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COMMITTEE ON SCIENCE, SPACE, AND TECHNOLOGY
U.S. HOUSE OF REPRESENTATIVES

HEARING CHARTER
Earth’s Thermometers: Glacial and Ice Sheet Melt in a Changing Climate

Thursday, July 11, 2019
10:00 a.m.
2318 Rayburn House Office Building

PURPOSE

The purpose of this Full Committee hearing is to discuss the current state of the science on glacier
and ice sheet melt. The hearing will focus on the science to understand the physical processes and
projections of mass loss of the major ice sheets in Greenland and Antarctica, as well as of mountain
and other land-based glaciers. The Committee will receive expert testimony on current projections
of glacier mass loss due to anthropogenic climate change, and in turn how that will affect sea level.
Additionally, this hearing will provide an opportunity to discuss the major sources of uncertainty
related to glacial and ice sheet melt including research gaps, risks to communities from local
glacier melt, as well as global risks from ice sheet instability and sea level rise, and the need for
adaptation and mitigation.

WITNESSES

s Dr. Richard B. Alley, Evan Pugh Professor of Geosciences and Associate of the Earth
and Environmental Systems Institute, Pennsylvania State University

¢ Dr. Robin E. Bell, Lamont Research Professor, Lamont-Doherty Earth Observatory,
Columbia University

* Dr. Twila A. Moon, Research Scientist, National Snow and Ice Data Center’s (NSIDC)
Cooperative Institute for Research in Environmental Sciences

* Dr. Gabriel J. Wolkon, Research Scientist and Manager, Climate and Cryosphere
Hazards Program, Division of Geological & Geophysical Surveys, Alaska Department of
Natural Resources

o Dr. W. Tad Pfeffer, Fellow, Institute of Arctic and Alpine Research, University of
Colorado Boulder

OVERARCHING QUESTIONS

¢ How is anthropogenic climate change, particularly rising temperatures, affecting glaciers
and ice sheets?

e How do glaciers and ice sheets act as “Earth’s thermometers™ and what can past climates
tell us about current rates of change?

¢ How much do melting glaciers and ice sheets contribute to sea level rise and what are the
projections for future sea level changes?

¢ What methods do scientists use to study glaciers and ice sheets, and what are the major
challenges and sources of uncertainty in understanding glacial and ice sheet melt?

¢ What is our understanding of “tipping points” or “thresholds” in ice sheet and glacial
melt, such as at the Western Antarctic Ice Sheet?
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e Globally, how does mountain glacial melt impact human society?

Background
Glaciers are defined as persistent, land-based, dense ice formations that form when accunulation

of snow exceeds its ablation (melting and other forms of loss) over many years.! The world'’s
approximately 198,000 glaciers cover less than one percent of Earth's land surface,” yet glacial
ice is the largest reservoir of freshwater on Earth® and is an important source of water for plants,
animals, and humans where they occur in temperate regions and release meltwater in the
sumumer. Glaciers and ice sheets play a critical role in Earth’s air and water cycles, ecosystem
support through providing nutrients and shelter for plants and animals, and climate system.

Glaciers that are larger than 50,000 km? (20,000 mi?) are called ice sheets, or continental
glaciers.* The Earth’s only two present day ice sheets are in Antarctica and Greenland.® Ninety
percent of the Earth’s ice mass is contained in the Antarctic ice sheet, the world’s largest single
ice mass, covering almost 14 million km? (5.4 million mi?) and containing 30 million km?® of
ice.® The Greenland and Antarctic ice sheets hold enough water to raise sea levels by 65 m (over
213 f1); however, complete melting of the ice sheets is not expected to happen.’

Ninety-nine percent of glacial ice is contained in ice sheets in the polar regions, but mountain
glaciers exist on every continent except Australia.® In the U.S., glaciers can be found in
Washington, Oregon, California, Montana, Wyoming, Colorado, and Nevada, with the majority
occurring in Alaska.® Glaciers are sometimes called “Earth’s thermometers” because they are
very sensitive to, and therefore indicators of, climatic changes.'® Glaciers are also indicators of
past climates because trapped air bubbles reveal past atmospheric conditions from thousands of
years ago.'! Glaciers and ice sheets have a slow response time to global warming, and glaciers
have not yet caught up to the heat additions made in the past decades. Therefore, even if global
carbon emissions stopped entirely today, glaciers are locked in to a certain amount of melt.
Thousands of studies conducted by researchers around the world have documented melting
glaciers, diminishing snow cover, and rising sea levels.'?

! “What is a glacier?” National Snow & Ice Data Center. hitps:/nsidc.org/cryosphere/glaciers/questions/what htmi
2 Davies, B, “Mapping the world’s glaciers.” 2017. htip://www.antarcticglaciers.org/glaciers-and-climate/glacier-
recession/mapping-worlds-glaciers/

¥ “Ice, Snow, and Glaciers and the Water Cycle.” USGS. hitps://www.usgs.gov/special-topic/water-science-
school/science/ice-snow-and-glaciers-and-water-cycle?qt-science_center_objects=0#igt-science_center_objects

4 “What is an ice sheet?” National Snow & Tce Data Center (NSIDC).

hitps://nside.org/eryosphere/quickfacts/icesheets. html
3 Ibid.

