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Satellite image of water vapor (not cloud…it’s gaseous water 
which is normally invisible). This water vapor carries heat to the 
Arctic from the tropics.     moisture streamers: (1 Sverdrup…106 m3/sec 
tranport of water carries 2.2 x 1015 watt thermal energy)

polewardpoleward
moisturemoisture
flux at 70Nflux at 70N
((Dickson et al. 2000Dickson et al. 2000)



Water vapor moves poleward
 

from the tropics, but not 
everywhere; it is channeled by the oceans, which are the 

evaporative source



hydrosphere: 
1 Sverdrup

 

= 1 megatonne

 

sec-1=106

 

m3

 

sec-1 liquid water =109

 

kg sec-1; 
1 km3

 

year-1

 

≈ 100/π

 

m3

 

sec-1

 

units below are 1000 km3/yr or 3.18 x 104

 

m3/sec…total precip= 16.3 Sverdrups

 
…yet the north-south flow of moisture by the overturning circulation is of order 1 Sverdrup

 
in each hemisphere.

Gulf Stream: 30-100 Sverdrups; 
Antarctic Circumpolar Current: 150 Sverdrups; 
Amazon River ~ 0.1 Sverdrup
westerly winds in winter: 500 Sverdrups

 

of air; 
Hadley circulations and meridional

 

overturning 
carry  ~ 1 Sverdrup

 

of water



•

 

The next slide shows the predicted pattern of change of precipitation 
by late this century. The pattern more or less follows the mean, 
current pattern of rainfall, which has dry latitude bands in the 
subtropics, and wet latitudes in the tropics near the Equator, and at 
high latitudes. This corresponds to the poleward

 

flow of moisture in 
the winds of the overturning circulation of the atmosphere.
–

 

This prediction is just what we don’t want: more rain where it rains too 
much and less rain in regions already on the edge of becoming parched 
desert.

•

 

While the predictions are not necessarily the truth, the tendency for 
some dry regions to become even drier seems now to be 
developing. Australia is a water-starved continent as big as the US. 
There is plenty of moisture in the air from neighboring seas, but no 
mountains to grab it and rain it out. 



9 IPCC climate models evaluated at 2080-99; 
Tibaldi et al., Clim. Change 2005, Meehl et al. Geophysical Research Letters 2005

Predicted change in the atmosphere by late in this
century: warmer, shifted storm tracks, enhancement of bands
of dry and wet (precipitation)  shifting storm tracks, S polar vortex acceleration

air descending

air descending

air rising



global warming does seem to be putting more water in the atmosphere, 
as predicted (evaporation from the sea increases exponentially with 

temperature of the water)

IPCC 2007



Water Corporation W Australis 2002

1911                                                      1976  2005

Streamflow in Perth, Western Australia: rainfall over
the past 30 years is about 50% below normal;
rainfall over the past 7 years is 70% below normal.



mists hang over wetlands in early morning, following a clear night. 
Without the blanket of clouds, upward infrared radiation cools the 

ground and air near the ground, condensing moisture evaporated from 
the warm pond.  It spreads on in a thin layer, squeezed by the 

stratification of the air



water evaporates 
from the Great 
Lakes when cold 
north winds blow 
over them.  It 
soon condenses 
back into water, 
as cloud droplets 
which then rain 
or snow 
out…The lake 
water has 
become cloud, 
and then the 
cloud piles up as 
deep snow, 
downwind of the 
lakes.  This is 
called ‘lake-effect 
snow’. 



variation in drought 1900-2001
 (Palmer drought severitiy

 

index)…red=dry

source: IPCC
2007 Climate
Change assessment 

showing regions where
drought (orange)
and heavy precipitation
(blue, green) have 
increased
over the 20th

 

Century



http://www.itt.com/waterbook/scarcity.asp



tree rings can give us estimates of drought patterns far into the past



Lake beds record a history of wet and dry years .. here in their

 

salinity. 
There is evidence of extended droughts in the distant past, something 

that N. America has not seen since European immigration began.

