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1977 2002Quelccaya Ice Cap, Peru

Presenter
Presentation Notes
The take-home message up front:

Records of past environmental and climatic conditions such as temperature, rainfall, and the chemistry of the air are preserved in the layers of ice caps and ice fields around the world.  Cores drilled in these frozen archives allow scientists to examine past climatic variations and help to understand the mechanisms by which climate changes.

The photo on the left was taken by Lonnie Thompson in 1977.  It shows a 50 meter (164 feet) ice cliff near the margin of the tropical Quelccaya ice cap (5,670 meters above sea level; 18,602 feet) which is located in the southeastern Peruvian Andes.  The individual layers, representing annual increments of accumulation, and average 0.75 meter (~2.5 feet) in thickness.  The photo on the right was taken by Lonnie Thompson at the same location in 2002 (25 years later).  This photo demonstrates not only the recent retreat of the ice margin but also the loss of a very important archive of past climate and environmental change.

Byrd Polar Research Center 2005




Video clip by Ryan Vachon

Presenter
Presentation Notes
This clip is from a film made by Ryan Vachon, a graduate student, who participated in the 2003 expedition to Quelccaya and Coropuna, in the Peruvian Andes.  The film clip gives a student's account of being part of a tropical ice core drilling program and allows for a better feel for an actual expedition to the high Andes of Peru.
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Byrd Polar Research Center

Ice cores archive a wealth of
environmental information

Presenter
Presentation Notes
This slide describes some of the environmental data recorded in an ice core.  In the center is a close-up of an actual core from Tibet which shows the monsoon precipitation (the light bands) and the dry seasons (dark bands).  On the left are ice cores being taken from the drill (top) and weighed in the field (bottom).  

Records of past temperatures can be reconstructed from the stable isotopes of oxygen and hydrogen that make up the water in an ice core.  By analyzing the oxygen (O) and hydrogen (H) atoms in the water molecules that make up a layer of ice, scientists can determine the average temperature of the air above the core site and upwind in the moisture source area.  The technique is based on the fact that not all oxygen atoms or hydrogen atoms have the same number of neutrons.  The proportion of these slightly different weights of oxygen (e.g., 18O and 16O) and hydrogen (called isotopes) can be used to reconstruct temperature.  In general, the colder the air during snowfall, the lower the ratio of the heavier to the lighter isotope (e.g., the ratio of 18O to 16O, also expressed as delta-18O). 

Atmospheric chemistry can be measured by analyzing the chemistry of the ice.  For example, we can measure when lead was put into gasoline, and we can mark the time when legislation was passed to remove the lead.  The ice is a faithful recorder of many different chemical species in the atmosphere such as sulfate, nitrate, calcium, chloride, sodium, ammonium, magnesium, potassium, fluoride, etc.

Very few environmental and climate archives allow the reconstruction of changes in past precipitation.  Snow gradually compresses as it builds up into glacial ice, so newer layers are thicker, while older, deeper layers can be drastically thinned.  After core depth, precipitation rates, ice temperatures and ice flow are taken into account, the thickness of each annual layer when it was deposited can be reconstructed.

Measuring the concentration and size distribution of insoluble dust in an ice core allows annual dating, as well as examination of past droughts, and changes in wind speeds and directions.

Tropical and low latitude ice cores contain a record of pollen, which can be used to investigate how past climate and environmental changes have impacted vegetation growing in the region where a glacier is located.

Ice contains a history of past volcanic activity recorded in the tephra (ash) and in the sulfate record.

As snow turns into ice, it traps bubbles of air.  The air trapped in these bubbles provides us with our only history of changes in the composition of the atmosphere, including greenhouse gases - carbon dioxide, methane, and nitrous oxide.  Polar ice cores allow scientists to examine the history of the gases over the past 900,000 years.

Preserved in these ice cores are a record of microorganisms as they have been frozen over thousands to tens of thousands of years.  This allows a unique opportunity to study organisms in high radiation, cold, low oxygen environments here on Earth, which helps to establish the protocol for looking for life which may have been frozen in the ice records of planets such as Mars and moons such as Europa.
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Machine shop for drill and 
equipment fabrication

Freezers for storage and cold rooms
for physical property measurements

Byrd Polar 
Research Center
Ohio State University

Class-100 clean room houses the equipment 
to measure dust, isotopes and chemicals

Presenter
Presentation Notes
The study of ice cores requires state-of-the-art laboratories, clean rooms, ice core drills, and ice core storage facilities.  By 2005, The Byrd Polar Research Center at Ohio State University has archived ~7000 meters of frozen ice core, which is stored at -30 degrees C.  This is the only tropical ice core storage facility on Earth.
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Mosley-Thompson et al. (2003)

Turning an ice core into 
an historical record

Presenter
Presentation Notes
Climate archives are recovered by the drilling of ice cores from glaciers, ice caps and ice sheets around the world.  The ice core must first be dated so that the climate and environmental records can be interpreted.  The GITS (Greenland) ice core section shown illustrates how annual dust layers, nitrate (NO3)-, and oxygen isotopes are used to date the cores. The dating can be confirmed with the identification of known volcanic eruptions such as Tambora (shown on the graph), which erupted in the tropics in 1815.  The sulfate from the eruption was deposited with the snow one year later in both Antarctica and Greenland, marking "the year without a summer" (1816). This was caused by cooling resulting from the large volume of sulfate that was ejected into the stratosphere from this massive eruption.

Depth is measured in meters water equivalent; the water equivalent measurement accounts for density and thickness measurements of the ice.�
“ppb” = parts per billion
NO3- = nitrate concentration in ppb; SO42- = sulfate concentration in ppb; delta-18O = oxygen isotope values measured in per mil (‰), or parts per thousand.