7 Shepherd, A. et al. Science. 338: 1183-1189 (2012).

8 “State of the Cryosphere: Mountain Glaciers.” NSIDC. https:/nside.org/cryosphere/sotc/glacier_balance himi
 USGS. “Where are glaciers found in continental North America?” https://www.usgs.gov/fags/where-are-glaciers-
found-continental-north-america?qt-news_science_products=0#gt-news_science products

' Moon, T. et al. 2018. “Rising oceans guaranteed: Arctic land ice loss and sea level rise.” Current Climate Change
Reports. https://doi.org/10.1007/540641-018-0107-0

! “Glaciers and climate change.” NSIDC. https://nsidc.org/cryosphere/glaciers/questions/climate itml

ZIPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and IiI to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K. Pachauri and L.A.
Meyer (eds.}]. IPCC, Geneva, Switzerland, 151 pp (IPCC ARS5)
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This hearing is focusing on land-based ice, as opposed to sea ice. Arctic sea ice is also
diminishing at rapid rates due to anthropogenic warming,'? but as it melts, it does not contribute
to sea level changes unlike glacial and ice sheet melt."

State of the Science on Glacial and Ice Sheet Melt

Globally, land-based ice is deteriorating. According to the Intergovernmental Panel on Climate
Change Fifth Assessment Report (IPCC ARS5), a diverse range of observational evidence from
multiple data sources and independent analysis techniques provide consistent evidence of
substantial retreat of mountain glaciers since the 1960s, and the increased surface melting of the
Greenland ice sheet since 1993, due to warmer temperatures. According to satellite data,
Greenland lost an average of 269 gigatons' of ice, equivalent to about 71 trillion gallons of
water, per year between 2002 and 2016, with the pace accelerating in recent years (Figure 1).1
Increased surface melt, runoff, and outlet glacier discharge from warmer air temperatures are the
primary contributing factors. The portion of the Greenland Ice Sheet experiencing annual melt
has increased since 1980, including through significant melting events. For example, an
unprecedented 98.6% of the Greenland Ice Sheet surface experienced melt on a single day in
July 2012.17 While there are seasonal patterns of warm-weather ice melt and re-freezing in
winter months, when seasonal melt outpaces re-freezing, there is net annual ice mass loss. Just
last month, the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado reported that
the Greenland Ice Sheet appears to have experienced its biggest mid-June melt event on record.'®

Figure 1: Greenland ice sheet mass
varjation since 2002, showing loss of
286 gigatons ice per year, Data source:
Ice mass measurement by NASA’s
Gravity Recovery and Climate
Experiment (GRACE) satellites.
Credit: NASA.

Greenland mass (Gt)

2004 2006 2008 2016 2012 2014 2018
TIME

‘Source: chmate.nasa gov

13 “Arctic sea ice mini ” NASA. https://climate.nasa. gov/vital-signs/arctic-sea-ice/

4 Appell, D. “Loss of land ice (not sea ice) = more sea level rise.” 2014.
https://www.valeclimateconnections.org/2014/1 1 /loss-of-land-ice-not-sea-ice-more-sea-level-rise/

'3 1 gigaton = 10° tons

1$IPCC AR5

7 1bid.

'8 Samenow, Jason. June 14, 2018. “Temperatures leap 40 degrees above normal as the Arctic Ocean and Greenland
ice sheet see record June melting.” hitps://www.washingtonpost.com/weather/2019/06/14/arctic-ocean-greenland-
ice-shect-have-seen-record-june-ice-loss/?utm_term=.292¢d415b9d
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The Western Antarctic Ice Sheet (WAIS), the portion of the Antarctic ice sheet that covers the
western part of the continent, is considered the most vulnerable ice sheet on Earth because its
bed lies thousands of feet below sea level and is exposed to warm ocean currents.'” In 2018, a
major joint U.S.-UK research collaboration was initiated to study the possibility of “marine ice
sheet instability” and “marine ice cliff instability” of the WAIS, focusing on the marine-
terminating Thwaites Glacier.”” Marine ice cliff instability is when a tall cliff that might form at
the front of the glacier begins to calve and break in a runaway fashion. Marine ice sheet
instability is an inherently unstable architecture caused by atmospheric and ocean warming,
which could result in a positive feedback loop of rapid melting of the WAIS, triggering rapid sea
fevel rise. The Thwaites Glacier has increased speed of movement and simultaneously
experienced rapid ice thinning. Multiple studies indicate that this collapse is underway in the
WAIS and may also be a cause of rapid ice front retreat occurring in Greenland.?'#

The WAIS has been experiencing mass loss since the early 1990s, and melt rates have more than
tripled in the last 25 years.?® Recent observed rapid mass loss from West Antarctica’s floating
ice shelves is attributed to increased glacial discharge rates due to diminishing ice shelves cansed
by the surrounding ocean becoming warmer.** Antarctica as a2 whole lost more than 3 trillion
tons of ice between 1992 and 2017.%° More recent gravity data collected from space using
NASA'’s Gravity Recovery and Climate Experiment (GRACE) satellites show that Antarctica
has been losing more than one hundred km® (24 mi®) of ice each year since 2002 (Figure 2).%° A
chunk of ice the size of Delaware broke off on July 12, 2019 from the Larsen C Ice Shelf of the
WAIS, which might destabilize the entire ice shelf.?’

¥ Fox, Douglas. “The West Antarctic Ice Sheet Seems to Be Good at Collapsing.” National Geographic, National
Geographic Society, 13 June 2018, www.news.nationalgeographic.com/2018/06/west-antarctic-ice-sheet-collapse-
climate-change/

% The International Thwaites Glacier Collaboration, https://thwaitesglacier.org/about/itge

2 Moon, Twila. May 2017. “Saying goodbye to glaciers: Glacier volume is shrinking worldwide, with wide-ranging
implications for society.” Science. Vol. 356, Issue 6338.

