow series to enable testing of the possible effects
of climate change on water resource systems. There is inevitably a limit to which some statistics
of the time series can be modified whilst preserving others. rEisalts indicate that sequences

with desired alterations to the inteannual autocorrelation and Hurst coefficient can be readily
simulated. The modified sequences do indeed demonstrate changes to drought duration and
severity. Results also indicate thahanges to inteannual standard deviations cannot be
achieved through simple modifications of the objective function, however possible approaches
are suggested by this research that statistically alter the input sample data before resampling.
Additional modifications to the algorithm are easily incorporated such as sampling from
alternative distributions, including additional statistics in the objective function, and applying

perturbations of statistics due to the potential effect of climate changes.

The method described here allows water resource systems, including their infrastructure and
2LISNI GA2y Il LRtAOASABESERAYYWS: SOOK S Yz i BRK 0 & K ME{ AN
subject to potential natural or anthropogenic changes, thereby qugintf their robustness to

future changes in runoff conditions. Management of shared resources in increasingly stressed

river basins will require broad understanding of these potential futures. We believe this provides

a useful tool to support these types ahalyses.
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5 EXPLORINGDOPERATIVERANSBOUNDARWERMANAGEMENT
SIRATEGIEACASE STUDY OF EN&ETERNILEBASIN

5.1 INTRODUCTION

When limited water resources are unable to meet all demands in a river basin, strategic decisions
must be made among uses de facto management occurs. Planning basednotions of
economic or technicallgptimal efficiency is complicated in tleontext of transboundary rivers
where water allocation is highly politicised and decisions of exploitation and management are
often based on ambitious national development plaiilese competing interests are an obstacle

to cooperative decisiormaking a situation that is ofteexacerbatedy rapidly growing demands

and uncertainties regarding future supplies. Findamgeptablearrangenents for development

and management of infrastructure within international riveegjuires a negotiatioprocess that

seeks to meet the interests of each country, and the region as a whole. Computer models can lend
support both as an analytical tool aad aprocess of collaborative decisionaking(Langsdale et

al. 2013; Thiessen and Loucks 1992)

This research developscanceptualframework for seeking cooperative management strategies
in transboundary ivers through aniterative and exploratory systemanalyss approach. The
process developed in this study draws from pcliciented waterresource modellindLoucks
1992) advances in optimization techniquéiReed et al. 2013lata visualizatiof\Woodruff et al.
2013)and water diplomacylslam and Susskind 2018)construct a framework that is applicable

in a transboundary negotiation context. The focus of this framework is upon the outcomes for
various actors under a range of different development and allopasicenarios, which allows

solutions to be tested and refined to reach acceptability by the parties involved.

The context for which this method is applicable is a proposed water resource development in one

riparian country that may have an effect on oth&rriparian countries. Developments such as
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these are common and thus our insights can be widely applied in many situatides.
demonstrate this framework in the context the Eastern Nile River Basin to consider the Grand
Ethiopian Renaissance Dam (GERbBigwis currently under construction. Agreements regarding

its operations among Ethiopia and the downstream countries of Sudan and Egypt have yet to be

reached.

5.1.1 Transboundary negotiations and water resource modelling

Reaching consensus over transboundamgter managementequires the ability to demonstrate
what is possible through effective cooperatioBeveloping a common understanding among
competing stakeholders regarding the availability of a resource and the implications of its various
usescanbe athS SR (i KNE dAAXY R A WRBlamgiES & $karh01 Mat invokes

the use of knowledge systems that seek to enhance the credibility, saliency and legitimacy of the
knowledge they producéCash et al. 2003Vater resource models can be particularly useful tools

to demonstratehow sources of water can be used to meet varidasands while capturing the
inherent uncetainties of hydrologic systenfsoucks et al. 2003)Vhile many algorithms exist that
demonstrate efficient operation of reservoi(Sheer et al. 2014; Wurbs 199&)d incorporate
risk-based stategies for managing flooding and avoiding shortagewater users(Beard 1963;
Loucks and Sigvaldason 1981; You and Cai 2008yrating thecomplex social and political
factors that determine which parties beafit from management decisions is inherently more
complex (Barrow 1998) Hydro-policy models that accurately represent operational logice

applicable intransboundary context.

Multi-objective analyses demonstrate and quantify the degree of compatibility and-wéfde¢hat
are made when seeking to achieve a variety of inter@dismes and Hall 1974; Vemi874)
which is particularly relevant for transboundary rivers where the desire for development in one
country may or may not conflict with the interests of a-rggarian country. Milti-objective

evolutionary algorithms (MOEA&Reed et al. 2013)an be coupled with hydrpolicy nodelsto
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explorea wide variety ofvays to manage a systerthat meet many objectives simultaneously.
However, our apprach is not one of seeking an elusive optimum. Rather, we use optimisation to
searchfor solutions along the Pareto frontier for different actors. We emphasise satisficing rather
than optimising behaviour amongst negotiators, in particular in the pursudegtlopments that

imply no significant harnior downstream countries.

