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Abstract 

Food security  is  increasingly constrained by water scarcity, while at the same time agriculture and 

food production contribute to the overexploitation and degradation of water resources in more and 

more regions of the world. Integrated water resources management (IWRM) has been promoted as 

response to the growing pressures, but its (not always successful) implementation has been focused 

on catchments and river basins, not accounting for growing external pressures on water resources. 

This  thesis starts by providing an  improved global water assessment,  integrating  the  full blue and 

green water resources and their agricultural productivities and the interdependencies with land use. 

Based on  that,  it  assesses  the  growing  external  pressures  on  local water  resources,  via  so‐called 

teleconnections, associated with global change and globalization. Three main teleconnections in the 

global  water  system  are mapped  and  analyzed  for  their  impacts  across  regions:  i)  atmospheric 

moisture  transport  and moisture  recycling, which  transmit  the  hydrological  effects  of  land  cover 

changes  to downwind  regions,  ii)  trade with agricultural commodities and associated  imports and 

exports of virtual water, and iii) foreign direct investments  in agricultural  land and their  impacts on 

local water resources in the target countries.  

The geographical focus of this thesis is on Sub‐Saharan Africa (SSA), a hotspot of water scarcity and 

food insecurity, which also holds large potential for sustainable agricultural intensification. The three 

teleconnections  can  affect  local  water  resources  (and  hence  also  food  security)  in  SSA  e.g.  via 

impacts of i) deforestation on downwind precipitation in water scarce rainfed regions in West Africa, 

ii)  food  imports  by  European  countries  on  consumptive water  use  in water  scarce West  African 

export regions,  iii)  foreign direct  investments  in agricultural  land on  river discharge  in East African 

“water  towers”. Water  scarcity  in  SSA differs  significantly  from  that  in  the MENA  (Middle  East  – 

North Africa) region, which has a much lower degree of freedom to achieve water and food security 

through local IWRM.  

By  combining  the  results of different  large‐  and meso‐scale  simulation models with national  and 

local  data,  this  thesis  generates  new  globally  consistent,  yet  context‐specific  information  on  the 

impacts  (“footprints”)  of  teleconnections  on  local  water  resources.  It  demonstrates  that  water 

scarcity  and  food  insecurity  can  be  significantly  aggravated  by  external  drivers  as  transmitted 

through  these  teleconnections. With  that,  it  provides  a  basis  for  recommendations  on  how  to 

address  these  teleconnections  in  Integrated Water  Resources Management  (IWRM),  for  turning 

them  into  opportunities  for  sustainable  production  and  consumption. Opportunities  for  doing  so 

include e.g. the integration of i) water‐related teleconnections in spatial planning, ii) virtual water as 

an  active  component  of  IWRM,  and  iii)  FDI  into  strategies  for  improving  agricultural  water 

productivity in target countries.  
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Zusammenfassung 

Ernährungssicherheit  ist  zunehmend  durch Wasserknappheit  gefährdet,  während  Landwirtschaft 

und Nahrungsmittelproduktion gleichzeitig Wasserressourcen in mehr und mehr Regionen übernutzt 

und  degradiert.  Integriertes  Wasserressourcenmanagement  (IWRM)  wird  als  Antwort  auf  den 

wachsenden  Druck  propagiert,  wobei  sich  die  (nicht  immer  erfolgreiche)  Implementierung  auf 

Flußeinzugsgebiete  konzentriert,  ohne  den wachsenden  externen Druck  auf Wasserressourcen  zu 

berücksichtigen. 

Diese Dissertation beginnt mit einer verbesserten Abschätzung globaler Wasserressourcen,  indem 

sie die gesamten Blau‐ und Grünwasserressourcen und ihre landwirtschaftliche Produktivität, auch in 

Abhängigkeit  von der  Landnutzung,  integriert. Darauf  aufbauend bestimmt  sie den  zunehmenden 

externen  Druck  auf  lokale  Wasserressourcen  über  sogenannte  „Teleconnections“  oder 

Fernverbindungen,  wie  sie mit  dem  globalen Wandel  und  der  Globalisierung  einhergehen.  Drei 

zentrale Teleconnections  im globalen Wassersystem werden  räumlich explizit dargestellt und  Ihre 

inter‐regionalen Auswirkungen auf lokale Wasserressourcen analysiert. Dies sind: i) atmosphärischer 

Feuchtetransport und sogenanntes „Moisture Recycling“,  wodurch hydrologische Auswirkungen von 

Änderungen der  Landbedeckung  in windabwärts  gelegene Gebiete übertragen werden,  ii) Handel 

mit landwirtschaftlichen Gütern und damit verbundene Importe und Exporte virtuellen Wassers, und 

iii) Auslandsdirektinvestitionen  in Agrarland und die damit  verbundenen Auswirkungen  auf  lokale 

Wasserressourcen in den Zielländern. 

Der  geographische  Fokus  dieser  Dissertation  liegt  auf  Sub  Sahara  Afrika  (SSA),  einer  Region mit 

kritischer Wasserknappheit und Ernährungsunsicherheit, aber auch mit einem großen Potential zur 

nachhaltigen  landwirtschaftlichen  Intensivierung.  Die  drei  Teleconnections  übertragen  externen 

Druck  auf  lokale  Wasserressourcen,  z.B.  in  Form  von  Auswirkungen  von  i)  Entwaldung  auf  die 

Niederschläge  in windabwärts gelegenen wasserknappen westafrikanischen Regenfeldbaugebieten, 

ii)  Nahrungsmittelimporten  durch  europäische  Länder  auf  die  konsumptive  Wassernutzung  in 

wasserknappen  westafrikanischen  Exportregionen  und  iii)  Auslandsdirektinvestitionen  in 

landwirtschaftliche Flächen auf den Abfluß  in ostafrikanischen Flußoberläufen, sogenannten „water 

towers“. 

Durch  die  Kombination  der  Ergebnisse  verschiedener  groß‐  und  meso‐skaliger  Modelle  mit 

nationalen und  lokalen Daten stellt erstellt diese Dissertation neue global konsistente und kontext‐

spezifische  Informationen  zu  Auswirkungen  („Footprints“)  dieser  Teleconnections  auf  lokale 

Wasserressourcen  bereit.  Sie  zeigt, daß  sich Wasserknappheit  und  fehlende  Ernährungssicherheit 

durch  externe  Triebkräfte,  wie  sie  durch  solche  Teleconnections  übertragen  werden,  signifikant 

verschärfen  können.  Diese  Informationen  bilden  die  Grundlage  für  Empfehlungen,  wie  diese 

Teleconnections  im  integrierten  Wasserressourcenmanagement  (IWRM)  berücksichtigt  werden 

können, so daß sie zu nachhaltiger Produktion und Konsumption beitragen. Möglichkeiten dazu sind 

z.b.  die  Integration  von  i)  wasserbezogenen  Teleconnections  in  die  Raumplanung,  ii)  virtuellem 

Wasser  als  aktive  Komponente  in  IWRM,  und  iii)  FDI  in  Strategien  zur  Verbesserung  der 

landwirtschaftlichen Wasserproduktivität in den Zielländern. 
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Glossary 

Key terms, as used in this thesis and printed in italics: 

Blue water  is water  in  rivers,  lakes  and  groundwater,  available  for  irrigation  and  for other  ‐  e.g. 
municipal and industrial ‐ human uses (Rockström et al. 2009). 

Closed  basins  have  all  their  blue  water  allocated,  so  that  any  re‐allocation  would  compromise 
existing uses. They have  ‐ permanently or temporarily  ‐ no outflow to the sea, as  for example  the 
Nile or Jordan River (Falkenmark et al. 2008). 

Food security refers here to bio‐physical food availability only, acknowledging that there are many 
other socio‐economic and institutional dimensions of food security.  

Footprints  describe  local  impacts  (on water  resources), with  a  focus  on  external  footprints,  i.e. 
impacts transmitted via teleconnections. This deviates somewhat from the typical (imprecise) use of 
the term “footprint” as quantities of water, land or other resources being used or being transported 
in their virtual form. 

The  global  water  system  is  the  global  suite  of  water‐related  human,  physical,  biological,  and 
biogeochemical components and their interactions (Alcamo et al. 2005). 

Green  water  is  plant  available  soil  water  directly  from  rainfall,  supporting  terrestrial  (including 
agricultural) ecosystems (Rockström et al. 2009). 

IWRM or Integrated Water Resources Management is the “coordinated management of water, land 
and  related  resources,  in  order  to  maximize  the  resultant  economic  and  social  welfare  in  an 
equitable manner without  compromising  the  sustainability of  vital  ecosystems”,  according  to  the 
most widely used definition by GWP (2000). 

A precipitationshed  is  the upwind  source  region of  atmospheric moisture, which  contributes  (via 
evapotranspiration) to the precipitation of a defined downwind sink region 

Sustainable  intensification  is  the  improvement  of  resource  use  efficiency  while minimizing  the 
negative environmental impacts and resource degradation (Godfray et al. 2010). 

Sustainable production and consumption promotes social and economic development, within  the 
carrying  capacity  of  ecosystems….,  through  improving  efficiency  and  sustainability  in  the  use  of 
resources and production processes“(WSSD 2002).  

Teleconnections are cause‐and‐effect chains that operate through one or several intermediate steps 
across large distances, linking different regions or continents (Alcamo et al. 2008). 

Virtual water is the amount of water required to produce a certain – crop or livestock ‐ commodity, 
which is virtually embedded and hence associated with trade of this commodity (Allan 2001). 

Water productivity is used in this thesis in its biophysical (not in its economic) sense, i.e. agricultural 
yield per unit of water consumed (Molden et al. 2010). 
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1. Introduction 

1.1 Background and Motivation 

The great acceleration of human activities (Hibbard et al. 2007) and the growing resource demand 

(Dobbs et al. 2011) have put water and  land under  increasing pressure  in many parts of the world 

(Meybeck  2003, MA2005,  FAO  2011). Agriculture,  primarily  for  food  production  (but  increasingly 

also for biofuel and other biomass‐based products) is responsible for 70% of total water withdrawals 

globally  (Shiklomanov 2000, CA 2007) and occupies 40 % of  total  ice‐free  land area, about 1/3 of 

which  is  for  crop  cultivation  and  2/3  for  livestock  grazing  (Ramankutty  et  al.  2008).  Growing 

demands are  faced with  resource  limitations and boundaries of  sustainable  resource use  in more 

and more regions: resource (over‐)exploitation increasingly causes river basin “closure” (Falkenmark 

et  al.  2008),  aquifer  depletion  (Kemper  2007, Wada  et  al.  2010, Gleeson  et  al.  2012),  land  and 

ecosystem degradation (Bai et al. 2008), and eventually also a loss of food security. However, there 

is limited understanding of the full blue and green water (and land) resources and their availabilities 

and productivities, which is essential for designing sustainable intensification pathways in agriculture 

and  food production. Blue water  is water  in  rivers,  lakes and groundwater, available  for  irrigation 

and for other ‐ e.g. municipal and  industrial ‐ human uses. Green water is plant available soil water 

directly  from  rainfall,  supporting  terrestrial  (including  agricultural)  ecosystems  (Rockström  et  al. 

2009). 

A  fact  that  has  hardly  been  recognized  in  previous  water  assessments,  let  alone  in  water 

management,  is  the  increasingly  stronger  inter‐linkage  of  regions  and  their water  resources  in  a 

globalizing  world.  Mechanisms  such  as  atmospheric  moisture  transport,  trade  with  agricultural 

commodities and associated virtual water, or foreign direct investments (FDI), link demands for food 

in one region to impacts on local water resources in other regions, sometimes across large distances.  

For  example,  large‐scale  expansion  of  agriculture  at  the  expense  of  forests  can  change  land 

evapotranspiration  and  subsequently  advective  atmospheric  moisture  transport  and  downwind 

precipitation. Trade with water‐intensive agricultural commodities can  significantly deplete export 

regions of their water resources for meeting the demands of importing regions, as shown e.g. for the 

drying  of  the  Aral  Sea which  can  be  attributed  to  some  extent  to  cotton  export  production  for 

Europe  (Hoekstra  et  al.  2008).  Similarly,  foreign  direct  investment  in  land  and  associated 

intensification  of  agriculture  can  increase  evapotranspiration  and  reduce water  availability  in  the 

target region and with that potentially also reduce food security. 

While inter‐linkages and feedbacks in the global water system have been recognized for some time 

(Vörösmarty et al. 2004, Alcamo et al. 2005), “science has hardly begun to evaluate the implications 

of these teleconnections “(Alcamo et al. 2008), many of which are related to agricultural expansion 

and intensification. Accordingly, these external pressures on local water resources and the potential 

for addressing them in integrated water resources management (IWRM, GWP 2000), e.g. at basin or 

national level, have not been recognized. New approaches to IWRM need to be informed about the 

(potential)  impacts  of  these  large‐scale  teleconnections,  in  the  context  of  local  water  resource 

availabilities, productivities, constraints and food insecurities. 
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1.2 Goals and achievements of this thesis 

The objective of this thesis  is to  improve previous global water assessments by  integrating the  full 

blue  and  green  water  resources  consistently  with  agricultural  water  productivities  (and  water 

productivity  gaps),  as  a  basis  for  quantifying  context‐specific  impacts  of  teleconnections  on  local 

water resources. This new data and  information  (integrating also  land availability)  is then used  for 

identifying  opportunities  for  sustainable  production  and  consumption  and  improved  IWRM, 

addressing  the  combined  pressures  of  local  and  global  changes  and  globalization.  This  overall 

objective was split into the following three more specific goals:  

1. an  improved  globally  consistent  and  spatially  explicit  assessment  of  water  resources  and 

constraints in agriculture and food production; 

2. mapping of the main teleconnections in the global water system associated with agriculture and 

food production and quantifying their impacts on local water resources; 

3. deriving  from  the  new  information  generated  under  goals  1.  and  2.  recommendations  for 

turning these teleconnections into opportunities for sustainable production and consumption. 

The  following  chapters  (1.2 – 1.3)  introduce  the  context and  state of  science and knowledge and 

describe  these  goals  and  methods  and  tools  applied  in  this  thesis  in  more  detail.  Chapter  3 

summarizes the most important results from the seven scientific papers (presented in chapters 2.1 – 

2.7)  and  draws  conclusions,  with  a  focus  on  deriving  recommendations  how  to  address 

teleconnections in IWRM. 

 

1.2.1 An improved global assessment of water resources and constraints in agriculture and food 

production 

As  a basis  for mapping water‐related  teleconnections  and quantifying  their  local  impacts,  the  full 

water  resource,  as  available  for  agriculture  and  food  production,  needs  to  be  assessed  globally 

consistently and spatially explicit – see chapter 2.3. Going beyond previous global  (primarily blue) 

water  assessments,  this  thesis  globally  consistently  integrates  green  and blue water  availability 

and agricultural use and water productivity, and to the extent possible also land availability.   

Integrating green water in global water assessments 

Except for an early estimate of global water use in agriculture and other ecosystems by Rockström et 

al.  (1999), most previous  global water  assessments were  limited  to blue water  (e.g.  Shiklomanov 

2000, Vörösmarty et al. 2000, Arnell et al. 2004, Alcamo et al. 2007,  Islam et al. 2007). Only more 

recently, green water as available for and used in agriculture has also been assessed globally (Rost et 

al. 2008, Hanasaki et al. 2010, Siebert et al. 2010). This thesis goes beyond previous assessments, by 

consistently  integrating  the  contributions  of  blue  and  green  water  to  agriculture  and  food 

production, through a first model intercomparison that involved eight global water models. Despite 

their very different objectives,  functionalities and parameterizations,  these hydrologic, vegetation, 

crop and economic models show  large agreement  in the amounts of blue and green water used  in 

agriculture. The models consistently quantified green water use in agriculture to be 4‐10 times larger 

than  consumptive  blue water  use  (which  itself  ranges  from  1,000  –  1,500  km3  year‐1  among  the 

models),  depending  on  the  definition  of  green water  use,  either  from  productive  cropland  only 

(5,000 – 5,700 km3 year‐1 green water use), or from productive and fallow cropland  (8,300 – 9,800 
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km3 year‐1), or from total cropland plus grazing  land (11,500 – 14,000 km3 year‐1)  ‐ see table 2 and 

figure 1 in chapter 2.1, and chapter 3.1. Also models largely agree on the spatial patterns of green vs. 

blue water use  (and overuse  in  the case of blue water), e.g.  identifying agriculture  in Sub‐Saharan 

Africa  as  almost  completely  green  water  dependent,  while  even  in  the  most  heavily  irrigated 

countries of the world still at least half of the total crop water use is green (and parts of India, China 

and MENA countries severely overuse their blue (ground‐)water resources). 

Integrating agricultural water productivity in global water assessments 

Rockström et al. (2009) and Rost et al. (2009) showed that productive transpiration only accounts for 

about a quarter of total water flow from cropland, while the remainder is unproductive evaporation 

which lowers agricultural water productivity (and accordingly provides opportunities for sustainable 

intensification). Agricultural water productivity varies enormously between  regions,  in  response  to 

different climates, production systems and agricultural inputs (Kijne et al. 2003, CA 2007, Molden et 

al. 2010), with strong impacts on water‐constraints for food production. However, agricultural water 

productivity has not been included in previous global water assessments. Based on simulations with 

the global eco‐hydrological model  LPJmL1,  (blue and green) water availability was  integrated with 

agricultural water productivity  for  the  first  time globally consistently  (chapters 2.2 and 3.1). While 

blue water availability was calculated as  runoff and green water availability as evapotranspiration 

from crop‐ and grazing‐land, agricultural water productivity at country  level was calculated as  the 

ratio  of  vegetal  plus  livestock  kilocalories  (kcals)  produced  per  m3  of  green  plus  blue  water 

consumption, based on uniform assumptions about  the  fraction of  livestock  feed  from grazing vs. 

concentrate and the livestock vs. vegetal fractions of diets. Resulting agricultural water productivities 

differ by about a  factor of 10 between many Western European and SSA countries  (this pattern  is 

confirmed  in  chapter  2.1,  see  figure  1). Or  put  differently:  the  same  amount  of  available water 

produces  in many SSA countries 90%  less  food kcals  than  in Western Europe. Hence a global map 

depicting water‐constrained  food  self‐sufficiency  potentials,  as  derived  from  this  LPJmL  analysis, 

looks very different from conventional water scarcity maps which don’t take water productivity into 

account (e.g. those based on a 1300 m3 cap‐1 year‐1 water availability threshold) – see figures 2 and 3 

of chapter 2.2.  

Integrating land in global water assessments 

The  availability  of  green water  ‐  i.e.  the  plant  available  soil water  from  precipitation  (not  from 

irrigation)  –  for  food production  is  a  function of  the  land  area  allocated  to  agriculture. Hence,  a 

comprehensive assessment of green water constraints for agriculture and food production needs to 

integrate  the  availability  of  agricultural  land.  This  thesis  provides  a  first  comparison  of  water 

constraints (based on LPJmL eco‐hydrological simulations) and land constraints (based on FAO/IIASA 

GAEZ2 data)  across  several dryland  regions  (see  chapter 3.1). GAEZ provides maximum  cultivable 

land  (relative to currently cultivated  land) based on suitability classes  for different crops and  input 

intensities, excluding from cultivation e.g. protected and forest land.  Figure 1 in chapter 3.1 shows 

the results of this analysis: SSA countries have about 2‐4 times higher ratios of cultivated / cultivable 

land compared to southern Europe and the MENA region. Similarly SSA countries have about twice 

as  much  un‐allocated  blue  water  resources  that  can  be  made  productive  on  current  cropland 

compared  to  southern  Europe  (while MENA  has  practically  no  un‐allocated  blue water).  Such  a 

                                                            
1
 www.pik‐potsdam.de/research/projects/lpjweb 

2 www.fao.org/nr/gaez 
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comparison of water and  land as co‐constraints  in agriculture and  food production can be used  in 

future integrated water and land management and planning.  

The consistent assessment of blue and green water and  land and the respective agricultural water 

and  land  productivities  provides  the  context  for  quantifying  the  local  impacts  of  the  main 

teleconnections in the global water system.  

 

1.2.2. Mapping of teleconnections  in the global water system and quantifying their  impacts on 

local water resources 

Chapter 2.3 identified three main teleconnections in the global water system: 

 atmospheric moisture recycling and the impacts of upwind land cover change on downwind 

precipitation; 

 trade with agricultural commodities and associated virtual water imports and exports; 

 foreign direct investments and their impacts on local water resources in the target countries. 

Spatial patterns of each of these teleconnections were analyzed in more detail in than in previous 

studies. Context‐specific impacts of these teleconnections on local water resources were analyzed 

for  the  first  time.  This  provides  a  quantitative  and  spatially  explicit  basis  for  addressing  these 

teleconnections in IWRM e.g. in a basin or national context, as opportunities for improved water and 

land management and eventually sustainable production and consumption. 

 

Teleconnection 1: atmospheric moisture recycling and the impacts of upwind  land cover change on 

downwind precipitation 

Vegetation  regulates  the  terrestrial part of  the hydrological  cycle  (e.g. Kabat et al. 2004),  i.e.  the 

partitioning of precipitation into blue and green water (Falkenmark et al. 2004). Land cover changes 

such as deforestation  (often driven by agricultural expansion), agricultural  intensification and new 

irrigation can change this partitioning (Gordon et al. 2005, Rost et al. 2008, Douglas et al. 2009), and 

subsequently also change atmospheric dynamics and moisture transport to downwind regions (e.g. 

Pielke  et  al.  2011,  Millan  in  Hoff,  in  press).  From  a  local  water  resources  perspective, 

evapotranspiration has generally been considered a “loss” from the system. However in this thesis it 

is  recognized  as  a  source  of  atmospheric moisture  which  sustains  precipitation  in  –  sometimes 

distant  ‐  downwind  regions,  a  process  called  “moisture  recycling”  (Savenije  1995),  which  may 

multiply available water  resources at continental scale  through several  recycling  loops  (before  the 

water returns to the ocean either as river discharge or atmospheric moisture). General patterns of 

moisture  recycling have been mapped before  (Dirmeyer et al. 2009, van der Ent et al. 2010). This 

thesis goes further by quantifying the contributions of upwind source regions to precipitation and 

hence water availability in downwind sink regions and mapping and delineating for the first time 

so‐called  “precipitationsheds”,  i.e.  the  upwind  source  regions  of  moisture  which  sustain  (via 

evapotranspiration)  the  atmospheric water  flows  to  specific  downwind  sink  regions  (analogue  to 

“watersheds” which  sustain  downstream  river  flows).  The  focus  of  this  thesis  is  on water‐scarce 

drylands which critically depend on this moisture recycling and which may be negatively impacted by 

upwind land cover changes. 
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This  analysis was  done with  the Water Accounting Model  (WAM),  tracing  advective  atmospheric 

moisture flows by using ERA‐interim reanalysis meteorological  input data, according to van der Ent 

et  al.  (2010).  With  that,  the  contribution  of  each  upwind  grid  cell’s  evapotranspiration  to 

precipitation in specific downwind regions was calculated – for illustration see the precipitationsheds 

of the West Sahel (figure 3  in chapter 2.4) and of the Nile river basin (figure 2  in chapter 3.2). The 

analysis provides  information about this teleconnection  in terms of  i) the relative contribution of a 

particular upwind source region to precipitation  in the respective downwind sink region and  ii) the 

fraction of evapotranspiration in the source region that flows towards and forms precipitation in the 

sink region. From this  information,  it  is possible to calculate hydrological and eventually downwind 

water‐resources consequences of upwind  land use changes. The main  limitation of this approach  is 

the lack of representation of atmospheric internal dynamics in the model, given that WAM vertically 

integrates horizontal moisture fluxes and precipitable water. 

 

Teleconnection  2:  trade with  agricultural  commodities  and  associated  virtual water  imports  and 

exports  

Trade can mitigate local water and land scarcities in food production (e.g. Allan 2001, Hoekstra et al. 

2008). However, there has been no comprehensive assessment before, of the relative contributions 

of  domestic  blue,  domestic  green  and  imported  virtual  water  to  food  security  of  water  scarce 

countries, or their relative dependence on each of these different water resources. By using LPJmL 

simulation  results  for  crop  water  use  and  crop  productivities  and  resulting  crop  virtual  water 

contents  in combination with blue and green water availabilities per capita  (data  from chapter 2.2 

and  Fader  et al. 2011),  this  thesis  shows  for  the  first  time, here  for Middle East – North Africa 

(MENA)  countries,  the  relative  contributions  of  domestic  blue  and  green  and  imported  virtual 

water to food security. Figure 3 in chapter 3.2 illustrates also that overall water “savings” from not 

producing  locally  in  the  importing  MENA  countries  are  about  twice  as  large  as  water 

“expenditures”  in  the exporting  countries, due  to different water productivities. Figure 3  further 

confirms  the  strong  dependency  on  virtual water  imports  of MENA  countries, which  “ran  out  of 

water” quite some time ago (Allan, 2001).  It also confirms and refines the assumption that water 

stress results in strong reliance on virtual water imports, water stress here expressed as water‐food 

self‐sufficiency potential according to chapter 2.2 – see table 1 in chapter 3.2. 

The flipside of this trade with agricultural commodities and associated virtual water is an increasing 

externalization of resource exploitation  (and possibly degradation)  to  the producing and exporting 

regions. Given the  increasing mismatch of demand for and supply of food  in more and more world 

regions and the drop in transportation costs, trade with agricultural commodities has been growing 

almost  twice as  fast as agricultural production over  the past  two decades  (WTO 2012, Dalin et al. 

2012).  Accordingly  also  trade‐related  external  impacts  on  local water  resources  have  increased. 

While  this  trade  teleconnection  has  been  quantified  in  several  previous  studies  in  terms  of  bi‐

national flows of virtual water (e.g. Hoekstra et al. 2007, Hanasaki et al. 2010, Fader et al. 2011), the 

context‐specific impacts on local water resources in the exporting regions have not been quantified 

before. For deriving true “footprints”  i.e.  local  impacts, rather than “shoesizes” (Pfister et al. 2009) 

i.e. virtual water flows only, a mapping at higher than national resolution is required.  This thesis for 

the first time presents such true water footprints by mapping globally consistently at high (5 arc min) 

resolution  virtual water  imports  and  exports,  in  combination with  context‐specific  data  on  local 
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water  resources  (scarcities and vulnerabilities  to external  impacts)  (chapter 2.5).  It demonstrates, 

for a European example, that virtual water imports originate from large distances (here > 4000 km 

on average), with a significant fraction of the virtual water being consumed for export production 

in critically water scarce and/or food insecure countries. 

This detailed analysis of virtual water flows used results from the GCWM model (Siebert et al. 2008, 

2010),  in particular crop water use and productivity. By combining these GCWM results with Hyde3 

and ComTrade4 data on population and commodity trade, agricultural production surplus and deficit 

pixels and regions were identified (see figure 2, chapter 2.5) and the resulting flows of commodities 

and associated virtual water were mapped at high resolution (figures 3 and 4, chapter 2.5). 

 

Teleconnection 3: foreign direct investments and their impacts on local water resources in the target 

regions 

In response to the growing demands for food, feed, fibre and biofuels and resulting water and land 

scarcities, and recent food crises and price hikes on world food markets,  foreign direct  investment 

(FDI) in agricultural land has grown rapidly (by about a factor of 10 between 2000 and 2009). Almost 

70% of  the  recent  land acquisition has  taken place  in Africa  (Anseeuw et al. 2012). This  focus on 

African land can be explained by: 

i) a perceived or real abundance of “un‐allocated” or “spare” water and  land (WB 2009, FAO 

2011), and 

ii) the weak (enforcement of) regulation of investments and land rights (Deininger et al. 2010, 

Anseeuw et al. 2012). 

This  thesis  assesses  FDI  firstly  by  comparing  blue  and  green  water  and  land  availabilities  and 

productivities of different investor and target countries (confirming reason i, the relative abundance 

of water  and  land  in  Sub‐Saharan  Africa  ‐  SSA),  see  chapters  2.1,  2.2  and  3.1.  Based  on  LPJmL 

simulations, blue and green water availabilities per capita were  found  to be higher  in almost all 

SSA  FDI  target  countries  compared  to  typical  investor  countries  such  as  China,  India  or MENA 

countries. Accordingly this thesis supports the growing evidence for FDI being driven (among other 

factors) by pressing water scarcity in the investor countries, see chapter 3.2, Rulli et al. (2013), and 

Cotula et al. (2009). According to this line of evidence, FDI has been termed “water grabbing” or land 

grabbing (Allan et al. 2012, von Braun et al. 2009), implying that the externally driven appropriation 

of local resources also has negative local environmental or social impacts rather than benefiting the 

target country.  

Water‐related  local hydrological and water resources  impacts of FDI were quantified for the first 

time, here  for Ethiopia  (see chapter 2.6), which  is one of the most  food  insecure and at the same 

time most heavily FDI‐affected countries  in  the world  (FAOSTAT hunger database5, Anseeuw et al. 

2012), and at the same time acts as “water‐tower”  for downstream countries. Extent and planned 

new  land use of  individual  land acquisition were  recorded  to  the extent  they were disclosed and 

used as inputs for CropWat (Allen et al. 1998) simulations of hydrological responses of the rainfed or 

irrigated intensification of production. Depending on the estimate of total land acquisitions (varying 

                                                            
3
 http://themasites.pbl.nl/tridion/en/themasites/hyde/ 
4 http://comtrade.un.org 
5 www.fao.org/hunger 
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widely depending on source of information) and assumptions about the planned new land use (e.g. 

type of crop,  irrigated or rainfed etc.) the reduction  in total river discharge  in Ethiopia ranges from 

about 1% to more than 30% ‐ see figure 4 in chapter 3.2. 

 

Sub‐Saharan Africa has been highlighted as  a particularly  critical  region  in  terms of water‐related 

food insecurity, but also holding great potential for (e.g. CA 2007, Rockström et al. 2009, FAO 2011), 

and hence this thesis has its focus on this region. While this thesis is limited to the quantification of 

environmental  impacts caused by these three teleconnections, eventually also their socio‐economic 

impacts  need  to  be  assessed  thoroughly,  in  order  to  derive more  comprehensive  and  relevant 

recommendations for sustainable production and consumption. 

 

1.2.3  Recommendations for addressing these teleconnections in IWRM  

Chapter  2.3  concludes  that  “water management  and  governance  yet  have  to  catch  up with  the 

scientific advances in understanding the interdependencies …[in] the global water system” and that 

“conventional  water  management  strategies  alone  cannot  cope  with  these  complex 

…teleconnections”. 

Based on the mapping of main teleconnections in the global water system and quantification of their 

impacts  on  local water  resources,  as  introduced  above,  this  thesis  derives  recommendations  for 

integrating this new knowledge into IWRM strategies. These teleconnections and their impacts need 

to be taken  into account e.g.  in spatial planning,  in particular when  it comes to  large‐scale project 

such as the Great Green Wall Initiative6 in SSA. Virtual water associated with imports and exports of 

agricultural  commodities needs  to become  an  active  (and  transparent)  component of  IWRM.  FDI 

regulations  need  to  take  into  account  water‐resources  impacts  in  the  target  countries,  ideally 

transforming FDI into an opportunity for improving agricultural water productivity. On the consumer 

side,  the  results of  this  thesis  can be used  for providing  information on  the  internal and external 

water footprints of different products e.g. via labels. 

 

1.3 Analytical framework and tools applied 

The main objective of  this  thesis –  an  improved,  globally  consistent  assessment of  the  full water 

resources,  as  a  basis  for  understanding  the  context‐specific  impacts  of  teleconnections  and 

opportunities  for addressing  them  in  IWRM –  requires an  interdisciplinary approach across scales. 

There is no single simulation model or data set that could fully address this broad objective and the 

individual goals described in chapter 1.2. So this thesis used a combination of results from different 

state‐of‐the‐art simulation models and data sets at the appropriate scales. In some cases the models 

were soft‐coupled by using results  from one model as  inputs  for another model. More specifically, 

the following simulation models and data sets were used: 

 The  LPJmL  global  eco‐hydrological  model  was  used,  because  it  consistently  integrates 

natural and agricultural vegetation,  their consumptive water uses  (distinguishing blue and 

green water as well as unproductive evaporation and productive transpiration) and biomass 

production ‐ and hence water productivities ‐ and blue and green water availabilities. With 

                                                            
6 see www.fao.org/partnerships/great‐green‐wall/ 
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that,  LPJmL  also  allows  to  simulate  the  impacts  of  different  climate,  CO2  and  land  use 

scenarios  (Bondeau  et  al.  2007, Gerten  et  al.  2008; Rost  et  al.  2008;  Fader  et  al.  2010). 

LPJmL  results were  used  in  this  thesis  for  assessing water  availabilities  and  agricultural 

water productivities (chapter 2.2). LPJmL was also part of the global model intercomparison 

as presented  in  chapter 2.1.  LPJmL  results were  further used  for quantifying  relative and 

absolute water scarcities of exporting and  importing countries of agricultural commodities 

(chapter 2.5) and of investor and target countries of FDI (chapter 2.6). 

 The  GCWM  Global  Crop Water Model  (Siebert  et  al.  2008,  2010)  was  used,  because  it 

simulates  blue  and  green  crop water  use  at  higher  (5  arc min)  resolution,  than  currently 

possible with LPJmL, which  is  important  for quantifying detailed virtual water  surplus and 

deficit regions and eventually local drivers and impacts of trade. GCWM also simulates more 

crop  classes  (or  crop  functional  types)  than  LPJmL,  specifying  separately  e.g.  coffee  and 

cocoa which where  identified as  important crops  in terms of virtual water flows and water 

footprints  of  some  importing  countries.  GCWM  results  were  used  to  calculate  water 

footprints  of  selected  cities  (chapter  2.5).    GCWM  was  also  part  of  the  global  model 

intercomparison as presented in chapter 2.1.  

 The WAM Water Accounting Model was used because it calculates global atmospheric water 

balances, based on meteorological input‐data from ERA‐interim reanalysis (van der Ent et al. 

2010). WAM  results were  used  for  simulating  atmospheric  advective moisture  transport 

from (evapotranspiration) source regions to (precipitation) sink regions and derive from that 

moisture recycling rates and for delineating precipitationsheds (chapters 2.4 and 3.2). 

 The FAO CropWat model was chosen, because of  its widespread use  in agro‐hydrology, so 

that  the method  introduced here  for  calculating  local  impacts on water  resources  can be 

transferred to other regions. CropWat is used for simulating crop (including irrigation) water 

requirements, based on local soil, climate and crop data (Allen et al. 1998). With that it was 

possible  in this thesis to simulate hydrological responses to  foreign direct  investments and 

resulting agricultural intensification (chapter 2.6). 

 The  FAO  Global  Agro‐Ecological  Zones  database  (IIASA/FAO  2012)  was  used,  because  it 

provides globally consistent  land use data, synthesized from a wide range of sources. GAEZ 

data on cultivated land and land suitability for cultivation were used to assess potentials for 

agricultural expansion (chapters 2.7 and 3.1).  

 ComTrade bilateral  trade data were used  for specifying agricultural commodity  flows, as a 

basis for quantifying associated virtual water imports and exports (chapter 2.5). 

 Bottom up survey data on agricultural production systems and their management, covering 

11  Sub‐Saharan African  countries  (Dinar  et  al.  2008), were used  to  complement  the  top‐

down  analyses  and  data  sets  described  above,  with  local  information  on  agricultural 

practices,  in  order  to  identify  context‐specific  potentials  for  sustainable  intensification 

(chapter 2.7). 

 Local  data  on water  scarcity  and  food  insecurity were  used  to  assess  potential  context‐

specific impacts of trade (chapter 2.5). 
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Figure: analytical framework, depicting main impacts on local water resources (orange bubbles) 

and IWRM opportunities (green bubbles) for the three main teleconnections: moisture recycling, 

trade, FDI, as well as the improved specification of the full water (and  land) resource base, and 

the respective tools and data sets employed (red color text) 

 

 

 

 

2. Publications 

This cumulative thesis contains seven publications, all of which have been published (publication 5 is 

still  in  the  stage of  a  discussion  paper),  six  of  them were  published  in  ISI  journals  and  I  am  first 

author of 4 of them. 

 Chapters  2.1  and  2.2  (publications  1  and  2)  advance  previous  global  water  assessments  by 

quantifying globally consistently i) blue and green water resources as available for agriculture and ii) 

their productivities in food production.  

Chapter  2.3  (publication  3)  identifies  three  main  teleconnections  in  the  global  water  system 

(moisture  recycling,  trade,  foreign  direct  investment  ‐  FDI)  and  entry  points  for managing  these 

teleconnections, setting the stage  for more detailed analysis of each teleconnection  in sub‐sequent 

chapters (as well as in Hoff et al. 2013b).  

Chapters 2.4, 2.5 and 2.6 (publications 4, 5 and 6) map the three teleconnections moisture recycling, 

trade, and FDI, and quantify their context‐specific impacts on local water resources with a focus on 

critically water‐scarce regions in Sub‐Saharan Africa (SSA).  

Chapter 2.7 derives recommendations for addressing these teleconnections (focus on FDI) in  IWRM 

and turning them into opportunities for sustainable intensification, production and consumption. 

My own contributions to each of the publications were as follows: 
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Chapter 2.1 (publication 1): Hoff, H. et al. (2010) Greening the global water system 

I designed, developed and wrote this publication with the help of my co‐authors. I synthesized in this 

publication the specific results  from each of the eight contributing papers of this green‐blue water 

special  issue of  the  Journal of Hydrology, of which  I was  the  leading guest editor.  I aligned  these 

eight papers with the green‐blue water concept, and I analyzed, synthesized and presented selected 

data  from  the  different  models.  I  developed  in  this  chapter  and  in  chapter  2.2  the  analytical 

framework for quantifying the full water resource base.  

Chapter 2.2  (publication 2): Gerten D. et al.  (2011) Global water availability and  requirements  for 

future food production 

Together  with  D.  Gerten  and  J.  Heinke  I  designed  the  research  and  developed  the  analytical 

framework  and wrote  this paper, with  a  focus on  a new water  scarcity  index, which  consistently 

integrates agricultural water productivity with green and blue water availability. 

Chapter 2.3 (publication 3): Hoff H. (2009) Global water resources and their management 

I  designed,  developed  and  wrote  this  publication,  identifying  and  specifying  the  main 

teleconnections  in the global water system as a basis  for  further analysis of each teleconnection  in 

the subsequent papers.  

Chapter 2.4  (publication 4): Keys P. et al.  (2012a) Analyzing precipitationsheds  to understand  the 

vulnerability of rainfall dependent regions 

I  contributed  to  the  design,  development  and writing  of  this  paper,  in  particular we  developed 

together  the new precipitationshed  concept, which enables  spatially explicit quantification of  this 

teleconnection.  As  part  of  this work,  I  co‐supervised  the master’s  thesis  of  R. Nikoli  (2011) who 

applied the analytical framework to different large river basins – see figure 2 in chapter 3.2 and who 

is also co‐author of this publication.  

Chapter 2.5 (publication 5): Hoff H. et al. (2013) Water footprints of cities – indicators of sustainable 

consumption and production 

I designed, developed and wrote this paper with the help of my co‐authors. I applied the results of 

the GCWM analysis to selected cities and  integrated these results with green‐blue water data from 

LPJmL and with local water‐scarcity data in selected exporting regions, for deriving the cities’ water 

footprints. 

Chapter 2.6 (publication 6): Bossio D. et al. (2012) Water implications of foreign direct investment in 

Ethiopia’s agricultural sector 

Together with D. Bossio  I designed this paper, and developed the analytical  framework and wrote 

this paper. As part of this analysis,  I also supervised the FDI data collection by the Ph.D. student Y. 

Dile and the master’s thesis of F. Killiches, who is also co‐authors of this publication.  

Chapter 2.7 (publication 7): Hoff H. et al. (2012) Green and blue water in Africa: how foreign direct 

investment can support sustainable intensification 

I  designed,  developed  and  wrote  this  paper  with  the  help  of  my  co‐authors.  I  analyzed  and 

interpreted the data which were provided by my co‐authors. 

I did not develop or run the models described above (except for selected LPJmL simulations), but  I 

used simulation results provided by my co‐authors for further analysis and synthesis. 
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s u m m a r y

Recent developments of global models and data sets enable a new, spatially explicit and process-based
assessment of green and blue water in food production and trade. An initial intercomparison of a range
of different (hydrological, vegetation, crop, water resources and economic) models, confirms that green
water use in global crop production is about 4–5 times greater than consumptive blue water use. Hence,
the full green-to-blue spectrum of agricultural water management options needs to be used when tack-
ling the increasing water gap in food production. The different models calculate considerable potentials
for complementing the conventional approach of adding irrigation, with measures to increase water pro-
ductivity, such as rainwater harvesting, supplementary irrigation, vapour shift and soil and nutrient man-
agement. Several models highlight Africa, in particular sub-Saharan Africa, as a key region for improving
water productivity in agriculture, by implementing these measures.

Virtual water trade, mostly based on green water, helps to close the water gap in a number of countries.
It is likely to become even more important in the future, when inequities in water availability are pro-
jected to grow, due to climate, population and other drivers of change.

Further model developments and a rigorous green–blue water model intercomparison are proposed, to
improve simulations at global and regional scale and to enable tradeoff analyses for the different adap-
tation options.

� 2009 Elsevier B.V. All rights reserved.

Introduction

Out of the total precipitation over the continents, only one third
becomes runoff in rivers and recharges aquifers, so-called blue
water (see Box 1), which takes the liquid route to the sea. Two
thirds infiltrate into the soil, forming the so-called green water
(see Box 1) that supplies the plant cover, and returns to the atmo-
sphere as vapour flow. In spite of the dominance of green water in
plant production, it is still common to seek solutions to water def-
icits in crop production mainly by increasing irrigation, i.e. adding
blue water. At the same time, soil moisture has generally been
interpreted merely as a component of the soil (Falkenmark and
Lundqvist, 1996). Hydrologists’ interest in green water as a re-
source originally grew out of studies by Soviet hydrologists in
the early days of the International Water Decade (1965–1974).
L’vovich (1974), for instance, quantified the amount of water in-
volved in terrestrial biomass production and developed from that
comprehensive water balances for all continents and major ecolog-
ical regions.

Today, the new focus on providing more water for food produc-
tion for a growing population results in warnings – in particular
from the ecological community – that the limits of irrigation
expansion have been reached in many regions. As a result of
increasing water withdrawal, primarily for agriculture, a growing
number of river basins are ‘‘closing” with no uncommitted river
flow left (Falkenmark and Molden, 2008). Integrated Water Re-
sources Management (IWRM) with a focus on blue water only,
can no longer provide sustainable solutions. This has generated
interest in the potential of the invisible green water resource for
additional crop production, and in shifting more of the green water
flow from unproductive evaporation to productive transpiration.
The new paradigm of managing precipitation as the key resource,
including both green and blue water, provides an additional degree
of freedom to help close the water gap (Falkenmark and Rocks-
tröm, 2004). The integrated green–blue water approach opens up
new avenues for research as well as for sustainable development
and poverty alleviation.

Recent model developments enable a global, spatially explicit,
consistent and process-based assessment of green and blue water
availability, flow paths, and productivity, particularly in agriculture
(Alcamo et al., 2007a; Liu et al., 2007; Rost et al., 2008; Vörösmarty
et al., 2005). With the advanced models at hand, the full water re-
source, i.e. blue and green water, can be addressed, together with a

0022-1694/$ - see front matter � 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2009.06.026

* Corresponding author. Address: Stockholm Environment Institute, Kräftriket 2b,
10691 Stockholm, Sweden. Tel.: +46 8 6747355; fax: +46 8 6747020.
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wide range of possible interventions from soil and water conserva-
tion all the way to large-scale water infrastructure, and associated
potentials for increasing food security and environmental sustain-
ability (Rost et al., submitted for publication).

