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  Data	
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  2.0)	
  

Map	
  source:	
  h-p://data.giss.nasa.gov/cgi-­‐bin/precipcru	
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Interbasin	
  transfer	
  slide	
  

Taylor	
  et	
  al.	
  Nature	
  Climate	
  Change	
  3,	
  322–329	
  (2013)	
  	
  

Wolf	
  et	
  al.	
  1999	
  
transboundarywaters.orst.edu/publicaBons/atlas/atlas_html/interagree.html	
  

River	
  Basins	
  and	
  Transboundary	
  Aquifer	
  Systems	
  
Source:	
  BGR	
  &	
  GRDC	
  
www.whymap.org/whymap/EN/Downloads/Global_maps/globalmaps_node_en.html	
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0.5° latitude bins (°N) 

IrrigaBon	
  (103	
  km2)	
  

	
  	
  	
  FAO	
  	
  

	
  	
  	
  IWMI	
  

PrecipitaBon	
  (mm/y)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CRU	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  NCEP	
  

Wisser	
  et	
  al.	
  2008	
  GRL	
  

PrecipitaEon	
  Data	
  (CRU	
  TS	
  2.0)	
  

variaEon	
  in	
  2	
  input	
  datasets	
  led	
  to	
  ~2000	
  km3/y	
  
range	
  in	
  modeled	
  demand	
  for	
  irrigaEon	
  water.	
  



•  Supply	
  ~40%	
  of	
  irrigated	
  areas	
  
in	
  India.	
  

•  Increasingly	
  considered	
  an	
  
important	
  opBon	
  to	
  increase	
  
food	
  security.	
  

•  Store	
  local	
  runoff:	
  capacity	
  
~1000	
  m3.	
  

•  Irrigated	
  area:	
  5-­‐50	
  ha.	
  
	
  

	
   	
   	
  Wisser	
  et	
  al.	
  2010.	
  

	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  J.	
  Hydrology	
  

Large	
  dam/reservoir	
  database	
  (GRanD;	
  Lehner	
  et	
  al.	
  2011;	
  n~6500)	
  
hydropower;	
  flood	
  control;	
  irrigaBon;	
  navigaBon	
  

hjp://www.gwsp.org/85.html	
  

Small	
   Large	
  

US	
  
NaBonal	
  
Inventory	
  
of	
  Dams	
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2.	
  Context	
  &	
  QuesEons	
  

J.Hydrometeorology,	
  2014,	
  15:1011-­‐1027	
  
Are	
  people	
  more	
  interested	
  in	
  how	
  much	
  water	
  
they	
  will	
  have	
  in	
  the	
  next	
  rainy	
  season,	
  or	
  in	
  
predicBons	
  for	
  2100?	
  



2.	
  Context	
  &	
  QuesEons	
  
The	
  never-­‐ending	
  quest	
  for	
  
higher	
  spaBal	
  resoluBon.	
  

i.e.,	
  global	
  1-­‐km	
  modeling	
  



•	
  Univ.	
  New	
  Hampshire	
  	
  	
  
Water	
  balance	
  and	
  
crop	
  yield	
  modeling	
  

•	
  Boston	
  University	
  	
  –	
  
Economic	
  modeling;	
  
land	
  use	
  analysis	
  and	
  
remote	
  sensing	
  

•	
  Penn	
  State	
  University	
  	
  
Economic	
  modeling	
  

•	
  Univ.	
  Alaska-­‐Fairbanks	
  	
  
Cryosphere	
  modeling	
  

Crops,	
  climate,	
  canals,	
  and	
  the	
  cryosphere	
  in	
  Asia	
  –	
  	
  
changing	
  water	
  resources	
  around	
  the	
  earth’s	
  third	
  pole	
  	
  

2.	
  Context	
  &	
  QuesEons	
  

NSF	
  Water,	
  Sustainability,	
  and	
  Climate	
  project	
  

1.  	
  Water	
  and	
  Climate:	
  What	
  are	
  potenBal	
  impacts	
  of	
  climate	
  change	
  on	
  water	
  supply	
  in	
  Asia?	
  

2.	
  Water	
  and	
  Food:	
  What	
  are	
  present	
  relaBve	
  contribuBons	
  of	
  local	
  surface	
  water,	
  upstream	
  runoff,	
  and	
  
deep	
  groundwater	
  to	
  water	
  resources	
  for	
  food	
  producBon	
  and	
  how	
  will	
  these	
  relaBve	
  contribuBons	
  evolve?	
  	
  
What	
  are	
  potenBal	
  impacts	
  of	
  major	
  inter-­‐basin	
  transfers	
  and	
  improvements	
  in	
  irrigaBon	
  and	
  crop	
  water	
  use	
  
efficiency?	
  