Increasing applications of MOEASs have emerged in recent fidarman et al. 2014; Kasprzyk et
al. 2013; Smith et al. 2016; Watson and Kasp2dik) However onlysmall number of examples
within transboundary contexts can be found in the literatugmressu and Harou (201&)ply the
GNSGAIl MOEA algorithtiollat and Reed 2006 identify development and management
options for the Blue NileThey conclude thahultiple reservoirs of lower capacity are a preferable

in terms of overall efficiencyGiuliani et al. (2016applies the BORG MOHKWKadka and Reed
2013)to assess tradeffs between hydropower production, water supply and flood damages for
the transboundary Red River Basin that includes parts of China, Laos and Viettiaair.study,
solutions dscoveed through the MOEA uskeoth current and future hydrologic projectiorte
consider implications of climate chargen the decisiormaking process. While these examples
demonstrate the potential foMOEASto provide a set of alternatives that narrow a colap
decision spag, the use of MOEAs have not been yet placed into a practical context of
transboundary negotiations over integrating new water resource developments with operations

of existing reservoirs.

5.1.2 MethodologicaFramework

A modeisupported proces for seekingcooperative water management strategies for new
developments in transboundary rivers is presentedrigure5-1. Theframework addresses the

scenario of a proposed new infrastructure development. Df¢y FA 3 dzNJ G A2y 2F RSOA&A

F2N¥dzZ F GA2Yyé€0 RSAaONAROGS GKS 2LISNYdGA2y |yR Fff2C

infrastructure on the river system.
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Figure5-1. Model supported negotiation @imework for transboundary river developments

The process is separated into an initial phase that focuses on identifying the interests and
objectives of stakeholders, and the second phase focuses on finding ways to meet those
objectives. The prelevelopmentformulation represents the status quo situation without any
additional infrastructure development, while a pedtvelopment formulation represents a
scenario after a proposed change has been made to the system. Themooperative formulation
explores thescenario in which the new infrastructure is operated in a unilateral way that
maximises the benefits to those that control it. In the second phase, iterative testing of
cooperative formulations explores arrangements in which the new infrastructure woeld b
operated in some manner that considers the needs ofiparian stakeholders, so its operation is

coordinated with existing infrastructure in the basin to achieve this.
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Different stakeholders or countries may take different initial positions. A couhétyis not party

to the new infrastructure may prefer the status quo, while the country that controls the new
infrastructure prefers to have absolute control of its operation to maximise their own objectives.
While both perspectives may be valid, theamgpatibility is uncertain without further analysis.
The predevelopment formulation is used to determine current benefits and risks, while the non
cooperative postevelopment formulation identifies the potential benefits and risks to all
stakeholders irthe absence of cooperation. Based on these varying perspectives, initial objectives
can be established and threshold values may be defined based on stakeholder consultations and
notions of tolerable riskHall and Borgomeo 201,3)r legal principles such a® significant harm
(Salman 2007)These threshold criteria are to some extent subjective and may be negotiable. The
modelling process helps stakeholders to understand extérnalise these criteria in terms that

are relevant to system operation.

System performance under initial conditions is tested in a wide range of hydrological conditions

GKFG NB O2yaraitSyd ¢AdK (G2RIF&Qa OfcalivatédSs dza Ay 3
using observed flow series. By simulating the outcomes for different actors in a wide range of
hydrological conditions, we are able to estimate risk, i.e. the probability that given (undesirable)

outcomes may materialise for different actoishis first layer of simulation addresses hydrological

variability, which is reflected in estimates of risk.

However, our estimates of hydrological variability are uncertain, in particular due to the possible
effects of nonstationarity. This is addressédour framework by also considering plausible ways

in which the hydrology may change, for example due to changes in the persistence of prolonged
dry spells, which may be critical in determining risk. This is relevant to the new infrastructure,

which mayoperate in changed climatic conditions.

Model formulations of cooperative arrangements are unique for individual river basins and based

on factors such as physiography of the basin, political dynamics, and historical arrangements.
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Sadoff and Gay (2005)describe a continuum of cooperation among-rjgarian nations of
transboundary rivers, which can be applied to reservoir operations. An acknowledgement of
minimum crossborder flow requirements, coordinated flood or drought management planning,
or decisions based on sharing benef{i&doff and Grey 2002¢present different points along

this continuum.

Each cooperative formulation is parameterised according to a set of variables that define how the
system would be operated (e.g. reservoir releases, trigger levels). For a given formulation, an
MOEA is used to generate a set of parameterisations, each one of which represents a possible
solution to the negotiation. A subset of possible solutions cafiltezed by the initial criteria. In

the context of a transboundary river negotiation, identifying an acceptable solution is unlikely to
be a purely mathematical decision and political factors are likely to have significant influence on
the outcome. A negtiation however can be informed by identifying scientifically sound and non
dominated alternatives, and then further filtering out combinations of decision variables that

demonstrate politically unacceptable outcomes.

If solutions do exist that can meell assumed stakeholder criteria, it is likely that many solutions

will emerge that can be considered potentially feasible. Several sample solutions are then selected

G2 O2yAARSNI GKSANI WNROdzaySaaQ dzy RS NJelstatasA RS NJ N
of the world(Hall et al. 2012)This can include expanded hydrologic conditions or any other deeply

uncertain parameter.

Rather ttan seeking an optimal solution that relies on agreement of overall system performance,
the notion ofsatisficingseeks to maximize the probability of achieving acceptable or satisfactory
outcomes(Hall and Borgomeo 2013Robust satisficing proposes that decisions made under
severe or deep uncertainties should seek to satisigimum performance requirements under
the widest range of future condition®enHaim 2006) Herman et al. (2015)Jescribes a practical

approach to measure robustness as calculating the fraction of scenarios in which the solution
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satisfies one of more of the performant@esholds. Decisions can also be sought by considering
a wider range of uncertainties initially, and the cost of doing so evaluated ex post{@Gictani

et al. 2016a; Watson and Kasprzyk 20Ffpm a multistakeholder negotiation standpoint, the
primary question to be asked is whether all parties can live with the proposed so{iglam and
Susskind 2012)f this is not the case, changes can be made to the problem formulation. If no
feasible solutions are found to exist that can meet the criteria of akettalders, increasing,
decreasing or altering the methods of cooperation can be considered or the satisficing criteria

need to be adjusted.