22 BBC 30 April 2018. “Thwaites Glacier: Biggest ever Antarctic field campaign.” By Jonathan Amos
https://www.bbc.com/news/science-cnvironment-43936372

% Harvey, C. “Antarctic Melt Rate Has Tripled in the Last 25 Years.” June 14, 2018.
https://www.scientificamerican.com/article/antarctic-melt-rate-has-tripled-in-the-last-25-vears/

2 PCC ARS

# Harvey, C. “Antarctic Melt Rate Has Tripled in the Last 25 Years.” June 14, 2018.

https://www scientificamerican.conyarticle/antarctic-melt-rate-has-tripled-in-the-last-25-vears/

% Conway, E. “Is Antarctica melting? - Climate Change: Vital Signs of the Planet.” September 16, 2014,
https://climate.nasa.gov/news/242/is-antarctica-melting

¥ Fox, Douglas. “The West Antarctic Ice Sheet Seems to Be Good at Collapsing.” National Geographic, 13 June
2018, www.news.nationalgeographic.com/2018/06/west-antarctic-ice-sheet-collapse-climate-change/




Figure 2: Antarctic ice sheet mass
variation since 2002, showing loss of
127 gigatons ice per year. Data
source: fce mass measurement by
NASA’s GRACE satellites. Credit:
NASA.

Antarctica mass (Gf)

2004 2008 2008 2010 2012 2014 2018
TIME

‘Source: cimate naaK gov.

The IPCC ARS predicts that global glacier volume, excluding glaciers on the periphery of
Antarctica and the Greenland and Antarctic ice sheets, is projected to decrease by 15 to 55% if
we limit global temperature rise to 2 degrees Celsius (RCP2.6) and by 35 to 85% under a high
emissions scenario (RCP8.5). However, uncertainties remain in the quantification and modeling
of key physical processes that contribute to the acceleration of land ice melting. Climate models
are unable to capture the rapid pace of observed land ice melt over the last 15 years; a major
factor is our inability to quantify and accurately model the physical processes driving the
accelerated melting.?®

The vast majority of global mountain glaciers are losing mass at significant rates. The annually
averaged ice mass from 37 global reference glaciers has decreased every year since 1984.
Annual average near-surface air temperatures across Alaska and the Arctic have increased over
the last 50 years at a rate more than twice as fast as the global average temperature. Due to
increasing temperatures, Alaska is losing about 75 billion tons of ice each year.”

A recent study provides the clearest picture of Himalayan glacier loss to date, using declassified
U.S. spy satellite data from the past 40 years and combining it with contemporary satellite data.’®
The study found that the Himalayas lost 25% of their ice in the last 40 years, equivalent to eight
billion tons of water each year. Glacial melt rates tracked temperature increases during the time
period studied, meaning the melting can be attributed to warmer temperatures.

Methods for Studying Ice Loss

Measuring mass loss of glaciers is not straightforward but can be estimated used many types of
observations, namely, the gravitational pull of the ice, surface elevation of ice sheets, and
difference between ice accumulation and loss. The modern study of mass change in glaciers and
ice sheets occurs over many spatiotemporal scales, from paleo-glaciological records dating back
hundreds of thousands of years, to centimeter-scale in situ measurements, to global images using

#IPCC ARS

2 Fountain, H. “When the Glaciers Disappear, Those Species Will Go Extinct.” April 17, 2019,
https://www nytimes.comv/interactive/2019/04/16/climate/glaciers-melting-alaska-washington html

% Maurer, J.M. et al. 2019, “Acceleration of ice loss across the Himalayas over the past 40 years,” Science
Advances. Vol 5, no. 6. DOL: 10.1126/sciadv.aav7266
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satellites.’! Field studies enable detailed sampling and long-term monitoring and involve the use
of various instruments. Global Positioning System (GPS), weather stations, seismometers, time-
lapse cameras, and radar instruments clucidate glacier hydrology, subsurface environments, and
glacier dynamics on time scales of minutes to months.>? Challenges in observational work are
that it is time-consuming, involves travel to remote and difficult to access locations, is expensive,
and involves physically demanding work in harsh environments.

The advent of satellite monitoring in the 1990s was a major advancement for studying large ice
sheets, allowing for improvements in the ability to estimate ice mass loss. NASA’s GRACE
satellite mission (2002-2017) and GRACE Follow On (launched May 201 8)* help estimate ice
mass variations, altimetry satellites (e.g. NASA’s Ice, Cloud, and land Elevation Satellite,
ICESat (2003-2009) and ICESat-2 (launched 2018)* and the European CryoSat (1999-2005) and
CryoSat-2 (launched 2010))* detect changing surface elevations, and optical and radar imaging
satellites measure ice motion, monitor glacier advance and retreat, and observe surface
properties, including melt. Aerial surveys are able to cover inaccessible regions such as glacial
crevasses and help with data collection in between satellite missions.®

Observations of ice sheets and glaciers and past records of glaciation are important for
understanding Earth’s climate system. Observational data is important in validating models in
order to predict future changes. Icc sheets are important to the climate system, and incorporating
ice sheet models into global climate models will improve projections. However, this is a
challenge given ice sheet models are very high resolution and the climate models cannot
currently accommodate that level of detail.”’

Resulting Sea Level Rise

Sea levels have risen over eight inches (23 cm) since the Industrial Revolution and continue to
rise 0.13 inches (3.2 mm) each year.’® One third of current sea level rise is due to thermal
expansion of seawater, one third is from ice sheet melt, and one third is from mountain glacial
melt. The contribution to sea level rise from Antarctic and Greenland ice sheet melt has gone up
from one-tenth just two decades ago, mostly due to Greenland ice losses.* The Fourth National
Climate Assessment (NCA4) predicts global mean sea level will rise an additionat 1.0-4.3 feet by
2100, depending on a low or high emissions scenario.** Even with a low emissions scenario and

3 Moon, Twila. May 2017. “Saying goodbye to glaciers: Glacier volume is shrinking worldwide, with wide-ranging
implications for society.” Science. Vol. 356, Issue 6338.