Woodhouse & Overpeck Bull Amer Meteorological Soc 1998

19001000AD1AD



US water use is dominated by agricultural irrigation (40-82%..usually

 estimated as 60 to 70%). Domestic use is 1-7%

 

(the differences come from 
‘recharging estimates..hydroelectric

 

power does not ‘consume’ water)



the legendary Ogallala aquifer supports much of the agriculture in dry central 
US regions..yet

 

is depleting rapidly (1/5 the irrigated land in US, 40% of our cattle drank its water in 1970s

 

) 
40 to 100m below surface; water dates from last ice age

 
thickness  0 –

 

300m. Decline of 9% between 1950 and 2005 (Wikipedia)





•
 

Global water use:
–

 

irrigation 64%, industry 25%, municipal (personal) 9%
•

 

how much do we need?  2.7 m3/day (2740 liters), 100 liters for 
personal use (drinking, bathing, cooking) and 500 to 2000 
liters/day for agriculture..irrigation.  But don’t neglect the impact 
of conservation and technology: Israel is highly developed and yet 
uses only 969 liters water daily per person.

–

 

global water cycle ~ evaporation and precipitation = ½ million 
km3/yr ~ 16 Sverdrups

 

(megtonnes/sec)~ 160 Amazon rivers

–

 

of this only 14,000 km3/yr is normal (non-flooding) streamflow
–

 

that is 2000 m3/yr per person (6.5B of us). 
–

 

very uneven geographically..South

 

America has 10 times the average, 
Middle East < ½ the average.

–

 

global water use increased 40 times between 1700 and 1990 (McNeill)
–

 

actual supply of water to people now averages 870 m3/yr whereas 1000 
m3/year is considered the threshold … enough. (remember only 9% is

 
domestic/municipal water use…so patterns of agriculture and industry 
are key!)

–

 

water quality: cholera, diarrhea, shistosomiasis



‘water withdrawal’ is not all used for agriculture, industry
or personal use; e.g. cooling water for power generation is
46% of withdrawn water (immediately returned to streams)
(EU

 

and US)



The threshold of ‘chronic water scarcity is given as
1000 m3/yr =   2740 liters/day  per person
human need (source: Water Resources, Engelman & LeRoy 1993)

(1m3=1000 liters)….water stressed nations (left column) have
less than this threshold of 2740 liters per day below the red line

below  1700 m3/yr (=4660 liters/day) ‘periodic or regular water stress’
below  500 m3/y (=1370 liters/day) ‘acute scarcity’
“ humans need about 100 liters per day for drinking, washing, 
sanitation, and 500-2000 liters per day for agricultural irrigation”
source: Lomborg, Skeptical Environmentalist

percentage of people in water stressed nations 
will increase from 3.7% in 2000 to 17.8% in 2050

(this graph is hard to read..
it is one set of curves with a 
jump to higher values at the
right (see the vertical axis numbers)



As China moves toward industrialization and a diet with more meat, it 
begins to use much more water, grain and other resources. The world 

grain harvest, once with a big surplus, seems to be turning into

 

a deficit 
state.



Sudden and dramatic policy shifts, and their subsequent effect on China's 
international trade profile, make the country a relatively volatile player. In 1994 
and 1995, China abruptly increased its grain imports and cut off

 

corn exports as 
concerns about grain shortages and inflation became widespread. China 
stopped importing wheat and boosted grain exports from 1997 to 2003. In 2008, 
China cut off grain imports, temporarily cut tariffs for some products, and 
imported vegetable oil and pork to add to government reserves as

 

officials 

sought to slow rising food prices. :

 

www.ers.usda.gov/Briefing/China/trade.htm

exports

imports

http://www.ers.usda.gov/Briefing/China/trade.htm


exports

imports

soybean imports increased as wheat imports were shut down





Lester Brown’s book (Who Will Feed China) did 
not foresee the full story.  Development of corn- 
based biofuels (whose value is questionable) and 
rising energy costs made food prices rise 
dramatically in 2005…then along came the 
financial melt-down of 2008, and commodities 
became cheaper.    

