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Humanity now uses 26 percent of total terrestrial evapotranspiration and 54 percent of 
runoff that is geographically and temporally accessible. Increased use of evapotranspi- 
ration will confer minimal benefits globally because most land suitable for rain-fed ag- 
riculture is already in production. New dam construction could increase accessible runoff 
by about 10 percent over the next 30 years, whereas population is projected to increase 
by more than 45 percent during that period. 

U n l i k e  other important commodities such 
as oil, copper, or  wheat, fresh water has n o  
substitutes for most of its uses. It is also 
impractical to transport the large quantities 
of water needed in agriculture and industry 
more than several hundred kilometers ( I ) .  
Fresh water is now scarce in lnanv r e ~ i o ~ l s  of , L> 

the  world, resulting in severe ecological 
degradation, limits o n  agricultural and in- 
dustrial production, threats to human 
health, and increased potential for interna- 
tional co~lflict  12, 3) .  , , 

In  this report, we estimate how much of 
Earth's renewable fresh water is realistically 
accessible to  humanity; what portion of this 
accessible supply humarlity now uses direct- 
lv, diverts into human-dominated svstems. 
dr appropriates; and by how much human 
access to fresh water is likely to expand over 
the  next 30  vears. O n  that basis, we derive 
an  indicator of Earth's carrying capacity, as 
well as a measure of the sustainability of 
current water trends. 

Fresh water co~lstitutes only -2.5% of 
the  total volulne of water o n  Earth, and 
two-thirds of this fresh water is locked in 
glaciers and ice caps (4).  Just 0.77% of all 
water (-10,665,000 km3) is held in aqui- 
fers, soil pores, lakes, swamps, rivers, plant 
life, and the atmosphere (4) .  

Only fresh water flowing through the  
solar-powered hydrological cycle is renew- 
able (Fig. I ) .  No~lreple~lishable (fossil) 
ground water can be tapped, but such ex- 
traction deuletes reserves in  much the  same 
way as extractions from oil wells do. T h e  
terrestrial renewable fresh water supply 
(RFWSIc,,,cI) equals precipitation o n  land 
(P,~,,,), which then subdivides into two ma- 
jor segments: evapotranspiration from the  
land (ETI,,,cI) and ru11off to  the  sea (R) .  
Because ground water and surface water are 
often hvdraulicallv connected, we i11clude 
soil infiltration ground-water replenish- 
ment  as Dart of this runoff comDonent. 
Thus, RFWS~ ,,,, = Pi ,,,' = ETI ',,, , + R. 

Global water balance estunates are de- 

rived from interpolation of climatic, vege- 
tation. and soil information for different 
geographic zones. T h e  methoits are inher- 
ently imprecise; estimates of annual runoff 
range from 33,500 klni to 47,000 klni (5). 
W e  use the  esti~nates of L'Vovich et al. (6), 
which yield runoff values near the  ~niddle  of 
this range (Fig. 2) .  

Transniration is the  u ~ t a k e  of moisture 
by plants and its release back into the  at- 
mosphere. O n  a large scale, it is difficult to 
estimate transpiration separately from evap- 
oration; hence the joint term. Evapotrans- 
piration represents the water supply for all 
11011irrigated vegetation, including forests 
and woodlands, and rain-fed 
crons. Runoff is the  source for all human 
diversions or withdrawals of water for irri- 
gated agriculture, industry, and municipali- 
ties, as well as for a wide varietv of instream 
water uses, i~lc ludi~lg  the maintenance of 
aquatic life (for example, fisheries), naviga- 
tion, the  dilution of pollutants, and the 
generation of hydroelectric power. 

T o  estimate the share of ET appropriated 
by human activity, we started with the Vi- 
tousek et al. (7) calculation of the fraction of 
terrestrial net primary production (NPP) 
that hulna~lity 11ow co-opts. Co-opted NPP 
is material used directlv bv humans or useit in , , 
human-dominated ecosystems by cornmun1- 
ties of orgallisms that are different from those 

Land 

Fig. 1. A simplified depiction of the global hydro- 
logical cycle, adapted from Geick (5). Flows are 
approximate, f a  within ranges of estimates in (5), 
and are in cubic kilometers Der vear. Downward , , 
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in corresponding natural ecosystems. It in- 
cludes, for example, cropland, grazing lanit, 
and trees harvested for f~lelwood and timber. 
Vitousek et al. estimate that co-opted terres- 
trial NPP is 40.6 billio11 metric tons, or more 
than 30% of total NPP (Table 1).  