Reference:
Mosley-Thompson, E., Mashiotta, T. A., and Thompson, L. G., 2003, Ice core records of late Holocene volcanism: Current and future contributions from the Greenland PARCA cores, in Volcanism and the Earth's Atmosphere, edited by A. Robock and C. Oppenheimer, Geophysical Monograph 139, p. 153-164, American Geophysical Union, Washington, D.C.
Reference material is used with permission of AGU (American Geophysical Union).
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3 kilometer long ice core 

Modified from: Alley (2000)

Abrupt climate changes over the last 
100,000 years were large and frequent

Presenter
Presentation Notes
The history of temperature in central Greenland ice cores shows the abrupt changes recorded over the last 100,000 years. These very large temperature swings have been named Dansgaard-Oeschger cycles, in honor of ice-core pioneers Willi Dansgaard and Hans Oeschger.   The last major cold event, 12,000 years ago, is called the Younger Dryas. These abrupt temperature swings tell us that our climate system is capable of experiencing dramatic and sudden changes over very short time periods (plot modified from Richard B. Alley, The Two Mile Time Machine, 2000).

Reference: Alley, R. B., 2000, The Two-Mile Time Machine: Ice Cores, Abrupt Climate Change, and Our Future , Princeton University Press, 240 p.  Used with permission from R. Alley.

Byrd Polar Research Center 2005





An ice core is removed from 
the drill

Presenter
Presentation Notes
An ice core is removed from the drill at 6,050 meters above sea level on the col of Huascaran, located at 9 degrees south of the Equator in the Andes of Peru, in 1993. 

A “col” is a pass between mountain peaks.
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Ohio State Ice Core Sites

Presenter
Presentation Notes
The locations of 18 sites where the Ice Core Paleoclimate Research Group (ICPRG) at the Byrd Polar Research Center (Ohio State University) has recovered ice cores over the last 28 years.  It is important to note that 50% of the surface area of our planet and 70% of the 6.4 billion people living on the planet today are located in the tropics between 30 degrees north and 30 degrees south of the Equator.  Thus, it is a region of our planet for which we need to understand both natural and human-driven climate change.
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Ice core drilling on the Bona-Churchill, 
Alaska (2002)

Presenter
Presentation Notes
A typical high elevation ice core drilling camp on the Bona-Churchill ice field in southeastern Alaska.  The geodesic dome on the right houses the ice core drilling system.  On the left are the sleeping tents and the kitchen dome.  A high-elevation drilling operation usually lasts between one and two months. 
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Ice core drilling on the Quelccaya 
Ice Cap, Peru (2003)

Presenter
Presentation Notes
The OSU drilling camp at 5,670 meters on the summit of the Quelccaya Ice Cap in Peru, at 14 degrees south of the Equator, in 2003.
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A light-weight drilling 
system

Presenter
Presentation Notes
This photograph shows the inside of the geodesic dome that houses the ice core drilling system.  A light-weight drilling system allows for the recovery of ice cores at high elevations.  The electromechanical system was designed and built at the Byrd Polar Research Center, and the geodesic dome which provides the shelter was designed and built by a graduate student in the mechanical engineering department at Ohio State University.
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Ice core drilling on the Coropuna Ice Cap, 
Peru (2003)

Presenter
Presentation Notes
In addition the Quelccaya ice cap, in 2003 the Coropuna ice cap (6425 meters above sea level) on the western side of the Andes was also drilled.  The work on this site was done during the same season as Quelccaya in order to take advantage of the presence of the six tons of equipment necessary for the job.

Coropuna is located on the first rise of the Andes, right above the Pacific Ocean.  These ice cores may record changes in the El Nino - La Nina cycle, which is an important component of climate variability. 
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Drill site on the summit of Coropuna

Presenter
Presentation Notes
Drill site on the summit of Coropuna, where three cores were drilled to bedrock.  Two or more cores are always recovered from each site in order to demonstrate reproducibility of the records.  The deepest core from Coropuna measures 148 meters (486 feet) in length.
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Examples of insects

Coropuna, Peru 
Chironomidae
1260 ± 380 years before present
length: 0.7 mm

Sajama, Bolivia 
Heteroptera
5620 ± 275 years before present
length: 2.0 mm

Presenter
Presentation Notes
Glaciers trap anything that falls with the snow.  Shown in this slide are examples of insects that were carried by tropical thunderstorms up 6,550 meters (21,490 feet) to the summit of Sajama, the highest mountain in Bolivia, and to the summit of Coropuna in Peru.  These photos illustrate how well the insects are preserved, and radiocarbon dates (14C) made on these insects help in dating the ice cores.
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Locations of drill sites in the Andes of 
South American

Presenter
Presentation Notes
Locations of the Huascaran, Quelccaya and Sajama drill sites in the Andes of South American.  All the precipitation at these sites comes from the tropical Atlantic across the Amazon Basin carried by the easterlies.  Tropical ice cores (because of the high elevation of the drill sites) provide long term records of climate and environmental changes from the mid-troposphere in the Earth's atmosphere.

The term “easterlies” define winds with components from the east, usually applied to broad currents or patterns of persistent easterly winds, such as the equatorial easterlies, and the tropical easterlies.
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Huascaran, located in the Andes of Peru

Presenter
Presentation Notes
Huascaran, located in the Andes of Peru, is the highest tropical mountain on Earth.  One of the greatest challenges of drilling ice cores from the tropics is the logistics of getting 6 tons of equipment to the drill sites.
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16 meter (52.5 feet) tall ladder had 
to be constructed

Presenter
Presentation Notes
In order to accomplish the drilling of Huascaran, a 16 meter (52.5 feet) tall ladder had to be constructed in the valley and carried high up on the mountain in order to bridge crevasses as shown here.  Six tons of equipment went up this ladder, as well as the drill team, and 53 days later the drill team and 10 tons of equipment and frozen ice core came back down this ladder.

