
I would feei more optimistic about a bright future for man i f  
he spent less time proving he can outwit Nature and more 
time tasting her sweetness and respecting her seniority.
E. B. White
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Top to bottom:

Perito Moreno Glacier, 

Argentina

Man collecting stagnant 

water for drinking,

Uganda

Bus driving across flooded 

plateau in the Andes, 

Bolivia

Key messages:
Our water resources, irregularly distributed in space and time, are under pressure due to major population change and 

increased demand. Access to reliable data on the availability, quality and quantity of water, and its variability, form 

the necessary foundation for sound management o f water resources. The different options for augmentation expand 

the boundaries o f the water resource in a conventional sense, helping to match demand and supply. All components 

of the hydrological cycle, and the influence of human activities on it, need to be understood and quantified to 

efficiently and sustainably develop and protect our water resources.

Climate change is having  a s ig n ifica n t im pact on 

w e a th e r pa tte rns, p re c ip ita tio n  and th e  hyd ro log ica l 

cycle, a ffe c tin g  surface w a te r ava ila b ility , as w e ll as 

soli m o istu re  and g ro u n d w a te r recharge.

The g row ing  u n ce rta in ty  o f surface w a te r ava ila b ility  and 

increasing levels o f w a te r po llu tion  and w a te r diversions 

th rea te n  to  d is rup t social and econom ic deve lopm ent in 

many areas as w ell as th e  hea lth  o f ecosystems.

G roundwater resources can, in many instances, 

supplem ent surface w ater, particu la rly  as a source o f 

drink ing  water. However, in many cases, these aquifers 

are be ing tap ped  at an unsustainable rate or affected by 

po llu tion . M ore a tte n tio n  shou ld  be pa id to  susta inab le  

m anagem ent o f non-renew ab le  groundw ater.

M any tra d itio n a l practices are be ing  re fined  (e .g. 

ra in w a te r ha rvesting ), w h ile  m ore recen t advances 

(e .g . a r tif ic ia l recharge, de sa lina tio n  and w a te r re u se ) 

are be ing  deve loped fu rth e r. M ore su p p o rt needs to  be 

g iven to  po licy  op tions, such as dem and m anagem ent, 

w h ich  stress m ore e ff ic ie n t use o f w a te r resources, 

as w e ll as to  tech n ica l so lu tio n s  on th e  sup p ly  side.

The pro jected  increased v a r ia b ility  In th e  ava ila b ility  

and d is tr ib u tio n  o f fre sh w a te r resources dem ands 

p o litica l c o m m itm e n t to  s u p p o rt in g  and ad vancing 

te ch n o lo g y  fo r  th e  co llec tio n  and analysis o f 

h yd ro log ica l data. M ore u p -to -d a te  in fo rm a tio n  

w ill enable  po licy-m akers to  make b e tte r in fo rm ed 

decisions re ga rd ing  w a te r resources m anagem ent.
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Part 1. Global Hydrology and Water Resources
T h e  n e e d  t o  d e v e lo p  m o r e  s u s t a in a b le  p r a c t ic e s  f o r  t h e  m a n a g e m e n t  a n d  e f f i c i e n t  u s e  o f  w a t e r  

r e s o u r c e s ,  a s  w e l l  a s  t h e  n e e d  t o  p r o t e c t  t h e  e n v i r o n m e n t a l  e c o s y s te m s  w h e r e  t h e s e  r e s o u r c e s  a r e  

lo c a t e d ,  h a s  le d  t o  f u n d a m e n t a l  s h i f t s  i n  a w a r e n e s s  a n d  p u b l i c  c o n c e r n  o v e r  t h e  p a s t  d e c a d e .  H o w e v e r ,  

d e s p i t e  in c r e a s e d  a w a r e n e s s  o f  t h e  is s u e s  a t  s t a k e ,  e c o n o m ic  c r i t e r i a  a n d  p o l i t i c a l l y  c h a r g e d  r e a s o n in g  

a r e  s t i l l  d r i v i n g  w a t e r  r e s o u r c e  d e v e lo p m e n t  d e c is io n s  a t  m o s t  lo c a l ,  r e g io n a l ,  n a t i o n a l  a n d  in t e r n a t io n a l  

le v e ls .  T h o u g h  t h e  lo n g - t e r m  b e n e f i t s  o f  a n  in t e g r a t e d  a p p r o a c h  t o  a c h ie v in g  s u s t a in a b le  w a t e r  

r e s o u r c e s  d e v e lo p m e n t  h a v e  b e e n  c i t e d  in  m a n y  o f  t h e  g lo b a l  w a t e r  c o n fe r e n c e s  o v e r  t h e  p a s t  d e c a d e ,  

c o n s id e r a b le  t i m e  a n d  c h a n g e  in  p o l i c y  w i l l  b e  r e q u i r e d  t o  im p le m e n t  s u c h  a n  a p p r o a c h .  A t  p r e s e n t ,  b e s t  

a v a i la b le  p r a c t i c e  a n d  s c i e n t i f i c  k n o w le d g e  a r e  r a r e ly  a d e q u a t e ly  f a c t o r e d  i n t o  d e c is io n - m a k in g  o r  w e l l  

r e p r e s e n t e d  w h e n  e s t a b l i s h in g  w a t e r  r e s o u r c e  p o l i c y  o r  i m p le m e n t i n g  m a n a g e m e n t  p r a c t ic e s .  In  t h e  

m e a n t im e ,  t h e  p r e s s u r e s  o n  o u r  w a t e r  r e s o u r c e s  a r e  in c r e a s in g .

la . The driving forces and pressures on our 
w ater resources
The combination o f both naturally occurring conditions 

and humanity's actions creates pressure on our water 

resources. Climate change and natural variability in the 

distribution and occurrence of water are the natural 

driving forces tha t complicate the sustainable 

development o f our water resources. Some of the 

main driving forces affecting water resources include:

■ population growth, particularly in water-short regions

We are also seeing the emergence of highly detailed 

analyses of the processes involved as well as results- 

based diagnoses from catchment agencies, basin 

commissions and watershed and aquifer management 

authorities. These activities are being carried out globally 

in a variety o f different economic and cultural settings 

and at different sizes and scales. Most o f these 

organizations were created relatively recently for

F ig u r e  4 . 1 :  G lo b a l  d i s t r i b u t i o n  o f  t h e  w o r l d 's  w a t e r

A t present, 
best available 

practice and 
scientific 
knowledge are 
rarely 
adequately 
factored into 
decision-making

major demographic changes as people move from rural 

to urban environments

higher demands fo r food security and socio-economic 

well-being

increased competition between users and usages

pollution from industrial, municipal and agricultural 

sources.

While many issues remain on how to deal w ith and 

alleviate the pressures on our water resources, the 

progress being made in some sectors is worth noting. 

Natural units, such as river basins and aquifer systems, 

are becoming institu tionally recognized: one example is 

the EU Water Framework Directive. Basin-oriented water 

resources assessment is increasingly being adopted by 

national and regional programmes and due consideration 

is given to the need to  identify the critical volume and 

quality o f water needed to  maintain ecosystem resilience 

(environmental flows; see C h a p te r  5 ).
Source: Data from  Shlklom anov and Rodda, 2003. Freshwater has a 
g lobal vo lum e o f 35.2 m illion  cubic kilom etres (km3).

Oceans 97.5%

Glaciers 68 .7 %

'Groundwater
3 0 . 1 % /

Freshwater takes 67.4%

moisture 12.2%

/ w e r a  1.6% 
mosphere 9.5%  
and animals 0.6%

Surface 
and atmospheric 
water 0.4%
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Ecohydrology 
stresses the 
important 
relationships 
and pathways 
shared among 
hydrological and 
ecological 
systems

ju r is d ic t io n s  th a t  c o rre s p o n d  to  ph ys ica l h yd ro lo g ic a l 

lim its  ra th e r  th a n  h is to r ic a lly  d e fin e d  a d m in is tra tiv e  

b o u n d a rie s  (B lo m q u ls t e t  a l., 2 0 0 5 ; WWF, 2 0 0 3 ). M o v in g  

a w a y  fro m  h is to r ic a lly  a d m in is tra tiv e  b o u n d a rie s  to  a 

c o n s id e ra tio n  o f  w a te r  re sou rce s  m a n a g e m e n t p rac tice  

based on ph ys ica l h y d ro lo g ic a l lim its  a llo w s  us to  b e tte r  

re sp o n d  to  n a tu re 's  v a r ia b ility .

To b e tte r  c o m b a t f lo o d in g ,  th e  A sso c ia te d  P rog ram m e 

o f  F lo od  M a n a g e m e n t (APFM ), a W M O  a n d  GWP jo in t  

e f fo r t  as w e ll as UNESCO's In te rn a tio n a l F lo od  In it ia t iv e  

(IFI) o u tlin e  n e w  a p p ro a ch e s  th a t  are  b e in g  d e ve lo p e d  

fo r  a b e tte r  u n d e rs ta n d in g  o f  th e  links  b e tw e e n  n a tu ra l 

s e tt in g s  and  th e  le g a l, e n v iro n m e n ta l and  soc ia l 

co n d itio n s  In h e re n t to  f lo o d in g  a n d  th e  m it ig a t io n  o f  Its 

Im pacts . In th is  w ay, c o m m u n itie s  c o m m o n ly  fa ce d  w ith  

f lo o d in g  can n o w  d e ve lo p  m o re  s u s ta in a b le  m e th o d s  to  

re duce  th e  s o c io -e c o n o m ic  e ffe c ts  o f  such  h lg h - lm p a c t 

e ve n ts  (see C h a p te r  IO ) .

F u rth e r Illu s tra tio n s  o f  e m e rg in g  p ro g re ss  on  c o u n te r in g  

th e  p ressu re s on w a te r  re sou rce s  a re  h ig h lig h te d  In 

C h a p te rs  6  th ro u g h  13  and  In som e o f  th e  case s tu d y  

exa m p les  c ite d  In C h a p te r  14 .

lb . Water's global occurrence and 
distribution
The w o r ld 's  w a te r  ex is ts  n a tu ra lly  In d if fe re n t fo rm s  and 

lo c a tio n s : In th e  air, on th e  su rfa ce , b e lo w  th e  g ro u n d  and 

In th e  oce ans (F ig u re  4 .1 ) .

A lth o u g h  a la rg e  v o lu m e  o f  fre s h w a te r  ex is ts  'In  s to ra g e ', 

I t  Is m o re  Im p o r ta n t to  e va lu a te  th e  re n e w a b le  a n n u a l 

w a te r  f lo w s , ta k in g  In to  a c c o u n t w h e re  a n d  h o w  th e y  

m o ve  th r o u g h /  th e  h y d ro lo g ic a l cycle  (F ig u re  4 .2 ) .

Th is sch e m a tic  o f  th e  h y d ro lo g ic a l cyc le  Illu s tra te s  

h o w  e le m e n ts  can be  g ro u p e d  as p a rt o f  a c o n ce p tu a l 

m o d e l th a t  has e m e rg e d  fro m  th e  n e w  d is c ip lin e  o f 

e c o h yd ro lo g y , w h ic h  s tre sses  th e  Im p o r ta n t re la tio n s h ip s  

a n d  p a th w a y s  sha red  a m o n g  h y d ro lo g ic a l a n d  e co lo g ica l 

sys tem s (Z a lew sk l e t  a l., 1 9 9 7 ). Th is c o n ce p tu a l m o d e l 

ta k e s  In to  c o n s id e ra tio n  th e  d e ta il o f  th e  f lu x e s  o f  a ll 

w a te rs  a n d  th e ir  p a th w a y s  w h ile  d if fe re n t ia t in g  b e tw e e n  

tw o  c o m p o n e n ts : 'b lu e  w a te r ' an d  'g re e n  w a te r '.  B lue 

w a te rs  a re d ire c tly  a sso c ia te d  w ith  a q u a tic  eco system s 

a n d  f lo w  In s u r fa c e  w a te r  b o d ie s  and  a q u ife rs . Green 

w a te r  Is w h a t su p p lie s  te r re s tr ia l ecosys tem s and ra in -fe d  

crops fro m  th e  so il m o is tu re  zo n e , an d  It Is g reen  w a te r  

th a t  e va p o ra te s  fro m  p la n ts  an d  w a te r  su rfa ce s  In to  th e

F ig u r e  4 . 2 :  S c h e m a t ic  o f  t h e  h y d r o lo g ie  c y c le  c o m p o n e n t s  in  p r e s e n t - d a y  s e t t i n g

Infiltration

Recharge

Precipitation
EvaporationEvaporation 

■  E vjpo-transp ira tion

Re-use & Discharge^ 
^  of treated wastewater

^ y y à fë T
Supply Ocean

Re-use & Discharge 
o f treated wastewater

Precipitation

Surface Water 
Groundwater
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atm osph ere  as w a te r vapour. This concept was deve loped 

by Falkenm ark and Rockström ( 2004) w ho  con tend th a t 

th e  in tro d u c tio n  o f th e  concepts o f ‘green w a te r'a n d  

‘ blue w a te r ',  to  th e  ex te n t th a t th e y  s im p lify  th e  

discussion fo r  n o n -te chn ica l po licy-m akers and planners,

may he lp to  focus a tte n tio n  and resources on th e  

o fte n  ne glected areas o f ra in -fe d  a g ricu ltu re , graz ing , 

grassland, fo re s t and w e tla n d  areas o f te rre s tr ia l 

ecosystem s and landscape m anagem ent.

Part 2. Nature, Variability and Availability
T h e  E a rth 's  h y d r o lo g ic a l  c y c le  is  t h e  g lo b a l  m e c h a n is m  t h a t  t r a n s f e r s  w a t e r  f r o m  t h e  o c e a n s  t o  t h e  

s u r fa c e  a n d  f r o m  t h e  s u r fa c e ,  o r  s u b s u r fa c e  e n v ir o n m e n ts ,  a n d  p la n t s  t o  t h e  a tm o s p h e r e  t h a t  s u r r o u n d s  

o u r  p la n e t .  T h e  p r in c ip a l  n a tu r a l  c o m p o n e n t  p r o c e s s e s  o f  t h e  h y d r o lo g ic a l  c y c le  a re : p r e c ip i t a t io n ,  

i n f i l t r a t i o n ,  r u n o f f ,  e v a p o r a t io n  a n d  t r a n s p i r a t io n .  H u m a n  a c t i v i t i e s  ( s e t t le m e n t s ,  in d u s t r y ,  a n d  

a g r ic u l t u r a l  d e v e lo p m e n ts )  c a n  d is t u r b  t h e  c o m p o n e n ts  o f  t h e  n a tu r a l  c y c le  t h r o u g h  la n d  u s e  d iv e r s io n s  

a n d  t h e  u s e , re u s e  a n d  d is c h a r g e  o f  w a s t e s  in t o  t h e  n a tu r a l  s u r fa c e  w a t e r  a n d  g r o u n d w a t e r  p a th w a y s .

2a. Precipitation
The Earth 's a tm osphere  con ta ins ap prox im ate ly  13 ,000  

km3 o f w ater. This represents 10 pe rcen t o f  th e  w o rld 's  

fre sh w a te r resources no t fo u n d  In g round w ater, Icecaps 

o r pe rm a fros t (F igure  4 .1 ) . This Is s im ila r to  th e  vo lum es 

fo u n d  In soil m o isture and w e tlan ds. Flowever, o f more 

Im portance  Is th e  fa c t th a t th is  v a p o u r cycles In th e  

a tm osphere  In a ‘g lob a l dynam ic en ve lo p e ', w h ich  has 

a substan tive  an nua lly  recurring  vo lum e, es tim ated  to  be 

fro m  1 1 3 ,50 0  to  1 2 0 ,00 0  km3 (S h lk lom anov and Rodda, 

200 3 ; FAO-AQUASTAT, 2 0 0 3 ). P rec ip ita tion  occurs as rain, 

snow, s leet, haii, fro s t or dew. These large vo lum es 

Illus tra te  p re c ip ita tio n 's  key ro le In renew ing  ou r na tura l 

w a te r resources, p a rticu la r ly  tho se  used to  supply na tu ra l 

ecosystem s and ra ln fed crops. A b o u t 40 pe rcen t o f th e  

p re c ip ita tio n  th a t fa lls  on land com es from  ocean-derived  

vapour. The rem ain ing  60 pe rcen t com es fro m  land-based 

sources. It Is p a rticu la r ly  p e rtin e n t to  recogn ize  th a t 

s n o w fa ll can co n trib u te  a large pe rcentage o f a reg ion 's  

to ta l p re c ip ita tio n  In te m pera te  and cold clim ate  regions. 

For exam ple, In th e  w este rn  US, Canada and Europe, 40 

to  75 pe rcen t o f reg iona l p re c ip ita tio n  can occu r as snow.

The In te rn a tio n a l Panel on C limate Change ( IPCC) has 

pub lished th e  In te rna tiona l re ference fo r  each co u n try 's  

average annual p re c ip ita tio n , based on th e  pe riod  o f 

record from  1961 to  1990 (N ew  e t a t ,  19 99 ; M itch e ll 

e t al., 2 00 2 ). Countries' precipitation ranges from 100  
m m /yr In arid , d e se rt- llke  c lim ates to  over 3 ,4 0 0  m m /yr 

In tro p ica l and h igh ly  m o un ta in ous  te rra ins . Together 

w ith  te m p e ra tu re , th e y  de fine  th e  s ig n ifica n t variab les 

In g lob a l c lim a tic  and ecosystem  b io d ive rs ity  settings. This

lo n g -te rm  record base de te rm in es averages and de fines 

pred ic tab le  v a r ia b ility  bo th  In tim e  (m onth ly , annually, 

seasona lly ! and place (n a tions , m o n ito rin g  loca tio ns). This 

record Is s ig n ifica n t as Its 3 0 -y e a r s tandard Is com m only 

com pared w ith  actua l annual am ounts  to  de fine  the  

re la tive  cu rre n t va r ia b ility , fre q u e n tly  tie d  to  reg iona l 

and g loba l eva lua tions o f d ro u g h t and c lim ate change.

It Is essentia l to  w a te r resources de ve lopm en t to  

unders tand  th e  pa thw ays o f w a te r as It arrives In the  

fo rm  o f p re c ip ita tio n  and m igrates th ro u g h  th e  cycle 

com ponents. Table 4 .1  Illustra tes how  p re c ip ita tio n , In 

th re e  re la tive ly  d iverse clim atic  zones, ge nera lly  e ith e r 

re tu rns  by eva pora tion  o r é va po transp ira tion  back Into 

th e  a tm osphere , becom es surface w a te r th ro u g h  ru n o ff, 

o r recharges groundw ater.

M a p p in g  p re c ip ita tio n 's  Isotop le com pos ition  (3H, 180  

and 2FI) can help trace w a te r m ovem en t th ro u g h  th e  

w a te r cycle com ponents . This Is ro u tin e ly  done as pa rt o f 

th e  Global Netw ork of Isotopes in Precipitation (G N IP ),1 
opera ted  jo in t ly  by IAEA and WMO a t 153 s ta tio ns In 53 

na tions. IAEA has In itia te d  several pro jects to  s tud y and 

d is ting u ish  am ong m o istu re  sources and to  b e tte r 

unders tand  th e  cycle tra n s p o rt pa tte rns us ing  applied 

Isotope te ch n ique s. P articu la r case stud ies have been 

carried o u t In India (Bha ttacha rya  e t a t ,  2 0 0 3 ), Southeast 

Asia (A ggarw a l e t a t ,  2004) and w ith  tw e n ty -o n e  

research groups p a rtic ip a tin g  g lo b a lly  to  m o n ito r many 

o th e r m a jo r rivers (F igure  4 . 3 1. This approach Is o f 

fu r th e r  s ign ifica nce  as It assists In th e  eva lu a tion  o f th e  

hyd ro log ica l cyc le 's  response to  c lim atic  flu c tu a tio n s  and

A young child plays in the 

monsoon rain in Thailand

It is essential to 
understand the 
pathways o f 
water as It 
arrives in the 
form o f 
precipitation 
and migrates 
through the 
cycle
components

1. See isohis.iaea.org for more 
information.
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T a b le  4 . 1 :  P r e c i p i t a t i o n  d i s t r i b u t i o n  i n t o  s u r f a c e  w a t e r  a n d  g r o u n d w a t e r  c o m p o n e n t s  ( b y  
c l i m a t e  r e g i o n )

T e m p e r a te  c l im a t e S e m i- a r id  c l im a t e A r id  c l im a t e
% m m % m m % m m

Total precipitation 100 500-1,500 100 200-500 100 0-200
Evaporation/
Evapotranspiration -  33 160-500

OLH? 100-250 -  70 0-140

Groundwater recharge -  33 160-500 -  20 40-100 -  1 0-2
Surface runoff -  33 160-500 -  30 60-150 -  29 0-60

Souræ. H ydrogeo logy Center, U n ivers ity  N euchâte l, 2003.

can be used to  ca lib ra te  a n d  v a lid a te  a tm o s p h e ric  

c irc u la tio n  m o d e ls  used  In d im a te  ch a n g e  s tu d ie s .

2b. Evapotranspiration and soil moisture
The processes o f  e va p o ra tio n  and  tra n s p ira tio n  

(é va p o tra n s p ira tio n ) a re  c lose ly  linked  to  th e  w a te r  fo u n d  

In so il m o is tu re ; th e s e  processes a c t as d r iv in g  fo rces  on 

w a te r  tra n s fe rre d  In th e  h yd ro lo g ica l cycle. M o ve m e n t 

th ro u g h  soil and v e g e ta tio n  Is la rg e  and  acco u n ts  fo r  

62  p e rce n t o f a n n u a l g lo b a lly  re n e w a b le  fre sh w a te r. 

E va p o tra n sp ira tio n  ra tes d e pend  on m any lo ca lly  sp e c ific  

pa ram e te rs  an d  va ria b le s  th a t  a re  d if f ic u lt  to  m easure

F ig u r e  4 . 3 :  O x y g e n - 1 8  c o n t e n t  o f  s t r e a m  w a t e r  a lo n g  t h e  m a in  s t e m  o f  

l a r g e  r i v e r s
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an d  re q u ire  d e m a n d in g  an alyses in o rd e r to  ca lcu la te  an 

a cce p ta b le  level o f  accuracy. O th e r h yd ro lo g ica l, cycle- 

re la ted  and  m e te o ro lo g ic a l d a ta  are a lso  con s id e re d  in 

th e  e s tim a tio n  o f  th e  ra tes. Today, how ever, loca l w a te r  

m a n a g e m e n t in  basins o r sub -bas in s  can b e tte r  ca lcu la te  

tra n s p ira tio n  ra tes.

E vapo ra tion  fro m  su rfa ce  w a te r  b o d ie s  such as lakes, rivers, 

w e tla n d s  an d  reservo irs  is also an im p o rta n t c o m p o n e n t o f  

th e  h yd ro lo g ica l cycle and  in te g ra l to  basin  d e ve lo p m e n t 

an d  re g io n a l w a te r  m a n a g e m e n t. In th e  case o f  a r tif ic ia lly -  

c re a ted  reservo irs , i t  has be en e s tim a te d  by R ekacew icz 

(2 0 0 2 ) th a t  th e  g lo b a l vo lu m e s  e v a p o ra tin g  s ince th e  

en d  o f th e  1960s have exceeded th e  v o lu m e  consum ed 

to  m e e t b o th  d o m e s tic  and  in d u s tria l needs.

From th e  s ta n d p o in t o f  fo o d  p ro d u c tio n  and  ecosystem  

m a in te n a n ce , so il m o is tu re  is th e  m o s t im p o rta n t 

p a ra m e te r to  n e t p r im a ry  p ro d u c t iv ity  (NPP) an d  to  th e  

s tru c tu re , c o m p o s itio n  and  d e n s ity  o f  v e g e ta tio n  p a tte rn s  

(W M O, 2 0 0 4 ). N e a r-s u r fa c e  so il m o is tu re  c o n te n t s tro n g ly  

in flu e n c e s  w h e th e r  p re c ip ita t io n  an d  irr ig a tio n  w a te rs  

e ith e r  ru n  o f t  to  su rfa ce  w a te r  b o d ie s  o r  in f i l t ra te  in to  

th e  so il co lum n. R eg iona lly , m a p p in g  so il m o is tu re  d e f ic it  

is b e c o m in g  a w id e ly  used te c h n iq u e  to  lin k  d im a to lo g ic a l 

an d  h y d ro lo g ica l in fo rm a tio n  in a g r ic u ltu re  (e .g . I llino is ,

US) and  to  re fle c t d ro u g h t c o n d itio n s  (US D ro u g h t 

M it ig a t io n  Center, 2 0 0 4 ). Soil m o is tu re  d is tr ib u tio n  is 

n o w  id e n tif ie d  as a p re re q u is ite  fo r  e ffe c tiv e  r iv e r - f lo w  

fo re c a s tin g , ir r ig a tio n  sys tem  m a in te n a n ce , an d  so il 

co n se rva tio n  (H a id e r e t a l., 2 0 0 4 ). Its  d is tr ib u tio n  in  t im e  

an d  p lace  a re n o w  v ie w e d  as e sse n tia l to  h yd ro lo g ica l, 

e co lo g ica l a n d  c lim a tic  m o de ls  -  b o th  a t  th e  re g io n a l 

an d  g lo b a l leve l (US NRC, 2 0 0 0 ).

Note: Surveys o f oxygen-18  a long  th e  main stem o f large rivers, such as D arling, Am azon, Danube, Rio 
Grande and M ackenzie show  th e  co n tribu tion  and m ixing o f ru n o ff sources to  rivers, such as tr ibu ta rie s , 
Irriga tion  w a te r and wastew ater. Isotopes also re fle c t Impacts o f c lim ate and land use pa tte rn  changes 
on th e  w a te r balance such as an evaporative enrichm ent o f  river w a te r In arid regions.

Source'. IAEA, 2002.

The G lob a l Soil M o is tu re  D a ta  B ank (R o b o ck  and  V inn ikov, 

2 0 0 5 ; R o b o ck  e t a l, 2 0 0 0 ) a rch ives  c o n ta in  d a ta  se ts  o f  

n a tio n a l so il m o is tu re  re co rds  b u t th e  d a ta  se ts  a re 

in c o m p le te  in te rm s  o f  g lo b a l cove rage .
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S ate llite  da ta  can provide b roader coverage w ith  cu rren t 

resu lts  th a t can be m ore c lose ly re prese nta tive  w hen 

com bined w ith  g round va lid a tio n . From 20 02, NASA's 

c lim a te -m o n ito r in g  A q u a ' sa te llite  has da ily  records o f 

50 to  60 km re so lu tion  da ta, read ily  ob ta in e d  from  

NOAA (N joku , 20 0 4 ; N joku e t al., 20 04 ). From 2010, 

th e  1 Hydros' sa te llite  w ill exclusive ly m o n ito r da ily  soil 

m o istu re  changes a round th e  g lob e  w ith  an im proved 

spa tia l re so lu tion  o f 3 to  10 km (E ntekhab i e t al., 20 04 ; 

Jackson, 20 04 ). This w ill be an im p o rta n t upgrade fo r  

rem ote ly-sensed soil m o isture  da ta , w hich are becom ing  

Increasing ly  re lied upon by ag ricu ltu ra l m a rke ting  and 

ad m in is tra tive  boards, co m m o d ity  brokers, la rge-sca le 

fa rm s, f lo o d -  and d ro u g h t-m o n ito r in g  and fo recas tin g  

agencies, w a te r resources p lan n ing  and soil conservation 

au th o r it ie s  and hyd roe le c tric  u t i l i ty  com panies.

2c. Snow and ice
A b o u t th re e -q u a rte rs  o f th e  w o rld 's  en tire  na tura l 

fre sh w a te r is con ta ined  w ith in  lee sheets and glaciers. 

Flowever, m ost (97 pe rcen t) is n o t considered as a w a te r 

resource as It Is Inaccessible, located in th e  A n ta rc tic , 

A rctic  and Greenland ice sheets. Flowever, land-based 

g lacie rs and pe rm an en t snow  and lee -  fo u n d  on all 

c o n tin e n ts  except A ustra lia  -  cover approx im ate ly  

6 8 0 ,0 0 0  km 2 and are critica l to  many na tions ' w a te r 

resources. Even In s itu a tio n s  w here  lee covers on ly  a 

sm all pe rcen t o f a basin 's up land m oun ta in ous te rra in  

(e .g . In th e  H ¡malayas, Rockies, Urals, A lps, A ndes), 

g lacie rs can supply w a te r resources to  d is ta n t low land 

regions. Thus, g lac ia l lee and snow  represents a h igh ly  

va lua b le  na tu ra l w a te r reservoir. Typ ically It a ffects  

s tre a m -flo w  q u a n tity  In te rm s o f tim e  and vo lum e since 

g lacie rs te m p o ra rily  store w a te r as snow  and lee and 

release ru n o ff on m any d iffe re n t tim e  scales (Jansson et 

a l., 20 0 3 ; F lo c k e t a l., 20 05 ). Glacial ru n o ff 

cha racte ris tica lly  varies w ith  da lly  f lo w  cycles th a t are 

m e lt- in d u ce d  and seasonal since con cen tra ted  annual 

ru n o ff occurs In sum m er w hen th e  w a te r stored as snow  

In w in te r Is re leased as stream  flo w . The seasonal ru n o ff 

b e n e fits  occu r p rin c ipa lly  In na tions In th e  m id- and high 

la titu d e s  w here  th e re  are o th e rw ise  on ly  pe riods o f low  

f lo w , bu t be ne fits  also occur In m any sem l-a rld  regions. 

