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World’s	  Water	  

USGS This tiny sphere is all the World’s Water 



Principal	  sources	  
of	  fresh	  water	  for	  
human	  acKviKes	  

From: Shiklomanov  
[www.unep.org/vitalwater/03-water-cycle.htm] 



                                                                                                                

260	  Interna+onal	  Basins	  
~	  40%	  of	  World	  Popula+on	  

 

“Fierce	  compe++on	  for	  fresh	  water	  may	  well	  become	  a	  
source	  of	  conflict	  &	  wars	  in	  the	  future.”	  	  	  	  	  	  	  	  	  	  	  	  	  

Kofi	  Annan,	  March	  2001	  	  

Source: Grey & Sadoff, World Bank 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	                                           

Some	  Excep+onal	  Instances	  of	  Coopera+on	  
Mekong	  CommiQee,	  Indus	  River	  Commission,	  	  

Israel	  &	  Jordan	  secret	  talks	  
 

Source: Grey & Sadoff, World Bank 

Major	  issues:	  water	  quanKty	  and	  infrastructure	  
PotenKal	  for	  stress/conflict:	  rapid	  basin	  changes	  (insKtuKon,	  physical)	  
Wolf	  et	  al	  2003	  	  



Semi-Arid and Arid Sub-Tropics and Tropics  & Areas w/ 
High Population Density 

By 2025 two thirds of the people in the world are 
expected to live in areas of water shortage or stress.  

In the 20th century the world population 
tripled – while water use multiplied six-fold!  





From:	  Shiklomanov	  	  
[webworld.unesco.org/water/ihp/db/shiklomanov]	  

1995	   2025	  

Water	  Withdrawal	  by	  AcKvity	  



Shiklomanov 

Monthly	  DistribuKon	  (km3)	  



Monthly	  DistribuKon	  PrecipitaKon	  



Important	  to	  understand	  intra-‐annual	  variability	  

Annual	  Cycle	  



ITCZ	  
	  
h_p://daphne.palomar.edu/pdeen/animaKons/23_weatherpat.swf	  
	  

PrecipitaKon	  



ENSO	  –	  impact	  regions	  

NOAA CPC/NCEP 

Modes	  of	  Climate	  Variability	  



Water	  Management	  

Health 

Human Activity 

Energy 

Climate 

Water 

Agriculture 



	  Alloca+on:	  Efficiency	  (physical	  and	  economic),	  Equity	  

	  Opera+on:	  Reliability	  (minimize	  risk),	  Resilience	  

	  Design:	  Highest	  Expected	  Benefit-‐Cost	  RaKo	  

	  Risk	  Reduc+on	  for	  Floods	  and	  Droughts	  

	  TradiKonal:	  Command	  &	  Control	  Management	  (Play	  God)	  

	  New	  Trend?:	  Open,	  ParKcipatory,	  Informed,	  NegoKated,	  Regulated	  

Process;	  Dynamic,	  flexible	  operaKons;	  Decision-‐making	  under	  

uncertainty	  

Water	  System	  Management	  Goals	  



An	  imminent	  freshwater	  crisis	  
•  Demand	  >	  Supply	  
•  Access	  to	  safe	  drinking	  water	  is	  currently	  poor	  	  
•  High	  variability	  in	  supply	  à	  Major	  investments	  needed	  for	  growth	  
•  PotenKal	  for	  trans-‐boundary	  conflict	  
•  Climate	  change	  poses	  significant	  uncertainty	  

The	  Current	  State	  

Credit:	  M.	  Stockdale	  



How	  can	  we	  meet	  the	  challenges	  of	  providing	  water	  for	  the	  21st	  
Century?	  

•  Changing	  (growing)	  populaKon	  
•  CompeKng	  (increasing)	  demands,	  preferences	  
•  Variable	  supply,	  Extremes	  
•  Climate	  change	  

Global	  or	  Local	  Issue?	  
	  
Focus	  on	  Today	  (security)	  or	  the	  Future	  (sustainability	  and	  resilience)?	  

The	  Challenge	  



Tradeoffs	  

Hydropower	  vs	  Agriculture	  vs	  DomesKc	  vs	  Environment	  vs	  Health	  
vs	  RecreaKon	  vs	  AestheKcs	  
	  
Upstream	  vs	  Downstream	  
	  
Timing	  	  
	  
Stakeholders	  
	  
	  
	  
	  
	  
	  
	  

	   	  Pareto	  Fron5er	  



(Environmental	  Defense,	  2003)	  

Benefit-‐Cost	  Analysis	  



The	  1992	  Dublin	  Principles	  
Principle	  4	  

“Water has an economic value in all its 
competing uses and should be recognized as an 

economic good.” 

 ”Within this principle, it is vital to recognize first 
the basic right of all human beings to have access to 
clean water and sanitation at an affordable price.”  
 