Byrd Polar Research Center 2005




Array of solar panels

Presenter
Presentation Notes
In order to drill this site on Huascaran, conventional generators could not be transported up that ladder.  So an array of solar panels was used (60 in number) which produced 4 kilowatts of power that powered the drill.  Using this environmentally friendly power source, the expedition succeeded in recovering two cores to bedrock, each measuring 168 meters (551 feet) in length.
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Hauscarán Core 2
Oxygen Isotopes, Nitrates, and Dust

(last 100 years)

Presenter
Presentation Notes
The ice cores are transported frozen back to the laboratory at The Ohio State University where they are analyzed.  Here the upper section of one of the Huscaran cores reveals the annual variations in oxygen isotope values (delta-18O measured in per mil, ‰), dust, and nitrate concentrations (NO3-) over the last 100 years.  This type of time resolution is required to investigate short term climate events such as El Nino 

The historical record for moderate to very strong El Nino events, as documented by Quinn et al. (1987), is shown by the black and white bars in the two lower panels. El Nino intensity designations include strong (S, S+), very strong (VS), and moderate (M, M+).

Dust concentrations are measured as total particle count, x 103 , of particles greater than or equal to 2 micrometers in size per ml.

Reference: Quinn, W. H., Neal, V. T., and Demayolo, S. E. A., 1987, El-Nino Occurrences Over the Past 4-1/2 Centuries, Journal of Geophysical Research – Oceans, v. 92, p. 14,449-14,461. Used with permission of AGU (American Geophysical Union).
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Comparison of Oxygen Isotopes, Nitrate, 
and Dust from Huascarán Ice Core 2

Presenter
Presentation Notes
The Huascaran ice core provides the first record of snow that was deposited in the tropics during the last ice age.  Here, 100-year averages of oxygen isotope values (delta-18O measured in per mil, ‰), nitrate concentrations (NO3-) and dust concentrations are presented.  These records show that temperatures were much colder during the last ice age in the tropics (the blue curve – oxygen isotope data), that areas upwind in the Amazon basin were much drier as indicated by a 200-fold increase in dust (red curve – dust data) and there was a large decrease in nitrate (green curve – nitrate data) coming from N0X emissions from the Amazon Basin.  The large dust event at 4,200 years before present represents a 200 to 300 year drought, the biggest event in the last 17,000 years.  This same drought is seen in the Kilimanjaro ice core record from Africa.

Dust concentrations are measured as total particle count, x 105 , of particles greater than or equal to 0.63 micrometers in size per ml.
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El Niño and La Niña

EL NIÑO

LA NIÑA
Sources: C. Ropelewski (International Research Institute); K., Trenberth; A. Leetmaa and V. Kousky (Climate Prediction 
Center); B. Patzert; data from NOAA; art by H. Merscher. 

Presenter
Presentation Notes
The impact of the El Nino/La Nina cycle connects many of the tropical ice core records, from South America, to the Himalayas, to Kilimanjaro in Africa.

El Niño is a disruption of the ocean-atmosphere system in the tropical Pacific Ocean that has important consequences for weather and climate around the globe.  The disruption is characterized by unusually warm ocean temperatures in the equatorial Pacific.  Global consequences include increased rainfall across the southern tier of the U.S. and in Peru, which may cause destructive flooding, and drought in the western Pacific region.  The term El Niño (spanish for "the Christ child") was coined in the late 1800s by fishermen along the coast of Peru, referring to a seasonal invasion of warm southward ocean current that displaced the north-flowing cold current in which they normally fished; typically this would happen around Christmas. Today it refers to part of a phenomenon known as the El Niño-Southern Oscillation (ENSO), which is a continual but irregular cycle of shifts in ocean and atmospheric conditions that affect the globe.  El Niño has come to refer to the more pronounced weather effects associated with anomalously warm sea surface temperatures interacting with the air above it in the eastern and central Pacific Ocean.  Its counterpart--effects associated with colder-than-usual sea surface temperatures in the region—is called "La Niña" ("little girl").  The shift from El Niño conditions to La Niña and back again takes about four years.  Understanding this irregular oscillation and its consequences for global climate has become possible only in recent decades as scientists have began to unravel the intricate relationship between ocean and atmosphere.  

For more information on El Niño and ENSO see:
http://www.elnino.noaa.gov/ or http://www.pmel.noaa.gov/tao/elnino/nino-home.html
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Kilimanjaro

Presenter
Presentation Notes
Kilimanjaro is the highest mountain in Africa, with a summit elevation of 5,895 meters (19,340 feet) and is located 3 degrees south of the Equator.  This photo was taken during the Byrd Polar Research Center expedition to drill the ice fields in 2000.
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6 tons of equipment

Presenter
Presentation Notes
A view of what 6 tons of equipment looks like before it is transported up the mountain.
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An experimental hot air 
balloon

Presenter
Presentation Notes
An experimental hot air balloon that was designed to move the ice cores from the summit of Kilimanjaro to the freezers at the base of the mountain.  The balloon was built in 5 pieces to be backpacked to the summit of Kilimanjaro where it would be assembled and used to fly the frozen ice cores off the summit.  It is shown here on a test flight.  Unfortunately, because it is considered to be an aircraft, four separate permits were required to fly it from the summit.  While the expedition obtained three of the required permits, the Kilimanjaro National Park warden was afraid that if the balloon flew from the summit, then people would come from around the world to do the same thing.  Consequently, the expedition was not able to obtain the fourth permit.
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Moving the 6 tons of equipment

Presenter
Presentation Notes
Plan B required hiring 92 porters from the villages at the base of Kilimanjaro to move the 6 tons of equipment to the summit.
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View of the summit ice fields on 
Kilimanjaro

Presenter
Presentation Notes
View of the summit ice fields on Kilimanjaro in February 2000.  The Northern Ice Field (NIF), the largest ice field remaining, is in the distance.  The Furtwangler glacier is in the foreground.
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Aerial photo of the ice fields on the 
summit of Kilimanjaro

Presenter
Presentation Notes
Aerial photo taken in February 2000 of the ice fields on the summit of Kilimanjaro.  The Kibo crator is located in center-left.  This photo was used to make a map of the total area of ice on the mountain in 2000.
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Years 1912 – 1989 after Hastenrath and Greischar (1997);
year 2000 after Thompson et al. (2002) 

Total Area of
Ice on 
Kilimanjaro
(1912 – 2000)

Presenter
Presentation Notes
A comparison of ice extent maps made for the summit ice fields on Kilimanjaro, starting in 1912 and ending with the 2000 Ohio State University map.  The maps clearly document the loss of ice on the mountain.