Glaciers can also a ffe c t lo n g -te rm  annual w a te r 

a va ila b ility  since ru n o ff e ith e r Increases o r decreases as 

th e ir  mass balance decreases o r Increases, respectively. 

Finally, g lac ie rs te n d  to  act as s tre a m -flo w  regu la to rs th a t 

can m in im ize y e a r- to -y e a r v a r ia b ility  w hen ca tchm en t 

areas are m o dera te ly  (10 to  40 pe rcen t) g lac ia ted . R unoff 

v a r ia b ility  rises as g lac ia ted  percen tage bo th  Increases

and decreases. G lacier con d itions  are no w  m o n ito re d  

g lo b a lly  since clim ate  change Is a ffe c tin g  th e ir  size and 

mass balance.

2d. Surface waters
Surface w ate rs Include th e  lakes (as w e ll as ponds), 

reservoirs, rivers and stream s and w e tlan ds  o u r societies 

have depended upon and b e ne fite d  from  th ro u g h o u t 

history. The f lo w  Into and th ro u g h  the se  surface w a te r 

bod ies comes from  ra in fa ll, ru n o ff fro m  m e ltin g  snow  and 

lee and as b a se -flo w  from  g ro u n d w a te r system s. W hile 

surface w ate rs vo lu m e trlca lly  hold on ly  a sm all vo lum e 

(0 .3  pe rcen t) o f  th e  Earth 's to ta l fre sh w a te r resources, 

th e y  represent a b o u t 80 pe rcen t o f th e  an nua lly  

renew ab le surface and ground w a te r. Ecosystem services 

fro m  surface w a te rs  are w idesp read and diverse as w e ll as 

be ing  o f c ritica l Im portance. Reservoirs and large lakes 

e ffe c tive ly  cou n te rac t h igh seasonal v a r ia b ility  In ru n o ff 

by p rov id ing  lo n g e r-te rm  storage. O th e r services 

supported by surface waters Include shipping and 
tra n s p o rt, Irr iga tion , recrea tion , fis h in g , d r in k in g  w a te r 

and hydropow er.

Lakes
M e ybeck  (1 9 9 5 ), S h lk lom anov and Rodda (2 0 0 3 ) and 

m ost re cen tly  Lehner and Doll (2 0 0 4 ) have provided 

extensive da ta  cha racte riz ing  th e  w o rld 's  lakes on a 

g lob a l scale. Lakes store th e  largest vo lum e o f fresh 

surface w ate rs (9 0 ,0 0 0  km3 ) -  over fo r ty  tim es more 

th a n  Is fo u n d  In rivers o r stream s and ab o u t seven tim es 

more th a n  Is fo u n d  In w e tla n d  areas. To geth er w ith  

reservoirs, th e y  are es tim ated  to  cover a to ta l area o f 

a b o u t 2 .7  m illion  km 2, w h ich  represents 2 pe rcen t o f th e  

land 's  surface (e xc lu d ing  po la r reg ions) (Lehner and Doll, 

20 04 ). M ost lakes are small. The w o rld 's  145 largest lakes 

are es tim ated  to  con ta in  over 95 pe rcen t o f all lake 

fre shw ate r. Lake Baikal (Russia) Is th e  w o rld 's  largest, 

de epest and o lde st lake and It a lone con ta ins 27 percent 

o f th e  fre sh w a te r con ta ined  In all th e  w o rld 's  lakes. Lake 

w ate rs serve com m erce, fis h in g , recrea tion , and tra n s p o rt 

and supply w a te r fo r  much o f th e  w o rld 's  p o pu la tio n . 

Flowever, de ta iled  hyd ro log ica l stud ies have been 

conducted on on ly  60 pe rcen t o f th e  w o rld 's  largest 

lakes (S h lk lom anov and Rodda, 20 03). LakeN et2 Is 

one exam ple o f an o rga n iza tio n  w o rk in g  w ith  local 

and regional governments, NGOs and IGOs in over 100  
cou n tries  In o rder to  address th is  know ledge d e fic it , 

to  ta ck le  d e g rad ing  con d itions , and to  develop lake 

basin m anagem en t program m es th a t Include Im p o rta n t 

p ro tec tio n  stra teg ies . Recently, a g lob a l da tabase o f

Glacier
conditions are 
now monitored 
globally since 
climate change 
is affecting their 
size and mass 
balance

m
Torre del Paine, Chile. 

Glacial ice and snow 

represent a highly 

valuable natural water 

reservoir

2. See www.worldlakes.org for 
more information.

http://www.worldlakes.org
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...the  world's 
to ta l runo ff is 
unevenly 
distributed  
throughout the 
year for most 
regions o f the 
globe...

Statistics related to the world's 
river systems (length, basin 
area, discharge, principal 
tributaries and cities served) 
are currently updated online at 
www.rev.net/~aloe/river/, as 
part of an open source physical 
sciences information gateway 
(PSIGate).

lakes, re se rvo irs  a n d  w e tla n d s  (GLW D) has be en c re a te d  

a n d  v a lid a te d  a t th e  C e n te r fo r  E n v iro n m e n ta l System s 

R esearch, U n iv e rs ity  o f  Kassel (CESR, G erm an y) In 

c o o p e ra tio n  w ith  th e  W o rld  W ild life  Fund (W W F) (

L e h n e r a n d  D o ll, 2 0 0 4 ). The p r im a r ily  d ig ita l m ap- 

based a p p ro a ch , c o m p le te  w ith  fu l ly  d o w n lo a d a b le  da ta , 

fa c il i ta te s  th e  lin k in g  o f  e x is tin g  lo ca l an d  re g io n a l 

re g is te rs  a n d  re m o te ly  sensed d a ta  w ith  th e  n e w  

In ve n to ry . As such , I t  Is an Im p o r ta n t a c h ie v e m e n t 

re la te d  to  g lo b a l h y d ro lo g ic a l a n d  d lm a to lo g lc a l m o de ls .

Rivers and streams
An estim ated 263 In terna tiona l river basins have drainage 

areas th a t cover a b o u t 45 pe rcen t (231  m illion km 2) o f th e  

Earth 's land surface (exc lud ing po la r regions) (W olf e t a t ,  

1 9 9 9 ,2 0 0 2 ) . The w o rld 's  tw e n ty  largest river basins have 

ca tchm en t areas rang ing  fro m  1 to  6 m illion km 2 and are 

fo u n d  on all con tinen ts . The to ta l vo lum e o f w a te r stored 

In rivers and stream s Is estim ated a t a b o u t 2 ,1 20  km 3. The 

Am azon carries 15 pe rcen t o f  all th e  w a te r re tu rn in g  to  th e  

w o rld 's  oceans, w h ile  th e  Congo-Zalre basin carries 33 percent 

o f  th e  river f lo w  In A frica (Shlklom anov and Rodda, 2 0 0 3 ).3

V a r ia b ility  In ru n o f f  Is d e p ic te d  b y  r iv e r /s tre a m  f lo w  v is- 

à -v is  t im e  g raphs  (h y d ro g ra p h s ). In te rm s  o f  v a r ia b ility , 

F ig u re  4 .4  (D ig o u t, 2 0 0 2 ) il lu s tra te s  th e  th re e  lo w  

an d  th re e  h ig h  ru n o f f  p e r io d s  th a t  w e re  e xp e rie n ce d  

in  th e  tw e n t ie th  c e n tu ry  by d o c u m e n tin g  th e  n a tu ra l 

f lu c tu a t io n s  in r iv e r ru n o f f  in te rm s  o f  b o th  tim e  

an d  p lace . These  ty p e s  o f  p e r io d ic  v a r ia t io n s  a re n o t 

p a r t ic u la r ly  p re d ic ta b le  as th e y  o c c u r w ith  irre g u la r 

f re q u e n c y  a n d  d u ra tio n . In co n tra s t, w e  are  co m m o n ly  

a b le  to  p re d ic t ru n o f f  v a r ia b il i ty  on  an a n n u a l and  

sea sona l basis  fro m  lo n g - te rm  m e a s u re m e n t re co rds  in 

m a n y  r iv e r lo c a tio n s . R iv e r- f lo w  g raphs  re p re s e n ta tiv e  o f 

th e  p r in c ip a l c lim a tic  re g io n s  a re illu s tra te d  in F ig u re  4 .5  

(S tah l a n d  H isda l, 2 0 0 4 ). S how n  to g e th e r  w ith  m o n th ly  

p re c ip ita t io n  and  e v a p o ra tio n , th e y  p o rtra y  th e  a n n u a l 

v a r ia b il i ty  th a t  is re la t iv e ly  p re d ic ta b le  and  s im ila r 

a c c o rd in g  to  p r in c ip a l c lim a tic  re g io n s  o f  th e  w o rld .

From  th is  c lim a tic  zo n e  p e rsp e c tive , tro p ic a l re g io n s  

ty p ic a lly  e x h ib it g re a te r  r iv e r ru n o f f  v o lu m e s  w h ile  a r id  

an d  s e m i-a r id  re g io n s , w h ic h  m ake u p  an e s tim a te d  40 

p e rc e n t o f  th e  w o r ld 's  la n d  a rea , have  o n ly  2 p e rc e n t 

o f  th e  to ta l ru n o f f  v o lu m e  (G le ick , 1 9 9 3 ).

M o n ito r in g  n e tw o rk s  fo r  r iv e r f lo w  a n d  w a te r  leve ls  in 

rive rs , re se rvo irs  and  lakes, su p p le m e n te d  by es tim a te s  

fo r  re g io n s  w h e re  th e re  is no  ex te ns ive  m o n ito r in g , he lp  

u n d e rs ta n d  ru n o f f  a n d  e va lu a te  h o w  to  p re d ic t its

F ig u r e  4 . 4 :  V a r i a t io n s  in  c o n t i n e n t a l  r i v e r  r u n o f f  

t h r o u g h  m o s t  o f  t h e  t w e n t i e t h  c e n t u r y  

( d e v ia t i o n s  f r o m  a v e r a g e  v a lu e s )

Variations in River Runoff by Continent 
through most of the 20th Century
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v a r ia b ility . M e a s u re m e n t n e tw o rk s  are re la tiv e ly  com m on 

in m a ny  d e ve lo p e d  p o p u la te d  areas. M o s t o f  th e  w o rld 's  

m a jo r c o n tr ib u t in g  d ra in a g e  areas have re la tiv e ly  a d e q u a te  

m o n ito r in g  n e tw o rk s  in p lace . The G lobal R u n o ff D ata 

C en te r (GRDC, K ob lenz, G erm an y), u n d e r W M O 's  ausp ices, 

ro u tin e ly  acq u ires , s to res , fre e ly  d is tr ib u te s  and  re p o rts  on 

riv e r d ischa rge  d a ta  fro m  a n e tw o rk  o f  7 ,2 2 2  s ta tio n s , 

a b o u t 4 ,7 5 0  o f  w h ich  have d a ily  an d  5 ,5 8 0  o f  w h ich  have 

m o n th ly  d a ta  (GRDC, 2 0 0 5 ; IV lap 4 .1 ) .  O th e r in te rn a t io n a l 

p ro g ra m m e s such  as th e  E uropean W a te r A rch ive  (Rees 

an d  D e m u th , 2 0 0 0 ) a n d  n a tio n a l d a ta  ce n tre s  su p p le m e n t 

th is  (d a ta  fro m  p riva te  in s titu t io n s  a re n o t in c lu d e d ). The 

lo n g e r th e  f lo w  record , th e  b e tte r  w e  can p re d ic t 

v a r ia b il i ty  in ru n o ff  -  in p u t th a t  is e sp e c ia lly  im p o rta n t in 

th e  c o n te x t o f  f lo o d  fo re c a s tin g , h y d ro p o w e r g e n e ra tio n  

an d  c lim a te  ch a n g e  s tu d ie s . The q u a lity  and  a d e q u a cy  o f 

da ta  records fo r  ru n o ff  v a ry  tre m e n d o u s ly . W h ile  som e

http://www.rev.net/~aloe/river/
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F ig u r e  4 . 5 :  T y p ic a l  h y d r o g r a p h s  in  a c c o r d a n c e  w i t h  c l im a t i c  s e t t in g s

Koeppen's Climate 
Classification

A. Tropical

C. Temperate

1 1

0

i

Mean Montniy

I Temperature

Precipitation

Evapotranspiration

H 0

C f S a n  F ianc iK cu C s  O slo

J C N A M J J A & 6 K G  J F M A M J J A 1 Q N D  J F M A M J J A AOMf l

j r H A U J J A S O M O  J T M A H J J A S O U D  J T M A H J J A S O H D  j r H A M J J A S O H O

Note: For trop ica l d im ates close to  th e  equato r (A t), perennia l rivers f lo w  all year. Towards th e  north  and sou th  th e  trop ica l clim ates have a 
d is tinc t rainy season and a dry season (Am and A w |. In dry clim ates (B ) rivers are o ften  ephem eral and on ly f lo w  period ica lly  a fte r a storm . 
In th e  tem pera te  Cf clim ate, the re  Is no d is tinc t d ry  or w e t season, whereas th e  'M ed ite rranean  c lim a te ’ (Cs) has a pronounced seasonal 
w a te r d e fic it In th e  sum m er and a rainy w in te r reflected  In th e  hydrograph. The cold clim ates (D ) have a d is tinc t snow m e lt ru n o ff peak and 
th e  D f clim ate  has an add ition a l peak in  th e  a u tum n  caused by rain.

Source: Stahl and Hisdal 2004.

records ex te nd  ba ck 2 0 0  yea rs  in  Europe a n d  10 0  to  150 

yea rs  on o th e r  c o n tin e n ts , in  m a ny d e v e lo p in g  n a tio n s  th e  

da ta  record  is g e n e ra lly  o f  in s u f f ic ie n t le n g th  a n d  q u a lity  

to  ca rry  o u t e ith e r  re lia b le  w a te r  re sources assessm ents  

o r c o s t-e ffe c tiv e  p ro je c t de s ig ns. As a re su lt, fo r  th e s e  

re g io n s , d a ta  is ra re ly  co m p ile d  o r  d is tr ib u te d  e ffe c tiv e ly  

on a g lo b a l scale (W M O, 2 0 0 5 ).

2e. Wetlands
W e tla n d s  a re  w a te r-s a tu ra te d  e n v iro n m e n ts  a n d  a re  

co m m o n ly  ch a ra c te rize d  as sw am p s, bo gs , m a rshes , m ires 

a n d  la g o o n s . W e tla n d s  co ve r an a rea  a b o u t fo u r  tim e s  

g re a te r  th a n  th e  w o r ld 's  lakes. H ow ever, th e y  c o n ta in  

o n ly  10 p e rc e n t o f  th e  w a te r  fo u n d  in  lakes a n d  o th e r  

s u r fa c e  w a te rs . D u rin g  th e  la s t ce n tu ry , an ex te ns ive  

n u m b e r o f  w e tla n d s  w e re  d e s tro y e d  o r  co n ve rte d  to  

o th e r  fo rm s  o f  la n d -u se . The ro le  th e y  p la y  in  te rm s  o f 

ecosys tem s a n d  w a te r  serv ices  a re  m o re  fu l ly  d e sc rib e d  in

C h a p te r  5 . H ow ever, be cause  th e y  to ta l a b o u t 6 p e rc e n t 

o f  th e  E a rth 's  la n d  s u rfa c e  (OECD, 1 9 9 6 ), th e y  a re  c ritica l 

a reas to  co n s id e r a n d  p ro te c t in  te rm s  o f  su r fa c e  w a te r  

a n d , in  som e re g io n s , g ro u n d w a te r  re sou rce s. C urren tly , 

ex te ns ive  w o rk  is b e in g  do n e  th ro u g h  th e  'W ise  Use' 

ca m pa ign s  sp o n so re d  p r in c ip a lly  by Ramsar, W WF and 

UNEP. These  ca m p a ig n s  se e k  to  m a in ta in  c r it ic a l se rv ices  

in w a te r  a n d  re la te d  liv e lih o o d  a n d  fo o d  p ro d u c t io n  areas. 

A n  im p o r ta n t n e w  s tu d y  on v a r ia b il i ty  in  th e  ro le  o f 

w e tla n d s  w as ca rrie d  o u t by B u llo c k  a n d  A cre m a n  (2 0 0 3 ) , 

w h e re in  th e y  assess th e  d iffe re n c e s  in w e tla n d  w a te r  

q u a n t ity  fu n c t io n s  based on  169 w o r ld w id e  s tu d ie s  

c o n d u c te d  fro m  1 9 3 0  to  2 0 0 2 . T h e y  b e lie ve  th is  n e w  

re v ie w  'p ro v id e s  th e  f ir s t  s te p  to w a rd s  a m ore  

s c ie n t if ic a lly  d e fe n s ib le  fu n c tio n a l a sse ssm e n t sys tem  

(o f  w e tla n d s ) ' a n d  e s ta b lish e s  'a  b e n c h m a rk  fo r  th e  

a g g re g a te d  k n o w le d g e  o f  w e tla n d  in flu e n c e s  up o n  

d o w n s tre a m  riv e r f lo w s  a n d  a q u ife rs '.  T h e y  c o n c lu d e  th a t

Everglades National Park, 

United States, Is 1 o f the 

1,558 wetland sites 

currently protected under 

the Ramsar Convention
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M a p  4 . 1 :  D i s t r i b u t i o n  o f  G R D C  w a t e r  m e a s u r e m e n t  s t a t io n s ,  M a r c h  2 0 0 5

f t C K D C A

GRDC Stations 
Status: Dec 2005 
Time Series End 

■ <1980  
1980-1984  
1986-1989  
1990-1994

• 1995-1999
• 2000-2004
• >2004

- 4 *  . . .

- Í  • •

• ; . v  

V  #

‘ th e re  Is o n ly  lim ite d  s u p p o rt to  th e  g e n e ra lize d  m o d e l o f  

f lo o d  c o n tro l, re ch a rg e  p ro m o tio n  and  f lo w  m a in te n a n c e  

p o rtra y e d  th r o u g h o u t  th e  1 9 9 0 s  as o n e  c o m p o n e n t o f 

th e  basis o f  w e tla n d  p o lic y  fo rm u la t io n 1, n o t in g  th a t  

s u p p o rt Is c o n fin e d  la rg e ly  to  f lo o d p la ln  w e tla n d s . Th ey 

a lso  n o te  th a t :  ‘ Less re c o g n iz e d  a re th e  m a ny  exa m ples  

w h e re  w e tla n d s  Increase  f lo o d s , a c t as a b a rr ie r to  

re ch a rg e  o r  re duce  lo w  f lo w s ' an d  th a t  'g e n e ra liz e d  and 

s im p lif ie d  s ta te m e n ts  o f  w e tla n d  fu n c t io n  a re  d isco u ra g e d  

b e cause  th e y  d e m o n s tra b ly  have l i t t le  p ra c tica l v a lu e '. 

O vera ll th e y  co n c lu d e  th a t  w e tla n d s  c a n n o t be c o n s id e re d  

to  have th e  sam e ro le  In eve ry  h y d ro lo g ic a l s e tt in g .

T h e y  re co m m e n d  th a t  fu tu re  w a te r  m a n a g e m e n t a c tio n s  

fo r  b o th  ba s in s  a n d  a q u ife rs  c a re fu lly  e va lu a te  each 

w e t la n d 's  ch a ra c te ris tic s  as th e y  w ill e x h ib it d if fe re n t 

p e rfo rm a n c e  a n d  fu n c t io n a l ro le s  a c c o rd in g  to  th e ir  

lo c a t io n  In th e  w a te rs h e d , th e ir  c lim a te , a n d  th e  

e x te n t o f  o th e r  d e v e lo p m e n t fe a tu re s .

2f. Groundwater
G loba l g ro u n d w a te r  v o lu m e  s to re d  b e n e a th  th e  E arth 's  

s u r fa c e  re p re se n ts  9 6  p e rc e n t o f  th e  E a rth 's  u n fro z e n  

fre s h w a te r  (S h lk lo m a n o v  and  R odda, 2 0 0 3 ). G ro u n d w a te r 

p ro v id e s  u s e fu l fu n c t io n s  and  se rv ice s  to  hu m a n s  and  th e  

e n v iro n m e n t. I t  fe e d s  sp r in g s  an d  s tre a m s, su p p o rts  

w e tla n d s , m a in ta in s  la n d  su rfa c e  s ta b ili ty  In a reas o f 

u n s ta b le  g ro u n d , a n d  a c ts  as an o ve ra ll c r it ic a l w a te r  

re so u rce  s e rv in g  o u r w a te r  needs.

UNESCO a n d  W M O  s u p p o rt th e  In te rn a tio n a l G ro u n d w a te r 

R esources A sse ssm e n t C entre  (IGRAC, h o s te d  In U tre c h t, 

The N e th e rla n d s ). IGRAC e s tim a te s  th a t  a b o u t 60  p e rc e n t 

o f  w ith d ra w n  g ro u n d w a te r  Is used to  s u p p o rt a g r ic u ltu re  

In a r id  and  se m i-a rid  c lim a te s . M o rris  e t  a l. (2 0 0 3 ) re p o rt 

th a t  g ro u n d w a te r  sys tem s g lo b a lly  p ro v id e  25 to  40  

p e rc e n t o f  th e  w o r ld 's  d r in k in g  w a te r. Today, h a lf  th e  

w o r ld 's  m e g a c itie s  a n d  h u n d re d s  o f  o th e r  m a jo r  c itie s  

on  a ll c o n tin e n ts  re ly  u p o n  o r  m ake s ig n if ic a n t use o f 

g ro u n d w a te r . Sm all to w n s  and  ru ra l c o m m u n itie s  

p a r t ic u la r ly  re ly  on I t  fo r  d o m e s tic  su p p lie s . Even w h e re  

g ro u n d w a te r  p ro v id e s  lo w e r  p e rc e n ta g e s  o f  to ta l w a te r  

used , It  s till can serve lo ca l areas w ith  re la t iv e ly  lo w -c o s t 

g o o d -q u a llty  w a te r  w h e re  no  o th e r  a cce ss ib le  s u p p ly  

ex is ts . F ina lly, g ro u n d w a te r  can b r id g e  w a te r  s u p p ly  

gaps d u r in g  lo n g  d ry  sea sons a n d  d u r in g  d ro u g h ts .

Occurrence and renewability
Recent, g lo b a lly  focu se d  g ro u n d w a te r p u b lica tio n s  (Zekster 

an d  Everett, UNESCO G ro u n d w a te r Series, 20 0 4 ; UNEP, 

2 0 0 3 ), p o in t o u t th a t  la rg e  va ria tio n s  In g ro u n d w a te r exist 

In te rm s  o f occu rrence , ra te o f renew a l and  vo lum es  stored 

In d iffe re n t ty p e s  o f  aq u ife rs . G eo log ica l cha racte ris tics are 

a lso  an Im p o rta n t fac to r. W h ile  sh a llo w  ba sem en t a q u ife rs  

con ta in  lim ite d  sto rage , la rg e  vo lum es  o f  g ro u n d w a te r are 

sto red  In th ic k  s e d im e n ta ry  basins. A q u ife rs  In fo ld e d  

m o u n ta in  zon es te n d  to  be fra g m e n te d , w h ile  vo lcan ic  

ro ck  e n v iro n m e n ts  have u n iq u e  hyd rau lic  con d itions .

S ha llow  a q u ife r system s have n e a r-su rfa ce  w a te r ta b le s  

th a t  are s tro n g ly  linked  to  and  In te rcha nge  w ith  surface
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w ate r bodies. M ap  4 .2 illustrates th e  th ir ty -s ix  Global 

G roundwater Regions iden tified  by IGRAC (2 0 0 4 ], which 

compares predom inant hydrogeologica l environm ents 

fou nd  around th e  world . The UNESCO-led W orld-w ide 

Hydrogeological M app ing  and Assessment Programme 

(WHYMAP] also con tributes to  m apping aqu ife r systems, 

co llecting and d issem inating In form ation related to  

ground w a te r at a global scale (see Chapter 13).

G roundw ater, as a p o te n tia l resource, can be 

cha racte rized by tw o  main variab les: Its rate o f renewal 

and Its vo lum e In storage. M uch o f g ro u n d w a te r Is 

derived from  recharge events th a t occurred d u rin g  past 

c lim a tic  con d itions  and Is re ferred to  as ‘ non -re new a b le  

g ro u n d w a te r ' ( IAEA). The actua l recharge o f the se  aq u ife r 

system s Is n e g lig ib le . The w o rld 's  la rgest non-re new a b le  

g ro u n d w a te r system s (Table 4 .2 ]  are located In arid 

loca tions o f N o rthe rn  A frica , th e  A rab ian Peninsula and 

A ustra lia , as w ell as u n d e r pe rm a fros t In W estern Siberia. 

Their exploitation will result in a reduction in stored

vo lum es. A  debate  has arisen a b o u t how  and when 

to  use the se  g ro u n d w a te r resources as susta inab le  

g ro u n d w a te r de ve lopm en t Is un d e rs to o d  as ‘e xp lo ita tio n  

un de r con d itions  o f dynam ic eq u ilib rium  leaving reserves 

u n d lm ln lshe d '. However, na tions may decide th a t th e  

e xp lo ita tio n  o f such reserves Is ju s tif ie d  w here undeslred 

s lde -e ffe c ts  w o u ld  n o t be produced (A bderrahm an,

20 03). UNESCO and th e  W orld Bank have jo in t ly  prepared 

th e  pu b lica tion  Non-renewable groundwater resources, 

a guidebook on socially-sustainable management for 

policy makers (fo rth c o m in g , 20 06 ].

Transboundary groundwater
In te rm s o f shared w a te r resources, g ro u n d w a te r does no t 

respect adm in is tra tive  boundaries. M ost o f th e  large no n ­

renew able reserves In Table 4 .2  are shared. However, In 

ad d itio n  to  these  a q u ife r systems, th e re  are num erous 

sm aller renew ab le tra n sb o u n d a ry  aquifers located 

w orld w id e . A tte n tio n  to  shared g ro und w a te r resources 

m anagem ent Is Increasing w ith  s tro ng  sup port from

Groundwater, as 
a potential 
resource, can be 
characterized by 
two main 
variables: its 
rate o f renewal 
and Its volume 
In storage

M a p  4 .2 :  G lo b a l g r o u n d w a te r  re g io n s : p r e d o m in a n t  m o d e  o f  g r o u n d w a te r  o c c u rre n c e  a n d  m e a n  r a te  o f  r e n e w a l

(mm/year) Type of region 

0 20 200
Basement regions 
Sedimentary-basin regions 
,High-relief folded mountain regions 
Volcanic regions

Large groundwater reserves in arid zones

1 Western mountain belt o f North & Central 
America

2 Central plains o f North & Central 
America

3 Canadian shield
4 Appalachian highlands
5 Caribbean islands and costal plains of 

North & Central America
6 Andean belt
7 Lowlands of South America

8 Guyana shield
9 Brazillian shield and associated basins

10 Baltic and Celtic shields
11 Lowlands of Europe
12 Mountains of Central & Southern Europe
13 Atlas Mountains
14 Saharan basins
15 West African basement
16 Subsaharan basins
17 East African basement & Madagascar

18 Volca nies o f East Africa
19 Horn of Africa basins
20 West Siberian platform
21 Central Siberian plateau
22 East Siberian highlands
23 Northwestern Pacific margin
24 Mountain belt o f Central & Eastern Asia
25 Basins o f West & Central Asia
26 Mountain belt o f West Asia
27 Himalayas & associated highlands

28 Plains of Eastern China
29 Indo-Gangelic-Brahmaputra Plain
30 Nubian & Arabian shields
31 Levant & Arabian platform
32 Peninsular India & Sri Lanka
33 Peninsulars & islands o f South-East Asia
34 Western Australia
35 Eastern Australia
36 Islands of the Pacific

Note: Small-scale world map showing 36 Global Groundwater Regions depicting predominant hydrogeological setting (Basement (red), Sedimentary Basin (yellow), High-Relief Folded Mountain 
(green) and Volcanic (blue). Higher groundwater renewal rates, as averaged over each o f the mentioned Global Groundwater Regions, are reflected in the figure by higher colour intensities. The 
hatched zones depict areas o f limited groundwater renewal that contain extensive (non-renewable) groundwater reserves which were created in the past.

