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Chapter 6  Global Climate Change

Think About It
Imagine that Earth’s climate suddenly became drastically warmer 
and all of the glaciers and ice sheets melted. 

• What would happen to the sea level? Why? 

• How could you predict precisely which parts of the United 
States would be affected by the change in sea level? 

Record your ideas about these questions in your Geo log. Be 
prepared to discuss your responses with your small group and 
the class.

Investigate
In this Investigate, you will examine maps that show the total 
area of Earth’s North and South Poles covered by ice sheets both 
20,000 years ago as well as the present. Using the maps, you will 
calculate the volume of the ice sheets. You will then consider the 
effects on sea level of the melting and growth of the ice sheets. 
Finally, you will think about the effects on Earth’s crust as a 
glacier develops on it and then melts.

Learning Outcomes
In this section, you will

• Estimate, using maps, how 
much ice was contained in the 
Pleistocene ice sheet.

• Use the estimate to calculate 
how much lower sea level was 
during the Pleistocene Epoch.

• Estimate the volume of ice in 
the Greenland and Antarctic ice 
sheets, and calculate how much 
sea level would rise if they were 
to melt completely.

• Determine whether sea-level 
changes would affect your 
community.

• Understand the mechanics of 
postglacial rebound and how 
it impacts sea level.

Section 5 How Do Glaciers Affect Sea Level?
What Do You See?
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Part A: How Much Ice Did the 
Pleistocene (20 ka) Ice Sheets Hold?

 1. Look at the images below of the areas 
around the North and South Poles at 
20,000 years ago (20 ka). Note how 
the squares form a grid on the screen. 
The diagrams are “equal-area” polar 
projections. In an equal-area polar 
projection, each grid square contains 
the same area. The diagrams are at 
slightly different scales. This is because 
the area of a grid square is different 
between the two projections. The 
area of each grid section on the 
north polar projection is about 
800,000 km2 (square kilometers). 
The area of each grid section on the 
south polar projection is about 
500,000 km2. 

 2. Use the equal-area projections of the 
North and South Poles at 20,000 years 
ago to answer the following questions: 

a) Add up the total area covered by the 
Pleistocene ice sheets. Express areas 
in square kilometers. 

b) Estimate the average thickness of the 
Pleistocene ice sheets by comparing 
them with the current Antarctic and 
Greenland ice sheets. The average 
thickness of the ice sheets today is 
1.5 km. 

c) Multiply the area covered by ice by 
the average thickness to calculate the 
volume of the Pleistocene ice sheets. 

 3. The ice in the ice sheets came from the 
water from the oceans. Therefore, as 
the ice sheets grew, sea level fell. As the 
ice sheets melted, the meltwater was 
added to the oceans. This caused sea 
level to rise. The change in sea level is 
the volume of the Pleistocene ice sheets 
divided by the area of the oceans. 

a) Explain why this is so. 

b) The area of the oceans is 362 million 
square kilometers. Using this figure, 
calculate the changes in sea level 
associated with both the growth and 
melting of the Pleistocene ice sheets.

Section 5  How Do Glaciers Affect Sea Level?

North Pole: 20 ka  South Pole: 20 ka
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Chapter 6  Global Climate Change

Part B: How Much Ice is in the 
Greenland and Antarctic Ice Sheets?

 1. Use the present-day equal-area 
projections of the areas around the 
North and South Poles to answer the 
following questions: 

a) Estimate the amount of ice currently 
in the Greenland and Antarctic ice 
sheets. 

b) Estimate the expected sea-level rise 
if the Greenland and Antarctic ice 
sheets were to melt completely. 

 North Pole: Present

 South Pole: Present

Part C: Mapping the Effect of Glaciers 
on Coastal Land Areas 

 1. In Part A, you calculated how much 
sea level would change with both the 
growth and melting of the Pleistocene 
ice sheets. In Part B, you calculated how 

much sea level would rise if the present-
day ice sheets were to melt completely.

a) Using these numbers, calculate how 
much sea level would fall if the 
present-day ice sheets expanded 
as much as they did during the 
Pleistocene Epoch.

b) Using a relief map of the United 
States, outline the areas that would 
become dry land if the ice sheets 
were to advance again.

c) Using a relief map of the United 
States, outline the areas that would 
be flooded if the world’s remaining 
ice sheets were to melt. 