5.1.3 Simulation with MultObjective Optimization

The outcome of a mulstakeholder negotiation is seldom optimal fromy' @ &Gl { SK2f RS NJ
perspective, because parties rarely agree of the definition of what optimal means. Numerous

basinwide optimisation algorithms exist that providegéobal solution based ommaximising or

minimising an objective function comprised of imidual elements that are of interest to various

stakeholders, however this approach often requires decisions on how the elements are weighed

against each other. The procedusbown inFigure5-1 is not expectedo result in an optimal

outcome, but instead provide a set of possible outcomes that could be considered acceptable by

all parties. With each formulation of the modéVlOEA combination, the MOEAS generate sets of
WRSOAAAZ2Y O NAI of stp@anti@tivé aSageméent dedisionis khiat dre ds&dlalNG a S
inputs into a simulation model. The model then produces one or more outputs or evaluation

metrics (Yj) that represent the primary interests of stakeholders or countries in a transboundary

context. Thesebbjective values are passed into the MOEA, which then provides a new set of

suggested input variables. This cyclical routine of allows multiple objectives to be simultaneously

optimized without indicating a preference. The product is not a single begtiGol but a multi
RAYSyaArz2yl t-R2BYSMy I ZBR@Y AP dziA2ya drént in whichJLINR EA Y I

improvements to one objective comes at the expense of anotiigective Figureb-2).
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Figure5-2. Simulation model MOEA iteration schematic

A variety of MOEASs have been developed in recent years. The goal of each is to explore the often
complex decision space of a problem in the most efficient way possiblee Tutcomes attempt

to describe the tradeoffs between evaluation metrics (Yj) when choosing between the values of
0KS AyLdzi WRSOAaAA2Y @FINRAIofSaQ @ ftdzSa do- Avd

performancemetricsthat are superior tather simila algorithms(Hadka and Reed 2013)

BORG builds upon the success of the previous methods and combinesirtera set of
algorithms. By ceating acontinuous archiveof solutions with a window of usespecified G
dominancedS 8 ONR 6 A y 3 |  WaakraaOns 8t7al. 2002 BARGapiokithafesand
updates Paretofronts so to guarantee convergence and diversitiiroughout the search.
Continuous improvements and avoiding stagnation of results are captured @progress
criterionthat mandates a continous threshold @ for improvementor the search is restarted or
abandoned. Such restarts include adaptation of population sizes relative to the archive size
adaptation of the tournament size (a fixed percentage of the population size after each restart)
and periodic injection of randomly generated solutions alongside members of the a(&tdllat

and Reed 2006)BORG also invokes an aatgaptive multiple recombination of operators to
produce moreoffspring from the operators that produce successful offspridg.a resultthe
BORG is considered to be a groupihglgorithms whose operators are adaptively selected based
on the problem and the decision variabkgher than a single algorithm in itd§Hadka and Reed

2013)
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5.2 CAsSESruby

5.2.1 Study Area

The Nile Basin includes portions of 11 countries inclyBurundi, Democratic Republic of Congo,
Egypt, Eritrea, Ethiopia, Kenya, Rwanda, South Sudan, Sudan, Tanzania and Uganda and spans an
area of 3.18 million kA One major branch of the Nile begins in the Equatorial Lakes region and
flows from Uganda intohte Sudd wetlands of South Sudan, and then continues as the White Nile
into the Sudanese capital city of Khartoum. The Blue Nile begins in Ethiopia and flows into Sudan
where it joins the White Nile in Khartoum. Downstream of this confluence, the combiagztsv

flow as the main Nile from Sudan into Egypt and northward to the Mediterranean Sea. The Sudd
wetlands provide a natural hydrologic buffer resulting in relatively steady average monthly flows

of the White Nile ranging from 1500 to 3400 cms, while gkasonal fluctuations of the Blue Nile

are pronounced with average monthly flows ranging from 150 to 5600 cms. Given the
hydrologically distinct Equatorial Lakes region and buffering effect of the Sudd wetland, the
Eastern Nile Basin is often delineatedexclude the area upstream of the UgarBauth Sudan

border and thus encompasses the countries of South Sudan, Sudan, Ethiopia and Egypt. This area

forms the domain of our study to assess cooperative management of the GHRDeS5-3).
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Figureb-3. The Eastern Nile River Basin with Major Infrastructure Projects

The completion of the GERD will be the latest water management infrastructure in a long history

of effortsto engineer the flows of the Nile to meet the needs of a growing population. The Low

Aswan Dam (1902) in Egypt, and the Sennar Dam (1925) and Jebel Aulia Dam (1937) in Sudan were

the first modern attempts to construct barriers across the Main Nile, Blile &hd White Nile

respectively. The 1959 agreement between Egypt and Sudan initiated the construction of the
Roseries Dam (1966) and Khashm El Girba Dam (1964) in Sudan, and the High Aswan Dam (HAD;
1970) in Egypt. The Merowe Dam (2009), the Upper AthachSetit Dam complex (2016), and
STF2NIa G2 KSAIKGSY GKS w2aSNRSa 5FY ouHnmolO R
management infrastructure. The Finchaa (1973, expanded in 2012), Tekeze Dam (2009),-the Tana