Source: IGRAC, 2004.
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Most renewable 
groundwater is 
o f a high 
quality, Is 
adequate for 
domestic use, 
irrigation and 
other uses, and 
does not require 
treatment

T a b le  4 . 2 :  S e le c t e d  la r g e  a q u i f e r  s y s t e m s  w i t h  n o n - r e n e w a b l e  g r o u n d w a t e r  r e s o u r c e s

Countries Aquifer
system

Area (km2) Estimated
total

volume
(km3)

Estimated
exploitable

volume
(km3)

Estimated
annual

recharge
(km3)

Estimated
annual

abstraction
(km3)

E g yp t, L ibya, 
S udan , Chad

N u b ia n  S a n d s to ne  
A q u ife r  System

2 ,2 0 0 ,0 0 0 1 5 0 ,0 0 0  
to  4 5 7 ,0 0 0

> 6 ,5 0 0 13 1.6

A lg e r ia , L ibya, 
Tun is ia

NW  Sahara 
A q u ife r  System

1 ,0 0 0 ,0 0 0 6 0 ,0 0 0 1 ,2 8 0 14 2.5

A lg e r ia , L ibya, 
N ig e r

M u rz u k  Basin 4 5 0 ,0 0 0 > 4 ,8 0 0 > 6 0  to  80 n .a . 1 .75

M a li,  N ige r, 

N ig e r ia

lu lle m e d e n  A q u ife r  

System

5 0 0 ,0 0 0 1 0 ,0 0 0  

to  1 5 ,0 0 0

2 5 0  to  550 50  to  80 n.a.

N ig e r, N ig e r ia , 
C had, C am eroon

Chad Basin 
A q u ife r

6 0 0 ,0 0 0 n.a. > 1 70  to  3 5 0 n .a . n.a.

S .A rab ia , UAR, 

B a h ra in , Q a ta r

Multilayer Aquifer 
A ra b ia n  P la tfo rm

2 5 0 ,0 0 0 n .a . 500? 30 13 .9

A u s tra lia G rea t A r te s ia n  Basin 1 ,7 0 0 ,0 0 0 2 0 ,0 0 0 170 50 0 .6
Russia W est S ib e ria n 3 ,2 0 0 ,0 0 0 1 ,0 0 0 ,0 0 0 n .a . 55 n.a.

A r te s ia n  Basin 

Source: Jean Margat, personal communication, 2004.
(Adapted from the UNESCO Working Group on Non-Renewable Groundwater Resources, 2004).

several in te rn a tio n a l organ iza tions th a t are addressing 

susta inab le  m anagem ent s tra teg ies w hich w o u ld  enable 

shared socio-econom ic deve lopm ent o f such aquifers.

A t present, th e  UNESCO In te rn a tio n a lly  Shared A q u ife r 

Resources M anage m en t (ISARM| p ro jec t is com piling  an 

inven tory  o f tra n sb o u n d a ry  aquifers.

Natural groundwater quality
M ost renew ab le g ro u n d w a te r is o f a h igh qua lity , is 

adequa te  fo r  dom estic  use, irrig a tio n  and o th e r uses, and 

does no t require tre a tm e n t. However, it shou ld  be no ted 

th a t u n co n tro lle d  de ve lopm en t o f g ro u n d w a te r resources, 

w ith o u t analysis o f  th e  chem ical and b io lo g ica l con ten t, 

is an unacceptab le  practice th a t can (as in th e  exam ple 

o f f lu o r id e  and arsenic problem s in S outheast Asia ) lead 

to  serious hea lth  problem s. Some w ate rs  have benefic ia l 

uses o w in g  to  na tu ra lly  h igh tem pera tu res  and levels o f 

m inerals and gas. This is th e  case fo r  th e rm a l w aters 

w here these  properties  have been created by high 

ge o th e rm a l g rad ien ts , vo lcan ic se ttin gs  or na tu ra l 

rad ioactive decay. In m ost cases, the se  g roundw aters  

are h igh ly  de ve loped and used fo r  hea lth  and recreation 

(spa) and ge o th e rm a l ene rgy services.

Groundwater monitoring networks
G ro u n d w a te r m o n ito r in g  n e tw o rks , as w ith  surface  

w a te r  system s, o p e ra te  d if fe re n t ly  a t n a tio n a l, re g io n a l 

and loca l levels. G ro u n d w a te r levels c o n s titu te  th e  m ost

o b served  pa ram e te r, w hereas w id e sp re a d  and 

c o n tin u o u s  w a te r  q u a lity  and n a tu ra l g ro u n d w a te r 

d ischa rge  and a b s tra c tio n  n e tw o rks  are o p e ra tio n a l in 

o n ly  a fe w  c o u n tr ie s  (Jousma and R oe lo fson , 2003 ). 

Several la rg e -sca le  e ffo r ts  are u n d e rw a y  to  upg rad e  

m o n ito r in g  and n e tw o rks , fo r  exam ple , in Europe 

(P roposa l fo r  ne w  D irec tive  on G ro u n d w a te r P ro te c tion  

[EC 2 0 0 3 ] and in Ind ia  [W o rld  Bank, 2 0 0 5 ]) . H ow ever, 

g ro u n d w a te r  assessm ent, m o n ito r in g  and da ta  

m a n a g e m e n t a c tiv it ie s  are fo r  th e  m ost p a rt m in im a l or 

in e ffe c tiv e  in m any d e v e lo p in g  c o u n tr ie s  and are b e in g  

d o w n s ize d  and reduced in m any de ve lo p e d  co u n tie s  

(see C h a p te r 1 3 ). Lack o f da ta  and in s titu t io n a l 

c a p a c ity  is e n dem ic , m a k in g  a d e q u a te  g ro u n d w a te r 

d e v e lo p m e n t and m a n a g e m e n t d if f ic u lt .  GEMS/W ater 

(a UNEP p rog ra m m e ] ¡5 c u r re n t ly  a d d in g  n a tio n a l 

g ro u n d w a te r  da ta  to  its  in te rn a t io n a l w a te r  q u a lity  

d a taba se  (d e scrib e d  in Part 3). This w ill su p p le m e n t th e  

c u rre n t g lo b a l kn o w le d g e  o f g ro u n d w a te r  q u a lity  

in fo rm a tio n  co llec te d  and d isp layed by IGRAC on its 

w e b s ite , w h ich  inc lud es spec ia l re p o rts  on b o th  arsen ic 

and flu o r id e s  in g ro u n d w a te r (IGRAC, 2 0 0 5 a , 2 0 0 5 b ).

2g. Water availability
E fforts to  characte rize th e  vo lum e o f w a te r ava ilab le  to  a 

g iven na tion  have been o n g o in g  fo r  several decades. The 

p rim ary in p u t fo r  m any o f these  estim ates is an 

in fo rm a tio n  da tabase (AQUASTAT) th a t has h is to rica lly
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been developed and m a in ta ine d  by FAO. It is based on 

da ta  re la ted to  th e  q u a n tity  o f w a te r resources and uses 

a w a te r-b a la n ce  approach fo r  each na tion  (FAO, 2003a). 

This da tabase has becom e a com m on re ference to o l used 

to  es tim ate  each na tion 's  renew ab le  w a te r resources. FAO 

has com piled an Index o f Total A c tua l Renewable W ater 

Resources (TARWR). The de ta ils  o f how  th e  TARWR Index

and its na tiona l Per Capita Equiva lent o f A v a ila b ility '

(PCA) are de te rm in ed  and som e o f th e  considera tions 

that should be taken into account when using the 

database index are exp la ined in Box 4.1. The TARWR and 

PCA resu lts  fo r  m ost na tions from  th e  la test 2005 update 

o f th e  FAO AQUASTAT da tabase are fo u n d  in Table 4.3.

INDIINDEX OF WATER RESOURCES AVAILABILITY -  TOTAL ACTUAL RENEWABLE WATER RESOURCES (TARWR)

Total Actual Renewable Water Resources
(TARWR) is an index th a t re flects th e  water 

resources theore tica lly  available fo r developm ent 

from all sources w ith in  a country. It is a 

calculated volum e expressed in km3/year.

Divided by the  nation's population and adjusted 

to  m3/yr, it is expressed as a per capita volum e 

more readily a llow ing a relative evaluation o f the  

resource available to  its inhabitants. It estimates 

the  to ta l available w ater resources per person in 

each nation tak in g  into account a number of 

individual com ponent indicators by:

■  add ing all in te rna lly  generated surface w ater 

annual ru n o ff and groundw ater recharge 

derived from  precip itation fa lling  w ith in  the 

nation's boundaries,

■  adding external f lo w  en tering from other 

nations which contributes to  both surface 

w ater and groundwater,

■  subtracting any potentia l resource volumes 

shared by the  same w ater which comes 

from surface and groundwater system 

interactions, and

■  subtracting, where one or more tre a ty  exists, 

any flo w  volum e required by th a t tre a ty  to 

leave the  country.

It gives the  maximum theoretical am ount of 

water actually available fo r the  country on a per

cap ita basis. Beginning in ab out 1989, TARWR 

has been used to  make evaluations o f water 

scarcity and water stress.

Considerations related to availability in 

the TARWR index
It is im portant to note th a t the  FAO estimates are 

maximum theoretical volumes o f water renewed 

annually as surface water runoff and groundwater 

recharge, taking into consideration w hat is shared 

in both the surface and groundwater settings. 

These volumes, however, do not factor in the 

socio-economic criteria th a t are potentia lly and 

differentially applied by societies, nations or 

regions to develop those resources. Costs can vary 

considerably when developing diffe rent water 

sources. Therefore, whatever the reported 'actual' 

renewable volume o f water, it is a theoretical 

maximum, and the extent to which it can be 

developed will be less for a variety o f economic 

and technical reasons. For example, Falkenmark 

and Rockstrom (2004) po in t ou t tha t, globally, 

approximately 27 percent o f the  world 's surface 

water runoff occurs as floods. That is not 

considered a usable water resource even 

though it would be counted as part o f the  annual 

renewable surface water runoff component of 

TARWR. Therefore, the  usable volumes available as 

resources to  meet societal demands will be 

considerably less than the  maximum number given 

as a nation's TARWR.

Four additional lim itations are inherent in the 

TARWR inform ation. First, seasonal variab ility  

in precip itation, runo ff and recharge, which is 

im portan t to  regional and basin-level decision 

making and w ater storage strategies, is no t well 

reflected in annualized quantities. Second, many 

large countries have several climatic settings as 

well as h igh ly disparate population concentrations 

and the  TARWR does no t re flect the  ranges th a t 

can occur w ith in  nations. The recently developed 

small-scale Relative Stress Index Map 

(Vörösmarty) could assist in overcoming this 

oversight. Third, there is no data in TARWR 

th a t identifies the  volumes o f 'green' w ater th a t 

sustain ecosystems -  the  volumes th a t provide 

water resources fo r direct ra in-fed agriculture, 

grazing, grasslands and forests -  nor does it 

account fo r the  volumes o f water th a t are 

po tentia lly  available from non-conventional 

sources (reuse, desalination, non-renewable 

groundwater). Finally, while the  accounting-based 

method for a nation's TARWR adds all water tha t 

enters from upstream countries, it  does not 

subtract any part o f th e  w ate r th a t leaves the  

nation in the  TARWR number a lthough estimates 

o f those volumes are available for each country 

from the  database.

Source: FAO, 2003a; FAO-AQUASTAT, 2005.
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T a b le  4 . 3 :  W a t e r  a v a i l a b i l i t y  i n f o r m a t i o n  b y  c o u n t r y  (A Q U A S T A T , F A O  2 0 0 5 )

TARWR TARWR TARWR Surface Ground­ Incoming Outgoing3 Total
Precip Volume Per Capita Per Capita water water Overlap2 Waters Waters Use

Population Rate1 2005 2000 2005 % % % % % %
Country (1,000,000s) (mm/yr) (km 2/yr) (m 3/yr) (m3/yr) TARWR TARWR TARWR TARWR TARWR TARWR

1 A fg h a n is ta n 2 4 ,9 2 6 3 0 0 65 2 ,9 8 6 2 ,6 1 0 15% 77% 36%
2 A lb a n ia 3 ,1 9 4 1 ,0 0 0 42 1 3 ,3 0 6 1 3 ,0 6 0 55% 15% 6% 35% 0% 4%
3 A lg e r ia 3 2 ,3 3 9 100 14 4 7 8 4 4 0 12% 92% 6% 3% 3% 42%
4 A n g o la 1 4 ,0 7 8 1 ,0 0 0 148 1 4 ,0 0 9 1 0 ,5 1 0 98% 39% 21% 0% 80% 0.2%
5 A n t ig u a  and

B arbuda 73 2 ,4 0 0 0 .1 8 0 0 7 1 0 0% 0%
6 A rg e n tin a 3 8 ,8 7 1 6 0 0 8 1 4 2 1 ,9 8 1 2 0 ,9 4 0 34% 16% 16% 66% 14% 4%
7 A rm e n ia 3 ,0 5 2 6 0 0 10 2 7 8 0 3 ,4 5 0 60% 4 0% 13% 14% 31% 28%
8 A ru b a 101
9 A u s tra lia 1 9 ,9 1 3 50 0 4 9 2 2 5 ,7 0 8 2 4 ,7 1 0 89% 15% 4% 0% 0% 5%

10 A u s tr ia 8 ,1 2 0 1 ,1 0 0 7 8 9 ,6 1 6 9 ,5 7 0 71% 8% 8% 29% 100% 3%
11 A z e rb a ija n 8 ,4 4 7 4 0 0 3 0 3 ,7 6 5 3 ,5 8 0 20% 22% 14% 73% 57%
12 Baham as 3 1 7 1 ,3 0 0 0 .0 2 66 63 nd nd nd 0% 0%
13 B ahra in 7 3 9 100 0 .1 181 157 3% 0% 0% 97% 0% 258%
14 B a n g la d e sh 1 4 9 ,6 6 4 2 ,7 0 0 1 ,2 1 1 8 ,8 0 9 8 ,0 9 0 7% 2% 0% 91% 0% 7%
15 B arbados 271 2 ,1 0 0 0 .1 3 0 7 2 9 6 10% 92% 2% 0% 0% 105%
16 B e larus 9 ,8 5 2 6 0 0 58 5 ,6 9 4 5 ,8 9 0 64% 31% 31% 36% 96% 5%
17 B e lg iu m 1 0 ,3 4 0 8 0 0 18 1 ,7 8 6 1 ,7 7 0 66% 5% 5% 34% 60%
18 Be lize 261 2 ,2 0 0 19 8 2 ,1 0 2 7 1 ,0 9 0 14% 0% 1%
19 Ben in 6 ,9 1 8 1 ,0 0 0 26 3 ,9 5 4 3 ,8 2 0 38% 7% 6% 61% 22% 1%
20 B e rm uda 82 1 ,5 0 0
21 B h u tan 2 ,3 2 5 1 ,7 0 0 95 4 5 ,5 6 4 4 0 ,8 6 0 100% 0% 95% 0.4%
22 B o liv ia 8 ,9 7 3 1 ,1 0 0 623 7 4 ,7 4 3 6 9 ,3 8 0 45% 21% 17% 51% 93% 0.2%
23 Bosn ia  and

H e rzeg o v in a 4 ,1 8 6 1 ,0 0 0 3 8 9 ,4 2 9 8 ,9 6 0 100%
24 B o tsw ana 1 ,7 9 5 4 0 0 12 9 ,3 4 5 6 ,8 2 0 7% 14% 1% 80% 5% 1%
25 Brazil 1 8 0 ,6 5 4 1 ,8 0 0 8 ,2 3 3 4 8 ,3 1 4 4 5 ,5 7 0 66% 23% 23% 34% 6% 1%
26 Brunei Darussalam 366 2 ,7 0 0 9 2 5 ,9 1 5 2 3 ,2 2 0 100% 1% 1% 0% 0%
27 B u lga ria 7 ,8 2 9 6 0 0 21 2 ,6 8 0 2 ,7 2 0 94% 30% 26% 1% 92% 49%
28 B u rk ina  Faso 1 3 ,3 9 3 7 0 0 13 1 ,0 8 4 9 3 0 64% 76% 40% 0% 100% 6%
29 B u ru n d i 7 ,0 6 8 1 ,2 0 0 15 566 2 ,1 9 0 65% 4 8% 48% 35% 14% 2%
3 0  C am bod ia 1 4 ,4 8 2 1 ,9 0 0 4 7 6 3 6 ,3 3 3 3 2 ,8 8 0 24% 4% 3% 75% 99% 1%
31 C am eroon 1 6 ,2 9 6 1 ,6 0 0 2 8 6 1 9 ,1 9 2 1 7 ,5 2 0 94% 35% 33% 4% 14% 0.3%
32 Canada 3 1 ,7 4 4 50 0 2 ,9 0 2 9 4 ,3 5 3 9 1 ,4 2 0 98% 13% 12% 2% 5% 2%
33 Cape V erde 4 7 3 4 0 0 0 .3 703 6 3 0 60% 4 0% 0% 0% 0% 9%
34 C en tra l A fr ic a n

Rep. 3 ,9 1 2 1 ,3 0 0 144 3 8 ,8 4 9 3 6 ,9 1 0 98% 39% 39% 2% 98% 0.0 2 %
35 Chad 8 ,8 5 4 3 0 0 43 5 ,4 5 3 4 ,8 6 0 31% 27% 23% 65% 9% 0.5%
3 6  C hile 1 5 ,9 9 6 7 0 0 9 2 2 6 0 ,6 1 4 5 7 ,6 4 0 96% 15% 15% 4% 0% 1.4%
3 7  C hina 1 ,3 2 0 ,8 9 2 6 0 0 2 ,8 3 0 2 ,2 5 9 2 ,1 4 0 96% 29% 26% 1% 25%
3 8  C hina, T a iw an

Prov. 2 2 ,8 9 4 2 ,4 0 0 6 7 2 ,9 3 0 94% 6% 0% 0%
3 9  C o lom bia 4 4 ,9 1 4 2 ,6 0 0 2 ,1 3 2 5 0 ,6 3 5 4 7 ,4 7 0 99% 24% 24% 1% 50% 1%
4 0  C om oros 7 9 0 1 ,8 0 0 1.2 1 ,7 0 0 1 ,5 2 0 17% 83% 0% 0% 0%
41  C ongo, Dem

Rep. 5 4 ,4 1 7 1 ,5 0 0 1 ,2 83 2 5 ,1 8 3 2 3 ,5 8 0 70% 33% 33% 30% 0% 0.0 3 %
42  C ongo 3 ,8 1 8 1 ,6 0 0 8 3 2 2 7 5 ,6 7 9 2 1 7 ,9 2 0 27% 24% 24% 73% 23% 0 .0 0 5 %
43 C osta Rica 4 ,2 5 0 2 ,9 0 0 112 2 7 ,9 3 2 2 6 ,4 5 0 67% 33% 0% 0% 7% 2%
44  C ôte  d 'Iv o ire 1 6 ,8 9 7 1 ,3 0 0 81 5 ,0 5 8 4 ,7 9 0 91% 4 7% 43% 5% 15% 1%
45  C roatia 4 ,4 1 6 1 ,1 0 0 106 2 2 ,6 6 9 2 3 ,8 9 0 26% 10% 0% 64% 38%
4 6  Cuba 1 1 ,3 2 8 1 ,3 0 0 3 8 3 ,4 0 4 3 ,3 7 0 83% 17% 0% 0% 0% 22%
4 7  C yprus 8 0 8 50 0 0 .8 9 95 97 0 72% 53% 24% 0% 0% 31%
4 8  Czech Rep 1 0 ,2 2 6 7 0 0 13 1 ,2 8 0 1 ,2 9 0 100% 11% 11% 0% 100% 20%



T H E  S T A T E  O F  T H E  R E S O U R C E  ■ 1 3 3

T a b le  4 . 3 :  continued

Country
Population
1,000,000s)

Precip
Rate1

(mm/yr)

TARWR
Volume

2005
(km 2/yr)

TARWR 
Per Capita 

2000 
(m 3/yr)

TARWR 
Per Capita 

2005 
(m3/yr)

Surface
water

%
TARWR

Ground­
water

%
TARWR

Overlap2
%

TARWR

Incoming
Waters

%
TARWR

Outgoing3
Waters

%
TARWR

Total
Use

%
TARWR

4 9  D e n m a rk 5 ,3 7 5 7 0 0 6 1 ,1 2 8 1 1 2 0 62% 72% 33% 0% 0% 21%
50 D jib o u ti 7 1 2 20 0 0 .3 4 7 5 4 2 0 100% 5% 5% 0% 0% 3%
51 D om in ica 79 3 ,4 0 0
52 D o m in ican

R epublic 8 ,8 7 2 1 ,4 0 0 21 2 ,5 0 7 2 ,3 7 0 100% 56% 56% 0% 5% 16%
53 E cuador 1 3 ,1 9 2 2 ,1 0 0 4 2 4 3 4 ,1 6 1 3 2 ,1 7 0 102% 32% 32% 0% 36% 4%
54 E gyp t 7 3 ,3 9 0 100 58 8 5 9 7 9 0 1% 2% 0% 97% 0% 118%
55 El S a lvado r 6 ,6 1 4 1 ,7 0 0 25 4 ,0 2 4 3 ,8 1 0 70% 24% 24% 30% 0% 5%
56 E qua to ria l G u inea 50 7 2 ,2 0 0 26 5 6 ,8 9 3 5 1 ,2 8 0 96% 38% 35% 0% 0% 0.4%
57 E ritrea 4 ,2 9 7 4 0 0 6 1 ,7 2 2 1 ,4 7 0 56% 35% 5%
58 Estonia 1 ,3 0 8 6 0 0 13 9 ,1 9 5 9 ,7 9 0 91% 31% 23% 1% 3% 1%
59 E th io p ia 7 2 ,4 2 0 8 0 0 122 1 ,7 4 9 1 ,6 8 0 16% 100% 16% 0% 80% 2%
6 0  Fiji 8 4 7 2 ,6 0 0 29 3 5 ,0 7 4 3 3 ,7 1 0 0% 0% 0.2%
61 F in land 5 ,2 1 5 50 0 110 2 1 ,2 6 8 2 1 ,0 9 0 97% 2% 2% 3% 25% 2%
62 France 6 0 ,4 3 4 9 0 0 204 3 4 3 9 3 ,3 7 0 87% 4 9% 48% 12% 7% 20%
63 French G u iana 182 2 ,9 0 0 134 8 1 2 ,1 2 1 7 3 6 ,2 6 0 0% 0%
64 French P o lynes ia 24 8
65 G abon 1 ,3 5 1 1 ,8 0 0 164 1 3 3 ,3 3 3 1 2 1 ,3 9 0 99% 38% 37% 0% 0% 0.1%
6 6  G am bia 1 ,4 6 2 8 0 0 10 6 ,1 4 0 5 ,4 7 0 38% 6% 6% 63% 0% 0.4%
6 7  Gaza S tr ip ,

P a les tin ian  T errito r ie s  1 ,3 7 6 3 0 0 0 52 41 0% 82% 0% 18% 0%
6 8  G eorg ia 5 ,0 7 4 1 ,0 0 0 63 1 2 ,0 3 5 1 2 ,4 8 0 90% 27% 25% 8% 19% 6%
6 9  G erm any 8 2 ,5 2 6 7 0 0 154 1 ,8 7 8 1 ,8 7 0 69% 30% 29% 31% 59% 31%
7 0  G hana 2 1 ,3 7 7 1 ,2 0 0 50 2 ,7 5 6 2 ,4 9 0 55% 4 9% 47% 43% 0% 1%
71 G reece 1 0 ,9 7 7 7 0 0 74 6 ,9 9 8 6 ,7 6 0 75% 14% 11% 22% 2% 10%
72 G reen land 57 6 0 0 603 1 0 ,7 6 7 ,8 5 7 1 0 ,5 7 8 ,9 5 0 0% 0%
73 G renada 80 1 ,5 0 0
74 G u a de lo u p e 4 4 3 20 0
75 G ua tem a la 1 2 ,6 6 1 2 ,7 0 0 111 9 ,7 7 3 8 ,7 9 0 91% 30% 23% 2% 47% 2%
7 6  G u inea 8 ,6 2 0 1 ,7 0 0 2 2 6 2 7 ,7 1 6 2 6 ,2 2 0 100% 17% 17% 0% 45% 1%
7 7  G u inea-B issau 1 ,5 3 8 1 ,6 0 0 31 2 5 ,8 5 5 2 0 ,1 6 0 39% 4 5% 32% 48% 0% 0.4%
7 8  Guyana 7 6 7 2 ,4 0 0 241 3 1 6 ,6 8 9 3 1 4 ,2 1 0 100% 4 3% 43% 0% 0% 1%
7 9  H a iti 8 ,4 3 7 1 ,4 0 0 14 1 ,7 23 1 ,6 6 0 77% 15% 0% 7% 0% 7%
8 0  H onduras 7 ,0 9 9 2 ,0 0 0 9 6 1 4 ,9 4 9 1 3 ,5 1 0 91% 4 1% 31% 0% 0% 1%
81 H u n g a ry 9 ,8 3 1 6 0 0 104 10 ,43 3 1 0 ,5 8 0 6% 6% 6% 94% 100% 7%
82 Ice land 292 1 ,0 0 0 170 6 0 9 ,3 1 9 5 8 2 ,1 9 0 98% 14% 12% 0% 0% 0.1%
83 Ind ia 1 ,0 8 1 ,2 2 9 1 ,1 0 0 1 ,8 9 7 1 ,8 8 0 1 ,7 5 0 64% 22% 20% 34% 68% 34%
84 In d on e s ia 2 2 2 ,6 1 1 2 ,7 0 0 2 ,8 3 8 1 3 ,3 8 1 1 2 ,7 5 0 98% 16% 14% 0% 0% 3%
85 Iran, Is lam ic

Rep. 6 9 ,7 8 8 20 0 138 1 ,9 5 5 1 ,9 7 0 71% 36% 13% 7% 7% 53%
8 6  Iraq 2 5 ,8 5 6 20 0 75 3 ,2 8 7 2 ,9 2 0 45% 2% 0% 53% 57%
8 7  Ire land 3 ,9 9 9 1 ,1 0 0 52 13 ,67 3 1 3 ,0 0 0 93% 21% 19% 6% 0% 2%
8 8  Israel 6 ,5 6 0 4 0 0 2 276 2 5 0 15% 30% 0% 55% 122%
8 9  Ita ly 5 7 ,3 4 6 8 0 0 191 3 ,3 2 5 3 ,3 4 0 89% 22% 16% 5% 0% 23%
9 0  Jam aica 2 ,6 7 6 2 ,1 0 0 10 3 ,6 5 1 3 ,5 1 0 59% 4 1% 0% 0% 0% 4%
91 Japan 1 2 7 ,8 0 0 1 ,7 0 0 4 3 0 3 ,3 8 3 3 ,3 6 0 98% 6% 4% 0% 0% 21%
92 Jordan 5 ,6 1 4 100 1 179 160 45% 57% 25% 23% 115%
93 K azakhstan 1 5 ,4 0 3 20 0 110 6 ,7 7 8 7 ,1 2 0 63% 6% 0% 31% 32%
94 Kenya 3 2 ,4 2 0 7 0 0 3 0 9 85 9 3 0 57% 10% 0% 33% 30% 5%
95 Korea, Dem.

