
ESS 203 - Glaciers and Global Change

Outline for today
• Volunteer for summary on Monday __________
• Summary of last Monday’s class –Chase

Meier, M.F. 1984.  Contribution of small glaciers to 
global sea level. Science226(4681),  1418-1421.

• How did Meier infer sea-level contributions from 
small glaciers?

Friday March 07, 2008.



Assignment For Monday

Reading Assignment
• Download from class eReserves and read

Hansen_2004_Sci_Am_time_bomb 

Writing Assignment
Answer our 3 questions about scientific papers
• What question is Hansen addressing?
• What answer does he find?
• What points on the paper are still unclear to you?



Upcoming Assignment For Wednesday

Reading Assignment
• Download read 2 short articles from Naturein 

Kapitsa_Lake_Vostok
1) ess203_ellis-evans_great_.pdf (commentary)
2) ess203_kapitsa_lake_vosto.pdf (peer-reviewed article)

Writing Assignment
Answer our 3 questions about scientific papers for 2).
• What question is Kapitsa addressing?
• What answer does he find?
• What points on the paper are still unclear to you?



Group Reports

Next Week, in Lab  -
Group Reports on Research Projects
• 10 minute group presentations, as at a conference.
• A fierce timekeeper will keep you to your scheduled 

time – be sure to practice your presentation!
• There should be a few minutes for questions and 

clarifications from audience after each talk.
• Mac and Windows computers available if you want to 

use PowerPoint (bring presentation on cd or Memory 
Stick).

If you are looking for W credit, your first draft 
of your paper is due Monday.



Group Term Papers - due March 17
Instructions posted on class web page.
Single paper, with multiple authors (you must all agree on 

the content!)
Write it in the form of a scientific paper.
3000-4000 words, or 6-8 pages, including
• abstract 
• references cited 
• Figures

Remember that figures can tell a powerful story.  Feel free 
to include figures.  

• It is OK to use figures scanned from published work, as 
long as you fully cite the source in your figure caption.



What I contributed …

Each class member will turn in a statement outlining his 
or her contributions to the group project.

This statement should include your contributions in
• researching your topic 
• Preparing and delivering your group presentation 
• Writing and editing your group paper

I do not plan to turn in your final grade until I have 
received this very important document from you.



Glaciers and Sea Level

Meier, M.F. 1984.  Contribution of small glaciers to 
global sea level. Science226(4681),  1418-1421.

Let’s hear you thoughts about our standard questions:
1. What is the question being asked in this paper?
2. What is the primary conclusion of the paper?
3. Are there points in the paper that you find to be 

obscure?



Sea Level since the Ice Age

During and since the last 
deglaciation, sea level rose on 
average1 cm/year for a period 
of about 10,000 years.  (~100 
meters in 10,000 years)

• Compared to those 
times, sea level today 
is remarkably stable.• At times, it rose 

much faster



Sea Level is Changing Today

• It is still rising about 1 - 2 mm every year,  i.e. 1/10 to 
1/5 the average rate during the deglaciation.



There are 3 factorsthat can affect sea level

• The first 2 affect the volume of water in the ocean 
basins. 

• The third factor affects the local relative sea level.



(1) Amount of water in the oceans

This is closely related to the amount of ice on the land 

Growth and melting of glaciers
• Antarctica
• Greenland
• “the rest” – small glaciers and ice caps



Where is the Ice?

Recall where the ice is located around the world and how 
much there is.

Antarctica totally dominates in volume and area.

Ice   (% )   Volume (103 km3)  Area (103 km2)  Thickness (km)
Antarctica 90 28,000            13,914              2.0
Greenland 9 2,660              1,802             1.5
“The Rest” 1 240 500 0.5

So why are we talking about the little glaciers at all?



Water Exchange - I
Sea level rises when water flows 
out of the ice reservoirs faster than 
it flows in.

The rate at which the ocean rises depends on the imbalance 
of water flow in the faucets, not on the size of the reservoirs.



Water Exchange - II
For any given imbalance in their total 
inflow and outflow, the difference 
between Antarctica and the small 
glaciers is …

… the small glaciers will run out of water sooner.