T o  arrive a t  a global estimate of the  
average volume of ET required to produce a 
unit of biomass, we divided total terrestrial 
NPP of 132 billion metric tons per year (8) 
by the global terrestrial annual ET estimate 
above, yielding 1.9 kg of biomass per ton of 
ET, or about 2 g of biomass per kilogram (or 
liter) of water (9).  W e  then applied this 
global average to the  calculated co-opted 
NPP (Table I ) ,  maki11g two aitjustments. 
Approsilnately 16% of the  world's cropla11d 
is irrigated to supplemellt in  situ rainfall 
(10). T o  avoid double counting, we sub- 
tracted from our estimate of ET o n  cultivat- 
ed land (Table 1 )  the  share provided by 
irrigation water, -2000 k ~ n ~ / ~ e a r .  W e  also 
assume that half of the  ET associated with 
lawns, parks, alld other h u m a ~ ~ - o c c u ~ i e d  
areas is supplied by irrigation; thus the  total 
ET  co-opted is -18,200 k1n3. This repre- 
sents 26% (18,200 km3/69,600 km') of total 
terrestrial ET. T h e  remaining 74% must 
meet the water needs of all other land-based 
species and natural communities. 

W e  adjusted total runoff (40,700 km3) 
for geographic and temporal i~~access ib i l i t~  
to  estimate the  portion that is realistically 
available for human use; we call this acces- 
sible runoff (AR).  T h e  distribution of global 
runoff among the  continents is highly LIII- 

even and correspo~lds poorly to the  distri- 
bution of world population (Table 2).  Asia, 
with 60% of world population, contains 
36% of global runoff. South America, with 
-5% of world population, contains 25% of 
runoff. Moreover, much of the  ru~loff in the  
tropics and high norther11 latitudes is virtu- 
ally inaccessible to the human economy 
and is likely to remain so for the  foreseeable 
future. 

Table 1. Estimates of ET appropriated for human- 
dominated land uses. A total of 26.2% of terres- 
trial ET is appropriated (1 8,200 km3/69,600 km3). 

NPP 
co-opted3 ET 

Land type (1 0 V o o - o p t e d - ; -  
metric (km3) 
tons) 

Cultivated land 15.0 5,500t 
Grazing land 11.6 5,800 
Forest land 13.6 6,800 
Human-occupied areas 0.4 1 OO$ 

(lawns, parks, golf 
courses, and so forth) 

Total appropriated 40.6 18,200 

"NPP from intermedate calculation of Vitousek et a/. 
(7). ;-Assumes 2 g of bomass produced for each liter 
of water evapotranspred :;Adjusts for share of ET 
requirement met through irrigation. 
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The  Amazon River accounts for 15% of 
global runoff (1 1) .  It is currently accessible, 
however, to -25 ~llillion people (12)- 
0.4% of world population-and n o  masslve 
expansion of irrigation is likely that would 
warrailt major ~~lvers ions  from it. W e  thus 
co~lsider 95% of its flow inaccessible. T h e  
Zalre-Congo ranks second in global runoff 
(3.5% of the total) (11) and supports 
-1.3?h of worlit (12). W e  judge 
half of its flow to be inaccessible for pur- 
poses of irrigation anit initi~strial and mu- 
nlcipal use over the  next 30  years. 

T h e  final subtraction is for the  relnote 
rivers of North America and Eurasia, 55 of 
which have n o  d a ~ n s  o n  their lnain chan- 
nels ( 1  3).  Most of this river flow is in tundra 
and taiga biomes that are relnote from pop- 
ulation centers. T h e  combined average an- 
nual flow of these northern untapped rivers 
is 1815 k ~ n ' / ~ e a r ,  and we subtract 95% of it. 