P eop le 's  Rep. 2 2 ,7 7 6 1 ,4 0 0 7 7 3 ,4 6 4 3 ,3 9 0 86% 17% 16% 13% 6% 12%
9 6  Korea, Rep. 4 7 ,9 5 1  1 ,1 0 0  7 0  1 ,4 9 1  1 ,4 5 0  89%  19%  15%  7% 27%
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T a b le  4 . 3 :  continued

TARWR TARWR TARWR Surface Ground­ Incoming Outgoing3 Total
Precip Volume Per Capita Per Capita water water Overlap2 Waters Waters Use

Population Rate1 2005 2000 2005 % % % % % %
Country (1,000,000s) (mm/yr) (km 2/yr) (m 3/yr) (m3/yr) TARWR TARWR TARWR TARWR TARWR TARWR

9 7  K u w a it 2 ,5 9 5 100 0 .0 2 10 8 0% 0% 0% 100% 0% 2 ,2 2 7 %
9 8  K yrgyzstan 5 ,2 0 8 4 0 0 21 4 ,1 8 2 3 ,9 5 0 214% 66% 54% 0% 36% 49%
9 9  Lao Peoples Dem. Rep. 5 ,7 8 7 1 ,8 0 0 3 3 4 6 3 ,1 8 4 5 7 ,6 4 0 57% 11% 11% 43% 100% 1%

100  Latv ia 2 ,2 8 6 6 0 0 35 1 4 ,6 4 2 1 5 ,5 1 0 47% 6% 6% 53% 2% 1%
101 L ebanon 3 ,7 0 8 7 0 0 4 1 ,2 6 1 1 ,1 9 0 93% 73% 57% 1% 11% 31%
102 L e so th o 1 ,8 0 0 8 0 0 3 1 ,4 8 5 1 ,6 8 0 173% 17% 17% 0% 57% 2%
103 L ibe ria 3 ,4 8 7 2 ,4 0 0 232 7 9 ,6 4 3 6 6 ,5 3 0 86% 26% 26% 14% 0% 0.0 5 %
104 L ibyan  A rab

Jam ah iriya 5 ,6 5 9 100 1 113 106 33% 83% 17% 0% 117% 8 02%
105 L ith u a n ia 3 ,4 2 2 7 0 0 25 6 ,7 3 7 7 ,2 8 0 62% 5% 4% 38% 20% 1%
106  L u xe m b u rg 4 5 9 9 0 0 3 7 ,0 9 4 6 ,7 5 0 32% 3% 3% 68% 100%
107  M a c e d o n ia , Fr

Y u g o s la v  Rep. 2 ,0 6 6 6 0 0 6 3 ,1 4 7 3 ,1 0 0 84% 0% 0 16% 100%
108  M a d a g a sca r 1 7 ,9 0 1 1 ,5 0 0 3 3 7 2 1 ,1 0 2 1 8 ,8 3 0 99% 16% 15% 0% 0% 4%
109  M a la w i 1 2 ,3 3 7 1 ,2 0 0 17 1 ,5 2 8 1 ,4 0 0 93% 8% 8% 7% 93% 6%
110  M a lays ia 2 4 ,8 7 6 2 ,9 0 0 5 8 0 2 6 ,1 0 5 2 3 ,3 2 0 98% 11% 9% 0% 0% 2%
111 M a ld ive s 3 2 8 2 ,0 0 0 0 .0 3 103 91 0% 100% 0% 0% 0%
112 M a li 1 3 ,4 0 9 3 0 0 100 8 ,8 1 0 7 ,4 6 0 50% 20% 10% 40% 52% 7%
113 M a lta 3 9 6 4 0 0 0 .1 129 130 1% 99% 0% 0% 0% 110%
114 M a r t in iq u e 3 9 5 2 ,6 0 0 nd
115 M a u r ita n ia 2 ,9 8 0 100 11 4 ,2 7 8 3 ,8 3 0 1% 3% 0% 96% 0% 15%
116  M a u r it iu s 1 ,2 33 2 ,0 0 0 3 1 ,9 0 4 2 ,2 3 0 86% 32% 18% 0% 0% 22%
117  M ex ico 1 0 4 ,9 3 1 8 0 0 4 5 7 4 ,6 2 4 4 ,3 6 0 79% 30% 20% 11% 0% 17%
118  M o ld o v a ,

Rep. 4 ,2 6 3 6 0 0 12 2 ,7 1 2 2 ,7 3 0 9% 3% 3% 91% 85% 20%
119  M o n g o lia 2 ,6 3 0 20 0 35 1 3 ,7 3 9 1 3 ,2 3 0 94% 18% 11% 0% 76% 1%
120  M o ro cco 3 1 ,0 6 4 3 0 0 29 9 71 9 3 0 76% 34% 10% 0% 1% 44%
121 M o z a m b iq u e 1 9 ,1 8 2 1 ,0 0 0 2 1 7 1 1 ,8 1 4 1 1 ,3 2 0 45% 8% 6% 54% 0% 0.3%
122 M yan m a r 5 0 ,1 0 1 2 ,1 0 0 1 ,0 4 6 2 1 ,8 9 8 2 0 ,8 7 0 84% 15% 14% 16% 5% 3%
123 N a m ib ia 2 ,0 1 1 3 0 0 18 1 0 ,2 1 1 8 ,8 1 0 23% 12% 0% 66% 72% 2%
124 N epa l 2 5 ,7 2 5 1 ,3 0 0 2 1 0 9 ,1 2 2 8 ,1 7 0 94% 10% 10% 6% 100% 5%
125 N e th e rla n d s 1 6 ,2 2 7 8 0 0 91 5 ,7 3 6 5 ,6 1 0 12% 5% 5% 88% 0% 9%
126  N e w  C a ledon ia 233 1 ,5 0 0
127  N e w  Z ea land 3 ,9 0 4 1 ,7 0 0 3 2 7 8 6 ,5 5 4 8 3 ,7 6 0 0% 0% 1%
128  N ica ra gu a 5 ,5 9 7 2 ,4 0 0 197 3 8 ,7 8 7 3 5 ,1 4 0 94% 30% 28% 4% 0% 1%
129  N ig e r 1 2 ,4 1 5 20 0 34 3 ,1 0 7 2 ,7 1 0 3% 7% 0% 90% 96% 6%
130  N ig e ria 1 2 7 ,1 1 7 1 ,2 0 0 2 8 6 2 ,5 1 4 2 ,2 5 0 75% 30% 28% 23% 0% 3%
131 N o rw a y 4 ,5 5 2 1 ,1 0 0 3 8 2 8 5 ,4 7 8 8 3 ,9 2 0 98% 25% 24% 0% 3% 1%
132 O m an 2 ,9 3 5 100 1 3 8 8 3 4 0 94% 97% 91% 0% 0% 137%
133 P akistan 1 5 7 ,3 1 5 3 0 0 223 2 9 6 1 1 ,4 2 0 21% 25% 22% 76% 3% 76%
134 Panam a 3 ,1 7 7 2 ,7 0 0 148 5 1 ,8 1 4 4 6 ,5 8 0 97% 14% 12% 0% 0% 1%
135 Papua N e w

G uinea 5 ,8 3 6 3 ,1 0 0 8 0 1 1 6 6 ,5 6 3 1 3 7 ,2 5 0 100% 0% 0% 0.0 1 %
136  Paraguay 6 ,0 1 8 1 ,1 0 0 3 3 6 6 1 ,1 3 5 5 5 ,8 3 0 28% 12% 12% 72% 99% 0.1%
137  Peru 2 7 ,5 6 7 1 ,5 0 0 1 ,9 13 7 4 ,5 4 6 6 9 ,3 9 0 84% 16% 16% 16% 94% 1%
138  P h ilipp in e s 8 1 ,4 0 8 2 ,3 0 0 4 7 9 6 ,3 3 2 5 ,8 8 0 93% 38% 30% 0% 0% 6%
139  P oland 3 8 ,5 5 1 6 0 0 62 1 ,5 9 6 1 ,6 0 0 86% 20% 19% 13% 3% 26%
140  P o rtu ga l 1 0 ,0 7 2 9 0 0 6 9 6 ,8 5 9 6 ,8 2 0 55% 6% 6% 45% 0% 16%
141 P u e rto  Rico 3 ,8 9 8 2 ,1 0 0 7 1 ,8 1 4 1 ,8 2 0 0% 0%
142 Q a ta r 6 1 9 100 0 .1 94 86 2% 94% 0% 4% 0% 554%
143 R eun ion 7 6 7 2 ,1 0 0 5 6 ,9 3 5 6 ,5 2 0 90% 56% 46% 0% 0%
144 Rom ania 2 2 ,2 8 0 6 0 0 212 9 ,4 4 5 9 ,5 1 0 20% 4% 4% 80% 0% 11%
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T a b le  4 . 3 :  c o n t in u e d

Population
Country (1,000,000s)

Precip
Rate1

(mm/yr)

TARWR
Volume

2005
(km 2/yr)

TARWR 
Per Capita 

2000 
(m 3/yr)

TARWR 
Per Capita 

2005 
(m3/yr)

Surface
water

%
TARWR

Ground­
water

%
TARWR

Overlap2
%

TARWR

Incoming
Waters

%
TARWR

Outgoing3
Waters

%
TARWR

Total
Use

%
TARWR

145 Russian 
F ed e ra tion 1 4 2 ,3 9 7 50 0 4 ,5 0 7 3 0 ,9 8 0 3 ,1 6 5 0 90% 17% 11% 4% 0% 2%

146  R w anda 8 ,4 8 1 1 ,2 0 0 5 683 6 1 0 100% 69% 69% 0% 81% 1%
147  S a in t H e lena 5 8 0 0
148  S a in t K itts  a n d  N evis 42 2 ,1 0 0 0 .0 6 21 5 6 0 15% 85% 0% 0% 0%
149  S a in t Lucia 150 2 ,3 0 0
150  S a in t V in c e n t and 

th e  G renad ines 121 1 ,6 0 0
151 Sam oa 180 3 ,0 0 0
152 Sao Tom e and  

P rinc ipe 165 2 ,2 0 0 2.2 1 5 ,7 9 7 1 3 ,2 1 0 0% 0%
153 Saud i A ra b ia 2 4 ,9 1 9 100 2.4 118 96 92% 92% 83% 0% 6% 7 22%
154 Senega l 1 0 ,3 3 9 7 0 0 3 9 4 ,1 8 2 3 ,8 1 0 60% 19% 13% 33% 14% 4%
155 S erb ia  and 

M o n te n e g ro 1 0 ,5 1 9 1 9 ,8 2 0 20% 1% 1% 79%
156  S eyche lles 82 2 ,0 0 0
157  S ierra  Leone 5 ,1 6 8 2 ,5 0 0 160 3 6 ,3 2 2 3 0 ,9 6 0 94% 31% 25% 0% 0% 0.2%
158  S in g a p o re 4 ,3 1 5 2 ,5 0 0 0 .6 149 139 0% 0%
159  S lovak ia 5 ,4 0 7 8 0 0 50 9 ,2 7 9 9 ,2 7 0 25% 3% 3% 75% 27%
160  S loven ia 1 ,9 8 2 1 ,2 0 0 32 1 6 ,0 3 1 1 6 ,0 8 0 58% 4 2% 42% 41% 60%
161 S o lo m o n  Is lands 4 9 1 3 ,0 0 0 45 1 0 0 ,0 0 0 9 1 ,0 4 0 0% 0%
162 S om alia 1 0 ,3 1 2 3 0 0 14 1 ,5 3 8 1 ,3 8 0 40% 23% 21% 56% 0% 23%
163 S o u th  A fr ic a 4 5 ,2 1 4 50 0 50 1 ,1 5 4 1 ,1 1 0 86% 10% 6% 10% 19% 31%
164 Spain 4 1 ,1 2 8 6 0 0 112 2 ,7 9 4 2 ,7 1 0 98% 27% 25% 0% 31% 32%
165 Sri Lanka 1 9 ,2 1 8 1 ,7 0 0 50 2 ,6 4 2 2 ,6 0 0 98% 16% 14% 0% 0% 25%
166  S udan 3 4 ,3 3 3 4 0 0 65 2 ,0 7 4 1 ,8 8 0 43% 11% 8% 77% 30% 58%
167  S u rin a m e 4 3 9 2 ,3 0 0 122 2 9 2 ,5 6 6 2 7 7 ,9 0 0 72% 66% 66% 28% 0% 1%
168  S w a z ilan d 1 ,0 83 8 0 0 4 .5 4 ,8 7 6 4 ,1 6 0 41% 100% 18%
169  S w eden 8 ,8 8 6 6 0 0 174 1 9 ,6 7 9 1 9 ,5 8 0 98% 11% 11% 2% 2% 2%
170  S w itz e r la n d 7 ,1 6 4 1 ,5 0 0 54 7 ,4 6 2 7 ,4 7 0 76% 5% 5% 24% 76% 5%
171 S yrian  A rab  

Rep. 1 8 ,2 2 3 3 0 0 26 1 ,6 2 2 1 ,4 4 0 18% 16% 8% 80% 119% 76%
172 T a jik is tan 6 ,2 9 8 50 0 16 2 ,6 2 5 2 ,5 4 0 3 96% 38% 19% 17% 75%
173 Tanzan ia 3 7 ,6 7 1 1 ,1 0 0 91 2 ,5 9 1 2 ,4 2 0 88% 33% 31% 10% 14% 2%
174 T h a ila n d 6 3 ,4 6 5 1 ,6 0 0 4 1 0 6 ,5 2 7 6 ,4 6 0 48% 10% 7% 49% 79% 21%
175 T ogo 5 ,0 1 7 1 ,2 0 0 15 3 ,2 4 7 2 ,9 3 0 73% 39% 34% 22% 54% 1%
176  Tonga 105 2 ,0 0 0 0%
177  T rin id a d  and  

T obago 1 ,3 0 7 1 ,8 0 0 3 .8 2 ,9 6 8 2 ,9 4 0 0% 0% 8%
178  Tun is ia 9 ,9 3 7 3 0 0 4 .6 4 8 2 4 6 0 68% 32% 9% 9% 4% 60%
179  T urkey 7 2 ,3 2 0 6 0 0 214 3 ,4 3 9 2 ,9 5 0 87% 32% 13% 1% 29% 18%
180 Turkmenistan 4 ,9 4 0 20 0 25 5 ,2 1 8 5 ,0 0 0 4% 1% 0% 97% 100%
181 U ganda 2 6 ,6 9 9 1 ,2 0 0 6 6 2 ,8 3 3 2 ,4 7 0 59% 4 4% 44% 41% 56% 0%
182 U kra ine 4 8 ,1 5 1 6 0 0 140 2 ,8 1 5 2 ,9 0 0 36% 14% 12% 62% 22% 27%
183 U n ite d  A rab  

Em ira tes 3 ,0 5 1 100 0 .2 58 4 9 100% 80% 80% 0% 0% 1 ,5 38 %
184 U n ite d  K ingdom 5 9 ,6 4 8 1 ,2 0 0 147 2 ,4 6 5 2 ,4 6 0 98% 7% 6% 1% 0% 6%
185 U n ite d  S ta tes  

o f  A m e rica 2 9 7 ,0 4 3 7 0 0 3 ,0 5 1 1 0 ,8 3 7 1 0 ,2 7 0 8% 16%
186  U ru gu a y 3 ,4 3 9 1 ,3 0 0 139 4 1 ,6 5 4 4 0 ,4 2 0 42% 17% 17% 58% 0% 2%
187  U zb e k is ta n 2 6 ,4 7 9 20 0 50 2 ,0 2 6 1 ,9 0 0 19% 17% 4% 77% 116%
188  V e n e zu e la , 2 6 ,1 7 0 1 ,9 0 0 1 ,2 33 5 1 ,0 2 1 4 7 ,1 2 0 57% 18% 17% 41% 6% 1%

B o liva ria n  Rep.
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T a b le  4 . 3 :  continued

TARWR TARWR TARWR Surface Ground­ Incoming Outgoing3 Total
Precip Volume Per Capita Per Capita water water Overlap2 Waters Waters Use

Population Rate1 2005 2000 2005 % % % % % %
Country (1,000,000s) (mm/yr) (km 2/yr) (m 3/yr) (m3/yr) TARWR TARWR TARWR TARWR TARWR TARWR
189  V ie t N am 8 2 ,4 8 1 1 ,8 0 0 8 9 1 1 1 ,4 0 6 1 0 ,8 1 0 40% 5% 4% 59% 4% 8%
190  W est Bank,

Palestinian Territories 2,386 0 .8 3 2 0 10% 90% 0% 0% 28%
191 Yem en 2 0 ,7 3 3 20 0 4 223 198 98% 37% 34% 0% 0% 162%
192 Zam b ia 1 0 ,9 2 4 1 ,0 0 0 105 1 0 ,0 9 5 9 ,6 3 0 76% 4 5% 45% 24% 100% 2%
193 Z im b a b w e 1 2 ,9 3 2 7 0 0 20 1 ,5 8 4 1 ,5 5 0 66% 25% 20% 39% 71% 13%

Souræ . FAO-AQUASTAT, 2005.

N otes:

1. Average p rec ip ita tion  (1 9 6 1 -9 0  from  IPCC (m m /year). As in th e  FAO-AQUASTAT Database, fo r  some coun tries  la rge discrepancies exist betw een nationa l and IPCC data on

ra in fa ll average. In these  cases, IPCC data  w ere  m od ified  to  ensure consistency w ith  w a te r resources data.
2. Overlap is th e  w a te r th a t  is shared by bo th  th e  surface w a te r and g roundw ate r systems.

3. O u tflo w  -  Sep. 2004  fo r  surface w a te r and Aug. 2005 fo r  groundwater.

Part 3. Human Impacts

...each type o f 
landscape 
change will have 
Its own specific 
impact, usually 
directly on 
ecosystems and 
directly or 
indirectly on 
water 
resources...

A  n u m b e r  o f  fo r c e s  c o n t in u e  t o  s e r io u s ly  a f f e c t  o u r  n a tu r a l  w a t e r  re s o u rc e s .  M a n y  o f  t h e s e  a r e  p r im a r i l y  

t h e  r e s u l t  o f  h u m a n  a c t io n s  a n d  in c lu d e  e c o s y s te m  a n d  la n d s c a p e  c h a n g e s ,  s e d im e n t a t io n ,  p o l lu t io n ,  

o v e r - a b s t r a c t io n  a n d  c l im a t e  c h a n g e .

The rem oval, de struc tio n  o r im pa irm e n t o f na tura l 

ecosystem s are am ong th e  g rea te s t causes o f critica l 

Impacts on th e  su s ta in a b ility  o f  ou r na tura l w a te r 

resources. This Issue is d e a lt w ith  more broad ly in Chapter 
5. However, it should be em phasized th a t th e  ecosystems 

w ith  w hich w e Interact are d ire c tly  linked to  th e  w e ll-b e in g  

of our natural w ater resources. Although It Is difficult to 
in tegra te  th e  in tricacies o f ecosystem s Into tra d itio n a l 

and more hyd ro log ica lly-based w a te r assessm ent and 

m anagem ent processes, th is  approach is be ing  s tro ng ly  

advocated In some sectors and sc ien tific  dom ains (e.g. 

Falkenm ark and Rockström, 20 0 4 ; Figueras e t a t ,  2003 ; 

Bergkam p e t al., 2003). The basis o f th is  approach is th e  

recogn ition  th a t each ty p e  o f landscape change w ill have 

Its own specific  im pact, usually  d ire c tly  on ecosystem s and 

d ire c tly  or ind irec tly  on w a te r resources. The m a gn itude  o f 

th e  im pacts w ill va ry accord ing to  th e  s e ttin g 's  cond itions 

w ith  a w ide  range o f possib le landscape changes. Changes 

th a t can occur to  landscapes include: fo re s t clearance, 

crop- or g raz ing lands rep lac ing grasslands or o th e r 

na tura l te rre s tr ia l ecosystem s, u rban iza tion  (lea d ing  to  

changes in in filtra tio n  and ru n o ff pa tterns as w ell to  

po llu tion  I, w e tlands rem oval o r reduction , new  roadw ork  

fo r  tra n sp o rta tio n , and m in ing  in quarries o r large- 

scale open pits.

3a. Sedimentation
S edim ents occu r in w a te r bodies bo th  n a tu ra lly  and as 

a resu lt o f va rious hum an actions. W hen th e y  occur 

excessively, th e y  can d ram atica lly  change o u r w a te r 

resources. S edim ents occur in w a te r m a in ly  as a d irect 

response to  land -use  changes and ag ricu ltu ra l practices, 

a lth o u g h  sed im ent loads can occur n a tu ra lly  in po o rly  

ve g e ta te d  te rra ins  and m ost com m only  in arid and sem i- 

arid clim ates fo llo w in g  h igh in te n s ity  ra in fa ll. Table 4 .4  
sum m arizes th e  p rinc ipa l sources o f excessive sed im ent 

loads and id e n tifie s  th e  m a jo r Impacts th a t th is  degree 

o f sed im en t lo ad ing  can have on aquatic  system s and 

th e  services th a t w a te r resources can provide. A  recen tly  

do cum en ted  and increasing source o f h igh sed im en t loads 

Is the construction o f new roads In developing countries 
w here  litt le  con s id era tion  is g iven to  th e  Im pacts o f such 

actions on aquatic  system s and do w nstream  w a te r 

supplies. G lobally, th e  e ffec ts  o f excessive sed im en ta tion  

com m only  extend beyond ou r fre s h w a te r system s and 

th re a te n  coasta l ha b ita ts , w e tlan ds , fish  and coral reefs in 

m arine en v ironm en ts  (see Chapter 5 ). The Im portance  o f 

sed im en t co n tro l shou ld  be an in tegra l cons idera tion  in 

any w a te r resources deve lopm en t and p ro tec tio n  stra tegy. 

UNESCO's In te rn a tio n a l Sed im ent In itia tive  (ISI| p ro ject 

w ill a tte m p t to  Improve th e  u n d e rs ta n d in g  o f sed im ent
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p h e n o m e n a , an d  p ro v id e  b e tte r  p ro te c tio n  o f  th e  a q u a tic  

and  te r re s t r ia l e n v iro n m e n ts .

3b. Pollution
H um ans  have lo n g  u sed  a ir, land  an d  w a te r  resou rce s  as 

‘ s in k s ' In to  w h ic h  w e  d isp ose  o f  th e  w a s tes  w e  g e n e ra te . 

T h ese  d isp o sa l p ra c tice s  leave m o s t w a s te s  in a d e q u a te ly  

treated, thereby causing pollution. This in turn affects

p re c ip ita t io n  (B ox 4 . 2 ), s u rfa c e  w a te rs  (B ox 4 .3 1, an d  

g ro u n d w a te r  (B ox 4 . 4 1, as w e ll as d e g ra d in g  e cosys tem s  

(see C hapter 5 ). The sou rces  o f  p o llu t io n  th a t  im p a c t o u r 

w a te r  resou rce s  can d e ve lo p  a t d i f fe re n t  sca les ( lo ca l, 

re g io n a l and  g lo b a l) b u t can g e n e ra lly  be c a te g o r iz e d  

(Table 4 .5  ) a c co rd in g  to  n in e  ty p e s . Id e n t if ic a t io n  o f 

sou rce  ty p e s  an d  leve l o f  p o llu t io n  is a p re re q u is ite  to  

asse ss in g  th e  ris k  o f  th e  p o llu t io n  b e in g  c re a te d  to  b o th

Table 4.4: Major principal sources and impacts of sedimentation

Pertinence Sector Action or mechanism Impacts
SOURCES
A g r ic u ltu re  a reas, 
d o w n s tre a m  c a tc h m e n ts

A g r ic u ltu re ■  p o o r  fa rm in g  w ith  excess ive  so il loss ■  Increase  so il e ro s io n
■  add  to x ic  ch e m ica ls  to  th e  e n v iro n m e n t
■  s e d im e n t a n d  p o llu ta n ts  a re  a d d e d  to  s tream s
■ Ir r ig a tio n  sys tem s m a in te n a n c e  co s t Increased

Forest and  d e v e lo p m e n t Forestry , Road ■ e x te ns ive  tre e  c u tt in g ■  Increase  n a tu ra l w a te r  ru n o f f
access a re a s ,d o w n s tre a m B u ild in g , C o n s tru c tio n , ■  la ck  o f  te rra in  re fo re s ta t io n ■  a c c e le ra te d  so il e ro s io n  c re a tin g  m ore  s e d im e n t
c a tc h m e n ts C o n s tru c tio n , M in in g ■  la ck  o f  r u n o f f  c o n tro l In s te e p  te rra in

MAJOR IMPACTS
M a jo r  r ive rs  and  
n a v ig a b le  w a te rw a y s

N a v ig a tio n d e p o s it io n  In rive rs  o r lakes 
d re d g in g  (s tre a m s , re se rvo irs , lakes  o r 
h a rb o rs )

decreases w a te r  d e p th  m a k in g  n a v ig a tio n  d if f ic u lt  
o r Im po ss ib le .
re lea se s  to x ic  ch e m ica ls  In to  th e  a q u a tic  o r land  
e n v iro n m e n t.

A q u a tic  e cosys tem s F isheries  /  A q u a tic ■  d e c re a se d  l ig h t  p e n e tra t io n ■  a ffe c ts  fis h  fe e d in g  and  s c h o o lin g  p ra c tice s ; can
h a b ita t ■  h ig h e r  s u s p e n d e d  so lid s  c o n c e n tra tio n s red u ce  fis h  su rv iva l

■  a b s o rb e d  so la r e n e rg y  Increases ■  Ir r ita te  g ills  o f  f is h , can cause d e a th , d e s tro y
w a te r  te m p e ra tu re p ro te c tiv e  m uco u s  c o v e r in g  on fis h  eyes a n d  scales

■  c a rry in g  to x ic  a g r ic u ltu ra l a n d ■  d is lo d g e  p la n ts , In v e rte b ra te s , and  Insects  In s tream
In d u s tr ia l co m p o u n d s beds a f fe c t in g  fis h  fo o d  sou rces re s u lt in g  In sm a lle r

■  s e t t l in g  a n d  s e tt le d  s e d im e n t a n d  fe w e r  f is h , Inc reased  In fe c tio n  a n d  d isease
s u s c e p tib il ity

■  s tress  to  som e fis h  spec ies
■  re lea se  to  h a b ita t  causes fis h  a b n o rm a lit ie s  o r d e a th
■  b u rie s  a n d  s u ffo c a te s  eggs
■  red u ce s  re p ro d u c tio n

Lakes, r ive rs , rese rvo irs  W a te r s u p p ly  ■  Inc reased  p u m p /tu rb ln e  w e a r  ■  a ffe c ts  w a te r  d e live ry , Increases m a in te n a n c e  costs
as w a te r  su p p lie s  ■  re d u ce d  w a te r  s u p p ly  u s a b ility  fo r  ■  red u ce s  w a te r  reso u rce  va lu e  and  vo lu m e

c e rta in  p u rp o s e s  ■  Increased  costs
■  a d d it io n a l t r e a tm e n t  fo r  u s a b ility  

re q u ire d
H y d ro e le c tr ic  fa c il it ie s  H y d ro p o w e r ■  dam s tra p  s e d im e n t c a rr ie d  d o w n s tre a m  ■  d im in is h e d  re s e rv o ir  c a p a c ity

■  Inc reased  p u m p /tu rb ln e  w e a r  ■  s h o rte n e d  p o w e r g e n e ra tio n  life c y c le
■  h ig h e r  m a in te n a n c e , ca p ita l costs.

A ll w a te rw a y s  a n d  th e ir  Toxic ch e m ica ls  ■  b e co m e  a tta c h e d  o r a d s o rb e d  to  ■  t ra n s p o r te d  to  a n d  d e p o s ite d  In, o th e r  a reas
e co sys tem s s e d im e n t p a rt ic le s  ■  la te r  re lea se  In to  th e  e n v iro n m e n t.