NIF = Northern Ice Field; KIBO refers to the Kibo crator; SIF = Southern Ice Field.

References:
Hastenrath, S., and Greischar, L., 1997, Glacier recession on Kilimanjaro, East Africa, 1912-89, Journal of Glaciology, v. 43, p. 455-459.

Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Henderson, K. A., Brecher, H. H., Zagorodnov, V. S., Mashiotta, T. A., Lin, P. N., Mikhalenko, V. N., Hardy, D. R., and Beer, J., 2002, Kilimanjaro ice core records: Evidence of Holocene climate change in tropical Africa, Science, v. 298, p. 589-593.
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Comparison of total glacier area on Kilimanjaro

Thompson et al. (2002) 

Presenter
Presentation Notes
Comparison of total glacier area on Kilimanjaro from 1912, when 12.1 square kilometers of ice covered the summit, to 2000, when less that 2.6 square kilometers of ice remained on the mountain.  This figure illustrates that over 80% of the ice has disappeared since 1912 and that all the remaining ice fields will disappear by 2020 if conditions remain the same as they have been since 1912.

Figure from: Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Henderson, K. A., Brecher, H. H., Zagorodnov, V. S., Mashiotta, T. A., Lin, P. N., Mikhalenko, V. N., Hardy, D. R., and Beer, J., 2002, Kilimanjaro ice core records: Evidence of Holocene climate change in tropical Africa, Science, v. 298, p. 589-593.
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What the last piece of ice will look like on 
Kilimanjaro around 2020

Presenter
Presentation Notes
What the last piece of ice will look like on Kilimanjaro around 2020.
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Retreat of the ice wall on the Northern Ice Field

The wall of the 
Northern Ice Field 
(Kilimanjaro)
has retreated 
0.9 m per year
since 2000

Presenter
Presentation Notes
Since the Kilimanjaro ice fields were drilled in 2000, we have been measuring the retreat of the ice wall on the Northern Ice Field.  This 50 meter (164 feet) high ice wall has been retreating at rate of 0.9 meters (~3 feet) per year since 2000.
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Outburst of water and ice collapse on Fürtwangler 
Glacier 

(Kilimanjaro) in spring of 2003

Outburst of water and ice collapse on Fürtwangler Glacier 
(Kilimanjaro) in spring of 2003

Presenter
Presentation Notes
Photograph of a lake bursting from the wall of the Furtwangler glacier in spring of 2003, demonstrating that melting is now occurring at the summit of Kilimanjaro.
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Uniform tropical upper-air temperature

Larger SST (sea surface temperature) variations

Rainfall roughly follows warm SST

December - January - February

December - January - February

December - January - February

Sobel and Bretherton (2000)

Presenter
Presentation Notes
The tropics are noted for temperature stability.  The middle panel shows sea surface temperatures (SST) throughout the tropics and the lower panel shows how rainfall in the tropics follows the sea surface temperatures.  The top panel illustrates how uniform tropical upper-air temperatures are at the elevations where tropical glaciers exist.  Thus, it is very telling that all tropical glaciers are retreating under today’s climate, documenting a uniform temperature increase in the mid-troposphere in the tropics.  The time period for all panels is Dec., Jan., Feb.

Reference: Sobel, A. H., and Bretherton, C. S., 2000, Modeling tropical precipitation in a single column, Journal of Climate, v. 13, p. 4378-4392.
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A satellite view of the Altiplano in 
Peru and the Amazon basin

Presenter
Presentation Notes
A satellite view of the Altiplano in Peru and the Amazon basin.  The blue area is Lake Titicaca.  The red star marks the Queleccaya ice cap. On this scale, the largest tropical ice cap on Earth looks pretty small.
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The surface of the Earth

Presenter
Presentation Notes
However, at the surface of the Earth as shown here, you can start to appreciate the size of the Queleccaya ice cap which currently covers about 44 square kilometers.  The drill dome can be seen on the summit in the distance.
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Ice core from the 
Quelccaya ice cap

Presenter
Presentation Notes
Ice core from the Quelccaya ice cap drilled during the 2003 expedition.  If you look carefully at the core, you can see each dry season (the darker, dustier portions) and hence each annual layer.
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Ice Core Annual Layers

Presenter
Presentation Notes
The cores are brought back frozen to the laboratories at the Byrd Polar Research Center.

Here two parameters, oxygen isotopes (delta-18O ‰, which is used as a temperature proxy) and dust concentration, are shown in two sections of the ice core.  The very distinct annual layers in dust illustrate how well the cores can be dated.
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Annual averages of oxygen isotopes from 
Quelccaya ice cores drilled in 1983 and 2003

Presenter
Presentation Notes
The annual oxygen isotopic record is shown for the last 1,000 years for the Quelccaya ice cap, as measured on bottled water samples (blue curve).  In 1983, the OSU team sampled the Quelaccaya ice cap, the very first tropical ice core ever drilled.  At the time, it was not possible to return frozen samples from the ice cap to OSU, so samples were melted and bottled on site.  In 2003 we were able to return frozen ice cores from this remote part of the Andes.  The red curve from the 2003 cores overlaps with the data from 1983 core that was measured on bottled and melted samples, and shows how robust the oxygen isotope signal is in a tropical glacier. 
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Ice core data for last 1000 years: Thompson et al. (2003)

Cores Used in
the Ice Core
Composite Record

Presenter
Presentation Notes
We now have enough tropical ice cores from both north and south of the equator to construct a longer term record of tropical temperatures.   The green curve shows the decadal isotope composite of three cores south of the equator and three cores north of the equator for the last 2,000 years.  What stands out in these cores is the warming of the last 50 years.   A similar curve is seen in the temperature reconstructions of Jones and Mann (2004) shown in the upper panel.

Z-scores represent data composites.

References:
Jones, P. D., and Mann, M. E., 2004, Climate over Past Millennia, Reviews of Geophysics, v. 42, Art. No. RG2002. Used with permission of AGU (American Geophysical Union).

