
BERLIN (AP) — A new island in Lake 
Constance. A river in Berlin flowing 
backward. Dead fish on the banks of 
lakes and ponds. Barges barely loaded 
so they don’t run aground.
A hot, dry summer has left German 
rivers and lakes at record low water 
levels, causing chaos for the inland 
shipping industry, environmental 
damage and billions of euros (dollars) in 
losses — a scenario that experts warn 
could portend the future as global 
temperatures rise.
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International Disaster Database

Ratio of Death/Affected

  http://www.emdat.be/advanced search/.

Comparison



https://pmm.nasa.gov/education/sites/default/files/article_images/Water-Cycle-Art2A.png
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https://en.wikipedia.org/wiki/Water_cycle#/media/File:Diagram_of_the_Water_Cycle.jpg
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https://scied.ucar.edu/longcontent/water-cycle

Water Cycle



https://scied.ucar.edu/longcontent/water-cycle

Water Cycle
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https://scied.ucar.edu/longcontent/water-cycle

Water Cycle

Aquifers are either confined 
or unconfined



https://scied.ucar.edu/longcontent/water-cycle

Water Cycle

Water cannot escape to surface

Confining bed - water cannot percolate through the 
rock

http://www.belmont.sd62.bc.ca/teacher/geology12/photos/erosion-water/aquifer.jpg

So what happens if we pump 
the water out faster than it is 
being recharged by rain and 
snow?

Aquifers are either confined 
or unconfined



Femtoseconds	(10-15	s)	
Angstroms	(10-10	m)

Years	(1012	s)	
Kilometers	(107	m)

Human	earth-system	
interactions
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http://www.geology.um.maine.edu/ges121/lectures/19-ocean-conveyor/conveyor.jpg

Ocean circulation
source: Broecker, 1991

sea to air heat 
transfer

Water-Energy Cycle

http://www.geology.um.maine.edu/ges121/lectures/19-ocean-conveyor/conveyor.jpg


http://images.encarta.msn.com/xrefmedia/aencmed/targets/
illus/ilt/T014098A.gif

ocean circulation driven by: 
 (a) wind

upwelling of cold water as wind 
pushes warmer water offshore

(b) evaporation

“thermo-haline” circulation

caused by changes in temperature 
(thermo)and salt (haline) content

colder, salty water is denser  
- sinks to bottom of ocean

warm, fresh water is less dense 
- stays near surface of ocean

Water-Energy Cycle

http://images.encarta.msn.com/xrefmedia/aencmed/targets/illus/ilt/T014098A.gif
http://images.encarta.msn.com/xrefmedia/aencmed/targets/illus/ilt/T014098A.gif


http://earthobservatory.nasa.gov/Features/BlueMarble/Images/land_ocean_ice_cloud_2048.jpg

Atmospheric circulation

Water-Energy Cycle

http://earthobservatory.nasa.gov/Features/BlueMarble/Images/land_ocean_ice_cloud_2048.jpg


http://www.newmediastudio.org/DataDiscovery/Hurr_ED_Center/
Easterly_Waves/Trade_Winds/Trade_Winds_fig02.jpg

Form in the Trade Winds belt (on either side of equator, 
between 30°N and 30°S)

equatorial “doldrums”  
- where warm, moist air rises

Hadley cells in tropical zones influence predominant wind direction across entire planet
Water-Energy Cycle

http://www.newmediastudio.org/DataDiscovery/Hurr_ED_Center/Easterly_Waves/Trade_Winds/Trade_Winds_fig02.jpg
http://www.newmediastudio.org/DataDiscovery/Hurr_ED_Center/Easterly_Waves/Trade_Winds/Trade_Winds_fig02.jpg


Hadley cells in tropical zones influence predominant wind direction across entire planet

http://www.geology.um.maine.edu/ges121/lectures/
20-monsoons/hadley.jpgequatorial “doldrums”  

- where warm, moist air rises

prevailing winds 
SE to NW

prevailing winds 
NE to SW

prevailing winds 
SW to NE

prevailing winds 
NW to SE

Water-Energy Cycle

http://www.geology.um.maine.edu/ges121/lectures/20-monsoons/hadley.jpg
http://www.geology.um.maine.edu/ges121/lectures/20-monsoons/hadley.jpg


http://veimages.gsfc.nasa.gov/2429/
globe_west_540.jpg

equatorial “doldrums”

equatorial “doldrums” 

Hadley cells together with Coriolis Force (more later on this) influence prevailing wind direction

prevailing winds SE to NW

prevailing winds NE to SW

Water-Energy Cycle

http://veimages.gsfc.nasa.gov/2429/globe_west_540.jpg
http://veimages.gsfc.nasa.gov/2429/globe_west_540.jpg


Atmospheric Water Content

Water-Energy Cycle



https://water.usgs.gov/edu/watercyclesummary.html
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NASA & European Centre for Medium-Range Weather Forecasts (ECMWF) - ERA-40 Atlas

Water-Energy Cycle
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Humans and Water

Floodplains are flat areas adjacent to 
rivers where previous floods have left 
silty deposits.