Together, the  inaccessible remote flows 
of the Amazon, Zaire-Congo, and northern- 
tier undeveloped rivers anlount to 7774 km' 
per year (Table 3 ) ,  or 19% of total annual 
runoff. This leaves -32,900 km' geograph- 
ically accessible. Our  esti~nate is conserva- 
tive hecause we made n o  subtractions for 

many northern) rivers that 
have verv large flows relative to the  human , " 

population size and water needs of their 
geographic areas (14).  

W e  next adlusted for telnuoral inacces- 
sibility. Irrigated agriculture, industry, and 
ho~~seho lds  require that water be supplied 
when alld where it is needed. This degree of 
control over runoff is not  easy to  achieve. 
Approxilnately 11,100 klni of global runoff 
(-27% of the  total) is renewable 
water and base river flow (6).  As long as 
extraction does not exceed renlenishment. 
these sources can provide a reliable renew- 
able supply. T h e  remaining runoff, -29,600 
km3, is much harder to capture, because 
most of it is flood water. In Asia, for in- 
stance, 80% of runoff occurs from May to 
October ( 4 ,  15). Capturing flood runoff 
generally requires the construction of dams. 
T h e  present storage capacity of large dams 
collectively totals 5500 km', of which 3500 
km3 is actively used in the  regulation of 
river runoff (6 ,  16).  

Adding together the base flow and the  
surface runoff controlled bv danls gives an  
estimate of the  total stable'flow. issunl ing 
that the  geographically accessible runoff is 

Human appropriation 

[ I  8,200 km3/year (26%)] 

Total 
evapotranspiration 

on land 
(69,600 km3/year) 

Human appropriation 

(6780 km3/year (54%)] 

Remote flow 
(7774 km3/year) 

Human 
appropriation of 

accessible RFWS,,, 

[24,980 km3/year (30%)] 

Uncaptured 
floodwater 

(20,426 km3/year) 
f 
Geographically and 

temporally access~ble 
runoff (AR) 

(12,500 km3/year) 

lnstream uses 
[2350 km3/year (1 9%)] 

I 

Human appropriation 
of total RFWS,,,, 

[24,980 km3/year (23%)] 

divided between base and flood flow in  the  
same proportion that total runoff IS, we 
then reduced the  esti~nate of total base flow 
by the  share of it containeit in the  relnote 
rivers, 2100 km' (0.27 x 7774 km'),  lead- 
ing to an  accessible base flow of 9000 km' 
(11,100 - 2100). Addition to this of the  
estimated 3500 k1n3 of runoff regulated by 
existi~lg reservoirs yields a n  estimate of 
present total A R  of 12,500 km3lyear. 

W e  next estinlated what portion of AR 
humanity now uses. Three categories of wa- 
ter use are (i)  withdrawals or abstractions, 
which represent water re~noved from rivers, 
lakes, and aquifers for hulnan activities 
(also k n o ~ v n  as water demand or water use); 
(ii) cons~~mpt ion ,  which refers to withdraw- 
als that are not available for a second or 
third use; and (iii) human instreall1 flow 
needs. Together, withdrawals and instream 
uses provide a measure of human appropri- 
ation of runoff, and we estimate them sep- 
arately here. 

Agriculture uses by far the  [nost A R  
worldwide. W e  estimated agricultural water 
withdrawals by multiplying a n  average wa- 
ter application rate of 12,000 m3/ha (17) by 
the  1990 esti~nate of 240 ~llillion hectares of 
world irrigated area (10).  This yields a total 
agricultural water demand of -2580 km' 
(Table 4 ) .  T h e  ratio of consumption to 
withdrawals 17aries with cli~natic factors, the  
crops grown, and irrigation efficiency, and 
typically ranges between 50 and 80% (4).  
W e  assume that -65% of agricultural water 
~vithdrawals are consumed, for a global total 
of 157G km'. 

Industrial water use has leveled off or 
decl~ned In many wealthier countries, but is 
growlng rap~dly In much of the develop~ng 
world (2).  Shiklomanov (4)  estinlated that 
industrial use is -975 klni globally, incluit- 
ing the ther~noelectric power in~lustry. In 
contrast to agriculture, only a s~llall share of 
Lvater used in initustry is consumed; i no st of 
it is ~ t i s c h a r ~ e d  back to  the  environment, 

Table 2. Share of global runoff and population by 
continent. 