32 Moon, T. et al. 2018. “Rising oceans guaranteed: Arctic land ice loss and sea level rise.” Current Climate Change
Reports.

3 The NASA GRACE mission concluded in June 2017 and GRACE’s successor mission, GRACE Follow-On, is
launching in the summer of 2019.

3 NASA ICESat and ICESat-2, hitps://icesat.gsfc.nasa.gov/

% European Satellite Agency, CryoSat and CryoSat-2,

https://www.esa.int/Qur_Activities/Observing_the Earth/CryoSat/Introducing_CryoSat

* Moon, T. et al. 2018, “Rising oceans guaranteed: Arctic land ice loss and sea level rise.” Current Climate Change
Reports,

37 Fourth National Climate Assessment.

3% Nunez, C. 2017. “Sea level rise, explained.” hitps://www.nationalgeographic.com/environment/global-
waring/sea-level-rise/

3 Shepherd, A. et al. Science. 338: 1183-1189 (2012).

' NCA4; Volume I; Ch, 12
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not considering additional contribution from ice sheet melt, we are locked in to approximately 1
foot of global sea level rise by the end of the century. !

Over the last two decades, significant progress has been made in understanding ice sheet
dynamics through combined field and satellite observations and improving numerical models to
capture responses of ice sheets to environmental change. However, there is major uncertainty in
the amount of additional sea level rise that could occur due to melting of Greenland and
Antaretic ice sheets, due to the possibility of marine ice sheet and marine ice cliff instability.
Collapse of the WAIS could contribute an additional 11 feet of sea level rise.* Sea level rise
threatens coastal communities in the U.S. and worldwide and will increase the frequency and
extent of extreme flooding associated with coastal storms, such as hurricanes and nor’easters.*?

Other Impacts of Glacial and Ice Sheet Melt

Glacial and ice sheet mass loss will also have other direct and indirect impacts on humans and
ecosystems, including on the climate system and weather patterns, ocean circulation, Earth’s
rotation, drinking water, and certain fisheries. Mountain glaciers are an important drinking water
supply for many people around the world, especially in India, Nepal, and some countries in
South America. Approximately 800 million people depend on glacial meltwater from the high
mountains of Asia alone.* Glacial melt leads to rapid, catastrophic floods and debris flows for
these downstream communities.*>

Recent research suggests ice sheet melt may substantially slow down the major ocean conveyor
belt of heat, known as the Atlantic meridional overturning circulation, which helps regulate the
climate and affects global weather patterns.*® There is satellite evidence that ice sheet melt is also
responsible for a slight decrease in the speed of the Earth’s rotation. This is because ice sheets
are at high latitudes, and when they melt, the water is redistributed toward lower latitudes in a
phenomenon called “polar wander.” ¥

Loss of glacial streams and meltwater will lead to extinction of small creatures that rely on them.
If glacial meltwater continues to decline and stream temperatures rise, larger fish populations
like salmon and similar fish may also be affected.*®

1 Thid

2 Fox, Douglas, “The West Antarctic Ice Sheet Seems to Be Good at Collapsing.” National Geographic, National
Geographic Society, 13 June 2018, www.news.nationalgeographic.com/2018/06/west-antarctic-ice-sheet-collapse-
climate-change/

#IPCC ARS

# Pritchard, H.D. 2019. “Asia’s shrinking glaciers protect large populations from drought stress.” Nature, Vol 569.
https://doi.org/10.1038/541586-019-1240-1

+ Thid

4 Harvey, C. 2019. “Melting ice shects could worsen extreme weather.”
hitps://www.scientificamerican.comvarticle/melting-ice-sheets-could-worsen-extreme-weather/

47 Dunham, W. 2015. “Melting glaciers blamed for subtle slowing of Earth’s rotation.”
https://www.reuters.com/article/us-science-rotation-idUSK BNOTU2F 720151212

4 Tbid
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Chairwoman JOHNSON. Good morning. This hearing will come to
order. And without objection, the Chair is authorized to declare re-
cess at any time.

I'd like to welcome our witnesses to the Science, Space, and Tech-
nology Committee’s hearing entitled, “Earth’s Thermometers: Gla-
cial and Ice Sheet Melt in a Changing Climate.” It seems as though
we're bombarded on an almost daily basis with news articles and
reports saying that the world’s ice is melting faster than ever. As
a matter of fact, I almost invited Mr. Young from Alaska, who
moved to Alaska because it was too warm in the United States
proper. Since I read about Alaska last week, I thought he might
want to hear this.

Pictures show ice sheets in Greenland and Antarctica crashing
into the oceans before our eyes. Just last month, a piece of ice the
size of the State of Delaware broke off Antarctica, and Greenland
was reported to have experienced the biggest June ice melt event
on record with temperatures 40 degrees above normal.

The rate of change in the Arctic and Antarctic has been quick-
ening in recent years, according to the Intergovernmental Panel on
Climate Change (IPCC) and numerous other scientific bodies. For
example, a study published in Nature in January that was led by
an international team of more than six dozen researchers tells us
that melt rates have more than tripled in western Antarctica in the
last 25 years.

Mountain glaciers are also experiencing rapid rates of change.
Just a few weeks ago, declassified U.S. spy satellite data clearly
showed that Himalayan glaciers lost 25 percent of their ice over
the last 40 years. This is equivalent to 8 billion tons of water each
year. This puts the hundreds of millions of people in that region
who depend on glacial melt as a freshwater source at risk.

According to the 2014 IPCC Assessment Report, without signifi-
cant reductions in global greenhouse gas emissions, mountain gla-
ciers will lose 35 to 85 percent of their ice by the end of the century
under a high emissions scenario. Newer reports indicate that IPCC
estimates might even be conservative and that glacial and ice sheet
melt rates could even be higher. We need to be listening to Earth’s
glaciers and ice sheets and what they’re telling us about the chang-
ing climate.