	
  
3.	
  Water,	
  Climate,	
  and	
  Sustainability:	
  How	
  will	
  food	
  and	
  water	
  pricing	
  respond,	
  and	
  with	
  what	
  impacts	
  on	
  
trade	
  in	
  food	
  and	
  virtual	
  water,	
  on	
  water	
  engineering	
  efforts,	
  on	
  parBBoning	
  of	
  water	
  resources	
  for	
  
agriculture,	
  industrial,	
  and	
  municipal/domesBc	
  use,	
  and	
  on	
  water	
  resource	
  policies?	
  	
  	
  



3.	
  Outcomes	
  

RelaEve	
  change	
  (to	
  
present)	
  in	
  annual	
  
discharge	
  at	
  2°C	
  under	
  
RCP8.5.	
  	
  
	
  
Color	
  hues	
  show	
  the	
  
mulBmodel	
  mean	
  
change,	
  and	
  saturaBon	
  
shows	
  the	
  agreement	
  on	
  
the	
  sign	
  of	
  change	
  across	
  
all	
  GHM–	
  GCM	
  
combinaBons	
  

PNAS,	
  2014,	
  111,	
  3245–3250	
  

RaEo	
  of	
  GCM	
  variance	
  to	
  
total	
  variance.	
  
	
  
In	
  red	
  areas	
  Global	
  
Hydrological	
  Model	
  
variance	
  predominates.	
  	
  
	
  
In	
  blue	
  areas	
  Global	
  
Climate	
  Model	
  variance	
  
predominates.	
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Water	
  conflict	
  vulnerability:	
  country	
  groups	
  produced	
  by	
  
combined	
  decision	
  tree	
  and	
  mulBvariate	
  analysis	
  classificaBon	
  	
  

(data	
  c.	
  year2000).	
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3.	
  Outcomes	
  

once-­‐through	
  
re-­‐circulaBng	
  

cooling	
  

Increase	
  in	
  average	
  summer	
  water	
  temperatures	
  (2000–2010)	
  
due	
  to	
  thermal	
  polluBon	
  from	
  power	
  plants.	
  
	
  
Callout	
  boxes	
  show	
  results	
  for	
  average	
  winter	
  condiBons	
  in	
  
selected	
  regions.	
  	
  
	
  
Temperature	
  increases	
  due	
  to	
  plants	
  are	
  more	
  widespread	
  in	
  
the	
  summer	
  because	
  waste	
  heat	
  inputs	
  are	
  dissipated	
  more	
  
quickly	
  in	
  the	
  winter.	
  

AllocaBon	
  of	
  total	
  heat	
  (in	
  petajoules)	
  generated	
  in	
  freshwater	
  
thermoelectric	
  power	
  plants	
  during	
  electricity	
  producBon	
  at	
  selected	
  
basins.	
  



MulB-­‐model	
  median	
  
return	
  period	
  (years)	
  in	
  
21st	
  century	
  for	
  
discharge	
  ≥	
  	
  20th	
  
century	
  100-­‐year	
  flood	
  

millions	
  of	
  people	
  
exposed	
  to	
  flood	
  

(return	
  period	
  >100yr)	
  

Hirabayashi	
  et	
  al	
  (2013)	
  Global	
  flood	
  risk	
  under	
  climate	
  change,	
  Nature	
  Climate	
  Change	
  3.	
  Outcomes	
  



3.	
  Outcomes	
  

Groundwater	
  footprints	
  of	
  aquifers	
  that	
  are	
  important	
  to	
  agriculture	
  are	
  
significantly	
  larger	
  than	
  their	
  geographic	
  areas.	
  Aquifers	
  are	
  major	
  
groundwater	
  basins	
  with	
  recharge	
  of	
  .>2	
  mm	
  yr.	
  At	
  the	
  bojom	
  of	
  the	
  figure,	
  
the	
  areas	
  of	
  the	
  six	
  aquifers	
  (Western	
  Mexico,	
  High	
  Plains,	
  North	
  Arabian,	
  
Persian,	
  Upper	
  Ganges	
  and	
  North	
  China	
  plain)	
  are	
  shown	
  at	
  the	
  same	
  scale	
  as	
  
the	
  global	
  map;	
  the	
  surrounding	
  grey	
  areas	
  indicate	
  the	
  groundwater	
  footprint	
  
proporBonally	
  at	
  the	
  same	
  scale.	
  The	
  raBo	
  GF/AA	
  indicates	
  widespread	
  stress	
  
of	
  groundwater	
  resources	
  and/or	
  groundwater-­‐dependent	
  ecosystems.	
  Inset,	
  
histogram	
  showing	
  that	
  GF	
  is	
  less	
  than	
  AA	
  for	
  most	
  aquifers.	
  