Beles hydropower generation station 201 0 | NB 9 UGKA2LIA L Q& YI 22N SyRSI
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Ethiopia has long considered large hydropower development of the Blue Nile as an important part
of its pathway to improve the economic condition of the cour(tOFED 2010; USBR 196/)e
construction of the GERD was anncad in 2011 and Ethiopian leadership have often stated that

it will not cause significant harm to downstream countries of Sudan and EQgptreluel 2014)

While the newly created storage could pose a risk if water is withheld during criticaldpert

may also serve as a benefit to these downstream countries in times of extended drought
(Whittington et al. 2014)At the current time, no agreements have been reached to coordinat
the GERD with the existing infrastructure in Sudan or Egypt, creating a globally unique and

potentially precarious situation.

5.2.2 Previous Nil€ooperatiorStudies

Numerous studies have been conducted that analyse the cooperative development potential of
the Nile. Dating back to colonial era, proposals were considered to expand storage capacity high
in the two major tributaries to provide more reliable flows for irrigation in E@iptrst et al. 1947)

This need was largely meten Egypt constructed the HAD, which effectively postponed the need
for cooperative decision making with upstream natioypst at the expense of substantial

evaporation losses from Lake Nasser.

Analysis of cooperative arrangements has continued througlioel decades. Using a classical
optimization approachGuariso and Whittington (198d@gmonstrated that upstream hydropower
development was compatible, and even beneficial, to downstream agricultural production in
Sudan and to a lesser extend in Egypt. The economic value oflidsicooperation was further
demonstrated byWhittington et al. (2005using a deterministic Nile Economic Optimization
Model (NOEM), whictWu and Whittington (2006toupled with a game theory approach to
compare the economic benefits of various coalitions with 4tooperative developments. More
recently, Jeuland et al. (201#eapplied the NEOM in the context of the GERD to examine the

economic benefits of systemvide optimization compared to forms of constrained Ron
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cooperative development including varied adherence to the legal principte significant harm

and the 1959 treaty between Egypt and Sudan.

Block and Strzepek (2018pplied stochastically generated hydrologic scenarios influenced by
potential effects of clima change to conduct a ridkased analysis of the cabenefit ratios of
multiple developments in Ethiopia. While downstream flow requirements into Sudan and
coordination among potential Ethiopian Reservoirs systems was inherent in the systems
optimization approach, cooperative management with the downstream reservoirs was not
considered Goor et al. (2010)leveloped a stochastic dual dynamic programming model (SDDP)
for the Eastern Nile Basin and used 30 synthetically generated hydrologiargs to
demonstrate the benefits of cooperative operations potential development in the Blue Nile with
downstream reservoirsArjoon et al. (2014)eapplied this framework specifically csidering the
GERD, showing strong economic benefits of cooperation. This framework assumes optimized
reservoir management across borders, which effectively replaces existing management for an

ideally coordinated system.

Jeuland and Whittington (2014xamine a wide variety of Blue Nile developmse¢narios under
different deep uncertainties including multiple mutéservoir configurations, sequencing and
timing of their construction, sizing of the reservoirs, and operating rules. This work introduces one
explicit coordination strategy suggestigminimum release from Ethiopian reservoirs if the
storage of the HAD falls below 60 BO#ihg and Block (2014nd Zhang et al. (201%)onsider
various GERD reservoir filling strategies and evaluate the resulting impacts on the Gezira irrigation
diversion in Sudan and inflowgdnEgypt. FinallWheeler et al. (20163valuates potential GERD
filling policies that reference dynamic pool elevations of the HAD to demonstrate different
degrees of transboundary cooperation. This provides atpofi departure for new research to
evaluate the potential coordination of reservoirs after the GERD filling is complete and how that

decision process might take place.
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5.2.3 Droughtsand climate changes on the Nile

Records have been kept since ancient timetherflooding and droughts of the Nifelassan 2007)
and has been a topic of scientific study for well over a cenfWgite 1904) In north Africa,
droughts are directly linked to the economic wisdling of the countriegBlock and Rajagopalan
2007; Strzepek and McCluskey 2Q@f)d thus numerous sciertifendeavours have been made
to understand and predict their frequency and sevefBjock and Strzepek 2010; Conway and

Hulme 1993; Conway and Hulme 1996; Eltahir and Wang 1999; Siam and Eltahir 2015)

The tendewy for flows to remain above and below average annual volumes over sequential years
was noticed during early studies to determine the storage required to control the flows of the Nile
(Hurst 1951) The ratio of the required storage (R) to the standard deviation of annual flpw (

were shown to have similar nedimensional values that increased with record length (N).

Equation5-1

Mathematically formalized biylandelbrot and Walllis (1968bhe exponent K has become known

as the Hurst Exponent or Hurst Coefficient, a metric efgérsistencef flows ranging from 0.5

to 1.0 (Sutcliffe et al. 2016)Connections beteen ENSO signals and the occurrence of flooding
and drought conditions have been magigaroug et al. 2014nd wavelet analyses have sought to
understand the cyclical nature of such events and their implications for water management
(Elsanabary ahGan 2014; Melesse et al. 2010; Zhang et al. 2&)tsoyiannis (2003uggests

that multiple-scale variability of a time series can explain the Hurst phenomenon.