Glacial and ice sheet melt is responsible for two-thirds of the 8
inches of sea-level rise that we’ve seen in the last 200 years from
the anthropogenic warming, and that sea-level rise is only expected
to continue. The western Antarctic ice sheet, which everyone is
watching because it is thought to be the most unstable ice sheet,
could add another 11 feet of additional sea-level rise if it collapses,
which some experts expect could happen at some point. Such an in-
crease would mean many coastal cities would be flooded, and the
world as we know it would be different.

What’s happening in Greenland, Antarctica, and the high moun-
tain regions matters to us all. Glaciers and ice sheets play vital
roles in regulating Earth’s climate and weather, provide over two-
thirds of the Earth’s freshwater supply for drinking and agricul-
tural uses, support fisheries and ecosystem health, and run hydro-
power plants. I'm glad we have the opportunity to hear today from
some of the Nation’s leading glacial and ice sheet experts.
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And I'd like to welcome Dr. Richard Alley, who last testified be-
fore this Committee in 2010. I also want to announce that later
today we will be hosting a screening of the award-winning docu-
mentary “Chasing Ice” that documents changing ice in the Arctic.
It will be followed by a question-and-answer session with two of
our witnesses, Dr. Pfeffer, who was a scientific advisor to the film,
and Dr. Moon. The screening is free and open to the public, and
I hope all of you will join us.

This Committee plays an important role in authorizing both cli-
mate science and the research needed to better understand glaciers
and ice sheets. Since the 1990s, NASA’s (National Aeronautics and
Space Administration’s) ice-monitoring satellites have led to major
discoveries of ice sheet dynamics and melt, while the National
Science Foundation (NSF) has funded major field expeditions in ice
sheets. I look forward to today’s discussion with our distinguished
panel to understand how Congress and the Committee in particular
can address the critical research gaps in this field.

Thank you.

[The prepared statement of Chairwoman Johnson follows:]

Good morning. I would like to welcome our witnesses to the Science, Space, and
Technology Committee’s hearing entitled “Earth’s Thermometers: Glacial and Ice
Sheet Melt in a Changing Climate.”

It seems as though we’re bombarded on an almost daily basis with news articles
and reports saying that the world’s ice is melting faster than ever. Pictures show
ice sheets in Greenland and Antarctica crashing into the oceans before our eyes.
Just last month, a piece of ice the size of Delaware broke off of Antarctica, and
Greenland was reported to have experienced the biggest June ice melt event on
record with temperatures 40 degrees above normal.

The rate of change in the Arctic and Antarctic has been quickening in recent
years, according to the Intergovernmental Panel on Climate Change and numerous
other scientific bodies. For example, a study published in Nature in January that
was led by an international team of more than six dozen researchers tells us that
melt rates have more than tripled in Western Antarctica in the last 25 years.

Mountain glaciers are also experiencing rapid rates of change. Just a few weeks
ago, declassified U.S. spy satellite data clearly showed that Himalayan glaciers lost
25% of their ice over the last 40 years. That is equivalent to eight billion tons of
water each year. This puts the hundreds of millions of people in that region who
depend on glacial melt as a fresh water source at risk.

According to the 2014 TPCC Assessment Report, without significant reductions in
global greenhouse gas emissions, mountain glaciers will lose 35 to 85% of their ice
by the end of the century under a high emissions scenario. Newer reports indicate
that the IPCC estimates might even be conservative and that glacial and ice sheet
melt rates could be even higher.

We need to be listening to Earth’s glaciers and ice sheets and what they’re telling
us about the changing climate. Glacial and ice sheet melt is responsible for two-
thirds of the 8 inches of sea level rise we’ve seen in the last 200 years from anthro-
pogenic warming, and that sea level rise is only expected to continue. The Western
Antarctic Ice Sheet, which everyone is watching because it is thought to be the most
unstable ice sheet, could add another 11 feet of additional sea level rise if it col-
lapses, which some experts expect could happen at some point. Such an increase
would mean many coastal cities would be flooded and the world as we know it
would be different.

What’s happening in Greenland, Antarctica, and in high mountain regions mat-
ters to us all. Glaciers and ice sheets play vital roles in regulating Earth’s climate
and weather, provide over two-thirds of Earth’s freshwater supply for drinking and
agricultural uses, support fisheries and ecosystem health, and run hydropower
plants. I'm glad we have the opportunity to hear today from some of the nation’s
leading glacial and ice sheet experts. We're lucky to have five distinguished
glaciologists here today, and I would like to welcome back Dr. Richard Alley, who
last testified before this Committee in 2010.

I also want to announce that later today we will be hosting a screening of the
award-winning documentary Chasing Ice that documents changing ice in the Arctic.
It will be followed by a question and answer session with two of our witnesses, Dr.
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Pfeffer (FEFF-er), who was a scientific advisor to the film, and Dr. Moon. The
screening is free and open to the public, and I hope you can join us.

This Committee plays an important role in authorizing both climate science and
the research needed to better understand glaciers and ice sheets. Since the 1990s,
NASA'’s ice monitoring satellites have led to major discoveries of ice sheet dynamics
and melt, while the National Science Foundation has funded major field expeditions
to ice sheets. I look forward to today’s discussion with our distinguished panel to
understand how Congress, and this Committee in particular, can address the critical
research gaps in this field. Thank you.

Chairwoman JOHNSON. And I now will offer our Ranking Mem-
ber his opening statement time.