Box 1

Definition of green and blue water.

Following the definition of Rockström et al. (2009), green
water is the soil water held in the unsaturated zone, formed
by precipitation and available to plants, while blue water
refers to liquid water in rivers, lakes, wetlands and aquifers,
which can be withdrawn for irrigation and other human uses.
Consistent with this definition, irrigated agriculture receives
blue water (from irrigation) as well as green water (from pre-
cipitation), while rainfed agriculture only receives green
water.
Rainwater harvesting, as addressed by Wisser et al. (this issue),
is at the interface of blue and green water. Catching runoff and
storing it in small reservoirs (or possibly underground) is
interpreted as blue water management, enhancement of soil
infiltration as green water management.
The papers in this special issue consistently use this resource
definition, and separately calculate green and blue consump-
tive crop water use and green and blue virtual water content
in irrigated and rainfed agriculture.

This special issue synthesises green and blue water simulations
from a wide range of global models with different origins, ranging
from hydrological, vegetation and crop models, to partial and gen-
eral equilibrium economic models. Accordingly, the focus of the
different authors varies.

Menzel and Matovelle (this issue) simulated future global and
regional blue water scarcity for a range of different climate and so-
cio-economic scenarios and the relative importance of changes in
water availability versus changes in demand.

Fader et al. studied consumptive crop water use and resulting
virtual water content of crops in rainfed and irrigated systems,
revealing significant differences between regions and also for fu-
ture climate and CO2 scenarios.

Siebert & Döll studied crop water productivity and virtual water
content of various crops, showing a large dominance of green
water in average virtual water content (1100 m3/ton) compared
to blue water (291 m3/ton). They also calculated the hypothetical
loss in total cereal production if there was no irrigation (�20%).

Hanaski et al. analysed the global virtual water trade, i.e. the
amount of real water demand substituted by virtual water imports,
the water footprint left in the exporting countries and the global
water savings from trade. They also quantified green and blue
water contributions to virtual water trade as well as contributions
from non-renewable sources and from medium-sized reservoirs.

Calzadilla et al. focus on the role of green and blue water in agri-
culture and international trade. They compared a water crisis sce-
nario with a sustainable water use scenario, the latter eliminating
groundwater overdraft and increasing allocations for the environ-
ment. They quantified the contribution of irrigation to short-term
economic welfare, and the difficult tradeoffs with long-term sus-
tainability goals in countries with groundwater overdraft, as well
as knock-on effects in other countries.

The study by Sulser et al. combines blue and green water man-
agement strategies with other complementary agricultural invest-
ments. They show for different scenarios how a combined

approach has the potential to positively impact the lives of many
more poor people around the world.

Wisser et al. quantified the potential of different intensities of
small-scale rainwater harvesting, water storage and supplemental
irrigation, for increasing global cereal production, with the largest
potential increases being found in Asia and Africa. They also show
the potential negative impacts on downstream river flow.

Finally, Liu & Yang simulated the consumptive water use in
croplands, and compared the blue water fraction with national
and sub-national statistics. They show that during the growing
period, the croplands globally consumed a total of 5940 km3 year�1

(84% of which was green water), and over the entire year
7323 km3 year�1 (87% green). They demonstrate the potential for
better management of this resource, in particular in combination
with nutrient management.

The models

All models in this special issue calculate and parameterise
water-related processes differently (see below and Table 1),
though some of them have for the first time been forced consis-
tently with the same input data, which allows for an initial inter-
comparison of the simulated green and blue water consumption,
crop water productivity, and virtual water content – see Table 2
and Fig. 1.

The biophysical models (GEPIC (Liu et al., 2007; Liu, 2009),
GCWM (Siebert and Döll, 2008), H08 (Hanasaki et al., 2008a,b),
LPJmL (Rost et al., 2008; Fader et al., this issue), WaterGap (Döll
et al., 2003), WBMplus (Wisser et al., this issue)) compute the water
fluxes and related processes on a grid cell basis, at 0.5� resolution.
They calculate soil water balances based on climate, land cover
(cropland, pasture, natural vegetation) and soil information. Soil
water content thresholds are set at which irrigation is triggered.
Irrigation water demand is always met in areas equipped for irriga-
tion, in the first place from blue water available within the respec-
tive pixel, or if that is not enough, from other sources that are not
specified further, e.g. assumed fossil groundwater or transfers from
other pixels. H08 includes in each pixel the capacity of medium-
sized reservoirs to carry over excess water into drier periods.
WBMplus tests the potential for rainwater harvesting within a pixel
to fulfill the irrigation water demand. GEPIC combines the model-
ling of hydrology, crop growth, nutrient cycling, tillage and agro-
nomics, simulating the effects of different agricultural
management options.

IMPACT (Rosegrant et al., 2008) is a partial agricultural sector
equilibrium model, operating for 281 food producing units, aggre-
gating hydrology from an underlying global hydrology model oper-
ating at 0.5�; non-irrigation blue water demands are met first and
the remainder is available for irrigation, which might be met fully
or partially.

Potential evapotranspiration (PET) in the biophysical models is
calculated following different approaches: Penman–Monteith
(GCWM), Priestley–Taylor (GCWM, IMPACT, LPJmL, WaterGap),
Hargreaves (GEPIC), Hamon (WBMplus), or bulk formulas (H08).
The GCWM analysis shows differences of more than 20% in esti-
mated crop blue water use, depending on the method used for
determining PET, indicating the importance of model choice and
the associated parameterisation (Siebert & Döll, this issue).

Some models (GEPIC, LPJmL) internally calculate crop yields,
while other models (GCWM, WBMplus) use (mostly country-based)
crop production data from agricultural statistics. The ratio of crop
yield per unit of crop water use determines the crop water produc-
tivity (CWP), or the inverse, i.e. the virtual water content (VWC).
CWP and VWC are a function of various factors, such as crop type,
local climate and crop management practices. Each crop type has a

178 H. Hoff et al. / Journal of Hydrology 384 (2010) 177–186
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specific harvestable fraction of the total plant biomass produced.
Crops with a high harvestable fraction (e.g. sugarcane) have higher
CWP than those with a low harvestable fraction (e.g. coffee). More-
over, the plant metabolism, i.e. C3 versus C4, also affects CWP, with
C4 plants having higher CWP in a given location (Liu, 2009). LPJmL
additionally simulates physiological processes with consistent
water and carbon fluxes and stores in agricultural and also natural
vegetation, which enables an assessment of the effects of changes
in atmospheric CO2 concentration on CWP and VWC. WaterGap
also simulates in detail non-agricultural water demands and the
increasing inter-sectoral competition for water.

The economic models (the partial equilibrium agricultural sec-
tor model IMPACT (Sulser et al., this issue) and the general equilib-
rium model GTAP-W (Calzadilla et al., this issue)), initially
developed to explore the impacts of different water and food re-
lated policies, are not pixel based. Instead, they calculate green
and blue water contributions to rainfed and irrigated agriculture
for different geographic aggregations that are either countries,
sub-regions, or some other divisions (281 food producing units
for IMPACT, 16 regions for GTAP-W), as a function of food de-
mands, supplies, prices and trade between the regions.

All of the participating models used monthly climate data from
the Climate Research Unit (CRU, University of East Anglia), mostly
the TS 2.1 dataset (Mitchell and Jones, 2005). Those models that
simulated future crop water uses and yields under climate change
(IMPACT and LPJmL) used the SRES B2 and A2 scenarios, respec-
tively. Both of these models also simulate the combined effect of
climate and CO2 change, though in slightly different ways. IMPACT
simulated agricultural production and water use also in response
to changes in income, population growth, technological change
and other factors according to Millennium Ecosystem Assessment
(2005) and IAASTD (2008) scenarios.

Land use in all models is based on the Ramankutty et al. (2008)
distribution and extent of cropland and permanent pasture, with
permanent pasture being defined according to FAO as ‘‘land used
permanently (5 years or more) for herbaceous forage crops, either
cultivated or growing wild”. Areas equipped for irrigation were ta-
ken from Siebert et al. (2007) and crop types from Monfreda et al.
(2008) or Portmann et al. (2008) – the latter dataset consistently
combines the distribution of irrigated and rainfed areas from Siebert
et al. (2007) and Monfreda et al. (2008). While land use change is
part of the IMPACT and GTAP-W and to some extent also WaterGap
simulations, all other models assume no change in future land use.

Main findings

Despite major differences in model design and parameterisation
and some differences in the forcing data, a number of converging
messages emerged, related to the consumptive green and blue
water use in agriculture. The participating models agree on (i)

the dominant role that green water plays in food production, (ii)
a critical overexploitation of renewable resources in many regions
of the world, and (iii) the need and large potential for increasing
green and/or blue crop water productivity globally.

Dominance of green water in food production

The synthesis of contributions to this special issue shows that
globally, green water use by crops is about 4–5 times larger than
consumptive blue water use (Table 2). Calculations of crop water
use were usually limited to the cropping period – also when calcu-
lating green and blue VWC of crops. However, there is significant
additional evapotranspiration (ET) for annual crops during the fal-
low period, which lasts about half the year on average (Siebert,
pers. comm.). When including ET fluxes during the fallow period
to the total consumptive crop water use, the green-to-blue ratio in-
creases further, given that there is practically no irrigation (blue
water use) during the fallow period. On top of that, the ratio shifts
even further towards green water when meat and dairy production
from grazing land are taken into account (Table 2).

While the models generally agree on the global numbers
(1250 km3 year�1 ± 25% for consumptive blue and 5250 km3

year�1 ± 6% for green water use during the cropping period) they
produce considerable differences in the spatio-temporal patterns
of consumptive green and blue water uses in agriculture, e.g. the
amounts of green water going into rainfed versus irrigated crop-
land, or the amount of water consumed during the cropping period
versus the fallow period, and also the amount of water leaving the
field as productive transpiration versus unproductive evaporation
(data not shown). Despite these differences, some general patterns
emerge.

Agriculture in sub-Saharan Africa, except for a few countries,
depends almost completely on green water. In contrast, high blue
water consumption is consistently found in semi-arid to arid coun-
tries with large areas equipped for irrigation (GEPIC, GCWM). It
should be noted here, that even regions that strongly depend on
irrigation, such as the MENA (Middle East – North Africa) region,
meet at least half of their total crop water demand from green
water, either from rainfed areas or from precipitation over irri-
gated land – although the blue water dependency of some coun-
tries within these regions is higher than 50%.

Green water use in agriculture is projected to grow faster over
the coming decades than blue water use globally and in many re-
gions, for several reasons (e.g. IMPACT, WaterGap (Alcamo et al.,
2007a)). Initial analysis confirms this finding from a resource per-
spective, given that many countries which are approaching or have
already reached an absolute shortage of blue water (as indicated by
a threshold of 1000 m3 capita�1 year�1 of blue water) still have a
lot of potential to develop and/or improve the use of their green
water resources (see Rockström et al., 2009, Falkenmark et al.,

Table 2
Global consumptive blue and green water use in agriculture (km3 year�1).

Blue water
(irrigation)

Green water
(rainfed cropland,
cropping period)

Green water
(rainfed and irrigated
cropland, cropping period)

Green water
(rainfed and irrigated
cropland, full year)

Green water (rainfed and
irrigated cropland, full year)
plus 1/3 of grazing land water
consumption

GCWM 1180–1448* 4586–4772* 5505–5731* 9823 (PMa) –
GEPIC 927 – 4987 6371 –
H08 1530 4700 5550 9540 13,860
IMPACT 1425 3272 4975 – –
LPJmL 1364 5088 5469 – +3269
WaterGap 1300 – – 8290 11,550
WBM 1301 – – 9406 13,819

a PET calculated according to Penman-Monteith.
* For different PET calculations.
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2009). Additional large fluxes of green (and blue) water for bioen-
ergy production are projected if current trends continue (Berndes,
2008). Sulser et al. (this issue) indicate an increasing biofuel feed-
stock demand until about 2025 and a relaxation in demand there-
after, when second and third generation biofuel technologies are
expected to become available. Green and blue water requirements
for second and third generation technologies are highly uncertain
and therefore difficult to estimate.

Overexploitation of water resources

Many previous studies pointed out that blue water resources
are, or will be, overexploited in several regions and basins (e.g.
Alcamo et al., 2007a; Rosegrant et al., 2002; Smakhtin et al.,
2004), as witnessed by the well-known (permanent or temporal)
drying up of rivers around the world, e.g. the Nile, Yellow, Colorado
or Jordan rivers. Simulations for this special issue confirm this crit-
ical overexploitation from a different perspective: current irriga-
tion water demand for matching observed crop production in
irrigated areas (as for example listed in FAO AQUASTAT
(www.fao.org/nr/water/aquastat/main/index.stm), cannot be met
from local, renewable water resources in a large number of pixels
(indicated by GCWM, LPJmL, WBMplus). An estimated 500–
700 km3 year�1, or about 50% of the total consumptive blue water
use for irrigation is non-renewable and/or cannot be covered lo-
cally (Wisser pers. comm.; see also Rost et al., 2008), which means
that it has to be covered either from groundwater exploitation
above the recharge rate (including fossil groundwater), from other
non-conventional resources such as wastewater reuse, or from
transfers from other regions. H08 results show that slightly less
than half of all blue virtual water imports are based on non-renew-
able groundwater. IMPACT uses a different indicator to assess
water demand in excess of supply, irrigation water supply reliabil-
ity; simulations show that about 30% of irrigation water demand
cannot be met. The Millennium Ecosystem Assessment (2005) esti-
mated that up to 25% of current global freshwater use is main-
tained only through engineered water transfers and/or over-
abstraction of groundwater. While for sustainable management a
clear distinction has to be made between water transfers and
over-abstraction from non-renewable (fossil) groundwater, global
models do not yet distinguish between these two different contri-

butions to irrigation. Initial implementation of reservoir manage-
ment and water transfers for irrigation is just beginning, e.g. in
the H08 and LPJmL models.

The highest absolute values of non-renewable (ground-)water
abstraction occur in parts of India and China and to a lesser extent
in Central and West Asia, North Africa and in the Western US
(WBMplus, H08). These findings agree in their spatial patterns with
earlier estimates of groundwater overdraft, e.g. from Kemper
(2007), who quantified the combined current groundwater over-
draft for India, China and the MENA region together to be in the or-
der of 160 km3 year�1.

Interestingly, Calzadilla et al. (this issue), using a general equi-
librium model (GTAP-W) calculate that from a strict economic per-
spective it would be preferable to maintain the groundwater
overdraft, because total welfare is higher than in the sustainable
water use scenario where the groundwater overdraft would be re-
duced by 190 km3 year�1 in 2025 compared to business as usual.
However, this assessment only includes immediate agricultural
benefits of groundwater use, and omits the value of ecosystem ser-
vices as well as the bequest (future) value of groundwater or longer
term economic losses beyond irreversible over exploitation.

Current and future water productivity/virtual water content

Generally, crop water productivity (CWP) and its inverse, virtual
water content (VWC) vary significantly between regions and cli-
mates. Higher CWP is generally correlated with higher yields (see
also Fader et al., this issue). The first analyses of green and blue
water contributions to CWP and VWC were done only recently
(Yang and Zehnder, 2007). Adding irrigation water had no marked
effect on the ratio of crop yield to water consumption (LPJmL). This
is basically due to the fact that when additional blue water is sup-
plied through irrigation, more water is used per area, but at the
same time the yield also increases. Hence, comparisons between
irrigated and rainfed CWP/VWC, for regions with similar climate,
soil and crop types, show no large differences. IMPACT estimates
that crop water productivity for grains globally is about 10% higher
in rainfed than in irrigated systems, due to the extensive and
highly productive rainfed cereal systems in Europe and North
America. In contrast, according to GCWM results, average CWP in
irrigated cereal production was about 15% greater than average
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Fig. 1. Virtual water content (m3/ton of yield) of cereals green (blue) bars show mean green (blue) virtual water contents (VWC) for the four models GCWM, GEPIC, H08 and
LPJmL, green and blue arrows the spread between them. LPJmL values were only calculated for temperate cereals and maize (Ethiopia only for temperate cereals). Numbers
left of the country name show net cereal trade in the year 2000 (million tons), negative numbers indicate net importers, positive numbers net exporters (from FAOSTAT).
Numbers right of the bars show projected average change in VWC between now and 2041–2070, calculated with LPJml, averaged across HadCM3, ECHAM5 and CCSM3
climate simulations and with and without CO2 effect: note, that these numbers were not taken from contributions to this special issue, but were separately provided by the
authors for this synthesis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H. Hoff et al. / Journal of Hydrology 384 (2010) 177–186 181



Author's personal copy

CWP in rainfed cereal production (Siebert, pers. comm.). Liu et al.
(2007) also found slightly higher CWP for wheat under irrigated
than under rainfed conditions globally, probably due to restrictions
in crop development under water limitations in rainfed
agriculture.

Drier and warmer climate generally increases the amount of
water required per unit of biomass produced. Improved crop and
soil management, such as fertilisation, soil conservation or tillage
can reduce water demand for biomass production. Accordingly,
we find highest CWP/lowest VWC in parts of Europe and North
America and lowest CWP/highest VWC in parts of Africa (e.g.
LPJmL, GCWM, GEPIC (Liu et al., 2007)).

When projecting CWP/VWC into the future, several driving
forces need to be taken into account, such as investment in agricul-
tural water management, technological development, climate
change, and increasing atmospheric CO2 concentration. CWP is
projected to increase slightly faster for rainfed cereals than for irri-
gated cereals under baseline conditions (IMPACT), i.e. 30% increase
in CWP for rainfed versus 25% for irrigated cereals globally by
2050, under the SRES B2 scenario including CO2 effects. This is pri-
marily a result of new, better climate-adapted varieties and im-
proved crop management practices. When improvements in crop
management or new varieties are not taken into account, future
VWC increases (or CWP decreases) in many regions in response
to climate change (LPJmL), due to a combination of increasing
evaporative demand with higher temperature and lower, or more
irregular, precipitation and the resulting losses in yield – see
Fig. 1. If the full effect of increasing atmospheric CO2 concentration
is added, the negative climate effect is more than offset, such that
VWC decreases (CWP increases) in most regions of the world. This
last finding should be interpreted carefully, because it assumes
that there are no other limiting factors interfering, such as insuffi-
cient nutrient supply or non-optimal crop management.

Adaptation options to increasing water scarcity and for food security

Given the increasing future water demand for food (e.g. Rocks-
tröm et al., 2007), but also the projected competition for water, in
particular for bioenergy (Berndes, 2008), and the projected impacts
from climate change (IPCC, 2007), there is an urgent need for iden-
tifying, quantifying and comparing the potential of different adap-
tation options, to address the increasing water scarcity and
variability – individually and cumulatively. Depending on the spe-
cific conditions in a particular region, country, or basin, three major
options to overcome water constraints in food production exist and
have been addressed to some extent in this special issue: (i) inten-
sification on existing agricultural land, (ii) area expansion onto
non-agricultural land, (iii) virtual water trade.

Intensification on existing agricultural land
As shown by Rockström et al. (2009), many countries have con-

siderable degrees of freedom in green and/or blue water use, to in-
crease water productivity and food production. Better green water
management in some cases may ‘‘re-open” closed basins, in which
all blue water resources are already committed: if green water pro-
ductivity can be improved, the need for irrigation water withdraw-
als may be reduced accordingly.

There are a number of options for improving management, e.g.
further resource development, rainwater harvesting and storage
for supplementary irrigation, crop selection, crop breeding and im-
proved cropping practices, fertilizer, soil and water management.
Hanasaki et al. (this issue) assessed the potential of medium-sized
reservoirs, Wisser et al. (this issue) assessed the potential of rain-
water harvesting and supplementary irrigation, and Liu & Yang
(this issue) assessed the potential of improving irrigation and fer-
tilizer status for increasing water productivity and crop production

– see below for more details on these and other adaptation
options.

Irrigation. One of the major adaptations to permanent or temporal
water scarcity is irrigation, which increases yields and reduces the
risk of crop failure. Global cereal production would be 20% lower
(rice 39% lower) if no irrigation (blue) water was applied to current
cropland (GCWM). Regionally this loss would be much higher, for
example 66% in the MENA region. These findings are in line with
those of Rost et al. (submitted for publication), who found that glo-
bal crop net primary production (NPP) was increased by 17%
through current irrigation. They also simulated with LPJmL the
hypothetical effect of unlimited irrigation. If all current cropland
was fully irrigated, total crop NPP would increase by 77%.

Hence, an important question for further water assessments is
how much more blue water can sustainably be withdrawn in a par-
ticular region or basin for food production, without compromising
other water demands, including environmental flow require-
ments? (This is in addition to the question of whether the required
infrastructure can be developed for making this water available.)

Rainwater harvesting, storage and supplementary irrigation. Rain-
water harvesting (RWH) in conjunction with small-scale storage
and supplementary irrigation has been identified as a key adapta-
tion option to address water scarcity (e.g. Oweis and Hachum,
2006), in particular in countries that have only limited capacity
for large-scale infrastructure such as reservoirs, water transfer
and irrigation systems. RWH works best under pronounced sea-
sonality with excess water in the rainy season which can be stored.
WBMplus and LPJmL (Rost et al., submitted for publication) confirm
this, when simulating RWH and storage potential globally. Wisser
et al. (this issue) quantify the potential for RWH from non-cropland
fractions (ex situ) of all grid cells that contain cropland, and the
overall contribution of that harvested water to fulfilling crop water
demands. They find that RWH can only close some of the widening
gap between crop water demand and available resources. Globally,
increases in cereal production between 10% and 20% are possible,
depending on the total area from which rainwater is harvested,
with highest potential for productivity increases where yields are
currently low. For some regions, such as sub-Saharan Africa, yield
increases of up to 100% are possible with RWH. Rost et al. (submit-
ted for publication) used a similar approach to assess the RWH po-
tential on cropland (in situ) with LPJmL. Globally, an increase in
global agricultural NPP of 4% and 11% was found for harvesting
and storing 10% and 25%, respectively, of all runoff from cropland,
with above-average increases, e.g. in parts of western and southern
Africa.

Improved soil and water management. Where fertilizer (and water)
demands are satisfied, CWP for maize and wheat can double or
even quadruple, in particular in low yielding regions in Africa (GE-
PIC), improving food production accordingly.

Rost et al. (submitted for publication) also tested with LPJmL
the potential for vapour shift from non-productive evaporation to
productive transpiration – e.g. achievable by mulching, which re-
duces soil evaporation. Global increases in agricultural NPP of 2%
and 6% were simulated for a redirection of 10% and 25%, respec-
tively, of evaporation to transpiration. The highest potential for va-
pour shift was found in semi-arid regions such as the Sahel and
southern Africa.

Investment in agricultural water management. Sulser et al. (this is-
sue) demonstrate the large potential for improving green and blue
water use through targeted investments. Their Nile basin analysis
for rainfed and irrigated cereals shows that under a ‘‘high-invest-
ment” scenario, an increase in yields, CWP and total production,

182 H. Hoff et al. / Journal of Hydrology 384 (2010) 177–186



Author's personal copy

goes along with a reduction in area expansion and consumptive
water use, compared to the baseline scenario (Table 3). High
investments can also improve market access.

The high-investment (baseline) scenario assumes total annual
investments in rainfed and irrigated agriculture of US$0.36 (0.23)
billion for agricultural research, and US$0.44 (0.19) billion for rural
roads across all Nile basin countries (including non-Nile-basin
parts of these countries) until 2050. Annual investment in irriga-
tion would be almost identical in the high investment and baseline
scenario: US$0.11 versus US$0.12 billion.

Moreover, under the high-investment scenario, calorie avail-
ability, a proxy for food security, would improve (by 800 kcal per
capita per day in 2050 on average) in the Nile basin countries as
a result of higher food production and resulting lower food prices,
which would make food more affordable for the poor.

Area expansion onto non-agricultural land
Agricultural land has continuously expanded (according to FAO-

STAT – http://faostat.fao.org at a rate of about 0.25% annually) in
the second half of the 20th century. While the future trend cannot
be predicted precisely, a similar future rate is plausible. The Com-
prehensive Assessment (2007) simulates average annual expan-
sion rates of harvested area of between about 0.1% and 0.5% until
2050 for different scenarios.

In the IMPACT baseline scenario, the average annual rate for to-
tal irrigated (rainfed) harvested area is estimated to be 0.49%
(0.34%) between 2000 and 2025, and 0.24% (0.13%) between
2025 and 2050. Following the definition of green water (soil water
directly from precipitation, available for plant growth), any area
expansion of agricultural land also increases the green water re-
source for food production. However, expansion has limitations,
such as protection of other ecosystems (particularly remaining for-
est areas), climate protection, and limited blue water availability in
the case of expanding irrigated land. Also, losses from degradation
of existing agricultural land counteract area expansion.

Expansion of cropland onto suitable grazing land, situated
somewhere between options 1 (intensification) and 2 (area expan-
sion), also has a significant potential to increase food production
and crop water productivity. However, Falkenmark et al. (2009)
estimated that less than one third of the area expansion required
by 2050 in poor countries (those countries that cannot afford to
buy food/virtual water on the world market) can be met from cur-
rent grazing land, while the remainder will have to come from
other non-agricultural land. Expansion onto grazing land could
also adversely affect pastoralist livelihoods and subsequently re-
duce diet quality for the poor.

Virtual water trade
With any trade in agricultural commodities, large amounts of

virtual water are also traded. This mechanism actually improves
crop water productivity globally (saving currently about 175 km3

of consumptive crop water use per year when adding up five major
crops and three major livestock products – H08), by shifting some
food production from more arid to more humid countries, where
CWP is higher/VWC is lower and where less irrigation (blue) water
is required. More importantly however, the virtual water option
provides water-poor countries with food they cannot produce
domestically – if they are in the position to buy this food on the
international market, if their socio-economic structure is flexible

enough for this import substitution, and if the political sensitivity
of giving up food self-sufficiency can be overcome. Many water-
poor countries are not only short of water but also of purchasing
power. By 2050 a third of the global population will live in
water-scarce countries, which do not have the purchasing power
to finance the required net food imports (Falkenmark et al.,
2009; Yang and Zehnder, 2007).

Rost et al. (submitted for publication) have estimated with
LPJmL that already today an additional 2.3 billion people would fall
under the green–blue water scarcity threshold of
1300 m3 year�1 capita�1, if there was no virtual water trade and
countries had to rely for food supply on their domestic water re-
sources only. In particular for some of the MENA countries, current
net virtual water imports already reach or even exceed combined
green and blue water use in domestic agriculture (GEPIC). Given
the strong agreement among climate models on a reduction in fu-
ture precipitation in the MENA region, the virtual water import op-
tion is expected to become even more important. The
Comprehensive Assessment (2007) simulates in a ‘‘trade scenario”
that 75% of food demand in the MENA region may have to be met
by imports by 2050, assuming that the scarce water resources
within this region would then be allocated to higher value uses.

Yang et al. (2006) found that agriculture in the largest food
exporting countries is strongly dominated by green water, while
water-scarce food importing countries have a high dependence
on blue water for agricultural production. The new process-based
and geographically explicit model simulations in this special issue
confirm these findings – see examples provided in Fig. 1. Hanasaki
et al. (this issue) further show with H08 that the largest virtual
water fluxes originate from North America, that wheat is the dom-
inant crop traded and that rice has the highest blue water fraction
of those crops analysed (43%). Using the GTAP-W model, Calzadil-
la et al. (this issue) show that restrictions on groundwater use in
one region (e.g. India) lead (via shifts in international food trade)
to an increase of water use in other, unconstrained regions (e.g.
Canada).

Note that the relative contributions of green and blue water to
total yield do not allow calculations of individual green or blue
water productivities. The yield responses of adding blue (irriga-
tion) water may be highly non-linear.

Green and blue water use and potential in Africa

The contributions to this special issue suggest that global simu-
lation results need to be analysed in more detail for differences be-
tween and within regions, and should eventually be combined
with local and meso-scale information. Here we take a first look
at Africa – again with only limited harmonisation among the differ-
ent models.

North Africa is the most blue-water-dependent of all world re-
gions, with more than 50% of consumptive crop water use being
blue water (GCWM). Egypt has the highest fraction of blue water
use (89%) of all countries (GEPIC, see also Fig. 1). Sub-Saharan Afri-
ca on the other hand is the most green-water-dependent region
(e.g. in western Africa only 1.1% of consumptive crop water use
is blue (GCWM)). The Nile basin, which stretches across both of
these extreme regions, reflects this by having an average blue
water fraction of total crop water use that matches the world aver-
age: 17% (GEPIC).

Table 3
Baseline versus high-investment scenario, for rainfed cereals in the Nile basin in 2050, according to Sulser et al. (IMPACT).

Scenario Rainfed crop area (1000 ha) Rainfed green water use (km3) Rainfed yield (ton/ha) Rainfed green CWP (kg m�3) Rainfed production (1000 ton)

Baseline 13.04 78.14 1.64 0.27 21.41
High investment 12.12 72.47 2.06 0.35 24.96
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The dominance of green water in food production in sub-Saha-
ran Africa is expected to persist: WaterGap (based on IMPACT food
production scenarios) projects a 60% increase in agricultural green
water use by 2050, while consumptive blue water use in agricul-
ture is projected to increase by only 14% (Alcamo et al., 2007b).
For the Nile basin an increase in green water use by 103% and con-
sumptive blue water use by 29% is projected for 2050 (IMPACT).

According to WaterGap simulations, domestic and industrial
(blue) water demands in the Nile basin will increase by a factor
of 5–20 up to 2050 (Menzel, pers. comm.). Water stress will in-
crease accordingly. For the White Nile basin, WaterGap simulates
a change from low to severe blue water stress under all climate
and socio-economic scenarios (this issue). Given these future
trends on top of the high current level of competition for (blue)
water among the riparian countries of the Nile, green water op-
tions need to receive additional attention and investments.

Africa, in particular sub-Saharan Africa is hampered by both low
agricultural productivity and low CWP (Comprehensive Assess-
ment, 2007). Africa has the lowest rainfed cereal yields, and to-
gether with Asia also the lowest irrigated cereal yields. Eastern
Africa has the lowest irrigated yield of any world region (GCWM).
Rainfed CWP in the Nile basin is currently less than half of the
world average and this is not expected to change over the coming
decades (IMPACT). Climate change is often considered to impact
food production in sub-Saharan Africa negatively (IPCC, 2008).
But when the (uncertain) effect of increasing CO2 concentrations
are taken into account, crop production and CWP may actually im-
prove (GEPIC, LPJmL). In particular yields for tropical crops, such as
millet, are projected to increase across sub-Saharan Africa, except
for the semi-arid to arid Sahel region (Liu et al., 2008).

All Nile basin countries are currently net importers of food and
virtual water (GEPIC, IMPACT) and these net imports are projected
to increase significantly by 2050 for most of these countries (IM-
PACT). Economies in sub-Saharan Africa, on average, will continue
to grow below the average for all developing countries, according
to the IMPACT baseline scenario. Therefore, the ‘‘economic water
scarcity” (Comprehensive Assessment, 2007), where only about
5% of renewable blue water resources in Africa are exploited due
to economic constraints, is likely to persist. Multilateral develop-
ment banks and other donors have pledged to significantly expand
irrigation development in the region, but given the low level of
existing irrigation (only 3.5% of cultivated area is irrigated), even
a doubling or tripling will still leave most farmers dependent on
rainfed agriculture.

Rockström et al. (2009) showed that there is enormous poten-
tial for improving green water use in food production in sub-Sah-
aran Africa (and also in other regions). GEPIC shows that Africa
has the largest potential for improving CWP (by a factor of 2 or
more), if better nitrogen management can be achieved. IMPACT
scenarios demonstrate that under a ‘‘high agricultural investment”
scenario, rainfed CWP could increase about twice as fast in Africa
as it would globally – starting however from a much lower current
level.

Hence, food security in Africa critically hinges on investments in
agricultural water management, with an emphasis on locally
adapted green water measures. WBMplus scenarios show that Afri-
ca has the largest relative potential for increasing crop production
(by about 100%) through a combination of RWH, small reservoirs
and supplementary irrigation. Rost et al. (submitted for publica-
tion) showed that Africa has a larger potential for vapour shift from
non-productive evaporation to productive transpiration in agricul-
ture than most other regions, if crop and soil management was
improved.

Discussion

Typically, discussions on Integrated Water Resources Manage-
ment (IWRM) or Agricultural Water Management are focussed on
blue water and irrigation infrastructure. Given the increasing over-
exploitation or other limitations of blue water resources in many
regions, green water management deserves more attention and
scenarios need to address the full green-to-blue (and virtual) water
spectrum. This special issue synthesizes available results on green
and blue water contributions to food production (see Table 2) and
to trade (see Fig. 1) and potential adaptation options (see Table 4),
based on a set of different global simulation models.

Note that the adaptation potentials presented in Table 4 are not
directly comparable, because they were derived with different
models, using different assumptions. Also, the numbers cannot
be added up to derive the total potential of combinations of
measures.

Furthermore these global numbers need ‘‘ground-truthing”.
While the results presented in this special issue provide new
green–blue water information with converging messages, also on
critical hotspots and most promising regions for different adapta-
tion options, more detailed information is required for understand-
ing local potentials and tradeoffs.

Table 4
Adaptation potentials and constraints for increasing global food production.

Adaptation option Potential increase in global food production Priority regions for implementation Tradeoffs

Irrigation 20% Increase with current level of irrigation, additional
75% if all cropland was fully irrigated (LPJmL)

Basins with low water withdrawal-to-
availability ratio, e.g. in sub-Saharan
Africa or Latin America (WaterGap)

Competition with other water uses
including environmental flows, costs of
irrigation infrastructure

Rainwater harvesting/
supplementary
irrigation

15% For medium intensity water harvesting from land
adjacent to cropland (WBMplus), 12% when harvesting
25% of all runoff from cropland (LPJmL)

Regions with high rainfall variability and
excess runoff, in particular semi-arid to
sub-humid sub-Saharan Africa and Latin
America

Reduction in downstream water
availability up to 80%, losses from storage
ponds (20% of their storage capacity per
year – WBMplus)

Vapour shifts from non-
productive
evaporation to
productive
transpiration

6% When reducing total evaporation from cropland by
25% (LPJmL)

Semi-arid regions, such as Sahel, southern
Africa or central Asia

Material for mulching may be required for
other purposes

Nutrient management Doubling of crop water productivity in nutrient
depleted regions (GEPIC)

Nutrient depleted and low yielding
regions, in particular in Africa

Costs of fertilizer

Virtual water imports Currently replacing more than 720 km3 year�1 of local
water consumption, and globally saving more than
175 km3 year�1 (H08) and lifting more than 2 billion
people out of green–blue water scarcity (LPJmL)

Water scarce, economically strong
countries

Costs of imports, loss of rural employment
and livelihoods, politically sensitive

Agricultural area
expansion

Depending on restrictions imposed Regions with suitable, non-protected land Losses in biodiversity and other ecosystem
services, carbon emissions
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Only when combining the information from global models with
results from meso-scale models, field experiments and other local
information, it will become relevant for improved agricultural
water management and related investments at national or sub-na-
tional level. For example, the global model results on rainwater
harvesting and vapour shifts presented here, need to be combined
with place-based information on local conditions (topography,
soils, farming systems, etc.) and adoption potentials, before they
can support decision making.

But also the global models themselves are to be improved, in
terms of resolving spatio-temporal variability, process representa-
tion, and integration of socio-economic aspects. In particular the
following aspects deserve attention in further model development:

� more realistic quantifications of consumptive blue/irrigation
water use, based on separate simulation of rainfed and irrigated
green and blue crop water productivity,

� improved parameterisation of yield losses from dryspells and
droughts as well as yield and water productivity responses to
(supplementary) irrigation and other water management
options,

� better definition of the different sources of irrigation water,
including fossil and renewable groundwater, wastewater reuse
but also water storage, reservoir management and water trans-
fers within and between basins,

� integration of environmental flow requirements (and water
requirements of terrestrial ecosystems) and

� integration of economic and technological development scenar-
ios, water demands, land use and land degradation.

Note, that several of these aspects have already been addressed
in some of the models. Also, it should be clear from this special is-
sue, that each of the models was developed with a different objec-
tive, addressing only some specific aspects of the global water
system. There is no need for all models to address all of the above
challenges, and in fact the variety of modelling approaches is to be
maintained. A lot of new knowledge can already be gained from a
more rigorous intercomparison of the existing models.

With further improvements, also the challenge of deriving a
meaningful water scarcity index for the full green–blue water re-
source can be tackled. The initial green–blue water scarcity index
described by Rockström et al. (2009) needs to be further developed
in terms of spatio-temporal resolution of green and blue water
availability (e.g. taking into account the distance of people from
the source, the green water contributions from grazing land, and
the virtual water contributions from trade), productivity (e.g. un-
der different climates and agricultural management regimes),
and demands (e.g. depending on diets).

Conclusions

The objective of this special issue, with its synthesis and initial
comparison of different global modelling approaches, is to focus
attention on green water in food production and trade. At the same
time it also attempts to resolve the emerging green–blue water
dichotomy, by showing the interlinkages of land and water man-
agement and the need for an integrated framework along the
green–blue water continuum from rainfed agriculture and supple-
mentary irrigation, to green water in irrigated areas to full blue
water irrigation.

While higher water productivity in food production will remain
a key challenge, integration has to move beyond agriculture,
addressing other green and blue water uses, such as livestock
and fisheries (some progress has been made in the Challenge Pro-
gramme on Water and Food – www.waterforfood.org) and bioen-

ergy, but also for a wider range of ecosystem services. The
green–blue water approach can eventually serve to assess future
water-related carrying capacities, globally and also for individual
regions and basins.

A concerted effort across scales (from the field up to basins and
regions) will be required to address and quantify tradeoffs between
different green and blue water options. Some initial examples of
tradeoffs are presented in this special issue.

Wisser et al. quantify the potential yield increases from rainwa-
ter harvesting and also resulting reductions in downstream runoff.
But the resulting losses in food production from that reduction in
downstream blue water availability have not been assessed,
let alone compared to the upstream gains, yet.

Calzadilla et al. quantify the tradeoffs in economic welfare for
continued groundwater overexploitation for irrigation versus addi-
tional water allocations to the environment. But the resulting envi-
ronmental (potentially irreversible) damages from groundwater
overexploitation and subsequent losses in ecosystem services have
not been assessed yet.

Hanasaki et al. quantify environmental flow requirements, but
they have not been taken into account as constraints in future irri-
gation scenarios yet.

Also, the potential for expanding cropland onto current grazing
land is briefly addressed, but the resulting tradeoffs e.g. in terms of
local livelihoods have not been assessed in any detail.

A next step beyond this special issue is now underway: a sys-
tematic intercomparison of the models presented here, using a
common simulation protocol, with harmonised input data and
scenario assumptions. Different parameterizations of processes
such as evapotranspiration, crop production and management prac-
tices will be compared. More detailed regional analyses than pre-
sented in this special issue will also better explain differences
between the models. This green–blue water model intercomparison
is closely coordinated with the Water Model Intercomparison of the
EU WATCH project (www.eu-watch.org) and the Global Water Sys-
tem Project (www.gwsp.org). It is expected to result in improve-
ments across models, building on the respective strengths of each
participating model. Jointly, the suit of models can move scientific
understanding of the global water system to a new level, and
generate new knowledge for enhancing water and food security.
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ABSTRACT

This study compares, spatially explicitly and at global scale, per capita water availability and water re-

quirements for food production presently (1971–2000) and in the future given climate and population change

(2070–99). A vegetation and hydrology model Lund–Potsdam–Jena managed Land (LPJmL) was used to

calculate green and blue water availability per capita, water requirements to produce a balanced diet rep-

resenting a benchmark for hunger alleviation [3000 kilocalories per capita per day (1 kilocalorie 5 4184

joules), here assumed to consist of 80% vegetal food and 20% animal products], and a new water scarcity

indicator that relates the two at country scale. A country was considered water-scarce if its water availability

fell below the water requirement for the specified diet, which is presently the case especially in North and East

Africa and in southwestern Asia. Under climate (derived from 17 general circulation models) and population

change (A2 and B1 emissions and population scenarios), water availability per person will most probably

diminish in many regions. At the same time the calorie-specific water requirements tend to decrease, due

mainly to the positive effect of rising atmospheric CO2 concentration on crop water productivity—which,

however, is very uncertain to be fully realized in most regions. As a net effect of climate, CO2, and population

change, water scarcity will become aggravated in many countries, and a number of additional countries are at

risk of losing their present capacity to produce a balanced diet for their inhabitants.

1. Introduction

Comprehensive knowledge of how freshwater avail-

ability and scarcity will evolve in the future in response

to climatic and socioeconomic changes is of tremendous

importance for all water-dependent sectors and espe-

cially for agriculture (Molden 2007; Bates et al. 2008).

For this reason, one objective of the Water and Global

Change (WATCH) project is not just to assess the po-

tential future changes in the terrestrial water balance

per se (evapotranspiration and runoff) but also to put

these changes into the context of, for example, global

food production given demographic changes in addition
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to climatic changes. Until recently, most assessments and

projections of worldwide water resources (Vörösmarty

et al. 2000; Arnell 2004; Alcamo et al. 2007; Islam et al.

2007) were focused on the ‘‘blue’’ water (BW) of rivers,

lakes, reservoirs, and aquifers. However, it is ‘‘green’’

water (GW)—the precipitation water that infiltrates into

the soil (Falkenmark et al. 2009)—that sustains the

growth and productivity of all terrestrial ecosystems and

makes up most of the water consumption in agriculture

(Rost et al. 2008; Liu et al. 2009). Therefore, both green

and blue water need to be included in water availability

and scarcity analyses. An integrated assessment of both

GW and BW resources has been initiated only recently

by use of macroscale hydrological, ecological, and crop

models [Liu et al. 2007, 2009; Rost et al. 2008; Schuol et al.

2008; Weiß et al. 2009; Siebert and Döll 2010; see also

Hoff et al. (2010) for an overview and a synthesis of re-

cent efforts].

Nevertheless, it remains a conceptual challenge how

to clearly define the GW resource and how to represent

it consistently with BW in generic indicators of water

availability and scarcity such as the widely used Falkenmark

Index that relates water resources to population. In the

global-scale study of Rockström et al. (2009), a first

variant of such an enhanced water scarcity indicator was

developed. Those authors defined the GW resource as

the total evapotranspiration (ET; sum of plant transpi-

ration, soil evaporation, and interception losses) that

occurs from grazing land and cropland (including the

non-BW fraction on irrigated areas) in a country, and

they related this GW resource to the country pop-

ulation. If the value of this modified Falkenmark index

that combines GW and BW fell below 1300 cubic meters

per capita per year, green-blue water scarcity was as-

sumed to prevail. Note that the threshold for chronic

water scarcity was set to a higher value (as compared to

1000 cubic meters per capita per year if only blue water

is considered) in order to account preliminarily for the

additional resource (i.e., the green water). Rockström

et al. (2009) found that in stark contrast to studies based

solely on an estimation of BW resources, actually only

a few regions are presently categorized as water-scarce

if GW is also taken into account. However, they also

found that under conditions of future climate and pop-

ulation change [Special Report on Emissions Scenarios

(SRES) A2, the second climate configuration of the Met

Office Unified Model (HadCM2)], many countries in

northern Africa, the Near East, and southern Asia will

turn to a water-scarce status.