Projecting the effect®f global climate changes in the Nile Basin is an evolving area of research
with significant implications with respect to impacts and economic investments. According to
studies using general circulation models (GCMshperatures are generally expectealincrease
across the basin. Changes in the direction and magnitude of precipitation are far less certain

(Beyene et al. 2010; Conway and Hulme 1996; Di Baldassarre et al. 2011, Yates and Strzepek 1998)
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and as aesult, projections to runoff and water availability vary significantly. Studies evaluating
the climate impacts on the Eastern Nile development potential often focus on analysing the effects
of deviations to potential changes in flowdeuland 2010; Jeuland and Whittington 20b4)
increases in the frequencies of El Nifio and La Nifia effBtisk and Strzepek 201@ombining
observational evidencand GCM mjections,Siam and Eltahir (2017@cently demonstrated that
hydrologic variability of flows in the Nile has been increasing and is expected to continue to do so
into the future due to increased frequency Bf Nifioand La Nia events, thus increasing the risk

of flooding and extended droughts.

While increased frequency of these extreme events is alarming, the risk of droughts occurring in
sequential years would acutetest whether there is sufficient storage volume in the Nile system

to maintain a reliable supply to Egyftiam and Eltahir (201#pted an increased Hurst coefficient

in over half of their bias corrected GCM projections, and the assessmemtubst (1951)
emphasized that greater hydrologic persistence would require grestimrage basin storage.
Mitigating potential impacts through costly infrastructure investments is one approach to
managing climate risk§leuland et al. 2017however improved operation of existing reservoirs
(Goor et al. 2010)and reaching transboundarnagreements to cooperatively manage
infrastructure in the Nile Basin is another approach with lorgem mutual benefitSadoff and

Grey 2002; Tilmant and Kinzelbach 2012; Whittington et al. 2005)

5.3 APPLICATION METHODOLOGY

This study applies the modslipported transboundary negotiation framework to identify water
management strategies that the countries may choose to follow. We analyse potential operations
of the GERD and the HAD while considering the risk&cdased hydrological persistence as an
example of testing robustness to climatic uncertainties. The Eastern Nile RiverWare Model
(ENRM)YWheeler et al. 2016 coupled with the BORG mutibjective evolutionary algorithm

(Hadka and Reed 201f) explore the ability of the reservoirs to meet the objectives of all three
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countries. TheBORG MOEA has been shown to effectively handle complexjnsam, non
concave problems with superior performance efficiefiejadka and Reed 201@hen searching

for nondominated solutiongGiuliani et al. 2016b; Herman et al. 201Rptential cooperative
arrangements are sought to menize the individual and collective benefits of the GERD while

adhering to the principal afo significant harmelative to a condition prior to the GERD.

5.3.1 Simulation

The ENRM simulation model was configured to study-tengn management strategies afténe

GERD has completed the filling process. The monthly model operates for 44 years and includes
162 inflow nodes and 19 water demands representing major or aggregate water diversions. In
addition to the management of the GERD, the model simulates reseygerations of the HAD

and Merowe dams on the Main Nile; Lake Tana, TB@las hydropower diversion, Finchaa,
Sennar and Roseries dams in the Blue Niletsdin; the Jebel Aulia dam on the White Nile; and

the Khashm EIl Girba, Upper Atbara and Setit dernand Tekeze dams in the Tek&aitAtbara

sub-basin.

A naturalized hydrology for the Eastern Nile Basin from 18P (van der Krogt and Ogink 2013)

was used to generate ensembles of 100 stochastic syrmitiletiv time series across 162 inflow
locations using a simulated annealing algoritfMiheeler et al. In ReviewThe first set of 100
synthetic time seriesnatch the statistical properties of the naturalized hydrology includivey

Hurst coeficient for hydrologic persistence (Current Conditions). Furthermore, four variations
were also generated that increase the Hurst coefficient at each inflow locatiofd)y. 8%, 15%

and 20%, herein referred as H105, H110, H115, and H120 respectively. For each variation, 100
synthetic time series were generated/e use these four scenarios to test the robustness of a
given formulation to one version of climatic uncertainkany other plausible variations to the

flow series could be tested within the same framework.
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The High Aswan Dam is assumed to release 55.5 BCM per year into the future for use in Egypt,
including 4 BCM pumped directly from the Toskha Pumping ProjeetdiVarsions for Sudan are
limited the 1959 treaty value of 18.5 BCM and evaporative losses from the Sudanese reservoirs
are dynamically modelled in the analysis. Ethiopia is assumed to increase their consumptive use
to 2.5 BCM from the Lower Beles RiyBfackmore and Whittington 2008These estimates of
diversion requests are not intended to be endorsements of any allocation, but necessary

modelling asgmptions.

Operations of the HAD include the current drought management plan that reduces releases by
5%, 10%, and 15% when storage volumes fall below 60 BCM, 55 BCM and 50 BCM respectively.
The minimum operating level due to hydraulic characteristicshef dam structureis 147m.
Maintaining this level may require highly disruptive restrictions on downstream users during
severe drought conditions. Flood prevention measures also exist that require proactive releases
to lower the pool elevation below 175 nripr to August ¥, which assures sufficient empty space

in the reservoir before the onset of the flood sead@yypt MWRI 2005Dam operators must

also respect a 260 MCM/day maximum release to avoid inundation of the islands downstream in
Aswan. Assumed reservoir operations in Sudan are describ&tthieeler et al. (2016and
shortages to Sudanese water users occur when insufficient watawvadable at a point of
diversion. Calibrating to historical gage data, good to very good metrics are shdvaiblab-1

(Moriasi et al. 2007)

The GERD is operated primarily for steady hydropower purposes, with the ability to generate up
to 6000 MW. A minimum operating level of 590 m is assumed and flood releases are made to
maintain a maximunelevation of 640 m. All flows are discharged through the turbines up to the

maximum generation capacity and the remainder are assumed to pass over the spillway.
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Initial conditions for all reservoirs are assumed to be full with the exception of the HAER ish
assumed to begin with an elevation of 170 m based on approximations of an equilibrium elevation

from modelled trial runs.