Mr. Lucas. Thank you, Chairwoman dJohnson, for holding this
hearing, which is another opportunity to examine the impacts of a
changing climate on our country and the world at large. While to-
day’s hearing will examine the underlying science of this issue and
concerns about climate change, I'd like for us to also focus on the
agricultural, economic, and geopolitical consequences we can expect
from glacial and sea ice melt and, more importantly, how we can
address those.

For instance, polar ice sheets cool ocean currents, which affect
global weather patterns. As I've mentioned a time or two, weather
issues are of paramount importance to farmers and ranchers in
Oklahoma and around the world. We do not have a firm grip on
how these weather patterns will change due to melting and how we
can prepare for these changes.

I also want to consider the economic and geopolitical con-
sequences of glacial and sea ice melt. Five countries, including
America and Russia, border the Arctic. Territorial disputes in this
region will take on greater importance as resource-rich land and
new shipping routes are revealed.

There are significant economic implications from the energy
rights, mineral deposits, and tourism opportunities. For instance,
Russia is claiming that some newly accessible routes should not be
considered international waterways but a part of their sovereign
territory. Better research will give us greater insights into how we
can expect shipping routes to change so we can prepare to address
these issues.

As the Science Committee, we have a responsibility to address
our national research priorities, and those must be broader than
just how the climate’s changing. We need to understand the specific
effects so we can adopt and continue our economic growth.

During our first full hearing of this Congress, Members of the
Committee discussed how we could embrace a broader portfolio of
basic research, energy innovation, and competitive technology to
make energy production cleaner, more efficient, and less costly. I
hope we can spend more time considering research into innovative
technologies like nuclear reactors, battery storage, and carbon cap-
ture.

I'd like to thank our witnesses for being here today, and I look
forward to our discussion. And I yield back, Madam Chair.

[The prepared statement of Mr. Lucas follows:]

Chairwoman Johnson, thank you for holding this hearing, which is another oppor-
tuliity to examine the impacts of a changing climate on our country and the world
at large.

While today’s hearing will examine the underlying science of this issue and con-
cerns about climate change, I'd like for us to also focus on the agricultural, eco-
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nomic, and geopolitical consequences we can expect from glacial and sea ice melt
and-more importantly-how we can address those.

For instance, polar ice sheets cool ocean currents which affect global weather pat-
terns. As I've mentioned once or twice, weather issues are of paramount importance
to farmers and ranchers in Oklahoma and around the world. We do not have a firm
grasp of how these weather patterns will change due to melting and how we can
prepare for these changes.

I also want to consider the economic and geopolitical consequences of glacial and
sea ice melt. Five countries, including America and Russia, border the Arctic. Terri-
torial disputes in this region will take on greater importance as resource-rich land
and new shipping routes are revealed.

There are significant economic implications from the energy rights, mineral depos-
its, and tourism opportunities. For instance, Russia is claiming that some newly ac-
cessible routes should not be considered international waterways but part of their
sovereign territory. Better research will give us greater insight into how we can ex-
pect shipping routes to change so we can prepare to address these issues.

As the Science Committee, we have the responsibility to address our national re-
search priorities and those must be broader than just Aow the climate is changing.
We need to understand its specific effects so we can adapt and continue our eco-
nomic growth.

During our first full committee hearing of this Congress, members of this Com-
mittee discussed how we must embrace a broad portfolio of basic research, energy
innovation, and competitive technology to make energy production cleaner, more ef-
ficient, and less costly.

I hope we can spend more time considering research into innovative technologies
like nuclear reactors, battery storage and carbon capture.

I'd like to thank our witnesses for being here today, and I look forward to our
discussion.

Chairwoman JOHNSON. Thank you very much.

I'd like to extend a warm welcome to a guest in the audience,
Maria, from Chandler, Arizona. Could you stand? We hear you're
a rising senior in high school who’s interested in studying engineer-
ing in college. And it’s great to have the next generation of STEM
(science, technology, engineering, and mathematics) professionals
represented here today. And welcome to all the young people over
here, too. Thank you for being here.

At this time I'd like to introduce our witnesses. Our first distin-
guished witness, Dr. Richard Alley, is the Evan Pugh Professor of
Geosciences and Associate of the Earth and Environmental Sys-
tems Institute at the Pennsylvania State University. He has spent
more than 40 years studying the great ice sheets to help predict
future changes in climate and sea levels, and has made four trips
to Antarctica, nine to Greenland, and additional expeditions to
Alaska and elsewhere. He has authored or co-authored more than
300 scientific papers. He was involved in the IPCC group of con-
tributors that won the 2007 Nobel Peace Prize. He won Pennsyl-
vania State’s highest teaching award, and has written a book on
climate change and ice cores. He holds a Ph.D. in geology from the
University of Wisconsin.

Our second witness, Dr. Robin Bell, is the PGI Lamont Research
Professor at Lamont-Doherty Earth Observatory of Columbia Uni-
versity and a member of the faculty at Columbia Earth Institute.
She directs programs in ice sheet dynamics, leads efforts to develop
innovative technology, and works to improve the scientific culture,
especially for women. She has led 10 major expeditions to the polar
regions discovering an active volcano, large, deep lakes, and hidden
mountain ranges buried by ice. She was instrumental in launching
the International Polar Year in 2007 that brought together over
50,000 scientists. Currently, she is the President of the American
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Geophysical Union, the largest collection of Earth and space sci-
entists in the world. And her Ph.D. is in geophysics from Columbia
University.

Our third witness is Dr. Twila Moon, who is a Research Scientist
at the National Snow and Ice Data Center (NSIDC), part of the
University of Colorado’s Boulder Cooperative Institute for Research
in Environmental Sciences. She studies modern changes in glaciers
and ice sheets and the connection among ice, climate, ocean, and
ecosystems. Her research focuses on the Greenland ice sheet and
the Arctic and uses a variety of tools, including satellite remote
sensing, fieldwork, and computer simulations. She also leads efforts
to improve science and knowledge coproduction between scientists
and stakeholders. Dr. Moon received her Ph.D. in Earth and space
sciences from the University of Washington.