It is a complex system, leaving ‘stability’ behind
in years past and showing wider, more rapid 
swings.  The smoothing effect of a large global
grain surplus held in reserve, has been 
disappearing (see yellow/blue figure 3 pages back)



•
•

 

“Meat production is wasteful 
The activist myth goes something like this: meat production uses

 

outrageous 
amounts of water, feed and land that should be used for something else. The truth is 
it takes 2.6 pounds of grain and

 

435 gallons) of water to produce a pound of beef in 
the United States. The reality is that 85 percent of the nation’s grazing lands are not 
suitable for farming. It is important that we use land that is too rough, too high, too 
dry, too wet and largely inaccessible to graze livestock to produce food for the world’s 
population. Cattle eat forages that humans cannot consume and convert them into a 
nutrient-dense food”….http://www.beef.org

•

 

(pbr note that this 435 gallons is 1.65 m3 or 1650 kg  of water, so 
the above result is  3625 kg water:1 kg beef; growing grain
is apparently closer to  1000 kg water:1 kg grain, but this should be 
looked at more closely)

Whom to believe: the simple question “How many gallons of water is used in growing 
1 pound of beef” (or we might prefer better units, how many kg. of water to grow 1 kg. 
of beef), has no simple answer. The cattleman’s associations argue as below (~ 435 
gallons), while environmental groups and vegetarians argue for 2500-5000 gallons. 
What do you think?

Note how many choices must be made to answer this: do you include the water needed to produce the farm
machinery and feed the people growing the beef? Or do you make a

 

clear comparison between growing beef and growing 
potatoes?  Do you look at dry or wet climatic regions (evaporation differs greatly, and utilization of water differs greatly).  At least 
one can look at big systems, for example the entire agricultural

 

use of irrigation water, in the western US or in China, plus the 
rainfall, and begin the calculation there.  These issues are too

 

important to be left to Google sources that have axes to grind.



Now, the other side of the argument: 
http://www.vegsource.com/articles/pimentel_water.htm

•

 

How Much Water to 
Make One Pound of Beef?

•

 

March 1, 2001 -- To date, probably the most reliable and widely-accepted water 
estimate to produce a pound of beef is the figure of 2,500 gallons/pound. 
Newsweek once put it another way: "the water that goes into a 1,000 pound 
steer would float a destroyer." 

•

 

Not surprisingly, the beef industry promotes a study that determined, using 
highly suspect calculations, that only 441 gallons of water are required to 
produce a pound of beef. 

•

 

(The cattlemen's study applied liberal deductions from water actually used, reasoning 
that water was evaporated at points during the process, or was "returned" to the 
water table after being used to grow plant feed, or was returned

 

to the water table via 
urea and excrement from cows. Thus, study authors reasoned these

 

waters were not 
"lost" but "recycled" and therefore could be subtracted from gross amount of water 
actually used in beef production. Of course, evaporation and cow

 

dung don't go very 
far in replenishing water pumped from aquifers which took thousands of years to fill. 
It's interesting to consider that if the same fuzzy math were applied to calculating how 
much water it takes to grow vegetables, potatoes would probably only require about 2 
gallons of water per pound.)



There is much debate about whether the 21st

 

Century will replace ‘oil wars’ with ‘water 
wars’. While there is little past evidence of armed conflict directly, immediately arising 

from water conflict, water shortage is clearly a factor in the tensions in arid countries, and 
very possible an underlying factor in armed conflict.

Vandana Shiva (Research Foundation 
for Science, Technology and
Natural Resource Policy, Delhi)

community rights vs. commodification
dams, Coca Cola

damming of Ganges and Narmada, sacred 
rivers

monsoons and floods: Bangladesh
land use changes; mangrove swamps=>

aquaculture
rivers: Tigris/Euphrates water fully utilized

Turkey, Iran, Iraq
PAT:population x affluence x technology

1 billion Indians

producing a single 6 inch silicon wafer uses 2,275 gallons
of water (deionized), 3200 cubic feet of gas,
22 cubic feet of hazerdous gases, 20 lbs of chemicals
285 kWh of energy.



The Population Bomb (Paul Ehrlich, 1968) made a Malthusian prediction 
(exponential growth of population and resource depletion) that was off in 

timing…but was it off in message? The Limits to Growth ( Meadows

 

et al. 1972) 
predicted catastrophic shortages of basic energy and metals before 2000.