Gleick, 2002 



• 	  “Common	  pool”	  resource	  

-‐	  Rival,	  mostly	  non-‐excludable	  

• 	  High	  exclusion	  costs	  
• 	  ConsumpKve	  and	  nonconsumpKve	  uses	  

• 	  Economic	  and	  noneconomic	  uses	  

• 	  ValuaKon	  

(Young, 2005) 

Special	  Economics?	  



OpKmizaKon	  

MathemaKcal	  
	  

23	  

Max 

s.t. t=1, 2, … T 

B: total benefit 

BH/BE: human/environment benefit  

WH/WE: water for human/environment w: total water availability 



OpKmizaKon	  

Actually	  more	  complicated…	  
	  
Consider	  discount	  rate?	  
	  
	  
	  
	  
	  
	  

t 
B1 B2 B3 Bt 



OpKmizaKon	  

Actually	  more	  complicated…	  
	  
Renewable	  vs	  Non-‐renewable	  
	  
	  
	  
	  
	  
	  



Shared	  Vision	  or	  Consensus	  

Stakeholders	  congregate	  and	  discuss	  using	  tools	  and	  models	  
	  
Concessions,	  tradeoffs,	  etc.	  



•  Blue	  Nile	  	  
–  Headwaters:	  Lake	  Tana	  
–  Highlands	  
–  Steep	  gorge	  

•  White	  Nile	  
–  Headwaters:	  Lake	  
Victoria	  

–  Equitorial	  lakes	  &	  
swamps	  

•  Main	  Nile	  
–  Desert	  
–  6700	  km	  long	  
–  10	  countries	  in	  basin	   Courtesy of World Bank 

Nile	  Basin	  Hydrology	  



Nile	  River	  AllocaKon	  (HydropoliKcs)	  
Agreement	  of	  1959:	  	  
Egypt	  =	  75%,	  Sudan	  =	  25%	  of	  annual	  flow	  
	  
Entebbe	  Agreement	  (2011):	  Upstream	  
Nile	  countries	  call	  1959	  Agreement	  invalid	  
	  
Approximately	  45	  B	  m3/yr	  
Contributes	  ~	  60%	  of	  full	  Nile	  at	  Aswan	  

28	  

Aswan	  

http://assets.panda.org/img/nile_basin_map_235502.jpg 



•  PopulaKon	  =	  90	  million	  
•  Growth	  rate	  =	  2.3%	  
	  
•  PopulaKon	  living	  on	  less	  than	  $1	  a	  day	  =	  31%	  
•  PopulaKon	  living	  below	  the	  naKonal	  poverty	  line	  =	  44%	  
•  PopulaKon	  living	  below	  the	  minimum	  level	  of	  dietary	  energy	  

consumpKon	  =	  46%	  

•  Infant	  mortality	  rate	  =	  10%	  
•  Life	  expectancy	  at	  birth	  =	  42.5	  years	  

UN	  Millennium	  Development	  Goals	  &	  World	  Factbook	  

Courtesy of Chris Grant 

Ethiopia	  at	  a	  Glance	  



Variable	  Climate	  

From	  FAO/GIEWS	  website	  



Variable	  Supply	  
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Seasonal	  Climate	  Variability	  
	  
	  



Pros	  and	  Cons	  of	  Large-‐Scale	  Storage	  

Advantages:	  
•  	  flood	  protecKon	  
•  	  electricity	  generaKon	  
•  	  regularized	  flows	  
•  	  municipal,	  agriculture,	  industrial	  supply	  
•  	  recreaKon	  
•  	  navigaKon	  
	  
Disadvantages:	  
•  	  inundaKon	  and	  relocaKon	  
•  	  trapping	  sediment	  
•  	  ecological	  (low)	  flows	  	  
•  	  fish	  migraKon	  
•  	  failure	  hazard	  
	  

33	  



ExisKng	  Storage	  by	  Country	  

Buffers	  variability,	  but	  expensive	  
and	  controversial	  



Ethiopia’s	  Energy	  Challenge	  

Courtesy	  of	  Dorling	  Kindersley	  

Wealth	  of	  hydropower	  potenKal	  
	  
83%	  of	  Ethiopia’s	  populaKon	  
lacking	  access	  to	  electricity	  
	  
94%	  sKll	  relying	  on	  biomass	  for	  
daily	  cooking	  and	  heaKng	  	  
(Tegenu	  2006)	  



SSA	  Energy	  Comparison	  

Source:	  Energy	  Informa5on	  Agency,	  2007	  



Ethiopia	  Development	  Plan	  

!