Jones, P. D., and Moberg, 2003, Hemispheric and large-scale surface air temperature variations: An extensive revision and an update to 2001, Journal of Climate, v. 16, p. 206-223.

Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Lin, P. N., Henderson, K., and Mashiotta, T. A., 2003, Tropical glacier and ice core evidence of climate change on annual to millennial time scales, Climatic Change, v. 59, p. 137-155.
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composite decadal curve from the year 1600 (A. 
D.) to present

Presenter
Presentation Notes
Since the ice cores have very distinct annual layers it is also possible to reconstruct the net accumulation (representative of precipitation) shown here as a composite decadal curve from the year 1600 (A. D.) to present.  The blue shows wet periods of higher snow accumulation and the red shows drier conditions.  Thus from 1600 to about 1770 conditions were wetter than average and from about 1770 to 1880 they were drier.  From 1880 to present it has been wetter than average.  All things being equal based on this datas, we would expect that glaciers in the 20th Century should be advancing.  As we will soon see, the glaciers are in fact retreating.
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Map of the Tibetan Plateau

Presenter
Presentation Notes
Map of the Tibetan Plateau showing where the Byrd Polar Research Team, along with Chinese colleagues, has recovered ice cores.  The site for the next drilling expedition is also shown (by the Proposed Research Area).  Puruogangri is located in the middle of the Tibetan Plateau.

Byrd Polar Research Center 2005




In the center of the Tibetan 
Plateau there are no roads

Presenter
Presentation Notes
In the center of the Tibetan Plateau there are no roads.  The expedition must make its way across this barren terrain.  The photo shows sand dunes on the plain in front of the Puruogangri ice cap.  The sand moves with the strong spring winds, producing a distinct annual layering on the ice cap.

Byrd Polar Research Center 2005




Puruogangri Ice Cap, 
Central Tibet

Presenter
Presentation Notes
The annual dust layers can be seen on the margin of the Puruogangri ice cap where they appear as over 2000 steps which have to be climbed in order to get up onto the ice cap.  Walking up these stairs is in fact like walking through time.
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Puruogangri Ice Cap Core

Presenter
Presentation Notes
In the ice cores recovered from the summit, the annual spring dust layers are visible and can be used to date the ice cores as they are being drilled.
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Ice core transport in the Himalayas

Presenter
Presentation Notes
Ice core transport in the Himalayas.  A yak carries two insulated containers, each holding 6 meters (~20 feet) of core. Our team generally drills between 500 and 600 meters of core, so you can calculate how many yaks are needed!
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The oxygen isotope record 
from the Puruogangri site

Presenter
Presentation Notes
The oxygen isotope record from the Puruogangri site, one of the most isolated places on Earth, clearly shows the warming in the last 50 years at the top of the core.  In fact, the oxygen isotope-derived temperature proxy argues that the climate here in the center of the Tibetan Plateau is the warmest in the history of this ice field.
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Ice Core Sites

Presenter
Presentation Notes
Glaciers record climate change not only in the ice cores recovered from them, but also in what happens to the glaciers themselves. 

 The following series of photos documents the loss of glaciers across the globe.  Melting glaciers are one of the most visible forms of global warming!
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McCall Glacier, Brooks Range, Alaska

1958 (Austin Post)                                             2003 ( Matt Nolan)

Presenter
Presentation Notes
Comparison of the McCall Glacier, Brooks Range, Alaska, in photos taken in 1958 and 2003.
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Comparison of the Muir Glacier, SE 
Alaska, in 1941 and 2004

Muir Glacier, SE Alaska
August, 1941 August, 2004

photo: William Field photo: Bruce Molnia

Presenter
Presentation Notes
Comparison of the Muir Glacier, SE Alaska, in 1941 and 2004.
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Glacier No. 1
China

1960

1990

2001

Lonnie G. Thompson, Bryd Polar Research Center,
The Ohio State University

Presenter
Presentation Notes
Comparison of Glacier No. 1 in western China in photos taken in 1960, 1990 and 2001.  Over this period one can see the separation of this glacier.
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Photo: Fred Kiser, Glacier National Park archives Photo: Karen Holzer, U.S. Geological Survey

Photo: George Grant, Glacier National Park archives Photo: Jerry DeSanto, National Park Service

From Hall and Fagre (2003)

Glacier National Park, Grinnel Glacier

Glacier National Park, Boulder Glacier

Presenter
Presentation Notes
Comparison of the Grinnel Glacier in Glacier National Park in 1910 and 1998.  Comparison of the Boulder Glacier in 1932 and in 1988.

Reference: Hall, M. H. P., and Fagre, D. B., 2003, Modeling climate-induced glacier change in Glacier National Park, 1850-2100, Bioscience, v. 53, p. 131-140.
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Kilimanjaro, 
Africa

Source: E. Oehler, Kilimanjaro, 1912

Presenter
Presentation Notes
Comparison of glaciers on Kilimanjaro from photos taken in 1912, 1970 and in 2000.
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“One of the warning signs that a dangerous 
warming trend is under way in Antarctica will 
be the breakup of ice shelves on both coasts 
of the Antarctic Peninsula, starting with the 
northernmost and extending gradually 
southward.” 

- Concluding statement in Mercer (1978)

Presenter
Presentation Notes
A prediction made by John Mercer in a 1978 paper in the journal Nature states that a warming trend in Antarctica will be signaled by the breakup of ice shelves from the north to the south along the Antarctic Peninsula.

Reference: Mercer, J. H., 1978, West Antarctic Ice Sheet and CO2 greenhouse effect – Threat of disaster, Nature, v. 271, p. 321-325.
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The Antarctic Peninsula

The picture can't be displayed.The Antarctic Peninsula
has lost large chunks of its
ice shelves in recent 
years. Temperatures in the 
Peninsula region have
warmed roughly  2.5oC
in the  last  50  years.

after Kaiser (2002) 

Presenter
Presentation Notes
Dates of the break up of ice shelves along the Antarctic Peninsula that have occurred up to 2002.