Our fourth witness, Dr. Gabriel Wolken, is a Research Scientist
and Manager of the Climate and Cryosphere Hazards Program at
the Alaska Division of Geological & Geophysical Surveys and a Re-
search Assistant Professor at the International Research Center at
the University of Alaska Fairbanks. There, he is a Senior Scientist
in the Climate Adaptation Science Center. He studies snow and
glacier change and their connection to climate and natural hazards
through observations, remote sensing, and computer modeling. Dr.
Wolken has a Ph.D. in Earth and atmospheric sciences from the
University of Alberta.

Our final witness, Dr. William Ted Pfeffer, is a Professor of Civil,
Environmental, and Architectural Engineering and a Fellow at the
Institute of Arctic and Alpine Research at the University of Colo-
rado Boulder. He has been involved in glaciology research for 40
years, studying the world’s mountain glaciers. He has conducted
hundreds of field expeditions in the continental USA, Alaska, Can-
ada, Norway, Greenland, Antarctica, the Himalayas, and Africa. He
has published over 60 peer-reviewed scientific papers and was a
scientific advisor to the Emmy-winning film “Chasing Ice.” Dr.
Pfeffer earned his Ph.D. in geophysics at the University of Wash-
ington.

As our witnesses should know, you will each have 5 minutes for
your spoken testimony. Your written testimony will be included in
the record of the hearing. When all of you have completed your spo-
ken testimony, we will begin a round of questions. Each Member
will have 5 minutes to question the panel. And so we will begin our
witnesses now with Dr. Alley.

TESTIMONY OF DR. RICHARD B. ALLEY,
EVAN PUGH PROFESSOR OF GEOSCIENCES AND
ASSOCIATE OF THE EARTH AND ENVIRONMENTAL
SYSTEMS INSTITUTE, PENNSYLVANIA STATE UNIVERSITY

Dr. ALLEY. Thank you, Madam Chairwoman, Ranking Member
Lucas, distinguished Members, staff, and citizens, for this oppor-
tunity to address you.

We have high scientific confidence that the world is warming pri-
marily because we burn fossil fuels and release CO,, and this is
having broad-based impacts. You've asked us to tell you about
changﬁes in snow and ice of which we will get to some of them but
not all.
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We still have winter, we still have blizzards. Where and when
snow and ice care about temperature we are seeing broad-based
shrinkage, and this really is having impacts. Earlier spring snow
melt means that you can lengthen the fire season. It affects eco-
systems; it affects tourism. Loss of Arctic sea ice, as Representative
Lucas mentioned, has national security implications, as well as
weather implications. Glacier melt is changing streamflow in some
of the most overused and politically sensitive rivers on Earth.

I will focus particularly on sea level, which is the biggest global
footprint of melting ice. Sea level is rising. Recently, it’s been about
1 inch per 8 years. It is rising not because of natural cycles but be-
cause of warming. The ocean expands as it warms. The mountain
glaciers are melting. The edges of Greenland are melting and put-
ting extra water into the ocean. And there’s faster flow of non-float-
ing ice into the ocean from parts of Greenland and Antarctica.

We are committed to some additional sea-level rise. Just as if you
drop an ice cube into your tea, it is committed to melting, but it
takes a while to melt. The ice has not caught up with the warming
we have already caused. But by the time our students are getting
old, the decisions that we humans make now and in the future will
grow to be the dominant control on how much sea-level rise we ex-
perience.

This sea-level rise is already having implications. You can Google
the picture of the octopus in the parking garage in Miami on a high
tide, not a storm. But the impacts could become much larger. The
general projections are that if we don’t change our energy system,
we will get something like 3 feet of sea-level rise by 2100 above the
natural level, the pre-industrial level.

And I'd like to speak about the uncertainties in that, right? So
I'd like to do an analogy first. I ride my bicycle to work at Penn
State. My wife drives our car. But I drove down here. I saw com-
muters in the D.C. area. My impression is that a commuter in D.C.
expects to spend half an hour stuck in traffic. The best thing that
can happen to a commuter is no traffic, but they might spend an
hour, and they might get run over by a drunk driver and be in the
hospital or worse. What they expect, the most likely future, is well
on the good end of the possible futures when you get in that car.

When we look at the sea-level rise, it is similar. Three feet if we
don’t change our energy system, maybe 2, maybe 4, maybe 5, 10.
We're not sure. It could be much worse. And there isn’t much bet-
ter to offset the much worse. There are drunk drivers in the cli-
mate system.

I'd like to explain one of them. If you ever get the chance to go
to Glacier Bay National Park and Preserve in Alaska, it is a glori-
ously beautiful place. You can cruise 65 miles up the Bay and see
little glaciers breaking off little icebergs in shallow water, and it’s
still spectacular. When Vancouver was on his cruise in 1796, there
was no Glacier Bay. It was entirely full of ice up to a mile thick.
When John Muir went by, less than a century later, the Bay was
mostly open because icebergs had been breaking off the front of the
glacier like dominoes at a rate of up to 7 miles a year, falling over.

That process has happened to other glaciers in Alaska. You have
world experts on that process here. It has happened in Chile, in
Svalbard. It’s happening in Greenland and the Antarctic Peninsula.
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It happened to ice sheets in the past. And it’s well-known that this
happens when it gets too warm where ice flows into the ocean. So
far, those have been in narrow valleys. They're spectacular locally
but one collapse doesn’t raise global sea level a lot. If this starts
to happen in parts of Antarctica rather than a narrow valley, it will
open into a broad embayment. If that breaks as rapidly as we have
seen elsewhere, in the next century you might get 10 feet or so of
extra sea-level rise. It could be faster than that.