Source: Adapted from  E nvironm ent Canada (2005a), w w w .a tl.ee .gc .ca /udo /m em .h tm l

N o te : W ater transfo rm s landscapes and moves large am ounts o f  soil and fine -g ra ined  materials In th e  form  o f s e d im e n t

Sedim ent Is: 1) eroded from  th e  landscape, 2) transpo rted  by river systems and even tua lly 3) deposited In a riverbed, wetland , lake, reservoir o r th e  ocean. Particles or
fragm ents are eroded natu ra lly  by water, w ind , glaciers, o r p lan t and animal activ ities  w ith  geo logical (na tu ra l) erosion tak ing  place slow ly  over centuries o r m illennia. Human

ac tiv ity  may accelerate th e  erosion. M ateria l d is lodged Is transpo rted  when exposed to  fluv ia l erosion In streams and rivers. D eposition occurs as on flo od  plains, bars and 

Islands In channels and deltas w h ile  considerable  am ounts end up In lakes, reservoirs and deep river beds.

http://www.atl.ee.gc.ca/udo/mem.html
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BOX 4 .2 A C ID  R A IN  IM PA C TS O N  WATER RESOURCES

A tm o s p h e ric  c o n ta m in a t io n  fro m  in d u s tria l 

p la n ts  and  v e h ic le  em iss ions  leads  to  d ry  and 

w e t d e p o s it io n . Th is causes ac id ic  co n d itio n s  

to  de ve lop  in su rface  w a te r  and g ro u n d w a te r  

sources and a t th e  sam e tim e  leads  to  th e  

d e s tru c tio n  o f  ecosys tem s. A c id  d e p o s it io n  

im pa irs  th e  w a te r  q u a lity  o f  lakes and stream s 

by lo w e r in g  pH leve ls (I.e . in c re a s ing  a c id ity ), 

d e c re a s in g  a c id -n e u tra liz in g  ca pa c ity , and 

in c re a s ing  a lu m in u m  c o n c e n tra tio n s . H igh 

c o n c e n tra tio n s  o f  a lu m in iu m  and  increased 

a c id ity  reduce  spec ies  d iv e rs ity  and th e  

ab un d a n ce  o f  a q u a tic  life  in m a ny  lakes and 

s tream s. W h ile  f ish  have rece ived  m o s t a t te n tio n  

to  d a te , e n tire  fo o d  w eb s  are o f te n  n e g a tiv e ly  

a ffe c te d . D esp ite  im p ro ve m e n ts , i t  s till rem ains  a 

c ritic a l s itu a t io n  th a t  im pa c ts  w a te r  resou rces  and 

ecosys tem s  in som e d e ve lo p e d  reg io n s  o f  E urope 

and  in N o rth  A m erica . The s itu a t io n  rem ains  an

im p o r ta n t issue in several d e ve lo p in g  c o u n tr ie s  

( fo r  exam p le  in C hina, In d ia , Korea, M e xico ,

S ou th  A frica  and  V ie t N am ) w h e re  th e re  are 

ty p ic a lly  lo w e r em iss io n  c o n tro ls  and in a d e q u a te  

m o n ito r in g  and e va lu a t io n  (B ashk in  and 

R adojevlc, 2 0 0 1 ). In re c o g n it io n  o f  th is , UNEP 

and th e  S to ckho lm  E n v iro nm e n ta l In s titu te  are 

s p o n so rin g  p ro g ra m m e s  such as RAPIDC (R apid 

A ir  P o llu tio n  in D e ve lo p in g  C ou n trie s ) w ith  th e  

aim  o f  id e n t ify in g  sources  an d  se ns itive  areas 

and m e a s u rin g  leve ls  o f  acid rain. E xtensive 

fu n d in g  fro m  ADB is n o w  b e in g  used to  source 

re d u c tio n s  in several A s ian  na tio ns . The p ro b le m  

has broad  tra n s b o u n d a ry  im p lica tio n s  as ac id  ra in 

can g e t ca rrie d  o ve r lo n g  d is ta nces  fro m  p o llu t in g  

areas to  o th e r  c o u n tr ie s . For exam p le , Japan is 

im pa c te d  by K orean and  C hinese em iss ions , w h ile  

Canada, in a d d it io n  to  its  o w n  sources , rece ives 

s u b s ta n tiv e  em iss ions  fro m  th e  US.

As re p o rte d  by D risco ll e t al. (2 0 0 1 ) , th e re  are 

s till im pa c ts  to  w a te r  q u a l ity  in  n o r th e a s te rn  US 

and  ea s te rn  C anada, even th o u g h  im pro ved  

c o n d it io n s  d e ve lo p e d  a f te r  th e  in tro d u c t io n  o f 

th e  C lean A ir  A c t an d  its  a m e n d m e n ts  (1 9 9 2 ),

4 1  p e rc e n t o f  lakes in th e  A d lro n d a c ks  o f  

N ew  York and 15 p e rc e n t o f  a ll lakes In N ew  

E ng land  e x h ib it  s igns  o f  ch ro n ic  a n d /o r  

e p is o d ic  a c id if ic a t io n . O n ly  m o d e s t 

Im p ro v e m e n ts  in a c id -n e u tra liz in g  c a p a c ity  

have occu rre d  in N ew  E ng land  w ith  n o n e  In 

th e  A d lro n d a c ks  o r C atsk ills  o f  N ew  York. 

E leva ted  c o n c e n tra tio n s  o f  a lu m in u m  have 

be en  m e asu re d  in a c id - im p a c te d  su rfa ce  

w a te rs  th ro u g h o u t th e  N o rth e a s t.

k t>T'  ■ deposition

Local wet 
deposition

Figure 4.6: Acid rain and its deposition processes 

Acid rain and the aquatic environment

Figure 4.7: Five-year mean of the pH level in rainfall in the eastern 
regions of Canada and the US

Source: Environm ent Canada, 2005c.
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IMPACTS TO SURFACE WATER QUALITY FROM  H U M A N  ACTIVITY

The cha llenge o f  how  to  im prove w a te r qu a lity  

by re h ab ilita tio n  and p ro tec tion  o f lakes, stream s, 

reservoirs, w e tlan ds  and re la ted surface w a te r 

bod ies  is a g ro w in g  g loba l concern , typ if ie d  

by th e  recen t European Commission W ater 

Framework D irective (EC, 2000 ). Flowever, surface 

w a te r po llu tio n  risks, pa rticu la rly  in deve lop ing  

na tions , rem ain re la tive ly  w idespread. A  va luab le  

in it ia l s tep  in id e n tify in g  th e  n a tu re  and  ex ten t 

o f w a te r q u a lity  im pacts linked to  po llu tio n  is 

to  d istingu ish  th e ir  p o in t (PS) and n o n -p o in t 

sources (NPS ). PS p o llu tio n  is com m on ly  linked 

d ire c tly  to  e n d -o f-p ip e  releases from  in du s try  and 

m unicipa l w astes. Its con tro l Is m ore d irec t and 

qu a n tifia b le  and In m any deve loped coun trie s  Its 

m itig a tio n  has been linked to  tre a tm e n t ach iev ing  

low er co n ta m in an t concen tra tions  be fore 

discharge. NP5 po llu tio n  occurs when 

con tam inan ts  from  diverse and w id e ly  spread 

sources are tra nsp o rte d  by ru n o ff  In to  rivers, 

lakes, w e tlan ds , g ro un dw a te r and coastal areas. 

This ty p e  o f po llu tio n  Is m ore d if f ic u lt  to  address 

as th e re  are a la rge num ber o f sources, fo r 

exam ple, varied  a g ricu ltu ra l areas a ll o f  w h ich  a re 

us ing  pestic ides  and n u trie n ts . Today, however, 

NP5 po llu tio n  Is rece iv ing  m ore a tte n tio n  as Its

Im pacts are becom ing ev id en t over la rge  areas In 

lakes, stream s and g ro un dw a te r and can also be 

linked to  th e  de gra dation  o f aqua tic  fre shw a te r 

and m arine ecosystem s.

Further de ta il on po llu tio n  Impacts are fo und  In 

th e  chapters on hum an se ttlem en ts  (Chapter 3 1, 
ag ricu ltu re  (Chapter 7| and Indus try  (Chapter 8|.

Emerging Issues
O nly a small pe rce n ta ge  o f  chem ica ls  are 

regu la ted  loca lly , n a tio n a lly  o r In te rn a tio n a lly  

(D augh ton  20 04 ). An e m e rg ing  concern Is 

con ta m ina n ts  In h igh po p u la tio n  se ttings  th a t 

a re n e ith e r tra d it io n a lly  m easured no r regu la ted , 

fo r  exam ple pharm aceu tica ls  (W iegel e t al.

2004 ). Reynolds (2003  ) rep orts :

Sc ien tis ts  are becom ing  In creas ing ly  

concerned a b o u t th e  p o te n tia l pub lic  hea lth  

Im pact o f en v ironm en ta l con tam inan ts  

o r ig in a tin g  fro m  in d u s tr ia l, ag r icu ltu ra l, 

m edical and com m on ho useho ld  practices,

I.e ., cosm etics, de te rg en ts  and to ile tr ie s . A 

v a r ie ty  o f pha rm aceutica ls  Inc lud ing  

pa in k ille rs , tra n q u ilize rs , a n ti-d e p re ssan ts ,

a n tib io tics , b irth  con tro l p ills , es trogen 

rep lacem en t th e rap ies , che m o th e ra p y  agen ts, 

an tl-s e lz u re  m e d ica tion s, e tc ., a re fin d in g  

th e ir  w ay  In to  th e  en v iro n m e n t v ia hum an 

and an im al excreta fro m  d isposal In to  th e  

sew age system and fro m  la n d fill le achate  th a t  

m ay Im pact g ro u n d w a te r supp lies. A g ricu ltu ra l 

practices are a m a jo r source and 40 pe rcen t 

o f  a n tib io t ic s  m anu fac tu red  are fed  to  

livestock  as g ro w th  enhancers. M anure , 

co n ta in in g  traces  o f pharm aceu tica ls , Is 

o fte n  spread on land as fe r t iliz e r  fro m  w hich 

It  can leach In to  loca l s tream s and rivers.

R eynolds fu r th e r  no tes  th a t  conven tiona l 

w a s te w a te r tre a tm e n t Is n o t e ffe c tive  In 

e lim in a tin g  th e  m a jo r ity  o f pharm aceutica l 

com pounds. Since va rio us  con ta m inan ts  do n o t 

a lw ays have co in c id e n t p o llu tio n  pa tte rn s , s ing le 

Ind ica to rs  fo r  all con ta m ina n ts  are n o t e ffec tive . 

R eynolds (2003  ) suggests th a t  'pha rm aceu tica l 

con ta m ina tion  In th e  e n v ironm en t w ill Involve 

bo th  advanced w aste  and w a te r tre a tm e n t 

te ch n o lo g ie s  and source con tro l a t th e  p o in t 

o f e n try  In to  th e  e n v iro n m e n t... a ll o f w hich 

are Issues o f  o n g o in g  s c ie n tific  research '.

th e  aq ua tic  system s and, th ro u g h  th a t system , to  

hum ans and th e  en v ironm en t. W ith  th e  know ledge o f 

the  principal sources o f the  pollution, th e  appropriate 
m itig a tio n  s tra tegy  can be id e n tif ie d  to  reduce th e  

im pact on th e  w a te r resources.

The p o te n tia l im pacts from  th e  d iffe re n t p o llu tio n  type s 

based on th e  area (seale i a ffec ted , th e  tim e  it takes to  

con tam ina te , th e  tim e  needed to  clean up ( re m e d ia te ) a 

con tam ina ted  area, and th e  links to  th e  m a jo r co n tro llin g  

fac to rs  are illus tra ted  in Table 4 .6  (Peters and M eybeck, 

2 0 0 0 ). W ith  th e  exception o f p a thog en ic  co n tam ina n ts , 

all o th e r fo rm s o f p o llu tio n  can extend to  a reg iona l 

scale. The fa c t th a t it takes considerab ly long e r to  

rem edia te  a con tam ina ted  area th a n  to  po llu te  it 

c learly  h ig h lig h ts  th e  need fo r  a d o p tin g  th e  p recau tio na ry  

p rinc ip le  and p r io r it iz in g  p ro tec tion  stra teg ies  ra th e r than  

cos tly  ad -hoc res to ra tion  measures.

Developed cou n tries  have h is to rica lly  experienced a 

succession o f w a te r q u a lity  problem s re la tin g  to  

pa thogens, e u tro p h ica tio n , heavy m etals, a c id ifica tio n , 

o rganic com pounds and m ic ro -p o llu ta n ts  and sed im ents 

fro m  m un ic ipa l, indu stria l and ag ricu ltu ra l w aste sources 

(W ebb, 19 99 ; M e ybeck e t a t ,  19 89 ; Revenga and M ock, 

2 0 0 0 ). In ra p id ly  d e ve lop in g  co u n trie s  -  such as Brazil, 

China and India -  s im ilar sequences o f w a te r problem s 

have em erged over th e  last fe w  decades. In o th e r 

de ve lop in g  cou n tries , w a te r p o llu tio n  s till remains 

prob lem atic  and is one o f th e  s ing le  lead ing  causes o f 

po o r live lihoo d  and bad he a lth  (Lenton, 20 0 4 ; and see 

C hapter 6  ).

Global water quality and pollution information
Assessing w a te r q u a lity  enables th e  na tu ra l characte ristics 

o f th e  w a te r to  be do cum en ted  and th e  ex te n t o f th e  

po llu tio n  to  be de te rm in e d ; however, to d a y  m o n ito rin g  is
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IMPACTS TO GROUNDW ATER QUALITY FROM  H U M A N  ACTIVITY

P rotection o f g ro u n d w a te r sources is be com ing  

a m ore w idesp read g loba l concern as ty p if ie d  by 

th e  recen t European Com mission d irec tive  w h ich  

fo cuses on  p re ve n ting  ra th e r th a n  c le a n in g  up 

po llu tio n  (EC 2003). Inc iden ts  o f g ro un dw a te r 

po llu tio n  a ris ing  fro m  hum an ac tions , p a rticu la rly  

In de ve lop in g  na tions , rem ain re la tive ly  

w idesp read and Its Im pacts In te rm s  o f  degraded 

w a te r q u a lity  are sum m arized In Zektser and 

Everett (2 0 0 4 ). T h ro u g h o u t th e  w o rld , m ost 

c o u n trie s ' practices o f u rb an iza tio n , Industria l 

deve lopm e nt, a g ricu ltu ra l a c tiv itie s  and m in ing  

en terp rises  have caused g ro un d w a te r 

c on ta m ina tion  and Its  m o st typ ica l sources are 

Illus tra te d  In Figure 4 .8 . A  2002 jo in t  W orld 

Bank, GWP, WHO and UNESCO o n lin e  gu idance 

d o cu m e n t (Foster e t al. 20 02 ) s ta tes ‘There is 

growing evidence of increasing pollution threats 

to groundwater and some well documented 

cases of Irreversible damage to important 

aquifers, following many years of widespread 

public policy neglect. This gu ide  Is 

supp lem en ted by recom m enda tio ns  In a 2003 

jo in t  FAO, UNDESA, IAEA and UNESCO rep o rt 

d ire c tly  ad dre ss ing  th e  un iversa l changes needed

In g ro u n d w a te r m a na gem en t p ractice  (FAO 

2 0 0 3 b I to  a rrive  a t m ore susta inab le  w a te r 

d e ve lop m e n t and use.

G roundw ate r p o llu tio n  con trasts  m arked ly  In 

te rm s  o f th e  a c tiv itie s  and com pounds th a t 

m o st com m on ly  cause surface w a te r p o llu tio n .

In a d d itio n , th e re  are co m p le te ly  d iffe re n t 

con tro ls  th a t  govern th e  co n ta m in a n t m o b ility  

and pe rsistence In th e  tw o  w a te r system s' 

se ttings . Foster and Kemper (2 0 0 4 ), UNEP 

(20031, FAO ( 20 03b) and Burke and M oench 

(20001 p o in t o u t th a t  g ro u n d w a te r m a nagem en t 

com m on ly  Involves a w id e  range o f Instrum en ts  

and measures (te chn ica l, process, Incen tive , 

legal and en fo rcem e n t a c tio n s /sa n c tio ns  and 

aw areness ra is ing) to  deal w ith  resources th a t 

a re less v is ib le  th a n  th o se  In ou r surface 

w a te r bodies.

M apping groundw ater vulnerability
G roundw ate r Is less v u ln e rab le  to  hum an Im pacts 

th a n  surface  w ater. H owever, once p o llu ted , 

c lea n in g  It up (re m ed ia tion ) ta kes  a re la tive ly  

lo ng  tim e  (years), Is m ore te chn ica lly

Figure 4.8: Primary sources of groundwater pollution

dem and ing , and can be m uch m ore costly.

W hile  th is  has been recogn ized fo r  several 

decades (Vrba 1985 ), th is  Im p o rta n t message 

has n o t been a d eq ua te ly  o r cons is ten tly  

conveyed to  th e  po licy -m akers  o r th e  public.

To address th is  gap, g ro u n d w a te r v u ln e ra b ility  

assessm ent m e tho ds  are be in g  deve loped . These 

em e rg ing  'v u ln e ra b ili ty  m aps' have h is to rica lly  

been app lied  to  o th e r risks such as f lo o d in g  and 

landslides  and th e y  can n o w  be used as d irec t 

In pu t to  w a te r resources and land p la n n in g  (Vrba 

and Zaporozek 1994). Results o f  such s tud ies 

a re  a b so lu te ly  c ritica l w h e re  a q u ife rs  a re  used 

fo r  w a te r supp lies and have sens itive  ecosystem  

dependenc ies . In con ju nc tio n  w ith  o th e r 

en v ironm en ta l In pu t, th e y  have becom e e ffec tive  

In s trum en ts  used to  reg u la te , m anage and take  

decis ions re la ted to  Im pacts fro m  ex is ting  and 

proposed changes In land use, ecosystem s and 

sources o f w a te r supp lies. Large-scale 

g ro un dw a te r v u ln e ra b ility  maps (e .g . France, 

G erm any Spain, I ta ly  The Czech Republic,

Poland, Russia an d  A us tra lia ) serve as gu id e line s  

fo r  land use zon ing  a t na tiona l or reg ion a l levels.

solid  waste  tip  Industria lly  Industria l s ite  leak ing  In -s ltu  fa rm yard  leak ing  w astew ater ag ricu ltu ra l
o r la n d fill p o llu ted  rive r d ra in  sto rage  ta n ks  sa n ita tion  dra inage  sew ers lagoons in te n s ifica tio n

Note: This fig u re  Illustrates th e  typ e  o f  sources th a t should be Inventoried fo r  ca ta lo g ing  po ten tia l sources o f g roundw ate r contam ination . 

S ource : Foster e t a t,  2002.
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Table 4.5: Freshwater pollution sources, effects and constituents of concern

Pollution type Primary sources Effects1 Constituents of concern2
1 Organic m atter Industria l w astew ater and 

domestic sewage.
D epletion of oxygen from  th e  w ate r column 
as It decomposes, stress or suffoca ting 
aquatic life.

Biological Oxygen Demand (BOD), Dissolved 
Organic Carbon (DOC), Dissolved Oxygen (DO)

2 Pathogens and 
microbial 
contam inants

Domestic sewage, cattle and other 
livestock, natural sources.

Spreads Infectious diseases th rough  
contam inated drink ing w ate r supplies 
leading to  diarrhoeal disease and Intestinal 
parasites, Increased childhood m orta lity  
In developing countries.

Shigella, Salmonella, Cryptosporidium, 
Fecal collform  (Collform), Escherichia coli 
(mammal faeces -  E. Coili

3 Nutrients Principally runo ff from  agricultural 
lands and urban areas bu t also 
from  some Industrial discharge.

Over-stlmulates grow th  o f algae 
(eu troph ica tion ! which then  decomposes, 
robbing w ate r o f oxygen and harm ing 
aquatic life. High levels o f n itra te  In 
drink ing w ater lead to  Illness In humans.

Total N (organic + Inorganic!, to ta l P (organic 
+ Inorganic)
For eu trophication : (Dissolved Oxygen, 
Individual N species (NH4, N 02, N03,
Organic N ), O rthophosphate!

4 Salinization Leached from  alkaline soils by over 
Irrigation or by over-pum ping 
coastal aquifers resulting In 
sa ltw ater Intrusion.

Salt bu ild -up In soils w hich kills crops or 
reduces yields. Renders freshw a ter supplies 
undrinkable.

Electrical conductivity, Chloride (fo llowed, 
post characterization by fu ll suite o f major 
cations (Ca, M g |, anions

5 Acidification 
(precip ita tion 
or runo ff )

Sulphur, N itrogen oxides and 
particula tes from  electric power 
generation, Industrial stack and 
au to /tru ck  emissions (w et and dry 
deposition !. Acid mine drainage 
from  ta ilings  as well as mines.

Acidifies lakes and streams which 
negatively Impacts aquatic organisms and 
leaches heavy metals such as alum inium 
from  soils Into w ate r bodies.

pH

6 Heavy metals Industries and m ining sites. Persists In freshw ater environm ents such as 
river sediments and w etlands fo r  long 
periods. Accumulates In th e  tissues o f fish 
and shellfish. Can be toxic  to  bo th aquatic 
organisms and humans who consume them .

Pb, Cd, Zn, Cu, Ni, Cr, Hg, As (particu la rly
groundw ater!

7 Toxic organic 
compounds and 
m icro-organic 
po llu tan ts .3

Wide varie ty  o f sources from  
Industria l sites, autom obiles, 
farm ers, home gardeners, municipal 
wastewaters.

A range o f toxic  effects In aquatic fauna and 
humans from  mild Immune suppression to  
acute poisoning or reproductive fa ilure.

PAHs, PCBs, pesticides (lindane, DDT, K P , 
A ld rln , D ieldrln, Endrin, Isodrln, 
hexachlorobenzenel

8 Thermal Fragmentation o f rivers by dams 
and reservoirs s low ing w ate r and 
allow ing It to  warm. Industry 
from  cooling towers and other 
end -o f-p lpe  above-am bient 
tem perature discharges

Changes In oxygen levels and 
decom position rate o f organic m atter In 
th e  w ate r column. May sh ift th e  species 
com position o f th e  receiving w ate r body.

Temperature

9 Silt and 
suspended 
particles

Natural soil erosion, agriculture, 
road bu ild ing, deforestation, 
construction and o ther land use 
changes.

Reduces w ate r qua lity  fo r drinking and 
recreation and degrades aquatic habitats 
by sm othering them  w ith  s ilt, d isrupting 
spawning and In terfe ring w ith  feeding.

Total suspended solids, tu rb id ity

Other pollutants include Radioactivity, Fluoride, Selenium.

Sources and notes:
1 Principally from  Revenga and M ock, 2000. Their com pila tion  from  Taylor and Sm ith, 1997; Shiklomanov, 1997; UNEP/GEMS, 1995.

2 From R. Peters, W. Beck, personal com m unication , 2004.

3 M icro-organ ic  p o llu ta n t lis t now  includes a su ite  o f  endocrin  d isrupters, an tiox idan ts , plasticizers, f ire  re tardants, insect repellen ts, so lvents, insecticides, herbicides, 

fragrances, fo o d  add itives, prescrip tion d rugs and pharm aceutica ls (e .g ., b irth  co n tro l, a ntib io tics , e tc .), non-p rescrip tion  d rugs (e .g ., ca ffe ine, n icotine  and derivatives, 

stim u lants).
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Tab le  4 .6 :  S p a tia l and  t im e  sca les  w ith in  w h ic h  p o llu tio n  occurs and  can  be re m e d ia te d

M a jo r  C auses / M a jo r  R e la te d Scale ' T k n e  to  P o llu te  T im e  to  R e m e d ia te ^ M a jo r  C a n tr o lla ig  F a c to r s

Is s u e s Is s u e s Local Rotfiou duba i <1 I  to IO lO to lQ O cl 1 tu IQ IO to =>100 Biophysical Human

Pathogens ■ n Density &  Treatment
P o p u la tio n Eutrophication (*) T  reatment

Micro-pollutants Various
Eutrophication (*) Hydrodynamics Flow

W a te  r  M  an age m e n t4 Salinization H  1 W ater Balance
Parasites 1______1 Hydrology
Pesticides Agrochemicals
Nutrients Fertii lie r

L a n d  M a n a g e m e n t
Suspended Solids (* ) ■ Construction/ clearing

Cultivation, Mining,
Physical Changes I ■ Construction,

Clearing

A tm o s p h e r ic
Acidification (*) Cities, melting and 

fossii fuel emissions
T  ra n s p o r t Micro-pollutants h ff lT i'T v T I Cities

Radionuclides Industry
Mega Pathogens ■ Population &
Cities Micro-pollutants Treatment

Salinization m
Typ es o f MinesMutes

Metals ■
Nulcear-Radionu elides ~l 1 M

G lo b a l C lím a te
C hange

Salinization ■ Te rep erato re <fc 
Precipitation

Fossil fuel emissions 
&  Greenhouse gases

N a tu ra l E c o lo gy Parasites (* ) i Permanent Permanent Climate, Hydrology
Salts Climate, Latholo gy

N a tu ra l G e o c h e m is try Flu onde ( * * ) Permanent Permanent

Arsenic, Metals ( * * ) Lithology

Notes:

The nutritional status o f most regions o f the  world has Improved In all developing regions. Sub-Saharan Africa and 

South Asia have also Improved the ir nutritional level, but they lag behind and are host to the  majority o f the 

undernourished people In the  world.

1 Relevant primarily to  *  surface water, * *  groundwater,

2 Local < 10000 km ', region->104 to  IO6 k m '1 global->106 to 10s km '.

3 Lag between cause and effect.

4 Longest rime scale Is for groundwater, followed by lakes, and shortest for rivers and streams.

Category Shading:

Scale -  the colour Intensity Increases as Impact dimension becomes greater.

Time to  pollute and Time to  remediate are highlighted In red for most critical, orange fo r moderately critical, and 

yellow  for the least critical situations. Green Is shown fo r the  situation where remedial actions could be less than 

one year (pathogens).

Source: Modified from Peters and Meybeck, 2000.

Food remains in the 

Mekong River after the 

daily market activities, 

Viet Nam

4. See www.gemstat.org for 

more Information

a m o re  h o lis t ic  p rocess re la t in g  to  h e a lth  and  o th e r  s o c io ­

e c o n o m ic  issues. The in te rn a t io n a l c o m p ila tio n  o f  su rfa ce  

w a te r  a n d  g ro u n d w a te r  q u a lity  da ta  se ts  a t  a g lo b a l scale 

is s til l in its  re la tive  in fa n c y  as co m p a re d  to  p re c ip ita t io n  

o r  su rfa ce  w a te r  ru n o f f  d a ta . A lth o u g h  som e fa c ilit ie s  

have  ex is te d  fo r  seve ra l de cades to  c o lle c t an d  

d isse m in a te  th is  ty p e  o f  da ta , i t  has be e n  h is to r ic a lly  

d if f ic u lt  to  co lle c t. Th is is a t t r ib u ta b le  to  several 

re asons. N a tio n a l ce n tre s  have n o t a lw ays  be e n  lin ke d  

to  in s t itu t io n a l n e tw o rk s . M o s t n a tio n s  are s im p ly  n o t 

used  to  p ro v id in g  th is  in fo rm a t io n  to  a n yo n e  o th e r  th a n  

th e ir  im m e d ia te  in s t itu t io n s  an d  users fo r  e ith e r  n a tio n a l 

o r  s p e c if ic  p ro je c t p u rp o se s . In a d d it io n , d a ta  in  m any 

d e v e lo p in g  c o u n tr ie s  is n o t ex te n s ive  an d  even w h e re  i t  

has be e n  co lle c te d , m a k in g  i t  p u b lic ly  a va ila b le  as a da ta  

s e t is f re q u e n t ly  n o t a p r io r i ty  fo r  th e  a lre a d y  o ve rlo a d e d  

a n d  m e a g re ly  re so u rce d  n a tio n a l a n d  s u b n a tio n a l w a te r  

re so u rce  in s t itu t io n s . H ow ever, p rog re ss  has be e n  m ade 

in  th e  p a s t th re e  ye a rs  in th is  a rea . The G EM S/W ater 

in te rn a t io n a l w a te r  q u a lity  d a ta b a s e 4 w e n t o n lin e  in 

M a rch  2 0 0 5  a n d  n o w  has b e g u n  to  w o rk  w ith  a b road  

ra n g e  o f  a g e n c ie s , NGOs and  d a ta  q u a lity  g ro u p s  to  

h a rm o n iz e  th e  re p o rt in g  o f  w a te r  d a ta  a n d  in fo rm a tio n . 

T h e y  have e s ta b lis h e d  a QA/QC (q u a lity  a s s u ra n c e /q u a lity  

c o n tro l)  p ro g ra m m e  th a t  in c lu d e s  la b o ra to ry  e va lu a tio n s

http://www.gemstat.org
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based on  a f re e ly  a va ila b le  p u b lish e d  se t o f  m e th o d s  

th a t  are used by m o s t o f  th e  la b o ra to r ie s  th a t  re p o rt 

th e ir  d a ta  to  G EM S/W ater. G E M S/W ater ( 2 0 0 5  ) re p o rts  

th a t  da ta  Is n o w  rece ived  fro m  a b o u t 1 ,5 0 0  s ta tio n s  

g lo b a lly , In c lu d in g  a b o u t 10 0  fo r  lakes and  g ro u n d w a te r.

In crea se d  a w a ren e ss  o f  th e  ne ed  fo r  w a te r  q u a l ity  d a ta  

to  e v a lu a te  Im pac ts  and  d e s ig n  Im p roved  w a te r  use  and 

reuse s tra te g ie s  In o rd e r to  m e e t q u a l ity  and  q u a n t ity  

d e m a n d s  Is e m e rg in g  a t n a tio n a l an d  r lv e r-b a s ln  leve ls. 

M o re o ve r, th e re  Is In c re a s in g  use an d  fu tu re  d e v e lo p m e n t 

o f  sh a re d  a q u ife rs  and  r ive r bas ins  -  m a ny  o f  w h ic h  are 

b e in g  s u p p o rte d  e x te n s ive ly  by p ro g ra m m e s  o f  th e  GEF 

(G lob a l E n v iro n m e n t F a c ility )  and  UNESCO.