Agriculture on the Willamette River 
floodplain near Peoria, Oregon, U.S.A.

Flooding of the Cedar River floodplain near 
Cedar Rapids, Iowa, U.S.A., in June 2008.



Ebro Delta, SpainDelta on Kachemak Bay, Alaska, at low tide

A river delta is a low-lying plain or landform at the mouth of a river close to where the river flows into an 
ocean or a lake. Delta are very important to human activities because of ecosystem services (fish and 
wildlife), agriculture (on highly fertile soil), dense, diverse vegetation, and logistics.

Humans and Water



https://www.cnn.com/2018/10/19/africa/ethiopia-new-dam-threatens-egypts-water/index.html

Nile River

Humans and Water



http://www.visualcapitalist.com/pearl-river-delta-megacity-2020/

Humans and Water



Humans and Water



Humans and Water



Humans and Water



Humans and Water

North Sea Flood,  
January 31-February 1, 1953

River Deltas and 
Storm Surges
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Floods Risk Management

Rio Branco city, Brazil, when the River Acre, which meanders 
through the city, reached a flood crest of 18.4 m above normal 
stage on March 4, 2015.

Too often, individuals ignore warnings and build their homes in high 
flood risk areas, or try to cross flooded areas only to be swept away.

Flood warning signs are not merely ‘suggestions.’ 
They are meant to be taken seriously.

More than 150 individuals in the U.S.A. alone are 
killed each year while attempting to drive or walk 
through flooded streets. Most of those deaths could 
have been avoided if flood warning signs had been 
heeded.



Mortality risk is found by weighting the value of population exposure to floods for each grid cell by a vulnerability 
coefficient to obtain an estimate of risk. The vulnerability weights are based on historical losses in previous disasters. 
The mortality weights are applied to population exposure to obtain mortality risks. The weights are an aggregate index 
relative to losses within each region and country wealth class (classifications based on 2000 GDP) over the 20-year 
period from 1981 –2000. Dilley, Maxx, Robert S. Chen, Uwe Deichmann, Arthur L. Lerner-Lam, and Margaret Arnold. 

2005. Natural Disaster Hotspots: A Global Risk Analysis. Washington, D.C.: World Bank.

Floods Risk Management



Evacuation Saves Lives: Early warning and evacuation procedures move 
vulnerable populations away from flood zones.

May 2009 flooding of the Brahmaputra River, 
Bangladesh, after Cyclone Aila. Towns and agricultural 
lands remained flooded through July 2009.

Residents rescued by boat in southern Louisiana, U.S.A.after 
more than 50 cm of rain in two days in August 2016. Although 
the flooding caused 9 fatalities and destroyed thousands of 
homes, evacuation of 20,000 people saved hundreds of lives.

Floods Risk Management



Population Relocation? If frequent flooding cannot be avoided, should 
entire populations be relocated?

A flooded town in the Lockyer Valley, Queensland, 
Australia after an 8 m-high flash flood. Heavy and 
persistent rains during a very strong La Niña event in 
December 2010 and January 2011 had already 
saturated the catchment area of the Lockyer and 
Brisbane Rivers before storms produced rainfall of 
40-50 mm (almost 2 inches) in a 30 minute period 
on January 10, 2011, triggering the flash flood.

Floods Risk Management



Designated Flood Zones: Cities around the world are creating flood zone 
maps that show the probability of future flooding.

Designated flood zones for the City of Charleston, SC, 
U.S.A. Darker blue = Atlantic Ocean mean sea level; light 
blue = developed areas at risk of flooding. The city has 
flooded more than 20 times since its founding in 1670, 
most recently in December 2015.

Flood risk map for the city of Norfolk, VA. 
Areas in blue = risk of flooding from 1 m sea level rise.