Part D: Modeling Postglacial Rebound 

 1. In a mixing bowl, make a large lump 
of dough. To do this, put two cups of 
room temperature water in the mixing 
bowl. Add one cup of oatmeal and 
three cups of flour. Mix with a stirring 
spoon until uniform. Gradually add 
more flour, stirring continuously, until 
you have stiff dough that is no longer 
gooey. Turn the dough out onto a sheet 
of floured wax paper on a tabletop. 
Spread it with your hands until it is 
about 2 cm thick. Trim the sheet of 
dough so that it is a square about 20 
cm on a side. Trim a sheet of bubble 
wrap to make two squares of the same 
size as the dough. Place the dough 
between the sheets of bubble wrap, 
press out all the air you can, and tape 
all four edges watertight with the duct 
tape. Press the dough to mold it to the 
bubble wrap. This is your model of the 
continental crust. 

 2. Fill a pan or tub about half full with 
room temperature water and place the 
dough sheet on the water surface. The 
dough sheet should float rather than 
sink. Anchor the dough sheet along 
one side of the pan in a few places 
with duct tape.
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Section 5  How Do Glaciers Affect Sea Level?

 3. Pick a point near the middle of the 
dough sheet and make a mark on the 
surface with a marker. 

 4. Establish two “stations” along opposite 
edges of the pan or tub along a line that 
passes directly over the mark on the 
dough sheet. 

 5. Rest a meter stick on the “stations,” 
and tape it firmly to the edges of the 
pan or tub with duct tape. 

 6. Place a 5 cm × 5 cm × 2 cm wood block 
gently on the surface of the dough sheet 
so that one edge of the block is about 
one-half inch away from the mark. 

 7. As soon as the wood block has sunk 
down to its equilibrium position 
(that is, has stopped sinking), hold a 
centimeter ruler vertically against the 
meter stick and lower it down until its 
end touches the mark on the dough. 
Read the ruler to the nearest millimeter 
where it crosses the meter stick. 

a) Record the reading in your notebook. 

 8. Gently remove the block from the 
dough sheet. Read the elevation of the 
mark again. 

a) Why did it take some period of time 
for the block to reach its equilibrium 
position? 

b) What factor or factors determine the 
equilibrium position of the block? 

c) Did the mark on the dough end up 
at the same elevation after the 
block was removed? If so, why? If 
not, why not? 

d) All else being the same, would the 
difference in the initial and final 
elevations of the mark have been the 
same or different if you had made 
the dough even stiffer? Thicker? 

e) All else being the same, would the
difference in the initial and final 
elevations of the mark have been the 
same or different if the block had 
been thicker? Test your prediction 
using a 5 cm × 5 cm × 5 cm block. 

f) If the block had been wider, all else 
being the same, would the difference 
in the initial and final elevations 
of the mark have been the same or 
different? Test your prediction using 
a 10 cm × 10 cm × 2 cm block. 

g) If the block had consisted of denser 
material, all else being the same, 
would the difference in the initial and 
final elevations of the mark been the 
same or different?

Discard the dough as directed by your teacher. 
Any remaining flour that is not used for the 
model must be considered contaminated, and 
labeled as such. Goggles must be worn. Wash 
your hands when you are done.
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HOW GLACIERS AFFECT GLOBAL SEA LEVEL
The ultimate source of the ice in glaciers is the ocean. Worldwide, there
is more evaporation than precipitation over the oceans. There is more 
precipitation than evaporation over the continents. The snow that feeds 
the world’s glaciers forms from water vapor. This water vapor was put into 
the atmosphere far away by evaporation of ocean water. As the water 
vapor is changed into glacial ice on land, sea level around the world is 
lowered. As the glacial ice melts, the water flows in streams and rivers 
back to the oceans. This extraction of water from the oceans to form 
glaciers on land, and the return of the water to the oceans, is one of the 
important “loops” in Earth’s water cycle. 

Glaciologists have a good idea of the total volume 
of ice in the world’s glaciers. Almost all of that ice 
is in the Antarctic and Greenland ice sheets. To 
calculate the volume of ice in an ice sheet, both the 
area and the thickness must be known. You did this 
in the Investigate. The area of the ice sheets is easy 
to measure, but the thickness is more difficult. The 
thickness of ice sheets is measured by echo sounding. 
A pulse of sound is sent down through the glacier, 
and the echo from the bedrock at the base of the 
glacier returns to the surface. The thickness can be 
calculated from the measured two-way travel time 
of the sound pulse and the known speed of sound 
in glacial ice. Of course, for a good estimate of 
thickness, a very large number of soundings must 
be made. The ice sheets are thousands of meters 
thick, so the volume of ice is enormous. If all of the 
Antarctic ice sheet were to melt, sea level around 
the world would rise by about 60 m, and if all of the 
Greenland ice sheet were to melt, sea level would rise 
by about 5 m.

