Reflection of Sunlight by Snow:
Contribution to Earth’s Energy Budget

Stephen Warren
University of Washington, Seattle

Presentation to Congressional delegation,
llulissat, Greenland, 20 July 2007



Sunlight provides the
energy for the Earth’s
- climate system.

' The climate is
primarily determined
by the amount of solar
energy absorbed by the
. oceans, atmosphere,

. and land surface.

Earth absorbs 70% of
the sunlight and
reflects 30%.

Earth’s “reflectance”,
or “albedo” is 30%.

Without clouds and snow, the Earth would overheat.



If you’re out in the summer sun, which shirt will keep you cool?



Reflectance (percent)
Ocean water 7
Forest 10
Tundra 20
New snow 80
Melting snow 70

Sea ice
snow-covered 70-80
bare 50

with puddles 30




Snow-covered sea ice (Antarctic)
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Snow amplifies climate change.

If the climate cools:

snow covers larger area,

hiding dark underlying surfaces,
reflects more sunlight,

leads to further cooling.

If the climate warms:

snow melts earlier,
exposing dark surfaces
that absorb more sunlight,
leading to further warming.

This iIs a "positive feedback"
or "amplifying feedback".






(Carl Benson, 1960)§.

55% Is wet snow (some of the winter snow
melts in summer, but not all)
- Percolation zone
- Wet-snow zone
- Slush zone
15% is the Ablation zone (“ablation”
meaning “net loss”: all the winter snow
melts in summer, and some ice as well).

So some melting occurs on 70% of the ice
sheet.

But now the melt area exceeds 70%.
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-
e

Percolation Zone
- o Ty, g a

Saturation Fone

In 2002, only the white area
experienced no melting.

(from Prof. Koni Steffen,
Univ. Colorado)

Number of melt days In
2002 (from satellite radar).



Extent Experiencing at Least 1 Melt Day
April - September 25
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Melting ice in the ablation zone (northeast Greenland)




The slush zone




Wet snow. (Northeast Greenland in August 2006)









Black Carbon (Soot) in Arctic snow
Stephen Warren, Thomas Grenfell
University of Washington, Seattle

Antony Clarke
University of Hawalii

Funding from NSF Arctic Program began August 2006

Project website: www.atmos.washington.edu/sootinsnow



Incomplete combustion (diesel engines, coal burning, forest fires,
agricultural fires) puts soot particles into the atmosphere.

The particles often travel thousands of miles in the atmosphere
before they are removed by rain or snow.

Dark particles in snow make the snow darker. Just 25 parts per
billion of soot (typical of Arctic snow) can reduce the reflectance
from 72% to 70%. This Is not enough darkening to see by eye, but
It Is enough to be important for climate.

(Warren and Wiscombe 1980, Clarke and Noone 1985).

The effect on the Earth’s energy budget of soot in snow may be
one-quarter as large as that due to the increase of greenhouse gases
since pre-industrial time

(Hansen and Nazarenko 2004).



Soot in snow 1983-4 (Clarke & Noone) Most amounts are 5-50 parts per billion.
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Fig. 1. Map of Arctic sampling locations for the University of Washington atmospheric .} aircraft samples and snowpack
(@) samples for 1983 and 1984, 1983




New 4-year project begun:
a comprehensive survey of soot in Arctic snow,
to update Clarke & Noone’s survey from 1983-4.

INENC!
Canada
Greenland
Svalbard
Scandinavia
Russia
Arctic Ocean

To what extent is soot contributing to the warming of the Arctic?






Pouring meltwater into the funnel



Water is sucked through the filter by a hand-pump



Filters are scanned with a spectrophotometer to quantify both dust
and soot. They are compared to standard calibration filters.




Norwegiarries
Jan Mayen




Measuring snow reflectance on Svalbard, March 2007
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Arctic Russia March-May 2007
Tom Grenfell, Steve Hudson

Permissions were granted to enter restricted border areas;
International Polar Year (IPY) has political prominence in Russia.



Information Bulletin
of the International
Polar Year,

June 2007

Stephen Hudson (left),
a graduate student at
the University of
Washington, traveling

up the Khatanga River Creden XancoH v Banepuin MInnonntos Ha MecTe oTbopa npob cHera B XataHre
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Prof. Konrad Steffen,
Univ. Colorado.

Automatic weather
stations at 2000-m
level.

8 sampled to date.
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International Polar Year
This project benefits from the increased scientific activity in the Arctic, 2007-9.

Collaborations:

Norwegian Polar Institute (Svalbard)

Danish Polar Center (Northeast Greenland)
Arctic and Antarctic Research Institute (Russia)

Volunteers who have collected snow for this project in 2007:

Prof. Konrad Steffen (Univ. Colorado). Automatic weather stations in Greenland

Dr. Matthew Sturm (U.S. Army Cold Regions Lab, Fairbanks, Alaska).
Snowmobile traverse of Arctic Alaska and Canada

Dr. Jacqueline Richter-Menge (U.S. Army Cold Regions Lab, Hanover, NH).
Snow on sea ice in the Beaufort Sea

Dr. Jamie Morison (UW Applied Physics Lab).
North Pole Environmental Observatory, Arctic Ocean.

Dr. Matt Nolan (Univ. Alaska). McCall Glacier, northern Alaska

Prof. Von Walden (Univ. Idaho). Ellesmere Island, Canada

Prof. Dave Barber (Univ. Manitoba). Hudson Bay

Prof. Shawn Marshall (Univ. Calgary). Devon Island Ice Cap, Canada.



Preliminary results

Soot amounts in high-elevation parts of Greenland are in the same range
as found in 1984 and are too small to cause significant absorption.
Melting snow at lower elevations will be sampled this summer.

Soot amounts from Arctic Canada, Alaska, and the Arctic Ocean are less
than half those of 1984, apparently because of decreased emissions from

eastern Europe and Russia. Therefore, the recent accelerated warming of
the Arctic cannot be due to soot.

Highest soot amounts now are in Siberia, which was not sampled in 1984.

Quantification, and separation of soot from dust, awaits our new
spectrophotometer (now undergoing testing)

Future work: 1dentification of sources



Expected soot amounts in snow, from an atmospheric circulation model.
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Take-home messages

The high reflectance of snow amplifies climate changes,
by a factor of about 2.

Arctic snow has become cleaner in the last 20 years.
Further reductions of soot emissions would help
preserve the snow and ice.