Floods Risk Management



Floodplain Management:  Allowing river floodwater to access 
its floodplain can help prevent flooding of towns and cities.

A floodplain management scheme that 
allows flooding of farmland in 10- and 
100-year flood events. Recommendations 
for the construction of new, and retrofitting 
of existing, properties are usually included.

Georgia Power Company released excess 
rainwater into the Chattahoochee River 
from two dams above Columbus, GA on 
December 25, 2015 as part of the city’s 
flood mitigation plan, deliberately flooding 
the city’s riverwalk in order to protect 
residences.

Flood Mitigation Plans: To be successful, flood 
mitigation requires a comprehensive approach 
that involves cooperation between people and 
governments.

A flash flood of the Santa Cruz River in 
Tucson, AZ, in October 2015. Over the past 
100 years, the river channel has been 
encased in a concrete-like soil-cement. 
Restoration of the river to a more natural 
state is part of the city’s flood mitigation plan.

Floods Risk Management
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Largest Floods

Connor and Costa, 2011



Connor and Costa, 2011

Largest Floods



Connor and Costa, 2011
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Largest Floods

Connor and Costa, 2011



Largest Floods

Connor and Costa, 2011
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Deadliest Floods



Deadliest Floods

Deadliest natural hazard (discounting 
pandemics and famines) recorded in 

recent centuries.



Deadliest Floods



Deadliest Floods



Deadliest Floods
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River Floods

Floodplains are flat areas adjacent to rivers where previous floods have left 
silty deposits.

Rivers meander across their floodplains over 
time, leaving abandoned meander channels.

Top: 1944 geological map of 
prior meanders of the 
Mississippi River. Colors are 
abandoned meander loops from 
different times. Bottom: Satellite 
image of same area in 2014. 
The river has abandoned one of 
its 1944 meanders (dashed line 
at bottom of image).



River Floods

A breached levee on the Ganges River is 
repaired one bowlful of dirt at a time, 
after Cyclone Aila in July 2009 caused 
the river to breach the barrier.

A breached levee on the Elbe river in 
Germany in June 2013.

Levees are natural or man-made barriers along river banks. 
They work until a flood exceed the design level and breaches 
the levee.

Flood water breached the 
17th Street Canal levee in 
New Orleans, on August 
29, 2005. This breach was 
one of more than 50 levee 
failures around the city.



River Floods
Flooding in the Mississippi River system can affect the 
entire region shaded pale green, between the Rocky 
Mountains in the west and Appalachians in the east. 

Left: Mississippi River flooding in Memphis, TN, in Spring 1927. Flood waters 
breached 145 levees, caused 246 deaths in seven U.S. states, and displaced 700,000 
people for several months. Right: In December 2015, the Mississippi River inundated 
broad areas of its floodplain, including these homes in Pacific, MO.

Evacuation by canoe from Arnold, 
MO, after levee failure along the 
Mississippi in December 2015.



Jefferson City, Missouri, near the Missouri Capitol 
building during the "Great Flood of 1993".

Great Mississippi and Missouri Flood of 1993: April to October 1993; 78,000 km2 flooded, $15 billion damage

Flooding of the Mississippi 
River in late July, 1993. Top: 
At the confluence with the 
Missouri River, near St. Louis. 
Bottom: Near Cedar City, MO.

River Floods
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Flashfloods

The village of Boscastle in Cornwall, 
U.K. inundated by a flash flood on 
August 16, 2004 after thunderstorms 
dropped heavy rain several km away, in 
the catchment area of the normally 
small stream. A flash flood in Toowoomba, near Brisbane, Australia, in January 2011 

carried away cars that were parked by a stream and caused more 
than 20 deaths in the area. In Brisbane city the flood crest was 4.46 
m, a little lower than record crests in the 1890’s.

Flash floods occur unpredictably.after severe 
thunderstorms or a sudden release of snow melt.



Flashfloods
Otherwise dry rivers in desert regions flood when 
surface runoff exceeds river channel capacity.

Flash Floods In The Desert: 

U.S. presidential disaster declarations related to flooding by 
region for 1965-2003. Green = 1; yellow = 2; orange = 3; 
red = 4 or more. The Blanco River, TX, rose by almost 8 m in a 

day on May 24, 2015 during a flash flood, sweeping 
away roads, trees, and houses.
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Snowmelt Floods
Rapid snowmelt during exceptional warm periods 
or heavy rain often causes floodplain inundation.

Unlike the Missouri and Mississippi Rivers, which drain 
southward, the Red River of the North drains northward, 
into Lake Winnipeg, Canada.