Table5-1. Model calibration and validation results

Calibration Period (1951970) Validation Period (1971990)

Location NashSutcliffe PBIAS RSR NashSutcliffe PBIAS RSR

Blue Nile at Kessi 0.99 0.62 0.10 1.00 -1.37 0.04

Blue Nile at El Dien 1.00 -041 0.05 1.00 -2.09 0.05

Blue Nile at Khartoum Sok 0.98 0.02 0.13 0.94 -0.62 0.25

Baro at Gambelle 0.83 -4.50 0.42 0.93 -1.78 0.26

Sobat at Hillel Doleit 0.85 -1.69 0.39 0.81 -7.03 0.44

Atbara Kilo3 0.89 -1.42 0.33 0.78 -9.97 0.46

White Nile at Malakal 0.89 1.76 0.34 0.85 0.79 0.39
White Nile at Melut 0.89 1.16 0.32 - -- -

White Nile at Mogren 0.66 -0.97 0.59 0.71 3.96 0.53

Nile at Tamaniai 0.98 0.14 0.14 0.95 094 0.23

Nile at Dongola -- -- -- 0.94 -2.61 0.24

5.3.2 Problem Formulations

In addition to the predevelopment case, postevelopment norcooperative and @operative
formulations are considered that represent steps and sequential iterations of the process shown
on Figure5-1. Inall formulations, Ethiopia seeks to maximise average annual energy generation

whilemaint AyAy3 | dm> NBfAFO6tS GFNBSG L322 6SN LINE

to maximise average annual energy production and minimise the risk of shortages to water users.
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of shortages to water users, as well as minimise the risk of the HAD reaching the minimum
operation level (MOL) of 147 m where severe and highly disruptive shoriamdd occur.
Minimising system losses by downstream and into the Tosipidéwvay is also considered as an

objective.

Table5-2. Problem objectives by country

Ethiopia Sudan Egypt
Maximise Energy Maximise Energy Maximise Energy
Minimise Shortages Minimise Shortages
MinimiseProkability of reachingMOL
Minimise Spills from HAD (Toshka + downstrean
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A pre-developmentformulation (No GERDJonsiders a scenario before the GERD is operational
or does not exist in future scenarios. Current operations for Sudanese and Eggstavoirs are
assumed to continue into the future. This formulation provides the basis for estimating the current

risks of shortages in Sudan and Egypt.

Anon-cooperativeformulation (No Coopassumes that Ethiopia acts independently to maximise
hydropowe generation. Furthermore, no information is released on intended operational rules,
so downstream nations cannot predict the how the GERD will be operated. Assuming the objective
of the GERD is to provide a power baseload to Ethiopia and adjacent csuwitle power
purchase agreement®egefu et al. 2015; DoP 201%)e primary operation is a turbine release

for a regular target hydropower generation rate:

Equations-2
Y | ET Ay HAY Ry
Equation 5-3
v 0
O r
Equation5-4
[ Q0

In these equations, R is the monthly release from the GERJ; fRe turbine relase required to
meet the target hydropower objectiverfRcis the release that does not allow the maximum flood
elevation to be exceededfs the maximum release possible without falling below the minimum

power pool elevation of 590 m;His the nethead; and is the power plant efficiency.

While this provides a rational choice for Ethiopia, the downstream countries have no certainty

that this operation will occur, and no basis on which to adapt their own management policies. As
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a result, all potential targepower generation levels are assumed possible. No adaptation to

Sudanese or Egyptian reservoirs are incorporated into this formulation.

A basic cooperativdormulation (Basic Coopis based on an agreed annual release (AAR) from
the GERD and adaptation tife HAD operation to minimise risk based on this AAR, including
adaptations to current drought and flood management policies. Reductions to HAD releases at
low storage levels are explored, with a maximum planned reduction of 15% based on current

operatiors. Modification of the current 175 m flood space elevation is also explored.

This formulation assumes the Sennar, Roseries and Merowe dams will maintain a maximum
elevation whenever possible. This simple assumption might not be practical due to sediment

management concerns, however it provides a conservative estimate of evaporation losses.

The releases from the GERD seek to achieve target power generation, subject to an agreed annual

release (AAR) that the countries may negotiate.