3c. Over-abstraction
The p ro b le m s  o f  o v e r-a b s tra c tlo n  In su rfa ce  w a te r  bo d ies  

and  g ro u n d w a te r , s om e tim es  t ie d  d ire c tly  to  up s tre am  

d ive rs io n s , rese rvo irs  and  d e fo re s ta t io n , a re w e ll 

d o c u m e n te d . The p ro b le m s  c o m m o n ly  be co m e exace rb a te d  

w h e n  c o m b in e d  w ith  e x te n d e d  n a tu ra l d ry  pe riod s .

N o ta b le  exam p le s  o f  s u b s ta n tiv e  re d u c tio n s  In la rge  m a jo r 

r ive r f lo w s  can be fo u n d  a ro u n d  th e  w o r ld . Som e o f th e  

basins suffering from this reduction are: Niger, Nile, Rwlzl, 
Z a yan deh-R ud (A fr ic a ); A m u Darya, G a n g e s jo rd a n ,  L ijiang , 

Syr Darya, T igris and E uphra tes, Y angtze  and Y e llow  (A s ia ); 

M u rra y -D a rlin g  (A u s tra lia !; and C o lum b ia , C o lorado, Rio 

G rande and San Pedro (N o rth  A m e rica ). Exam ples o f  lakes 

and In land sea areas de cre a s ing  d ra m a tica lly  In size and 

v o lu m e  Inc lude : Lakes B alkhash, D rlgh , H am oun , M anchar, 

and th e  A ra l and Dead Seas (A s ia ); Lakes Chad, N aklva le 

and In th e  Eastern R ift V a lley  A rea , e .g . N akuru  (A fr ic a );

Lake C hapala (N o rth  A m e r ic a ); and M o n o  Lake and th e  

S a ltón  Sea (N o rth  A m e r ic a ). D ram atica lly  lo w e re d  w a te r 

levels In aq u ife rs  are In creas ing ly  re p o rte d , fo r  exam ple  In 

th e  M ex ico  C ity  and th e  F lo rid ian  and O galla la  aqu ife rs  

(N o rth  A m e rica ), as w e ll as In China, Ind ia , Iran, Pakistan 

and Yem en (Asia).

D e s p ite  ye a rs  o f  c le a r  o v e r-u s e  w ith  e v id e n t ch a n g e s  In 

b o th  w a te r  an d  re la te d  e cosys tem  c o n d it io n s , m a n y  o f  

th e  sam e causes pe rs is t. A m o n g  th e  m o s t p ro m in e n t are 

th e  h ig h ly  In e ff ic ie n t w a te r  s u p p ly  p ro v is io n in g  p rac tices  

fo r  a g r ic u ltu re  an d  m u n ic ip a l use, d e fo re s ta t io n , and 

th e  basic  la ck  o f  c o n tro l o v e r e x p lo ita t io n  o f  th e  

a c tu a l su rfa c e  an d  g ro u n d w a te r  sou rces . In a p p ro p ria te  

d e v e lo p m e n t o f  rese rvo irs  an d  d ive rs io n s  c o m b in e d  w ith  

In a d e q u a te  c o n s id e ra tio n s  o f  a lte rn a tiv e s  In c o n s e rv a tio n  

and  use m in im iz a tio n  (d e m a n d  m a n a g e m e n t! have fu r th e r  

c o m p lic a te d  and  Increase d  th e  Im pac ts  on  e x is tin g  w a te r

resou rce s . W h ile  th e re  are som e h o p e fu l s igns  o f  ch a n g e  

e m e rg in g  In se le c te d  loca l a c tio n s  (see  Chapters 5 and 

7 ), th e s e  are fe w  In c o m p a ris o n  to  th e  b ro a d -b a s e d  and 

fu n d a m e n ta l m o d if ic a t io n s  n e e d e d  In n a tio n a l, re g io n a l 

and  s u b n a tio n a l p ra c tice s  to  reverse  and  c o u n te ra c t th e se  

o n g o in g  s u b s ta n tiv e  Im pacts .

G ro u n d w a te r  o v e r -a b s tra c t lo n  re p re s e n ts  a spec ia l 

situation as the  visual evidence is typically less obvious 
and  th e  e ffe c ts  are m o re  d i f f ic u l t  to  re c o g n iz e  and 

re a c t to . In crea se d  p u m p in g  fro m  a q u ife rs  has Increased 

g lo b a lly , p a r t ic u la r ly  d u r in g  th e  seco nd  h a lf  o f  th e  

tw e n t ie th  c e n tu ry . W h ile  th is  has p ro d u ce d  a n u m b e r 

o f  Im p o r ta n t b e n e fits ,  som e have been  s u s ta in a b le  

o v e r o n ly  re la tiv e ly  s h o r t p e r io d s  and  have had s ig n if ic a n t 

n e g a tiv e  s ld e -e ffe c ts  (UNEP, 2 0 0 3 ; FAO, 2 0 0 3 b ; B urke 

and  M o e n c h , 2 0 0 0 ). W e see, fo r  e xa m p le , th a t  an In it ia lly  

Im press ive  b e n e f it  w as  e x p e rie n ce d  In In d ia  w h e re  s h a llo w  

g ro u n d w a te r  d e v e lo p m e n t a llo w e d  Irr ig a te d  la nd  area to  

be e s s e n tia lly  d o u b le d , th e re b y  d ra m a tic a lly  In c re a s in g  

fo o d  p ro d u c tio n . H ow ever, It a lso  caused  m o m e n to u s  

ch a n g e s  to  lo ca l w a te r  reg im es  th a t  re s u lte d  In a v a r ie ty  

o f  Im pac ts , In c lu d in g  lo w e re d  w a te r  ta b le s  and  e n t ire ly  

d e p le te d  g ro u n d w a te r  resou rce s  In som e areas. S im ila r 

cases fro m  all c lim a tic  re g io n s  o f  th e  w o r ld  I llu s tra te  th a t  

o v e r -a b s tra c t in g  g ro u n d w a te r  Is re la tiv e ly  c om m on . The 

re s u lts  o f  g ro u n d w a te r  o v e r -a b s tra c t lo n  can be seen In: 

reduced spring yields; rivers drying up and having poorer 
w a te r  q u a l ity  be ca use  o f  lo w e re d  b a s e - f lo w  c o n tr ib u t io n s ; 

In tru s io n  o f  s a line  w a te rs  o r  o th e r  p o o r  q u a l ity  w a te r  In to  

th e  fre s h w a te r  z one s  o f  a q u ife rs ; lo w e re d  o r a b a n d o n e d  

p ro d u c t iv ity  as w a te r  leve ls  d e c lin e  In w e lls ; h ig h e r 

p ro d u c tio n  costs  fro m  w e lls  o r th e  ne ed  to  ex ten d  

u n d e rg ro u n d  a q u e d u c ts  ( q a n a ts ) as In f lo w  ra tes  d e c re ase ; 

and  d im in is h e d  g ro u n d w a te r -d e p e n d e n t e cosys tem s, 

In c lu d in g  w e tla n d s , as th e y  b e co m e  s tresse d  o r  lose 

re s ilie n ce  fro m  In a d e q u a te  w a te r  sources . S ub s ide n ce  Is 

a n o th e r  p a r t ic u la r ly  w id e s p re a d  Im pac t th a t  occu rs  fro m  

excess ive  o v e r -p u m p in g , w ith  som e n o ta b le  exa m p le s  In 

a n u m b e r o f  m a jo r c it ie s  In C h ina , Japan, M e x ico  and  th e  

US. H ow ever, th is  ty p e  o f  Im p ac t can be s to p p e d  w h e n  

th e  o v e r-p u m p in g  o f  th e  a q u ife r  Is d is c o n tin u e d , 

a l th o u g h  th e  e ffe c ts  a re n o t u s u a lly  reve rs ib le . Llam as 

and  C us tod io  (2 0 0 3  ) p ro v id e  a re c e n tly  u p d a te d  

c o m p ila tio n  o f  pa pe rs  th a t  I l lu s tra te  th e  w id e - ra n g in g  

Im pac ts  o f  In te n s iv e  g ro u n d w a te r  e x p lo ita t io n  by 

Id e n t ify in g  exam p le s  o f  c r ite r ia  th a t  have  led to  o v e r- 

a b s tra c tlo n  a c tio n s  an d  by e x p la in in g  h o w  th e s e  c r ite r ia  

can be p a rt o f  s u s ta in a b le  d e v e lo p m e n t s tra te g ie s .

Tigris River, Iraq

Groundwater 
over-abstraction 
represents a 
special situation 
as the visual 
evidence is 
typically less 
obvious and the 
effects are more 
difficult to 
recognize and 
react to
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Note: Low percentages indicate 

underdeveloped groundwater 

resources, high percentages point 

to  development stress or 

eventually overexploitation.

High levels o f  
exploitation are 
currently taking  
place in many 
countries in the 
Middle East, 
Southern and 
Northern Africa, 
Asia, selected 
countries in 
Europe, and in 
Cuba

Map 4.3: Groundwater abstraction rate as a percentage of mean recharge

groundwater «ibstMCtiun
as perremage oi average 
annual recharge (%)

Source: IGRAC, 2004.

M a p  4 .3  In tro d u c e s  a g ro u n d w a te r  d e v e lo p m e n t In d ic a to r 

th a t  com pare s th e  d e g re e  o f  g ro u n d w a te r  use In each 

n a tio n  to  th e  v o lu m e  o f  e s tim a te d  re ch a rg e . E x p lo ita t io n , 

fo r  e xa m p le  o f  m o re  th a n  5 0  p e rc e n t o f  re ch a rg e , w ill 

l ik e ly  re s u lt In p a r t ic u la r  s tre ss  on  th e  a q u ife r  

s u s ta in a b il i ty  o f  g ro u n d w a te r  sys tem s. H igh  leve ls  o f 

e x p lo ita t io n  a re c u r re n t ly  ta k in g  p lace  In m a n y  c o u n tr ie s  

In th e  M id d le  East, S o u th e rn  a n d  N o rth e rn  A fr ic a , Asia, 

se le c te d  c o u n tr ie s  In E urope , a n d  In Cuba. In a d d it io n , 

as n o te d  a b o ve , p a rts  o f  China, Ind ia , M e x ico , Pakis tan 

an d  th e  US are a lso  b e in g  o v e re x p lo ite d  In se le c te d  

re g io n s  w h e re  th e re  Is h ig h  a r id ity  a n d  p o p u la tio n  

d e n s ity . T ra ck in g  g ro u n d w a te r  use as co m p a re d  to  

re ch a rg e  v o lu m e s  a t n a tio n a l a n d  s u b n a tio n a l leve ls  -  

an d  p a rt ic u la r ly  fo r  In d iv id u a l a q u ife rs  -  s h o u ld  be 

p ra c tise d  a n d  Im p le m e n te d  to  Id e n t ify  a n d  ta ke  

c o rre c tive  a c tio n  as n e e d e d  to  m a in ta in  g ro u n d w a te r  

d e v e lo p m e n t s u s ta in a b ility .

3d. Global warming and climate change
A s n o te d  a b o ve , th e re  Is e m p irica l e v id e n ce  o f  Im p acts  

on  w a te r  re sou rce s fro m  g lo b a l w a rm in g . The IPCC, In 

c o o p e ra tio n  w ith  n e w  p a rtn e rs , has b e g u n  to  ad dress 

th is  Issue In a d d it io n  to  th e ir  m o re  t ra d it io n a l fo c u s  on 

g re e n h o u s e  gases an d  te m p e ra tu re  cha nges . A  re c e n t 

IPCC e x p e rt m e e tin g  (IPCC, 2 0 0 4 , p. 27 ) Id e n tif ie d  tw o  

Issues re la te d  to  w a te r  a n d  th e  Im p acts  fro m  g lo b a l 

w a rm in g : o n e  re la te d  to  Im p a c ts  an d  th e  o th e r  to  

k n o w le d g e  gaps. These  tw o  Issues, as ta k e n  fro m  

th e  IPCC re p o rt , are  as fo llo w s :

■  'T h e  e x tre m e  e v e n t f re q u e n c y  a n d  m a g n itu d e  w ill 

Increase  even w ith  a sm a ll Increase  In te m p e ra tu re  

an d  w ill be co m e  g re a te r  a t  h ig h e r te m p e ra tu re s . The 

Im p acts  o f  such  e ve n ts  a re o fte n  la rg e  lo c a lly  and 

co u ld  s tro n g ly  a f fe c t s p e c if ic  sec to rs  a n d  re g io n s . 

Increased e x tre m e  e ve n ts  can cause  c r it ic a l de s ig n  

va lu e s  o r n a tu ra l th re s h o ld s  to  be  exce eded , b e yo n d  

w h ich  th e  Im p a c ts ' m a g n itu d e s  Increase  ra p id ly .'

■  K n o w le d g e  gaps re la te d  to  th e  w a te r  s e c to r w e re  

Id e n tif ie d  as:

(1 ) In s u ff ic ie n t k n o w le d g e  o f  Im p a c ts  In d if fe re n t p a rts  

o f  th e  w o r ld  (e s p e c ia lly  In d e v e lo p in g  c o u n tr ie s ) ,

(2 ) A lm o s t c o m p le te  la ck  o f  In fo rm a tio n  on Im pacts  

u n d e r d if fe re n t d e v e lo p m e n t p a th w a y s  a n d  u n d e r 

d if fe re n t a m o u n ts  o f  m it ig a tio n ,

(3 ) N o c le a r re la t io n s h ip  b e tw e e n  c lim a te  ch a n g e  and  

Im p acts  on  w a te r  re sou rce s,

(4 ) L it t le  a n a lys is  o f  th e  c a p a c ity  a n d  co s t o f  

a d a p ta tio n , an d

(5 ) Lack o f  u n d e rs ta n d in g  o f  h o w  cha nges  In 

v a r ia b il i ty  a f fe c t th e  w a te r  e n v iro n m e n t.

A rn e ll (2 0 0 4 ) a lso  assessed p re d ic te d  Im p acts  o f  b o th  

p o p u la tio n  and  c lim a te  on w a te r-s tre s s e d  re g io n s , based 

on  p o p u la tio n  g ro w th  sce n a rio s  a n d  c lim a te  ch a n g e  

m o d e ls . He c o n c lu d e s :

C lim ate cha nge  Increases w a te r  re sources s tre s s e s ... 

w h e re  ru n o ff  decreases, In c lu d in g  a ro u n d  th e
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M e d ite rra n e a n , in p a rts  o f  E urope , c e n tra l and  s o u th e rn  

A m e ric a , an d  s o u th e rn  A fr ica . In o th e r  w a te r-s tre s s e d  

pa rts  o f  th e  w o r ld  -  p a r tic u la r ly  in s o u th e rn  and  ea s te rn  

A s ia  -  c lim a te  ch a n g e  increases ru n o ff ,  b u t th is  may 

n o t be v e ry  b e n e fic ia l in p ra c tice  because increases 

te n d  to  com e d u r in g  th e  w e t season and  ex tra  w a te r  

m ay n o t be a v a ila b le  d u r in g  th e  d ry  season.

H ow ever, he fu r th e r  p o in ts  o u t th a t  m o d e l re su lts  

d i f fe r  by up  to  fo u r  t im e s  in te rm s  o f  p e rso n s  Im pac ted  

a c c o rd in g  to  d if fe re n t  p o p u la t io n  and  c lim a te  scenarios .

S h lk la m a n o v  and  R odda (2 0 0 3  ) c o n c lu d e  th a t  o n ly  

g e n e ra l p re d ic tio n s  an d  o b s e rv a tio n s  ha ve been 

d e ve lo p e d  based on th e  asse ssm e n ts  o f  g lo b a l w a rm in g  

im p a c ts  on  w a te r  resou rce s  to  d a te . T h e y  ag ree  w ith  

A rn e ll ( 2 0 0 4 ) th a t  a sse ssm e n ts  o f  fu tu re  w a te r  resou rce s  

can o n ly  be o b ta in e d  by u s in g  e s tim a te s  o f  po ss ib le  

re g io n a l ( ra th e r  th a n  g lo b a l) ch a n g e s  in c lim a te  (p r im a rily  

p re c ip ita t io n  and  te m p e ra tu re  by seasons and  m o n th s ). 

T h ey  s p e c ify  th a t  th e  e x is tin g  c lim a te  ch a n g e  e s tim a te s  

are e x tre m e ly  u n re lia b le  even fo r  th e  la rg e s t re g io n s  and 

riv e r basins. F u rth e rm o re , th e y  s u g g e s t th a t  th e  ga p  in 

k n o w le d g e  re la te d  to  th e  s p e c if ic  Im pac ts  o f  g lo b a l 

w a rm in g  on w a te r  resou rce s  is o n e  o f  th e  la rg e s t 

scientific challenges in hydrology today.

BOX 4 .5 ACCELERATING GLACIAL DECLINE

Land-based and m o u n ta in  g lac ie rs  have 

g e n e ra lly  expe rien ced  a w o r ld w id e  re tre a t and 

th in n in g  d u r in g  th e  la s t ce n tu ry . N o ta b ly , 

g la c ie r de c lin e  has co n s id e ra b ly  acce le ra ted  

on  a g lo b a l basis  d u r in g  re c e n t yea rs  (A re n d t 

e t al. 2 0 0 2 ; D yu rge ro v  2003 ). The m ean mass 

ba lance decrease th a t  to o k  p lace  d u r in g  th e  

pe rio d  1 9 9 0 -9 9  w as th re e  tim es  g re a te r th a n  

th a t  o f  th e  p rev ious  decade (F rau en fe lde r e t 

a l. 2 0 0 5 ). D ata fo r  th is  f ig u re  a re  based on 

m easured changes In g la c ie r mass ba lance 

m ade a t  th ir t y  g lac ie rs  lo ca ted  In n ine  h igh  

m o u n ta in  re g io n s  o f A s ia , Europe and N o rth  

and S ou th  A m erica .

As a spec ific  c o u n try  exam ple w e  can lo o k  to  

China. In 2 0 04 , AFP (L 'Agence France-Presse) 

c ites  renew ed concerns o f  d isa ppearing  g lac iers  

be in g  b roadcas t in  Asia, n o ta b ly  in China and 

Nepal. Yao T angdong, China's fo re m o s t 

g la c io lo g is t, was quo ted  In s ta te  m edia as 

saying , A n  eco log ica l ca tas trophe  Is de ve lop ing  

In T ib e t because o f  g loba l w a rm in g  and th a t 

m ost g lac ie rs  In th e  reg ion  could m e lt aw ay by 

2 1 0 0 '. His conclusion was based on th e  resu lts  

o f a fo r ty -m o n th  s tudy  by a g roup  o f tw e n ty  

S lno-A m erlcan sc ien tis ts  w h ich  show ed

separated lee Is lands th a t  used to  be connected 

w ith  th e  g lac ie rs  a t leve ls above 7 ,5 0 0  m. W hile 

T ib e t's  g lac iers  have been reced ing  fo r  th e  past 

fo u r  decades due to  g loba l w a rm in g , th e  rate o f 

dec line  has Increased d ra m a tica lly  s ince th e  

ea rly  1990s. It  w as  in it ia lly  th o u g h t th a t  th e  

w a te r fro m  th e  m e ltin g  g lac iers  could p rov ide  

a d d itio n a l w a te r fo r  China's arid  no rth  and w est.

However, th is  ho pe  has n o t been rea lized as 

much o f th e  g la c ie r ru n o ff  evapora tes  lo ng 

be fo re  It  reaches th e  c o u n try 's  d ro u g h t-s tr ic ke n  

fa rm ers . 'T he  hum an cost could be Im m ense' 

s ta tes AFP (2 0 0 4 ), as 30 0  m illion  Chinese 

live  In th e  c o u n try 's  a rid  w e s t and  depe nd  

on th e  w a te r f lo w in g  from  th e  g lac ie rs  fo r 

th e ir  live lih oods.

Map 4.4: Principal regions of land-based and mountain glaciers

m

Source : GLIMS, 2005  (G lobal Land lee M easurem ents from  Space n s idc .o rg /da ta /g lim s / Iv0ct05).
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Part 4. Matching Demands to Supply
Numerous responses have been put forward to meet the ever-increasing demand for water. In some 
cases, the response focuses on how to compensate for the natural variability in the hydrological cycle 
in order to provide a continuously available resource. In other circumstances, the response focuses on 
overcoming the reduced availability in water quantity or quality that results from human and 
development impacts, from a demand management perspective.

M o s t w a te r -s h o r t reg ion s  o f  th e  w o r ld  w ith  d ry  c lim ate s  

have lo n g -s ta n d in g  w a te r  co n s e rv a tio n  tra d it io n s . These 

are b e in g  m a in ta in e d  o r s u p p le m e n te d  w ith  d e m a n d - 

m a n a g e m e n t p ractices. To m e e t in creased  de m a nds , w a te r  

resource  m a n a g e m e n t p ra c titio n e rs  are a u g m e n t in g  th e  

lim ite d  n a tu ra l w a te r  s u p p ly  w ith  d e sa lin a tio n , w a te r  reuse, 

e n ha nce d  g ro u n d w a te r  recha rge  and in te r-b a s in  tra n s fe rs .

H ow ever, re g io n s  w ith  a b u n d a n t w a te r  ( tro p ic a l and  co ld  

c lim a te s ) a re a ccu s to m e d  to  w a te r  s u p p ly  schem e s  and 

te n d  to  a d o p t m a n a g e m e n t p ra c tice s  th a t  are p a r t ic u la r ly  

a d a p te d  to  th o s e  s p e c if ic  s e ttin g s . It is o f te n  ta k e n  fo r  

g ra n te d  th a t  resources w ill rem ain re la tive ly  a b u n d a n t and 

cou ld  be rea d ily  tre a te d  o r rep laced if  p o llu te d ; th a t  any  

d is ru p tio n  in ecosys tem  ba lance cou ld  be rem ed ied ; and 

th a t  ad e q u a te  w a te r  cou ld  be d ive rted  and s to red  to  

overcom e th e  inco nven ien ce  o f  seasona l f lo w  va ria tio n s . 

How ever, in th e se  reg ion s, im pacts  fro m  hum an 

d e ve lo p m e n t have been m ore severe th a n  an tic ip a te d .

W a te r resources have been d im in ishe d  In q u a n tity  and 

qu a lity , and ecosys tem  h a b ita ts  have becom e enda n ge red

to  a p o in t b e lo w  th e ir  res ilience levels. As a resu lt, 

responses are e m e rg in g  th a t  in c lud e  som e o f  th e  sam e 

practices in de m a nd  m a n a g e m e n t used In d ry  c lim ates.

In b o th  w a te r  se ttin gs , it  is In c rea s ing ly  recogn ized  th a t  

m a in ta in in g  and, w h e re  poss ib le , res to r in g  th e  s ta te  o f  th e  

e n v iro n m e n t by keep in g  bo th  aq ua tic  and te rre s tr ia l aq ua tic  

ecosys tem s above  res ilience levels can prov ide  subs tan tia l 

lo n g -te rm  b e n e fits  to  a reg ion 's  w a te r  resources.

4a. Environmental flows for preserving 
ecosystems and increasing water resources
The h e ig h te n e d  a w a ren e ss  o f  th e  Im p o r ta n t ro le  

p laye d  by e co sys tem s  in te rm s  o f  w a te r  resou rces  

and  s u s ta in a b ility  is a re s u lt o f  th e  re c e n t fo c u s  on 

'e n v iro n m e n ta l ' o r ' in -s tre a m ' f lo w s . D yson e t  al.

( 2 0 0 3 | d e fin e  e n v iro n m e n ta l f lo w s  as fo llo w s :

th e  w a te r  re g im e  p ro v id e d  w ith in  a river, w e tla n d  

o r  co a s ta l z o n e  to  m a in ta in  ecosys tem s  an d  th e ir  

b e n e fits .  T h e y  p ro v id e  c r i t ic a l c o n tr ib u t io n s  to  r iv e r 

h e a lth , e c o n o m ic  d e v e lo p m e n t an d  p o v e r ty  a lle v ia tio n .

MAINMANAGEMENT OF AQUIFER RECHARGE (MAR) -  AN EXAMPLE FROM VIET NAM

The Blnh Thuan prov ince  Is lo ca ted  a lon g  th e  

coastal p la in In th e  lo w e r p a rt o f cen tra l eastern 

V ie t Nam ; Its  p rinc ipa l c ity  is Phan T ie t, 200  

km East o f Ho Chi M lnh  City. The area o f th e  

prov ince  Is a p p ro x im a te ly  8 ,000  km 2, w ith  a 

to ta l po p u la tio n  o f  1 m illion .

Before 1975 , th e  area was covered by a dense 

tro p ica l fo res t, w h ich  was cleared to  make room  

fo r  rice fie ld s  and resu lted  In massive 

de se rtifica tio n . Due to  an uneven ra in fa ll 

d is tr ib u tio n  and a fo u r-m o n th  pe riod  (from  

Decem ber to  M a rch | o f  v e ry  li t t le  p re c ip ita tio n , 

th e  area su ffe rs  from  cons iderab le  w a te r 

sho rta ge  du rin g  th e  d ry  season.

In o rd er to  com bat de se rtifica tion , Improved 

practices In ecosystem  re h ab ilita tio n  as w ell as 

rem ed ia tion  techn iques  to  restore a q u ife r systems 

and g ro u n d w a te r s torage capa city  are be ing  

deve loped . In pa rticu la r, th e se  te ch n iq ue s  a re  

be in g  used In th e  Hong Phong su b -d is tr ic t (Bac 

Blnh d is tr ic t) , loca ted  a b o u t 25 km no rth e a s t o f 

Phan T le t, w ith  an area o f ap prox im a te ly  300 

km 2 encom passing th re e  villages.

The g e o -h yd ro lo g lca l assessm ent o f th e  area, 

cons is ting  o f a sem l-pe rm ea b le  be dro ck  and 

po rous  m ateria l (sand dunes) w ith  a th ickness  

o f  up to  150 m, a llow s fo r  th e  use o f  5AR 

(s to rage  and aq u ife r recovery) te chn iq ue s  by

red irec tin g  ra in fa ll d u r in g  th e  ra iny  season 

and m a king  use o f  th e  resource du rin g  th e  d ry  

pe riod  (D ecem be r-M a rch ).

The p ro jec t's  Im p le m e n ta tion  by UNESCO Is 

o n g o in g  and th e  resu lts  achieved th u s  fa r have 

a llow ed  fo r  th e  se lection  o f  th e  s ite  fo r  th e  

A q u ife r Recharge Pro ject In th e  m o rph o lo g ica l 

depress ion o f N uoc N ol, w he re  th e  a q u ife r w a te r 

ta b le  Is ve ry  c lose to  th e  ground level. The use 

o f  th e  bank  f i lt ra t io n  te ch n iq u e  Is a lready  

p ro du c in g  sa tis fac to ry  resu lts  as w a te r q u a lity  

Increases. G roundw ate r can be abstracted  and 

used, a f te r  na tu ra l f i lt ra t io n , fo r  d iffe re n t 

pu rposes (hum an and ag ricu ltu ra l) .
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The m eans fo r  m a in ta in in g  and  re s to r in g  th e s e  flo w s  

u n d e r m u lti-u s e  and c o m p e tin g  de m a nd  s itu a tio n s  are 

in c re a s in g ly  b e in g  c on s id e re d  in d e ta il in m any na tio n s  and 

basins. In som e reg ion s , e n v iro n m e n ta l f lo w  co n s id e ra tio n s  

are b e in g  in te g ra te d  in to  w a te r  po licy , le g is la tio n  and 

re g u la tio n s , and w a te r  m a n a g e m e n t p ractices. S ou th  

A fr ica  (1 9 9 7 ), A u s tra lia  (CSIRO, 2 0 0 4 ) and  several USA 

s ta tes  (e .g . C o n n e c ticu t, Texas), a m o n g  o th e rs , a lread y  

have b ro ad ly  e n co m p ass in g  le g is la tio n  and in - f ie ld  

practices  th a t  ta ke  in to  a c co u n t e n v iro n m e n ta l f lo w s .

M o re  research  is n e ed ed  to  u n d e rs ta n d  th e  w a te r  vo lu m es , 

leve ls and  q u a lity  ne ed ed  to  keep ecosys tem s  re s ilie n t 

d u r in g  seasona l v a r ia tio n s  and  pe riod s  o f  c lim a tic  stress. 

F u rthe rm o re , a re cog n ized  a d d it io n a l c h a lle n g e  is h o w  

to  in tro d u c e  and em be d  th is  c o n c e p t in th e  p re d o m in a n tly  

e n g in e e r in g -d r iv e n  w a te r  m a n a g e m e n t ag en c ies  o f  m any 

d e ve lo p in g  c o u n tr ie s  so th a t  th e  res ilien ce  o f  th e ir  bas in - 

and  w a te rsh e d  ecosys tem  is less a t risk  (see Chapter 5).