As recently as 20,000 years ago (in terms of geologic history, an instant), 
ice sheets covered vast amounts of land. They covered Greenland, 
Antarctica, much of eastern and central Canada, the northern part of the 
United States, and large areas in Scandinavia and Russia. At its maximum, 
the Laurentide ice sheet in Canada and the United States extended as far 
south as Missouri. (See Figure 2.) Sea level around the world was much 
lower than now. Marine geologists can recognize the remnants of old 
shoreline features. These remnants are now underwater far out to sea. 
They were formed during the sea-level lowstand. At that time, ice sheets 
were at their maximum. These shorelines are more than 100 m below 
present sea level. From 18,000 years ago to 6000 years ago, sea level rose 
to nearly its present position. This took place in the short span of only 
about 12,000 years.

Digging Deeper

Geo Words
lowstand: the interval 
of time during a cycle 
of sea-level change 
when sea level is 
about at its lowest 
position.

Figure 1 Glaciers are 
an important phase in 
Earth’s water cycle.
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Figure 2 The approximate extent of ice sheets in North America during the last 
Pleistocene glaciation.

During the long sea-level 
lowstand, the shoreline was 
far out near the edge of the 
continental shelf. This is 
160 km (100 mi) from the 
present shoreline. Rivers cut 
valleys across the shelf on their 
way to the ocean. Since the 
rise in sea level, these valleys 
have been flooded and partly 
filled with new sediment. 
An example on the east coast 
of the United States is the 
submarine valley. It extends over 160 km from the present mouth of the 
Hudson River, in New York City, all the way to the shelf edge. On the West 
Coast, the Golden Gate strait links San Francisco Bay to the Pacific Ocean. 
It is a flooded river valley. During the last glaciation, the Sacramento River 
flowed to the sea through the present Golden Gate. San Francisco Bay was 
dry lowland between two mountain ranges.

Section 5  How Do Glaciers Affect Sea Level?

Figure 3 The mouth of the Hudson River.
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Postglacial Rebound

Recall that the lithosphere is Earth’s outermost layer. It is about 100 km 
thick. It consists of rock that is cool enough to behave like an elastic 
solid. Like a piece of rubber or a hacksaw blade, the lithosphere can be 
bent and stretched. However, it returns to its original shape when the 
deforming force is removed. Recall that below the lithosphere is the 
asthenosphere. It behaves like a plastic solid. When the asthenosphere 
is acted upon by a deforming force, it changes its shape permanently by 
flowing, very much the way glacial ice flows. 

When an ice sheet forms, its weight bows down the lithosphere. This takes 
place both directly beneath the ice sheet and also for some distance next 
to the ice sheet. Asthenosphere material flows sideways to make room 
for the downbowed lithosphere. Then when the ice sheet melts, almost 
instantly in terms of geologic time, the lithosphere rises up buoyantly to 
its original position. In Part D of the Investigate, you simulated subsidence 
(lowering) and rebound of the lithosphere. You did this by placing a block 
of wood to represent a glacier on the slab of dough and then rapidly 
removing the load. This phenomenon is called postglacial rebound. 
However, because the lithosphere is strong and the asthenosphere is 
very stiff, postglacial rebound is slow. Large areas in eastern Canada 
and northern New England are still rebounding after melting of the 
Laurentide ice sheet. This is taking place at speeds of almost a meter per 
century. If the ice sheet was near the coastline, postglacial rebound causes 
the sea to retreat from the land in areas near the former position of the 
ice sheet. This process tends to offset the rise in sea level caused by the 
addition of water to the oceans as the ice sheet melts.

Figure 4 The addition of weight from an ice sheet (1) causes the lithosphere to bow 
downward (2). When the weight of the ice is removed (3), the crust rebounds to its 
original position (4).

Checking Up
1. If the ice in glaciers 

is made of fresh 
water, why does 
sea level drop 
when the climate 
gets colder and 
the world’s glaciers 
grow? 

2. How do 
glaciologists 
measure the 
thickness of a 
glacier? 

3. In very general 
terms, describe the 
difference between 
the lithosphere and 
asthenosphere. 

4. How does the 
elevation of a land 
area change when 
a glacier forms 
on it? When the 
glacier disappears 
again? Explain why 
this occurs.

Geo Words
lithosphere: Earth’s 
crust and the 
uppermost part of 
the mantle.

asthenosphere: lower 
part of Earth’s mantle 
that can flow very 
slowly.

subsidence: sinking or 
downward settling of 
Earth’s surface. 

postglacial rebound: 
the gradual rebound 
(uplift) of Earth’s 
crust after the 
melting of glaciers.