Further, Rockström et al. (2009) assumed that coun-

tries with less than 1300 cubic meters per capita per year

of total green and blue water resources cannot produce

a balanced diet of 3000 kilocalories per capita per day

[1 kilocalorie (kcal) 5 4184 joules (J)] with shares of

80% vegetal and 20% animal products, which can be

regarded as a benchmark for hunger alleviation

(Rockström et al. 2007). This national average calorie

level was chosen as a desirable baseline in the present

study, since previous analyses found that the number of

undernourished people in a country approaches zero

only when the average diet reaches ;3000 kilocalories

per capita per day (Rockström et al. 2005); this value

also is the average calorie level projected by the Food

and Agriculture Association (FAO) to be reached in

developing countries by 2030 (FAO 2003). We note

that present diets differ from it in many countries—

for example, exceeding 3700 kilocalories per capita

per day (27% share of animal products) in North

America and falling below 2500 kilocalories per capita

per day (,8% share of animal products) in many Af-

rican countries (see http://faostat.fao.org/site/609/default.

aspx#ancor).

While the abovementioned threshold of 1300 cubic

meters water per person needed to produce 3000 kilo-

calories per capita per day may be valid as a global av-

erage, significantly more—or less—water is required in

individual regions for producing that diet. The main

reason is that the crop water productivity (CWP)—the

ratio between crop yield and ET during the growing

period—differs significantly among regions because of

differences in climatic and management conditions. For

instance, CWP was found to be significantly lower in

sub-Saharan Africa than in northern Europe (Liu et al.

2007; Fader et al. 2010). Hence, using the global average

threshold would underrate water scarcity for regions

where in fact .1300 cubic meters per capita per year is

needed for producing the specified diet, and vice versa.

This study quantifies the GW and BW availabilities

for each country of the world and directly compares

these to the water requirements for producing a diet

of 3000 kilocalories per capita per day (with 80%

vegetal products) calculated from local crop water

productivities. The resulting new water scarcity in-

dicator is applied for both the present situation and for

a large number of global change scenarios [climate

change from 17 general circulation models (GCMs),

including direct CO2 effects on plants; B1 and A2

emissions and population scenarios]. All calculations

were done at high spatial resolution (0.58 global grid,

separately for rain-fed and irrigated areas) and also at

high temporal resolution (daily time step, transient

simulation from 1901 to 2099), while results are pre-

sented as 30-yr country averages (blending results for

rain-fed and irrigated land) for the present (1971–

2000) and for a future time slice (2070–99 or ‘‘2080s’’),

respectively.
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2. Model and methods

In the following we will briefly present the model used

for our calculations (section 2a); describe how the blue,

green, and joint green-blue water resources and avail-

abilities per capita were computed at grid cell level and

how they were then scaled to the country level (section

2b); and, finally, show how the water requirements for

producing the balanced diet were computed at grid cell

level for both cropland and a hypothetical livestock

sector, and how these requirements were scaled to

country level (section 2c). Section 2b also describes how

the new water scarcity was derived at country scale by

relating the green-blue water availability to the water

requirements.

a. The LPJmL dynamic global vegetation
and water balance model

For this study the process-based, global ecohydro-

logical model Lund–Potsdam–Jena managed Land

(LPJmL) was applied, which has a proven capability for

simulating GW and BW resources, crop–water in-

teractions, and their temporal dynamics (Gerten et al.

2008; Rost et al. 2008; Biemans et al. 2009; Fader et al.

2010). The model simulates the growth, production, and

phenology of nine ‘‘plant functional types’’ (PFTs, rep-

resenting natural vegetation at the level of biomes),

grazing land, and 12 ‘‘crop functional types’’ [CFTs,

representing the world’s major food crops as described

in Bondeau et al. (2007): temperate and tropical cereals,

rice, maize, pulses, temperate and tropical roots, sun-

flower, soybean, groundnuts, rapeseed, and a heteroge-

neous group of ‘‘other’’ crops collectively parameterized

like perennial grasses]. While the composition and dis-

tribution of the PFTs was simulated by the model, the

fractional coverage of grid cells with CFTs was pre-

scribed. In short, we combined a dataset of the present

(around year 2000) cropland distribution (Ramankutty

et al. 2008) with a dataset of maximum monthly irrigated

and rain-fed harvested areas of 26 crops (Portmann et al.

2010) that we aggregated to the CFTs (see Fader et al.

2010). The fractions of CFTs and grazing land were held

constant at the year 2000 level throughout the simula-

tion period (also in the past) in order to minimize effects

of factors other than climate and population.

Carbon fluxes and pools as well as water fluxes (evap-

oration from soils, vegetation canopies, water bodies, and

irrigation channels; transpiration; soil moisture dynamics;

snowmelt; runoff and discharge; return flow from irri-

gated sites) are modeled in direct coupling with vegeta-

tion dynamics. Atmospheric CO2 concentration directly

affects transpiration and biomass production via both

physiological and structural plant responses, which as

a net effect tend to reduce the amount of water transpired

per unit of biomass produced (Leipprand and Gerten

2006; Gerten et al. 2007).

Water requirements and water consumption—and

thereby the CWP—of irrigated and rain-fed CFTs are

distinguished, with an explicit distinction of GW and

BW contributions on irrigated land. We assumed that

the irrigation water requirements of the CFTs—as con-

trolled by their water limitation and by country-wide ir-

rigation efficiencies—can always be fulfilled (see Rost

et al. 2008). River flow directions were determined as in

the WATCH–Global Water System Project (GWSP)

Model Intercomparison Project (WaterMIP) simulation

protocol (Haddeland et al. 2011). See below for details on

the modeling of GW and BW availability.

Seasonal phenology (sowing and harvest dates) of

CFTs was simulated based on CFT-specific parameters,

past climate and current meteorological conditions,

allowing for adaptation of varieties and growing periods

to climate change (Bondeau et al. 2007; Waha et al.

2011). To ensure sound estimates of CFT yields and

water productivities, yields were calibrated for the pe-

riod around 2000 against those reported in the Food and

Agriculture Organization’s FAOSTAT database (http://

faostat.fao.org/site/567/DesktopDefault.aspx?PageID=

567#anc) by sequentially varying parameters for cropping

density and other management-related features [calibra-

tion procedure as in Fader et al. (2010), but with the here

used model version; that study and also Fader et al. (2011)

demonstrate that yields and crop water productivities

agree well with other estimates]. The calibration param-

eters, the irrigation efficiencies, and the fractional cov-

erage of irrigated and rain-fed cropland and grazing land

were held constant at their year 2000 value for the future

period. Thus, it was assumed that neither changes in crop

and water management nor changes in the extent of ag-

ricultural land will occur in the future.

The present model version (LPJmL_v3.2) is an up-

grade of the version documented by Rost et al. (2008)

and Fader et al. (2010), including a revised representa-

tion of crop phenology (Waha et al. 2011) and a reser-

voir management scheme (Biemans et al. 2011).

b. Calculation of blue water and green water
resources and availability

The BW resource (runoff) and the GW resource (ET

from cropland and grazing land; both in m3 yr21) were

computed at the grid cell level and then summed up for

the respective country. The assumption underlying this

calculation procedure is that the food produced with this

water is distributed evenly within a country rather than

produced and consumed within individual grid cells or

within a river basin.
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1) BLUE WATER RESOURCE

For determining the BW resource we first computed,

for the zero-order river basins of the globe, the runoff

R generated (assuming no withdrawals from lakes and

reservoirs) in each 0.58 grid cell located within the basin

boundaries (i) and summed these values up to yield the

total runoff generated in a basin Rb.

Second, we redistributed Rb across the basin in pro-

portion to the share of a cell’s discharge Q (accumulated

along the river network) relative to the discharge sum of

all cells in a basin:

BWi 5 RbQi

.
�Qi,

(1)

where BWi represents the blue water resource (i.e., re-

distributed runoff) in each grid cell i. This way, grid cells

with a high discharge were assigned a relatively high BW

resource. Runoff distributed this way across the basin

was used instead of discharge in order to avoid double

counting of water passing more than one cell.

Third, the BW resource per country was derived by

summing up the thus determined values of BWi for all

grid cells in the country. It was furthermore assumed

that only 40% of this resource is actually available for

food production, to account collectively (without ex-

plicit separation in individual components) for envi-

ronmental flow requirements and for the fact that the

spatiotemporal variability of BW resources often does

not match the demand. Moreover, use of 40% or more

of blue water resources is a widely accepted indicator of

water stress (e.g., Vörösmarty et al. 2000). Note that

water consumption by households and industry was not

considered here, such that the BW resource is somewhat

overestimated where this consumption is significant

(especially in industrialized countries; globally, how-

ever, water consumption in these sectors is by far lower

than agricultural consumption).

2) GREEN AND GREEN-BLUE WATER RESOURCE

The volumetric GW resource of a country is defined

here as the green water consumed (evapotranspired) on

cropland and grazing land. On rain-fed areas, it equals

total ET; on irrigated areas, it equals total ET minus ET

of blue irrigation water [see Rost et al. (2008) on how the

individual contributions of green and blue water in the

soil are computed by LPJmL]. Only 50% of ET was

considered from areas covered with perennial ‘‘other’’

crops (see above) because those crops actually grow

only during part of the year, and because nonfood crops

(cotton in particular) are included in this category. The

GW contribution from grazing land is driven by demand

for grazing and thus was constrained either by total

grassland ET or by the global average water require-

ment of 251 cubic meters per capita per year from grazing

land as calculated below. In our provisional treatment

(subject to further improvements) of the livestock sector,

we have preferred this approach over the use of country-

specific estimates of GW consumption on grazing land

(in case total grassland ET was higher than the global

average), because the management of grazing land is

only crudely represented in LPJmL (emulating mowing

intervals only; see Bondeau et al. 2007). Since grassland

is usually managed in a different way than cropland, us-

ing the (area-corrected) value of ET from cropland in

the respective country as a proxy for ET from grazing

land was not suitable either. Note that the GW resource

also reflects the extent of agricultural area, such that

countries with a large agricultural area may show a rela-

tively high GW resource; this is often true for dry regions

that compensate for low water availability by extensive

agriculture.

The total green and blue water resource GWBW

(m3 yr21) is calculated as the sum of the GW and BW

resources in a country.

3) BLUE AND GREEN-BLUE WATER AVAILABILITY

AND SCARCITY

BW availability and GWBW availability (both in cu-

bic meters per capita per year) were determined by

relating the annual BW (and, respectively, GWBW)

resource to the number of people living in a country.

This way, people were assumed to benefit uniformly

across the respective country from its total water re-

source rather than only from the resource within the grid

cell where they live. GWBW scarcity—the new water

scarcity indicator introduced in this paper—was com-

puted for each country as the ratio between the GWBW

availability and the water requirement for producing the

balanced diet (described in the following).

c. Calculation of dietary water requirements

The countries’ water requirements for producing

a diet of 3000 kilocalories per capita per day with 20%

calories from animal products was estimated from both

the water requirements to produce vegetal calories on

a country’s present cropland (represented by the 12

CFTs) and from a hypothetical livestock sector (the

water consumption of which was computed from grazing

land and cropland for feed production). The calculation

principle is illustrated in Fig. 1 and described in the

following.

The water needs for the vegetal part were estimated

by calculating the total amount of calories produced on

a grid cell’s cropland (inferred from simulated pro-

duction using global average calorie conversion factors
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(g dry matter to kcal) based on the FAO’s Food Balance

Sheets for primary commodities (http://faostat.fao.org/

site/368/default.aspx#ancor) and relating it to the total

amount of GWBW consumed on cropland during the

growing period. The estimated global requirement of

0.409 m3 (1000 kcal)21 [50.98 m3 (2400 kcal)21] broadly

confirms the 0.5 m3 (1000 kcal)21 estimated by Rockström

et al. (2007) based on statistical data. Following those au-

thors, the eightfold amount of water is required to pro-

duce an equivalent amount of animal calories [3.271 m3

(1000 kcal)21 5 1.96 m3 (600 kcal)21] (see Fig. 1). This is

an indicative guess (from Table 1 in Rockström et al. 2007)

based on the fact that more water is required to produce

a calorie of animal-based food because only a fraction

(;5%–15%) of the vegetal energy consumed by animals is

transformed into meat, milk, or eggs. This calculation re-

sults in a global average of 1075 cubic meters of water

per capita and year required for the above specified diet

(358 cubic meters per capita per year for the vegetal share

plus 716 cubic meters per capita per year for the animal

share), which is accordingly lower than the 1300 cubic

meters per capita per year estimated by Rockström et al.

(2007, 2009).

The water requirements to produce the animal share

of the diet were attributed to cropland and grazing land

assuming a mixed livestock system with a nongrazing

and a partly grazing subsystem, each consuming 50% of

the water (Rockström et al. 2007; Lannerstad 2009). The

nongrazing system entirely relies on feed produced on

cropland, whereas in the partly grazed system 30% of

the water was assumed to be required to produce feed on

cropland and the remainder was assigned to grazing

land. As a result, 824 cubic meters per capita per year

(out of the total 1075 cubic meters per capita per year)

are required to produce food and feed on cropland, and

251 cubic meters per capita per year are required to

produce grazed biomass. It can also be inferred that 56%

(466 cubic meters per capita per year) of the water re-

quired on cropland is used to produce animal feed.

For individual countries, the GWBW amount re-

quired to produce food and feed on cropland was com-

puted as above from the country-specific requirement to

produce 1000 kcal. For the water requirements from

grazing land we simply used for each country the global

average of 251 cubic meters per capita per year, arguing

that grassland management and grazing intensity are not

related to cropland productivity. In a simple sensitivity

analysis, we also quantified the effect of a reduction of the

diet’s share of animal products from 20% to 10% (mean-

ing that more food and thereby water is consumed from

cropland and less from grassland). For all future pro-

jections, the country-specific share of the water resource

from grazing land was held constant at the present level.

3. Climate data and scenarios

LPJmL was forced for the period 1901–2000 by monthly

values of air temperature, precipitation amounts, number

of wet days, and cloud cover, taken from the Climate

Research Unit time series (CRU TS) 3.0 climate database

(Mitchell and Jones 2005; http://badc.nerc.ac.uk/data/cru/).

Prior to running the model, these data were disaggregated

to daily values using stochastic procedures, as in Gerten

et al. (2004). In a 1000-yr spinup simulation, the climate of

1901–30 was repeatedly run to equilibrate the carbon pools

and the natural vegetation. Soil parameters and historical

annual atmospheric CO2 concentrations were as in Rost

et al. (2008).

Climate projections for the subsequent transient

simulations up to the year 2099 were derived from

17 GCMs under forcing from the SRES A2 and B1 emis-

sions scenario (those models were chosen for which both

B1 and A2 projections were available). All GCMs par-

ticipated in the World Climate Research Programme’s

Coupled Model Intercomparison Project phase 3 (CMIP3;

http://www-pcmdi.llnl.gov/projects/cmip/index.php) and

FIG. 1. Calculation scheme for water requirements from crop-

land and grazing land, and LPJmL-computed global values (1971–

2000 average) for the individual components. Figure reproduced

after Lannerstad (2009).
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were used in the Intergovernmental Panel on Climate

Change (IPCC) Fourth Assessment Report (Randall

et al. 2007; see Table 1). The climate scenarios were

prepared as follows.

First, the individual GCMs’ monthly mean air temper-

atures, precipitation sums, and mean cloudiness values

were interpolated to 0.58 resolution and smoothed using

a 30-yr running mean with a minimum roughness con-

straint at the 2099 boundary (Mann 2004). Then, anom-

alies relative to the 1971–2000 average were calculated for

each GCM and month of the 2001–99 period and applied

to the observed 1971–2000 baseline climate (continuously

repeated after 2000 while preserving the variability of the

observations). In the case of temperature, the anomalies

were simply added, as follows:

Tscl 5 Tobs 1Tano, (2)

where Tscl is the scaled monthly value of the GCM

scenario (e.g., January 2001), and Tobs is the monthly

value of the observed baseline time series (January 1971

in this example). Here Tano is the anomaly within the

original GCM runs—that is, the difference between the

GCM-simulated mean temperature in a given month (e.g.,

January 2001) and the GCM-simulated 30-yr monthly

average for the 1971–2000 baseline period (Tmbas_sim):

Tano 5 Tsim 2 Tmbas_sim. (3)

For cloudiness (in %), decreases and increases were

applied as a relative change of cloudiness and cloud-

lessness, respectively. If cloudiness C decreases in the

GCM simulation relative to the baseline average (i.e., if

Cano , 0), we assume

Cscl 5 Cobs(Cmbas_sim 1 Cano)/Cmbas_sim, (4)

where Cmbas_obs is the observed 30-yr monthly average

for the 1971–2000 period; other nomenclature is analo-

gous to Eq. (3).

TABLE 1. GCMs considered in this study [see Randall et al. (2007) for details].

GCM Sponsor(s), country

Bjerknes Centre for Climate Research Bergen Climate Model

version 2 (BCCR-BCM2.0)

Bjerknes Centre for Climate Research, Norway

Community Climate System Model, version 3 (CCSM3) National Center for Atmospheric Research (NCAR),

United States

Canadian Centre for Climate Modelling and Analysis (CCCma)

Coupled General Circulation Model, version 3.1 (CGCM3.1)

Canadian Centre for Climate Modeling and Analysis, Canada

Centre National de Recherches Météorologiques Coupled

Global Climate Model, version 3 (CNRM-CM3)

Météo-France/Centre National de Recherches Météorologiques,

France

Commonwealth Scientific and Industrial Research Organisation

Mark version 3.0 and 3.5 (CSIRO-MK3.0 and -MK3.5)

Commonwealth Scientific and Industrial Research Organization,

Atmospheric Research, Australia

ECHAM5/Max Planck Institute Ocean Model (MPI-OM) Max Planck Institute for Meteorology, Germany

ECHAM and the global Hamburg Ocean Primitive Equation

(ECHO-G)

Meteorological Institute of the University Bonn, Meteorological

Research Institute of the Korea Meteorological

Administration (KMA), and Model and Data Group,

Germany/Korea

Geophysical Fluid Dynamics Laboratory Climate Model

versions 2.0 and 2.1(GFDL-CM2.0 and -CM2.1)

U.S. Department of Commerce/National Oceanic and

Atmospheric Administration (NOAA)/Geophysical

Fluid Dynamics Laboratory (GFDL), United States

Goddard Institute for Space Studies Model E-R (GISS-ER) National Aeronautics and Space Administration (NASA)/

Goddard Institute for Space Studies (GISS), United States

Institute of Numerical Mathematics Coupled Model, version 3.0

(INM-CM3.0)

Institute for Numerical Mathematics, Russia

L’Institut Pierre-Simon Laplace Coupled Model, version 4

(IPSL-CM4)

Institut Pierre Simon Laplace, France

Model for Interdisciplinary Research on Climate 3.2,

medium-resolution version [MIROC3.2(medres)]

Center for Climate System Research (University of Tokyo),

National Institute for Environmental Studies, and Frontier

Research Center for Global Change (JAMSTEC), Japan

Meteorological Research Institute Coupled General

Circulation Model, version 2.3.2a (MRI-CGCM2.3.2)

Meteorological Research Institute, Japan

Parallel Climate Model (PCM) NCAR, United States

Third climate configuration of the Met Office Unified Model

(UKMO-HadCM3)

Hadley Centre for Climate Prediction and Research/Met Office,

United Kingdom
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If, by contrast, cloudiness is projected to increase

(Cano . 0), we assume

Sscl 5 Smobs(Smbas_sim 1 Sano)/Smbas_sim. (5)

Here, Sscl, Sano, etc. refer to the degree of cloudlessness

[i.e., the inverse of cloudiness (100 2 Cscl, 100 2 Cano,

etc.)]; all other nomenclature is analogous to Eq. (4).

For precipitation, a mixed additive-multiplicative

approach was chosen that down-weights potentially very

large relative increases in cases where GCMs un-

derestimate observed precipitation [for a more detailed

description of this methodology, see Füssel (2003)]:

Pscl 5 Pobs[1 1(Pano/Pbas_obs)(Pbas_obs/Pbas_sim)l],

(6)

where Pbas_obs is the observed 30-yr monthly average for

the 1971–2000 period and the other variables are anal-

ogous to those in the above equations. The exponent l is

defined as the square root of (Pbas_sim/Pbas_obs) if Pbas_sim ,

Pbas_obs; otherwise it is 1.

Changes in the monthly number of wet days were

not available from the GCMs, thus the values from the

1971–2000 baseline period were used. Annual atmo-

spheric CO2 concentrations until 2099 were taken from

the Bern-CC carbon cycle model (see http://www.ipcc-data.

org/ancilliary/tar-bern.txt).

To quantify the net physiological and structural ef-

fects of CO2 concentration on plants and ultimately on

the water scarcity indicator used here, we ran additional

LPJmL simulations in which this concentration was held

constant at its year 2000 level. Finally, we used population

projections consistent with the emissions and climate

projections (also at 0.58 resolution) to determine future

per capita water availabilities. In the case of A2 we used

the revised ‘‘A2r’’ scenario that shows lower population

numbers than the original scenario (Grübler et al. 2007).

4. Results

a. Current water availabilities and requirements for
food production

As illustrated in Fig. 2a, present-time BW availability

per person is rather low (e.g., ,1700 cubic meters per

capita per year) not only in many physically water-poor

countries in subtropical regions but also, for example, in

Central Europe where population is dense. If the GW

FIG. 2. Annual country-scale availability of (a) blue water and (b) green plus blue water in cubic

meters per capita per year, averaged over the period 1971–2000.
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resource is added (Fig. 2b), water availability becomes

significantly higher in almost all regions, although a sig-

nificant number of countries remain below 1700 cubic

meters per capita per year (especially in North Africa

and the Near East). By contrast, most countries at high

latitudes and in the humid tropics, or countries with few

resources but low population (such as Australia), are char-

acterized by high per capita water availability (.4000 m3).

In addition to water availability, we calculated the

crop water requirements for producing the specified

balanced diet from the grid cell-specific CFT fractions.

Growing the equivalent of 1000 kcal of vegetal food on

cropland—shown in Fig. 3a at grid cell level to enable

localization of crop areas and identification of sub-

national variability—requires significantly more water

in sub-Saharan Africa and in the Middle East (.1 m3)

than, for example, in most parts of Europe and in the

United States/Canada (,0.5 m3). Figure 3b shows that

the resulting water requirements (including those for the

livestock sector) for a balanced diet of 3000 kilocalories

per capita per day also vary greatly among countries.

According to these results, many countries in Europe

and North America but also China and Egypt need less

water to produce this diet than suggested by the global

average (1095 cubic meters per capita per year; Fig. 1),

whereas in other countries the respective water needs

are much higher (often .2500 cubic meters per capita

per year, especially in Africa). The regional pattern of

the water needs results from differences in CWP, which

in turn are controlled mainly by differences in climatic

conditions, yield levels, and management intensity [for

a detailed explanation of spatial patterns of CWP—or

its inverse, the virtual water content—of maize and tem-

perate cereals, see Fader et al. (2010), and especially their

Figs. 2 and B1]. It was found that the yield level is often

the prime factor determining CWP, as low values of CWP

usually occur in regions with low yields, while low values

of ET can still imply high yields (Fader et al. 2010).

b. Current water scarcity of countries

The present degree of water scarcity varies among

countries according to their individual total water

availability and their water requirements for producing

a diet of 3000 kcal for their population (Fig. 3c). Note

that many European countries that were classified as

chronically water-scarce according to the Falkenmark

indicator (see Fig. 2b) no longer appear to be water-

scarce when our new indicator is used, since compara-

tively little water is needed there for producing a unit of

crop (and livestock) (cf. Figs. 3a,b). Likewise, other

countries that were classified as water-stressed in Fig. 2

(e.g., South Africa, China, Japan) actually have enough

water to produce the specified diet. However, parts of

those countries would appear water-stressed if the analysis

were done at subnational (grid cell) scale (not shown).

c. Future changes in water availability

Blue, green, and total water availabilities are simu-

lated to change significantly in the future under the suite

of climate models considered (Fig. 4). Patterns of change

are different for BW and GW, and changes in water

availabilities are generally stronger in either direction in

the A2 scenario than in the B1 scenario. Country-scale BW

availability will decrease in both scenarios—for instance,

in southern Europe, the Near East (by .40% in some

countries), northern and southern Africa, and Central

America and Mexico, mostly in response to higher tem-

peratures and regional precipitation decreases [data not

shown, but see Bates et al. (2008)]. GW availability is

simulated to decrease in most countries but Canada and

central and northern Asia.

The regional pattern of relative change in GW and

GWBW availability results from the complex interplay

of impacts of changing precipitation, temperature, and

CO2 concentration (all of which affect potential ET and

soil moisture—also on nonagricultural areas covered

with PFTs with effects on BW availability), and also

from CFT-specific shifts in growing periods. This clearly

demonstrates that climate change will decrease overall

freshwater resources in many regions, in particular

where changes in GW and BW go into the same di-

rection. The effect of CO2 rise is rather small for both

BW and GW (see Table 2 for the global effect). BW

availability would be slightly lower than indicated in

Figs. 4a and 4d if CO2 concentration was held constant,

due to higher transpiration and lower runoff than under

increasing CO2 concentration (cf. Gerten et al. 2008).

Note that population changes were not considered in

this analysis, but see section 4e for such an analysis and

for probabilities of change given the 17 climate models.

d. Future changes in water requirements for
producing the balanced diet

Climate change by the 2080s (without CO2 effects)

will in many regions increase the water requirements for

producing the balanced diet on present cropland (as il-

lustrated exemplarily for the vegetal part and for the A2

scenario in Fig. 5). This increase is attributable primarily

to the higher evaporative demand induced by the

warming. Additionally, biomass production will proba-

bly decrease in some regions (e.g., due to lower pre-

cipitation), requiring more water for producing the same

amount of biomass and, ultimately, the required calories.

In contrast to these findings, the water requirements are

projected to decrease in parts of Europe, along the

Mediterranean coastline of North Africa, in western
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FIG. 3. GWBW requirements (m3, 1971–2000 average) for producing (a) 1000 kcal of vegetal

food on cropland shown at gridcell level and (b) a daily diet of 3000 kcal with 80% vegetal and

20% animal products shown at country level. (c) Water scarcity defined as the percentage ratio

between GWBW availability (cf. Fig. 2b) and the GWBW requirements for producing a daily

diet of 3000 kcal from Fig. 3b. See text and Fig. 1 for calculation procedure.
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Asia, and in southern Africa, where crop water pro-

ductivity appears to increase. Increases and decreases for

the B1 scenario—not shown here—are slightly less pro-

nounced while exhibiting a spatial pattern similar to that

for A2. See Fader et al. (2010) for individual responses of

crops to changes in climate and CO2, which cannot be

discussed in detail here.

It is important to note that the water requirements will

decrease in most regions (sometimes by .20%) if the

plant responses to the rising CO2 concentration are

FIG. 4. Percent changes (medians across all climate scenarios, including CO2 effects) in blue, green, and total water

availability by the 2080s for B1 and A2 scenarios. Population held constant at year 2000 level (i.e., changes in water

availability are equal to changes in water resources, and imposed only by changes in the climate). Gray colors indicate

changes in the range of 0 6 0.5%.

TABLE 2. Global numbers of people (in million, rounded) living in countries with water scarcity at present and in the 2080s under the B1

and A2 scenarios, both with and without population change. Water scarcity is defined both as the Falkenmark Index (GWBW availability

,1300 cubic meters per capita per year) and as the failure to produce 3000 kilocalories per capita per day with the GWBW resources in

a country (i.e., the new scarcity index developed herein). The values for the future represent the average across the 17 GCM projections

6one standard deviation to represent the variation across models. The population numbers are from the years 2000 and 2085, respectively.

Model period 1971–2000 2070–99 2070–99

Scenario CRU observed B1 A2r

Climate and CO2 change only

Total population 6038 6038 6038

Water-stressed population (availability ,1300 cubic meters per capita per year) 2966 2642 6 596 2555 6 665

Water-stressed population (availability less than requirements) 1671 1624 6 19 972 6 534

Climate and population change only

Total population 6038 7877 11 998

Water-stressed population (availability ,1300 cubic meters per capita per year) 2966 3375 6 34 7786 6 180

Water-stressed population (availability less than requirements) 1671 3640 6 101 6878 6 95

Climate, CO2, and population change

Total population 6038 7877 11 998

Water-stressed population (availability ,1300 cubic meters per capita per year) 2966 3376 6 38 7704 6 148

Water-stressed population (availability less than requirements) 1671 3456 6 75 6100 6 274
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included (data not shown). As discussed below, how-

ever, the CO2 effect simulated by LPJmL is a maximum

effect unlikely to be fully realized under field conditions

(see section 5).

e. Water scarcity under climate and population
change

Figure 6a shows that given the whole spectrum of

GCMs there is a high probability for many countries that

per capita water availability will decline by at least 10%

by the 2080s—this is particularly true for southern Eu-

rope and for northern and southern Africa (see also the

ensemble median in Fig. 4f). However, the majority of

countries in Asia are not projected to experience such

a decline; and only very few countries that are presently

not categorized as water-scarce are projected to become

water-scarce (Fig. 6b). Interestingly, the global number

of people living in countries whose GWBW resources

will not be sufficient for producing 3000 kilocalories per

capita per day—almost 1.7 billion presently—is projected

to change little (in B1) or even to decline (in A2) by the

2080s in response to climate and CO2 change (assuming

present population) (Table 2). This is partly attributable

to the beneficial CO2 effect and partly to regional pre-

cipitation increases.

Given both climate and population change, however,

there is a .90% probability that per capita water

availability will decrease by 10% or more in most

countries but eastern Europe and northern Asia (see

Fig. 6c). Concurrently, countries in Africa, the Near

East, and the Middle East that are presently water-

scarce will remain in this state (cf. Figs. 6d and 3c). In

addition, a number of countries that are presently ca-

pable to produce 3000 kcal day21 for their inhabitants

(e.g., Mali, Mauretania, and Angola) are very likely to

lose this capacity by the 2080s, even though the un-

derlying water requirements will decrease (see, e.g.,

Angola in Fig. 5). In contrast, most countries in the

Americas and also Australia will on average still have

enough green plus blue water resources for producing

the specified diet, even though there is a high risk that

water availability per person will decline by .10% in

FIG. 5. Climate-driven change in water requirements (%, median across all climate scenar-

ios) for producing the vegetal part of the balanced diet on present cropland by the 2080s in the

A2 scenario, shown (a) as country average and (b) at gridcell level, respectively. Effects of

rising CO2 concentration are not considered. Gray colors indicate changes in the range of 0 6

0.5%.
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most of these countries (Fig. 6c). If both climate and

population change are accounted for, the global number

of people living in water-scarce countries will rise to

;3.5 billion (B1) and ;6 billion (A2), respectively,

meaning that the fraction of the global population living

in water-scarce countries will rise from 28% at present

to 43%–50% (A2) in the 2080s (Table 2).

Generally, the number of people living in water-

scarce countries is lower if the new indicator is used

instead of the fixed threshold of 1300 cubic meters per

capita per year. Furthermore, as becomes evident by

a comparison of Figs. 6b,d and 7a,b (also see Table 2),

the effect of rising CO2 concentration is quite small

globally but significant in some countries, particularly in

Africa and South Asia including India. (Figure 7c shows

the effect of a reduced animal share of the required

calorie uptake; see following section.)

f. Effect of the target diets’ animal share

All above analyses are based on the assumption that

the diet of 3000 kilocalories per capita per day contains

20% animal products. Since this diet can be composed of

any meat share from a caloric point of view, we quan-

tified the effect on water scarcity if this share was re-

duced to 10%. The direct comparison of Figs. 7c and 6d

suggests that under this alternative assumption, less

countries will be put at risk of being water-scarce in the

future (e.g., Sudan and Congo will move out of this

category), and for a number of other countries the

likelihood of being water-stressed will decrease (e.g.,

from .90% to ,70% in Egypt).

5. Discussion

This study represents an advancement in the de-

velopment of a freshwater scarcity indicator that con-

sistently compares per capita green and blue water

availability to water requirements for food production,

while considering dynamic changes in water availability

and requirements as simulated by a global ecohydro-

logical model. An application of this indicator demon-

strates that applying a fixed threshold (such as 1300

cubic meters per capita per year; Rockström et al. 2009)

may give a biased view on water constraints to food

production in that it tends to overrate water scarcity (see

Table 2). The reason is that due to differences in crop

water productivity significantly more, or significantly

less, water is actually required in individual regions to

produce a given diet (such as the balanced diet of 3000

kilocalories per capita per day with 80% vegetal prod-

ucts, a benchmark for hunger alleviation).

Another major finding of this study is that water

scarcity will aggravate in many countries, particularly in

large parts of Africa and southwestern Asia. This

worsening will be driven primarily by population growth

and only secondarily by climate change (see Table 2),

which principally agrees with findings from earlier

studies based on blue water only (Vörösmarty et al.

2000; Arnell 2004). Even if GW is considered in addition

to BW, water scarcity is projected to aggravate [as has

already been indicated by Rockström et al. (2009) based

on a limited set of climate and socioeconomic pro-

jections; see also Zehnder (2002) for a similar, albeit

FIG. 6. Likelihood (%) of (a),(c) a reduction of GWBW availability by .10% by the 2080s and (b),(d) being water-

scarce in the 2080s (left) under climate change only (CC; including CO2 effects) and (right) under additional con-

sideration of population change (CCP). Results are presented for the A2r scenario. The likelihoods were derived

from the spread of impacts under all climate models [e.g., 90% means that the given impact occurs in 9 out of 10 (;15

out of 17) climate change projections].

896 J O U R N A L O F H Y D R O M E T E O R O L O G Y VOLUME 12



simpler analysis]. Note, however, that a small part of the

underlying decrease in the GW resource is due to CO2

rise, whose physiological effect decreases transpiration

and whose structural effect increases biomass pro-

duction and yields (Leipprand and Gerten 2006). This

indicates that ET on cropland/grazing land is an am-

biguous proxy for the GW resource, suggesting a worse

water scarcity situation although yields can be increased.

Further studies are required on the definition of the GW

resource consistently with the BW resource—for ex-

ample, by directly including plant water limitation in the

indicator (Gerten et al. 2007; Rost et al. 2009)—and the

sensitivity of results to these definitions. Also note that

potential future land use changes and their effects on

GW resources were not considered in this study. For

example, the GW resource will be higher in countries

where cropland or grazing land will be expanded in the

future (e.g., as an option to adapt to the water shortage

on present agricultural land). Such land use changes will

affect the BW resource as well, usually by an increase in

runoff (e.g., Gerten et al. 2008).

As discussed above, the present results include the

beneficial ‘‘more crop per drop’’ effect of rising CO2

concentration, which is a direct consequence of the

higher CWP especially of C3 crops. However, the model

used here implicitly assumes the absence of nutrient

limitation—hence, the simulated CO2 effect is at

a maximum that is unlikely to be realized especially in

low-managed systems, unless comprehensive measures

are taken to surmount nutrient limitations and other

limiting factors such as pests and diseases. Moreover,

crops grown under higher CO2 concentration may have

a lower quality as food (e.g., Bloom et al. 2010), which

would increase the amount of water needed to produce

the required calories. Conversely, improved water and

soil management in irrigated and rain-fed systems—for

example, increases in the fraction of productive transpi-

ration by reducing soil evaporation, or crop breeding—

could augment CWP more than projected here [see Rost

et al. (2009) for a global quantification of such manage-

ment changes]. A caveat of this study is that crop man-

agement is held constant for the future; anticipated

management changes will have to be incorporated into an

upcoming version of the LPJmL model. Effects of theo-

retical management improvements in relation to effects

of climate change are being analyzed in an ongoing study

(J. Heinke 2011, personal communication).

In general, the GWBW availability found herein is

somewhat lower compared to the findings by Rockström

et al. (2009; see their Fig. 7a). This may be partly at-

tributable to differences in the climate and land use

datasets used, but the prime reason is that the BW and

the GW resources were defined more conservatively

in this study [Rockström et al. (2009) reduced the BW

resource by only 30% and accounted for 100% of year-

round ET from grazing land]. Similar to the above dis-

cussion on GW, this points to the fact that the exact

definition of BW (including the proportion that is ac-

tually accessible after subtraction of, e.g., environmental

flows and high flows)—and also the spatial scale at which

water availability and population are compared (see

Vörösmarty et al. 2000)—co-determine whether a re-

gion or country is classified as being water-scarce.

Moreover, possible water scarcity at subnational scale

FIG. 7. Sensitivity analysis of the results shown in Figs. 6b and 6d regarding the likelihood of countries to be water-

scarce in the 2080s: (a) only climate change with CO2 effect excluded; (b) both population and climate change with

CO2 effect excluded; and (c) population, climate, and CO2 change while assuming a halved calorie share from animal

products only. Details are as in Fig. 6.
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and in individual years and/or seasons is masked by the

long-term annual averages presented in this study.

Further systematic investigations will have to be made at

various temporal and spatial resolutions (e.g., focused

on impacts of dry spells and droughts due to increasing

climate variability and extremes), with variants of defi-

nitions of the GW and BW resource, and with different

assumptions about the scale at which the food is dis-

tributed.

The focus of the water scarcity indicator developed

here is on water (available on present cropland) for food

self-sufficiency of countries (as in Rockström et al. 2007,

2009), assuming that people’s diets are based only on

domestically produced vegetal and animal commodities.

Therefore, an imperative next step toward a more

complete account of water limitations to food security

will be to consider the income levels (affecting the ca-

pacity to implement water-saving technologies, the food

demand/diet composition, etc.), different compositions

of the target diet, and the origin of the consumed

products if there is no food self-sufficiency and countries

import food from other countries. Effects of a different

share of vegetal and animal products were quantified in

this study (Fig. 7), indicating that eating fewer animal

products eases the water scarcity situation. This pre-

liminary result should be regarded as a sensitivity anal-

ysis rather than a projection, because (i) it is simply

assumed here that eight times more water is needed to

produce animal calories than to produce vegetal food

(while in reality this value differs among production

systems), (ii) water consumption in the livestock sector

is treated crudely in the present analysis, and (iii) meat

consumption and related feedstuff production probably

will increase significantly in a number of countries (e.g.,

due to urbanization processes). The 20% share of ani-

mal products assumed in this study implies such an in-

crease in, for instance, African countries (where the

present share is ,10%) but a decrease in the United

States and Europe (presently 25%–30%; see, e.g.,

Rockström et al. 2005).

These research tasks will require a more detailed

account of the water requirements for livestock

products (e.g., by considering livestock feed baskets)

and ultimately an integration of virtual water trade

(see, e.g., Chapagain and Hoekstra 2008) by ac-

counting for the actual and potential future global

pattern of production and consumption of agricultural

products together with the underlying green and blue

freshwater resources. Nonetheless, this study repre-

sents a major step toward a more comprehensive and

spatially explicit assessment of the water needs and

limitations for producing the food (calories) for

a growing world population.
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Water resources are subject to and an integral part of global

change and globalization. Interdependencies of water

resources with other ecological and social systems exist at all

spatial scales. They can expose water resources to exogenous

pressures originating in other regions and/or sectors

(‘teleconnections’). Non-linear responses to these pressures

can disturb the hydrology of ecosystems or whole regions and

pose threats to water security and water-related goods and

services.Water management and governance have not yet

adapted to these cross-scale and cross-sectoral

interdependencies and their dynamics and associated

uncertainties. This paper highlights some key biophysical,

socio-economic and institutional teleconnections in the

global water system, such as those driven by atmospheric

circulations and virtual water trade, and it outlines integrated

and adaptive management and governance strategies. Water

has to be recognized by a wide range of sectors and actors as

a driver of change and, at the same time, impacted by these

changes. Water needs have to be addressed consistently in

climate, energy, trade, agricultural, development and other

policies at all scales.
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Introduction—globalization of water
resources
Water resources and their management have so far mostly

been addressed at a local to basin scale. It has only

recently been recognized that water resources are both

subject to and an integral part of global change and

globalization. The concept of a global water system1 with

interdependent social and ecological components has

recently been established [1–4].

Modifications of the global water system are, for example,

driven by landuse, water withdrawals, pollution, eutro-

phication and climate change. The underlying drivers

include population growth, economic development and

globalization, and changes in consumption patterns and

diets. An example of the global dimension of anthropo-

genic modifications is the total consumptive water use in

rainfed and irrigated crop production, which cumulatively

amounts to some 7000 km3 yr�1. When including perma-

nent grazing land, total evapotranspiration for food pro-

duction reaches 15–20 000 km3 yr�1 [5]. To put this into

perspective, this amount equals almost half of total world-

wide river runoff. Given the current level of water pro-

ductivity and access to food, an additional 5000 km3 yr�1

will be required to produce all the food needed by 2050

[6]. Additional appropriation of water for biofuel pro-

duction could be in the same order of magnitude as for

food production [7]. Large dams and their reservoirs

currently hold about 8300 km3 of water [8] and total water

withdrawals reach 4000 km3 yr�1, while conversion of

natural ecosystems to cropland has increased global runoff

by almost 2000 km3 yr�1 [9].

Another mechanism, which interferes with the water

system at a global scale, is anthropogenic CO2 emissions.

These emissions have resulted in warmer temperatures

and have set the world’s climate on a new trajectory with

reduced water availability in many low to mid-latitude

drylands, higher rainfall variability, more extreme

droughts and floods, sea level rise etc [10–12].

The cumulative effects of local modifications of the water

system, together with the pressures from a globalizing

economy and global climate change, have pushed many

people (about 1–3 billion depending on the threshold

applied) into water scarcity [13–16]. Many regions and

basins have surpassed ‘Peak Water’2 in the sense that

human withdrawals have increased beyond the level that

ecosystems can sustain without significant deterioration

[17]. Resulting changes in ecosystem services cumulat-

ively feedback to the Earth System, with, for example,

changes in carbon sequestration, climate regulation or

biodiversity.

1 The global water system is defined here as ‘the global suite of water-

related human, physical, biological, and biogeochemical components

and their interactions’ or as a coupled social–ecological system [3].

2 ‘Peak water’ indicates the possibility of reaching maximum avail-

ability or maximum human use of freshwater, used analogously to ‘Peak

Oil’, which refers to the point in time when maximum oil production is

reached [17].
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Individual aspects of the global water system have been

addressed in recent assessments [18–21] but the complex

interdependencies and increasing connectivities of its

different components and with other parts of the

human–environment system are far from understood.

New concepts, modeling tools and scenarios are now

beginning to integrate across sectors, scales and regions,

when assessing, for example, water-related carrying

capacities or the potential for sustainably increasing water

(and land) productivity for food and bioenergy production

and other ecosystem services [5].

Water management and governance3 yet have to catch up

with the scientific advances in understanding the inter-

dependencies and dynamics of the global water system.

Building resilience to cope with all these changes will

require new adaptive approaches to water governance

[22]. Functional and (natural and social) spatial interde-

pendencies pose difficult challenges for global govern-

ance [23]. This paper highlights some of the spatial

interdependencies in the global water system. They have,

owing to their long-distance nature, also been termed

‘teleconnections’.4 The characteristics of such telecon-

nections will set the stage for generic principles for

integrated and adaptive management and governance

across scales and sectors. These will be derived and

discussed.

Teleconnections in the global water system
Within the global water system, a number of biophysical,

socio-economic and institutional teleconnections exist.

These teleconnections link causes and effects on water

resources over long distances and may result in severe

disturbance or even breakdown of water-dependent

social–ecological systems. But they may also help to

restore degraded systems. Some of these teleconnections

and their characteristics are described below.

Biophysical teleconnections: The atmosphere integrates

the effects of human activities and connects them to

impacts on water resources across regions. Two examples

illustrate this type of biophysical teleconnection:

(a) Rapid irrigation development in India, mostly

groundwater-based (withdrawals have increased

113-fold between 1950 and 1985) has increased

evapotranspiration by about 340 km3 yr�1 or 17%

above pre-industrial levels (55% in the dry season).