Reference: Kaiser, J., 2002, Breaking up is far too easy, Science, v. 297, p. 1494-1496.
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Photo of the Glaciar Piedras 
Blancas

Presenter
Presentation Notes
Photo of the Glaciar Piedras Blancas near the southern tip of South America taken in 1945 compared with a photo from 1998.
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Glaciar Lanín Norte

1896, Moreno 2001

Presenter
Presentation Notes
View of the Glaciar Lanin Norte in northern Patagonia taken in 1896, compared with a 2001 photo showing that the glacier has disappeared.
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Quelccaya ice cap, Peru

Presenter
Presentation Notes
1972 Landsat photograph of a section of the Quelccaya ice cap, the largest tropical ice cap on Earth.  Also shown is the Qori Kalis, the largest outlet glacier flowing from the ice cap.
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Qori Kalis Glacier, Peru, 1978 

L.G. Thompson 

Presenter
Presentation Notes
Photo of the Qori Kalis outlet glacier taken by Lonnie Thompson in 1978.
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Qori Kalis Glacier, Peru, 2002 

L.G. Thompson 

Presenter
Presentation Notes
Photo of the Qori Kalis outlet glacier taken by Lonnie Thompson in 2002.  The lake, which did not exist in 1978, now covers over 78 acres. 
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Photos of the Qori Kalis

Presenter
Presentation Notes
Photos of the Qori Kalis outlet glacier taken in 1978, 1991, 1998, 2000 and 2002 document the retreat of the ice margin and the development of a lake.  The map showing the position of the glacier terminus indicates that in the period between 1963 and 1978, the glacier was retreating on average 4.7 meters per year.  Between 2000 and 2002, the average retreat had increased to over 200 meters per year or 40 times faster, and the retreat continues.
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Oori Kalis Glacier, July 2004

Presenter
Presentation Notes
View of Qori Kalis in July 2004 shows that the retreat continues.  In 2004 sonar was used to determine the depth of the lake, which is 60 meters (200 feet) at its maximum.
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Things we know with certainty
• Glaciers are disappearing and along with them a 

very valuable paleoclimate archive is being lost.

• The loss of glaciers (the world’s water towers) 
threatens the water resources in many parts of 
the world that are necessary for:

1) hydroelectric power production
2) crop irrigation
3) municipal water supplies 

• The loss of glaciers around the world has a 
direct impact on tourism 

Presenter
Presentation Notes
Things we know with certainty.
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Northern Ice Field, Kilimanjaro

Presenter
Presentation Notes
The Northern Ice Field of Kilimanjaro in 2000 showing where one of three cores was drilled to bedrock.  Note the drill dome on top of the ice field toward the left in the photograph.
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Tube 1: top: 0.00 meters 

Tube 43: top: 42.84 meters

Elongated bubbles

Kilimanjaro (2000)  Northern Ice Field Core 3

Presenter
Presentation Notes
Photos of the ice core recovered from the Northern Ice Field of Kilimanjaro show the unusual nature of the current warming.  The lower section of the core shows the normal appearance of ice, with small air bubbles resulting from the conversion of snow to ice at depth. The upper section shows the top 65 cm of the Northern Ice Field core.  This section shows large air bubbles, up to 15 cm long.  These long bubbles form only with melting and refreezing of melt water.  Had melting ever occurred at other times in the 11,700 year ice core history, we would be able to see it in the ice cores.  So what is happening today is unusual in the 11,700 year history represented in these ice core records.

Byrd Polar Research Center 2005




“What the Ice Gets,
the Ice Keeps”

- Sir Ernest Shackleton
1915

Presenter
Presentation Notes
A 1915 quote from Sir Earnest Shackleton: "What the ice gets the ice keeps“
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The retreating margin of the 
Quelccaya ice cap

Presenter
Presentation Notes
The retreating margin of the Quelccaya ice cap, showing the developing lakes.
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1977

2002

Quelccaya, Peru

Presenter
Presentation Notes
Photo of the margin of Quelccaya in 1977 before the lake formed and a 2002 photo of the back side of a newly formed lake.  People can be seen on the margin of the ice cap in 1977 and also a person can be seen at the base of the ice wall in the 2002 photo.  On the lower right is a wetland plant deposit uncovered by the retreating margin of the ice wall.
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Plant

200 – 400 meters above 
its modern range

Quelccaya Ice Cap, 2002

Presenter
Presentation Notes
A close up view of the wetland plant deposit discovered in 2002.
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A comparison of Distichia muscoides5177 ± 45 yr. B.P.

Presenter
Presentation Notes
A comparison of Distichia muscoides, as identified by Dr. Blanca Leon at the University of Texas at Austin, with a modern plant.  Six radiocarbon (14C) dates indicate that the old plant dates to about 5,200 years before present.   Thus the plant tells us that before 5,200 years ago, temperatures had to be as warm or warmer than today in this region and that whatever happened 5,200 years ago had to be abrupt in order to capture and preserve this soft-bodied wetland plant.
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More rooted wetland 
plants were exposed

Presenter
Presentation Notes
In 2004, more rooted wetland plants were exposed in a valley 3 kilometers from the 2002 collection site.  These plants date to between 4,600 and 5,000 years in age.
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“The Tyrolean Iceman” – “Otzi”
“Man from the Hauslabjoch”

Age 5175       125 years+

Source: http://info.uibk.ac.at/c/c5/c552/Forschung/Iceman/iceman-en.html#Finding

Presenter
Presentation Notes
The interesting thing about the Quelccaya plant dates is that they are the same as the age of Otzi, the iceman that melted out of a glacier in the Austrian Alps in 1991.  In order for Otzi to have been so well preserved for 5,200 years, he would have had to been covered abruptly soon after his death and remained covered until 1991.
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Millennial Perspective of Tropical 
Climatic ChangeDo these abrupt

(non-linear) events
result from linear 
climate forcing? 

Does the abrupt climate
event at ~5,200 years 
before present mark
the transition from early 
Holocene “Hypsithermal” 
to late Holocene 
“Neoglacial” conditions?

What is the role of
non-linear feedbacks?

Was a critical 
threshold exceeded?