Equations-5

e I A@dYB 'Ym
Y [ EIl A@QY h —
X 0 p

RY Ry

T1 is the starting month of the water year and T2 is the final month of the water year. The target
hydropower is assumed to rermaconstant, and the equation above attempts to distribute any
volumes of agreed annual release in excess of that which is required for power generation evenly
throughout the water year. In this formulation, all downstream parties are assumed to have
continuous knowledge of the intended release and can plan their operations accordingly. An AAR
must be feasible under all hydrologic scenarios, therefore any agreements that would deplete the
GERD below a minimum power elevation (590 m) would not be viableodmsufficient water
available to meet such an agreement. The drought management and flood control assumptions
for the HAD are adapted to minimize risks of shortages and unnecessary spills in Egypt, and the

Sudanese reservoirs downstream of the dam aréntaéned at the highest level possible.
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A continuous cooperativeformulation (Cont Cooprombines the Agreed Annual Release (AAR)
and adaptations to the flood and drought operations of the HAD with a Safeguard Release (SR)
from the GERD, which is triggerédhe HAD pool elevation is predicted to go below a threshold
level. The SR water is allowed to bypass the intervening Sudanese reservoirs. The formulation
requires forecasting of inflows into Lakéasserand assumes that all the information that is
necessary to implement the formulation is shared among the countries. A range of HAD trigger
levels for the SR is tested in this formulation, ranging from the minimum HAD operation level of
147 m to a higher trigger level of 175 m. Variations of the percentadactions for drought
operations are simultaneously tested. This allows combinations of policies including an upper SG
trigger level and low drought percentages reductions, which would result in fewer drought
management restrictions on water use and kenbficial to Egypt at the cost of more frequent SG
releases from the GERD. This formulation also considers combinations of lower SG trigger levels
and higher drought percentage reductions that would invoke more drought management
restrictions on Egyptian ater use and while still retaining water in the GERD. All possibilities

between these extremes are evaluated within this formulation.

Table5-3. Management variables by countries and formulation

No Basic  Cont
Coop Coop Coop Range Increment

GERD Target Power (MW) X X X 800- 1800 50
GERD Agreed Annual Release (BCM X X 0-50 1
HAD Drought Reductions (%)

Storage < 35 BCI X X 0-15% 1%

Storage < 40 BC! X X 0-15% 1%

Storage < 45 BCI X X 0-15% 1%

Storage < 50 BCN X X 0-15% 1%
HAD Flood Space Elevation (m) X X 175-180 1
GEREHAD Safeguard Release Elev | X 147-175 1

5.3.3 Approximating stakeholder criteria
We assume the downstream users expect that the GERD should not causigrifigant harm
(Salman 2016)which is interpreted as avoiding any significant changes to current consumptive

uses or energy productiofrigure5-4 demonstrates the current distsution of annual shortages
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to downstream water users, where shortages are defined relative to the expected uses of 55.5
BCM for Egypt and 18.5 BCM for Sudan. These shortages can be the result of current operational
policies (i.e. drought management restitms) or physical limitations. Average annual shortages

of 714 MCM and 1.6 MCM are expected for Egyptian and Sudanese users respectively. Maximum
annual shortage volumes of 19,500 MCM and 400 MCM for Egypt and Sudan respectively are
currently possible, buare only associated with the rarest droughts in our stochastic flow

simulatiors.
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Figureb-4. Annual probability of exceedance of shortages to Egyptian and Sudanese water users

The predevelopment formulabn is also used to derive the current average annual energy
generation of 7.13 TWh and 9.48 TWh derived from the all Egyptian and Sudanese dams

respectively.

In the nonrcooperative formulationwe examine a range of target power generation levels for the

GERD to determine average annual energy generation that the GERD could deliver, while noting
reliability of meeting the target power specifiefligure5-5 demonstrates that the GERD can

provide slightly over 15 Tkyear on average, with 100% reliable power generation when

LINE RdzOAY3 mMnnn a2 ® ¢KAA NBLNBaSyida 2yS NIGAZ2YL§

of the GERD. The reliability decreases when the dam is operated for power generation above 1400
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MW. A eliability of 90% is often used for firm energy generat{i@amachandra et al. 20Q@yhich

can be achieved with a target power of approxielgt1600 MW. At this power generation rate
(OptPower), only 13.7 TWh of average annual energy can be produced. Both the generation levels
were considered as potential starting negotiation positions for Ethiopia, so anything less would be

considered a cogb Ethiopia.
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Figureb-5. Energy production and hydropower reliability at different GERD operations

Given the analysed performance of the mievelopment formulation, we propose succinct
definitions for therequirements of the GERD to avoid causing significant downstream harm. For
Egypt, we include the following three components: 1) the GERD would not cause the average
annual shortages to Egypt to exceed the value expected without the presence of the GERD (71
MCM/year), 2) the probability of the HAD reaching the minimum operating level of 147m would
not exceed the risk that exists without the presence of the GERD (currently 0.2%), and 3) the
average annual energy generation from the HAD would not be lessthigamalue without the

GERD (7.13 TWhiyear).

The criteria for Sudan for would follow a similar logic. To caassignificant harm1) the GERD
would not cause the average annual shortafgeSudarto exceed the expected value without the
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presence of the 6RD (1.6 MCM/year), and 2) the average annual energy generation in Sudan
would not be less than the value without the GERD (9.48 TWh/year). The Sudanese reservoirs are

not overyear storage facilities, therefore minimum operating level criteria is notiegpiple.

The initial criteria for eachtakeholder are summarized rable5-4. For Ethiopiathe two rational
operations to either maximise the energy generation (OptEnergy) or to maximise the power
generation with90% reliability (OptPower). The criteria for Sudan and Egypt are based on the pre

development formulation and thus without the GERD.