Region 

Europe 
Asla 
Afr~ca 
North and 

Central 

Total 
river 

runoff* 
(km3/ 
year) 

3,240 
14.550 
11,320 
6.200 

Share of 
global 
river 

runoff 
(96) 

Share of 
global 
POPU- 
lat~on? 

(96) 

Amerca 
South America 10,420 25.6 5.5 
Australia and 1.970 4.8 0.5 

Oceania 

Fig. 2. Flow dagram of analysis of human appropriat~on of RFWS,,,,,. The f n a  box shows human 40.700 100.0 100.0 

appropr~at~on of est~mated accessible RF\RIS,,,,, to be 30O'o (24,980 km3/82.100 km7 and human +RLI,O~~ estimates from (6) i-popuat~on est~mates 
appropriaton of total RFWSlai., to be 23% (24,980 km3/1 10.300 km"). from (32) 
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Table 3. Estimates of inaccess~ble runoff of se- 
lected remote rlvers. 

R~ver basin or region Remote flow 
(kmyyear) 

Amazon* (95% of total flow) 5387 
Zaire-Congo* (50% of total) 662 
Remote undammed northern 

rivers-; (950f0 of totals) 
North Amerca 979 
Eurasia 746 

Total inaccessible remote 7774 
runoff 

'Amazon and Zaire-Congo runoff from (1 1). -i North- 
ern rivers from (73). 

although it is often polluteid. S o ~ u e  9%-or 
-90 km3-of industrial water a~ithdraa.als 
are consumed. 

M ~ ~ n i c i p a l  use varies greatly among 
countries anii regions. Shiklomanov (4 )  ac- 
counteid separately for urban anil rural in- 
hah~ tan t s ,  u s ~ n g  country-level iiata o n  idem- 
ographic characteristics and water use. HIS 
estimated wor lda~~de  municipal use is 300 
knli per year, of which -50 kmi (or -179j1) 
is consumed. 

In certain geograph~c reglons, reservoir 
losses to evaporation c o n s t i t ~ ~ t e  a suhstan- 
t ~ a l  share of total runoff (18). W e  assume 
that an  average of 5% of the gross storage 
capacity of reserl~oirs a~or lda~ide (5500 km') 
is lost to eva~orat1o1-1, or 275 km3/vear. , , 

Ins t rea~n f l o ~ ~  uses incluiie mainte- 
nance of navigation paths, water quality, 
rlver deltas, fisheries, wildlife, riparian 
\,egetation, other aquatic hiodivers~ty, and 
recreat~onal  opportun~ties.  Because in- 
stream rec l~~ i re~nen t s  vary geographically 
and  seasonally, we useid pollution iiilution 
as a global proxy and assumeii that  the  
dilution reiluirement is sufficient to meet 
o ther  Instream needs as well. A n  often 
~ ~ s e d  dilution factor for assesslllg waste 
absorption capaclty is 28.3 l ~ t e r s  per sec- 
o ~ ~ d  per 1000 popu la t~on  (19) .  Applying 

Table 4. Estimated global water use and con 
sumpton, by sector. ca. 1990. 

Use Con- 

Sector (krn3/ SumPtlon (km3/ 
year) year) 

Agr~culture* 2880 1870 
Industly-i 975 90 
Municipalties-i 300 50 
Resenlo~r losses:!: 275 275 

Subtotal 4430 2285 
lnstream flow needs 2350 0 

Total 6780 2285 
Total as a percent 54% 18% 

of AR (1 2,500 km;) 

'Assumes average applied water use of 12,000 m3iha 
and consumption equal to -65% of witiidrawals. 
i Estimates are fioin (4).  :Assumes evaporation loss 
e q ~ ~ a l  to 596 of gross reservoir storage capacity. 

this rate to  the  1990 population yields a 
d ~ l u t ~ o n  reiluirement of -4700 km3. If 
50% of m ~ ~ n ~ c i p a l  anii iniiustrial waste 
globally receives a t  least secondary treat- 
ment  before i l~scharge (20) ,  t hen  the  in- 
stream flow requirement is 2350 k ~ n ~ / ~ e a r .  
I n  actuality, some iiilution is accom- 
plished by flooii flows rather than  hy AR,  
anii some ai id~t ional  rollution comes from 
disperseii (such as agricultural) sources, 
but because we are using the  dilution re- 
quirement as a proxy for i~lstreanl uses 
generally, we made n o  aiijustments for 
these (21 ). 