Presenter
Presentation Notes
This abrupt change is documented in many other records and raises some very important questions about abrupt climate change.  The 5,200 year event shows up as the lowest oxygen isotopic value in the 11,700 year record from the  Kilimanjaro ice core record and in the last 12,000 years of the Soreq Cave speleothem record.  Also it is the time of the lowest methane levels recorded in both the Greenland and Antarctic ice core records.  In the Huascaran ice core record we have to go back 5,200 years before present to find oxygen isotopic values of the same level as today.  These results raise important questions, like, does the abrupt event 5,200 years ago represent the change from the warmer earlier Holocene Hypsithermal and the later cooler Neoglacial period?  Does the abrupt event result from linear climate forcing, driven by linear changes in such things as the tropical Northern Hemisphere solar insolation changes?  Was a critical threshold exceeded?  What is the role of non-linear feedbacks in the climate system?

In panel a) LIA = Little Ice Age;  MWP = Medieval Warm Period.  The Little Ice Age  was a period from around 1400 to 1800, which is characterized by an expansion of mountain glaciers and cooling of global temperatures, especially in the Alps, Scandinavia, Iceland, and Alaska.  The Medieval Warm Period was an unusually warm period in history lasting from about the 10th century to about the 14th century.

References:
Bar-Matthews, M., Ayalon, A., Kaufman, A., and Wasserburg, G. J., 1999, The Eastern Mediterranean paleoclimate as a reflection of regional events: Soreq cave, Israel, Earth and Planetary Science Letters, v. 166, p. 85-95. 

For more information about ice core data see: http://www.ncdc.noaa.gov/paleo/icecore.html
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Sites with 5,200 Year Abrupt Climate 
Change Evidence

Presenter
Presentation Notes
Global view of well dated sites where the 5,200 year (years before present) abrupt climate event has been documented (as of April, 2005).  This event is recorded in tree rings, marine cores, bog pollen, artifacts, and speleothems (cave calcite deposits).
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20th Century Changes in 
Ice Cover

Presenter
Presentation Notes
Global loss of ice in the 20th Century: the red areas show areas of document ice loss. Up until just 5 years ago glaciers in Norway and Sweden were advancing, but now this area has joined the rest of the world in with respect to glacier retreat.  At the onset of the 21st century the world's crown jewels, its mountain glaciers, are being lost.
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Consequences of Melting Glaciers

1. The Loss of Nature’s Water Towers: the loss of 
glaciers is documented around the world and  the rates of 
loss are increasing.

2. Ice on Earth: ice covers about 10% of Earth’s continental 
area.  Most of that ice—more than 32 million cubic 
kilometers---- shrouds Antarctica and Greenland, but 
around 100,000 cubic kilometers are locked in the mountain 
glaciers. 

3. Sea Rise due to Melting Glaciers and Thermal 
Expansion of Oceans:  alpine glacier melting and 
thermal expansion of the world’s oceans will raise sea level 
by ~0.5 meters, displacing 100 million people in Bangladesh 
alone.

Presenter
Presentation Notes
Melting glaciers will result in at least three main problems.  The loss of glaciers means the loss of the world's natural water towers.  Along with the loss of water supplies, we are losing a very valuable climate archive.  Glaciers are simply water stored as ice at high elevation.  Ice covers about 10% of the Earth's surface, with most of the cover in the great ice sheets of Antarctica and Greenland.  Sea level rise due to the melting of mountain glaciers and thermal expansion of the world's oceans would lead to a ~0.5 meter rise in sea level, displacing people from coastal areas globally (including over 100 million people in Bangladesh alone).
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“As world population has doubled and as the global economy has expanded sevenfold  over the 
last half-century, our claims on the earth have become excessive.  We are  asking more of the 
Earth than it can give on an ongoing basis, creating a bubble economy.“

- Brown (2003)

Earth at Night
Source: http://antwrp.gsfc.nasa.gov/apod/ap040822.html

Presenter
Presentation Notes
The visible impact of humans on the Earth can be seen at night in the lights of cities around the world.

Reference: Brown, L. R., 2003, Plan B: Rescuing a Planet under Stress and a Civilization in Trouble, W. W. Norton & Company, Inc., 285 p.

Earth at Night image from http://antwrp.gsfc.nasa.gov/apod/ap040822.html.  Credit: Mayhew, C., and Simmon, R., (NASA/GSFC), NOAA/ NGDC, DMSP Digital Archive.
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Carbon Dioxide Concentrations

Presenter
Presentation Notes
The Keeling curve, showing increasing atmospheric carbon dioxide levels, can be put into a longer time perspective using carbon dioxide levels measured in air bubbles in ice cores. The combined records show the human impacts on the global atmosphere, starting with pre-anthropogenic carbon dioxide levels of about 280 ppmv (parts per million by volume) around 1780 (A.D.), and rising to the current level of 380 ppmv.

Data Sources: see Historical CO2 record from the Siple Station ice core, A. Neftel, H. Friedli, E. Moor, H. Lötscher, H. Oeschger, U. Siegenthaler, and B. Stauffer; and Atmospheric CO2 records from sites in the SIO air sampling network, C. D. Keeling and T. P. Whorf, Mauna Loa, Hawaii; available at http://cdiac.esd.ornl.gov/trends/co2/contents.htm

The image on the bottom left is a view of a thinly sliced ice core through a polarizing light microscope.
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Global Average Near-Surface 
Temperatures

There is concern because we are living in a time of 
unprecedented changes – some of these changes are 
occurring at rates that we have not witnessed in the past 
(including the geologic record)

2004

1998

2004 was the 
4th warmest 
year on record.

From: http://www.metoffice.com/research/hadleycentre/pubs/brochures/B2004/global.pdf

Increasing temp.

Source: Hadley Centre for Climate Prediction and Research

Presenter
Presentation Notes
Global average near-surface temperature records from 1861 to November 2004 show the unusual nature of global temperatures since 1990. 1998 was the warmest year on record, followed by 2002 as the second warmest, 2003 as the third warmest, and 2004 coming in as the 4th warmest year on record. 