Gleeson	
  &	
  Wada,	
  ERL	
  2013	
  

GF	
  (groundwater	
  footprint)	
  =	
  
	
  
	
  
	
  
AA	
  =	
  aquifer	
  known	
  area	
  	
  

gw	
  withdrawal	
  
gw	
  net	
  recharge	
  ·∙	
  Area	
  

ensemble	
  
uncertainty	
  	
  

2-­‐5x	
  
internal	
  	
  

uncertainty	
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Loss	
  Rate	
  [%	
  per	
  year]	
  

Dwindling	
  Storage	
  in	
  Reservoirs	
  

•	
  Reservoirs	
  in	
  GRanD	
  database	
  	
  

Reported	
  reservoir	
  capacity	
  loss	
  rates	
  due	
  to	
  sedimentaBon	
  

(from	
  Dominik	
  Wisser,	
  Bonn	
  U)	
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Loss	
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  Reservoirs	
  in	
  GRanD	
  database	
  	
  

Reported	
  reservoir	
  capacity	
  loss	
  rates	
  due	
  to	
  sedimentaBon	
  

(from	
  Dominik	
  Wisser,	
  Bonn	
  U)	
  

river	
  basin	
  change	
  1990-­‐2010:	
  
•	
  reservoir	
  capacity	
  (shading)	
  
•	
  populaBon	
  (filled	
  circles)	
  

Wisser	
  et	
  al.	
  2013	
  WRR	
  
	
  

Dwindling	
  Storage	
  in	
  Reservoirs	
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  Outcomes	
  

(from	
  Dominik	
  Wisser,	
  Bonn	
  U)	
  

Dwindling	
  Storage	
  in	
  Snow	
  



3.	
  Outcomes	
   Major	
  
Diversions	
  

Colorado	
  
River	
  Basin	
  Interbasin	
  Water	
  Transfers	
  

Includes: 	
  Reservoirs	
  and	
  IrrigaBon.	
  	
  IrrigaBon	
  water	
  applied	
  with	
  
	
   	
  100%	
  efficiency	
  (no	
  loss	
  back	
  to	
  system).	
  

	
  
With	
  and	
  Without	
  Inter-­‐basin	
  Transfers	
  (Diversions).	
  
	
  
When	
  Diversions	
  turned	
  on	
  (red	
  line)	
  more	
  water	
  is	
  abstracted	
  

	
   	
  from	
  rivers	
  for	
  irrigaBon.	
  



Improving	
  irrigaVon	
  efficiency	
  

Surface	
  Water	
   Mined	
  
Groundwater	
  
(as	
  needed)	
  

IrrigaBon	
  water	
  demand;	
  efficiency	
  

IrrigaBon	
  water	
  withdrawals	
  

Inefficiency	
  
losses	
  

Crop	
  EvapotranspiraBon	
  

Deep	
  Soil	
  
Zone	
  

Rivers	
  
Reservoirs	
  

Return	
  

India’s	
  irrigaBon	
  efficiency	
  (FAO)	
  =	
  0.34	
  	
  
IrrigaBon	
  water	
  withdrawal	
  =	
  demand	
  ÷	
  0.34	
  

wodumedia.com 

3.	
  Outcomes	
  

D	
  Grogan	
  
et	
  al.	
  
UNH	
  



irrigation water demand (mm/y) 

34% efficiency 34% efficiency 

680	
  km3/yr	
   326	
  km3/yr	
  

MGW	
  =	
  48%	
  
of	
  demand	
  

Mined groundwater (MGW) fraction of demand 

IrrigaBon,	
  mined	
  groundwater	
  fracBon	
  of	
  demand	
  (c.2000)	
  3.	
  Outcomes	
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  of	
  demand	
  (c.2000)	
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Change in mean annual flow due to doubling irrigation efficiency

> 0.01 increase

-0.1 - 0.1 (less than 0.01 change)

0.01 - 0.25 decrease

0.25 - 0.50 decrease

0.50 - 0.75 decrease

0.75 - 1.0 decrease

<	
  0.25	
  

0.75	
  –	
  0.99	
  

>	
  1.01	
  

de
cr
ea
sin

g	
  
in
cr
ea
sin

g	
  Change in mean annual flow due to doubling irrigation efficiency

> 0.01 increase

-0.1 - 0.1 (less than 0.01 change)

0.01 - 0.25 decrease

0.25 - 0.50 decrease

0.50 - 0.75 decrease

0.75 - 1.0 decrease

0.50	
  –	
  0.75	
  
0.25	
  –	
  0.50	
  

Change	
  in	
  river	
  flow	
  
relaBve	
  to	
  0.34	
  efficiency	
  

D	
  Grogan	
  
et	
  al.	
  