EC_Natl_SE_C6.indd   688 7/13/11   9:32:02 AM



EarthComm
689

Section 5  How Do Glaciers Affect Sea Level?

Think About It Again
At the beginning of this section, you imagined that the climate of Earth suddenly 
became drastically warmer and all of the glaciers and ice sheets melted. Then, you 
were asked the following:

•  What would happen to the sea level? Why? 

•  How could you predict precisely which parts of the United States would be affected by 
the change in sea level? 

Record your ideas about these questions now. Be sure that you describe how changes in sea 
level affect shorelines. Also describe how the elevation of a land area changes as a glacier 
that has formed on it melts.

Reflecting on the Section and the Challenge
You determined that the Pleistocene glaciers lowered sea level. You also calculated how 
much the melting of the Greenland and Antarctic ice sheets would raise sea level. You 
investigated how Earth’s crust is depressed as a glacier develops on it. You also simulated 
how it springs back to its original position after the glacier melts. You are now prepared to 
describe how changes in climate affect the growth and melting of glaciers and ice sheets. 
You should also be able to explain how changes in the volume of Earth’s glaciers and ice 
sheets affect sea level as well as Earth’s crust. This will help you to explain how scientists 
find out about past climates. It will also help you address the possible effects of climate 
change on your community.
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Understanding and Applying

 1. If a glacier were 10 km from your community and advancing at a rate of 2 m per day, 
how many years would it take to reach your community? 

 2. In what ways was the dough and plastic a good model of postglacial rebound?
In what ways was it not a good model of postglacial rebound? 

 3. Why is it that a shoreline can shift by as much as 100 km as ice sheets change 
in volume, even though sea level changes by only about 100 m? 

 4. Compare your estimates of ice-sheet area, volume, and sea-level change to those 
of other classmates. 

a) How much variation is there in the results? 

b) How can you explain the variation? 

c)  What evidence could you look for on Earth to check these theoretical calculations? 

 5. How do errors in estimating the areas of the ice sheets affect the accuracy of your 
estimates of how much sea level changed? 

 6. It is obvious that there would be problems if sea level were to rise. 

a) Would there be any serious problems if sea level were to fall? 

b)  Knowing that there are possible errors in estimating sea-level change, what is
the largest possible change that could reasonably be expected? The smallest? 

c) How would you explain the uncertainties to emergency planners? 

d)  How would you advise planners to prepare for the different possible changes? 

 7. Would the melting of ice floating in the oceans have any effect on sea level? 
Why or why not?

 8. Using evidence from glacial landforms and sediments, geologists have pieced 
together the maximum advance of glaciers about 18,000 years ago, which 
was shown as Figure 2 in the Digging Deeper. 

a)  Look back at the map and describe how far your part of the country was from
the ice sheet. 

b)  What do you think the climate was like in your part of the country during the 
glacial maximum? 

 9. Preparing for the Chapter Challenge 

Write a paragraph explaining how your community would be affected if sea level rose, 
and a paragraph illustrating how your community would be affected if sea level fell. 
Include as many factors as you can, not simply whether your community would be 
closer or farther away from the beach. Would a change in sea level affect the economy 
of your community? The population? Tourism? Transportation? How will you use this 
information in your Chapter Challenge?
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Inquiring Further
 1. The pressure under a column of ice 

What is the pressure beneath 3 km of ice? Is that enough pressure to have any effect on 
rocks? (It takes 10 million kg per m2 to fracture rock. How much would a column of 
ice 1 m2 and 3 km high weigh? A m3 of ice weighs about 900 kg.) 

 2. Investigating glaciers and climate change 

Carbon is stored in the atmosphere as carbon dioxide (CO2). Carbon dioxide in the 
atmosphere is a greenhouse gas. That means that it traps heat in the atmosphere, 
warming Earth. Levels of CO2 in the atmosphere through geologic time can be 
measured by examination of ice cores, because when the ice forms, CO2 is trapped 
in air bubbles. Go to the EarthComm Web site at http://www.agiweb.org/education/
earthcomm2/ to examine ice-core data from an ice core collected at the Antarctic 
station Vostok and answer the following questions: 

a) Do high levels of CO2 correspond to warmer or colder temperatures? 

b)  In general, do glacial or interglacial periods correspond to high levels of CO2? 
How would you explain this relationship? 

c)  If glacial and interglacial periods are identified by peaks, or maximum values, in the 
record, how many glacial/interglacial cycles can you identify on the Vostok record? 

d) Do the cycles appear to occur with a regular frequency? 

e)  What implications do you think this has for current predictions regarding 
global warming?

Perito Moreno Glacier in Argentina.
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