4b. Combating natural variability
D e a lin g  w ith  v a r ia b il i ty  in w a te r  r u n o ff  in p a r t ic u la r  has 

led to  c e n tu r ie s -o ld  p ra c tice s  o f  in te rc e p t in g , d iv e r t in g  

and  s to r in g  w a te r  so th a t  a d e q u a te  v o lu m e s  w o u ld  be 

a va ila b le  to  m a tch  th e  needs  and  d e m a n d s  o f  th e  users.

Rainwater harvesting
R a in w a te r m a n a g e m e n t, a lso  k n o w n  as h a rv e s tin g , is 

re c e iv in g  re n e w e d  a t te n t io n  as an a lte rn a t iv e  to  o r a 

m eans  o f  a u g m e n t in g  w a te r  sou rces . In te rc e p t in g  an d  

c o lle c t in g  ra in w a te r  w h e re  it  fa lls  is a p ra c tice  th a t  

e x te n d s  b a ck  to  p re -b ib lic a l t im e s  (P ere ira  e t  a t ,  2 0 0 2 ).

It w as  u sed  4 ,0 0 0  y e a rs  ag o  in P a les tin e  an d  G reece; 

in S o u th  A s ia  o v e r th e  la s t 8 ,0 0 0  y e a rs  (P an de y  e t a t ,  

2 0 0 3 ) ;  in a n c ie n t R om an re s id e n c e s  w h e re  c is te rn s  and 

paved  c o u rty a rd s  c a p tu re d  ra in  th a t  s u p p le m e n te d  th e  

c ity 's  s u p p ly  fro m  a q u e d u c ts ; an d  as e a r ly  as 3 0 0 0  BC 

in B a lu c h is ta n  w h e re  fa rm in g  c o m m u n itie s  im p o u n d e d  

ra in w a te r  fo r  ir r ig a t io n . R e c e n tly  in In d ia , i t  has been  

u sed  e x te n s iv e ly  to  d ire c t ly  re c h a rg e  g ro u n d w a te r  a t 

ra tes  e x c e e d in g  n a tu ra l re c h a rg e  c o n d it io n s  (UNESCO, 

2 0 0 0 ; M a h n o t e t  a t ,  2 0 0 3 ) . R ep o rts  fro m  o th e r  

in te rn a t io n a l o rg a n iz a t io n s  fo c u s in g  on  th is  a re a 5 

in d ic a te  th a t  e le v e n  re c e n t p ro je c ts  across  D e lh i 

re s u lte d  in g ro u n d w a te r  le ve l in c re ase s  o f  fro m  5 to  

10  m e tre s  in ju s t  tw o  ye a rs . In fa c t,  th e  a p p lic a t io n  

o f  ra in w a te r  m a n a g e m e n t in In d ia  is lik e ly  to  be o n e  o f  

th e  m o s t u p d a te d  an d  m o d e rn  in th e  w o r ld . The s ite  

w w w .ra in w a te rh a rv e s t in g .o rg  p ro v id e s  links  to  cases 

w h e re  ra in w a te r  m a n a g e m e n t has be en  s u cc e s s fu lly  

a p p lie d  in d if fe re n t  n a tio n s  in b o th  u rb a n  an d  ru ra l

s e tt in g s . A n  a d va n ta g e  o f  th e  te c h n iq u e  is th a t  its  costs  

are re la tiv e ly  m o d e s t and  th a t  in d iv id u a l o r c o m m u n ity  

p ro g ra m m e s  can lo c a lly  d e ve lo p  and  m a na ge  th e  re q u ire d  

in fra s tru c tu re s  (c o lle c t io n  de v ice s , bas ins , s to ra g e  ta n ks , 

su rfa c e  o r  b e lo w -g ro u n d  re c h a rg e  s tru c tu re s  o r  w e lls ). 

La rge r ra in  h a rv e s tin g  schem e s, w h ic h  in te rc e p t r u n o ff  

u s in g  lo w -h e ig h t  be rm s  o r s p re a d in g  d ike s  to  in cre ase  

in f i l t r a t io n ,  have a lso  been  in tro d u c e d  in u p s tre a m  

c a tc h m e n ts  w h e re  d e fo re s ta t io n  has de c re ase d  w a te r  

a v a ila b ility . The v a r io u s  m e th o d s  o f  ra in w a te r  h a rv e s tin g  

th a t  have th e  p o te n t ia l to  s a tis fy  lo ca l c o m m u n ity  and 

c rop  d e m a nds  are d e sc rib e d  in UNEP (2 0 0 5 ) .

Water diversions
D iv e rtin g  su rface  w a te rs  in to  ne a rb y  sp rea d in g  

b a s in s /in f iltra tio n  la go ons , d itch es , recha rge p its  o r 

in je c tio n  w e lls  to  recha rge  a lluv ia l o r o th e r  ty p e s  o f  aq u ife rs  

are te ch n iq u e s  used to  dea l w ith  na tu ra l v a r ia b il ity  in flo w , 

reduce eva p o ra tive  losses, and o b ta in  b e tte r  q u a lity  w ate r. 

W a te r d ive rs io n  prog ram m es  b e in g  es tab lishe d  a ro un d  th e  

g lo b e  are re fe rred  to  as ASR (a r t if ic ia l s to rag e  and recovery) 

o r MAR (m a na ge d  a q u ife r  recha rge ) (see Box 4 .6 ). This 

practice is be in g  a p p lied  in a rid  and sem i-a rid  lo ca tio ns  

th ro u g h o u t th e  M id d le  East and M e d ite rra n e a n  reg ions. 

R un o ff in ‘w a d is ' (d ry  riverbeds th a t  o n ly  con ta in  w a te r  

d u r in g  tim e s  o f  heavy  rain) th a t  o th e rw is e  w o u ld  

d ischa rg e  in to  th e  sea o r evap o ra te , is co lle c ted  beh ind  

e a rth e n  be rm s fo llo w in g  in fre q u e n t b u t heavy ra in fa ll. The 

w a te r  in filtra te s  in to  th e  u n d e r ly in g  a llu v ia l grave l th e re b y  

re m a in in g  ava ilab le  fo r  s u b s ta n tive ly  lo n g e r pe riod s  w ith o u t  

th e  excess ive ly  e vap o ra tive  losses th a t  w o u ld  ty p ic a lly  

o ccu r fro m  su rface  s to rage. In w e tte r  areas, d ive rs ions  

in to  a lluv iu m  are used as a m eans n o t o n ly  to  s to re  and 

m a in ta in  g ro u n d w a te r-d e p e n d e n t ecosys tem s, b u t a lso 

to  reduce th e  tre a tm e n t n e ed ed  fo r  th e  w a te r  supp lies  

system s ta ke n  fro m  th e  a lluv iu m  fu r th e r  do w ns tre am .

P ro fess io na l a s so c ia tio n s  such as th e  US N a tio n a l G round  

W a te r A s so c ia tio n  (US NGWA) and  th e  IAH ( In te rn a tio n a l 

A s so c ia tio n  o f  H y d ro g e o lo g is ts ) C om m iss ion  on  M a n a g in g  

A q u ife r  R echarge (M A R )6 in c o o p e ra t io n  w ith  UNESCO and 

other International donors, are actively supporting MAR 
w ith  a p p lie d  resea rch , c a p a c ity -b u ild in g  and p ilo t p ro jec ts . 

MAR p ro g ra m m e s, som e in c lu d in g  in je c tio n  o f  tre a te d  

w a s te w a te rs , a re b e in g  ca rrie d  o u t  in b o th  de ve lo p e d  

and  d e v e lo p in g  c o u n tr ie s  (e .g . in A u s tra lia , China,

G erm any, H ungary , Ind ia , Kenya, M e x ico , O m an, P akis tan , 

th e  s o u th e rn  A fr ica  re g io n , S w itz e r la n d  and th e  US).

Kakadu National Park, 

Australia. Most 

predictions indicate that 

precipitations will 

increase in Australia due 

to climate change

Intercepting and 
collecting 
rainwater where 
i t  falls is a 
practice that 
extends back to 
pre-biblical 
times...

5. See www.irha-h2o.org for 

more information.

6. www.iah.org/recharge/ 

MAR.html

http://www.rainwaterharvesting.org
http://www.irha-h2o.org
http://www.iah.org/recharge/
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...the major 
hydrological 
challenge will be 
to achieve more 
equilibrium 
between the 
stored volumes 
needed to meet 
users' demands 
and the 
incoming and 
outgoing flow...

Storing water in reservoirs
The c o n s tru c tio n  o f  dam s to  c re a te  rese rvo irs  has 

fre q u e n t ly  been  o u r  response  to  g ro w in g  de m a n ds  fo r  

w a te r  to  p ro v id e  h y d ro p o w e r, ir r ig a t io n , p o ta b le  sup p lie s , 

f is h in g  an d  re c re a tio n , as w e ll as to  lo w e r th e  Im pacts  and 

risks to  o u r  w e l l-b e in g  fro m  h lg h - ln te n s lty  even ts  such  as 

f lo o d s  and d ro u g h ts . These fa c il it ie s  c o lle c t n a tu ra l ru n o ff ,  

f re q u e n t ly  q u ite  v a r ia b le  in its  lo c a tio n , d u ra tio n  and 

m a g n itu d e , and  s to re  it so th a t  Its a v a ila b ili ty  is m ore 

c o n s ta n t and re liab le . G ood  in fo rm a tio n  on  th e  n u m b e r 

and c a p a c ity  o f  dam s is e s se n tia l to  assess Im pacts  and 

respo nses  a t th e  lo ca l, n a tio n a l and  re g io n a l leve ls in 

o rd e r to  o p tim iz e  w a te r  resou rces  m a n a g e m e n t, b u t it 

is a lso  n e ed e d  to  ad dre ss  issues re la te d  to  g lo b a l c lim a te  

and w a te r  a v a ila b ili ty  scenarios  (see  Chapter 5).

T h o u g h  th e  c re a tio n  o f  re se rvo irs  e n a b le s  h ig h e r  w a te r  

a v a ila b ili ty  w h e n  an d  w h e re  i t  Is n e e d e d , th e  c o n s tru c tio n  

o f  th e s e  fa c il it ie s  has had a c o n s id e ra b le  im p a c t, b o th  

p o s it iv e  and  n e g a tiv e , on  th e  E arth 's  e cosys tem s  and 

la nd scape s  and  has re s u lte d  in m o d if ic a t io n s  to  th e  

In te ra c tio n s  a m o n g  th e  c o m p o n e n ts  o f  th e  h y d ro lo g ic a l 

cyc le . D e s p ite  in cre a se d  b e n e fits  d e riv e d  fro m  th e  

serv ices  re se rvo irs  p ro v id e , th e re  is o n g o in g  d e b a te  a b o u t 

h o w  to  p re v e n t and  red uce  th e  soc ia l and  e n v iro n m e n ta l 

c o n s e q u e n ce s  th a t  co m e  fro m  b u ild in g  dam s and  c re a tin g  

rese rvo irs . F o llo w in g  c o n s id e ra b le  m ed ia  a t te n t io n  and 

loca l a c tio n s  som e p ra c tice s  are c h a n g in g . La rge  dam 

c o n s tru c tio n  ra tes  have s lo w e d , a t le a s t te m p o ra r ily , and 

th e re  have been  ad va nces  in th e  re c o n s id e ra tio n  o f 

a lte rn a tiv e s  and  d e s ig n  c r ite r ia . S om e e x is tin g  dam s th a t  

no lo n g e r  p ro v id e  ex te n s ive  se rv ices  have be en  

d e co m m iss io n e d . Lastly, e x is tin g  re s e rv o ir  o p e ra tio n s  and 

s tru c tu re s  have be en  m o d if ie d  to  a llo w  re leases . A  

ba la n ce  b e tw e e n  w h a t e n te rs  an d  w h a t is re leased  is 

re q u ire d  to  have a s ite 's  u p s tre a m  and  d o w n s tre a m  

h y d ro lo g ic a l s e tt in g s  and  s u p p o r t in g  e co sys tem s 

s u s ta in e d . W hen  such a b a la n ce  is a ch ie ve d , th e  re su lts  

a re s u b s ta n tia l. T h ere  are b o th  ad de d  b e n e fits  and 

p o te n t ia l fu r th e r  v a lu e  to  th e  ro le  o f  rese rvo irs  in 

d e v e lo p m e n t scenario s .

Transferring water among basins
The tra n s fe r  o f  w a te r  fro m  one  river o r a q u ife r  basin 

to  a n o th e r basin has lo n g  been used as a w ay  to  

m e e t w a te r  dem a nds , p a rtic u la r ly  in arid  and sem i-a rid  

reg ions. It occurs o fte n  w h e n  la rge p o p u la tio n s  or, m ore 

com m on ly, a g r ic u ltu ra l de m ands  have o u ts tr ip p e d  ex is tin g  

w a te r  resources. Even in advanced  n a tio n a l d e ve lo p m e n t 

s tages, som e basins can have surp lus  w a te r  resources w h ile

o th e rs  fa ce  sho rta ge s. M a jo r  lo n g -d is ta n ce  schem es exis t 

in m any na tions  and n e w  ones are In de ve lo p m e n t. U n k ing  

th e  G an g a -B ra h m a p u tra -M e g h n a  system  w ith  o th e r  rivers In 

India is part of the solution being offered to counteract 
extensive  re cu rring  d ro u g h ts  and flo o d s . For exam ple , Shao 

e t al. (2 0 0 3 | p re se n t th e  s itu a tio n  in China w he re  th e re  are 

seven e x is tin g  m a jo r tra n s fe rs  and seven m ore p lan ned  o r 

u n d e r con s id e ra tion . T hey  de sc ribe  a la rge -sca le  s o u th - to -  

n o rth  basin tra n s fe r  in vo lv in g  th e  Y angtze  and Y e llow  Rivers' 

basins w h ich , w h e n  co m p le ted , w o u ld  d ive rt 4 5 0  km 3/yr. 

T h ey also p o in t o u t som e o f  th e  im pacts  o f  such a la rge 

schem e. M u lti-d is c ip lin a ry  app roaches a llo w  e v a lu a tio n  o f 

th e  fe a s ib ility  and s u s ta in a b ility  o f  tra n s fe r  schem es. G lobal 

expe rien ce  has sh ow n  th a t  a lth o u g h  th e  tra n s fe r  o f  w a te r  

am o n g  basins has been id e n tif ie d  as a hyd ra u lica lly  and 

te c h n ic a lly  fe a s ib le  response, be fo re  p ro ce ed ing  w ith  such 

p o te n tia l changes, broad socia l and e n v iro n m e n ta l 

c on s id e ra tio n s  m ust be ta ke n  in to  acco un t.

4c. Water reuse
A s a n o  and  Lev ine  ( 2 0 0 4 ) re c e n tly  s u m m a rize d  th e  m ore 

im p o r ta n t ch a lle n g e s  asso c ia te d  w ith  w a te r  re c la m a tio n  

and  reuse . T h ey  n o te d  th a t  th e  te c h n iq u e  o f  w a te r  

reuse  is b e in g  a p p lie d  in m a ny  c o u n tr ie s  in c lu d in g  th e  

U n ite d  S ta tes , M e x ico , G erm any, M e d ite rra n e a n  and 

M id d le  E astern c o u n tr ie s , S o u th  A fr ic a , A u s tra lia , Japan, 

C hina and  S in ga po re . Its in c re a se d  a p p lic a tio n  Is b e in g  

fa c il i ta te d  by m o d e rn  w a s te w a te r  t r e a tm e n t  p rocesses , 

w h ic h  a d va nced  s u b s ta n t ia lly  d u r in g  th e  tw e n t ie th  

c e n tu ry . These p ro cesses can n o w  e f fe c t iv e ly  rem ove  

b io d e g ra d a b le  m a te r ia l, n u tr ie n ts  and  p a th o g e n s  so 

th e  t re a te d  w a te rs  have a w id e  ran ge  o f  p o te n t ia l 

a p p lic a tio n s  (Table 4.7 ). On a g lo b a l sca le , n o n -p o ta b le  

w a te r  reuse is c u r re n t ly  th e  d o m in a n t m eans o f  

s u p p le m e n tin g  s up p lie s  fo r  ir r ig a t io n , In d u s tr ia l c o o lin g , 

r iv e r f lo w s  and  o th e r  a p p lic a tio n s  (A sano , 1 9 9 8 ). The 

reuse o f  p o ta b le  w a te rs  has be en  an a cce p te d  g lo b a l 

p ra c tice  fo r  c e n tu r ie s . S e ttle m e n ts  d o w n s tre a m  p ro d u ce d  

th e ir  p o ta b le  w a te r  fro m  rive rs  and  g ro u n d w a te r  th a t  

had c ircu la te d  u p s tre a m  th ro u g h  m u lt ip le  cyc les  o f  

w ith d ra w a l,  t r e a tm e n t  an d  d isc h a rg e  (S te e n v o rd e n  and 

E ndreny, 2 0 0 4 ; A s a n o  an d  C o tru vo , 2 0 0 4 ; GW MATE,

2 00 3 ). San Diego gets 9 0  percent o f its current municipal 
w a te r  s u p p ly  fro m  a w h o le s a le  w a te r  p ro v id e r  b u t in 

fu tu r e  th a t  a m o u n t w ill d e cre a se  to  6 0  p e rc e n t w ith  

th e  s u p p le m e n ta ry  s u p p ly  c o m in g  fro m  rec la im e d  w a te r  

and  d e s a lin a tio n  (USGS, 2 0 0 5 ). S im ila r p ro g ra m m e s  are 

e m e rg in g  in m a ny  o th e r  la rge  u rb a n  c e n tre s  w o r ld w id e  

w h e re  th e re  are lim ite d  o r  less re a d ily  a v a ila b le  

fre s h w a te r  su pp lie s . S im ila rly , r ive rb eds  o r  p e rc o la t io n
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po n d s  have b e e n  used  to  a r t if ic ia l ly  re c h a rg e  u n d e r ly in g  

g ro u n d w a te r  a q u ife rs  m a in ly  w ith  w a s te w a te r.

R ecen t d o c u m e n ts  fro m  W HO  (A e r tg e e r ts  and  A n g e la k is , 

2 0 0 3 | and  th e  US EPA (2 0 0 4 ) ad d re ss  th e  s ta te -o f - th e -  

a r t  aspe c ts  an d  fu tu r e  tre n d s  in w a te r  use, b o th  o f  

w h ic h  p re d ic t in c re ase d  d e v e lo p m e n t and  use o f  th e  

a b o v e -m e n tio n e d  p ra c tice  to  a u g m e n t w a te r  s u p p ly  

sou rces  In o rd e r to  m e e t d e m a nds . The W HO g u id e lin e s  

fo r  w a s te w a te r  reuse f i rs t  p u b lish e d  in 1 9 9 5  are b e in g  

u p d a te d  w ith  a p la n n e d  re lease  d a te  o f  2 0 0 6  (W HO,

2 0 0 5 ) . A c c o rd in g  to  w a te r  reuse su rve ys  (La za rova , 2 0 0 1 ; 

M a n to v a n i e t a t ,  2 0 0 1 ) , th e  b e s t w a te r  reuse p ro je c ts  in 

te rm s  o f  e c o n o m ic  v ia b il i ty  and  p u b lic  a c ce p ta n c e  are 

th o s e  th a t  s u b s t itu te  rec la im e d  w a te r  in lieu  o f  p o ta b le  

w a te r  fo r  use in ir r ig a t io n , e n v iro n m e n ta l re s to ra tio n , 

c le a n in g , to i le t  f lu s h in g  and  in d u s tr ia l uses.

The a n n u a l rec la im e d  w a te r  v o lu m e s  to ta l a b o u t 2 .2  b illio n  

m 3, based on 2 0 0 0  and  2 0 0 1  fig u re s  fro m  th e  W o rld  Bank. 

R ecen t p ro je c tio n s  in d ica te  th a t  Israe l, A u s tra lia  and 

Tunis ia  w ill use rec la im e d  w a te r  to  sa tis fy  25 p e rce n t, 11 

p e rc e n t and  10 p e rce n t, respe ctive ly , o f  th e ir  to ta l w a te r  

d e m a n d  w ith in  th e  n e x t fe w  ye a rs  (Laza rova  e t a l., 2 0 0 1 ). 

In Jordan, rec la im e d  w a te r  v o lu m e s  are p re d ic te d  to  

in cre ase  m ore  th a n  fo u r  t im e s  by 2 0 1 0  If d e m a nds  are to  

be m e t. By 2 0 1 2 , Spa in w ill need  to  Increase its  rec la im ed  

w a te r  use by 15 0  p e rc e n t and , by 2 0 2 5 , E gyp t w ill need 

to  in cre ase  its  usag e  by m ore  th a n  te n  tim e s . A  n u m b e r o f  

M id d le  E astern c o u n tr ie s  are p la n n in g  s ig n if ic a n t Increases

In w a te r  reuse to  m e e t an u lt im a te  o b je c tiv e  o f  50  to  70 

p e rce n t reuse o f  to ta l w a s te w a te r  v o lu m e . The g ro w in g  

tre n d  o f  w a te r  reuse is n o t o n ly  o c c u rr in g  in w a te r -  

d e f ic ie n t areas (M e d ite rra n e a n  re g io n , M id d le  East and 

La tin  A m e r ic a ), b u t a lso  In h ig h ly  p o p u la te d  c o u n tr ie s  

in te m p e ra te  reg ion s  (Japan, A u s tra lia , C anada, n o rth  

C hina, B e lg iu m , E ng land  an d  G e rm an y !. Th is m e th o d  o f 

a u g m e n t in g  n a tu ra l w a te r  sou rces  is b e c o m in g  an In teg ra l 

c o m p o n e n t to  m any w a te r  resources  m a n a g e m e n t plans 

and  fu tu re  use po lic ies .

4d. Demand management
C onse rv ing  a v a ila b le  w a te r  and re d u c in g  d e m a nd  is a 

necessary  m easure  In w a te r -s h o r t reg ion s , e s pe c ia lly  th o se  

in a rid  c lim a te s . P rog ram m es o f  co ns e rv a tio n  and  d e m a nd  

re d u c tio n  are re fe rred  to  as w a te r  de m a n d  m a n a g e m e n t 

(W DM ). This approach differs from the traditional supply- 
driven  m e th o d , w h ich  m akes all e x is tin g  w a te r  ava ilab le . 

W D M  app lies  se le c tive  eco n o m ic  in ce n tives  to  p ro m o te  

e f f ic ie n t and  e q u ita b le  w a te r  use. It a lso id e n tif ie s  w a te r  

con s e rv a tio n  m easures th a t  a re a im ed  a t ra is ing  s o c ie ty 's  

aw a reness  o f  th e  s ca rc ity  and f in ite  n a tu re  o f  th e  resource .

C on se rva tion  m easures  have n o t been re a d ily  im p le m e n te d , 

p a r tic u la r ly  w h e re  w a te r  w as pe rce ived  as a b u n d a n t. 

H ow ever, th e  b e n e fits  in th e  ex te n d e d  use fu l life  o f 

w a te r  supp ly  and tre a tm e n t p lan ts  and in th e  o p e ra tin g  

e ff ic ie n c y  and d u ra tio n  o f  sew ag e  d isp osa l system s can 

be con s id e rab le  in te rm s  o f  h ig h e r econ om ic  re tu rn  on 

In ves tm en t. On th e  e n v iro n m e n ta l f ro n t ,  c o n s e rva tion

At inland 
locations 
or where 
desalination is 
too costly, 
reclaimed water 
can now 
significantly 
contribute to 
the overall 
water supply 
used for 
irrigation or 
industry...

Table 4.7: Potential applications for reclaimed water

A p p l ic a t io n  s e t t in g s E x a m p le s
U rban  u se
U n re s tr ic te d Landscape  Ir r ig a tio n  (pa rks , p la y g ro u n d s , sch o o l y a rd s !, f ire  p ro te c t io n , c o n s tru c tio n , o rn a m e n ta l fo u n ta in s , 

re c re a tio n a l Im p o u n d m e n ts , In -b u lld ln g  uses ( to i le ts ,  a ir  c o n d it io n in g !
R es trlc te d -a ccess  Irr ig a tio n Ir r ig a tio n  o f  a reas w h e re  p u b lic  access Is In fre q u e n t a n d  c o n tro lle d  ( g o lf  cou rses , c e m e te r ie s , re s id e n tia l, g re e n b e lts )

A g ric u ltu ra l ir r ig a t io n
Food crops Crops g ro w n  fo r  h u m a n  c o n s u m p tio n  and  co n su m e d  u n c o o k e d
N o n -fo o d  c rops, fo o d  crops 
co n su m e d  a f te r  p ro c e s s in g

Fodder, f ib re , seed c rop s , p a s tu re s , co m m e rc ia l n u rs e r ie s , sod  fa rm s , co m m e rc ia l a q u a c u ltu re

R e c re a t io n a l u se
U n re s tr ic te d N o l im ita t io n s  on b o d y  c o n ta c t ( lakes  and  p o n d s  used fo r  s w im m in g , s n o w m a k in g !
R es tric ted F ish ing , b o a tin g , and  o th e r  n o n -c o n ta c t re c re a tio n a l a c tiv it ie s

E n v iro n m e n ta l use Artificia l w e tlan ds , enhanced  n atu ra l w e tlan ds , an d  sustained  s tream  flow s
G ro u n d w a te r  re c h a rg e G ro u n d w a te r re p le n is h m e n t, s a ltw a te r  In tru s io n  c o n tro l,  and  su b s id en ce  c o n tro l
In d u s tr ia l re u s e C o o lin g  sys tem  m ake u p  w a te r, p rocess w a te rs , b o ile r  fe e d  w a te r, c o n s tru c tio n  a c t iv it ie s ,  a n d  w a s h d o w n  w a te rs
P o ta b le  re u s e B le n d in g  w ith  m u n ic ip a l w a te r  s u p p ly  (s u rfa c e  w a te r  o r g ro u n d w a te r !

Source: Asano and Leavine, 2004.
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One interesting 
emerging 
concept 
proposes 
combining 
desalinated 
water with 
aquifer storage 
and recovery...

7. See www.idadesal.org for 

more information.

allows for the diversion of the unused volumes to sustain 
ecosys tem s and also lo w ers  th e  p o llu tio n  lo ad ing s  to  

lakes, rivers and g ro u n d w a te r. Such steps lead to  im proved  

protection of drinking w ater sources and overall ecological 
ba lance (E n v iro n m e n t Canada, 2 0 0 5 b ).

W D M  a d vo ca te s  a w id e  ran ge  o f  m e asure s  th a t  go  

b e yo n d  c o n s e rv a tio n  to  b ro a d e r s u s ta in a b le  resou rce  

m a n a g e m e n t. It  a p p lie s  to  th e  p ro te c tio n  o f  w a te r  

quality sources; reduction of wastage both in 
in fra s tru c tu re  le a k a g e  and  by use rs ; im p ro v e m e n t o f 

w a te r  a llo c a t io n  a m o n g  c o m p e tin g  uses , and  c re a tio n  

o f  a p p ro p r ia te  p r ic in g  m e ch a n ism s. O ne e xa m p le  o f  a 

s itu a t io n  w h e re  c o n s e rv a tio n  m e asure s  are n e e d e d  is 

th e  case o f  ‘ u n d e liv e re d  w a te r ' -  a c o m m o n ly  a cce p te d  

result of utilities supplying w ater through piped 
d is tr ib u t io n  sys tem s. The le a ka g e  fro m  d e g ra d e d  p ipes  

p ro v id e s  ‘ u n a c c o u n te d  to r '  w a te r  th a t  re s u lts  in b o th  a 

ph ys ica l s h o rta g e  and  re d uce d  reve n u e . In te rm s  o f 

in e ff ic ie n c y  o f  resou rce s  an d  o p e ra tio n s , losses are 

ro u t in e ly  re p o rte d  as 4 0  p e rc e n t and  as h ig h  as 6 0  to  70  

p e rc e n t in som e m a jo r c itie s . T h o u g h  it  is an e n d e m ic  

p ro b le m  fo r  m o s t w a te r  u t i l i t ie s ,  its  im p a c t on  s o c ie ty  in 

te rm s  o f  w a s te d  w a te r  resou rce s  is even m o re  s u b s ta n tia l.

F u rth e r w a te r  c o n s e rv a tio n  can be ach ie ved  a f te r  d e liv e ry  

by im p ro v in g  use p ra c tice s  in h o u s e h o ld s . R ed uc tion s  in 

c o m m u n ity  w a te r  use a f te r  c o n s e rv a tio n  m e asure s  have 

been  a p p lie d  are re p o rte d  to  be as h ig h  as 40  pe rce n t. 