Temperature figure from: “Uncertainty, risk and dangerous climate change, Recent research on climate change science from the Hadley Centre”, December 2004.  Document available online (COP10 Climate Change) at: http://www.metoffice.com/research/hadleycentre/pubs/brochures/ 

Earth Image: This image of the Earth was taken by the Galileo spacecraft at about 6:10 a.m. PST on December 11, 1990. The spacecraft was about 1.3 million miles from the Earth. South America is near the center of the picture, and the white, sunlit continent of Antarctica is below. Picturesque weather fronts are visible in the South Atlantic, lower right. (Courtesy of NASA/JPL)
Link: http://www.windows.ucar.edu/tour/link=/earth/images/earthx_image.html
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The Vostok Ice 
Core

Vostok 

The Vostok ice core extends back through multiple glacial and 
interglacial stages - recording the changes in the composition of 

the Earth's atmosphere.

Houghton et al. (2001),  Petit et al. (1999)

Today’s atmospheric 
concentrations:
CO2 = 378 ppmv
CH4 = 1750 ppbv

Presenter
Presentation Notes
The Vostok ice core from Antarctica extends back through multiple glacial and interglacial stages, recording changes in the composition of the Earth's atmosphere.  Clearly, given today's carbon dioxide (CO2) and methane (CH4) levels in the atmosphere, it can be argued that we are in situation where we have no analog with respect to the current levels of these greenhouse gases.  Certainly projected increases of greenhouse gases by 2100 really give cause for concern.

ppmv = parts per million by volume; ppbv = parts per billion by volume.

References:
Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J., and Xiaosu, D. (Eds.), Climate Change 2001: The Scientific Basis, Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, U. K., 944 p., available at http://www.grida.no/climate/ipcc_tar/.

Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., Bender, M., Chappellaz, J., Davis, M., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., Lipenkov, V. Y., Lorius, C., Pepin, L., Ritz, C., Saltzman, E., Stievenard, M., 1999, Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica, Nature, v. 399, p. 429-436.
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Carbon Dioxide and Methane 
Concentrations

Houghton et al. (2001)

In 2100:
CH4 ~ 3750 ppbv

In 2100: 
CO2 ~ 1100 ppmv

Today’s atmospheric 
concentrations:
CO2 = 378 ppmv
CH4 = 1750 ppbv

Presenter
Presentation Notes
The long term perspective of carbon dioxide and methane variations as measured in air bubbles from the Vostok ice core, the record from which covers the last 420,000 years. The blue line shows the carbon dioixide levels and the red line the methane levels in the atmosphere today.  The IPCC 2000 scenarios for the "business as usual" model projected for the year 2100 shows how unusual  these greenhouse gases concentrations are projected to be in less than 100 years.

ppmv = parts per million by volume; ppbv = parts per billion by volume.

Reference:
Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J., and Xiaosu, D. (Eds.), Climate Change 2001: The Scientific Basis, Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, U. K., 944 p., a vailable at http://www.grida.no/climate/ipcc_tar/.
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Human response to abrupt 
climate change

Presenter
Presentation Notes
Important questions arise concerning the human response to abrupt climate change.  One of these questions is: who pays the price?  Unfortunately, it is likely to be those who can least afford it and are least responsible for the change, such as this Quechua Indian girl living near the margin of the Quelccaya ice cap in Peru.
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Our Options

Presenter
Presentation Notes
What are our options concerning the potential of future abrupt climate change?  We may choose to ignore the issue.  We could do nothing in particular and allow market forces to work through the problem.  We could choose to mitigate against the production of greenhouse gases and reduce the extent of the change.  This would mean actively choosing to invest in alternative energy sources and reducing consumption. The other option is to adapt to the significant change that is inevitably ahead.
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Crisis

Presenter
Presentation Notes
During the course of traveling and working throughout the world, one can gain insight into the long history of humanity on Earth based on ancient writings and cultures. The long written history of China provides an interesting lesson in the meaning of the word “crisis”.  In Chinese, “Weijin”, the word for “crisis”, consists of two characters.
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Danger

Presenter
Presentation Notes
The first character “Wei” means “danger”.
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Opportunity

Presenter
Presentation Notes
The second character means “opportunity”.  Every crisis brings an opportunity for us to make things better.
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Earth

Presenter
Presentation Notes
On the question of climate change, one might ask whether we have the institutions in place to deal with long term issues like greenhouse gas build up in our atmosphere.  It also raises the question of whether it is like other crises in our past which dealt with local, region or national problems.  Carbon dioxide, for example, has a residence time in our atmosphere of over 100 years.  Thus the carbon dioxide which we are releasing today will be impacting our climate 100 years from now.   So if we wait until the first crisis to take action on this issue, we will likely have already built in a whole series of crises that we will all have to deal with.

Earth Image: This image of the Earth was taken by the Galileo spacecraft at about 6:10 a.m. PST on December 11, 1990. The spacecraft was about 1.3 million miles from the Earth. South America is near the center of the picture, and the white, sunlit continent of Antarctica is below. Picturesque weather fronts are visible in the South Atlantic, lower right. (Courtesy of NASA/JPL)
Link: http://www.windows.ucar.edu/tour/link=/earth/images/earthx_image.html
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Dr. Lonnie G. Thompson
Lonnie G. Thompson is a Distinguished University Professor in 
Geological Sciences and Research Scientist in the Byrd Polar 
Research Center, both at The Ohio State University. His long list of 
awards most recently includes the 2005 Tyler Prize for Environmental 
Achievement which was announced in March. Dr. Thompson has 
received over 50 grants and published nearly 200 scientific articles. He 
maintains an active field research program, in which Dr. Thompson 
drills ice cores from Earth’s most daunting peaks. He was the first to 
show that it was possible to get deep cores from high mountain peaks. 
Then he extracted paleoclimate records showing how temperatures on 
our planet has changed during recent geologic times. Three years ago, 
Dr. Thompson showed that the famous snows on Mt. Kilimanjaro, 
Africa, have been there for more than 11,000years, but may be gone in 
2015. His research lab is quickly trying to collect ice cores from 
endangered tropical glaciers, such as Mt. Kilimanjaro, before warming 
destroys them.
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