The subsequent changes in mesoscale atmospheric

circulations could destabilize the region’s monsoon

system [24,25], upon which hundreds of millions of

people depend for their water supply. From this

destabilization atmospheric teleconnections along

the global monsoon systems were postulated [26].

A few recent studies show that such teleconnections

indeed exist between the Indian and African

monsoon systems. The mechanism involves the

stimulation of an atmospheric circulation over north-

ern India that can propagate westward towards North

Africa (e.g. [27]). Hence intensification of water use in

India may eventually affect water, food and environ-

mental security in parts of Africa.

(b) Rapid deforestation in Amazonia (recently up to

25 000 km2 yr�1), primarily for agriculture, has chan-

ged the partitioning of precipitation towards less

evapotranspiration and, as a consequence, more

runoff. This shift is caused by a reduction in leaf

area, height, roughness, and rooting depth of agricul-

tural vegetation compared with the original rain-

forest. This primary effect has increased river

discharge by about 25% over the past few decades,

as observed in the Amazonian sub-basins Tocantins

and Araguaia [28]. But modeling studies also show a

secondary effect with potential long-distance tele-

connections. When deforested areas cumulatively

grow beyond a certain size, then decreasing atmos-

pheric moisture and reduced water recycling can dry

up a larger region, possibly the whole Amazon forest

[28,29]. Such a positive feedback loop of less forest

cover resulting in less evapotranspiration, less

precipitation, reduced water availability and dieback

of the remaining forest, can eventually extend far

beyond the area of deforestation and have far

reaching effects. This could, for example, result in

reduced atmospheric moisture supply for the La Plata

basin [30]. Hence intensification of landuse in

Amazonia may eventually affect water, food and

environmental security in other parts of South

America and possibly beyond.

Socio-economic teleconnections: Amazonian deforesta-

tion and the associated hydrological impacts within and

beyond the region, are largely driven by another type of

teleconnection, originating from economic globalization

and agricultural trade.

Brazil’s meat exports, which involve about 10 tons of

virtual water5 export per ton of meat, and soybean exports

have grown by about 15% annually for the past 15 years

[31]. China recently has become the largest importer of
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3 Water governance here used as ‘the range of political, social,

economic, and administrative systems that are in place to regulate

the development and management of water resources and provision

of water services at different levels of society’—so water governance

provides the framework in which water management takes place.
4 A teleconnection is understood here a cause-and-effect chain that

operates through several intermediate steps and leads to unexpected

linkages [1].

5 Virtual water is the amount of water required to produce a certain

commodity, in particular a crop or livestock, which is virtually

embedded and traded with the respective agricultural commodity. This

amount of water is saved by the importing country when it does not

produce these goods locally.
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Brazilian soybean (imports growing by about 20% per

year). This externally driven resource exploitation may

further accelerate, especially as foreign investors now

begin to purchase land in Amazonia for soy production,

avoiding the volatility of international commodity mar-

kets (This is termed ‘land grabbing’ by von Braun and

Meinzen-Dick [32]). Furthermore, increasing domestic

and international demand for biofuel from, in particular,

sugarcane competes with soybean for land in other parts

of Brazil, pushing even more soybean production into

Amazonia [33]. The effects of such global market chains,

trade and foreign investments or ‘land grabbing’ on local

to regional water systems have not been addressed in

any international trade regimes or other international

regulations.

In the case of Brazil, the overexploitation and degra-

dation of water resources and ecosystems is linked to

China’s increasing food and fodder imports. Through

these imports, China externalizes more of its growing

water demand, which is driven in particular by changing

diets (i.e. more meat and dairy products) in conjunction

with higher income. China’s per capita water demand

for food increased from about 250 to 860 m3 yr�1 be-

tween 1961 and 2003 [34]. At the same time, industri-

alization, urbanization and afforestation programs have

reduced the available cropland in China and there is

thus also less soil water directly from precipitation

(‘green water’)6 available for food production. This

increases the demand for irrigation water (‘blue

water’)7—a demand that can no longer be met domes-

tically, given the existing overexploitation of water

resources and competing urban and industrial demands.

Lester Brown concluded as early as 1995 that ‘massive

grain deficits lie ahead of China’ so ‘it will inevitably

be forced to import heavily to satisfy future food

demand’ [35]. China’s accession to the World Trade

Organization (WTO) in 2001 may have provided an

important impetus for increasing imports, as indicated

by the increasing soybean imports immediately after

2001 [36].

Other water scarce countries, in, for example, the Middle

East–North Africa (MENA) region, also increasingly rely

on external water resources for their food (and possibly

also future biofuel) supply [37,38]. Large amounts of

virtual water are traded with agricultural commodities

throughout the world. Already now, 2.3 billion people

would suffer from water scarcity (assuming a green-blue

water scarcity threshold of 1300 m3 yr�1 cap�1) if food

self sufficiency had to be achieved at a country level [39].

This actually means that their water and food security

depends on virtual water imports (besides a number

of other factors). Globally, virtual water trade saves

300–450 km3 yr�1 [40–42], by substituting local food

production with less water-intensive production in other

regions. 16% of global water consumption is included as

virtual water in exported food, and the exports of virtual

water from the US to southeast Asia alone amount

to some 80 km3 yr�1. This globalization of water also

externalizes resource depletion and degradation to other

regions, e.g. the decrease of the Ogallala Aquifer

beneath the Great Plains in the United States or the

Aral Sea in central Asia. About 20% of the drying up

of the Aral Sea has been attributed to water abstractions

for the EU’s cotton imports from former Soviet Union

[40].

Institutional teleconnections: Water-relevant institutions

and policies present yet another type of teleconnections

that impact local water resources across long distances.

Besides the global effects of trade and trade regimes, also

international conventions (e.g. the Clean Development

Mechanism of the Climate Convention) and develop-

ment programs can significantly impact local water

resources through externally driven (and funded) activi-

ties. Water-intensive afforestations and carbon sequestra-

tion schemes may have resulted in water scarcity in some

regions [43,44]. International development projects may

have been one of the positive drivers of change, for

example in the recent greening of the Sahel, where

vegetation and water (precipitation) seem to augment

each other in a positive feedback loop. Similarly, the

‘Great Green Wall Initiative’ for the Sahel [45], which

is promoted by a number of international institutions,

may result in exogenously driven water and vegetation

responses.

Managing global water resources
While the dynamics of global water system with its

interdependencies and teleconnections are not fully

understood yet, some key mechanisms have been ident-

ified that can guide the management of global water

resources across international boundaries. Conventional

water management strategies alone cannot cope with

these complex interdependencies and teleconnections.

Integrated approaches, institutional changes and inter-

ventions across sectors and scales (i.e. horizontal and

vertical integration) will be required.

First, a paradigm shift is required in water management

itself. Inclusion of the full water resource instead of only

blue water (the water in rivers, lakes and groundwater) is

urgently needed. Green water (i.e. soil water directly from

precipitation) plays a central role in supporting humans,

ecosystems and ecosystem services (c.f. the15–
20 000 km3 yr�1 green plus blue evapotranspiration in

food production versus 1400 km3 yr�1 consumptive irri-

gation blue water use discussed earlier). Green and blue
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6 Green water: soil water held in the unsaturated zone, formed by

precipitation and available to plants.
7 Blue water: water in rivers, lakes, wetlands and aquifers, which can

be withdrawn for irrigation and other human uses.
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water together create the ‘bloodstream of the biosphere’

[46]. In return ecosystems regulate the hydrological cycle,

acting as a ‘natural water infrastructure’ [47]. Both the

productivity of green water and stable blue water avail-

ability (across regions) can be improved significantly

through better ecosystem (including land) management

and planning. Hence, the conventional water manage-

ment approach needs to be widened to become Inte-

grated Water and Land Resource Management (i.e.

from IWRM to IWLRM) at local to regional scales

[44,48], exploiting the full spectrum of green and blue

water management measures. This is particularly

important for the dryland regions because of their

vulnerable water supply due to variable rainfall and

drought conditions. In situations of extreme water scar-

city, where such an integrated management approach is

still not sufficient, these regions could be supported

through additional virtual water from regions with a

ample water supply.

Second, climate protection is essential given the negative

impacts of climate change on water systems, such as

regional reductions in rainfall, increasing variability and

extremes, and the subsequent uncertainties in water

management [12]. Climate change mitigation measures,

such as carbon sequestration and biofuel plantations, can

limit some of these impacts. However, tradeoffs have to

be assessed, for example when determining the depen-

dence and effects on water resources of mitigation

measures [7]. These mitigation measures may be so

water-intensive that they cannot be sustained in some

regions under a future drier climate [49]. Another

example of current lack of integration between climate

adaptation and mitigation is desalination (with a pro-

jected global growth rates of about 10% per year [50]).

Its dependence on fossil fuels contributes to additional

climate change. Climate protection targets and nego-

tiations also need to take into account water-related

impacts, considering the above mentioned teleconnec-

tions and their underlying drivers.

Third, recent globalization trends have increased the

vulnerability of water systems. Therefore, a more sus-
tainable trade strategy must be developed and imple-

mented to reduce its negative impacts on water systems.

To achieve this, local, national and international adap-

tation measures and policies need to be further inte-

grated. Locally, minimum water (and land) rights for

the local population and environmental flow require-

ments must gain priority over water allocations for export

production. Nationally, coordination across different sec-

tors and institutions (in particular water, environment,

agriculture, trade) can protect water resources. Interna-

tionally, consumers, producers and institutions (such as

WTO) need to be informed (e.g. through labeling) about

the water intensities and sustainability of water use of

different commodities from specific regions and resulting

water footprints.8 Growing awareness, less water-inten-

sive consumption patterns and diets (in particular less

meat) and improved efficiency along the supply chain can

reduce virtual water imports and their negative impacts in

the exporting region. Financial instruments such as trad-

able certificates or taxes – eventually paid for by the

customers of water-intensive products – as currently dis-

cussed for the global common goods climate and atmos-

phere may also be applicable in modified form for water

[51]. As in the case of CO2, border tax adjustments would

force countries to take external water scarcities into

account. The revenues generated from these instruments,

when applied to virtual water trade, could be used to

protect or rehabilitate water resources.

Virtual water trade can become a tool for adapting to

increasing water scarcity. This however would require

prices of agricultural commodities and (irrigation) water

to reflect water scarcity, which is currently not the case in

most countries. Prices become distorted because of var-

ious agricultural subsidies (e.g. irrigation subsidies that

are not yet coupled to sustainable water use), policies (e.g.

food self sufficiency) and institutional shortcomings (e.g.

the disconnect between economic and environmental

goals). Virtual water trade in some cases even exacerbates

water stress. Examples include the high (blue) virtual

water exports from South Asia [52] or the need for long-

distance water transfers (another type of teleconnection)

within China and India. Such transfers of real water

compensate for virtual water transfers from drier to wetter

regions. For example, China is transferring virtual water

from the dry north to the wet south in the same order of

magnitude as the projected real water transfers in the

opposite direction through the South–North Water

Transfer project [53]. India’s wet east is a net importer

of virtual water from the drier rest of the country, while

the proposed National River Linking Program would

transfer similar amounts of real water in the opposite

direction [54].

With integrated policies across scales and sectors, trade

could be a problem solver instead of a source of water-

related problems.

Conclusions—bridging science and global
water management
Science is providing growing evidence that anthropogenic

modifications of the water system are now global in

extent, and water management and other activities in

one region may have far-reaching consequences in the

global water system. Policy and decision making at all
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8 Water footprint: the water footprint of a person or group of persons

or country is defined as the volume of water needed for the production of

the goods and services consumed by them. Internal footprints refer to

domestic water use, external footprints to water used in other countries

for goods and services imported [40].
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scales should take these interdependencies and extern-

alities into account. The management of water resources

needs to be informed by integrated assessments across

scales, for example, in terms of future water limitations,

and (aggregate) effects and teleconnections of interven-

tions, such as deforestation, afforestation or irrigation.

International trade and foreign investments need to take

into account their effects on water resources across regions.

This means that there is a need for coherence (consistency

and coordination) in water-related management and gov-

ernance, across scales, sectors, and institutions.

Coherence across scales: Water management is currently

mostly taking place at a local to basin scale and water

governance at the national scale. In the future, water

management should be coherently addressed by local

action, such as land and water use, national policies, such

as agricultural or export subsidies, and international

agreements, such as protocols to the climate convention

or trade regimes, in order to achieve ‘vertical integration

of governance systems across levels’ [23]. Increasing

attention also needs to be paid to the subsidiarity prin-

ciple, which ensures that decisions are taken as closely as

possible to individual citizens. Adhering to this principle

will facilitate the necessary networks and cooperation and

increase the sharing of benefits across scales [55].

Coherence across sectors: Water will have to become a

priority issue in land management and planning, environ-

ment, agriculture, trade, energy and development. Coor-

dinated policy making across sectors is an appropriate

response to the complex interdependencies and uncer-

tainties in water systems [22]. Official development

assistance, for example, may support sustainable water

use in some countries more effectively than trade restric-

tions or even boycotts of imported water-intensive pro-

ducts from these countries. Institutional arrangements are

required that facilitate the coproduction, translation and

negotiation of knowledge across different levels [56].

Coherence across institutions: A wide range of institu-

tions and policies implicitly deal with and affect water

resources across scales and sectors, and hence need to be

coordinated along jointly defined water management and

governance objectives, possibly in nested institutional

arrangements [56]. For example, national climate adap-

tation, mitigation and energy policies and regional

policies, like EU’s Common Agricultural Policy or its

biofuel target (i.e. 10% by 2020), UN conventions and

international organizations (e.g. WTO and the World

Bank) are closely interlinked with water resources. There

are also a number of other global water institutions,

including several UN organizations (now under the

umbrella of UN Water), NGOs, transnational water com-

panies etc, but none of them addresses the challenges to

global water resources, as described in this paper, in a

systematic and integrated way. Funding for global water

management and governance (such as the Global

Environmental Facility, which is limited to transbound-

ary waters) also remains fragmented and lacks coherence.

So, there is a need to coherently address management and

development of water resources across institutions.

Economic incentives, which often are an effective means

to achieve the required changes, can be applied across

scales, sectors and institutions in the water system. Pay-

ments for environmental services have locally been

employed to protect water (and other natural) resources

[57]. National water markets, such as those in Australia, can

increase water productivity and reduce negative external-

ities. Globally, financial incentives, such as tradable per-

mits, may be expanded to water and virtual water trade.

Any of these measures or strategies, however, must be

based on solid scientific knowledge, in order to avoid

unwanted side effects or mal-adaptation. Research on the

dynamics and interdependencies of the biophysical and

socio-economic components of water systems across

scales, as well as on multi-level and nested institutional

responses, needs to support the management and govern-

ance of global water resources towards water security,

equity and sustainability.
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Abstract. It is well known that rivers connect upstream
and downstream ecosystems within watersheds. Here we de-
scribe the concept of precipitationsheds to show how upwind
terrestrial evaporation source areas contribute moisture for
precipitation to downwind sink regions. We illustrate the im-
portance of upwind land cover in precipitationsheds to sus-
tain precipitation in critically water stressed downwind ar-
eas, specifically dryland agricultural areas. We first iden-
tify seven regions where rainfed agriculture is particularly
vulnerable to reductions in precipitation, and then map their
precipitationsheds. We then develop a framework for quali-
tatively assessing the vulnerability of precipitation for these
seven agricultural regions. We illustrate that the sink regions
have varying degrees of vulnerability to changes in upwind
evaporation rates depending on the extent of the precipita-
tionshed, source region land use intensity and expected land
cover changes in the source region.

1 Introduction

Surface watersheds, delineated by topography, are consid-
ered the physical boundary for managing surface water re-
sources, including the management of upstream activities
that influence downstream water flows (e.g. Rockström et
al., 2009). Spatial boundaries for the origin of precipita-
tion have been suggested in previous work (e.g. Dirmeyer
and Brubaker, 2007; Dirmeyer et al., 2009), and recently the

importance of terrestrial evaporation has been identified as
a significant source of precipitation for some areas globally
(e.g. van der Ent et al., 2010). Additionally, recent analy-
ses of land cover changes indicate that human-induced land
cover changes can significantly alter the volume of evapo-
rated moisture in the atmosphere (e.g. Boucher et al., 2004;
Gordon et al., 2005; Rost et al., 2008). We integrate these
breakthroughs into the concept of the precipitationshed, de-
fined as the upwind atmosphere and surface that contributes
evaporation to a specific location’s precipitation (e.g. rain-
fall). We apply the precipitationshed as a tool for better un-
derstanding the vulnerability of rainfall dependent regions
(e.g. dryland rainfed agriculture).

The paper is organized as follows. First, we explore the
specific developments in the understanding of moisture re-
cycling and the importance of rainfed agriculture, which led
to the development of the precipitationshed concept. Sec-
ond, we describe the data and methods used to identify
critical precipitation sink regions and the precipitationsheds
for those sink regions. Third, we examine the land cover
found within each precipitationshed and how these contribute
through evaporation to downwind precipitation and how that
contribution might change with land cover changes. Finally,
we describe future research needs to further develop and ap-
ply the precipitationsheds concept.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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2 Background

2.1 Rainfed agriculture

Throughout the world, humans depend on precipitation for
a variety of ecosystem services (Millennium Ecosystem As-
sessment, 2005). One of the most crucial, yet vulnerable,
ecosystem services is food production generated from rain-
fed agriculture in drylands. Rainfed agriculture in drylands
constitutes the dominant livelihood for about 500 million
people, or 8 % of the world’s population, many of whom
live in persistent poverty (Rockstr̈om and Karlberg, 2009).
Furthermore, drylands are characterized by extreme precipi-
tation variability and low soil fertility (Reynolds et al., 2007),
creating additional challenges for sustainable livelihoods.
Securing and even improving water availability for current
and future food production in these regions is imperative for
food security and economic development (Rockstr̈om et al.,
2009). However, improvements in food production through
irrigation are limited in these regions since surface water
(i.e. water in aquifers, lakes and streams) is scarce and can
only be made productive in societies with access to, or means
to develop, irrigation infrastructure (Molden, 2007). Future
increases in food production must thus primarily come from
rainfed agriculture that relies on soil moisture (replenished
by precipitation) (e.g. Savenije, 2000; Molden, 2007; Rock-
ström et al., 2009; Foley et al., 2011).

2.2 Moisture recycling

In general, precipitation originates as evaporation from the
oceans or as recycled moisture from terrestrial surfaces
(van der Ent et al., 2010). External forcings and climate feed-
backs (e.g. solar radiation, aerosols and greenhouse gasses)
influence sea surface temperature, and thus largely determine
ocean evaporation (Soden and Held, 2006). Terrestrial evap-
oration on the other hand, though in part influenced by cli-
mate (Bichet et al., 2011), is strongly influenced by terres-
trial vegetation (Gerten et al., 2004; Gordon et al., 2005;
Rost et al., 2008), which itself also has bi-directional feed-
backs with the climate system (Feddes et al., 2001; Mill án
et al., 2005; Li et al., 2007; Pielke Sr et al., 2007; Pitman
et al., 2009; Kochendorfer and Raḿırez, 2010; Dallmeyer
and Claussen, 2011).

The study of moisture recycling, the process by which sur-
face evaporation returns to the land surface as precipitation
(e.g. Budyko, 1974; Lettau et al., 1979; Koster et al., 1986;
Brubaker et al., 1993; Eltahir and Bras, 1994; Savenije,
1995), can be useful in quantifying to what extent precip-
itation is dependent on local (versus external) or terrestrial
(versus oceanic) evaporation and thus helps assess the vul-
nerability of a region to local or external land cover changes
(Lettau et al., 1979; Savenije, 1995; Kunstmann and Jung,
2007; Hossain et al., 2009; Jódar et al., 2010). In fact, re-
cent studies show that large regions of Earth’s terrestrial sur-

face receive the majority of atmospheric moisture for precip-
itation from upwind, terrestrial evaporation (e.g. Numaguti,
1999; Bosilovich and Chern, 2006; Dirmeyer and Brubaker,
2007; Dominguez and Kumar, 2008; Dirmeyer et al., 2009;
van der Ent et al., 2010). This suggests that terrestrial veg-
etation, and its associated evaporation, is a critical factor for
downwind precipitation. Indeed, humans have already al-
tered regional and global evaporation through land use and
land cover change (Gordon et al., 2005; Rost et al., 2008)
leading to regional and global impacts to the climate and
the hydrological cycle (Boucher et al., 2004; Feddema et al.,
2005; Pielke Sr et al., 2007). Although moisture recycling
can be local, it often connects geographically separate re-
gions with bridges of atmospheric moisture transport, link-
ing upwind evaporation sources with downwind precipita-
tion sinks (e.g. Bosilovich and Chern, 2006; Dirmeyer er al.,
2009; van der Ent et al., 2010).

2.3 The precipitationshed

The concept of the precipitationshed can be thought of as an
“atmospheric watershed”. The precipitationshed is for pre-
cipitation dependent ecosystems what the surface watershed
is for surface water dependent ecosystems (Fig.1), and it is
defined as the upwind atmosphere and upwind terrestrial land
surface that contributes evaporation to a specific location’s
precipitation (e.g. rainfall). In this paper we use the concep-
tual framework of precipitationsheds to illustrate how land
cover change in one region could affect evaporation, and thus
precipitation, in a geographically separate region. An impor-
tant distinction is that precipitationshed boundaries are not
deterministic (as with a watershed) but probabilistic. In other
words, they do not have fixed and deterministic boundaries,
but depend rather on a threshold of contribution, on the pe-
riod of integration, and the moment in time. Understanding
the connection between upwind land cover and downwind
precipitation may help to identify both risks and opportuni-
ties associated with land cover changes. This is particularly
relevant for societies based on rainfed agriculture, because
they already operate at the margins of productivity, so even a
small decline in precipitation could have disproportionately
large consequences for agricultural yields (Rockstr̈om et al.,
2009).

3 Data and methods

Specific sink regions were required to empirically explore the
precipitationsheds concept. Our aim is to identify regions
that (1) are located in drylands, (2) contain a high percent-
age of rainfed cereal-grain agricultural land (growing maize,
millet, and/or sorghum), and (3) receive greater than 50 %
of the growing season precipitation from upwind, terrestrial
evaporation. We use data derived from global datasets (arid-
ity, rainfed crop production, atmospheric data, Anthromes,
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Fig. 1. Conceptual image of a precipitationshed, with precipitation in the sink region originating from both terrestrial and oceanic sources
of evaporation.

population), and the results and conclusions are thus limited
by the various resolutions of the data (ranging from 1.5 de-
grees for the ERA Interim data, to 5 arc min for the rainfed
cereal data). The reliability of these datasets is considered
high, based on their current widespread use in the relevant
fields.

3.1 Dryland classifications

We are interested in drylands where water is a limiting factor
for agricultural production. Here we use a broad definition
of these regions, building onRockstr̈om and Karlberg’s 2009
use of the FAO-developed Aridity Index (AI):

AI =
P

Ep
(1)

whereAI is the aridity index,P is precipitation, andEp is
potential evaporation (Rockstr̈om and Karlberg, 2009). The
AI was produced as a global dataset at the 30 arc min reso-
lution, derived from measurements of reference evaporation
using the Penman-Monteith equation (Allen et al., 1998),
and climate variables from the CRU CL 2.0 dataset (New
et al., 2002). Rockstr̈om and Karlberg(2009) reclassified the
global dataset into four categories; arid (AI ≤0.20); semi-arid
(AI 0.20 to≤0.50); dry-subhumid (AI 0.50 to≤0.65), and
humid (AI≥0.65). Using these classified areas, we catego-
rize arid and semi-arid as water-constrained, and it is found
that 50 % of the earths terrestrial land surface falls in this
category.

3.2 Rainfed cereal data

Global food production has been quantified and gridded with
increasing accuracy and resolution over the last decade (e.g.

Ramankutty and Foley, 1998; Ramankutty et al., 2008; Mon-
freda et al., 2008; Thenkabail et al., 2009; Portmann et al.,
2010). Major efforts to utilize fine scale resolution satellite
data have yielded detailed global land cover maps, includ-
ing both irrigated and rainfed croplands.Ramankutty et al.
(2008) andMonfreda et al.(2008) have produced a fine res-
olution, spatially explicit, agriculture dataset that provides
specific cropping calendars for individual grid cells.Port-
mann et al.(2010) developed the Monthly Irrigated and Rain-
fed Crop Areas around the year 2000 (MIRCA2000) dataset
which was built largely upon the dataset produced byRa-
mankutty et al.(2008) andMonfreda et al.(2008). There are
several datasets available within the MIRCA2000 package,
but this analysis requires several specific factors: area har-
vested for rainfed agriculture, growing season months, and
crop types. Out of the available MIRCA2000 datasets, the
cropping period list (CPL) dataset is most suitable for this
research.

The CPL dataset was produced at a fine resolution
(5 arc min) and differentiated between rainfed and irrigated
cultivation. The dataset includes 26 crop types, with up to six
subcrops of a given crop type; subcrops being defined as the
same crop planted during different growing seasons through-
out the planting year. Finally, the dataset includes the area
harvested and the specific monthly bounds for the growing
season, for each crop.

Dryland cereals were chosen as the target crops for this
analysis because they are the staples for many rainfed, small-
holder farms. Maize, millet, and sorghum were selected be-
cause they share a similar growing season, whereas wheat
was found to have a very different growing season. This
growing season information was critical as this research aims
to understand the specific growing season moisture recycling
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characteristics, not annual averages. Additional information
on the datasets available in the MIRCA2000 dataset may be
found in the online MIRCA2000 data portal; the link to the
data portal is given in the references (Portmann et al., 2010).

3.3 Sources of the growing season precipitation

Followingvan der Ent et al.(2010), the continental precipita-
tion recycling ratioρc (also referred to as the moisture recy-
cling ratio, or recycling ratio) indicates which fraction of the
precipitation originates from terrestrial evaporation sources:

ρc =
Pc

Po +Pc

=
Pc

P
(2)

wherePc is precipitation of continental origin (i.e. most re-
cently evaporated from a terrestrial source), andPo is precip-
itation of oceanic origin (i.e. most recently evaporated from
an oceanic source). In this paper we use the water accounting
model (WAM) ofvan der Ent et al.(2010) to computeρc for
the growing season.

The meteorological input data for the WAM are taken from
the ERA-Interim Reanalysis (Berrisford et al., 2009; Dee
et al., 2011). We use precipitation and evaporation (3 h in-
tervals), as well as: specific humidity, zonal and meridional
wind speed at the lowest 24 pressure levels (175–1000 hPa,
hectopascals), and surface pressure (6 hour intervals) in or-
der to calculate the vertically integrated, horizontal moisture
fluxes and precipitable water. All meteorological data are
available at a 1.5◦ latitude× 1.5◦ longitude grid. The data
used in this analysis cover the period from 1999 to 2008.

Limitations associated with vertically integrating moisture
fluxes may include potential distortions in areas where there
is large heterogeneity in the atmospheric column. For ex-
ample, in West Africa, there can be near surface dynamics
related to the Intertropical Convergence Zone (ITCZ), while
the high altitude dynamics, such as the African or Tropi-
cal Easterly Jet, move in a different direction. However, as
demonstrated by van der Ent et al. (2010), the large-scale
features of regional and global moisture fluxes are preserved.
We refer tovan der Ent et al.(2010) and van der Ent and
Savenije(2011) for further details on assumptions and limi-
tations.

3.4 Precipitationshed backtracking analysis

In order to calculate the precipitationshed for a sink region
(Fig. 1), we adapt the Water Accounting Model (WAM) of
van der Ent et al.(2010), which allows for the backtracking
of precipitation from a specific sink region in order to iden-
tify the sink’s evaporative sources. For the adapted WAM-
based backtracking method, it holds that:

P�(t,x�,y�,A�,ς�) =

p∫
i=0

m∫
j=0

E�(t,xi,yi), (3)

whereP� is the precipitation in the sink region� (defined by
longitudex�, latitudey�, surface areaA� and a shapeς�).
Specifically, we calculated for each grid cell the amount of
evaporationE� going to the sink region�, meaning that it
travels through the atmosphere to end as precipitationP� in
the sink region�. IntegratingE� over all grid cells, whereby
i andj are the indices of the cells andp andm are the num-
bers of grid cells respectively along a parallel and a meridian
it holds for the growing seasont that the precipitation in the
sink region is equal to all evaporation that comes to the sink
region.

4 Results

4.1 Sink region identification

Overlaying the maps of (1) dryland (water constrained) re-
gions, (2) rainfed agricultural regions and (3) continental re-
cycling dependent regions yields seven terrestrial recycling-
dependent, water constrained, rainfed agricultural sink re-
gions (hereafter, “sink regions”) (Fig.2). The reason there is
not more overlap between water constrained areas and rain-
fed agricultural areas (brown and light blue, respectively in
Fig. 2), is partly due to the fact that the water constrained
classification includes arid and hyper-arid desert areas, where
the only cultivation that occurs is fully irrigated. The areas
that are both water constrained and contain rainfed agricul-
ture (indicated in green) are further filtered based on the frac-
tion of growing season precipitation that originates from ter-
restrial sources. This is depicted in Fig.2 with the moisture
recycling ratio scale ranging from 50 % (yellow) to as high as
79 % (royal blue) of growing season precipitation originating
as terrestrial evaporation.

The seven sink regions are named based on the countries
or regions in which they are located: Argentina, Southern
Africa, the Western and Eastern Sahel, Pakistan-India, East-
ern China, and Northern China. The sink regions range
in size from 4.5 million to 137 million square kilometers
(Table 1). Notably, growing season rainfall is less than
600 millimeters (mm) per growing season in all sink regions,
with most regions below 500 mm. Also, these seven sink re-
gions contain 53% of the globally cultivated hectares (ha) of
rainfed maize (29%), millet (70.5%), and sorghum (38%) oc-
curring in water-constrained regions. This fraction of water-
constrained, rainfed cultivation is indeed significant and the
areas are consistent with priority areas of global development
(e.g. Rockstr̈om and Karlberg, 2009; Rockström et al., 2009;
Boelee, 2011; Foley et al., 2011).

We chose to focus on sink regions that are strongly rain-
fall dependent. However, water supplies can enter these re-
gions from other sources (e.g. surface runoff, groundwater)
and there could be local hydrological interactions that are un-
accounted for in our analysis. Any analysis of local scale hy-
drological interactions is both outside the scope of this work,
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Table 1. Characteristics of the recycling dependent water constrained rainfed agricultural regions (sink regions). The three staple crops used
in this analysis (maize, millet, and sorghum) were grown in all seven of the sink regions. Evaporation and precipitation data were taken from
the ERA-Interim archive.

Region Area size Growing season Nations within Sum of the rainfall Rainfall during the Rainfall originating from
(106 km2) sink region during the growing season as a fraction of terrestrial sources during

growing season (mm) the yearly precipitation the growing season

Argentina 4.5 Nov–Mar Argentina 583 59 % 57 %
East China 35 May–Sep China 419 79 % 64 %
Eastern Sahel 54 Jun–Oct Chad, Eritrea, Sudan 452 93 % 59 %
North China 20 May–Sep China 334 81 % 72 %
Pakistan-India 30 Jul–Nov India, Pakistan 339 78 % 55 %
Southern Africa 20 Dec–Apr Botswana, South Africa 343 64 % 54 %
Western Sahel 137 Jun–Oct Benin, Burkina Faso, 301 93 % 64 %

Cameroon, Chad, Mali,
Mauritania, Niger, Nigeria

Legend
Rainfed agriculture (RA)

Water constrained (WC)

Water constrained, rainfed agriculture (WCRA)

Sink region borders

Moisture recycling ratio

0.5
0 -

 0.
54

0.5
5 -

 0.
57

0.5
8 -

 0.
61

0.6
2 -

 0.
68

0.6
9 -

 0.
79

Prepared by Patrick Keys, for SEI Project# 1838 Moisture Recycling

Continental Moisture Recycling Dependent, Water Constrained, 
Rainfed Agricultural sink regions

Fig. 2. Seven sink regions with rainfed agriculture, that are vulnerable to land cover change altering precipitation. The regions outlined in
black are(a) located in water-constrained drylands (Portmann et al., 2010), (b) dominated by rainfed agriculture (Rockstr̈om and Karlberg,
2009), and(c) are dependent on terrestrial evaporation for more than 50 % of their growing season precipitation (van der Ent et al., 2010).
Note that even though the sink regions are not green (which would indicate they are a WCRA region), they are in fact all water-constrained
and dominated by rainfed agriculture.

as well as beyond the resolution of the data and models em-
ployed in the analysis.

4.2 Precipitationshed backtracking

For each of the seven sink regions we obtain evaporation data
that falls as growing season precipitation (gridded at the 1.5◦

latitude× 1.5◦ longitude resolution). This evaporation data
can be expressed as absolute evaporation (Fig.3a, first scale),
as a fraction of the grid cell’s total evaporation (Fig.3b, first
scale), or as a fraction of several grid cell’s contribution to the
total precipitation in the sink region (Fig.3, second scale).
However, this is not yet a spatially explicit precipitation-
shed. If every grid cell contributing even the smallest fraction
of evaporation to sink region precipitation is included, the

precipitationshed encompasses the entire globe (Eq. 3); this
could be considered the 100 % precipitationshed. However,
most grid cells contribute very small amounts of evaporation,
so in order to identify an analytically useful, spatially explicit
boundary for the precipitationshed, a user-defined threshold
must be set. After a preliminary sensitivity analysis, the 70 %
threshold was used to ensure that the origin of a considerable
amount of the growing season precipitation was included,
while still retaining a boundary that was analytically useful
for the land-use and vulnerability analysis (see Fig.4). Note
that this user-defined threshold influences the shape and size
of the precipitationshed (described in Fig. S1; also see Fig.3
and S2–S7).
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Fig. 3. Precipitationsheds of the West Sahel sink region:(a) The absolute precipitationshed of the West Sahel sink region (yellow border),
expressed in terms of absolute evaporation mm/growing season contributed to sink region precipitation;(b) The relative precipitationshed
of the West Sahel sink region (yellow border), expressed in terms of a fraction of the evaporation contributed to sink region precipitation.
The second color scale in(a) and(b) indicates which percentage of the precipitation in the West Sahel region is generated within the area
indicated by the corresponding colors. The pink border in(b) (= the gray border in Fig.4) is the relative precipitationshed for the West
Sahel region (at 70 % contribution). The West Sahel sink region receives an average of 301 mm of precipitation per growing season. See
Supplemental Figs. S2–S7 for the absolute and relative precipitationsheds of the other six sink regions.

The precipitationshed is more dynamic than the relatively
static boundary of a surface watershed, given that the bound-
ary is dependent on the defined threshold, and climatological
phenomena that fluctuate both intra- and inter-annually. Fur-
thermore, the precipitationshed boundaries depicted in Fig. 4
reflect the mean boundary for the years 1998–2008, which
is the range for which reanalysis data were available. Un-
derstanding whether and how these boundaries might change

with other climate variations from before or after this period
is outside the scope of this study, but could be explored in
future research. Additionally, the authors acknowledge that
the El Nino Southern Oscillation (ENSO) or similar events
could indeed alter the precipitationshed boundaries.

The interannual variability of the precipitationsheds an-
alyzed in this paper is generally in the order of 8–35% of
the average precipitationshed size. The maximum we found
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for Pakistan (35 %) and the minimum for North China, East
China and West Sahel (8 %). For more details see Fig. S8
and Table S1.

4.3 Precipitationshed of the West Sahel region

With the West Sahel region as an example, Fig. 3 presents
two different methods for visualizing and bounding the pre-
cipitationshed. Figure 3a depicts the absolute precipitation-
shed, emphasizing the grid cells that contribute the largest
absolute amount of evaporation to sink region precipitation.
Fig. 3b depicts the relative precipitationshed, emphasizing
those grid cells from which the largest relative amounts
of their evaporation contribute to sink region precipitation.
While the absolute precipitationshed is useful for identify-
ing the regions that currently contribute the most evaporation
to sink region precipitation, the relative precipitationshed is
useful for understanding where land cover changes would be
particularly important, in terms of altered evaporation.

It should be noted that teleconnected phenomena are not
included in these precipitationsheds, and only direct contri-
butions of evaporation are represented. The influence of tele-
connected phenomena (e.g. the El Niño Southern Oscillation,
ENSO) is beyond the scope of this research, but is worth ex-
ploring in the future.

In both the absolute and relative precipitationshed of the
Western Sahel (Fig.3a and b) we can see a pattern where
grid cells that are generally closer to the sink region con-
tribute more both in absolute and relative terms. This is con-
sistent with the precipitationsheds of the other sink regions
(see Supplement Figs. S2–S7). Terrestrial surfaces represent
77 % of the Western Sahel precipitationshed, while oceanic
surfaces comprise the remaining 23 % (Table4).

A large amount of evaporation originates within the West-
ern Sahel sink region (Fig.3), which is an indicator of high
local moisture recycling, which has been noted in other stud-
ies (Koster et al., 1986; Savenije, 1995; Nieto et al., 2006;
Dekker et al., 2007; van der Ent and Savenije, 2011). There
is no absolute contribution from the nearby Sahara (Fig.3a),
however, the large relative contribution suggests that en-
hanced absolute evaporation in the Sahara could have a large
effect on the precipitation in the Sahel. The strong contri-
butions evident in the Mediterranean region are potentially
an artifact of the model being unable to resolve differences
between humid and dry source regions. This issue has been
identified in previous work, using similar methods, notably
the work of Dirmeyer and Brubaker (2007).

The detailed precipitationsheds for the other six regions
are shown in the Supplementary Figs. S2–S7. The 70 % pre-
cipitationshed boundaries are given for all regions in Fig. 4.
For these precipitationsheds we analyze the land cover and
identify the vulnerability of the sink regions to land cover
changes.

4.4 Precipitationsheds of all the sink regions

Figure 4 illustrates the 70 % precipitationshed boundary for
all seven sink regions based on the relative precipitationsheds
(Fig.3b and Figs. S2b–S7b). It is apparent that the Argentina
and the South-Africa regions obtain most of their precipita-
tion from nearby, whereas the precipitationsheds of the other
regions are much larger (see also Table4). Also, the spa-
tial extent and the shape of the precipitationsheds generally
reflect prevailing storm tracks and wind directions.

Trans-desert moisture advection, such as that visible in
Fig. 3 appears to provide much of the moisture for many of
the sink regions, however might be overestimated by a pos-
teriori moisture tracking models such as the WAM model.

Validation of the identified precipitationsheds is beyond
the scope of this paper, however future work could apply
multiple methods towards this end.

The absolute precipitationsheds are interrupted by vast ar-
eas of no contribution (e.g. if there is a desert), and then
have significant contribution much further away (e.g. precip-
itationsheds of Western Sahel, Eastern Sahel, Pakistan-India,
and Eastern China). The relative precipitationsheds are spa-
tially contiguous (lacking the fragmentation of the absolute
precipitationsheds), including areas of potential (but not cur-
rent) evaporation contribution.

5 Using the precipitationshed as a tool to understand
vulnerability

The strength of the precipitationshed approach is the explicit
inclusion of the distant land surface that contributes evapo-
ration to precipitation. This allows for the examination of
the impacts of land cover change on evaporation rates and
subsequent precipitation in downwind sink regions.

5.1 Land cover and vulnerability

We developed a qualitative framework to assess the sensi-
tivity and susceptibility of sink region precipitation to land
cover changes in the precipitationshed. The framework con-
sists of two primary features:

1. Distribution of land cover and intensity of land use
within each precipitationshed.

2. Plausible land cover changes in the precipitationshed
that can substantially decrease, or increase evaporation.

This analysis uses the relative precipitationshed for each
sink region (the 70 % precipitationsheds in Fig. 4), because
the relative boundary captures the potential contribution of
each grid cell.

We use the Anthromes 2.0 dataset fromEllis et al.(2010)
to characterize land cover in the precipitationsheds. An-
thromes comes from the combination of the words anthro-
pogenic and biomes, emphasizing the fact that nearly all
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Table 2. This table depicts the re-classification of the Anthromes 2.0 categories based on general land cover characteristics
(Ellis et al., 2010).

Original Anthrome Categories Re-classified Anthrome Categories

Dense Dense
Settlements Urban Settlements Urban

Mixed Mixed
Villages Rice Rice & Irrigated Rice

Irrigated Cropland Irrigated
Rainfed Residential irrigated croplands
Pastoral Rainfed Cropland Rainfed

Croplands Residential irrigated croplands Residential rainfed croplands
Residential rainfed croplands Populated rainfed cropland
Populated rainfed croplands Remote croplands
Remote croplands Rangelands Pastoral

Rangelands Residential rangelands Residential rangelands
Populated rangelands Populated rangelands
Remote rangelands Remote rangelands

Semi-natural lands Woodland Residential woodlands
Residential woodlands Populated woodlands
Populated woodlands Remote woodlands
Remote woodlands Wild woodlands
Inhabited treeless and barren lands Barrenland Inhabited treeless and barren lands

Wildlands Wild wildlands Wild treeless and barren lands
Wild treeless and barren lands Oceans Oceans

No Data No Data No Data No Data

Fig. 4. The relative precipitationsheds (at 70 % precipitation contribution) for all seven sink regions in this study. The darker colors indi-
cate the sink regions (see Fig.2) and the lighter colors indicate the precipitationshed borders. The gray border of the West-Sahel region
corresponds with the pink border in Fig.3b. The other colors corresponds to the pink border in Supplement Figs. S2b–S7b.

global terrestrial surfaces are now altered by human soci-
eties (Ellis and Ramankutty, 2008; Ellis et al., 2010). As
compared to a conventional biomes dataset that only por-
trays terrestrial vegetation regardless of human activity, the
Anthromes dataset was chosen for this analysis because
the Anthromes dataset captures where and how land cover
has changed through time, primarily due to human-induced
changes.

We aggregated the 19 terrestrial Anthromes categories into
6 categories with similar evaporation characteristics (e.g. in-
habited treeless & barren lands are grouped with wild treeless
& barren lands). In this way, the data were more easily in-
terpreted in terms of potential evaporative effects from major
land cover changes. The re-classification of land covers is
described in Table2.
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Table 3. Land use within the seven precipitationsheds, using the reclassified Anthromes.

Precipitationshed No Data Ocean Barrenland Woodland Rangeland Rainfed Rice and irrigated Dense
cropland cropland settlements

Argentina 1.8 % 23.0 % 25.8 % 10.7 % 20.8 % 15.6 % 1.5 % 0.8 %
East China 1.9 % 17.8 % 8.4 % 25.8 % 26.3 % 13.3 % 5.8 % 0.7 %
Eastern Sahel 2.7 % 24.1 % 21.5 % 10.0 % 22.5 % 16.1 % 2.2 % 0.9 %
North China 2.3 % 14.0 % 10.3 % 33.8 % 22.9 % 12.5 % 3.6 % 0.6 %
Pakistan-India 2.9 % 24.3 % 11.6 % 18.5 % 18.2 % 18.5 % 5.3 % 0.7 %
Southern Africa 1.1 % 55.7 % 0.7 % 6.5 % 31.0 % 4.7 % 0.2 % 0.1 %
Western Sahel 1.8 % 23.0 % 25.8 % 10.7 % 20.8 % 15.6 % 1.5 % 0.8 %
Totals 2.1 % 26.0 % 14.9 % 16.6 % 23.2 % 13.8 % 2.9 % 0.7 %

Additionally, gridded population data were included in the
analysis to characterize the precipitationsheds in terms of
the raw number of people. The NASA-sponsored Socioeco-
nomic Data and Applications Center (SEDAC) provided the
Gridded Population of the World (GPW) version 3 dataset,
for the year 2000 (CIESIN, 2005). The data were comprised
of 400 000 sub-national units (ranging from sub-national to
national), and were gridded at the 0.5 degree resolution. The
70 % precipitationsheds were intersected with the gridded
population dataset to estimate the number of people that oc-
cupy each precipitationshed (Table 4).