These tw o  s itu a t io n s  il lu s tra te  to  w h a t e x te n t th e  w a te r  

th a t  is c u r re n t ly  s u p p lie d  m ay n o t a c tu a lly  be ne ed ed .

By re d u c in g  le akag e  and  d e m a n d , s u b s ta n tia l re d u c tio n s  

in th e  so u rce  v o lu m e s  c o u ld  be a ch ieved . Th is s h o u ld  

be a c le a r m essage  in d e v e lo p m e n t s e tt in g s . W D M  may 

o b v ia te  th e  ne ed  fo r  som e o f  th e  p ro p o se d  la rg e -s ca le  

ph ys ica l o r  in fra s tru c tu re  in v e s tm e n ts  an d  th e re b y  

p ro v id e  rea l e ff ic ie n c y  g a in s  to  s o c ie ty  (GWP, 2 0 0 5 a ).

Ae. Desalination
D esa lin a tio n  is used m a in ly  in w a te r-sc a rc e  coas ta l arid  

and sem i-a r id  areas th a t  are lo ca ted  in lan d  w h e re  th e  o n ly  

ava ila b le  w a te r  source  is sa line  o r brack ish g ro u n d w a te r.

The te c h n o lo g y  has been  w e ll e s ta b lish e d  s ince  th e  m id ­

tw e n t ie th  c e n tu ry  and  has evo lved  s u b s ta n tia lly  to  m ee t 

th e  in creased  de m ands  o f  w a te r -s h o r t areas. A w e rb uch  

(2 0 0 4 | and S ch iff 1er (2 0 0 4 ) re p o rt on th e  g lo b a l 

a p p lica tio n  o f  d e sa lin a tio n  c a p a c ity  and th e  m o s t recen t 

advances and  cha lle n g e s . A cco rd in g  to  th e  la te s t s ta tis tics  

in 20 02  fro m  IDA ( In te rn a tio n a l D e sa lin a tio n  A s s o c ia t io n !,7 

a b o u t 50  p e rce n t o f  g lo b a l d e sa lin a tio n  ta ke s  place in th e

M id d le  East, fo llo w e d  by N o rth  A m erica  (1 6  p e rce n t), 

E urope (1 3  p e rce n t), As ia  (1 1  p e rce n t) A fr ica  (5 pe rce n t) 

and  th e  C aribbean (3 p e rce n t). S o u th  A m erica  and 

A u s tra lia  each a c co u n t fo r  a b o u t 1 p e rce n t o f  th e  g lo b a l 

d e sa lin a tio n  v o lu m e . G lobally, th e  c o n tra c te d  ca p a c ity  o f 

d e sa lin a tio n  p lan ts  is 34 .2  m illio n  m3/d a y  c o n v e rtin g  

p rin c ip a lly  s e a w a te r (5 9  p e rce n t) and brack ish w a te r  

(2 3  p e rc e n t!. In te rm s  o f  th e  uses o f  de sa lin a te d  w a te r, 

m u n ic ip a lit ie s  are th e  la rg e s t users (6 3  p e rc e n t!, fo llo w e d  

by s u b s ta n tia l in d u s try  use (2 5  p e rce n t). The cos t o f 

p ro d u c in g  de sa lin a te d  w a te r  has fa lle n  d ra m a tic a lly  in th e  

past tw o  decades. R ecen tly  b u ilt  la rge -sca le  p lan ts  p roduce  

fre sh  w a te r  fo r  US$ 0 .4 5 /m 3 to  US$ 0 .5 0 /m 3 u s in g  reverse 

osm osis  (RO) system s and US$ 0 .7 0 /m 3 to  US$ 1 .0 /m 3 

us in g  d is tilla tio n  system s. The e n e rg y  consum ed  to  d rive  

th e  co nvers ion  is a s ig n if ic a n t p a rt o f  th e  cos t and  ranges 

fro m  4 to  1 5 kW h /m 3 d e p e n d in g  on  fa c to rs  such as th e  

te c h n iq u e  used , th e  p ro d u c tio n  ra te  o f  th e  fa c il ity , and 

th e  q u a lity  o f  th e  e q u ip m e n t (US NRC, 2 0 0 4 ).

Much of the  conversion is likely to continue to  be heavily 
reliant on fossil fuels w ith  its associated air pollution.
The c h a lle n g e  o f  w h a t to  d o  w ith  th e  b r in e  w a s te  b y ­

p ro d u c t rem a ins . Today it  is d isp o s e d  o f  by d isc h a rg e  

in to  th e  ocea n  o r su rfa c e  w a te rs , se w a g e  tre a tm e n t 

p la n ts , d e e p -w e ll in je c t io n , land  a p p lic a tio n  o r fu r th e r  

e v a p o ra t io n  in po nd s. Each o f  th e s e  m e th o d s  has 

p o te n t ia lly  ad ve rse  e n v iro n m e n ta l im pa c ts . The c o s t o f  

c o n c e n tra te  d isp o s a l fo r  in la n d  lo c a tio n s  o f te n  lim its  

its  a p p lic a b il ity  in th e s e  lo ca tio n s . S c h iffe r  (2 0 0 4 ) 

re co m m e n d s  th e  e s ta b lis h m e n t o f  an in te rn a t io n a lly  

a g re e d -u p o n  e n v iro n m e n ta l a sse ssm e n t m e th o d o lo g y  

fo r  d e s a lin a tio n  p la n ts  to  e n a b le  th e  im pa c ts  fro m  

d if fe re n t  fa c il it ie s  to  be c o n s is te n t ly  c om p a re d .

F u tu re  uses fo r  d e s a lin a tio n  are e m e rg in g  and  IDA 

e xp e c ts  th a t ,  w ith  in c re a s in g  d e m a n d  an d  th e  up - 

s ca lin g  o f  p ro ce sses , it  w ill c o n tin u e  to  be a p p lie d  fo r  

th e  d e v e lo p m e n t o f  e co n o m ie s  in co a s ta l a reas  to  

p a r t ia lly  m e e t th e  d e m a n d s  o f  re c re a tio n  and  to u r is m , 

e n v iro n m e n ta l p ro te c tio n , th e  m ilita ry , and  ir r ig a te d  

a g r ic u ltu re . O ne in te re s t in g  e m e rg in g  c o n c e p t p roposes  

c o m b in in g  d e s a lin a te d  w a te r  w ith  a q u ife r  s to ra g e  and 

rec o v e ry  ( DASR) (A w e rb u c h , 2 0 0 4 ; Pyne an d  H ow ard ,

2 0 0 4 ). Th is  a p p ro a ch  has th e  a d v a n ta g e s  o f  a llo w in g  

s to ra g e  and  rec o v e ry  o f  la rge  v o lu m e s  o f  w a te r  w h ile  

m in im iz in g  fa c i l i ty  th ro u g h p u t  w ith  lo w e re d  o p e ra t in g  

cos ts . S to red  v o lu m e s  c o u ld  be used  to  m e e t d a ily  o r 

sea son a l peaks  in w a te r  d e m a nds  w h ile  m a in ta in in g  a 

s te a d y  d e s a lin a t io n  ra te.

http://www.idadesal.org
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4f. Water Resources Assessment (WRA)
W a te r resources assessm ents  (W RAs) are de s igne d  to  be 

ana lyses  o f  ava ilab le  w a te r  sources  fro m  th e  pe rsp e c tive  

o f  p o te n tia l w a te r  use. S ince Rio ‘ 9 2 , and  in p a r t ic u la r  th e  

D u b lin  2 0 0 0  c o n s id e ra tio n s , w a te r  resou rce s  have com e 

to  be m ore  b ro a d ly  c o n s id e re d  w ith in  th e  d im e n s io n s  o f 

soc ia l e q u ity , e co n o m ics  and  e c o s y s te m /e c o h y d ro lo g y .

The m o d e rn  W RA p roce ss  can be a d a p te d  and  u p d a te d  

to  in c lu d e  th e s e  re la tio n s h ip s  (GWP, 2 0 0 5 b ).

H yd ro lo g ica l da ta  and in fo rm a tio n  sys tem s and  n e tw o rk s  

provide the  basic and critical input to WRA, w hether the  
asse ssm e n t is d o n e  w ith in  an IWRM p e rsp e c tiv e  a t th e  

n a tio n a l o r b a s in /s u b -b a s in /a q u ife r  leve l o r  o th e rw is e . 

Factors th a t  a f fe c t th e  accu racy  o f  h y d ro lo g ic a l in p u t to  

WRAs include: th e  number of gauging stations, station 
distribution w ithin physiographic regions, duration and 
c o n t in u ity  o f  o b se rva tio n s , q u a l ity  o f  m e a su re m e n ts , 

and  da ta  p ro ce ss ing . The c o m m o n ly  m easured  p a ra m e te rs  

in c lu d e  p re c ip ita t io n , e v a p o ra t io n , so il m o is tu re , river 

leve l and d isch a rg e , g ro u n d w a te r  (w e l l ) d e p th s , se d im e n t 

and  w a te r  q u a l ity  d a ta  on a c o n tin u o u s , ho u rly , d a ily  

o r  m o n th ly  basis.

How ever, re lia b ility  and a v a ila b ility  o f  da ta  have dec lined  

s ha rp ly  s ince th e  m id -1 9 8 0 s , p a rtic u la r ly  in A frica  and in 

Eastern Europe (R odda, 19 9 8 ), and th a t  s itu a tio n  has no t 

chan ged  s u b s ta n tiv e ly  s ince th e  tu rn  o f  th e  centu ry. 

In ve s tm e n t in na tio n a l n e tw o rk s  has fa lle n  d ra s tica lly  and

is s till decre as ing . H yd rom etrie  ne tw o rks , w h ile  th e y  are 

cos tly  to  m a in ta in , p rovide basic WRA in p u t th a t  c a n n o t be 

co llected  d e pe nda b ly  by any o th e r m eans (see Chapter 13).

The d e v e lo p m e n t o f  m o re  d e c e n tra liz e d  and  b a s in - ty p e  

a p p ro a ch e s  fo r  W RA is in h e re n t in th e  in te rn a t io n a lly  

ag ree d  u p o n  IW RM p rin c ip le s . It is w id e ly  re c o g n iz e d  

th a t  it  w ill ta k e  severa l d e ca de s  o f  in s t i tu t io n a l 

a d ju s tm e n t (B lo m q u is t e t a t ,  2 0 0 5 ) to  re o r ie n t w a te r  

m a n a g e m e n t p ra c tice s  on basins. H ow ever, such chan ge s  

are b e g in n in g  a t th e  basin  leve l an d  th e re  are exam p le s  

o f  d e c e n tra liz e d  a p p ro a ch e s  on  m o s t c o n t in e n ts  in te rm s  

o f  w a te r  m a n a g e m e n t p rocesses . A n  im p o r ta n t e le m e n t 

o f  th e  W o rld  W a te r A s se s sm e n t P rog ram m e 's  m iss io n  is 

to assist partner case study countries in developing their 
o w n  a sse ssm e n t c a p a c ity  (see  Chapter 14). S o v e re ig n ity  

issues and  c o m p e tit io n  w ill a lw a ys  rem a in  fa c to rs  in 

m a n a g in g  th e  resou rce . H ow ever, th e  basic  W RA scope 

w h ic h  b ro a d ly  d e fin e s  th e  e x te n t o f  a va ila b le  w a te r  

q u a n t ity  an d  q u a lity , in c lu d in g  aspe c ts  re la te d  to  

e n v iro n m e n t, p o llu t io n  and  w a te r  use , is th e  basis fo r  

e ffe c tiv e  m a n a g e m e n t. Th is in fo rm a tio n  can be co lle c te d  

and  jo in t ly  d e v e lo p e d  by th e  n a tio n s  s h a r in g  th e  

resou rce  (see Chapter 11). T hese w ill g ive  fo rw a rd -  

lo o k in g  d ire c tio n  n o t o n ly  in w a te r  te c h n o lo g y  areas 

b u t a lso  on  h o w  im p ro v in g  d a ta , in fo rm a tio n  and 

asse ssm e n t p rac tices  fo r  w a te r  resou rce s  w ill p ro v id e  

c r it ic a l k n o w le d g e  th a t  w ill g re a t ly  b e n e f it  so c ie ty , 

hu m a n  liv e lih o o d s  an d  th e  e n v iro n m e n t.

Part 5. The Challenge of Sustainable 
Development
Climate change and the hydrological variability of water's distribution and occurrence are natural driving 
forces that, when combined with the pressures from economic growth and major population change, 
make the sustainable development of our water resources a challenge.

5a. Driving forces and pressures
The c o m b in a tio n  o f  th e s e  fa c to rs  c o m m o n ly  re s u lts  in 

in c re a se d  w a te r  use, c o m p e tit io n  and  p o llu t io n  in a d d it io n  

to  h ig h ly  in e f f ic ie n t  w a te r  s u p p ly  p ra c tice s . T h ese  re su lts  

can be tra c e d  ba ck  to  th e  fa c t  th a t  m o s t d e c is io n s  in 

w a te r  resou rce s  m a n a g e m e n t, a t a lm o s t a ll leve ls , rem a in  

p r in c ip a lly  d r ive n  by s h o r t- te rm  e c o n o m ic  and  p o lit ic a l 

c o n s id e ra tio n s  th a t  la ck  th e  lo n g -te rm  v is io n  ne ed ed  

to  im p le m e n t s u s ta in a b le  d e v e lo p m e n t p ra ctice s. W a te r 

m a n a g e m e n t p lans  sh o u ld  c o n s id e r  th e  b e s t e x is tin g  

p ra c tice s  an d  th e  m o s t a d va n ced  s c ie n t if ic  b re a k th ro u g h s .

The s c ie n t if ic  c o m m u n ity  has to  c o n v e y  m o re  e f fe c t iv e ly  

its  re c o m m e n d a tio n s  to  d e c is io n -m a k e rs  to  e n a b le  th e  

la t te r  to  d e ve lo p  an d  m a in ta in  m u lt id is c ip lin a ry  

in te g ra te d  a p p ro a ch e s  an d  s o lu tio n s . S o c ie tie s  sh o u ld  

re a lize  th a t  to d a y 's  w a te r - re la te d  c h a lle n g e s  a re  no 

longer readily solved just by using last century's  
h y d ra u lic  sche m es. In c rea se d  fu n d in g  and  resou rce s  

ne e d  to  be p ro v id e d  fo r  th e  c o lle c t io n  o f  d e ta ile d  

w a te r  d a ta  an d  in fo rm a tio n .

Many 
developing 
nations, where 
the demand for 
water is growing 
the fastest, 
have the worst 
capability for 
acquiring and 
managing water 
data
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Overall, there 
are reasons to 
be hopeful as 
new water 
programmes are 
emerging that 
finally
emphasize the 
application o f 
more
sustainable 
practices to 
reduce impacts

5b.State of our natural water resources 
The roles and interdependencies of the different 
hydrological cycle components are often not fully 
appreciated. As a result, it is difficult to set up 
adequate protection and prevention strategies.

A ll c o m p o n e n ts  o f  th e  h y d ro lo g ic a l cyc le  s h o u ld  be ta ke n  

in to  a c co u n t w h e n  d e ve lo p in g  w a te r  m a n a g e m e n t plans. 

Each c o m p o n e n t has a spec ific  ro le  th a t  m u st be b e tte r  

u n d e rs to o d . For exam p le , ra in and  sn o w  d ire c tly  supp ly  

te rre s tr ia l ecosys tem s and  so il m o is tu re  is a u n iq u e  w a te r  

source  fo r  b o th  a g r ic u ltu ra l d e ve lo p m e n t and  te rre s tr ia l 

ecosys tem s. F u rth e rm o re , g lac ia l m e lt in g  has a s tro n g  

in flu e n c e  on  w a te r  a v a ila b ili ty  in m a ny n a tio ns  and  as a 

re s u lt m ore  com p reh ens ive  g lo b a l assessm ents  are needed.

We can s u b s ta n t iv e ly  p re d ic t a n n u a l v a r ia b il i ty  in 

s u rfa c e  ru n o f f  and  have c re a te d  s o lu tio n s  to  d e a l w ith  it. 

F low ever, o v e rc o m in g  th e  less p re d ic ta b le  f iv e -  to  te n -  

y e a r  g lo b a l cyc les  o f  d is t in c t ly  lo w e r  and  h ig h e r  ru n o f f  

rem a ins  a c h a lle n g e . G ro u n d w a te r  resou rce s  c o u ld  p ro v id e  

a v a lu a b le  c o n tr ib u t io n  to  o v e rc o m in g  c lim a te  v a r ia b il i ty  

and  m e e tin g  d e m a n d s  d u r in g  e x te n d e d  d ry  p e rio d s .

A  su rp lu s  o f  su rfa c e  w a te r  ru n o f f  d u r in g  w e t p e riod s  

can be used to  re p le n is h  a q u ife r  sys tem s.

F low ever, w e  d o  n o t have e n o u g h  da ta  on g ro u n d w a te r  

and  a q u ife r  sys tem s, e s p e c ia lly  In d e v e lo p in g  c o u n tr ie s  

w h e re  th e  la ck  o f  a d e q u a te  su rfa c e  w a te r  resou rce s  Is 

m o s t e x tre m e . This Is p a r t ic u la r ly  t ru e  In b o th  A s ia  and 

A fr ic a  w h e re  th e re  has be en  a d ra m a tic  re d u c tio n  In 

w a te r  m o n ito r in g  p ro g ra m m e s.

W a te r q u a l ity  m o n ito r in g  p ro g ra m m e s  are In a d e q u a te  

o r la ck in g  In m o s t d e v e lo p in g  n a tio n s ; th u s  s a fe g u a rd in g  

hu m a n  h e a lth  Is d i f f ic u l t .  D e sp ite  tw o  de ca des  o f  

In crea sed  In te rn a t io n a l s c ie n t if ic  a t te n t io n  and  conce rn , 

a t te m p ts  to  c o lle c t, c o m p ile  and  g a in  k n o w le d g e  fro m  

c o n s u m p tio n , p o llu t io n  and  a b s tra c tio n  d a ta  and 

In fo rm a tio n  a t a g lo b a l sca le  a re s till p ie c e m e a l and 

In re la tiv e ly  e a r ly  s tag e s  o f  a p p lic a b ility .

5c. Impacts
Poor quality water and unsustainable supplies 
limit national economic development and can 
lead to adverse health and livelihood conditions.

La nd scape  m o d if ic a t io n s  fu r th e r  c o m p lic a te  o u r  

u n d e rs ta n d in g  o f  an d  a b il i ty  to  p re d ic t th e  Im p ac ts  

on  w a te r  re s o u rce s  s in ce  th e s e  c h a n g e s  d is ru p t  n a tu ra l

h y d ro lo g ic a l an d  e c o s ys te m  fu n c t io n in g .  Th is  

be co m e s  m o re  Im p o r ta n t  w h e n  w e  s e e k  to  ad va n ce  

o u r  u n d e rs ta n d in g  o f  th e  fu tu r e  Im p a c ts  o f  c lim a te  

c h a n g e  a t  lo ca l a n d  re g io n a l sca les . W e k n o w  th a t  

d e ta i le d  e s tim a te s  o f  c lim a te  c h a n g e  Im pa c ts  on w a te r  

re s o u rce s  a t re g io n a l o r  g lo b a l sca les  a re  c u r re n t ly  

v e ry  p ro b le m a tic  d u e  to  In a d e q u a te  w a te r  d a ta .

W e have rea ch ed  a re a so n a b le  leve l o f  k n o w le d g e  

to w a rd s  re c o g n iz in g  Im pac ts  on  w a te r  q u a l ity  and 

q u a n t ity  fro m  p o llu t io n  and  excess ive  g ro u n d w a te r  and 

su rfa c e  w a te r  w ith d ra w a ls . The fo c u s  m u s t n o w  be on 

re d u c in g  th e s e  Im pacts . In m o s t d e v e lo p in g  c o u n tr ie s , 

s p e c if ic  and  w e l l- ta rg e te d  p ro g ra m m e s  sh o u ld  be fu n d e d  

to  red uce  Im pac ts  on w a te r  q u a l ity  and  q u a n tity .

O vera ll, th e re  are reasons to  be h o p e fu l as n e w  w a te r  

p ro g ra m m e s are e m e rg in g  th a t  f in a lly  em p h a s ize  th e  

a p p lica tio n  o f  m ore s u s ta in ab le  p ractices  to  reduce Im pacts.

5d. Responses
Prevention strategies and new technologies that 
augment existing natural water resources, reduce 
demand, and achieve higher efficiency are part of 
the response to meet today's increasing demands 
on our available water resources.

To m e e t c u r re n t an d  fu tu re  w a te r  d e m a n d s , Increased 

a t te n t io n  sh o u ld  be g ive n  to  p re c a u tio n a ry  a p p ro a ch e s  

such as In n o v a tive  uses o f  n a tu ra l s u p p lie s  and  ne w  

te c h n o lo g ie s . In th e  pa s t w e  have re s p o n d e d  by s to r in g  

r u n o f f  In rese rvo irs , d iv e r t in g  f lo w s  fro m  w a te r -a b u n d a n t 

to  w a te r-s c a rc e  re g io n s , and  e x tra c t in g  a q u ife r  resou rce s  

-  m e th o d s  th a t  p ro v id e d  am p le  w a te r  w h e re  and  w h e n  It 

w as n e ed e d . These m e th o d s  are like ly  to  rem a in  p a rt 

o f  m o s t w a te r  resou rce s  d e v e lo p m e n t s tra te g ie s . N on - 

c o n v e n tlo n a l w a te r  resou rce s , such as w a te r  reuse and 

d e s a lin a t io n , are b e in g  In c re a s in g ly  used and  new  

te c h n o lo g ie s  such as a r t if ic ia l re c h a rg e  are a lso  b e co m in g  

m o re  and  m ore  c om m on . C a p tu r in g  ra in  a t th e  sou rce  

th ro u g h  ra in w a te r  h a rv e s tin g  Is y e t  a n o th e r  m e th o d  used 

to  In crease th e  a v a ila b ili ty  o f  n a tu ra l w a te r  sou rces . In 

c e r ta in  re g io n s , an e x tre m e  re sp o nse  has been  a d o p te d .

In som e a rid  c o u n tr ie s , w h e re  s u f f ic ie n t  re n e w a b le  w a te r  

resou rce s  are n o t a v a ila b le , n o n -re n e w a b le  g ro u n d w a te r  

rese rves  are b e in g  e x p lo ite d  to  s u p p o r t d e v e lo p m e n t.

D em and  m a n a g e m e n t and  c o n s e rv a tio n  are m e th o d s  th a t  

ta rget efficiency. Conservation begins by reducing high 
losses fro m  w a te r  s u p p ly  d is t r ib u t io n  sys tem s. D em and
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m a n a g e m e n t has g o n e  la rg e ly  u n a d d re s se d  s ince  m o s t 

w a te r  u t i l i t ie s  s till fo c u s  on  In fra s tru c tu re  d e v e lo p m e n t 

ra th e r  th a n  on c o n s e rv a tio n .

It Is w o r th  n o t in g  th a t  In d u s try 's  a p p ro a ch  In re c e n t yea rs  

has been  to  red uce  w a s te w a te r  and  m in im iz e  th e  q u a n t ity  

o f  p ro ce ssed  w a te r  n e e d e d  as th is  m e th o d  has p roven  to  

be te c h n ic a lly  fe a s ib le  and  e c o n o m ic a lly  a d va n ta g e o u s . 

The d e m a n d  re d u c tio n  and  e ff ic ie n c y  a p p ro a ch  s h o u ld  be 

an In te g ra l p a r t o f  m o d e rn  w a te r  re sou rce s  m a n a g e m e n t. 

Its  a p p l ic a b il ity  s h o u ld  be p ro m o te d  w h ile  re c o g n iz in g  

th a t  It re q u ire s  a d is t in c t ch a n g e  In th e  b e h a v io u ra l 

patterns o f institutions, utilities and individuals -  a 
c h a n g e  th a t  w ill re q u ire  e d u c a tio n , a w a re n e s s -ra is in g  an d  

p o lit ic a l c o m m itm e n t to  ach ieve  e ffe c tiv e  Im p le m e n ta tio n .

In s t itu t io n a l responses  a t d i f fe re n t  leve ls are a lso  n eeded . 

S om e n a tio n s  have Im p le m e n te d  n e w  law s and  re g u la tio n s  

th a t  p o in t th e  w a y  fo rw a rd  to w a rd  p ro te c tin g  and 

re s to r in g  o u r  w a te r  sources . M a n y  n a tio n s  are a d a p tin g  

e m e rg in g  te c h n ic a l p ractices  to  secu re  an d  p ro te c t th e ir  

e x is tin g  n a tu ra l w a te r  resou rces  and use loca l k n o w le d g e  

as p a rt o f  s u s ta in a b le  resou rce  d e ve lo p m e n t.

5e. The benefits
T here  w ill be e co n o m ic , so c ia l and  e n v iro n m e n ta l b e n e fits  

fro m  c a rry in g  o u t  re g u la r  W a te r R esources A ssessm en ts  

(W R A s) In a ll bas ins  and  a q u ife rs  In In d iv id u a l n a tio n s  

as w e ll as re g io n a lly , w h e re  t ra n s b o u n d a ry  sha re d  w a te r  

resou rce s  are p re se n t.

M o d e rn  a p p ro ach es  to  W RA are ra p id ly  e m e rg in g  and n o w  

go  w e ll be yo n d  th e  tra d it io n a l h yd ra u lic  and  s u p p ly -b ia se d  

studies carried out during the  last centuiy. WRAs have

been  e x te n d e d  to  ta k e  a d va n ta g e  o f  th e  re c e n tly  

re co g n ize d  b e n e fits  th a t  com e fro m  u s in g  an In te g ra te d  

ap p ro ach  ( IWRM) and  In c lu d in g  e co sys te m s ' services 

(ecosys tem  a p p ro a c h ). WRAs c o n tin u e  to  fu n d a m e n ta lly  

re q u ire  w e ll-d o c u m e n te d  h y d ro lo g ic a l cyc le  c o m p o n e n t 

da ta  -  w ith o u t  th is  d a ta  th e  e v a lu a t io n  re su lts  are 

u n re lia b le . To be com p re h e n s iv e  an d  ass is t In s u s ta in a b le  

prac tices , WRAs s h o u ld  In c lu de  w e ll-d o c u m e n te d  use r 

c o n s u m p tio n  and  w a te r  q u a l ity  re q u ire m e n ts , a ccu ra te  use 

d a ta , e s tim a te s  o f  th e  e n v iro n m e n ta l f lo w  v o lu m e s  ne ed ed  

to  m a in ta in  ecosys te m  res ilien ce , c h a ra c te r iz a tio n  o f  b o th  

point and non-point sources of pollution and the  quality  
o f th e  re c e iv in g  w a te rs , and  th e  e x ten s ive  e n g a g e m e n t 

o f  a ll w a te r  users an d  o th e r  p e r t in e n t s ta ke h o ld e rs .

P rov id ing  Incentives to  Im prove de m and m a na ge m e n t 

e ffic ien c ies  has proven h ig h ly  e ffec tive  In a u g m e n tin g  na tura l 

w a te r  supp lies. WRAs shou ld  cons id e r new  capacities  to  use 

no n -co n ve n tlo n a l w a te r  supp lies  and n e w  te ch n o lo g ie s  to  

a u g m e n t ex is tin g  supp lies. A  com prehens ive  WRA m ust 

also Include social and econom ic  cons ide ra tions  as w e ll 

as ecosystem  needs and co n trib u tio n s .

If c lim a te  cha n g e  fo llo w s  th e  p ro je c te d  scen a rio s , w e 

can e x p e c t m o re  e rra tic  w e a th e r  In th e  fu tu re ,  In c lu d in g  

Increased  v a r ia b il i ty  In p re c ip ita t io n , w h ic h  w ill th re a te n  

c rop  y ie ld s  In b o th  d e v e lo p e d  an d  d e v e lo p in g  c o u n tr ie s , 

w h ile  p la c in g  m o re  th a n  2 .8  b illio n  p e o p le  a t r is k  o f  w a te r  

s h o rta g e . U n d e rs ta n d in g  all asp e c ts  o f  th e  h y d ro lo g ic a l 

cyc le  Is c r it ic a l If o u r  s o c ie ty  Is to  be ab le  to  co pe  w ith  

th e  m a ny  ch a n g e s  w e  o bse rve .

Many nations 
are adapting 
emerging 
technical 
practices to 
secure and 
protect their 
existing natural 
water resources 
and use local 
knowledge as 
part o f 
sustainable 
resource 
development
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