Water Throughput - I

Small glaciers have much larger accumulation rates 
and ablation rates than the polar ice sheets.

• Perhaps they can lose mass much faster than their 
small volume suggests.



Water Throughput - II

Area “A” Accumulation “a” Annual Throughput    Sea level equiv. 
(103 km2) (m/year) (103 km3/year) of throughput 

Antarctica 13,914         0.15         2.10 10 mm
Greenland 1,802 0.3 0.54 2.5 mm
“The Rest” 500 2.0 1.0 5 mm

The amount of mass entering (or leaving) a glacier 
each year can be estimated from its Areaand its 
average Accumulation Rate(annual for Antarctica, 
or winter accumulation for small glaciers with 
summer melting)



Water Throughput - III

The annual through-putof small glaciers may not be 
much different from the annual through-put in 
Antarctica.

• An imbalance of, e.g. 10%, between accumulation 
and ablation on the world's small glaciers could 
have an effect on sea level similar to a 10% change 
in the accumulation rate in Antarctica.



(2) Expansion of water already in the oceans

Thermal expansion changes density of sea water. 

Oceans warm up and expand as climate warms up



Temperature of the ocean water

• Seawater expands as it warms up.
• Volume increases by 2 ´ 10-4 per degree of warming.

V=1 m3 V=(1+0.0002) m3

(1 oC warmer)



Steric Expansion of Ocean

If water can expand in only 
1 direction, a 1-meter layer 
increases in thickness  by 
2´ 10-4 meter per oC

Ocean water cannot expand sideways (ocean basins 
don't cover a much bigger area).

• Almost all the expansion will be directed upwards.
• For each 1oC of warming, depth of a 1-meter water 

layer will increase by 2 ´ 10-4 m = 0.2 mm.



How much does Ocean Surface Rise?

Ocean is about 4 km deep.
• 1 degree warming will raise surface of ocean by

Alternatively, to raise sea level by 1 mm per year
• we need to heat the ocean at the rate
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(3) Vertical Motions of the Land

• Response to changing load of ice (isostatic rebound)

Andersen and Borns.  The Ice Age World. 1994.

Raised beaches, Richmond Gulf, Hudson Bay
• 8000 years, 300 meters



(3) Vertical Motions of the Land

Slow vertical motions can be caused by 
• moving tectonic plates.
• Ongoing response to former ice-sheet loading.
• Settling of water-rich sediments.

What areas of North America might be most 
vulnerable to rising sea level?

• Sea coasts with low topographic slope – examples?
• Coasts where land is sinking – examples?



History of Glacier Volume Loss and 
Hydrometeorological Models

• Measure volume change for a glacier
• Measure precipitation (P) and temperature (T) at a weather station

• Develop correlation that relates glacier volume change 
to P and T

• Use weather station P and T to calculate 
glacier size in the past, before glacier size 
was measured



Scalings!

• Meier has good volume-change data from only a few 
glaciers, in 13 regions.

• He can calculate the contribution to sea level from 
those 13 regions.

• He needs to find the contributions from all the other 
regions too.

• More-active glaciers have higher accumulation bw and 
ablation bs. They also have higher rates of mass loss.

• Meier defines an activity index using the accumulation 
and ablation rates  a = (bw – bs)/2

Remember that bs (summer melting) is a negative number!



Scalings!

How can Meier calculate the mass loss to the ocean for 
regions of glaciers (Table 1) in which there are no 
measured glaciers? 

• He uses that activity index to estimate the contributions 
from the un-measured regions. 

• He knows the areas covered by glaciers, and something 
about their accumulation and ablation rates. 

• Where they have high activity, he says it is reasonable 
to assume that they also have high rate of mass loss.

This leads to the total sea-level rise prediction 
in Equation (4) for the 61-year period.



Scalings!

How does Meier derive a historyof the sea level 
contribution from glaciers?  He has detailed histories of 
volume loss from only 3 glaciers.

• He assumes that the un-measured regions lost ice mass 
in synch with the 3 well-measured glaciers. 

• He knows the total contribution to sea level over 61 
years from each region.

• He can partition those contributions over time to follow 
the pattern of the 3 studied glaciers.

This leads to Equation (5), and the curve in Figure 2.