Note that the vulnerability of a sink region is described in
terms of sensitivity and susceptibility to land cover changes
only. This analysis does not say anything about the vulnera-
bility in terms of adaptive capacity.

5.2 Results of the land cover analysis

Aside from oceanic surfaces, the dominant land covers across
the precipitationsheds are rangelands, closely followed by
rainfed croplands, and woodlands (Table3). This is impor-
tant because rangelands are particularly susceptible to rapid
and chaotic change (Lambin et al., 2001), from overstocking
and pasture fragmentation leading to soil degradation, loss
of species diversity, or loss of forage crops. This chaotic
change often leads to a degraded or barren state, with corre-
spondingly lower evaporation (Milton et al., 1994).

Based on current land cover, we assigned each precipita-
tionshed a land use intensity ranging from very low to very
high. For example, we defined rainfed croplands as more in-
tense than rangelands, which were more intense than wood-
lands. This intensity rating was based on the continuum de-
rived from population and land use inEllis and Ramankutty
(2008). All of the precipitationsheds are experiencing at least
moderate land-use intensity, with most experiencing either
high or very high. High land-use intensities were dominated
by rangelands and rainfed croplands, while very high intensi-
ties also had significant rice and irrigated areas (Tables3 and
4). Many of the sink regions experience a high percentage
of internal moisture recycling, which refers to evaporation

within the sink region falling as precipitation within the sink
region. Therefore, internal land cover changes could also be
important to the stability of growing season rainfall.

5.3 Changes in evaporation from land cover change

The columns in Table4 depicting potential land cover
changes that increase or decrease evaporation, represent im-
portant land cover changes that could affect downwind pre-
cipitation. Here are some examples that can decrease evap-
oration. Irrigated land has high evaporation, but excessive
irrigation can lead to salinisation of soils, and thus to aban-
donment of land altogether. Urbanization can lead to in-
creased competition over arable land, converting high evap-
oration areas that are formerly rainfed and irrigated to lower
evaporation urban areas. Forests also have high evaporation,
and thus deforestation can significantly reduce evaporation
(Bosch and Hewlett, 1982; Zheng and Eltahir, 1998; Gor-
don et al., 2005). Finally, land degradation in any land use
category can also reduce evaporation because barren land-
scapes, with very low net primary production, have the low-
est evaporation of all land covers. It should be noted that
the actual effect of rigorous land cover change might very
well be increased sensible heat fluxes and changes in wind
patterns (e.g.Werth and Avissar, 2002; Makarieva and Gor-
shkov, 2007; Goessling and Reick, 2011).

Afforestation and increased irrigation can increase evapo-
ration rates in the precipitationshed. It should be noted that
an increase in evaporation does not necessarily lead to an
increase in precipitation, because conditions that lead to con-
vection must also be present; however, these conditions are
usually present during the growing (rainy) season (e.g.Find-
ell and Eltahir, 2003; Tuinenburg et al., 2011).

Table4 contains plausible land cover changes that could
have a large effect in the seven identified precipitationsheds.
For example, in the Chinese precipitationsheds we expect to
see increased salinisation of rice and irrigated croplands, pri-
marily in Northern China (Molden, 2007). Extensive defor-
estation in Outer Mongolia may be counteracted by ongo-
ing afforestation in the Gobi Desert (Hansen et al., 2010).

www.biogeosciences.net/9/733/2012/ Biogeosciences, 9, 733–746, 2012



742 P. W. Keys et al.: Analyzing precipitationsheds

Table 4. Analysis of the vulnerability of the sink regions to land cover changes in the precipitationsheds, in terms of (a) current land-use
intensity, (b) whether land cover change is expected to increase/decrease precipitationshed evaporation, (c) the number of countries in the
precipitationshed, and (d) the spatial size of the precipitationshed.

Region

Land-
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Potential
Land-use
Changes

Decreasing
Evaporation in
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Changes
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Argentina Med. X X X 7 114 19.4 7.2 Med.

East
China

Very
high

X X X X 29 2294 37.1 28.6 High

Eastern
Sahel

High X X X X 72 719 32.5 24.7 Med.

North
China

High X X X X X X 23 1589 34.0 29.0 High

Pakistan-
India

Very
high

X X X X 16 184 38.4 26.7 Med.

Southern
Africa

Med. X X X X 15 135 14.0 6.5 Med.

Western
Sahel

High X X X X 83 991 33.1 25.6 Med.

Extensive urbanization is taking place, particularly in the
eastern precipitationshed of the Northern China sink region
(Chen, 2004). In the Pakistan-India precipitationshed we ex-
pect potential reductions in evaporation from abandonment
of rice and irrigated cropland due to salinisation (Molden,
2007). However, this could be counteracted by afforestation
in Europe (Foley et al., 2005). Both the Sahelian precipita-
tionsheds are vulnerable to deforestation in the Congo and
West Africa, the draining of the Sudd wetlands in the Nile
Basin, as well as to degradation of rangelands and croplands
within the sink regions themselves (Lambin et al., 2001;
Hansen et al., 2010; Mohamed et al., 2004). However, ir-
rigation expansion in the normally dry areas of Southern Eu-
rope and Northern Africa may increase evaporation in the

Sahelian precipitationsheds (Boucher et al., 2004). The Ar-
gentina precipitationshed is potentially vulnerable to defor-
estation east of the Andes, a major evaporation source, and
from overgrazing in the Pampas (Viglizzo and Frank, 2006).
This could potentially be counteracted by irrigation and wa-
ter harvesting in the Pampas. Finally, in Southern Africa,
overgrazing and salinisation in the surrounding areas of the
sink region may reduce evaporation, while afforestation, ir-
rigation, and water harvesting in nearby rangelands may in-
crease evaporation (Stringer and Reed, 2007).
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5.4 Assessing overall vulnerability of sink regions to
land cover change

In order to determine the potential sink region vulnerabil-
ity to changes in upwind land-use (and evaporation), cur-
rent land-uses were compared with observed and expected
changes in land-cover. Of notable importance was consid-
ering whether there was a high potential for rangelands to
expand, because of the susceptibility of these landscapes to
transition to degraded states (Milton et al., 1994) (Table3and
Table4). We estimate the Chinese sink regions to have the
highest vulnerability of the seven sink regions, primarily due
to the fast-paced, potentially evaporation-altering land cover
changes; e.g. expansion of urbanization, expansion of irri-
gated cropland, deforestation throughout East and Southeast
Asia, and afforestation of Northern China. Additionally, the
Chinese sink regions had the largest precipitationshed pop-
ulations, both exceeding 1.5 billion people, suggesting there
was a high potential for additional human-induced changes
in land-cover. The other five sink regions have an estimated
vulnerability of medium, because the impact of land cover
change on evaporation is considered relatively balanced be-
tween increases and reductions in evaporation (Table4).

5.5 Climate change impacts to precipitationsheds

In parallel with land use change, climate change can signif-
icantly alter the precipitationsheds via atmospheric impacts
(e.g. large-scale changes in the jet stream), terrestrial im-
pacts (e.g. changes in the distribution of terrestrial biomes)
(e.g. Feddema et al., 2005), or coupling of the two. With
climate change, current state of the art climate models pre-
dict a robust poleward migration of the mid-latitude jets, as
well as an expansion of the Hadley Circulation (Meehl et al.,
2003). Both of these consequences of anthropogenic climate
change could affect the transport of moisture between source
and sink regions in the precipitationsheds.

5.6 Data reliability and the validation of the findings

Several of the datasets have alternatives that enable cross-
validation. For example, to validate the precipitation back-
tracking and the resultant precipitationsheds in this study,
another reanalysis dataset, such as NCEP (Kalnay et al.,
1996) or MERRA (Bosilovich et al., 2011), could be em-
ployed to compare to the ERA Interim-based results (Berris-
ford et al., 2009). General intercomparisons of these datasets
are given by Lorenz and Kunstmann (2011) and Trenberth
et al. (2011) and show that ERA-Interim does a relatively
good job compared to other reanalyses, particularly in the
most recent decades. Likewise, the vulnerability analysis
could be strengthened with explicit land-use change pro-
jections, rather than the literature review-based method em-
ployed herein.

However, in several cases the datasets are new releases,
such as the rainfed cereal data (Portmann et al., 2010),
and therefore cross-validation is considered difficult. Fur-
thermore, some of the datasets lack a suitable alternative
since they represent the “state-of-the-art”, e.g. the Anthromes
dataset (Ellis et al., 2010), and thus a suitable comparison for
cross-validation of the results is not currently available.

6 Summary and conclusions

We have introduced and developed the concept of precipi-
tationsheds, defined as the upwind atmosphere and surface
that contributes evaporation to a specific location’s precipita-
tion. This analysis has aimed to further integrate the fields of
moisture recycling, land cover change, and dryland, rainfed
agriculture. We have focused the analysis on dryland rain-
fed agriculture because it is a livelihood that is particularly
susceptible to even small changes in rainfall. Increased un-
derstanding regarding the sources of growing season rainfall
for dryland farmers could lead to increased adaptive capacity
on the farm (Boelee, 2011).

From a policy perspective, future water management in
rainfed ecosystems may need to broaden to include coordi-
nation of land-use policies, from local to international levels.
Precipitationshed management institutions, similar to trans-
boundary river organizations like the Mekong River Com-
mission, may be required to facilitate dialogue between up-
wind and downwind activities within the precipitationshed.
Specifically, upwind and downwind stakeholders would need
to have their respective rights acknowledged, specifically
rights to pursue their own livelihoods. However, precipi-
tationshed management institutions will understandably re-
quire rigorous quantitative simulations and analysis for any
of their recommendations to be practical for use in govern-
ment.

In the short-term, precipitationshed analysis may enable
proactive assessments of the long-distance (teleconnected)
effects of major land-use changes such as through REDD
(Reducing Emissions from Deforestation and Forest Degra-
dation), million-tree campaigns, or desertification trends.

Future work using the precipitationsheds framework
should aim to quantify how specific land cover changes
(e.g. from forest to savannah) affect local evaporation, and
downwind precipitation. Likewise, it is important to under-
stand how these affects to evaporation change with both lat-
itude and season. This type of information may eventually
provide dryland agricultural regions with enough informa-
tion to adapt to significant changes in upwind land cover.

This work demonstrates that seemingly separate parts of
Earth’s biophysical system are interlinked with its social sys-
tems. Indeed, our results and analysis suggest that food se-
curity in some of the world’s most water-constrained rainfed
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agricultural regions could be very sensitive to distant land
cover changes.

Supplement related to this article is available online at:
http://www.biogeosciences.net/9/733/2012/
bg-9-733-2012-supplement.pdf.
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Abstract

Water footprints have been proposed as sustainability indicators, relating the consump-
tion of goods like food to the amount of water necessary for their production and the
impacts of that water use in the source regions. We have further developed the ex-
isting water footprint methodology by globally resolving virtual water flows and import5

and source regions at 5 arc minutes spatial resolution, and by assessing local impacts
of export production. Applying this method to three exemplary cities, Berlin, Delhi and
Lagos, we find major differences in amounts, composition, and origin of green and blue
virtual water imports, due to differences in diets, trade integration and crop water pro-
ductivities in the source regions. While almost all of Delhi’s and Lagos’ virtual water10

imports are of domestic origin, Berlin on average imports from more than 4000 km dis-
tance, in particular soy (livestock feed), coffee and cocoa. While 42 % of Delhi’s virtual
water imports are blue water based, the fractions for Berlin and Lagos are 2 % and
0.5 %, respectively, roughly equal to local drinking water abstractions of these cities.
Some of the external source regions of Berlin’s virtual water imports appear to be crit-15

ically water scarce and/or food insecure. However for deriving recommendations on
sustainable consumption and trade, further analysis of context-specific costs and ben-
efits associated with export production will be required.

1 Introduction

Agriculture is by far the largest direct human water use, including large amounts of20

green and blue water required to grow food and other crops (Shiklomanov, 2000; Foley
et al., 2005; Rost et al., 2008). Green water is the plant available soil water directly from
rainfall, supporting terrestrial ecosystems and most agricultural systems, while blue
water is the water in rivers, lakes and groundwater, available for irrigation and other
purposes, e.g. municipal and industrial use. With globalization, trade in food commodi-25

ties is growing faster than food production (Anderson, 2010; WTO, 2010), facilitating
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spatial separation of consumption and production, also beyond country and continen-
tal borders (Erb et al., 2009; Hoff, 2009). Consequently, the gap between net importing
(in particular industrialized) and net exporting countries has been widening (Bruckner
et al., 2012). The EU for example has doubled its net food imports from countries out-
side of Europe over the past decade (von Witzke and Noleppa, 2010).5

Globally, the amount of water consumed for producing export food commodities, so-
called “virtual water”, which is associated with traded goods, has doubled over the past
2 decades (Dalin et al., 2012). With growing food trade and more recently also foreign
direct investment in land and water (Anseeuw et al., 2012), local resource exploitation –
and in some cases also degradation – is increasingly driven by external food demands,10

dietary preferences, and purchasing power. The out-sourcing of food production to dis-
tant, potentially also water scarce and food insecure regions raises questions about
the sustainability of consumption, production and trade patterns (Lenzen et al., 2012;
WWF, 2012). Sustainable management of water resources is no longer a local or na-
tional issue only.15

Water footprints have been proposed as sustainability indicators (Chapagain and
Hoekstra, 2004; WWF, 2009; Daniels et al., 2011), because they trace flows of com-
modities and associated virtual water from the regions of production to the regions
of consumption. While flows of virtual water between nations have been quantified by
several authors (e.g. Chapagain et al., 2006; Hanasaki et al., 2010; Liu et al., 2010;20

Fader et al., 2011), there is little information on “true” water footprints in the sense
of Ridoutt et al. (2010) i.e. the “impacts associated with water appropriated into prod-
uct[s]” in the source regions, which would require analysis at sub-national scale. Such
true water footprints would need to include detailed information on water scarcities and
water-related opportunity costs of food production in the source regions (Daniels et al.,25

2011; Ridoutt et al., 2012; Hoekstra and Mekonnen, 2012). As an initial step towards
assessing local impacts of food production in the source region, Hoekstra and Mekon-
nen (2011) and Pfister et al. (2011) computed blue water scarcity at the grid cell or
river basin level, by comparing consumptive blue water use to availability. However,
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they did not relate the water scarcity indicators in the source regions to virtual water
flows across grid cells, basins or country boundaries, for determining water footprints
that are caused by the consumption of goods outside of the source region.

Our analysis of water footprints (understood here as the water-related impacts of
consumption in the domestic and international source regions, the latter being called5

“external water footprints”) generates new information for sustainable consumption and
production. We analyzed globally at high spatial resolution of 5 arc minutes, green and
blue virtual water flows among and for the first time also within countries to identify
in more detail the source regions and also consumption hotspots such as cities. We
complemented that analysis with local information on the major source regions of three10

selected cities, i.e. their water availability (separated into blue and green water), water
constraints in food production, and food insecurity, to derive water-related impacts of
export food production.

Cities with their high population density are centers of consumption and net imports
of food (note that we use the term “import” also for inflows into cities from domestic15

sources). They already host 50 % of global population (on only about 2 % of the global
land area – Bicheron et al., 2008), projected to reach 70 % by 2050 (UNPD, 2012).
Their water and other resource demands are growing faster than national averages not
only because of further urbanization but also because of their more rapid economic
development and changing lifestyles and diets, e.g. more livestock products (Liu et al.,20

2008). The immediate hinterland of many cities can no longer meet their water de-
mand for food production, so that their water footprints expand rapidly, also into other
countries and continents.

We applied our analysis to Berlin (Germany), Delhi (India) and Lagos (Nigeria),
which represent food consumption and import patterns of a developed, a newly indus-25

trialized, and a developing country, respectively. We demonstrate the effects on water
footprints of different diets, countries’ integration in world markets, and crop water pro-
ductivities and local conditions in the source regions.
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In our analysis, we distinguished green and blue virtual water use in crop production,
as the impacts of blue water use from surface and groundwater for irrigation are very
different from the impacts of green water use directly from precipitation. In particular
in water-scarce areas, blue water use is more detrimental to other direct human water
uses and to natural aquatic ecosystems, while green water use for cropland competes5

with the demands of other terrestrial vegetation, and both have the potential for water
pollution depending on farming practices.

2 Methods

While previous analyses (with the exception of a few national case studies, e.g. Fara-
marzi et al., 2010; Verma et al., 2009; Ma et al., 2006) addressed virtual water flows10

only at the level of nations, our novel approach identifies globally at grid-cell level (5
arc minute resolution) crop production surpluses relative to local demand, and from
that potential export grid cells. By combining those with grid cell specific crop-water
use and bi-national trade data, we determine detailed flows of crop commodities and
associated virtual water within and between countries.15

For calculating crop production and crop water use, we applied the GCWM model
(Siebert and Döll, 2010) which distinguishes rainfed and irrigated crops according to
Portmann et al. (2010), green and blue crop water use and resulting virtual water con-
tent (the amount of water required for producing a unit of crop harvest) for 19 major crop
groups: wheat, barley, rye, maize, rice, sorghum, millet, pulses, soybeans, groundnuts,20

sunflower, rapeseed, potatoes, cassava, grapes, citrus, dates, cocoa, coffee (average
for the period 1998–2002), which together represent 71 % of the global harvested crop-
land during this period.

Virtual water flows from production surplus (“source”) areas to deficit (“import”) ar-
eas, in particular cities and other densely populated areas, were calculated according25

to the following assumptions:
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– surplus food production is distributed to the nearest local and national deficit cells
first, before the remaining surplus is going into international export;

– per capita consumption of each crop is the same for all people living in a country
(including cities);

– international imports are distributed to the grid cells of the importing country ac-5

cording to their respective share of country population.

The second assumption – using national average diets also for cities – is likely to un-
derestimate food consumption of cities in developing countries, which is richer in meat
and other water-intensive products than food consumption in the rest of the coun-
try (e.g. Romanik, 2007). In contrast, we did not find evidence that the assumption10

does not hold for Berlin. Production surpluses per crop occur in those grid cells that
have a higher per-capita production than the country average per-capita consumption
(calculated from total country production minus exports). Production surpluses and
deficits within each country were leveled out by iteratively allowing commodity flows
across larger and larger distances (across 2×2, 4×4, 6×6, 12×12, 24×24, 48×48,15

72×72, 108×108, 144×144, 180×180, 216×216, 240×240, 360×360, 432×432
grid cells) and finally the whole country, if required. Accordingly green and blue virtual
water flows were calculated as the product of commodity flows and the green and blue
virtual water content of the respective crop in the source grid cell. When eventually all
demands in deficit cells within a country were met from the nearest national surpluses,20

the remaining surplus cells were identified as export cells for international trade. Green
and blue virtual water exports were determined as weighted averages of crop virtual
water contents from these surplus cells, according to their respective contribution to
the country’s total international export.

Bi-national commodity trade data for the period 1998–2002 were taken from the25

COMTRADE database – http://comtrade.un.org/ (last access: 27 January 2013) – and
cleaned from re-exports to the extent possible, constraining commodity exports of each
country by its domestic crop production. If the reported crop export was larger than

2606



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

national crop production, the exports related to this difference were deleted from the
trade flow database and flows redirected from producing to importing countries. Ger-
many, for example, exported coffee to 31 countries in the year 2000, although coffee is
not grown in Germany. Therefore these trade flows were replaced by flows between the
countries from which Germany imported coffee and countries to which Germany ex-5

ported coffee. Application of this iterative procedure reduced total international virtual
water flows by about 12 %. With that, imports of each crop commodity and associated
virtual water can be traced back to the source countries and further to the surplus grid
cells in the respective country. From that, we calculated volumes and transport dis-
tances of green and blue virtual water flows associated with each commodity, within10

and between countries and towards the selected cities Berlin, Delhi and Lagos.
We then characterized some of the main international source regions of imports to

Berlin (source regions for Delhi’s and Lagos’ virtual water imports are mostly domestic,
involving little international trade and hence there are only very small external foot-
prints) in order to assess local impacts of export production. First we determined for15

the main source regions their green and blue water availabilities for food production
as well as their own food water requirements, using results from the dynamic global
vegetation and water balance model LPJmL, which simulates the water balance, crop
water use and crop production (as well as biomass production of other ecosystems)
at 0.5 degree resolution and also at catchment level (Rost et al., 2008; Gerten et al.,20

2011). Green water availability for food production was calculated as evapotranspi-
ration from cropland and partly from grazing land. Blue water availability was calcu-
lated per river basin, distributing total basin runoff over the grid cells in a basin ac-
cording to their fractional discharge. Of that, 40 % was assumed to be available for
food production, i.e. for irrigation. Food water requirements were calculated for a typ-25

ical diet of 3000 kcal per capita and day containing 20 % livestock products (ca. 1/3
of which is assumed to be provided from grazing, the rest from feed crops), based
on current crop water productivities of the respective national crop mixes, calculated
with the LPJmL model (Gerten et al., 2011). In addition to food water availability and
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requirements in the source regions, we also used national indicators such as malnu-
trition and stunting of children to address food insecurity and water-related opportu-
nity costs of export production. Undernourished population was taken from the FAO-
STAT hunger database – http://www.fao.org/hunger/en/ (last access: 27 January 2013),
and nutritional stunting from the WHO database on child growth and malnutrition –5

http://www.who.int/nutgrowthdb/en/ (last access: 27 January 2013).

3 Results

3.1 Global patterns of net virtual water imports and exports related to food
consumption

Grid cells are net importers of virtual water, if their consumptive water use for food crop10

production is less than the demand for virtual water due to food consumption. They are
net exporters of virtual water if the opposite is true. The global maps of food-commodity
related blue, green and total virtual water flows (Fig. 1) reflect the major crop production
surplus regions on the one hand (blue color in Figs. 1a, c, and green color in Fig. 1b)
and population concentrations (or crop deficit regions) on the other hand (red color).15

For example, most grid-cells in the eastern United States show higher crop demand
than production, while the Midwest of the US has mostly production surpluses. In most
regions the pattern of total virtual water flows (Fig. 1c) is dominated by the effects of
green water, but in selected regions blue water or irrigated agriculture dominates total
virtual water flows, in particular in India and China.20

The mapping of virtual water flows at 5 min resolution (about 9 km by 9 km at the
equator) also enables the identification of larger cities such as Berlin as being net
importers, both of green and blue virtual water flows (Fig. 1d).
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3.2 Virtual water flows with crop commodities towards Berlin, Delhi, and Lagos

When comparing total virtual water imports by the three cities Berlin, Delhi and Lagos,
we find significant differences in: (i) contributions of different crop commodities to the
total imports, (ii) the respective virtual water contents of these crops and (iii) their origin
(domestic vs. international) and transport distances. Accordingly, per-capita imports of5

virtual water and also green and blue water fractions vary significantly among the three
cities (Table 1).

For consistency with our virtual water flow analysis, we summed up the population
of all those 5 min grid cells that were assigned to the respective city, hence population
figures deviate somewhat from official statistics. Virtual water imports with livestock10

forage (grass, clover, alfalfa etc.) or with livestock products are not included here.
The contribution of blue water to the total virtual water import is about 0.5 % for

Lagos, 2 % for Berlin and 42 % for Delhi. The average importing distances of virtual
water to Lagos and Delhi (neglecting Lagos’ small imports of blue virtual water) are
200–800 km and hence within the respective country, while in the case of Berlin the15

source regions are on average more than 4000 km away and hence outside of Germany
and even outside of Europe. Berlin imports more than 60 % of its virtual water from
abroad, Lagos only 3.5 % and Delhi 1.4 %. Accordingly the supply from the immediate
hinterland (sources within 100 km from the city) is higher for Delhi and Lagos – 20 % of
total virtual water imports – than for Berlin – less than 5 % (see also Fig. 2).20

Virtual water contents of crops (or the inverse, crop water productivities) vary by up to
a factor of 10 between crops produced in Germany, India and Nigeria and imported by
Berlin, Delhi and Lagos (Table 2). Staple crops imported to Berlin from Germany and
neighboring countries are particularly low in virtual water contents, thanks to benefi-
cial climate and management conditions, e.g. the two major staples wheat and barley25

imported by Berlin have average virtual water contents of 498 L kg−1 (global average
for wheat: 1469 L kg−1) and 639 L kg−1 (global average for barley: 1183 L kg−1). The
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main staples imported to Lagos, sorghum and millet, have virtual water contents of
5700 L kg−1 and 6600 L kg−1, respectively.

Berlin’s per-capita import of virtual water is only about half of that of Lagos, but al-
most 50 % higher than that of Delhi (Table 1). That higher per-capita import relative
to Delhi – despite much higher crop water productivity in Germany (see Table 2) and5

also Germany’s neighboring countries (not shown here) – is largely due to the strong
contribution of water intensive livestock feed (soy) as well as stimulants (coffee and co-
coa), which together account for almost 50 % of Berlin’s total water footprint (Fig. 2a).
Berlin’s largest imports of virtual water are associated with coffee, soy, wheat and bar-
ley and cocoa. Coffee, soy and cocoa are imported from source regions which are on10

average 6000 km or more away, while wheat, barley, rapeseed, rye and maize are pro-
duced within an average distance of less than 400 km from Berlin (i.e. largely within
Germany), where crop water productivities are much higher than world averages and
virtual water contents accordingly very low. The only significant blue virtual water im-
ports are associated with citrus, rice and potatoes, contributing 0.7 %, 0.4 % and 0.3 %,15

respectively to Berlin’s total virtual water imports. While the resulting per capita blue vir-
tual water imports of 15 m3 yr−1 (Table 1) are very small, they are still comparable to the
42 m3 yr−1 of per capita drinking water use (115 Ld−1, http://www.bwb.de), considering
that this analysis did not account for blue virtual water imports with cotton and that only
part of the drinking water use is consumptive.20

Delhi not only has much lower meat consumption (3.9 kg per capita and year in India,
vs. 8.5 kg in Nigeria and 84 kg in Germany, for the year 2000 according to FAO Food
Balance Sheets – FBS, http://faostat3.fao.org/home/index.html (last access: 27 Jan-
uary 2013) and much lower coffee plus cocoa consumption (9 kg per capita in Ger-
many vs. about 0.1 kg in India and Nigeria, FAO FBS), but also lower per capita total25

calorie supply (2264 kcal per capita and day in India vs. 2611 kcal in Nigeria and 3423
kcal in Germany, FAO FBS). The two staples rice and wheat (transported less than
200 km on average) together account for more than 50 %, blue virtual water with rice
alone for more than 25 %, of Delhi’s total virtual water imports. When adding millet,
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sorghum and maize (average transport distance at or below 1000 km), 75 % of Delhi’s
virtual water imports are accounted for. Soy – a typical livestock feed – contributes only
6 % to Delhi’s total virtual water imports (compared to 19 % in Berlin), and coffee only
contributes 0.2 % (compared to 28 % in Berlin).

Lagos has the highest per-capita imports of virtual water with crop commodities of5

the three cities, which is a result of the very low average crop water productivities of
Nigeria (Table 2) and its immediate neighbors (results not shown). The three staples,
cassava (transported less than 200 km on average), sorghum, and millet (about 800 km
average transport distance) together comprise more than 50 % of Lagos’ total virtual
water imports. As in the case of Delhi, soy (<3 %) and cocoa/coffee (0.1 %) hardly10

contribute to the city’s virtual water imports. Nigerian diets are low on livestock products
and stimulants (less than 10 % of German per-capita consumption according to FAO
FBS).

Figures 2a–c also reveal large differences between a crop’s contribution to total vir-
tual water imports (in m3) vs. its contribution to total real commodity imports (in kg), due15

to the differences in virtual water contents between crops and between source regions
(driven by differences in climate and agricultural management). For our further analy-
sis of water footprints, the virtual water import (depicted on the x-axis) is the relevant
parameter.

3.3 Origin of Berlin’s virtual water imports and water-related criticality of its20

source regions

Berlin’s virtual water imports originate on average more than 4000 km away (Fig. 2).
A closer look at the source regions of the crop commodities depicted in Fig. 2a reveals
that Germany itself is still the largest source country of virtual water imports to Berlin
(contributing 39 %, with wheat from Germany contributing 15 %, barley 11 %, rapeseed25

5 % and rye 3 % of Berlin’s total virtual water imports). Only 0.5 % of virtual water
imports from Germany are blue. Brazil is the 2nd largest contributor, providing ca.
14 % of Berlin’s virtual water, 2/3 of which is associated with soy beans and the rest
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with coffee (0.6 % of total virtual water imports from Brazil are blue). After the US as
number 3 (ca. 8.5 % of Berlin’s total virtual water imports), Ivory Coast is number 4
(ca. 5 %). Like Ghana (ca. 1.5 %) and Nigeria (ca. 1 %) more than 95 % of the virtual
water imports from these three West African countries to Berlin are associated with
cocoa (blue water fractions of imports from these 3 countries to Berlin are 0 %, 0 % and5

0.03 %, respectively). The largest blue virtual water imports to Berlin are associated
with citrus (0.7 % of total virtual water imports) primarily from Mediterranean countries
and rice (0.4 % of total) 3/4 of which are from USA, Spain, and Italy. WWF (2009)
confirms the large virtual water contributions from Brazil and West Africa (to Germany).

In order to improve water footprint analyses, i.e. to quantify impacts of consump-10

tion, trade and export production in the source regions, we characterized some of the
main source countries and regions within these countries, which are producing food for
Berlin, in terms of their water scarcity and other indicators such as undernourishment
and stunting. Table 3 lists the main non-industrialized exporting countries of virtual wa-
ter to Berlin in descending order, with some key water and food security related param-15

eters. Water scarcity at national level is expressed as the ratio of water availability for
food production divided by food water requirement. Five of the listed export countries
have ratios close to or even lower than 1 and hence are food water scarce. Only in 3 of
the countries, blue water contributes significantly more than ca. 1 % to food production.
Most of countries listed have 10 % or more undernourished population and nutritional20

stunting rates (children under 5) of more than 30 % and hence can be considered food
insecure. Note that industrialized countries are excluded from Table 3, because they
are assumed to be able to mitigate water scarcity through investments (Vörösmarty
et al., 2010).

Often export food production is concentrated in certain regions of a country, so that25

national averages, e.g. of water scarcity, are not sufficient for deriving true footprints
(impacts in the source region). Hence we characterize in more detail the situation in
export regions of Brazil and the three West African countries Ivory Coast, Ghana, and
Nigeria (the last two having food water availability to demand ratios close to 1).
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Brazil, the largest international provider of virtual water for Berlin, is also the least
food insecure source country listed in Table 3. Also, Brazil is not water scarce at na-
tional level (nor is Brazil overdrawing its bio-capacity according to WWF, 2012). How-
ever, when zooming into the main soy export production region, the Cerrado, per-capita
green plus blue food water availability there is much lower than national average, close5

to that of Germany (ca. 1100 m3 cap−1 yr−1, based on LPJmL calculations). While cur-
rently more than 99 % of soy production in Brazil is rainfed (Mekonnen et al., 2010),
dams, water transfers and irrigation schemes are increasingly coming on-line, intended
to reduce dependence on rainfall variability. So, the rapidly growing exports (Brazil’s soy
exports to Germany for example have more than tripled between 1990 and 2010, FAO-10

STAT, http://faostat3.fao.org/home/index.html (last access: 27 January 2013)) are also
beginning to compete for limited blue water resources in the Brazilian Cerrado.

West Africa: Berlin’s virtual water imports from Ivory Coast, Ghana and Nigeria
are primarily associated with rainfed cocoa (and to a minor extent also with coffee).
National-level data on food water availability and requirement, as well as food insecu-15

rity (see Table 3) indicate that export production may compete with demands for local
staple crop production. However, cocoa and coffee are primarily grown in the humid
(and sub-humid transition) zone(s) of these countries, where rainfall is relatively high,
crops are not irrigated and food security is higher than in the drier north, which often
has prolonged hunger phases associated with droughts.20

So in the case of soy from Brazil, water stress in the main export production region is
higher than national average, in the case of cocoa and coffee from Ivory Coast, Ghana
and Nigeria water stress (and food insecurity) in the main export production region is
lower than national average.

Initial comparison of our global top-down identification of export production regions25

with bottom-up census data shows relatively good agreement in the case of soy produc-
tion in Brazil (Fig. 4a), and for cocoa production in Nigeria (Fig. 4b), but significant mis-
match in Ivory Coast and Ghana (not shown here). Expert consultations confirmed that
result, pointing out weaknesses of global crop datasets (here Monfreda et al., 2008) in
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some countries, where sub-national crop production patterns are not sufficiently cap-
tured. Note that for Nigeria only production data, but no specific export production data
are available, which is not considered to be a problem though, given that there is neg-
ligible domestic consumption (while in Brazil 30 % of soy production is not exported
but domestically consumed, FAOSTAT – http://faostat3.fao.org/home/index.html (last5

access: 27 January 2013)).

4 Discussion

4.1 Towards true water footprints: detailed analysis of virtual water flows

Our analysis of virtual water flows at high spatial resolution (5 min) allows for the first
time to globally consistently assess and separate domestic and international virtual10

water flows, and accordingly also flows from and to smaller regions at sub-national
scale, such as cities. Of the three cities analyzed, only Berlin imports the major share of
its virtual water from abroad, consistent with the fact that Germany’s total food imports
are much higher than those of Nigeria and even those of India, despite its much smaller
population (FAO, 2013). But it should be noted that Delhi and Lagos may soon also15

depend on international imports, given that Delhi’s population is projected to grow from
15 million to 50 million and Lagos’ from 10 million to 40 million by 2050, while domestic
water resources for food production are already largely exploited (see Table 3). Our
results are in line with the results of Fader et al. (2011) who also show much higher
international contributions to Germany’s food water requirements, compared to India20

and Nigeria, but less pronounced since they did not include coffee and cocoa which
together account for 28 % of Berlin’s virtual water import.

Berlin’s per capita virtual water imports are only half of those of Lagos’, but 50 %
higher than Delhi’s. We identified a combination of – opposing – factors causing this sit-
uation: there is much higher water productivity in large parts of Berlin’s source regions,25

higher per-capita kcal consumption, and a much larger fraction of water-intensive soy
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(livestock feed) and coffee and cocoa import to Berlin, compared to Delhi and Lagos.
We have not accounted in our analysis for imports of livestock products for which soy
may have been used, which would have increased the footprints further. WWF (2009)
largely confirms this analysis, ranking coffee, cocoa, other oil seeds, cotton (not in-
cluded in our analysis), and soy as the top five commodities in terms of virtual water5

imports (to Germany).
When comparing per-capita virtual water imports of Berlin and Lagos, we find that

the conventional assumption of growing dietary water requirements with higher income
(e.g. Lundqvist et al., 2008) needs to be modified somewhat, by balancing higher water
demands of more luxurious diets with the higher crop water productivities in some10

of the main food source regions. Germany produces 8 times more kcals per liter of
consumptive water use (under current crop mix) than Nigeria, 12 times more than
Ghana, 6 times more than Ivory Coast, and 5 times more than India (Gerten et al.,
2011).

Our analysis also differentiates between green and blue virtual water imports, be-15

cause these two types of water, associated with traded crops have different opportu-
nity costs and cause different footprints in the source regions. Only about 0.5 % of the
virtual water imports of Lagos and 2 % of those of Berlin but 42 % of Delhi’s imports
are blue (i.e. associated with irrigation). Hence Delhi’s food consumption and imports
impact blue water resources in the source regions much more directly than consump-20

tion and imports of Berlin or Lagos. Imports based on rainfed agriculture, compete in
the source regions for green water with other land uses, ecosystems and their services
(Foley et al., 2011). But rainfed agriculture also affects blue water availability, either
negatively or positively through (i) changes in land surface hydrology (agricultural inten-
sification for export production or as a result of foreign direct investment can increase25

evapotranspiration and hence decrease blue water availability, compared to previous
land uses such as grazing or extensive agriculture, see e.g. Bossio et al., 2012) and/or
(ii) reducing the need for blue water use for irrigation, if rainfed crop production can
be increased (Rockström et al., 2009). The impacts on water scarcity and opportunity
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costs of green and blue crop water use for export agriculture strongly depend on the
specific local context in the source region.

4.2 Towards true water footprints: detailed analysis of local context in source
regions

In order to move beyond “shoesizes” (Pfister et al., 2009), i.e. volumes of virtual water5

associated with bi-lateral trade flows, towards true footprints, i.e. impacts of consump-
tion and export production, we have assessed the water- and food-related context in
some of the source regions of Berlin. We found that significant fractions of its virtual
water imports originate from water scarce and/or food insecure countries (Table 3), as
driven by comparative advantages that these countries have in climate (e.g. cocoa and10

coffee only being produced in tropical climates), land (e.g. Brazil’s land availability –
measured as the ratio of biocapacity to ecological footprint – being much higher than
that of Germany, WWF, 2012), labor, capital or other production factors. The main in-
ternational virtual water imports of Berlin, associated with coffee, soy and cocoa, have
blue water fractions of 1 % or less. Soy from Brazil and cocoa from West Africa have15

blue virtual water fractions of less than 0.05 %, while less than 0.5 % of the food pro-
duction of these countries is based on blue water. So in this case a separate footprint
analysis for blue vitual water exports is not necessary.

Since national averages (in particular for large countries such as Brazil) are not suit-
able for deriving local impacts of export production, we further assessed the local con-20

ditions in some of the main source regions in Brazil and West African countries. While
at national level the per-capita water availability for food production is much less con-
strained in Brazil than in Germany (Table 3), it is much lower in the main soy exporting
region (Cerrado, see Fig. 4a), comparable to that of Germany. Given that crop water
productivity (measured in kcal produced per L of water consumed) of soy and other25

major crops grown in Brazil is only about half of that of major crops grown in Germany,
the Cerrado is in fact relatively more food-water constrained. Furthermore, water qual-
ity degradation from industrial soy production – which is responsible e.g. for about 25 %
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of total Brazilian pesticide use (Altieri et al., 2005) – reduces the availability of clean
water further. Mekonnen et al. (2010) propose to include water pollution in footprint
analyses (calculating so-called “grey-water footprints”), but there are methodological
difficulties involved, when integrating real quantities of water consumed with potential
quantities of water required for diluting pollution. Furthermore, so-called “leakage” or5

indirect land use change, caused by expanding soy production in the Cerrado, pushes
other land uses such as cattle ranching deeper into neighboring Amazonia, where it
causes rapid deforestation with potentially far-reaching consequences for moisture re-
cycling, precipitation and water availability in other parts of South America (Nobre et al.,
2009; Marengo et al., 2009). These indirect water-related effects of export production10

add another layer of complexity to water footprint analyses.
Food production in Ghana and Nigeria is significantly more water-constrained at na-

tional level than in Germany, due to much lower agricultural water productivities (Ta-
ble 3), associated with lower agricultural inputs, underperforming extension systems
etc. However, cocoa and coffee export production are concentrated in the more hu-15

mid (and also more food secure) parts of these West African countries (see Fig. 4b),
which have higher water availabilities for food production than the national average.
These gradients of water availability (and food security) within each source country
point at another facet of “local context”: the capacity to distribute food surpluses in-
ternally (e.g. using travel time to markets as determined by transport infrastructure as20

indicator, Nelson, 2008) from well-endowed to critically scarce regions, without which
resource exploitation for export production may aggravate water scarcity or food inse-
curity of the local – in particular the most marginalized – population. Travel distances
may also be suitable for our own analysis as an alternative to Euclidean distances,
when distributing surplus crop production to other grid cells (see first assumption in25

the methods section). In some countries, transport infrastructure may also determine
distribution of imports more strongly than population fractions in the respective grid cell
(third assumption in the methods section). The second assumption (same per capita
food consumption everywhere within a country) may somewhat bias the analysis, as in
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large countries like India diets in one part may be quite different from those in another
part (e.g. wheat versus rice as staple crops).

A closer look at production systems shows that cocoa in Nigeria is mostly shaded by
other trees, some being remnants of former forest vegetation. These systems are not
high yielding but have been stable over more than 50, sometimes 100 years. In Ghana5

and Ivory Coast most cocoa systems are younger, planted with improved varieties and
less shaded or in open light. Yields are usually higher in these younger systems (and
hence they reduce competition for green water and land with local staple crop pro-
duction or other ecosystems), yet pesticide and fertilizer inputs and associated water
quality degradation are also higher than in traditional shaded systems. The long term10

sustainability – another determinant of local impact and water footprints – is potentially
traded off against yield maximization.

We have limited this footprint analysis to water-related opportunity costs, but of
course there are also benefits derived from export production. For example in Ivory
Coast, Ghana and Nigeria the cash crops cocoa and coffee are important sources of15

income and foreign exchange earners, at equal or higher economic water productivity
than staple crops. A comprehensive footprint analysis has to weigh environmental and
socio-economic costs and benefits.

5 Conclusions

5.1 Operationalizing water footprints20

The Global Footprint Networks describes the objective of footprint analyses as: “al-
low[ing] to track a city’s . . . demand on natural capital, and to compare this demand
with the amount of natural capital actually available. . . .shed light on the region’s con-
straints or future liabilities in comparison with other regions of the world” http://www.
footprintnetwork.org/en/index.php/GFN/page/footprint for cities (last access: 27 Jan-25

uary 2013).
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Our analysis contributes to this goal, aiming at operationalizing water footprints for
guiding sustainable consumption and production. We find that water footprints of luxu-
rious diets such as those of Berlin materialize to a large extent in distant, sometimes
water scarce and food insecure countries or regions thereof. These countries may not
be in the position to fully ensure sustainable water management through the appropri-5

ate policy making at national level, as suggested by Wichelns (2010), given that they
are subject to strong external pressures on their water resources, driven by global-
ization, trade and foreign direct investment. These pressures, which cause resource
exploitation and in some cases also degradation, must be addressed, when striving for
more sustainable consumption and production.10

5.2 Opportunities for more sustainable consumption

We have identified indicators to measure sustainability of consumption, by specifying
in more detail than previously available the origin of crop commodities and associated
virtual water and the local conditions in the source regions. A case in point is the
(over-)consumption of meat by wealthier populations and population groups, which is15

responsible for a large fraction of water footprints of their diets. Berlin’s footprint of
meat consumption (expressed in our analysis as soy/ import for livestock feed) puts
water resources in the Brazilian Cerrado, in the adjacent Amazon and beyond at risk.
These context-specific impacts in the source regions need to become part of footprint
analyses.20

However, the case of Berlin also demonstrates the difficulty of deriving recommen-
dations for sustainable consumption from footprint analyses, e.g. when assessing the
large water footprints associated with cocoa (and coffee) consumption, which mate-
rialize in West African countries: while cocoa export production there competes for
green water and land with staple crop production for domestic use and also with other25

ecosystems and their services, it also provides income and hence a means for im-
proving access to food for the local population. Hence it is unlikely that reduced cocoa
consumption in Berlin and subsequent reduction of export production in West Africa
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and re-allocation of water to staple food crops would solve the region’s food security
problems. These socio-economic aspects of export production are yet to be integrated
with environmental aspects in water footprint analyses.