UNH	
  



Radic	
  et	
  al.	
  (Climate	
  
Dynamics,	
  2013)	
  

About 80,000 glaciers 
in Central Asia (13-15)	
  

glacier	
  
annual	
  
volume	
  

Part	
  3:	
  Coupling	
  WBM	
  &	
  Glacier	
  Mass	
  Balance	
  Modeling	
  

IPCC	
  AR5	
  RCP4.5	
  scenario	
  

glacier	
  
melt	
  
sea-­‐level	
  
equiv.	
  
(mm)	
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Xu	
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  (2009)	
  	
  

HypotheEcal	
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  melt	
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  river	
  response	
  à	
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Radic	
  et	
  al.	
  (Climate	
  
Dynamics,	
  2013)	
  

About 80,000 glaciers 
in Central Asia (13-15)	
  

glacier	
  
annual	
  
volume	
  

IPCC	
  AR5	
  RCP4.5	
  scenario	
  

glacier	
  
melt	
  
sea-­‐level	
  
equiv.	
  
(mm)	
  

Xu	
  et	
  al.	
  (2009)	
  	
  

HypotheEcal	
  glacier	
  melt	
  &	
  river	
  response	
  à	
  

annual	
  discharge	
  for	
  9	
  GCMs	
  	
  
	
  	
  	
  	
  	
  and	
  2	
  scenarios	
  (RCP	
  4.5	
  &	
  8.5)	
  
smoothed	
  annual	
  discharge	
  	
  	
  

About 80,000 glaciers 
in Central Asia (13-15)	
  

glacier	
  
annual	
  
volume	
  

g.
m
.	
  c
on

tr
ib
.	
  (
m
3/
s)
	
  

Indus	
  
~21,000	
  glaciers	
  (3800	
  km3)	
  

Ganges	
  
~19,000	
  glaciers	
  (2200	
  km3)	
  

	
  glacier	
  melt	
  contribuBon	
  

	
  total	
  river	
  discharge	
  

100 m3/s ~ 3 km3/yr 

~20% ~2.5% 

Part	
  3:	
  Coupling	
  WBM	
  &	
  Glacier	
  Mass	
  Balance	
  Modeling	
  3.	
  Outcomes	
  

R	
  Lammers,	
  
R	
  Hock,	
  et	
  al.	
  
UNH,	
  UA-­‐F	
  



Radic	
  et	
  al.	
  (Climate	
  
Dynamics,	
  2013)	
  

About 80,000 glaciers 
in Central Asia (13-15)	
  

glacier	
  
annual	
  
volume	
  

IPCC	
  AR5	
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melt	
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Xu	
  et	
  al.	
  (2009)	
  	
  

HypotheEcal	
  glacier	
  melt	
  &	
  river	
  response	
  à	
  

Indus	
  River	
  annual	
  discharge	
  for	
  9	
  GCMs	
  	
  
	
  	
  	
  	
  	
  and	
  2	
  scenarios	
  (RCP	
  4.5	
  &	
  8.5)	
  

smoothed	
  annual	
  discharge	
  (RCP	
  4.5	
  &	
  8.5)	
  	
  

About 80,000 glaciers 
in Central Asia (13-15)	
  

glacier	
  
annual	
  
volume	
  

IPCC	
  AR5	
  RCP4.5	
  scenario	
  gl
ac
ie
r	
  m

el
t	
  r
iv
er
	
  d
isc

ha
rg
e	
  
at
	
  m

ou
th
	
  (m

3/
s)
	
  

glacier	
  melt	
  contribuBon	
  

100 m3/s ~ 3 km3/yr 

Indus	
  
~21,000	
  glaciers	
  

(3800	
  km3)	
  
~20%	
  of	
  discharge	
  

Part	
  3:	
  Coupling	
  WBM	
  &	
  Glacier	
  Mass	
  Balance	
  Modeling	
  3.	
  Outcomes	
  

R	
  Lammers,	
  
R	
  Hock,	
  et	
  al.	
  
UNH,	
  UA-­‐F	
  



How	
  can	
  ‘technologies’	
  improve	
  water	
  supply	
  &	
  crop	
  yield?	
  
CLIMATE	
  

IPCC	
  AR5	
  scenarios	
  &	
  models	
  

POPULATION	
  
UN	
  or	
  other	
  scenarios	
  

GLACIERS	
  CROPS	
  

FRESH	
  WATER	
  

CROP	
  YIELD	
  
TARGET	
  

CROP	
  YIELD	
  

DOWNSTREAM	
  
FLOW	
  

IRRIGATION	
  
WATER	
  

CROP	
  
TECHNOLOGIES	
  

opBmum	
  
yield	
  

water-­‐use	
  
efficiency	
  

heat	
  
tolerance	
  

WATER	
  	
  TECHNOLOGIES	
  

large	
  	
  
reservoirs	
  

irrigaBon	
  
efficiency	
  

interbasin	
  
transfers	
  

small	
  
reservoirs	
  

4.	
  Relevance	
  to	
  IAMs	
  