The Red River of the North breached levees and inundated 
Grand Forks, ND in April 1997. Several other cities, 
including Fargo, ND and Manitoba, Canada, were also 
flooded.

Recurrent Floods



Monsoon
Monsoons are seasonal prevailing winds that 
bring heavy summer rains to southeast Asia.

Monsoon rain clouds over India, July 2012.

Monsoon rain disrupts New Delhi, July 2015.

Part of a village in 
Uttarakhand, India, 
destroyed by flash flooding of 
the Ganges River in June 
2013 after exceptionally 
heavy monsoon rains.

Recurrent Floods
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Energy flows determine flows in the 
Water Cycle …

Water-Energy Cycle: Atmospheric Rivers

Imagery of water vapor in the atmosphere above the 
Pacific Ocean from NOAA’s GOES11 satellite in 
December 2010. The narrow band of high water 
vapor (red, arrowed) was moving northeastward.

Satellite water vapor image for December 5, 2015, shows an intense 
atmospheric river (red color) moving across the north Atlantic toward the U.K.

Flooding in Cumbria, UK, in 
December 2015 caused by 
rain from the atmospheric river 
in the Figure above and 
associated Extratropical Storm 
Desmond.



Energy flows determine flows in the Water Cycle … Atmospheric Rivers can cause mega floods

Water-Energy Cycle: Atmospheric Rivers

Lake Oroville Dam

Atmospheric rivers January-February 2017



Energy flows determine flows in the Water Cycle … Atmospheric Rivers can cause mega floods

Water-Energy Cycle: Atmospheric Rivers

Atmospheric rivers  
December 1861-January1862
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We are replacing 
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disequilibrium
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In a Dissipative System, small changes can change the characteristics of the system …
Changing Flood Risk



Energy flows from fossil fuels => humanity => life-support system. 
This impacts other flows in a “re-engineered” system and amplifies imbalances:

In a Dissipative System, small changes can change the characteristics of the system …
Changing Flood Risk



Energy flows from fossil fuels => humanity => life-support system. 
This impacts other flows in a “re-engineered” system and amplifies imbalances:

In a Dissipative System, small changes can change the characteristics of the system …
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Energy flows from fossil fuels => humanity => life-support system. 
This impacts other flows in a “re-engineered” system and amplifies imbalances:

In a Dissipative System, small changes can change the characteristics of the system …

10-10Incoming 
Solar

Outgoing 
Radiation

Last 200 Million years
Imbalance on the order of 10-10

Storage in fossil fuels

Incoming 
Solar Outgoing 

Radiation

Last 70 years
Imbalance on the order of 10-3

Storage in heat

10-3
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St Vincent and the Grenadines: Preparing for surprises
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St Vincent and the Grenadines: Preparing for surprises

•Carry out high-resolution LIDAR 
survey 

•Identify possible flood zones and 
landslide areas under extreme 
events  

•Advice/regulate new constructions 
to be in safe areas

Changing Flood Risk

October 2016
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Preparing for Surprises: Extreme flood in Gauteng, South Africa, November 10-11, 2016
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Preparing for Surprises: Extreme flood in Gauteng, South Africa, November 10-11, 2016
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Trinidad and Tobago Flood, 
October 19, 2018



Changing Flood Risk
Fig. 6. Projections of changes in flood risk (EAD; 
expected annual damage) between 2015 and 
2030. River flood risk is shownunder 20 different 
projections of climate change (5 GCMSand 
4 RCPs) and for all projections of urban expansion. 
Absolute values are shown in (A), while values 
normalized to GDP are shown in (B). The light red 
shaded band shows the 5th–95th percentiles for 
the projections with no climate change (i.e. urban 
expansion only). The light orange shaded band 
shows the 5th–95th percentiles over the lowest and 
highest risk projection when the urban projections 
are combinedwith the 20 climate change 
projections. Coastal flood risk is shown under 
different scenarios of sea level rise (SLR) and for all 
projections of urban expansion using absolute 
values (C) and normalized to GDP (D). The red 
shaded band shows the 5th–95th percentiles for 
the projectionswith no SLR (i.e. urban expansion 
only). The blue shaded band shows the 95th 
percentile and 5th percentile when the urban 
projections are combined with high SLR. 
                                                     Muis et al., 2015



Energy flows determine flows in the Water Cycle …
A warming ocean can cause more and 
stronger hurricanes
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