5.3 Opportunities for more sustainable production

We introduced crop water productivity in our water footprint analysis, explaining that5

way the much lower per-capita water footprint of Berlin compared to Lagos, despite its
more luxurious diets. The low water productivity in large parts of sub-Saharan Africa
is primarily explained by agricultural management and climatic factors. Fertilizer inputs
are very low (Potter et al., 2010) and area equipped for irrigation is at or below 1 % of
cropland (Portmann et al., 2010) in the three West African countries assessed in this10

study, missing large opportunities for increasing water productivity (and hence reduc-
ing footprints) under the given climate. Agro-ecological research has identified diverse
and multi-functional (domestic and export production) systems, e.g. cocoa or coffee
production shaded by banana trees, for sustainably increasing overall resource pro-
ductivity and system resilience. Export production and also foreign direct investment15

can contribute knowledge and technologies for such type of sustainable intensifica-
tion (Hoff et al., 2012). However, there are no blanket solutions, but opportunities are
very specific to the respective natural resource (and socio-economic) context. Global
top-down approaches to water footprints need to be complemented by context-specific
analyses of local costs, benefits and opportunities of export production.20

5.4 Gaps/next steps in footprint analyses

Further operationalization of water footprints, for identification of opportunities for sus-
tainable consumption and production, critically hinges on improved data availability on:

1. sub-national export production pattern, improving our initial (top-down) analyses
of virtual water flows at high resolution;25
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2. sub-national and context-specific conditions in source regions (e.g. green and
blue water scarcity and opportunity costs, production systems, and food insecu-
rity) for identifying opportunities for more sustainable production;

3. specific diets of cities and population groups, in cases where these deviate from
national averages, for identifying opportunities for more sustainable consumption.5

Moreover, water footprint analysis to date is based on bi-lateral trade flows of ma-
jor commodities. This is not sufficient in view of the complex multi-national (and also
multi-sectoral) supply chains, from primary crop production, through various processing
steps, to the final consumer. A way forward towards fully consumption-based account-
ing and detailed tracing of virtual green and blue water flows through these supply10

chains provided by is multi-regional input-output (MRIO) analysis. Initial work of that
type can be found e.g. in Lenzen et al. (2012) or Hoff et al. (2013).

Lastly, for guiding sustainable consumption and production, “multi-dimensional” foot-
prints will be required (see Galli et al., 2012). Green and blue water footprints as de-
scribed here, need to be harmonized and integrated with land, ecological, nitrogen, car-15

bon and possibly other footprints – also acknowledging the interdependencies among
the different underlying natural resources and their utilization in the respective source
regions. There is still a long way to go in terms of data consolidation, method develop-
ment and harmonization of different footprint approaches, but awareness-raising and
education, e.g. of European consumers about the (water and other) resource intensi-20

ties of say meat consumption and associated environmental externalities in the source
regions is timely, e.g. via certified and labeled products. New scientific knowledge has
to feed into these indicators for sustainable consumption and production as it becomes
available.
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Table 1. Characteristics of virtual water imports of Berlin, Delhi and Lagos; total population,
per-capita green, blue and total virtual water imports, and average green and blue virtual water
transport distances.

population green VW import blue VW import per capita total avg green VW avg blue VW
(million) per capita per capita VW import transport transport

(m3 yr−1) (m3 yr−1) (m3 yr−1) distance (km) distance (km)

Berlin 3.5 628 15 643 4400 4200
Delhi 16.3 252 182 434 600 200
Lagos 8.7 1203 7 1210 800 9000
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Table 2. Crop water productivities for locally produced maize, pulses and potatoes (kg yield m−3

of consumptive water use).

maize (kg m−3) pulses (kg m−3) potatoes (kg m−3)

Germany 2.27 0.92 9.90
India 0.35 0.35 3.98
Nigeria 0.25 0.09 3.46
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Table 3. Characterization of Berlin’s largest non-industrialized virtual water source countries in
descending order: total (green plus blue) water availability for food production and food water
requirement (m3 per capita and year), ratio of total water availability to food water requirement
(or water-limited food self-sufficiency potential), blue water fraction in food production, preva-
lence of undernourishment in total population, and nutritional stunting among children under
5 yr.

food water food water availability to blue water undernourished nutritional
source availability requirement requirement fraction in food population stunting
country m3 cap−1 yr−1 m3 cap−1 yr−1 ratio production [%] % of total % of total

Brazil 22 358 1268 17.6 0.3 7 7
Ivory Coast 6233 1822 3.4 0.1 21 39
Indonesia 7485 1029 7.3 0.4 9 40
Colombia 10677 1338 7.9 0.2 13 16
Ghana 3912 3325 1.2 0.02 <5 29
Papua/N.G. 72279 2757 26.2 0 n.a. 44
El Salvador 2567 2692 0.9 1.8 12 25
Nigeria 3017 2208 1.4 0.4 9 41
Vietnam 2560 930 2.7 15.6 9 43
Kenya 1589 2083 0.8 0.1 30 35
Honduras 7672 2378 3.2 1.0 10 30
Guatemala 5722 2173 2.6 1.0 30 54
India 1054 1473 0.7 47 18 48
Peru 6452 1116 5.8 4.1 11 28
Cameroon 8978 2720 3.3 0.3 16 36
Ecuador 5098 1448 3.5 1.3 18 29
Ethiopia 1404 2822 0.5 1.8 40 51

Germany 1179 517 2.3 0.6 n.a. 1
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 23 

Figures 1 

Figure 1a: Blue virtual water flows 2 

 3 

  4 Fig. 1a. Blue (a), green (b) and total (c) virtual water flows caused by food consumption –
production imbalances, for all 19 crops considered, averaged for the period 1998–2002 (in
mm yr−1). Negative values indicate crop production surplus relative to consumption and ac-
cordingly outflow of virtual water, positive values indicate crop production deficit and inflow of
virtual water. A zoom-in for the Berlin area is provided in (d), where a yellow polygon shows
the grid cells for this analysis assumed to represent the city of Berlin and the black line is the
German–Polish border. Maps are shown in Robinson projection. (a) Blue virtual water flows.
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 24 

Figure 1b: Green virtual water flows 1 

  2 

Fig. 1b. Blue (a), green (b) and total (c) virtual water flows caused by food consumption –
production imbalances, for all 19 crops considered, averaged for the period 1998–2002 (in
mm yr−1). Negative values indicate crop production surplus relative to consumption and ac-
cordingly outflow of virtual water, positive values indicate crop production deficit and inflow of
virtual water. A zoom-in for the Berlin area is provided in (d), where a yellow polygon shows
the grid cells for this analysis assumed to represent the city of Berlin and the black line is the
German–Polish border. Maps are shown in Robinson projection. (b) Green virtual water flows.
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 25 

Figure 1c: Total virtual water flows: 1 

 2 
  3 

Fig. 1c. Blue (a), green (b) and total (c) virtual water flows caused by food consumption –
production imbalances, for all 19 crops considered, averaged for the period 1998–2002 (in
mm yr−1). Negative values indicate crop production surplus relative to consumption and ac-
cordingly outflow of virtual water, positive values indicate crop production deficit and inflow of
virtual water. A zoom-in for the Berlin area is provided in (d), where a yellow polygon shows
the grid cells for this analysis assumed to represent the city of Berlin and the black line is the
German–Polish border. Maps are shown in Robinson projection. (c) Total virtual water flows.
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 26 

Figure 1d: Zoom-in for Berlin  1 

blue green Total 

   
  2 

Fig. 1d. Blue (a), green (b) and total (c) virtual water flows caused by food consumption –
production imbalances, for all 19 crops considered, averaged for the period 1998–2002 (in
mm yr−1). Negative values indicate crop production surplus relative to consumption and ac-
cordingly outflow of virtual water, positive values indicate crop production deficit and inflow of
virtual water. A zoom-in for the Berlin area is provided in (d), where a yellow polygon shows
the grid cells for this analysis assumed to represent the city of Berlin and the black line is the
German–Polish border. Maps are shown in Robinson projection. (d) Zoom-in for Berlin.
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Figure 2a: Virtual water imports Berlin 1 
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Fig. 2a. Virtual water imports with crop commodities (x-axis in m3 capita−1 yr−1) and average
import distances (y-axis in km) for Berlin (a), Delhi (b) and Lagos (c). Not depicted are com-
modities contributing less than ca. 10 m3 (50 m3 in Lagos) green virtual water and less than
ca. 1 m3 (Berlin), 10 m3 (Delhi), and 0.1 m3 (Lagos) blue virtual water per capita and year.
Bubble sizes depict real commodity imports in kg for each city. Green and blue virtual wa-
ter import volumes per crop are additive, but real crop imports are equally depicted by same
green and blue bubble sizes of the respective crop. Open circles serve to keep other bubbles
underneath visible. (a) Virtual water imports Berlin. Bubble sizes indicate for example: wheat
164 kg cap−1 yr−1, soy 53 kg cap−1 yr−1, coffee 9 kg cap−1 yr−1, cocoa 3 kg cap−1 yr−1. Average
virtual water contents of Berlin’s imports are for example: wheat 498 L kg−1, soy 1755 L kg−1,
coffee 15 000 L kg−1, cocoa 20 000 L kg−1 (not shown).
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 28 

Figure 2b: Virtual water imports Delhi 1 
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Fig. 2b. Virtual water imports with crop commodities (x-axis in m3 capita−1 yr−1) and average
import distances (y-axis in km) for Berlin (a), Delhi (b) and Lagos (c). Not depicted are com-
modities contributing less than ca. 10 m3 (50 m3 in Lagos) green virtual water and less than
ca. 1 m3 (Berlin), 10 m3 (Delhi), and 0.1 m3 (Lagos) blue virtual water per capita and year.
Bubble sizes depict real commodity imports in kg for each city. Green and blue virtual wa-
ter import volumes per crop are additive, but real crop imports are equally depicted by same
green and blue bubble sizes of the respective crop. Open circles serve to keep other bub-
bles underneath visible. (b) Virtual water imports Delhi. Bubble sizes indicate for example: rice
122 kg cap−1 yr−1, wheat 66 kg cap−1 yr−1, pulses 12 kg cap−1 yr−1, soy 5 kg cap−1 yr−1. Average
virtual water contents of Delhi’s imports are for example: rice 1900 L kg−1, wheat 2100 L kg−1,
pulses 3200 L kg−1, soy 4200 L kg−1 (not shown).
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Figure 2c: Virtual water imports Lagos 1 
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Fig. 2c. Virtual water imports with crop commodities (x-axis in m3 capita−1 yr−1) and average
import distances (y-axis in km) for Berlin (a), Delhi (b) and Lagos (c). Not depicted are com-
modities contributing less than ca. 10 m3 (50 m3 in Lagos) green virtual water and less than ca.
1 m3 (Berlin), 10 m3 (Delhi), and 0.1 m3 (Lagos) blue virtual water per capita and year. Bubble
sizes depict real commodity imports in kg for each city. Green and blue virtual water import
volumes per crop are additive, but real crop imports are equally depicted by same green and
blue bubble sizes of the respective crop. Open circles serve to keep other bubbles underneath
visible. (b) Virtual water imports Lagos. Bubble sizes indicate for example: cassava 227 kg
cap−1 yr−1, sorghum 50 kg cap−1 yr−1, rice 33 kg cap−1 yr−1, soy 3 kg cap−1 yr−1. Average virtual
water contents of Lagos’ imports are for example: cassava 983 L kg−1, sorghum 5700 L kg−1,
rice 3800 L kg−1, soy 6800 L kg−1 (not shown). The small amounts of blue virtual water with rice
and blue and green virtual water with wheat are imported from average distances > 9000 km,
which is not shown to scale here.
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 30 

Figure 3: Berlin’s virtual water imports  1 

 2 
 3 

  4 Fig. 3. Berlin’s virtual water imports. Country colors indicate the primary export product to Berlin
(in terms of virtual water export), arrow-widths are proportional to virtual water import volumes
(only shown for countries contributing about 1 % or more to Berlin’s total virtual water imports).
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 31 

Figure 4: comparison of global GCWM analysis with national census data,  1 

for identifying surplus and export production.  2 

Figure 4a: Main soy surplus and export production regions in Brazil, 3 

left: according to global GCWM analysis (in kg per grid cell per year) 4 

right: municipal-level export production data in tons, after Municipal Production Census 2011, IBGE5 
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 9 

Figure 4b: Main cocoa surplus and export production regions in West Africa 10 

left: cocoa surplus and export production areas in Ivory Coast, Ghana and Nigeria (from left to right 11 

with the narrow countries Togo and Benin in between) according to GCWM analysis (in kg per grid 12 

cell per year) 13 

right: municipal-level production in Nigeria in tons (Hauser pers. Comm.)14 

 15 

 16 

 17 

Fig. 4a. Comparison of global GCWM analysis with national census data, for identifying sur-
plus and export production. (a) Main soy surplus and export production regions in Brazil, left:
according to global GCWM analysis (in kg per grid cell per year) right: municipal-level export
production data in tons, after Municipal Production Census 2011, IBGE.
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Figure 4b: Main cocoa surplus and export production regions in West Africa 10 

left: cocoa surplus and export production areas in Ivory Coast, Ghana and Nigeria (from left to right 11 

with the narrow countries Togo and Benin in between) according to GCWM analysis (in kg per grid 12 

cell per year) 13 

right: municipal-level production in Nigeria in tons (Hauser pers. Comm.)14 
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 17 

Fig. 4b. Comparison of global GCWM analysis with national census data, for identifying surplus
and export production. (b) Main cocoa surplus and export production regions in West Africa,
left: cocoa surplus and export production areas in Ivory Coast, Ghana and Nigeria (from left to
right with the narrow countries Togo and Benin in between) according to GCWM analysis (in
kg per grid cell per year) right: municipal-level production in Nigeria in tons (Hauser personal
communication, 2013).
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ABSTRACT: Ethiopia is often highlighted as a country in which a lot of foreign land acquisition is occurring. The 
extent to which these investments also constitute significant acquisitions of water is the subject of this paper. It is 
apparent that water availability is a strong driver of the recent surge of investments in agricultural land globally, 
and in general the investments occur in countries with significant 'untapped' water resources. Ethiopia is no 
exception. We propose that the perception of unused and abundant water resources, as captured in dominant 
narratives, that drives and justifies both foreign and domestic investments, fails to reflect the more complex 
reality on the ground. Based on new collections of lease information and crop modelling, we estimate the 
potential additional water use associated with foreign investments at various scales. As a consequence of data 
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unfold. However, they do suggest that if all planned FDI schemes are implemented and expanded in the near 
future, additional water consumption is likely to be comparable with existing water use in non-FDI irrigation 
schemes, and a non-trivial proportion of the country’s water resources will be effectively utilised by foreign 
entities. Hence, additional water use as well as local water scarcity ought to be strong considerations in regulating 
or pricing land leases. If new investments are to increase local food and water security without compromising 
local and downstream water availability they should be designed to improve often very low agricultural water 
productivity, and to safeguard access of local populations to water. 
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INTRODUCTION 

Ethiopia is often highlighted as a country in which a lot of foreign land acquisition is occurring (e.g. 
Butler, 2010; Time Magazine, 2011; The Guardian, 2011a). Estimates of the extent of the land assigned 
for foreign direct investment (FDI) range from 600,000 ha (Cotula et al., 2009), 1.2 million ha (World 
Bank, 2010a), 2.9 million ha (Access Capital, 2010) and 3.6 million ha (Mousseau and Sosnoff, 2011). In 
Ethiopia there are hundreds of different agreements with foreign governments and private sector 
companies from India, China, Saudi Arabia, Korea, Qatar, Libya, Israel and the European Union. Earlier 
investments, between 2000 and 2005, were primarily in the flori/horticultural sector with the EU, India 
and Israel investing more than 60% of their total foreign direct investment (FDI) in Ethiopia in this 
sector (Bues, 2011). Subsequently, from about 2006 to 2008, investments in floriculture continued to 
grow, and investment for production of rice, cotton and biofuels also increased dramatically. The recent 
surge in FDI is in part driven by the 2008 food crisis, due to export restrictions on key food crops that 
followed. At least 25 countries imposed export bans or restrictions in 2008, including India, Russia, 
Argentina and Vietnam. Brown (2011) asserts:  

[f]earing they might not be able to buy needed grain from the market, some of the more affluent countries, 
led by Saudi Arabia, South Korea, and China, took the unusual step in 2008 of buying or leasing land in 
other countries on which to grow grain for themselves. Among the principal destinations were Ethiopia and 
Sudan. 

In addition, the 2008 food crisis both increased the value of food and land, and pushed investors to look 
for new sources of investment (Mann and Smaller, 2010), resulting in the entry of new investment 
funds in the US (BlackRock and Goldman Sachs), UK (Knight Frank) and Germany (Deutsche Bank), 
targeting agricultural investment. Investment in agricultural land is increasingly viewed as a safe 
investment in times of financial crisis (FC, 2011). Moreover, a growing number of countries including 
China, India and Arab countries are faced with domestic resource constraints, in particular land and 
water (SOLAW, 2011), and hence look for opportunities to meet their rapidly growing demands 
internationally. And finally, new energy and climate policies of various countries have increased the 
demand for biofuels, making them a key driver of new land acquisitions (Anseeuw et al., 2012). Drivers 
on the side of the investors and international markets are met by increasingly favourable investment 
conditions in the target countries, many of which promote market liberalisation, commercialisation of 
agriculture and rural labour and commodification of land and water resources (Mann and Smaller, 
2010). Agricultural investments are part of a wider trend of very rapidly increasing foreign investment 
in Ethiopia, constituting approximately one-third of all foreign investment (Weissleder, 2009), which 
has increased exponentially from a total of US$45 million in 2000 to over US$3200 million in 2008 
(Mousseau and Sosnoff, 2011). 

Increasingly, it is being recognised that land acquisition often equates to de facto water acquisition 
(Skinner and Cotula, 2011) and FDI is driven as much or even more by the need for water to produce 
food than by the need for land (Mann and Smaller, 2010; Woodhouse and Ganho, 2011). For example, 
Saudi Arabia, a major investor in Ethiopia, for many years encouraged wheat production at home, but is 
now phasing out its own wheat production due to depletion of the (mostly fossil) freshwater reserves in 
the country. In 2008, Saudi Arabia established a new agricultural fund for which a prime concern is 
preserving domestic water resources by investing in agricultural production overseas (Mann and 
Smaller, 2010). 

In much of sub-Saharan Africa a dominant narrative is one of underutilised land and water resources 
that require investment to 'unlock' their potential and drive the engine of development (World Bank, 
2008; 2010b). This narrative is exemplified in Ethiopia by its prime minister who stated, "[w]e have 
three million hectares of unutilised land. This land is not used by anybody. This land should be 
developed" (IANS, 2011). While it is debatable if this land is indeed unutilised, there is certainly 
significant potential to increase land productivity. The same narrative exists for water, where IWMI has 
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introduced the concept of 'economic water scarcity' (Molden et al., 2007). 'Economic water scarcity' is 
therein defined as when "human, institutional, and financial capital limit access to water even though 
water in nature is available locally to meet human demands". Most sub-Saharan African countries, 
including Ethiopia, are identified to be suffering from economic water scarcity, based on the criteria 
that less than 25% of water from rivers is withdrawn for human purposes, but malnutrition exists 
indicating that more water could be used for production of food. Indeed, Ethiopia does have enormous 
untapped water resources (World Bank, 2006; Awulachew et al., 2010). Only about 5% of total blue 
water is withdrawn so that most of it leaves the country as flow in the Nile and other rivers, thereby 
benefitting downstream riparians. 

In Ethiopia, about 95% of agricultural production is currently rain-fed and only an estimated 640,000 
ha are currently irrigated – from a potential of 5.3 million ha (Awulachew at al., 2010). Key entry points 
to alleviate poverty and drive economic development are large and small water infrastructural 
development for irrigation, as well as soil and water conservation measures to buffer against rainfall 
variability and to increase water and land productivity (Awulachew et al., 2010). Investment in 
agricultural research and development has been identified as key to improving land and water 
productivity (e.g. Sulser et al., 2010). About 15% of the Government of Ethiopia’s expenditure is 
committed to the agricultural sector (Awulachew et al., 2010) with enormous successes in terms of 
production growth. Several recent policy frameworks such as the Growth and Transformation Plan for 
the Period of 2010 to 2014 (MoFED, 2010) encourage large-scale intensification and commercialisation 
of agriculture through additional investment by foreign investors. International investors in Ethiopia 
may be further encouraged through direct support in terms of customs duty or income tax exemptions 
(Lavers, 2011). 

It would seem that the FDI taking place in Ethiopia is exactly the kind of investment being called for 
internationally and nationally for water resources development to spur economic development. 
However, there is general unease reflected in much of the press (e.g. The Guardian, 2011b; 2011c; La 
Via Campesina, 2011; Dakar Appeal, 2011; Global Investment Watch, 2009; Afronline The Voice of 
Africa, 2011) and by many NGOs, civil society and human rights groups (e.g. the Ecumenical Water 
Network [EWN] and Ecumenical Advocacy Alliance [EAA], the Oakland Institute and the Solidarity 
Movement for a New Ethiopia), which equate FDI with 'land and water grabbing' and warn of a form of 
neo-colonialism. There is concern about the impacts of FDI on local people, their displacement from 
land, loss of access to resources, and lack of adequate compensation (Oakland Institute, 2011; EWN and 
EAA, 2011). There is also concern about the export of food grown in Ethiopia, resulting in a flow in the 
opposite direction of emergency food relief, which is essential for a large proportion of the poor and 
undernourished population: between 5 and 7 million Ethiopians require food aid. But also at the heart 
of the controversy over FDI is the de facto shift of – often informal – land and water rights of customary 
users to foreign users, often with completely unregulated access to water (Skinner and Cotula, 2011). 
Socio-economic and environmental impacts of agricultural intensification, and additional irrigation and 
hydropower development also include changes in local (e.g. groundwater) and downstream water 
availability, for example losses of access to drinking water for livestock (Avery, 2010; Elias and Abdi, 
2010; Abbink, 2011). Pollution, damming, abstractions and hydrological alterations impact aquatic and 
freshwater ecosystems and their services for humans (Brisbane Declaration, 2007). These impacts are 
of course not limited to FDI but also occur with any similar domestic investment and agricultural 
intensification. 

In this paper we focus on FDI in Ethiopia and its implications in terms of water appropriation. To do 
so we 1) document existing agreements in selected districts, regions and at national level to paint a 
clearer picture of the FDI situation in Ethiopia, including how access to water is regulated; 2) estimate 
the potential water resource impacts of land use change associated with FDI for well-documented cases, 
using a crop model; and 3) extrapolate from these cases and compare resulting total water resource 
impacts with the water situation nationally and for the Blue Nile basin, as well as for two contrasting 
local case studies. 

http://globalinvestmentwatch.com/
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Uncertainty exists at all levels of this analysis, from inaccuracies in the lease information to lack of 
information on specific locations and land use changes that have resulted, or will result. Thus we have 
developed scenarios for modelling changes in water use that suggest lower and upper boundaries of 
possible water use changes associated with FDI. Comparing these scenarios for water use change to 
known water availability and plans for irrigation development at national, basin and sub-basin scales, 
we test the hypothesis that water use implications of FDI will be unimportant in a water-abundant 
country such as Ethiopia. 

We propose that the perception of unused and abundant water resources, as captured in dominant 
narratives (World Bank, 2006, 2008, 2010b; Molden et al., 2007; Awulachew et al., 2010; IANS, 2011), 
that drives and justifies both foreign and domestic investments fails to reflect the more complex reality 
on the ground. 

FDI LEASES IN ETHIOPIA – NATIONAL AND REGIONAL 

Our analysis started with a review of known licences granted to foreign (including diaspora, i.e. 
Ethiopians living outside Ethiopia) investors at national and regional level, in order to provide an upper 
limit of potential land use change driven by FDI. We gathered information from national and regional 
agreements, focusing on those regions with the most FDI activity, Oromia, Amhara, SNNP, Gambella, 
and Beneshangul Gumuz – see figure 1. It is important to keep in mind, however, that so far only a 
small fraction of the licenses granted to foreign investors have been implemented. Thus much of the 
following data and discussion refers to potential land use changes and their potential water effects. 

Figure 1. Map of Ethiopia with administrative and hydrological boundaries and FDIs used in the water 
use analysis as well as other known FDI sites. 

 

Note: Hatched areas indicate those districts in which FDIs used in the water analysis are located. 
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FDI at the national level 

The Agricultural Investment Support Directorate under the Ethiopian Ministry of Agriculture assesses 
the biophysical and socio-economic situation and suitability of so-called 'unutilised lands' at the 
national level for commercial agriculture (Access Capital, 2010). Disclosure of land leases at the national 
level by the Federal Government encompasses 24 individual contracts made between 2009 and 2011. 
Regional governments had autonomy to manage their land before 2009, thus the federal registry 
reflects leases that arose after the change in rules in 2009. These leases amount to a total of 350,099 ha 
land, of which 285,012 ha are with foreigners (mostly large land areas) while 65,087 ha are with 
Ethiopians, including the diaspora (mostly small land areas) – see table 1. Out of the 285,012 ha land 
leased to foreigners, 250,012 ha are leased to eight Indian firms. 

Table 1.  National level: Land lease agreements between local, diaspora and foreign investors and the 
Ethiopian Investment Authority. 

Investor/Company Source Region Investment type Land area (ha) 

Keystone Diaspora B/Gumuz Horticultural crops 431 
Tsegaye Demoze Diaspora SNNPR Cotton, sesame, soybean 1000 
Reta Diaspora SNNPR Cotton, grains 2137 
Rahwa Ethiopia SNNPR Cotton, grains 3000 
Kehedam Trading Diaspora B/Gumuz Oil crop 3000 
ASKY  Ethiopia B/Gumuz Cotton 3000 
Verdanta Indian Gambella Tea 3012 
Lucci Agricultural  Ethiopian SNNPR Cotton 4003 
Daniel Agricultural  Diaspora SNNPR Cotton, grains 5000 
Mela Agricultural  Ethiopia SNNPR Cotton 5000 
Access Capital Ethiopian B/Gumuz Sesame and beans 5000 
Dr. Tamie Hadgu Diaspora SNNPR Cotton, seeds 5000 
Bruhoye Ethiopia B/Gumuz Cotton, soybean 5000 
Tracon Trading  Ethiopia B/Gumuz Cotton 5000 
White Field Indian SNNPR Cotton 10000 
Sannati Indian Gambella Rice 10000 
Saudi Star  Saudi Gambella Rice 10000 
Adama Ethiopia SNNPR Cotton 18516 
Ruchi Indian Gambella Soybean 25000 
CLC (Spentex) Indian B/Gumuz and 

Amhara 
Cotton 25000 

Huana Dafengyuan  China Gambella Sugar cane 25000 
BHO Indian Gambella Edible oil crops 27000 
Shmporji Indian B/Gumuz Pongamia (biofuel) 50000 
Karuturi agro-products  Indian Gambella Palm cereals, rice and 

sugar cane 
100000 

Source: Agricultural Investment Support Directorate under MoA, 2011.  

According to these data, Ethiopian and diaspora investors generally acquire land for growing cotton, 
grains, and horticultural and oil crops, while foreign investors also plan to grow rice, vegetables, flowers, 
sugar cane and other biofuels. To date none of the agreements at national level have been for growing 
feed for livestock. However, representatives of the US based Cargill (the world’s largest agribusiness) 
have reportedly been in Ethiopia, scouting for locations for future feed grain production (MacDonald 
and Simon, 2011). FDI in biofuel has increased rapidly since 2006, and now represents up to 50% of FDI 
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at the national level. Cotton is projected to be grown on up to 25% of the leased land, while food crops 
including edible oils cover the remaining area. 

FDI at the regional level 

Until the new FDI directive in 2009, and still in cases in which land area is less than 5000 ha, the regional 
governments have the authority to lease land without involvement of the federal government, and thus 
many more lease agreements are made at the regional than at the national level. Weissleder (2009) 
lists Oromia (especially for flori/horticulture production), Amhara, and SNNPR (Southern Nations, 
Nationalities, and Peoples Region) as the main FDI regions. Since 2009, the Gambella and Beneshangul 
Gumuz regions have also become the target of large-scale investment. In order to develop a better 
understanding of leases at the regional level, we interviewed authorities (at the Amhara Regional Trade 
and Investment Office in Bahir Dar, and the Oromia Regional Investment Office in Addis Ababa), and 
collected documentation in Amhara and Oromia and to some extent also from Beneshangul Gumuz, 
while information from Gambella and SNNP came only from the national registry. While the data 
collected reflect the major trends in FDI, we would like to caution that they are subject to multiple 
sources of error. For example, important FDI in agricultural land also takes place under the umbrella of 
other agreements, such as leases to national companies that sublease to foreign investors. The leases 
described below for the Amhara and Oromia regions represent the leases that have been granted since 
2008/2009. A few agreements also date back to as early as 1997/1998. 

The Amhara region comprises about 170,752 km2 or about 15.5% of Ethiopia’s total area (Adenew 
and Abdi, 2005; BoWR, 2005), including significant parts of the Ethiopian highlands and Lake Tana, such 
that 46% of the Amhara region discharges into the Blue Nile. Rugged mountains, valleys and gorges 
characterise the landscape with elevations ranging from 700 to 4600 metres above sea level (masl). The 
land use of the region is classified as 28% arable land, 30% pastureland, 2.1% forested land, 12.6% 
bushland, 7.2% settlement, 3.8% water bodies and 16.2% marginal land (BoA, 1999). The agro-climatic 
zones include cold (above 2300 masl), humid and semi-humid (2300-1500 masl) and arid and semi-arid 
(below 1500 masl) (Adenew and Abdi, 2005). The mean annual rainfall recorded in the region is in the 
range of 770 mm to 1660 mm (Bewket and Conway, 2007). 

According to the regional investment office, 174,400 ha of land in Amhara have been leased for 
different types of agricultural activities, including unspecified crop production, oil seeds, agro-industry, 
vegetables and fruits, forestry, special seeds, livestock and animal feed production, horticulture, and 
cotton production. 

Of the 960 land leases in the Amhara region, only three are to foreign investors (covering 25% of the 
total area leased), while the remainder is to diaspora or domestic investors as shown in table 2. Ninety 
nine percent of the investment projects (all domestic or diaspora) have a size of less than 1000 ha, and 
63% of the investment projects have a size less than, or equal to, 100 ha. A Saudi and an Indian investor 
hold the three biggest investment projects. 

Oromia comprises about 363,000 km2 (ONRS, 2011), or almost 33% of the total area of the country 
(ONRS, 2011), with extensive ranges of mountains, plateaus, hills, plains, gorges and valleys (MoA, 2011) 
with elevations ranging from 420 to 4370 masl, while 31% of the Oromia region discharges into the Blue 
Nile. Oromia also drains into the Awash, Gibe, and Didessa rivers. The region has three broad agro-
ecological zones; 7.7% is cold, 42% of the land is humid and semi-humid and 51% of the land is arid and 
semi-arid. The average annual rainfall of the region varies between 200 mm and 2600 mm (MoA, 2011). 
The total land size of the region is 363,000 km2. The region has large cultivable and irrigable land, huge 
water resources and rich mineral resources (MoA, 2011). Agricultural land area in Oromia is estimated 
to be 29.5%, grassland, forest, woodland, and bushland account for 69.5%, water bodies and wetlands, 
and settlements are less than 1% (Terefa et al., 2002). 
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Table 2. Investment type and size coverage in the Amhara region. 

Investment type        Land leased     Percentage share 

No. of projects Area (ha) Projects Area 
Domestic/Diaspora 957 132,000 99.7 76 
Foreign  3 42,000 <1 24 

Source: Amhara Regional State Environmental Protection Land Use and Administration Authority (EPLAUA), 2011. 

Oromia produces most of the exports for the country such as coffee and horticulture and other forest 
products. The Oromia region investment office reports about 1000 foreign and 2750 domestic leases, 
the single largest domestic lease being for bio-diesel production (Green Energy Plc. in West Harerge). 
Unlike Amhara regional or national leases, where FDI tended to be the largest size leases, 94% of the 
FDI in Oromia are of less than 1000 ha. This reflects the dominance of FDI in horticultural farms near 
Addis Ababa for production of flowers, herbs and strawberries, etc. However, also in Oromia the few 
large (1000-5000 ha) and very large (>5000 ha) leases represent the vast majority of the leased area, i.e. 
96%, with FDI accounting for 91%, i.e. 1.4 million ha, of the land leases as shown in table 3. 

Table 3. Investment type and size coverage in the Oromia region.* 

Investment type        Land leased     Percentage share 

No. of projects Area (ha) Projects Area 
Domestic/Diaspora 724 (2750) 150,000 73 9 
Foreign  891 (1001) 1,400,000 27 91 

* Table includes data from 891 FDI leases (out of a total of 1001) and 724 domestic leases (out of a total of 2750) for which 
information on land size was recorded. 

Source: ONRS, 2011. 

The Gambella region, covering about 32,033 km2 (GRS, 2001) or about 3% of Ethiopia’s total area and 
comprising relatively swampy lowlands, is dominated by pastoralists, with an altitude range of 410 to 
2300 masl. The Gambella region drains into the Baro-Akobo rivers and eventually into the White Nile. 
The average rainfall ranges from 463 mm to 2500 mm (MoA, 2011). The greater part of the Gambella 
region is covered by woodland and grassland which account for 36.4% and 30.3%, respectively, of the 
region. Cultivated land, forest, shrubland, swamp and other land use types cover 3.4, 16.7, 4.6, 7.7 and 
0.9%, respectively, of the region (GRS, 2001). Gambella is considered to have very high agricultural 
potential. According to the federal government 200,000 ha of land have been leased to foreign 
investors – 165,000 to Indian investors – see table 1. Rowden (2011) has summarised the details of 
these contracts as shown in table 4. MoA (2011) and Pearce (2011) report 400,000 ha of land (large 
parts of which are located in the Gambella National Park) have been leased or declared to be leased to 
foreign investors. The major land cover types of the allocated investment areas are open woodland, 
with scattered villages, swampy grassland and shrubland. 

The Beneshangul Gumuz region comprises about 50,336 km2 (BGS, 2003) or about 4.6% of Ethiopia’s 
total area while 23% of the Beneshangul Gumuz region discharges into the Blue Nile. Small parts of the 
region also drain directly into Sudan and join the Blue Nile below the Roseries dam. The agro-ecology of 
Benshangul Gumuz comprises 75% of wet lowland, 24% of midaltitude land and 1% of high-altitude 
land. The average annual rainfall is between about 860 mm and 1275 mm (MoA, 2011). The region is 
suitable for the production of both high-value and cereal crops. The irrigable part of the region near the 
Beles watershed and the Dabus river is suitable for fruits and sugar cane (MoA, 2011). According to the 
federal government, close to 100,000 ha of land have been leased with 78,000 ha to foreign and 
diaspora investors (see table 1). 
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Table 4. Features of disclosed contracts with Indian agricultural companies in Ethiopia, all located in the 
Gambela region. 

Company Crops Land area (ha) Term (years) 

BHO Bio Products Plc. Cereal, pulses, edible oils 27,000 25  

Karuturi Ago Products Plc. Palm, cereals, pulses 100,000*  50 
Ruchi Agri Plc. Soya beans 25,000 25 
Sannati Agro Farm Enterprise Pvt. Ltd. Rice, pulses, cereals 10,000 25 
Verdanta Harvests Plc. Tea, spices 3,012  50 

Source: Rowden, 2011.   * with option for 200,000 ha more. 

The SNNPR (Southern Nations, Nationalities, and Peoples Region) comprises about 107,403 km2 (SNNPR, 
2001) or about 9.7% of Ethiopia’s total area. The land cover in SNNPR is classified into 34.7% cultivated 
land, 23.3% shrubland, 16.4% grassland, 13.3% woodland, 8.3% forest, 1.5% water bodies and the 
remaining 2.5% other land use types (SNNPR, 2001). It drains into the Omo, Weyto and Bilate rivers. 
The agro-ecological zone in SNNPR is classified into 49.8% arid and semi-arid, 36.8% semi-humid and 
6.5% humid zones, and the mean annual rainfall ranges from 400 to 2400 mm (Waktola, 1999). Nine of 
the 24 investments reported by the federal government – see table 1 – are from SNNPR, five of them 
(amounting to 23,000 ha) being with foreign or diaspora investors. 

Uncertainties with the data 

We obtained information on leases through interviews with, and documents provided by, different 
institutions at the federal and regional level, but we did not do any ground-truthing of individual 
investment projects. National FDI data were kindly provided by the Agriculture Investment Support 
Directorate under the Ministry of Agriculture. Additional regional FDI data were obtained from the 
Amhara and Oromia Regional Investment Offices. While the national data could be verified project-by-
project directly from the contract documents, information from the regional investment offices was 
limited to their respective databases, which did not include all contract documents. 

As such, we provide an upper limit of potential FDI impacts on water resources by including all lease 
contracts that we could confirm from official sources, rather than only projects that are already 
operational. For example, projects in the Oromia regional database have been classified into 
'operational', 'under construction', 'pre-implementation', 'not implemented', 'not reported', and 
'abandoned' and some of them have no status ('not mentioned'). Investments that are listed as 
'abandoned' and 'not implemented' were not considered in our analysis. We did however include 
projects from the categories 'not reported' and 'not mentioned'. Thus, there may be some 
overestimation in our numbers. There may also be underestimation in the case of Beneshangul Gumuz 
and Gambella as our data do not include leases from these regions prior to 2009 or from the 
establishment of the Agricultural Investment Support Directorate within the Ministry of Agriculture. 

The model-based water analysis (see below) was performed on national FDI data from the 
Agricultural Investment Support Directorate, which is reliable, but comes without information on the 
status of implementation. The general understanding from the contract documents is that the lessee 
shall develop half of the leased land within the first year from the date of signing the contract or from 
the date of receipt of all the clearances, and the entire plot of leased land shall be developed within a 
period of not more than 2 years starting from the date of signing, though they may not all proceed that 
rapidly. 
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FDI LEASES AND WATER RIGHTS IN ETHIOPIA 

Characteristics of lease agreements 

Foreign investors can only lease land – typically for 25-50 years – but cannot buy the land (see e.g. land 
rental agreements available from the Ethiopian Ministry of Agriculture and Rural Development). Foreign 
investors are generally exempt from taxes on imports of capital goods and from taxes on repatriated 
profits. The very low land rents (often guaranteed for long periods) are justified by the Ethiopian 
government by the need for incentives to make up for the lack of infrastructure and non-availability of 
skilled labour. 

Land lease rates depend on location relative to the capital city and other outlets for export products 
(such as Djibouti or Port Sudan). For each kilometre closer to Addis Ababa, the lease rate increases by 
about US$0.25 per hectare per year (Access Capital, 2010), allowing lease rates of up to US$150 per 
hectare per year close to Addis Ababa. The investments made by Karuturi Agro-products plc. and Saudi 
Star were granted at exceptionally low prices, i.e. US$1.15 per hectare per year for Saudi Star. 

Proximity to water sources and availability of irrigation also increase the lease rate (Rahmatora, 
2011). From the national-level data that we analyzed, it seems that most leases are for irrigable land, 
and it can be inferred that lease rents are generally higher for projects where irrigation is likely, or some 
irrigation infrastructure already exists, than for rain-fed projects. For land located about 700 km away 
from Addis Ababa, the investor has to pay about US$6.30 per hectare per year for rain-fed agricultural 
land, and about US$9.10 for irrigable land (Access Capital, 2010). So there is recognition in the lease 
rates that FDI is drawing upon local water resources, although proximity to Addis Ababa and other 
export outlets is given higher value in leases than irrigation potential. Generally, land lease rents range 
from about US$1 to US$40 per ha per year, and the most common rate in leases by national agencies is 
about US$9 per ha per year. These are among the cheapest rates in the world, e.g. compared to 
US$350-800 per ha per year on average across Africa (Access Capital, 2010). 

Foreign investors are required to take good care of, and conserve, the leased land and other natural 
resources affected (see e.g. Social and Environmental Code of Practice, Ethiopian Ministry of 
Agriculture). The standard FDI lease agreement has the following clauses related to water: "[t]he lessee 
has the right to build infrastructure such as dams, water boreholes irrigation system at the discretion of 
the lessee upon consultation and submission of permit request with concerned authorities, subject to 
the type and size of the investment property whenever it deems so appropriate". 

The Ethiopian Water Resources Management Proclamation, 2005 (available from the Ethiopian 
Investment Agency) states that all water resources of the country are the common property of the 
Ethiopian people and the state. Domestic [municipal] use shall have priority over and above any other 
water uses. A permit is required to construct waterworks and to abstract water. Permits will be issued 
only if the proposed water use does not infringe, in any manner, on any person’s legitimate interests 
upon the water. 

So in principle regulation and legislation are in place to ensure sustainable use of water and avoid 
'water grabbing', i.e. negative effects of FDI for other water users and their formal or informal and 
customary water rights, including environmental water requirements. But the implementation of these 
laws is very weak (Mousseau and Sosnoff, 2011), and the lease agreements permit the development 
and use of surface and subsurface water without any precondition. Hence, land rights are implicitly also 
water rights. 

CHANGE IN WATER REQUIREMENTS UNDER FDI 

To quantify the FDI effects on water resources, we began our analysis with already licensed land lease 
agreements with foreign investors at the national level as obtained from the Ethiopian Agricultural 
Portal of the Federal Investment Authority presented in table 1. A subset of these agreements located 
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in seven different districts of the Gambella, Beneshangul Gumuz and SNNPR regions, was used to 
calculate potential water use changes associated with land use change under these agreements (for 
location see figure 1). We estimated current or pre-lease annual consumptive water use (i.e. 
evapotranspiration) and post-lease implementation water use using the FAO CROPWAT model (v.4.3) 
(FAO, 1998). Data requirements for the model included the location, crop type to be grown and the 
total area of land leased obtained from the lease agreements as shown in table 5; current or pre-lease 
land use/land cover in the study districts derived from overlaying the land use/land cover map with the 
district map in GIS environment; coverage of the different soil types in the district determined by 
overlaying the administrative map with the soil map (FAO, 1997), and average monthly weather data 
including ET0 and rainfall estimated using the FAO NewLocClim (Grieser et al., 2006) for the centre of 
each district. A number of assumptions about both current and future land use had to be made to 
approximate the change in land use that would result from FDI. 

Table 5. Origin of the investor, the total area of land leased and the planned crop type for the foreign 
investments used in the water use change analysis. 

Region District Origin of 
investor 

Area (ha) Planned crop 

Gambela Abobo Saudi 10,000 Rice 
Gambela Goge Indian 25,000 Soybean 
Gambela Itang Indian 27,000 Edible oil crops, cereals and pulses 

(sesame, sorghum, soybean) 
B/Gumaz Dangur Ethiopian 5000 Cotton/Soybean 
B/Gumuz Guba Diaspora 3000 Oil crops (e.g. Sesame/castor bean) 
B/Gumuz Pawe Indian 25,000 Cotton 
Southern Nations 
(SNNP) 

Hamer (and 
Jawi) 

Diaspora 2137 Cotton and grain (maize) 

Source: Agricultural Investment Support Directorate under the Ministry of Agriculture and Rural Development, 2011. 

Current or pre-lease land use was determined based on existing land use maps. With the exception of 
Hamer, grassland is the major pre-lease/current land use/land cover type in the study districts (as 
shown in table 6), often used for grazing and communally held. Our assumption was that these 
'undeveloped' grasslands are the most likely areas to be converted to commercial farms in all the 
districts. Consequently, the current annual water use was estimated using the Crop Water Requirement 
(CWR) estimated for the growing season of the grass (under extensive grazing), and the 
evapotranspiration loss during the off-seasons. For grass, the growing season was about 3.5 months in 
all the districts. The dates at which the effective rainfall was equivalent to ETo, which corresponds to 
the time when the soil moisture would be enough to trigger growth of grass was considered as the 
beginning of the growing season. Crop coefficient (Kc) values for extensive grazing (0.30, 0.75 and 0.75 
from FAO) were considered for the initial, middle and end of the growing stages of the grass. The 
evapotranspiration during the off-season was estimated taking a Kc value for bare land (Kc = 0.15) since 
the land may remain only partly covered by dead and dry grass that is often burned off during the dry 
season. 
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Table 6. Relative coverage (%) of existing land use types in the selected districts. 