Meier’s Result
• Melt from small glaciers can account for all sea 

level rise not due to thermal expansion



Questions – (1) Ocean Warming

• Is ocean warming caused by the end of the last Ice 
Age 10,000 years ago, or is it caused by more-recent 
changes (e.g. 100 years, or Little Ice Age)?

• How could we figure that out?



Conveyor Circuit Time - I

We could estimate how long it takes for water to 
complete a circuit of the ocean conveyor

• By the time all 
the water has 
made a 
complete 
circuit, it 
probably has 
“forgotten” its 
ice-age 
temperature



Conveyor Circuit Time – II

• How long is the Conveyor path? (L= length)
• How fast might the water move?  (V = speed)

Time for a circuit: 
T= L/V

L = 50,000 km
= 5 ́ 107 m

V = 1 mm/sec
= 10-3 m/sec

T = 5 ́ 1010sec
@1500 years

Ocean has probably forgotten its ice-age temperature



Questions – (2) HM Models

• Making measurements of snowfall and melting 
everywhere on a big glacier over a time period long 
enough to detect a definite mass change is a daunting 
task.  You might expect that weather data from a 
Weather Station "near" the glacier could be used as a 
proxy for what is happening on a glacier.

• What might you learn about the climate on the glacier 
from a precipitation measurement at the Weather 
Station?

• What additional measurements would you need to 
make in order to use the Weather Station precipitation 
data as a proxy for places on the glacier?



Questions – more on HM Models

• What might you learn about the glacier climate 
from temperature readings at the remote weather 
station?

• What do you need to know about the atmosphere 
and the terrain, to use the weather-station data as 
proxies for the glacier climate?



Questions – (3) Why is East Antarctica not Melting?

• Given the global 
warming during the 
twentieth century, why is 
East Antarctica currently 
extracting as much or 
more water from the 
oceans as it returns?

• Will this state of affairs 
continue with continual 
and prolonged warming?

Oerlemans 1991. Norsk Geologisk Tidsskrift.



Meier wrote this more than 20 years ago

Many research 
groups have now 
replaced Meier’s 
tentative scaling 
with actual 
measurements

19 JULY 2002 VOL 297 
SCIENCE 
www.sciencemag.org



Alaskan Glaciers are Melting

Many research groups have now replaced Meier’s 
tentative scaling with actual measurements

• Repeated flights over many glaciers with laser 
altimeter

• Glaciers thinned by  » 0.5 m/year
• Sea level rose by » 0.3 mm/year

Arendt et al. 2002 SCIENCE 297



Questions – (4) How was 
Greenland doing in 2007?

• Velocity has been measured 
from space with 
“interferometric Synthetic 
Aperture Radar” or inSAR

• Speed of outlet glaciers has 
increased in past decade.

• Let’s look at speeds across 
these red lines (approx)

Rignot and Kanagaratnam, 2006. 
Science 311, 987-990.



Greenland Speed-up2004
2000
1995

Rignot and Kanagaratnam 2006 Science



Greenland Impact on Sea Level

Add volume V to Ocean with area A, level rises by h
• Greenland is losing about 55 km3 annually
• Volume of water added to ocean annually

is V » 50 km3

• Area of ocean is A » 330́ 106 km2

• V = A´ h,  or h = V/A
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This is now equivalent to melt from the small glaciers.



Do Meier’s conclusions hold up today?

Many research groups have now replaced Meier’s 
tentative scaling with actual measurements of mass 
change on glaciers. Radar and laser rangefinders have 
looked for changes in thickness of the big ice sheets. 

Results support Meier’s conclusions.
• Small glaciers were major contributors 1960-2000.
• They are still big contributors today, particularly 

Alaska, Patagonia, and central Asia.
• Their impact will diminish in coming decades because 

they are shrinking.



What about the polar ice sheets?

In 1985 their contribution to sea level was negligible. 

But now?
• Greenland is now a major contributor to sea-level rise.
• West Antarctica is losing ice, mostly in Amundsen Sea 

sector.
• East Antarctica is still neutral or possibly gaining 

mass.
(How long do we have to watch, to separate a trend 
from a random climate fluctuation?)