Overall, we estinlate that -18% of A R  
(2285 km3/12,500 km3) is consu~ned 
directly for human purposes. Withdrawals 
from rivers, streams, and aquifers combined 
with lnstream flow reiluire~nents total 6780 
km', w h ~ c h  suggests that a n  aii i i i t io~~al 
36%-for a total of 54% of A R  (6780 
km3/12,500 km3-1s c ~ ~ r r e n t l y  appropriateii 
for human purposes. W e  estimate that hu- 
man use of ET and runoff constitutes 30% 
of the total access~hle RFLYIS [(18,200 km'  
+ 6780 km3)/(69,600 km' + 12,500 km3)].  
This is conservative, because it a s s ~ ~ m e s  that 
all ET  is accessible (22) .  Comparison of 
11~1man use wit11 the total unadjusted RFWS 
~ ~ l d i c a t e s  that Homo snpiens is co-opting 
-23% of this life-support resource (18,200 
kmi  + 6780 km3/110,100 km'). 

How much can A R  be e x ~ ~ e c t e d  to In- 
crease during the next three idecaides? T h e  
principal means of expallding A R  1s to cap- 
ture anii store more flood runoff or to ile- 
salinate seawater. Exotic op t~ons ,  such as 
towing icebergs, are unl~kely to yield appre- 
ciable iluantities of water o n  a global basis 
111 the next 30  years. 

Desal~~lat ion,  a ~ h ~ c h  suppl~es -0.1%1 of 
world water use (23),  is an  expensive op- 
tlon, largely because ~t is energy-intensive. 
T h e  theoretical m ~ n ~ m u m  energy require- 
lnent to relilove salt fro111 water IS 2.8 mil- 
lion joules per cubic meter, but even the 
best desalination plants now operating use 
30 times this alnount (24) .  Tech~~olog ica l  
improve~nents 1n1g11t reduce energy neeids 
to 10 times the theoretical minimum (24),  
hut this IS still a s~lhstant~al  energy require- 
ment. For the foreseeable future, ilesalina- 
tion is likelv to c o n t i n ~ ~ e  to he useLi L7runar- 
ily to meet drinking water neeiis 111 water- 
scarce, energy-rich nations. 

T h e  creat io~l  of new reservoirs will con- 
tinue to expanii A R  but at a slower rate. 
Worliim.ide, an  a\.erage of 885 large dams 
(those a t  least 15 m high) were constructeil 
per year hetween 1950 anid the miid-1980s 
(25) .  A t  present, no  lnore than -500 large 
clams are being comL~leted each year (26 ,  
27),  and we woiild expect this to drop fur- 
ther because of rising econo~llic. s o c i ~ l .  a11il 
e~ lv~ronmenta l  costs (2 ) .  W e  assunled an  
average of 350 new dams per year for the  

next 30  years. If average reservoir capacity 
per dam rernai~ls the  same as in the period 
from 1950 to 1985, as well as the proportion 
that is dead storage or otherwise unavail- 
able for water supply, -1200 km3 would be 
aiided to the accessible supply circa (ca.) 
2025 (28).  Addition of this to existing ac- 
tlve storage capacity of 3500 km3 yields a 
total of 4700 krn3 ca. 2025. Combining t h ~ s  
with the accessible base flow (9000 km3) 
gives an  A R  ca. 2025 of 13,700 km3iyear 
129). , , 

If average per capita water delnanii re- 
nlaills the same in 2025 as a t  present [ ~ v h ~ c h  
is conservative, because withiirawals per 
capita increased nearly 509'0 between 1950 
anii 1990 (2)] ,  global water dernand ca. 
2025 ~ v o ~ ~ l d  total -6400 km3/year. Further, 
~f instream flow needs for pollution dilution 
increase 111 iiirect proportion to population, 
these woulii total -3430 km3/year ca. 2025, 
for a total human appropriation ca. 2025 of 
-9830 km3iyear, or >70% of es t~mated A R  
ca. 2025. 