Table5-4d ¢ KS AYAGALFf | dadzySR Wi OO &itgurrént hgdilogid2 & A G A 2 Y &
conditions and increased persistence

Current Hurst1l05 Hurstl10 Hurstll5 Hurst120

Ethiopia Criterialassumeswith GERI
OptEnergy: Max Avg. Energy (TWh/year) 15.06 15.04 15.07 15.07 15.10

OptPower: Max 90% Reliable Power{iy 1594 1589 1598 1590 1599
Sudan Criterigassumeswithout GERD

Avg. Energy (TWhlyear) 9.48 9.47 9.49 9.48 9.49
Avg. Shortage (MCM/year) 1.6 2.4 14 1.7 1.3
Egypt Criterigassumeswithout GERD

Avg. Energy (TWhl/year) 7.13 7.12 7.16 7.14 7.18
Avg. Shortage (MCM/year) 714 800 848 875 865
Probability of MOL 0.18% 0.25% 0.21% 0.23% 0.20%

Table5-4 alsodemonstrates how the initial positions would change given scenarios of changes to
hydrologic peristence. While not explicitly used in until the second phase of the framework in
Figure5-1, information is presented here to understand the sensitivity of the initial positions to
these uncertainties. The only sificant change that can be seen is an increased in the average
shortages to Egypt with increased persistence. This demonstrates a possible increase of risk
regardless of the presence of the GERD, and furthermore demonstrates the benefits that the GERD

might provide to mitigate this risk.
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5.4 ReEsSuULTS

5.4.1 NonCooperation

To quantify the risks of neoooperation among the countries with respect to the GERD
operations, we assume the OptEnergy or the OptPower positions for Ethiopia described above
and initially assuméhe downstream reservoirs are not able to adapt to the GERD due to a lack of
information. While this scenario may be unlikely, it estimates the implications of not reaching an

agreement regarding GERD operations.

The combined effect of changed timing s, increased evaporation losses from the GERD, and
decreases in evaporation losses from Lake Nasser is shdviguire5-6. The average elevations
resulting from both the OptEnergy and OptPower operations falsw the neGERD operations,
resulting in a 0.30 and 0.14 TWh decrease in average annual energy generated from the HAD
respectively. The relatively steady releases from the GERD results in less frequent occurrences of
the HAD reaching high elevations, gagting the current flood management policy could be
adapted to decrease proactive releases and thus conserve water, but at an elevated risk of
emergency releases to manage unexpected large inflows. The probability of the HAD reaching low
elevations that an trigger drought management operations differ between the two GERD
management policies. The OptEnergy policy makes comparatively lower hydropower releases
from the GERD, therefore increases the probability of the HAD falling to lower elevations. The
higher monthly GERD power output in the OptPower policy results steadier flows and higher HAD
elevations being higher than the p@ERD behaviour, resulting in fewer reductions to Egyptian
water users. Without guarantees of how the GERD will be operated hawEggpt is unable to

adapt their shortage management strategies to benefit from the GERD.
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Figure 5-6. Monthly HAD pool elevations with two GERD operations and no downstream
adaptations

Figureb-7 expands on this analysis by demonstrating the change to shortages for Egyptian water
users assuming no adaptation of the HAD operations due to a lack of predictability. The flat lines
are reference levels of shoges prior to the GERD. The step change between the 1400 MW and
1600 MW aligns with the switch from OptEnergy to OptPowggure5-5). In this transition zone

the costs and benefits to Egypt are the most sensting demonstrate where negotiations may

be the most effective.

We also note that without adaptation of the Roseries and Sennar reservoirs to the operations of
the GERD, average shortages to Sudanese water users increases by 200 to 1000%, demonstrating
a ckar need to for adaptation. If releases from the GERD are known in advance, elevating the

Sudanese reservoirs throughout the year provides a logical adaptation response.
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Annual Shortages to Egypt - Before and After GERD
No Sudan or HAD Adaptation
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Figureb-7. Annual shortages to Eglyas a function of GERD target power releases

5.4.2 Cooperative GERBAD Management

5.4.2.1 Basic Cooperation Alternatives

Applying the ENRM with the MOEA, basic cooperation arrangements are explored by concurrently
sampling the management decisions outlinedraible5-3 and evaluating the ability to meet the
objectives outlined iMable5-2. The seven objectives Table5-2 can be visualized gy parallel

plots (Inselberg 1985)¥igure5-8 only shows the nordominated solutions, using a convention of

the upward direction on each axis to be desirable. The condition prior to the GERD is shown in
blue (No GERD)nd the red and green lines demonstrate solutions that decrease and increase
the shortages to Egypt respectively. The two fmoperative operations (OptPower and Opt

Energy), are overlain on the parallel plot assuming no adaptation of the downstreamaieserv

In this formulation, no solutions were identified that both reduce the shortages to Egypt and
reduce the probability of the HAD reaching the minimum operation level. Energy gains for
Sudanese reservoirs were achieved in all solutions and changa®etgy generation for Egypt

mirror the shortages to Egypt, as both are driven by the effects of pool elevations.
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As noted earlier, the OptEnergy solution with no adaptation performs worse with respect to
Egyptian shortages, but decreases the risk of thd®Heaching the MOL, while the OptPower

performs relatively well on both these metrics. This solution appears satisfactory from the
Egyptian perspective but produces low levels of energy relative to other solutions and therefore

was not identifiedby the MOEA as nodominated.

Figureb-8. Parallel plot of multiple objectives with scenarios discovered under Basic Cooperation

Figureb-9 shows the average shortagesEgypt and probability of the HAD reaching the M@L

the basic cooperation solutions with the colours representing the average annual energy to
Ethiopia. The Pareto front of these two variables are shown on the left side. None of the
discovered solutionis strictly better with respect to both variables and thus this basic cooperation
formulation cannot assure the assumed criteriaofsignificant harncan be met. However clearly
reductions to the average annual shortages to Egypt are possible with mioreases in the risk

of the HAD reaching the MOL.
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