Hawken, Lovins

 

& Lovins

 

take a more optimistic view, as does the 
‘new’ Bill McKibben; both praise diversity and question globalization.



desalination plants force seawater through a membrane 
which filters out the salt ions, passing nearly pure H2

 

O



desalination theater: artist’s conception of a wind and
solar driven desalination plant.



Water supplies the grain belt of the American midwest

 

from the Gulf of Mexico, with warm, moist air flowing northward, 
up the gradually sloping topography from Oklahoma to the Dakotas. It depends on that weather regime. Dry-land 

farming, tapping aquifers (notably the Ogallala) is rapidly depleting that supply.

 The severe drought in the central US in the 1930s happened at a time when a strong, unexplained warming occurred in 
the far northern Atlantic, centered near Greenland.

 
Earth surface air temperature plotted against latitude and year (averaged east-west)

Delworth & Knutson 2002

global 
warming
at all latitudes

1920s-50s
warming of
far north
coincided with
US dust bowl



•

 

Water and humans:  problems arise

–

 

irregular availability: arid zones of Earth; 

–

 

importance of rivers (passing through several countries, e.g. Tigris-Euphrates), leading to 
tension over water rights

–

 

salinization

 

of farm fields:  irrigation concentrates mineral salts at the land surface  (irrigation 
dissolves them, then evaporates drawing them to the surface)

–

 

population increase is greatest in arid countries

–

 

commodification

 

of water:  Ecuador, India
•

 

the Coca Cola syndrome
•

 

intense debate:  large organizations (World Bank, WTO) tend to favor marketing water 
rather than ‘deeding’ it as a fundamental right to humans

–

 

water pollution…parasites, VOCs, heavy metals, neurotoxins 
–

 

(Puget Sound’s caffein

 

overload)
–

 

yet, we have not yet had any significant ‘water wars’  of large scale though conflicts abound



•
 

Solutions:
 

recall that modern water use in developed countries is 

–

 

desalination (~ $0.50 per m3) Israel: Ashkelon

 

desal

 

plant: 108 million m3/yr enough for 1.4 million people (personal use only!), 
6% of Israel’s population.

•

 

worldwide 1% of fresh water supply is from desalination       reverse osmosis membranes
•

 

1000 m3/yr per person  would cost $500.

–

 

ground water (temporary)

–

 

recycling (first for secondary use..irrigation, bathing, the including drinking)   (Perth, 
Australia is doing all three of these right now)

–

 

conservation and improved efficiency in using water (industrial, personal) ! Israel uses 
969 liters/person*day

–

 

land use conservation: flooding ruins well water; deforestation promotes flooding 

–

 

avoid ‘commodification’ of water: it is an innate right of humankind, and selling off public 
reservoirs and drainage lands to global industries puts this right in peril; yet many argue that 
efficient use of water requires a ‘market’ solution.

–

 

agriculture improvements: drip irrigation  poorest countries use 90% of their water for 
irrigation whereas richest use 37%. 

–

 

soft energy technology for water purification, conservation:
solar box cookers

–

 

water is just one aspect of essentials for life. Many of these can be sustained by maintaining

 

diversity and 
using local food, energy and job production, microloans

 

and microeconomics: consider the ‘fabric and 
texture’ of society, and the strength of self-sufficiency at the scale of cities and villages.

–

 

PAT  (Paul Ehrlich..Population Bomb, Population Explosion)



for example:  solar cooking 
and water purification

In India, where a reported 90 percent of cooking is done over wood-

 

and dung-fueled fires, several studies 
have documented that “indoor air pollution leads to 400,000-550,000 premature deaths … from lower 
respiratory infections and chronic obstructive pulmonary disease. … The burden falls disproportionately on 
women and children, who inhale soot and other particles from smoke released by the burning of biofuels.” This 
soot combines with outdoor air pollution to form atmospheric brown clouds (ABCs) that “envelope most of India 
and the Indian Ocean … [leading] to a large reduction of sunlight at the ground and … atmospheric solar 
heating 



climate is noisy:   natural variability makes persistent long-term trends difficult to verify…yet there 
is increasing evidence that global warming by our human input of

 

carbon to the atmosphere is 
putting more moisturein

 

the air,  yet predictions are that desert regions will become yet drier.

source:
IPCC
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