Districts Grass-
land  

Culti-
vation 

Shrub-
land 

Wood-
land 

Forest Swamps Alpine vegetation 

Abobo 39  0  0 38 0  9.1 14.3 

Goge 87.1  0  0  6.4 0  3.1  3.4 

Itang 77.2  0  0 11.7 0 11.1  0 

Dangur 84.0  8.1  7.7  0 0  0  0 

Guba 90.2  0  6.7  3.1 0  0  0 

Pawe 45.2 10.5 36  0 0  0  0 

Hamer*  4.1  0 40.8  3.9 0  0  0 

Source: MoA, 2004.        *51% of the district is 'barren land'. 

To estimate land use change and associated additional water use due to the investment, we used 
information provided by the lease agreements about the types of crops to be grown (table 5). There 
was usually no, or only indirect, information on the management practices to be used, such as number 
of crops per year or whether irrigation would be practised. Therefore, two scenarios were used to 
estimate the CWR of the new projects: 

 Scenario I: growing of one rain-fed crop per year during the rainy season 

 Scenario II: growing one rain-fed crop during the rainy season followed by one irrigated crop 
during the off-season 

The consumptive water use for Scenario I was the sum of CWR during the growing season estimated 
using the corresponding Kc values of the suggested crop and the evapotranspiration loss during the off-
seasons. Similarly, the consumptive water use of Scenario II was the sum of the CWR of the rain-fed 
crop plus CWR of irrigated crops and the off-season evapotranspiration loss. Some of the projects 
indicate that more than one crop would be grown, but it is not clear if they are grown sequentially or in 
parallel. Therefore, it was assumed that long-duration crops would be rotated with short-duration ones. 

Results presented in table 7 show that significant increases in evapotranspiration are predicted in all 
seven cases. Even with a shift only from rain-fed grasses to a single rain-fed crop, increase in water use 
is likely to be between 6% and almost 90% depending on the climate and cropping choice. If irrigation is 
developed and two crops per year grown, the increase in water use on site is predicted to be between 
85 and 275%. 

Estimate of maximum and minimum additional consumptive water use by all reported FDI 
licences in Ethiopia 

This analysis is based on the calculations of crop water use and possible irrigation requirements at the 
seven sites conducted using CROPWAT presented above. In this analysis the calculated maximum and 
minimum changes in evapotranspiration (for the 7 sites) were extrapolated to estimate the range in 
total possible water use in FDI schemes throughout Ethiopia. The analyses were done for both Scenario-
I (i.e. only one rain-fed crop grown during the rainy season) and Scenario-II (i.e. one rain-fed crop during 
the rainy season followed by one irrigated crop during the off-season). Because the total area of FDI in 
Ethiopia is not known exactly, the calculations were repeated for different total FDI areas, ranging from 
the lowest estimate of 390,000 ha to the highest estimate of 3.6 million ha. This is a very crude 
estimation of water consumption that does not make allowance for differences in climate, differences 
in the crops grown or differences in water management practices in different FDI schemes across the 
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country. Nevertheless, it provides a first back-of-the-envelope estimate of the possible upper and lower 
bound of additional water consumption from the currently licensed FDI schemes in Ethiopia. 

Table 7. Estimated CWR (mm) of the current/pre-lease and planned land use types under FDI. 
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Abobo 316 185 501 791 144 935 1033 1824 53 1877 87 275 

Goge 240 151 391 420 128 548 446 866 66 932 40 138 

Itang 294 179 473 386 184 570 476 862 96 958 21 103 

Dangur 252 148 400 539 111 650 549 1088 25 1113 63 178 

Guba 361 246 607 392 250 642 506 898 227 1125 6 85 

Pawe 233 153 386 540 112 652 495 1035 52 1087 69 182 

Hamer 294 141 435 424 116 540 638 1062 24 1086 24 150 

Source: Estimates based on scenarios and CROPWAT analysis described above. 

The results are presented in table 8. As would be expected both the total potential area of FDI and 
whether or not irrigation is applied make a significant difference to the amount of additional water 
consumed. The additional water consumed is water 'lost' from the system as a consequence of 
evapotranspiration over and above that evapotranspired under current land use. Based on our best 
estimate of the area of currently licensed FDI schemes (i.e. 1.76 million ha) the range in water 
consumption is from 0.6 billion cubic metres (Bm3) (i.e. all rain-fed and only a marginal change in 
evapotranspiration – based on the minimum additional water use found in Scenario I cases presented in 
table 7) to 24.2 Bm3 (i.e. all irrigated and significant change in evapotranspiration – based on the 
maximum additional water use found in Scenario II cases presented in table 7). To put these estimates 
in context and assuming that changes in evapotranspiration will translate directly into changes in river 
flows (not necessarily true) these figures represent 0.5 and 19% of Ethiopia’s total national mean 
annual flow (125 Bm3). The minimum additional water consumption for the currently licensed FDI 
irrigated scenario (II) at 8.5 Bm3 is greater than estimates of current total annual irrigation water use of 
5.2 Bm3 (FAO Aquastat, 2011), while the maximum is almost five times the current use. If irrigation 
intensity is even higher than in our scenario II, i.e. more than one irrigated crop per year, water use 
would be even higher. In reality, the total additional consumption of water by all FDI schemes when 
operational will probably lie somewhere between the estimated figures. However, what is certain is 
that if planned FDI schemes are implemented and expand greatly in the near future, consumption is 
likely to be comparable with existing irrigation water use in non-FDI schemes and a non-trivial 
proportion of the country’s water resources will be effectively utilised by non-national entities. 



Water Alternatives - 2012  Volume 5 | Issue 2 

Bossio et al.: Water implications of foreign direct investment in Ethiopia Page | 235 

Table 8. Estimated maximum and minimum additional water consumption for different scenarios and 
different areas of FDI schemes across Ethiopia, based on largest and smallest changes found in seven 
sites, and greatest to least estimates of FDI land areas. 

 3.6 million ha 1.76 million ha 0.39 million ha 

 Scenario-I Scenario-II Scenario-I Scenario-II Scenario-I Scenario-II 
Maximum (Bm3)  15.6 49.5 7.6 24.2 1.7 5.4 
Minimum (Bm3) 1.3 17.5 0.6 8.5 0.1 1.9  

Estimate of maximum and minimum additional water consumption by confirmed FDI schemes in 
the upper Blue Nile Basin 

There are 12 large-scale foreign investments in the Upper Blue Nile basin that could be confirmed from 
the regional or the federal investment authorities. The investments are taking place in six out of 17 Blue 
Nile sub-basins – see figure 1 – and they vary in their size and project description. The overall land 
acquisition associated with confirmed licences amounts up to 138,961 ha which represents about 0.7% 
of the total area of the Upper Blue Nile basin (Awulachew et al., 2007). Many investors plan to grow 
cereals (wheat, maize and sorghum), cotton, sesame or soybean. One investor wants to develop a 
50,000 ha project of Pongamia pinnata, a legume tree that can be used as feedstock for biodiesel. 
Repeating the analysis described above for these 12 cases, as presented in table 9, shows the possible 
additional water use in FDI schemes throughout the Upper Blue Nile basin, ranging from a low of 0.05 
billion cubic metres per year (Bm3/yr) in the minimal rain-fed scenario to 1.9 Bm3/yr in the maximum 
irrigated scenario. In the Blue Nile, it is estimated that formal irrigation currently covers less than 
20,000 ha with withdrawals of only about 0.26 Bm3/yr (McCartney et al., in press). This is an 
underestimate of irrigation withdrawals, because small-scale informal irrigation occurs in many places 
but is not mapped and withdrawals are unknown. Nevertheless, the total withdrawals for irrigation are 
widely accepted to be negligible in comparison with the mean annual flow of the Blue Nile at the 
border with Sudan (i.e. 46 Bm3/yr). 

Government-planned formal irrigation development, as defined by the basin master plan (some of 
which may be replaced by FDI or may include FDI) is for 461,000 ha (out of a total potential of 815,881 
ha) in the medium to the long-term future. It is estimated that this would require on average 3.8 Bm3/yr 
of water withdrawals (McCartney et al., in press). If irrigation is developed on all land with confirmed 
FDI licences (138,961 ha) a sevenfold increase in formal irrigated area would result, with 
correspondingly higher irrigation withdrawals. This is approximately 30% of the government-planned 
formal irrigation, and 4% of mean annual flow of the Blue Nile. 

Table 9. Estimated maximum and minimum additional annual water consumption for the area of FDI 
schemes in the Upper Blue Nile basin. 

 Area of confirmed FDI licences ~140,000 ha 

 Scenario-I Scenario-II 

Maximum (Bm3/yr) 0.60 1.91 

Minimum (Bm3/yr) 0.05 0.67 

Estimate of maximum and minimum change in run-off in the Dinder sub-basin of the Blue Nile 
basin, from FDI schemes 

Estimated changes in evapotranspiration for schemes located in the Dinder sub-basin were used to 
evaluate the possible implications for flow for both Scenario-I and Scenario-II. As with the countrywide 
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analyses the assumption made was that an increase in evapotranspiration will translate directly into a 
reduction in river flows. The results, as presented in table 10, indicate that if both schemes are rain-fed 
only (i.e. Scenario-I) the total reduction in mean annual flow from the catchment will be approximately 
0.5%. However, if both schemes are irrigated (i.e. Scenario-II), the reduction in mean annual run-off is 
likely to be closer to 2%. Although these numbers may appear small, they are misleading because these 
calculations have made no allowance for temporal variations in flow. The run-off reduction due to rain-
fed agriculture will be primarily in the rainy season when flows are high. However, if irrigation is used, 
water abstractions will occur during the dry season, when flows are significantly lower. If irrigation 
water was withdrawn between January and May, when flows are lowest, the reduction in flow would 
be 9.6% of the total mean flow in these months,  with possibly severe consequences for downstream 
water users and aquatic ecosystems. 

Table 10. Estimated change in mean annual run-off from the Dinder sub-basin* as a consequence of 
known FDI schemes located in the basin. 

District 
 

Area 
leased 
(ha) 

Current 
evapotranspiration 

Additional water 
consumption 

Mm3 

% Reduction in flow 

mm Mm3 Scenario-I Scenario-II Scenario-I Scenario-II 
Dangur 5000 400 20 32.5 55.7 0.48 1.36 
Guba 3000 607 18.2 19.3 33.8 0.04 0.59 
Total 0.52 1.95 

*Note that the Dinder river is a tributary that joins the Blue Nile river in Sudan. Consequently, in Ethiopia it is classified as a 
sub-basin of the Blue Nile, even though it actually lies outside the portion of the Blue Nile (Abbay) basin in Ethiopia. 

Beyond quantities – Local level impact on water use and services from FDI 

The controversy over water use in FDI is not only about quantities of water, but rather about potential 
harm to traditional users, and how this may occur through foreign investment. Here we summarise two 
case studies that explore the complex nature of the interaction between foreign and local users of 
water that goes beyond quantities. 

Case 1. Intensive irrigation development by Saudi Star in the Gambela region for rice production 
increases agricultural water extraction from the Alwero river 

Saudi Star has leased 10,000 ha in Gambela for rice production for export (table 1). This is an example 
of intensive high capital irrigation development that will divert water from a river that currently 
supports multiple livelihood functions, as well as valuable ecosystems. 

This land was used for maize production using shifting cultivation techniques and some was forest 
land providing different forms of ecosystem services, such as food, fuel wood and medicine for the local 
community (Mousseau and Sosnoff, 2011). The leased area is near the Alwero river, a tributary in the 
Baro-Akobo basin system which ultimately flows into the White Nile in Sudan. 

With part of the land concession (1800 ha) Saudi Star will use water from a dam on the Alwero river, 
which can store 74 million cubic metres of water. The dam can provide irrigation water for more than 
10,000 ha of land (Rahmatora, 1999; Awulachew et al., 2007), but this area was not originally intended 
for the planned cotton plantation. Mousseau and Sosnoff (2011) reported that Saudi Star plans to build 
a 30 km cement canal to transfer water from the Alwero dam to the fields, and to build an additional 
dam on the Alwero to abstract even more water from the river. Saudi Star plans to use specialised 
techniques that increase the consumption efficiency of rice (Mousseau and Sosnoff, 2011). The 
additional water use from the Saudi Star land lease may amount to 0.14 Bm3/yr according to our 
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calculations of ET change in scenario 2 multiplied by 10,000 ha. That is only a small fraction of the total 
annual discharge of the Alwero river but could have significant local livelihood and ecosystem effects. 

The Alwero river has traditionally been used by local communities for fishing, transportation, water 
supply, and for agricultural practices. Irrigation water abstractions may reduce the river flow at critical 
times which, in turn, may affect the activities of the local community as well as the river’s aquatic 
ecosystems. It is also thought that Saudi Star has cleared some parts of the Gambella National Park 
(Mousseau and Sosnoff, 2011), though this is not certain because this protected area does not have a 
well-defined boundary. If so, it may be that wetlands with abundant fish populations and bird life are 
presently being altered due to the rice production by Saudi Star. 

Case 2. Intensification of water use and groundwater exploitation through entry of foreign investors 
into an existing small-scale irrigation scheme resulting in degradation of informal water rights to 
the local population in Oromia 

In this case, documented by Bues (2011) and developed by Bues and Theesfeld (this issue), water-
sharing in a small-scale irrigation scheme between local farmers and foreign investors resulted in 
conflict over water and significant change in institutional water rights and informal water rights to the 
benefit of foreign investors who had better bargaining power and the support of government. 

The irrigation scheme is situated in the central highlands of Ethiopia. The average annual rainfall is 
815 mm, and the temperature ranges from 10.5 to 25.4 oC (Girma and Awulachew, 2007). The scheme 
was built in the 1980s, the original objective being to establish state-owned horticultural farms with a 
corresponding 1600 ha of irrigation. Only 500 ha were realised, and a state-owned farm was installed to 
produce vegetables and fruits. This farm was only operational for a few years, after which the land was 
partly given to smallholders, the rest remaining unused. Around 2005, the government allocated 
approximately 140 ha to floricultural and horticultural investors, both from the area of the former state 
farm and also from local farmers, who were granted compensation. 

Since the arrival of the investment farms in the area, canal water has been shared among both. The 
water flows into the primary canal leading southwards to local farmers and nine floricultural and 
horticultural farms that are located adjacent to the canal. Out of these, six are operational, while three 
are not fully operational due to financial difficulties. Five out of the nine farms are entirely owned by 
foreign investors from the Netherlands (two), Israel (one), the Palestinian Territories (one), and China 
(one). Two of the farms are organised as joint ventures between Ethiopian and foreign investors 
(Russian/Ethiopian and Israeli/Ethiopian), and two farms are completely Ethiopian. The average farm 
size is 20 ha. The nine farms were allocated land from the former state farm and from local farmers. 

The flori/horticultural farms irrigate their greenhouses and open fields throughout the year. Water 
needs for irrigation and operation of farm activities are met by borehole-extracted groundwater and, to 
a lesser degree by canal water. Operations are significantly capitalised, including drip or spray irrigation, 
computer-driven water regulation for humidity control in greenhouses, and often water recycling 
systems. In contrast, local farmers use irrigation water primarily during the dry season for production of 
onion, tomato, potato and chickpea using flood and furrow irrigation and, unlike the flori/horticultural 
farms, are entirely dependent on canal water. 

The establishment of these new floricultural and horticultural farms in Dhandhamma and Filtinno 
communities resulted in changes in water withdrawal rights due to rescheduling of canal water 
withdrawals and new pricing systems for irrigation water as well as through changed land rights. These 
changes disadvantaged local farmers. The main reason for this outcome was power asymmetries, in 
particular stronger governmental support for the foreign investors than for the local farmers. 
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CONCLUSIONS 

Sustainable agricultural intensification is urgently required in Ethiopia, given the low productivity of 
water and land resources and, at the same time, the dire situation of the poor in terms of water and 
food security. Agricultural development that is equitable and locally appropriate is needed to improve 
local and national food security now and into the future. For that development and intensification, 
additional investment in agricultural land and water management is of paramount importance. The 
Government of Ethiopia has plans for significant expansion of irrigated area to improve production of 
food and biofuels and increase productivity of land, as part of overall plans to escalate economic 
development. 

FDI is rapidly growing in response to a number of global drivers and incentives from the Government 
of Ethiopia and could in principle bring benefit (improved technologies, innovation, increased 
productivity, market access, etc) to local populations. Current leasing arrangements do not give any 
special attention to the acquisition of water or to local water scarcity, but implicitly encourage 
development of water resources with agricultural intensification. And while legislation is in place to 
regulate FDI in order to share benefits with local populations and minimise negative social and 
environmental impacts, it is not clear that these are sufficiently enforced. The case studies presented 
here and in a recent paper by Lavers (2011) "raise doubts about the government’s ability to manage 
investment to combine the objectives of increasing production with equitable growth and security for 
smallholders". 

We have quantified potential water use impacts for selected FDIs and used two different scenarios 
of agricultural intensification (rain-fed and irrigated) to extrapolate to the country and Blue Nile basin 
the potential additional water use associated with FDI. At the national scale we use 1.7 million ha as 
best estimate of currently granted FDI licences by national and regional governments (Amhara and 
Oromia). Based on this estimate we found that at the national scale the additional water use by foreign 
entities may constitute a non-trivial portion of the nation’s water resources if current licences are fully 
implemented. Minimum additional water consumption for the currently licensed FDI irrigated scenario 
(II) at 8.5 Bm3 is greater than current total annual irrigation water use of 5.2 Bm3 (FAO Aquastat, 2011), 
while the maximum is almost five times the current use. 

In the Blue Nile basin we estimated water use based on 12 confirmed projects, thus these are no 
longer 'potential'. If irrigation is developed for all 138,961 ha of current FDI, our estimates represent a 
sevenfold increase in formal irrigated area, and potential irrigation withdrawals. This is approximately 
30% of the government-planned formal irrigation, and 4% of the mean annual flow of the Blue Nile. 
Again, a non-trivial result. In addition we estimated the potential impact of FDI on river flow in a sub-
basin of the Blue Nile. We found that two schemes in the Dinder sub-basin, if irrigated, could reduce 
mean annual river flow by 2%, but the impact would be much greater in the low-flow season when 
irrigation would divert approximately 10% of the mean dry season flow. . 

In evaluating the implications for water availability, the scale of assessment is important. At the 
basin or sub-basin scale changes in land use within a single scheme will, for the most part, be relatively 
small compared to the area of the basin (e.g. even a 50,000 ha scheme is small in a 40,000 km2 basin). 
Hence, at this scale the impacts of a single scheme on mean annual run-off are not likely to be great. 
However, as our analysis demonstrates, the cumulative impacts of many investment schemes, 
particularly at specific times of the year (i.e. during the dry season), will be much greater. 

We have further shown that the water-related impacts of a single FDI scheme at the local scale can 
be severe for customary water users as well as for the environment. These impacts arise from complex 
interactions between existing systems and new schemes related to land and water rights, and changes 
in water availability. In general, greater power to capture and exploit resources by foreign investors 
who have access to large amounts of capital to invest and/or greater political power and support of the 
government can result in appropriation of water away from traditional users, despite rules and 
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regulations that aim to protect them, as exemplified in the study by Bues (2011). The underlying policy 
and institutional environment that allows this to occur needs further attention. 

In this paper, we have not characterised the specific impact on people’s livelihoods and production 
that might arise from this appropriation of water. However, the potential significance of the water 
appropriation that we have estimated indicates a strong need to further explore what livelihoods 
impacts there might be. 

Nor have we explored the potential compensatory benefits to local peoples that might arise from 
these developments. For example, the CEO of Saudi Star, Haile Assegide, said in an interview (18 March 
2011) that their investment strategy would include reduced mechanisation – integrating a mix of labour 
and capital – that will result in more job creation than would an intensive mechanisation strategy. With 
this strategy, Saudi Star plans to employ 4000 to 5000 seasonal labourers for every 100,000 hectares 
under production (Mousseau and Sosnoff, 2011), and they pay about US$3 per day for their labourers, 
which is three to four times higher than the normal rate in the local area (Mousseau and Sosnoff, 2011). 
Saudi Star has also pledged to engage in infrastructural development in the district, which may result in 
a variety of benefits to the local population. It is still controversial however, whether job creation will 
compensate for lost livelihoods. As asserted by Abbink (2011): 

[a]ccording to the recent World Bank study, 2010, the job creation rate of the new schemes so far is 
extremely limited: for the cases where information was given it was only 0.0005 job per ha (World Bank, 
2010). So most likely the schemes will likely not create many jobs, certainly not in replacement of jobs lost 
by locals because of land alienation or dispossession. 

While the effects of FDI on local livelihoods and jobs, and even on domestic water availability, remain to 
be explored in other studies, the results of our simulations in terms of additional water use, in 
combination with information about low current crop yields in Ethiopia, suggest that agricultural 
investments can, and should, be designed with improved rain-fed and irrigated agricultural water 
productivities in mind (Hoff et al., 2012). 

An additional aspect we have not been able to explore in this paper is the time frame related to 
these developments. While there has been an exponential rise in leases and licences over the past few 
years, most of the large-scale developments tend to start on much smaller areas, planning to expand 
over time. Thus there may be 10 years or more before the existing plans are fully implemented. 

The preliminary findings and results presented here have highlighted the very high level of 
uncertainty surrounding FDI. A whole list of factors are uncertain, including the actual leases and leased 
areas, the implementation status of any licences, the specific location of planned developments, the 
crops to be grown, and the production and management practices to be employed. Consequently, our 
estimates of water consumption are also very uncertain. To develop more detailed quantified FDI water 
use estimates, and to develop an understanding of the time frame within which impacts will occur and 
their livelihood impacts, much more comprehensive and detailed cataloguing of lease details and their 
status is needed. This must include more information on planned water management practices, and 
address such issues as the variability of water supply in space and time when rainfall is highly seasonal. 

Our very preliminary findings of this study demonstrate that water use impacts of current FDI at the 
national, basin, and local scale are potentially non-trivial, so that the narrative of 'economic water 
scarcity' or abundant untapped water resources needs to be re-evaluated while water appropriation 
needs to be a strong consideration in FDI. 
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Green and blue water in Africa

How foreign direct investment can support
sustainable intensification

Holger Hoff, Dieter Gerten and Katharina Waha

Introduction

Sub-Saharan Africa (SSA) remains a hotspot of water and food insecurity. The absolute number
of undernourished people has increased from 169 million to 239 million in SSA over the past
two decades (WFP 2010). These current deficits in food supply might rapidly increase in the
future in view of the projection of a doubling of Africa’s population between 2010 and 2050
(about 75% of the global population growth is projected to happen in Africa; Africa Progress
Report 2012: 34). Analogously, FAO projections for SSA show a growth in total food demand
by up to 221% and even higher growth in demand for resource-intensive meat products (371%)
by 2050 (Bruinsma 2009). These additional demands will have to be met by an increase in the
use of natural resources.

However, it is generally assumed that (green and blue1) water resources and arable land
resources are ‘underutilised’ or ‘untapped’ in large parts of SSA. FAO (2011), for example,
identifies SSA as the region with the highest ratio of land suitable for cropping to actually
cropped land. This notion is also applied in the context of foreign direct investments (FDI),
when, for example, the Ethiopian Government states that ‘three million hectares of [land] …
not used by anybody … should be developed’ (IANS 2011). It should be noted, however, that
this view fails to acknowledge customary and informal rights to water and land.

While there is an ongoing debate about the potential for sustainably increasing food pro-
duction through expansion of cropland, there is no doubt about the enormous scope for
intensification on existing agricultural land through improving productivity. Water and land
productivity in SSA remain very low in comparison to other world regions which have bene-
fited more from agronomic progress and the ‘green revolution’ over the past half century
(Borlaug 2002; CA 2007; Deininger and Byerlee 2010; FAO 2011). This very low productivity
of actual land use is also reflected in the disproportional decrease in SSA’s total biomass pro-
duction – or net primary productivity (NPP) – compared to that of the original vegetation
cover. For large parts of SSA the anthropogenic decrease in NPP is above global average (global
NPP has decreased by 9.6% through human land cover change; Haberl et al. 2007).
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Both expansion of cropland and intensification on existing agricultural land (as measures to
overcome present limitations of food production) often carry significant social and environ-
mental externalities. For instance, they may result in a ‘simplified ecosystem configuration’
which leaves landscapes and their population more vulnerable to shocks, e.g. droughts or pests,
compared to more diverse natural ecosystems (Falkenmark and Rockström 2008). Agricultural
expansion has also been a main driver of ecosystem degradation (MA 2005), often resulting in
soil degradation and erosion with subsequent negative effects on productivity, water-holding
capacity and downstream water quality and siltation. SSA is particularly vulnerable to such
natural resource degradation (Liniger et al. 2011). Soil nutrient availability and nutrient reten-
tion capacity and soil fertility are low in large parts of SSA, often compounded by constant
‘nutrient mining’, i.e. extraction of nutrients without full replacement (Fischer et al. 2011). On
average, fertiliser application in SSA is less than 10 kg ha-1 yr-1 (compared e.g. to 100 kg ha-1

yr-1 in South Asia). While there are cases in which nutrient mining does not seem to pose
problems (Vanlauwe and Giller 2006), on average net depletion rates of nitrogen, phosphorus
and potassium (NPK) exceed 30 kg ha-1 yr -1, and 21 SSA countries even have NPK depletion
rates in excess of 60 kg ha-1 yr-1 (IAASTD 2009a, 2009b). On top of these resource constraints,
climate variability is very high in SSA, posing additional threats to food security (Christensen
and Hewitson 2007).

In response to the perceived or real ‘surplus of water and land’ in SSA (as described above) in
combination with an increasing domestic resources squeeze, a growing number of MENA
countries, as well as India, the People’s Republic of China and a few other countries, have
begun to acquire land at large scale – and global with that also green and blue water – in SSA.
It has been estimated that more than half of all global inward investment since 2000 took place
in SSA (Anseeuw et al. 2012). Most recently, FDI in SSA increasingly aims at biofuel produc-
tion, driven by renewable energy strategies of several countries around the world. This biofuel
focus is often on water-intensive sugarcane and other crops such as sweet sorghum, cassava or
jatropha (Richardson 2010), all of which compete for water and land with food production.

Through additional competition for natural resources, FDI can export food insecurity and
vulnerability to SSA countries. Alternatively – if well regulated and managed – FDI can com-
plement domestic investments in agriculture and become a transfer of urgently required
knowledge and technologies for sustainable agricultural intensification. This will depend on the
type of investment and its implementation. Guidelines (see Von Braun and Meizen-Dick 2009;
RAI n.d.) describe preconditions and opportunities for socially and environmentally sustainable
investments. FAO (2010) concluded that investments in biofuels can even lead to an increase in
food production, if it results in overall improvements in resource use efficiency.

We analyse in this chapter the situation and trends in water and land availability and pro-
ductivity for SSA countries, with a focus on the target countries for recent inward investment,
and also for selected investor countries. We also provide examples for the water-related effects
of ongoing FDI. From this analysis, we identify opportunities for improved green and blue
water and land management and sustainable intensification2 of agricultural production in SSA,
and more specifically how FDI can contribute to these goals.

Water and land availability and productivity in SSA FDI target and
investor countries

Higher water and land resource endowment in FDI target countries than in investor countries is
often assumed as a contributing factor to foreign direct investment (e.g. Cotula et al. 2009). We
have compiled information from various sources to test this assumption.

Hoff et al.
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Table 4.2.1 shows clearly that cultivated area per person is higher in almost all SSA countries
than in the selected investor countries, while yields per area are much lower. There is a mod-
erate negative correlation (r = -0.58) between cultivated area per person and yields. At the same
time, SSA countries seem to have significant potentials for expanding cropland as indicated by
the ratio of actually cultivated area to land suitable for cropping according to IIASA (2000) and
FAO (2011). As discussed before, the definition of additional land available for cropland
expansion is debatable (given competition with other existing uses and impacts on other eco-
systems and their services). In any case, Table 4.2.1 confirms the general understanding that
cropland expansion potentials are higher in SSA than in investor countries.

Closely related to water and land productivity is the so-called yield gap, the difference
between the potentially achievable yields under given climate (and soil) conditions and the
actual yields. This yield gap is determined by agricultural management factors such as irrigation,
mechanisation, nutrient and pest management, etc. Licker et al. (2010) found yield gaps in large

Table 4.2.1 Land resources and productivities in selected African and investor countries

Country Cultivated area per person1

(in ha/capita)
Cultivated area/ land
suitable for cropping2

Total cereal yield3

(in t/ha)

Zambia 0.27 0.08 2.07
Madagascar 0.18 0.08 2.93
Mozambique 0.23 0.11 1.01
Tanzania 0.23 0.19 1.11
Cameroon 0.38 0.26 1.66
Zimbabwe 0.34 0.28 0.45
Sudan4 0.48 0.29 0.59
Burkina Faso 0.37 0.33 1.00
Mali 0.43 0.35 1.59
Ghana 0.30 0.43 1.66
Senegal 0.32 0.44 1.13
Kenya 0.15 0.50 1.24
Ethiopia 0.18 0.54 1.75
South Africa5 0.31 1.04 4.41
Niger 1.00 2.52 0.38
Egypt5 0.05 230.56 7.20
Saudi Arabia 0.13 0 4.87
Germany6 0.15 0.56 7.20
Netherlands 0.07 0.85 9.03
India 0.14 1.04 2.57
China 0.09 1.11 5.45

Notes
1 Land under temporary and permanent agricultural crops (multiple-cropped areas are counted only once), temporary
meadows for mowing or pasture, land under market and kitchen gardens and land temporarily fallow (less than five
years). Abandoned land from shifting cultivation not included. FAOSTATa: year of data 2009.
2 Ratios > 1 are due to the fact that suitable land was defined according to IIASA (2000) for rainfed agriculture. Irrigation
enables agricultural expansion beyond what AEZ defines as ‘suitable’. In the case of Niger that seems also to be the case
for floodplain agriculture.
3 Including temperate and tropical cereals, like maize, rice, millet, sorghum, wheat. FAOSTATa: year of data 2009.
4 Including South Sudan.
5 South Africa and Egypt are also investor countries in SSA.
6 Germany is not a typical investor country, but included for comparison.
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parts of Africa to be among the highest in the world, confirming the large potentials to direct
investments towards improving resource productivity there.

In so-called ‘drylands’ which dominate large parts of SSA, in particular the Sahel and eastern
and southern Africa, only a small fraction of rainfall becomes surface runoff or groundwater, i.e.
blue water, while the remainder evaporates unproductively or transpires productively through
plants as green water. Moreover, more than 96% of agriculture in SSA is currently rainfed, i.e.
based exclusively on green water (Portmann 2011), compared, for example, to 40% of cropland
being irrigated in North Africa or 37% in Asia (IAASTD 2009a). In Kenya, for example, less
than 6% of rainfall becomes blue water (Rockström et al. 2005) and only 2% of agricultural land
is irrigated (Portmann 2011). Hence we emphasise in this chapter the importance of better
managing and improving the productivity of agriculture presently dependent on green water.
While current FDI often focus on (large-scale) irrigated systems, enormous untapped potential
for sustainable intensification lies in (distributed and small-scale) green water interventions and
investments, so that the full green to blue water continuum can be exploited.

Starting from the metrics of conventional blue water scarcity assessments (m3 water available
per capita and year), we have broadened the analysis by adding green water3 available on agri-
cultural land – see Figure 4.2.1 for blue water, green water and total (green plus blue) water
availability aggregated to country level. We have then multiplied the total water available for
food production with the average crop water productivity (in m3 per 1,000 kcal) for the
respective crop mix, per country (see also Table 4.2.2), to determine the water limitation to the
country’s food self-sufficiency potential. Full food self-sufficiency is assumed if a production of
3,000 kcal per capita as a country average is possible (according to Rockström et al. 2005). Note
that these water-based calculations assume unlimited land availability on which blue water can
be made productive, and that they do not take into account spatio-temporal mismatches of
water availability and demand within the respective country.

When applying typical (blue) water scarcity thresholds of 1,000 m3, 1,300 m3 and 1,700 m3

per capita and year, respectively, we find that most SSA countries (different from North African
countries) are not to be considered water-scarce – see Figure 4.2.1a. This is true despite the
relatively small fraction of blue water generated from total precipitation (mostly less than 30%),
given the low average population densities per country. However, almost all SSA countries lack
blue water infrastructure which could bring this water to the field and make it productive in
irrigation. Another facet of this water infrastructure constraint is the low intensity of ground-
water use: while globally 38% of irrigated area is supplied by groundwater, in SSA only 6% and
in Kenya and Ethiopia only 1% is groundwater-fed (Siebert et al. 2010). The extremely low
actual contribution of blue water to food production in SSA reveals opportunities for agri-
cultural intensification, but at the same time also the limitations of blue water solutions: even a
doubling of blue water use for irrigation (irrigated land produces only 3% of staple cereals in
SSA), or a doubling of irrigation efficiencies, cannot close the current food demand–supply gap,
given that almost 25% of SSA population suffer from malnutrition (WFP 2010). Neither is
agricultural green water (evapotranspiration from current cropland and productive grazing land)
alone sufficient to ensure food security – see Figure 4.2.1b, which shows per capita green water
availabilities below 1,000 m3 per capita and year in many SSA countries. In most cases a com-
bination of blue water development and sustainable intensification (increasing productivity) of
green water use on existing cropland will be required. Our calculations of crop water pro-
ductivity confirm much lower values in most SSA countries than in other parts of the world,
sometimes an order of magnitude – see Figure 4.2.1d and Table 4.2.2 for selected countries.
The water limited food self-sufficiency ratio in Figure 4.2.1e and Table 4.2.2 shows to what
extent the countries’ renewable blue and agricultural green water resources can meet the calorie

Hoff et al.

362



(a) Blue water availability per capita (b) Green water availability per capita

(c) Total water availability per capita

(e) Water-Limited Food Self Sufficiency Ratio (3000 kcal daily diet assuming 2400 kcal from vegetable
products and 600 kcal from animal-based product)

Figure 4.2.1 Blue, green and total water availability per capita, average crop water productivity / calorie
water requirement , and water-limited food self-sufficiency potential aggregated to country
level (according to Gerten et al. 2011).

(d) Average crop water productivity / calorie water
requirement
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demand of its current population (based on 3,000 kcal per person as a value that ensures suffi-
cient supply also for the poorest part of the population).

Water-limited food self-sufficiency ratios are determined by the product of per capita water
availability and agricultural water productivity, relative to a demand of 3,000 kcal per day.
Despite the very low agricultural water productivities of most SSA countries, their potential
self-sufficiency ratios are still good, because of their relatively high per capita water availability
compared to many other countries (note from Figure 4.2.1c that Ethiopia and Kenya are at the
lower end of the per capita water availability spectrum in SSA). However, the selected investor
countries, with slightly lower per capita water availabilities, have higher self-sufficiency ratios
because of their significantly higher crop water productivities. The real situation in SSA is worse
than Table 4.2.2 suggests, because most of the blue water potentials cannot be realised because
of the lack of water infrastructure. Moreover, population growth rates in most SSA (and also
MENA) countries still exceed 2% per year, which is a higher rate than the projected annual
yield increase (and also water productivity increase) of about 1.5% per year for the next 20 years
for SSA (Bruinsma 2003). A population growth rate of 3% per year, as still present in some SSA
countries, means a doubling of population (and halving of per capita water availability if
everything else remains constant) within 25 years. Such population and demand growth rates
(on top of the need for overcoming malnutrition) also dwarf the yield growth potentials from
improved green water management which we calculated (see below).

Production systems and management intensities in SSA

In addition to the country-level information presented above, we also derived bottom-up
information on production systems and management intensities from a household/farm survey
(Dinar et al. 2008)4 containing 9,597 households in 11 African countries (about 400 to 1,100
households per country). Data were compiled from 20–70 representative districts or provinces
per country, which cover about 25%–60% of the respective country area. The surveyed
households primarily are small-scale farmers (55%), the remainder are medium (25 per cent) and
large-scale farmers (20%). Continuous cropping with or without a fallow period is the most

Table 4.2.2 Water resources and productivities in selected African and investor countries
(according to Gerten et al. 2011)

Total green + blue water
availability (m3 per
capita and year)

Water productivity/calorie
water requirement
(kcal per m3)

Water-limited food self-
sufficiency ratio

Ethiopia 1404 783 50%
Kenya 1589 1100 76%
South Africa 2226 1975 175%
Egypt 10581 3069 117%1

Saudi Arabia 303 1704 21%
India 1054 1648 72%2

China 1211 3123 135%
Netherlands 1108 6198 192%
Germany 1179 7562 228%

1Owing to an overestimation of Nile river discharge (Biemans et al. 2009), Egypt’s self-sufficiency ratio is also over-
estimated.
2India and also China use in addition to the renewable water resources presented in this table large amounts of fossil
groundwater for irrigation (Giordano 2009).
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common farming system in all countries, except for South Africa and Kenya where livestock
farming dominates.

The bottom-up information from the survey complements country-level data on agricultural
inputs and management intensities, as available from FAO and the World Bank, with spatially
explicit sub-country level information and parameter ranges (Fleischer and Kurukulasuriya
2011), which are important to identify the most marginalised parts of the country and popula-
tion groups. This survey adds more detailed information to the more general messages derived
from FAO and other country data, underpinning national strategies, policies and regulations for
investments (see Von Braun and Meizen-Dick 2009; RAI n.d.) towards improved benefits for
the local population.

Table 4.2.3 shows that fertiliser consumption reported in the surveyed households/farms
often exceeds World Bank country averages. There are probably various reasons for this dis-
crepancy: while FAO and the World Bank relate inputs such as fertiliser and pesticide use and
also area equipped for irrigation to total arable land (including ‘land under temporary agri-
cultural crops, temporary meadows for moving or pasture, and land temporarily fallow’; FAO-
STAT n.d.b), the survey relates inputs only to actually cultivated cropland. Moreover, the
survey also includes – different from FAO and the World Bank – traditional fertilisers like plant
residues and animal manure. In several cases the survey’s fertiliser median values (0.5 quantiles)
are closer to the World Bank values than the mean survey values. The fact that the survey’s
median values are way below the mean values hints at a small number of households/farms with
very high fertiliser consumption – probably those that produce cash and export crops (IAASTD
2009b). According to the survey, the 0.1 and even the 0.25 quantiles of fertiliser consumption
are zero (or close to zero) in most countries, dramatically illustrating the precarious situation of a
large number of households/farms (even in areas of good natural soil fertility status, zero fertiliser
use is not sustainable in the long term). On average, the nutrient balances for SSA (in 2000)
were strongly negative: -26 kg ha-1 yr-1 N, -3.0 kg ha-1 yr-1 P, and -19 kg ha-1 yr-1 K (Roy et al.
2003). Table 4.2.4 presents individual country balances for N, P and K, all of which are nega-
tive (Roy et al. 2003). As indicated before, South Africa has a special status in SSA, accounting
for 39% of all fertiliser use in Africa (IAASTD 2009b) but less than 5% total population.

Table 4.2.4, together with the information presented before, illustrates the urgent need to also
address sustainable intensification via improved fertiliser management in SSA for improved water
and land productivity, for promoting economic development, which in SSA still hinges on agriculture.

Mean pesticide consumption numbers from the survey are also generally above FAO country
averages, which might reflect the inclusion of traditional biological pesticides like insecticidal
plants (Abate et al. 2000) in the survey but not in the FAO database. South Africa is also the
largest African consumer of pesticides per area and in total amounts (not shown here), both in
FAO and in the survey. Different from the generally recommended increase in fertiliser use, an
increase of SSA’s pesticide use towards global average levels is not necessarily a pathway for
sustainable intensification. Instead, investments in integrated pest management may be more
appropriate (IAASTD 2009b).

The high number of surveyed households/farms which claim to use irrigation probably
mirrors that they were asked whether any of their plots were irrigated. So even the presence of
minimal irrigated areas in a farm resulted in a positive response in the survey. We conclude
from these survey data that irrigation may be more widespread than indicated by typical low
SSA average country values of irrigated fraction of cropland, and that accordingly adoption and
investments potentials for small-scale or supplementary irrigation may also be higher than often
assumed.
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The household/farm survey also asked in more detail for the types of irrigation and farm
machinery available. As with the other parameters presented above, Egypt and South Africa
show significant differences from the other countries surveyed, in that the average number of
items of heavy machinery per household and/or the frequent use of irrigation is exceptionally
high (Table 4.2.5). In all other countries only 5–30% of all households/farms use some type of
irrigation system, as also shown by Kurukulasuriya and Mendelsohn (2007). Gravity irrigation is
generally the most important irrigation type, except for South Africa where sprinkler irrigation
is most common. One-quarter of the households in Niger use an irrigation system other than
drip or sprinkler or gravity irrigation, indicating probably crop cultivation in the wetland areas
of the Niger River (FAO 2012).

In South Africa, different from the rest of SSA, most farmers have already shifted to modern
irrigation systems, including automated centre-pivot irrigation (Masiyandima et al. 2002), which
are probably referred to as ‘other systems’ (Table 4.2.5). In all other countries (but also in South
Africa), there is still large potential for investment in increased water productivity through
modernising irrigation.

In Egypt and Senegal only 1% and 26% of the households surveyed have at least one building
for storage of agricultural products available, respectively. In contrast, in all other countries at
least every second household has one building for storage; in Burkina Faso, Cameroon, Kenya
and Zimbabwe even two buildings are available on average per household (Table 4.2.5). The
large food losses in storage in low-income countries (Godfray et al. 2010) could be reduced
through investment in improved storage.

Potentials for improved green and blue water and land productivity
through foreign direct investment

Water scarcity in agriculture is a function not only of climatic conditions but also of water and
land management. In particular, in the drier regions of SSA up to half of the rainfall is lost as
unproductive evaporation and hence not contributing to biomass production (Rockström et al.
2007). Some of these losses can be captured by a so-called ‘vapour shift’ – a redirection of
evaporative fluxes towards productive transpiration for biomass production, e.g. through
increased vegetation cover, low or zero tillage, mulching and other conservation agriculture
practices (Rockström et al. 2007). These practices can increase rainfall/water productivity (i.e.
biomass production per unit of evapotranspiration) significantly.

We estimated from stylised model-based scenarios that most SSA countries could achieve a 10%–
25% increase in agricultural biomass production through improved green–blue water management, i.e.
if 25% of unproductive evaporation was shifted to productive transpiration and if at the same time 25%

Table 4.2.4 Nutrient balances of N, P and K (in kg ha-1 yr-1) for selected SSA countries in
2000, after Roy et al. (2003).

Country N P K

Cameroon -21 -2 -13
Ethiopia -47 -7 -32
Ghana -35 -4 -20
Kenya -46 -1 -36
Senegal -16 -2 -14
Zimbabwe -27 2 -26
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of runoff from cropland was harvested and additionally made available to plants (Rost et al. 2009). Note
that sufficient water storage infrastructure at the appropriate scale is an essential element for actually
realising these potentials.

Hence, if the hypothetical potentials for increasing biomass production (and in water and
land productivity) presented in Figure 4.2.2 were realised in the field, agricultural water scarcity
could be significantly alleviated and food production improved. However, as mentioned before,
these numbers also need to be put in the context of increasing food demand from population
growth (and other demand factors). For current population growth rates in SSA (between 2 and
3% per annum), the production increase indicated in Figure 4.2.2 would be consumed by the
demand increase from population growth alone, in less than 10 years (see also Rost et al. 2009,
who suggest that climate change will aggravate this dilemma even further).