30,000	  MW	  potenKal	  
	  
<	  10%	  developed	  
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Ethiopia	  Development	  Plan	  



 Base Map Courtesy of PLC Map Collection, UT 

Upper	  Blue	  Nile	  Basin	  



Working backwards… 
 
Benefit = Hydroelectricity * $/kwh 
 
 
 

 
 
 
 
Hydroelectricity = Power * time 
 

 
 
 
 
 
 
Power = Head * Flow * e * constant 
 
 
 
 
 
 
 
 Credit: USGS 

H 

 
 
 
 
 
 
 
 
 
 
 
 
 
Head = f(storage) 
 
 
 

Q 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Flow	  =	  f(precip,	  evaporaKon);	  	  evap	  =f(temp,	  winds,	  humidity)	  
	  
	  

Hydropower	  DefiniKons	  



Grand	  Ethiopian	  Renaissance	  Dam	  

Will	  be	  largest	  dam	  in	  Africa	  
	  
6000	  MW	  
	  
63	  B	  m3	  Reservoir	  
	  
$5	  Billion	  
	  
	  
Res	  Filling	  Policy?	  
Climate	  Variability?	  
Climate	  Change?	  
	  

41	  http://seeker401.wordpress.com/2011/10/01/the-grand-ethiopian-renaissance-dam/ 
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Grand	  Ethiopian	  Renaissance	  Dam	  



Grand	  Ethiopian	  Renaissance	  Dam	  



Reservoir	  Filling	  Policies	  

§  Percent	  Based	  
•  Impound	  a	  given	  percent	  
of	  monthly	  streamflow	  

•  e.g.,	  5%,	  10%,	  25%	  

§  Threshold	  Based	  
•  Impound	  streamflow	  
exceeding	  a	  given	  
threshold	  

•  e.g.,	  	  >0.9*Historical	  
Average	  Monthly	  SF	  

No	  established	  mulK-‐naKonal	  agreement	  on	  reservoir	  filling	  rate	  



Climate	  Change:	  PrecipitaKon	  
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The	  ensemble	  of	  GCM	  runs	  
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Modeling	  Framework	  

SensiKvity	  Analysis	  
	  
Add	  linear	  trends	  (e.g.	  +	  5%,	  +	  10%,	  +	  20%)	  to	  PrecipitaKon	  at	  2060	  	  	  
	  
Temp	  assumed	  to	  increase	  by	  2.5-‐degrees	  C	  	  
	  
Various	  filling	  rates	  

46	  



Time	  to	  Fill	  
No	  climate	  changes	  

47	  



With	  climate	  change	  

48	  

Time	  to	  Fill	  



Hydropower	  GeneraKon	  
Climate	  changes	  &	  filling	  policies:	  2014-‐2031	  
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Climate	  Change:	  PrecipitaKon	  
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PDF	  for	  2060	  
Represent	  the	  uncertainty	  in	  precipitaKon	  projecKons	  	  
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Filling	  Policy	  and	  Weighted	  CC	  

EsKmated	  power	  generaKon,	  2014-‐2031	  

51	  

TOOL	  



Downstream	  ImplicaKons	  

52	  



Downstream	  ImplicaKons	  

53	  
May	  need	  opKmizaKon	  framework	  



Infrastructure	  	   Virtual	  (soy)	  	  	  
Infrastructure	  

HydroClimate	  
InformaKon	   Capacity	  +	   +	  +	  

Layered	  Risk	  Management	  

54	  

• 	  Relevant	  at	  all	  Kme	  scales:	  variability	  and	  change	  
• 	  Allows	  for	  risk	  transfer	  
• 	  All	  aspects	  require	  ‘investment’	  

Return Period (yrs) 

1 3 10 5 20 

L
os

se
s 

reservoir insurance 



  

Proper	  decision	  making	  requires:	  

•  All	  plausible	  outcomes	  taken	  into	  consideraKon	  

•  Trade-‐offs	  evaluated	  (power,	  agriculture,	  streamflow	  reducKon)	  

•  Engineering	  design	  within	  a	  poliKcal	  context	  
	  
	  
	  
Knowing	  is	  not	  enough;	  	  
	   	  we	  must	  apply.	  
	  Willing	  is	  not	  enough;	  	  
	   	  we	  must	  do.	  
~Goethe	  

Credit:	  UN	  

Final	  Thoughts	  



Reservoir	  SpecificaKons	  
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PrecipitaKon	  Trend	  
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57	  



Filling	  Policy	  

58	  



59	  



Compare	  Results	  
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GCM	  Weighted	  Power	  ProducKon	  

•  Power	  generaKon	  
outputs	  based	  on	  the	  
likelihood	  of	  the	  
precipitaKon	  trends	  

61	  
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IllustraKon	  –	  Risk	  spectrum	  
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Climate	  Risk	  Management	  



M
ag

ni
tu

de
 

Return Period (yrs) 
1 3 10 5 20 

M
ag

ni
tu

de
 

Return Period (yrs) 
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Add multiyear 
reservoir Residual Risk 

Climate	  Risk	  Management	  
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Return Period (yrs) 
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Add option contracts 

(insurance) 

Residual Risk 
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Return Period (yrs) 

Intra-basin transfer? 

Climate	  Risk	  Management	  



Weather	  vs	  Climate	  

In 2011, 14 events surpassed $1 billion in damages each 
 

NWS (NOAA) 