W e  ignore the poss~bility that,  during 
the next few decades, runoff patterns might 
be altered substantially by temperature in- 
creases and nrecinitation shifts associateii 

A A 

with the buildup of greenhouse gases (30).  
This, in turn, could alter iiam rea~~l rement s  
and reservoir storage anii thus AR.  G ~ v e n  
the possible ~nonlineariries in the climatic 
system, our ca. 2025 A R  estimate may be 
optimistic. 

T h e  aquatic environment is alreaiiy 
showing signs of degraiiation and decline, 
part~cularly because of dam construction, 
rlver diversions, heavy pollution loads, and 
other habitat changes (27 ,  31 ). Substant~al- 
ly higher levels of human appropriation of 
A R  could result In a severe falter~ng of 
aquatic ecosystem services, including hroad 
dec~mation of fish populations and the  ex- 
tinction of numerous beneficial species. 
Greater invest~nents In pollution preven- 
t1o11 a~ould free up A R  to meet rising hu- 
man water needs while safeguarding ecolog- 
ical f~~nc t ions .  Likewise, greater e f f i c ~ e n c ~  
of water use, cha~lges in agricultural crop- 
p i~ lg  patterns, anii the  removal of marginal 
laniis from irr~gation coulii help slo~v the  
groa~th of h ~ l m a n  appropriation of AR.  
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Rapid Collapse of Northern 
Larsen Ice Shelf, Antarctica 

Helmut Rott, Pedro Skvarca, Thomas Nagler 

In January 1995, 4200 square kilometers of the northern Larsen Ice Shelf, Antarctic 
Peninsula, broke away. Radar images from the ERS-I satellite, complemented by field 
observations, showed that the two northernmost sections of the ice shelf fractured and 
disintegrated almost completely within a few days. This breakup followed a period of 
steady retreat that coincided with a regional trend of atmospheric warming. The obser- 
vations imply that after an ice shelf retreats beyond a critical limit, it may collapse rapidly 
as a result of perturbated mass balance. 

I c e  shelves cover 11% of the total area of 
Antarctica ( 1 )  and play an i~nporta~l t  role 
in the Inass budget and dynamics of the 
Antarctic Ice Sheet. Most of the ice that 
has accunlulated over the grounded parts of 
Antarctica is discharged to ice shelves, 
where it is lost as icehergs along the seaward 
edges as well as by hasal melting (2). Be- 
cause ice shel1:es are exposed to both atmo- 
sphere and ocean, thei are sensitive tcj 
chaln~es in the temnerature and circulation 

of either (3). The 0°C summer isotherm has 
been taken as the clilnatic lilnit for the 
existence of ice shelves along the \vest coast 
of the Antarctic Peninsula (4). Between 
1966 and 1989, the Wordle Ice Shelf (Fig. 
1 )  decreased from -2000 to 700 krn', prob- 
ably as a result of regional at~nospheric 
\varming (5). Here, we report on the recent 
disintegration of the northern Larsen Ice 
Shelf (LIS). 

The LIS exte~lds along the eastern side 
of the Antarctic Peninsula from latitude 

H Rott and T. Nager, lnsttut fur Meteorologie und Geo- 64' to 74's (Fig. 1). The part of the LIS 
phys~k der ~n ivers~ta t  Innsbruck, lnnra~n 5 2 ,  A-6020 llorth of ~ ~ b ~ & , ~  ~ ~ l ~ ~ ~ d  has retreated 
Innsbruck. Austr~a. 
P. Skvarca, nstituto Antartco Argentno. Cerr~to 1248. " o w l ~  but constalltl~ since 1940s (6 7). 
1010 Buenos A~res, Argerit~na. The retreat accelerated after 1975 (a) ,  and 
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