Vapour shift and rainwater harvesting through distributed, scalable and primarily green water
management interventions are intensification options on existing cropland that do not encroach
on other land and ecosystems. In the case of vapour shift, impacts on downstream water availability
are also negligible. In the case of rainwater harvesting, benefits may be significantly higher than
indicated in Figure 4.2.2, if the water harvested (and stored) can be used to avoid complete crop
failure during dry spells in critical periods of the growing season. Hence, rainwater harvesting,
storage, supplementary irrigation and other small-scale and often low-cost interventions deserve more
attention relative to the current emphasis of investments on (blue water) irrigation infra-
structure. Case studies from various SSA countries show significant improvements in agricultural
productivity from the full range of green–blue water interventions across scales, including also
conservation agriculture, multiple cropping, crop breeding, diversification, etc. (Liniger et al. 2011).
The benefits derived from these options can be even greater if they slow down or stop land degrada-
tion, given that the majority of the SSA population – which depend on agriculture for their
livelihood – is being threatened by the rapid degradation of natural resources (IAASTD 2009b).

However it is not clear to what extent interventions such as those presented in Table 4.2.6
are scalable or transferable to other settings.

Investment in highly mechanised, irrigation-based and capital-intensive agriculture which
strongly depends on external inputs (e.g. fertiliser), can significantly increase yields, but often without
being inclusive (i.e. by-passing the local poor population) and with significant environmental
externalities. For example, it will often be more energy-intensive than Green Agriculture
(UNEP 2011) and green water-based agriculture. Full irrigation can compromise downstream
water availability for other human uses and for aquatic ecosystems (see water consequences of
FDI in irrigated agriculture in Ethiopia below). Intensification, e.g. via increased pesticide use,
may also negatively affect adjacent other ecosystems and their services and subsequently reduce
the landscape’s diversity and resilience to shocks.

Figure 4.2.2 Simulated increase in agricultural biomass production per country (in %) in response
to a hypothetical shift of 25% of evaporation to transpiration and harvesting of 25%
of cropland runoff for plant watering.
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Another option for increasing agricultural production – besides green or blue water-based
intensification on existing cropland – is the expansion of cropland into other land use categories
including grassland and forests. This expansion of cropland has been responsible for much of the
production growth in SSA over the past decades (given that in SSA per hectares yields have
remained almost static; CA 2007), but should not be encouraged for future agricultural devel-
opment and investment, given the negative effects on biodiversity, ecosystems and their ser-
vices, including the landscape’s carbon balances and climate regulation functions.

Given the trade-offs and opportunities associated with different investment pathways – green
water or blue water-based intensification or cropland expansion – national or regional level
authorities need to transparently factor into land deals all available information such as described
above, when encouraging, granting and regulating these deals. Also, the potential of FDI to
improve green and blue water and land productivity can only be realised if fully integrated with
agricultural and economic development plans.

Water consequences of FDI: the case of Ethiopia/Blue Nile

An initial analysis of the potential water consequences of FDI in Ethiopia and the upper Blue
Nile shows that land use change and agricultural intensification will increase plant water
demand and evapotranspiration, with negative effects on surface water availability and river
discharge. For a full implementation of rainfed (irrigated) agriculture on all confirmed foreign
land acquisition in Ethiopia, we calculated an increase in plant water requirement between 6%
and 87% (85% and 275%) for different agro-ecological settings (Bossio et al. 2012). Such an
increase in plant water demand could translate into a reduction of total annual river discharge in
Ethiopia between 0.5% and 19%. Similarly, the total annual discharge of the upper Blue Nile
could drop by 1%–5% for confirmed foreign land acquisitions (which equate to 0.7% of the
basin area). This initial analysis of FDI effects needs to be further detailed, in particular for
spatio-temporal variability of water demands and availability. Low flow periods which coincide
with highest irrigation demands are likely to become particularly critical, once a large fraction of
land deals is actually implemented. As shown for the upper Blue Nile, water-related effects of
FDI are – unlike land-related effects – not limited to the site of investment but can severely
impact downstream water users.

Table 4.2.6 Selected WOCAT (World Overview of Conservation Approaches and Technolo-
gies) results for Ethiopia, Kenya and South Africa (van Lynden ISRIC, personal
communication)

Country Soil and water conservation technology Production
increase (%)

Soil loss
decrease (%)

Ethiopia Multiple cropping 50% no data
Kenya Fanya Juu terraces 50% 9%
Kenya Double dug beds – Busia experience 150% no data
Kenya Water harvesting and enlarged structures 100% 7.2%
Kenya Water table management 100% 1%
Kenya Conservation tillage through ripping 80% 0%
South Africa Water runoff control plan on cultivated land 40% 21%
South Africa Controlling of soil erosion during crop production 100% 0.3%

Green and blue water in Africa

371



Important to note here is the large uncertainty about the extent of FDI and even more so
about eventual implementation of foreign land deals. The lack of transparency and account-
ability of such foreign land deals makes reliable estimates of areas and types of land use change
and agricultural intensification almost impossible.

In order for FDI to support sustainable intensification, land deals need to undergo environ-
mental (and socio-economic) impact assessments for on-site and off-site effects (the latter in
particular in terms of reduced downstream water availability).

Discussion and conclusions

We have combined top-down and bottom-up analyses in order to derive more detailed and
spatially explicit information about resource endowments, productivity and potentials for
improvement, with a view to better direct investments including FDI. We find that FDI target
countries in SSA are less constrained in water and land resources (per capita) than investor
countries, and typically have lower agricultural water and land productivities. While the avail-
ability of ‘untapped’ water and land in SSA is debatable from a social as well as from an envir-
onmental perspective, the large yield gaps for rainfed and irrigated agriculture clearly show
potentials for sustainable intensification on existing cropland. Integrated green and blue water
and land management – in particular also small-scale solutions which are adapted and affordable
for poor smallholder farmers – including water harvesting, water storage at all scales, supple-
mentary irrigation but also drought-resistant crops and improved fertiliser use – can comple-
ment conventional blue water infrastructure investments for increased returns and lower
opportunity costs (see Gilmont and Antonelli, Chapter 4.5 in this volume). Green agriculture
and multi-use systems (e.g. agro-forestry, crop–livestock–biofuel integration) can further
increase water and land productivity by rehabilitating land, recycling by-products and generat-
ing co-benefits (IAASTD 2009a; de Schutter 2011; UNEP 2011).

In situations of large surplus runoff, irrigation expansion on currently rainfed land can be a
viable option for sustainable intensification. Irrigation can also support adaptation to climate
variability and change. However, irrigation is often energy-intensive (Cooley et al. 2008) and
reduces downstream water availability – also due to evaporative losses from reservoirs. In already
water-scarce basins this reduction may be critical for downstream water withdrawals and in-
stream uses, including environmental flows for aquatic ecosystems (Smakhtin et al. 2004). So
investments into irrigation need to be guided by basin-wide water availability and water pro-
ductivity assessments for identifying critical withdrawal thresholds and potentials for overall
water productivity improvements.

Agricultural expansion into other biomes such as forests and grasslands should be minimised
and investment priority should be given to interventions on current cropland (in particular
where yield gaps are large), to avoid adverse environmental impacts from land conversion
(Falkenmark and Rockström 2008; Fischer et al. 2011).

FDI, which is currently experiencing a boost in many SSA countries (after public sector
investments in agriculture had declined for decades, IAASTD 2009a), could provide much-
needed capital, technologies and knowledge for innovation in water and land management and
agricultural commercialisation. Our analysis suggests that in order to meet the rapidly growing
local food demand (and need for employment and income) in SSA, FDI should go beyond the
current focus on blue water (irrigation), high-input and highly mechanised agriculture in the
most productive areas, and also encompass much more strongly green water solutions in low-
productivity, smallholder farming areas that need investment most and that support the majority
of the rural population.
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With such improvements in the productivity of rainfed and irrigated agriculture, immediate positive
effects on poverty and hunger alleviation can be expected (IAASTD 2009a). Detailed knowledge
on the current resource availability and productivity, and hence potentials for targeted investments, is
increasingly becoming available. The question remains, how to interest foreign (and national) investors
in green (and green water-based) agriculture, multi-use systems and decentralised pro-poor interven-
tions, or alternatively how rural poor can benefit from large-scale blue water-centric foreign
investments that often focus on export production, e.g. by way of outgrower schemes or contract
farming. For that, water and land resource-smart national investment strategies need to be
devised or revised and codes of conduct (e.g. Von Braun and Meizen-Dick 2009) or guidelines for
investment (RAI n.d.) need to be enforced through either economic incentives or effective reg-
ulation, for which the information presented in this chapter can provide scientific underpinning.
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Notes

1 ‘Green water’ refers to water in soils that stems directly from rainfall and is available to plants and
supporting natural and agricultural ecosystems. It is primarily managed via land use and agricultural practices.
‘Blue water’ refers to water in rivers, lakes or aquifers that is available for irrigation, municipal, indus-
trial and other uses, and typically managed by means of technical infrastructure.

2 ‘Sustainable intensification’ is understood here as ‘producing more food from the same area of land
while reducing the environmental impacts’, according to Godfray et al. (2010).

3 Note that we only account for green water which is available for food production, i.e. the soil water
that is available for evapotranspiration from agricultural land (according to Gerten et al. 2011). This
green water for food production also includes a fraction of pastures to represent livestock systems, but
still comprises only a small fraction of total green water fluxes (i.e. those from non-agricultural land) in
most SSA countries.

4 The dataset is the product of a World Bank/Global Environmental Facility project that was co-ordi-
nated by the Centre for Environmental Economics and Policy for Africa (CEEPA), University of
Pretoria, South Africa.
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3. Summary and conclusions 

The overall objective of this thesis, i.e. advancing global water assessments, consistently accounting 

for blue and green water and water productivity (and land availability) as a basis for addressing the 

main teleconnections  in the global water system  in  IWRM, was split  into the  following three more 

specific goals: 

1. an  improved  globally  consistent  and  spatially  explicit  assessment  of  water  resources  and 

constraints in agriculture and food production;  

2. mapping of the main teleconnections in the global water system associated with agriculture and 

food production, and quantifying their impacts on local water resources; 

3. deriving  from  the new  information generated  in 1. and 2.  recommendations  for  turning  these 

teleconnections into opportunities for sustainable production and consumption. 

A summary of main results, conclusions and recommendations for further research, related to these 

goals are presented in the following chapters. 

 

3.1  An  improved global assessment of water  resources and constraints  in agriculture 

and food production 

Integrated management of the  full blue and green water  resource  (and  land)  is key to sustainable 

intensification  (GWP 2000, Falkenmark et al. 2004, Hoff 2011), which  in  turn  is a pre‐requisite  for 

meeting  the  growing  and  competing  demands  for  food  (FAO  2011,  Alexandratos  et  al.  2012), 

biofuels  (Yeh et al. 2011, Beringer et al. 2011),  carbon  sequestration  (Rockström et al. 2012) and 

other ecosystem goods and services (Foley et al. 2005, Keys et al. 2012b).  

As a basis for better understanding the impacts of teleconnections on local water resources and their 

potential  role  in  IWRM,  this  thesis  quantified  globally  consistently  and  spatially  explicit  blue  and 

green water (and land), as available for agriculture, and agricultural water productivity. 

 

Integrating green water in global water assessments 

The  intercomparison of eight global water models yields a number of converging messages despite 

their different objectives, functionalities and parameterizations:  they agree that green water use by 

crops  is  4‐5  times  larger  than  consumptive  blue  (irrigation) water use  –  that difference becomes 

even larger if evapotranspiration from fallow land is also accounted for. When additionally including 

grazing  land  for  livestock  production,  about  10  times  more  green  than  blue  water  is  used  in 

agriculture (recently confirmed by a more detailed LPJmL‐based  livestock‐water analysis, Heinke et 

al. in prep.). For Sub‐Saharan Africa, the models consistently show an almost complete dependence 

of agriculture on green water, while even the most blue water /  irrigation dependent regions, such 

as MENA, still meet at least half of their crop water demand from green water (chapter 2.1).  

This first intercomparison of global water models, as presented  in chapter 2.1 has triggered further 

more rigorous global water model  intercomparisons, e.g.  in the EU WATCH project7  (Haddeland et 

al.  2011),  however  only  with  a  focus  on  blue  water.  A  next  step  for  improving  global  water 

                                                            
7 www.eu‐watch.org/ 
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assessments  will  be  a  more  comprehensive  initiative  for  a  global  blue‐green  water  model 

intercomparison, with  better  harmonized  scenario  assumptions,  and  including  additional  sectors 

beyond  food.  Additional  legitimate water  users  are  for  example  ecosystems. Water  demands  of 

aquatic  ecosystems  are  currently  implemented  in  LPJmL  via  context‐specific  environmental  flow 

requirements (Pastor et al. submitted). 

A more detailed LPJmL‐based  regional water scarcity analysis shows  that all MENA countries have 

fallen below the combined blue‐green water scarcity threshold of 1300 m3 cap‐1 year‐1 (for definition 

of this threshold see Rockström et al. 2009), and now heavily rely on imports of virtual water – see 

figure 3 below), while none of the SSA countries has  fallen below that blue‐green water threshold 

yet (chapter 2.2).  

 

Integrating agricultural water productivity in global water assessments  

After integrating blue and green water, the next steps towards a more realistic and comprehensive 

global assessment of water limitations in food production was the integration with agricultural water 

productivities.  This  new  type  of  analysis,  based  on  LPJmL‐simulations,  changes  the  typical  global 

patterns  and  hotspots  of  water  criticality  significantly  –  see  figures  2  and  3  in  chapter  2.2:  all 

industrialized  countries with  their  high water  productivities  (often  10  times  higher  than  those  of 

developing countries, see chapter 2.2) keep a safe distance from the threshold of water‐constrained 

food self‐sufficiency, as defined by current agricultural water productivities in combination with blue 

and green water availabilities  for agriculture. Many developing countries however,  in particular  in 

Sub‐Saharan  Africa  and  also  in  south  Asia  (which  are  not  water  scarce  based  on  conventional 

indicators),  fall below  this  self‐sufficiency  threshold, due  to  their extremely  low agricultural water 

productivities. Accordingly, SSA is hardly limited by absolute physical water scarcity, but primarily by 

so‐called  “economic  water  scarcity”  (CA  2007),  i.e.  low  water  productivities  due  to  a  lack  of 

infrastructure,  agricultural  inputs,  and  investments  (Sulser  et  al.  2010).  This  result  confirms 

Vörösmarty  et  al.  (2010),  who  found  the  investment  capacity  of more  wealthy  countries  to  be 

instrumental  in  mitigating  physical  water  scarcity.  This  result  further  forms  the  basis  for  the 

identification  of  opportunities  for  sustainable  intensification  via  increasing  agricultural  water 

productivity in chapter 2.7. 

An important next step in assessing water limitations and opportunities is the more detailed analysis 

of the livestock sector and its water productivity, which has only been represented by way of rough 

approximations  (e.g. of concentrate  feed vs. grazing)  in chapter 2.2. Heinke et al.  (in prep.)  found 

that low crop water productivities especially in SSA and the MENA region are further aggravated by 

low  livestock feed conversion efficiencies. This combination of  low water productivities of  livestock 

feed and low productivities of livestock itself yields water productivities of meat and other livestock 

products  in SSA, often 100 times  lower (per kcal) compared e.g. to European products. Eventually, 

livestock water productivities will need to be fully integrated into global water assessments, in order 

to  map  and  quantify  potentials  for  sustainable  intensification  of  crop  and  livestock  and  mixed 

farming  systems,  through  improved  landscape  configurations  and  multi‐functional  systems,  e.g. 

through adding concentrate feed in grazing systems for boosting overall water productivity (chapter 

2.7). 
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Integrating land in global water assessments 

Note that this issue has not been formalized in a peer‐reviewed publication yet (only to some extent 

in chapter 2.7), but  the  following analysis  is  relevant  for  the  storyline of  this  thesis,  so  I  include  it 

here: 

Following  the definition of green water by Rockström et al. 2009  (plant available  soil water  from 

precipitation), its availability is closely linked to that of land, and water and land are co‐constraints in 

food  production  (see  also  FAO  2011).  Future  increase  in  food  production  will  result  from  a 

combination of  i)  intensification on current agricultural  land  (including additional  irrigation) and  ii) 

agricultural  land  expansion  (Alexandratos  et  al.  2012,  PBL  2012).  Both,  intensification,  but  in 

particular agricultural  land expansion, are constrained by  the need  for conserving non‐agricultural 

ecosystems and their services and biodiversity (Foley et al. 2005, Phalan et al. 2011, Tscharnke et al. 

2012).  Sustainable  intensification  strategies  need  to  be  informed  by  a  consistent  assessment  of 

context‐specific availabilities, productivities and limitations of water AND land.   

Figure  1  shows  a  first  comparison of  (blue) water  vs.  land  constraints  in  food production,  across 

different dryland regions. More specifically this figure shows:    

i)  average  crop  water  productivities  (top  panel,  in  kcal  m‐3,  according  to  chapter  2.2),  

ii)  additional  land  available  for  expanding  crop  cultivation,  derived  from  the  FAO/IIASA  GAEZ 

database, using only the two highest crop suitability classes and excluding all protected and forest 

land, expressed as  the ratio of cultivable to currently cultivated area  (middle panel, Pradhan pers. 

comm.), and    

iii) additional available blue water in m3 per capita (gridded population data from Grübler et al. 2007) 

that can be made productive on current cropland, calculated with LPJmL (bottom panel, Heinke pers. 

comm.).  

Figure  1:  crop  water  productivities,  cropland  expansion  potential,  and  additional  blue  water 

available for crop production along a dryland transect (not yet published) 

 



129 
 

This  figure  provides  a  first  estimate  of  water  vs.  land  constraints  in  rainfed  and  irrigated  food 

production.  It  confirms  that  SSA  is  relatively  rich  in  “spare” water  and  land,  as  hypothesized  in 

chapter  1.2.2  as  a  driver  of  foreign  direct  investment  (the  notion  of  “spare  land”  is  however 

contested,  given many  informal  and  traditional  land  uses  such  as  smallholder  farming,  nomadic 

pastoralism etc., which are not generally captured in official or FAO statistics). The MENA region on 

the  other  hand  has  practically  no  un‐allocated  blue  water  and much  smaller  un‐allocated  land 

compared to SSA.  

Using this analysis, potential additional kcal production from agricultural intensification (closing yield 

gaps) including additional irrigation vs. from agricultural expansion can be calculated. Both of these 

potentials  are  considerable  in  particular  in  SSA.  It  should  be  noted  however  that  the  un‐abated 

population growth in SSA reduces the degrees of freedom depicted in figure 1 rapidly. Future more 

thoroughly integrated water‐land assessments can for example use GAEZ data on additional suitable 

cropland  for constructing  land use scenarios which are then  implemented and simulated  in LPJmL. 

Going a  step  further,  the use of  additional  information on water and  land productivities of other 

ecosystems and their services would enable tradeoff analyses  for different  land use strategies and 

land configurations (Rockström et al. 1999, MA 2005, Foley et al .2005, 2011). That could eventually 

also correct  the somewhat simplistic statements  that green water use  in agriculture generally has 

lower opportunity costs than blue water use (Chapagain et al. 2006, Yang et al. 2006). 

This  thesis advances previous global water assessments by consistently accounting  for  i) blue and 

green water availability, ii) water productivity, and iii) (at least initial) land availability for agriculture. 

With  that  it provides new,  integrated, globally  consistent and  context‐specific data, as a basis  for 

mapping  teleconnections and  their  impacts on  local water  resources as described  in  the  following 

chapter. 

    

3.2   Mapping  of  teleconnections  in  the  global  water  system  and  quantifying  their 

impacts on local water resources 

Chapter  2.3  identified  three  main  teleconnections  in  the  global  water  system:  i)  atmospheric 

moisture recycling and downwind impacts on local water resources of upwind land cover changes, ii) 

trade  with  agricultural  commodities  and  associated  virtual  water  imports  and  exports,  and  iii) 

foreign direct  investments and  their  impacts on  local water  resources  in  the  target  regions. These 

teleconnections were mapped and quantified in terms of their impacts on local water resources: 

 

Teleconnection 1: atmospheric moisture recycling and the impacts of upwind  land cover change on 

downwind precipitation 

Simulation results from the WAM model, which is based on ERA interim re‐analysis data (van der Ent 

et  al.  2010), were  used  to  trace  atmospheric moisture  flows  from  source  (evaporation)  to  sink 

(precipitation)  regions. With  that,  those water  scarce  sink  regions were  identified which  critically 

depend  for  their  precipitation  on  recycled  moisture  from  upwind  source  regions 

(“precipitationsheds”),  in which  land  cover  change may decrease  future  source  strengths  (chapter 

2.4).   Figure 2 below  illustrates this new type of analysis  for the precipitationshed of the Nile river 

basin  and  the moisture  contribution  (via  evapotranspiration) of  each pixel  to precipitation  in  the 

basin.  The  analysis  showed  that  almost half of  the Nile basin precipitation  (46%) originates  from 
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terrestrial evapotranspiration (and the remainder from oceanic transpiration, Hoff in press). Parts of 

this precipitationshed are currently undergoing land cover change, in particular deforestation, which 

may decrease evapotranspiration and moisture recycling.  

Figure  2:  precipitationshed  of  the  Nile  basin,  annual  evapotranspiration  in mm  that  each  pixel 

contributes to the Nile basin precipitation, red line: Nile basin boundary (Hoff in press) 

 

This initial work is planned to be taken further by coupling WAM with LPJmL.  Nikoli (2011) already 

soft‐coupled WAM and LPJmL and found that past land cover changes (comparing potential natural 

to  actual  vegetation)  significantly  reduced  precipitation  in  Western  Africa,  probably  due  to 

deforestation  in upwind central Africa, while precipitation  in south Asia  increased, probably due to 

strong irrigation in upwind regions. The advantage of this coupling approach compared to moisture 

recycling analysis with a general circulation model (GCM, see e.g. Goessling et al. 2011) is that it also 

enables consistent and detailed assessment of  downwind impacts, not only on water resources, but 

also on agriculture and other ecosystems (as simulated in LPJmL).  

However, GCM  simulations will  also  be  required  to  fully  account  for  the  changes  in  atmospheric 

internal dynamics  in  response  to  land  cover  changes  and  resulting  changes  in  latent and  sensible 

heat fluxes, which are not captured in the above analysis. With that, potential water‐related tipping 

points  and  regime  shifts  and  their  external  drivers  and  impacts  via  teleconnections  can  also  be 

addressed,  such  as  a  potential  savannization  of  Amazonian  rainforest  as  driven  by  agricultural 

expansion (Nobre et al. 2009), or a breakdown of the Indian monsoon (Douglas et al. 2009, Janicot et 

al. 2009) as driven by large scale irrigation, or an  intensification of evaporation return flows to the 

atmosphere in the Aral Sea drainage basin, as driven by large‐scale irrigation (Shibuo et al. 2007). 

This WAM/LPJmL‐based analysis of moisture recycling can also be used to address and quantify the 

role of  ecosystems  as  “natural water  infrastructure”  (US  Supreme Court  2006,  Smith  et al.  2009, 

Brandes et al. 2009), by adding  to  their well‐known  function of sustaining downstream  river  flows 

(e.g. Calder 2006)  that of sustaining downwind precipitation  through moisture  recycling  (moisture 

recycling itself has been interpreted as an ecosystem service by West et al., 2010).  
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Teleconnection  2:  trade with  agricultural  commodities  and  associated  virtual water  imports  and 

exports 

World  trade has been shown  to  increase agricultural water productivity and  reduce water scarcity 

globally, by  sourcing  food  from exporting  regions with higher  resource productivity and/or better 

resource  endowment  than  the  importing  regions  (Oki  et  al.  2004,  Fader  et  al.  2011, Dalin  et  al. 

2012). LPJmL results used  in this thesis specify this global statement in greater detail for the MENA 

region: water “savings”  from not producing  in the respective  importing MENA countries  (indicated 

by yellow bars,  right side of  figure 3 below) are on average about  twice as  large as water “costs” 

from producing the same amount of food in the exporting countries (brown bars, left side of figure 3 

below).  The  differences  between water  savings  by  not  producing  domestically  (yellow  bars)  and 

virtual water  imports  (brown bars) are due to the generally  lower crop water productivities  in the 

importing MENA  countries, as a  result of  sub‐optimal management and/or  less  favorable  climatic 

conditions (see chapter 2.2).  Figure 3 uses blue and green water availabilities from chapter 2.2, and 

virtual water contents from Fader et al. 2011). 

Figure 3: blue, green and virtual water contributions (in m3 capita‐1 year‐1) to food security in MENA 

countries around the year 2000 (Hoff in press).  

 

This  figure  also  shows,  that many water  scarce MENA  countries  already  today  depend more  on 

virtual water  imports  than on domestic water  resources,  for  their  food  security. Rapid population 

growth and already  fully exploited domestic water  resources will put more and more countries  in 

that situation in future. The total sum of blue plus green plus virtual water adds up to about 1300 m3 

cap‐1  year‐1,  which  equals  the  water  scarcity  threshold  for  food  self‐sufficiency  as  identified  by 

Rockström et al. (2009) and used also in chapter 2.2.  
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This thesis also goes beyond previous analyses, in further detailing the previously observed negative 

correlation  of  net  virtual water  imports with  (blue) water  availability  (Yang  et  al.  2007),  by  also 

taking  into account green water and agricultural water productivity: the correlation with net virtual 

water  imports becomes  stronger when adding green  to blue water availability, and even more  so 

when also taking agricultural water productivity into account and calculating from that water‐limited 

potential kcal production – see table 1 (using data from chapter 2.2 and from Fader et al. 2011).  

Table 1: correlation coefficients of net virtual water  imports with  i) blue water availability,  ii) blue 

plus  green  water  availability,  and  iii)  water‐limited  potential  kcal  production,  across  all  MENA 

countries (Hoff in press):  

correlation coefficient of net virtual water imports with:   

   blue water availability
 

‐0.51 

   blue plus green water availability  
 

‐0.64 

     water‐limited potential kcal production  ‐0.79 

 

While imports of virtual water contribute to food security and mitigate water scarcity in regions such 

as MENA, the opposite effect – negative impacts on food and water security ‐ has been hypothesized 

for exporting regions, but could not be confirmed before with the available low resolution / country 

level analyses (e.g. Hoekstra et al. 2007, Fader et al. 2011, Lenzen et al. 2013). This thesis for the first 

time provides a globally consistent high  (5 arc min)  resolution mapping of virtual water  flows and 

associated  export  and  import  regions,  based  on  simulation  results  from  the  GCWM  model  in 

combination  with  ComTrade  bi‐lateral  trade  data.  Tracing  virtual water  flows  back  to  individual 

producing pixels allows to compare virtual water export volumes to the respective local and national 

water  scarcity  context  (as derived  from  local databases and  LPJmL, GCWM does neither  simulate 

green nor blue water availability). This sub‐national level analysis showed for example, that German 

soy imports originate from parts of Brazil which are much more water scarce than national average 

and even more  food water‐constrained  than Germany  itself  (chapter 2.5).  So  this high  resolution 

mapping of virtual water flows, in combination with context specific information on blue and green 

water  scarcities, production  systems and opportunity  costs of export agriculture, provides  for  the 

first time true water footprints (i.e. impacts of export production on local water resources) instead of 

“shoesizes” (Pfister et al., 2009) only.  

The analysis  in chapter 2.5 was still based on conventional bi‐lateral  (ComTrade) commodity trade 

data. More  recently,  full  international  food  supply  chains were  analysed  for  selected  agricultural 

commodities, using multi‐regional  input‐output  (MRIO) data  (Hoff  et al.  2013b). MRIO  analysis  is 

often considered to be the most suitable method for consistently tracing ‐ e.g. food ‐ supply chains 

and  the associated virtual water, “from  the  field  to  the  fork”  through each processing step  in  the 

respective  country,  accounting  also  for  indirect  imports  (e.g.  soy  virtually  embedded  in  livestock 

products)  and  for  re‐exports  (Ewing  et  al.  2012,  Steen‐Olsen  et  al.  2012).  MRIO  analysis  in 

combination with context specific information on local water resources in the exporting region, was 

used  for  calculating  consumption‐based  footprints:  direct  plus  indirect  (virtually  embedded) 

European consumption of soy, sugarcane and maize was found to appropriate about 15% of Brazil’s 

consumptive green water use  from cropland and 10% of  its  total harvested  crop area  (Hoff et al. 

2013b). 



133 
 

Teleconnection 3: foreign direct investments (FDI) and their impacts on local water resources in the 

target regions 

Chapter 2.6 quantifies  impacts on  local water resources of FDI  in the upper Blue Nile  in Ethiopia, a 

severely food insecure country which is among the top 3 target countries globally for FDI (Anseeuw 

et  al.  2012).  The  analysis  in  chapter  2.6  (a  combination  of  land  acquisition  areas  from  official 

Ethiopian national and provincial statistics with FAO CropWat simulations of crop water use) showed 

a significant increase in evapotranspiration and accordingly a reduction in runoff and river discharge 

due to agricultural intensification as associated with FDI, for satisfying external food demands. While 

this  effect  is  strongest  if  FDI  introduces  new  irrigation,  it  even  occurs  if  FDI  is  limited  to  rainfed 

agriculture only. The  conversion of all  those  land  tracts  for which  foreign  investments have been 

officially confirmed (likely a severe underestimate of de‐facto land acquisitions) into irrigated export 

plantations would reduce Blue Nile river discharge by about 4% (chapter 2.6). Other estimates yield 

much stronger  reductions of  river discharge, see  figure 4 below. This  reduction would also  impact 

water resources in the downstream countries Sudan and Egypt (through yet another teleconnection 

in the global water system not addressed here, i.e. long distance river flows), given that the Blue Nile 

provides 85% of the downstream Nile flow and that  in particular Egypt almost completely depends 

on the Nile for its water supply and food security.  

Figure 4 shows that potential additional evapotranspiration (and hence corresponding reductions in 

runoff)  resulting  from  different  FDI  scenarios,  can  amount  to  a  significant  fraction  of  total  river 

discharge in Ethiopia (indicated by the red line). According to the highest scenario (top bar in figure 

4) it could reduce Ethiopia’s total river discharge by more than 1/3rd. Light and dark green/blue bars 

indicate minimum and maximum effects of  rainfed/irrigated FDI  implementation, as derived  from 

analyzing existing FDI schemes and upscaling this  information. The top / middle /  lower set of bars 

represents maximum / best / minimum estimate of total FDI extension as found in the literature. 

Figure 4: additional evapotranspiration [in km3 year‐1] for different Ethiopian FDI scenarios, red line: 

total Ethiopian river discharge [in km3 year‐1] (data from chapter 2.6)  

 

Given that the only existing global database on FDI (Anseeuw et al. 2012)  is heavily contested, the 

use  of  national  and  provincial  statistics  and  new  local  data  acquisitions  (as  done  for  Ethiopia  in 

chapter 2.6) provides the most reliable basis for quantifying the impacts on water resources of this 

teleconnection. The CropWat model, which was used in chapter 2.6 for quantifying the hydrological 

responses to FDI‐driven land use change, is widely used for agro‐hydrological simulations around the 

world, so it allows consistent replication of this analysis in other regions. Eventually a combination of 
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reliable multi‐country  FDI  statistics with  LPJmL  simulation  results would  enable  a  comprehensive 

assessment of  this  teleconnection,  so  that  it  can be accounted  for  in water management and  for 

regulating FDI.  

A  fully  comprehensive  analysis  of  FDI‐related  impacts  on  water  resources  would  have  to 

simultaneously also address  land‐use‐change‐related downwind  impacts on precipitation  (moisture 

recycling ‐ see teleconnection 1) in addition to the impacts on river discharge.  

 

Analysis of the main teleconnections  in the global water system demonstrates that critical water 

scarcity can indeed be aggravated by external drivers (which themselves may be driven by water or 

land scarcity such as FDI by MENA countries), see for details chapters 2.4‐2.6. Furthermore, chains or 

cascades  of  teleconnections  in  the  global water  system  can  turn  feedbacks  into new  forcings,  as 

suggested by Steffen et al. (2004) more generally for the Earth system functioning. An example for 

such cascades of teleconnections is the import of soy from Brazil (driven largely by China’s increasing 

land and water scarcity) which accelerates Amazonian deforestation through direct and indirect land 

use  and  land  cover  change  (Hoff  et al. 2013b), which  in  turn may  impact moisture  recycling  and 

precipitation  in  the  downwind  La  Plata  basin  (Nobre  et  al.  2009,  Marengo  et  al.  2009).  Most 

importantly,  each  of  these  teleconnections  also  presents  opportunities  for  improved  water 

management when taken into account in IWRM.  

 

3.3   Recommendations for addressing these teleconnections in IWRM 

While  food production must keep up with  rapidly growing demand,  the environmental  impacts of 

agricultural  intensification  and  expansion  on  water,  land  and  ecosystems  need  to  be  reduced 

(Godfray et al. 2010, Foley et al. 2011). These impacts on local resources are increasingly also driven 

by  external  food  demands,  transmitted  across  regions  through  the  teleconnections  which  were 

analyzed  in  this  thesis. This concluding chapter describes  if and how  these  teleconnections can be 

turned  into  opportunities  for  sustainable  production  and  consumption,  if  taken  into  account  in 

IWRM. 

 

Teleconnection 1: atmospheric moisture recycling and the impacts of upwind  land cover change on 

downwind precipitation 

The  identification  of  precipitationsheds,  i.e.  upwind  source  areas  of  atmospheric  moisture  that 

sustain precipitation in downwind sink areas (as analyzed in chapter 2.4) provides an estimate of the 

potential external  impacts on  local water resources, of  large scale upwind  land use and  land cover 

changes. If spatial / land use planning (e.g. related to agricultural intensification or afforestations) in 

the upwind precipitationsheds took these teleconnections  into account,  it could not only maintain, 

but  even  increase  total  downwind  and  continental  water  availability  (however  with  potential 

tradeoffs  in  terms  of  local  and  downstream  water  availability  –  so  ideally  the  respective  local, 

downwind  and  downstream  water  criticalities  would  inform  such  land  use  decisions).  Concrete 

examples  in Sub‐Saharan Africa, which call for an assessment of the moisture recycling mechanism 

and  its  potential  external  impacts  on  downwind  and  downstream  water  resources,  include  the 

planned drainage of the Sudd wetlands in the White Nile (Mohamed et al. 2005) as well as the Great 
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Green Wall  Initiative of  the African Union. The potential  loss  in downwind precipitation  from  the 

drainage of the Sudd wetlands and subsequent multiple recycling (precipitation‐evaporation cycles) 

over central and west Africa may be larger than the projected gains in downstream discharge in the 

Nile  basin  itself  (van  der  Ent  et  al.  2010).  The  potential  downwind  impacts  transmitted  via 

atmospheric moisture recycling of the Great Green Wall, a planned  forest strip of 7000 km  length 

across Africa from west to east, have not been assessed at all. So far, studies have been  limited to 

local  environmental  and  socio‐economic  impacts.  By  informing  the  planning  of  such  large‐scale 

projects through assessments of teleconnections such as presented in chapter 2.4, beneficial effects 

on external water  resources  could be enhanced  significantly  in particular  in water  scarce  regions, 

while  minimizing  negative  impacts.  However,  opportunities  for  actively  managing  this  type  of 

teleconnection  are  very  limited:  the  institutions  required  for  such  type  of  large‐scale  and mostly 

transboundary  “water  vapor  management”  simply  don’t  exist  and  local  to  national  interests 

generally  dominate  decision making.  Trans‐boundary  river  basin  commissions, which  address  the 

total water and land resources and their management of a river basin, are potential recipients of the 

new information on moisture recycling generated in this thesis. 

 

Teleconnection  2:  trade with  agricultural  commodities  and  associated  virtual water  imports  and 

exports 

Virtual water  associated with  imports  of  agricultural  commodities  can  significantly  contribute  to 

food security in water scarce regions, as illustrated for the MENA region (in chapter 3.2). Accordingly, 

IWRM  in such regions should transparently and actively  include virtual water  imports as an  IWRM 

option, rather than hiding it in the political discourse or maintaining unrealistic and environmentally 

detrimental  food self‐sufficiency goals.  If water politics are  informed by virtual water assessments 

such  as  presented  in  chapter  3.2, more  rational  decisions  can  be  taken,  based  on  cost‐benefit 

analyses, comparing local production to food imports and other water management options. 

With the new high resolution analysis  (presented  in chapter 2.5)  it  is now possible to trace virtual 

water  flows  back  to  the  original  production  location  and  combine  them  with  context  specific 

information  e.g.  about  local  water  scarcities  and  opportunity  costs  of  export  production.  This 

scientific  information allows exporting countries to take better  informed decisions about allocating 

blue  and  green  water  (and  land)  to  export  food  production  or  to  other  competing  demands, 

including domestic food security and other non‐agricultural ecosystems.  

The  new more  realistic  footprint  analysis  (presented  in  chapter  2.5)  also  can be  used  to  informs 

consumers  in  importing  countries  about  the  sustainability  of  food  production  in  the  exporting 

location in terms of water (and land) use. This information could be used in footprint product labels, 

somewhat similar to existing fair‐trade labels. 

As  explained  in  chapter  3.2.,  virtual  water  trade  can  also  improve  overall  agricultural  water 

productivity and  reduce water scarcity globally by sourcing  food  imports  from  regions with higher 

water productivity and/or better water endowment. The assessment presented in chapter 2.2 can be 

used  to  outline  trade  patterns  that would  support  such  a  strategy.  However  it  is  currently  not 

realistic to assume an adjustment of global trade to water productivity or water scarcity criteria: on 

the  one  hand,  local  and  national water  prices  don’t  reflect water  scarcity well,  so  there  is  little 

economic  incentive  to produce  in better endowed or more water‐productive  regions, and on  the 

other hand the WTO  is not  interested  in water related sustainability criteria (or cross‐border water 
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taxes  as  proposed  in  chapter  2.3)  ‐  see  e.g.  Le  Vernoy  et  al.  (2011).  A  somewhat more  realistic 

application  of  the  new  virtual water  /  trade  information  generated  is with  the  big  four  “ABCD” 

companies (ADM, Bunge, Cargill, Dreyfus) which handle 70‐90% of global food trade (Sojamo et al. 

2012), who can use that information for introducing sustainability criteria into their business. 

 

Teleconnection 3: foreign direct investments and their impacts on local water resources in the target 

regions 

Foreign direct  investments  (FDI)  in  agriculture have  recently  concentrated on  Sub‐Saharan Africa, 

where water (and land) resource endowment is relatively high but agricultural productivity very low 

(see figure 1 above). Given that there has been a severe lack of agricultural investments in the past 

(see  e.g.  Hoff  et  al.  2010),  and  the  fact  that  the  new  international  investors  generally  possess 

knowledge and technologies for improved agricultural management (chapter 2.7 and Anseeuw et al. 

2012), the recent surge in FDI provides opportunities for increasing water (and land) productivity and 

for  reducing  food  and  water  insecurity  (the  transfer  of  knowledge  and  technology  may  be 

interpreted  as  yet  another  teleconnection  in  the  global  water  system,  not  addressed  here).  In 

principle  that  also  applies  to  improved  green water management  (Sulser  et  al.  2010),  on which 

agriculture and  food security  in SSA still almost completely depend  (chapter 2.1),  if only  investors 

can  be  interested,  e.g.  through  economic  incentives  or  regulation  (based  on  improved  scientific 

information),  in the multiple available green water management options (see chapter 2.7, and also 

Oweis et al. 2006, CA 2007, McCartney et al. 2010). 

The example of FDI  in the Blue Nile  (chapter 2.6)  illustrates such possible benefit sharing between 

investor and target countries (as opposed to a “land grabbing”): currently ongoing land investments 

in  the headwaters  (in Ethiopia)  threaten  to  reduce  river discharge and hence water availability  in 

downstream Egypt. Egypt itself however is an investor in Ethiopian land and has at the same time a 

much high agricultural water productivity than Ethiopia. By sharing its technological advantage with 

Ethiopia and boosting agricultural productivity in the Nile headwaters, basin‐wide water productivity 

can  be  improved  and  streamflow  reduction  minimized  (chapters  2.6  and  2.7).  The  benefits  of 

transboundary cooperation  in water (and  land) reach beyond such  investments,  including e.g.  joint 

planning and management of reservoirs for irrigation and hydropower, which in the case of the Nile 

have much lower evaporative losses in upstream Ethiopia than in downstream Egypt, due to climatic 

and topographic advantages.  

The Nile example however also  illustrates well the lack of political will to use this potential and the 

available  scientific  knowledge  for  turning  teleconnections,  such  as  FDI  or  upstream–downstream 

discharge  links  along  large  river  basins,  into  opportunities:  the  only  existing  institution  for  such 

transboundary collaboration,  i.e.  the Nile Basin  Initiative has  failed  to deliver  tangible  results over 

more than a decade now. 

Lastly,  chapters  2.2, 2.6  and  2.7 provide  a  scientific  evidence base  in  terms of environmental  (in 

particular water resources) impacts and potential benefits of FDI, in support of the implementation 

of  voluntary  guidelines  for  sustainable  investment  (von  Braun  et  al.  2009,  RAI8).  In  particular  if 

investments  are directed  towards multi‐functional  landscapes  and production  systems  (e.g.  crop‐

                                                            
8 www.responsibleagroinvestment.org/rai/ 
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livestock or crop‐biofuel systems) overall water (and land) productivity can be improved significantly 

(IAASTD 2008, Hoff 2011). 

 

Key for turning the three teleconnections: i) moisture recycling, ii) trade and associated virtual water, 

and iii) FDI into IWRM opportunities for sustainable production and consumption and improved food 

security  is  the  integration of  large scale assessments  (such as LPJmL model simulations) with  local 

bottom‐up data  and  information,  for deriving  context‐specific  solutions  and mainstream  the new 

scientific  knowledge with  ongoing  activities  and  planning  processes  (e.g.  spatial  planning,  IWRM, 

transboundary river basin management etc.) – and providing this scientific information to policy and 

decision makers in the appropriate format. 

Obviously the methods presented in this thesis also need to be applied to other sectors than water 

and  land.  Only  when  consistently mapping  ecological,  carbon,  nitrogen  and  other  footprints  as 

suggested by Galli et al.  (2012), the  full external  impacts of agriculture and  food consumption and 

integrated  solutions  for  sustainable  production  and  consumption  can  be  identified.  That  would 

eventually also provide an appropriate quantitative  response  to  “teleconnection‐sceptics”  such as 

Wichelns  (2010),  who  believes  that:    “responsibility  for  the  protection  and  wise  use  of  natural 

resources  lies  primarily  with  state  and  national  governments  …the  virtual  water  perspective 

regarding  water  savings  and  losses  through  international  trade  is  inherently  flawed  and 

misleading….the notion of assigning blame for water issues in one country to consumers in another 

is  not  helpful”  –  an  argument which  assumes  that  local  institutions,  in  particular  in  developing 

countries, are strong enough to keep up with international market forces and actors.  

External drivers, transmitted via teleconnections can significantly aggravate water scarcity and food 

insecurity. Their  impacts on  local water  resources need  to be  taken  into account  in more  realistic 

and effective IWRM, for turning the new information generated in this thesis into opportunities for 

sustainable  production  and  consumption  at  both  ends  of  the  bidirectional  teleconnections,  for 

improved water and  food security. The key challenge  for science  remains  to better  integrate  top‐

down (global) assessments with bottom‐up (local to regional) data and demands for context‐specific 

solutions. 
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