It is very clear that the uncertainties can be reduced if you fund
bright young people to work with the co-panelists up here. That’s
self-serving, but it’s correct. But there may be a little irreducible
uncertainty in the same way that you can never predict where
every drunk driver might be out on the highway. If we raise tem-
perature, we raise sea level with high confidence, and the uncer-
tainties are it could be a little better, a little worse, or a lot worse.
Thank you.

[The prepared statement of Dr. Alley follows:]
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Personal introduction and background. My name is Richard Alley. I am an Evan Pugh
University Professor of Geosciences and Associate of the Earth and Environmental Systems
Institute at the Pennsylvania State University. I have authored or coauthored more than 300
refereed scientific papers, and I have made more than 1000 public presentations concerning
my areas of expertise. | have been recognized with awards for research, teaching and service,
including election to the US National Academy of Sciences and foreign membership in the
Royal Society; as noted above, my comments are my own and do not represent these bodies
or any other bodies, but the recognition by these bodies may help establish my credentials as a
witness.

My research is especially focused on the great ice sheets of Antarctica and Greenland, their
potential for causing major changes in sea level, the climate records they contain, and their
other interactions with the environment; I also study mountain glaciers, and ice sheets of the
past. | have served with distinguished national and international teams on major scientific
assessment bodies, including chairing the U.S. National Research Council’s Panel on Abrupt
Climate Change (report published in 2002), and serving the U.S. Climate Change Science
Program, and the Nobel-Peace-Prize-Winning Intergovernmental Panel on Climate Change
(IPCC) in various ways on their Second (1995), Third (2001) and especially Fourth (2007)
Assessment Reports. | have had the honor on several occasions of providing requested
testimony and briefings to high government officials at the federal as well as state levels,
including to legislative committees chaired by members of both major political parties, and to
executive officials in administrations of both major political parties, drawing on my expertise
to provide scientific information to those working for the public good. Additional information
is given in the short biography at the end of this document.

My testimony here is updated from my testimony of November 17, 2010 to the Subcommittee
on Energy and Environment of the House Committee on Science and Technology of the
United States House of Representatives; the consistency of this testimony reflects the
consistency of the scientific understanding, which continues to strengthen without
fundamentally changing.
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Background on climate change, global warming and sea-level rise. Scientific assessments
such as those of the National Academy of Sciences of the United States {e.g., National
Research Council, 1975; 1979; 2001; 2006; 2008; 2010a; 2010b), the U.S. Climate Change
Science Program (CCSP), and the Intergovernmental Panel on Climate Change (IPCC) have
for decades consistently found with increasingly high scientific confidence that human
activities are raising the concentration of carbon dioxide and other greenhouse gases in the
atmosphere, that this has a warming effect on the climate, that the climate is warming as
expected, and that the changes so far are small compared to those projected if humans burn
much of the fossil fuel on the planet.

The basis for expecting and understanding warming from carbon dioxide is the fundamental
physics of how energy interacts with gases in the atmosphere. This knowledge has been
available for over a century, was greatly refined by military rescarch after World War I, and
is directly confirmed by satellite measurements and other data (e.g., American Institute of
Physics, 2008; Harries et al., 2001; Griggs and Harries, 2007).

With very high scientific confidence, this warming is causing sea level to rise. Since 1993,
when high-quality satellite altimetry data have been available, sea-level rise has averaged
approximately 3.1 mm/yr, or about 1 inch per 8 years. (Of many sources for this general
information on sea-level change, Church et al., 2013 and Lemke et al., 2007 are good starting
points, and important information is available at http:/sealevel.colorado.edu/ and in Nerem et
al., 2018.) The rate of sea-level rise has accelerated. The rise comes from several sources.
Much of the energy added to the Earth system because of the rise in atmospheric greenhouse
gases has heated the ocean, causing the water to expand and raise sea level. Warming is
causing melting of glaciers, shifting water from land to the ocean, with local impacts on water
availability and hazards as well as global implications through sea level. Melting has
increased mass loss from the surface of the Greenland ice sheet. Faster flow of non-tloating
ice into the ocean to float and melt has caused mass loss from some parts of the Greenland
and Antarctic ice sheets. In addition, groundwater “mining”—removing well-water from the
ground more rapidly than replenished—may be contributing a little to sea-level rise. (Note
that the IPCC found with high confidence that warming is causing loss of other temperature-
sensitive snow and ice, including springtime snow cover and Arctic sea ice, but that these do
not contribute in any significant way to sea-level rise; e.g., Lemke et al., 2007.)

Many strands of mutually supporting evidence are woven into the confident knowledge that
loss of land ice and warming of the ocean are driving sea-level rise. A large and consistent
scientific literature exists on this topic (e.g., The IMBIE Team, 2018), and the synopsis of
techniques in Lemke et al. (2007; section 4.6.2.1) provides a broad overview. As explained
there, for large ice sheets the gain or loss of mass contributing to sea-level change is measured
in three ways: by repeatedly “weighing” the ice sheet using satellites that measure Earth’s
gravity field, supplemented by data from aircraft and surface measurements; by repeatedly
measuring the surface elevation of the ice sheet using altimeters on satellites or aircraft
supplemented by surface measurements; and, by measuring and modeling the addition of
snowfall to the ice sheet, and the loss by runoff of meltwater or by flow of nonfloating ice into
the ocean to float and then melt. Measurements of ocean temperature provide data to estimate
the expansion of ocean water, and measurements of changes in mountain glaciers similar to
those for ice sheets but involving more on-the-glacier work and more analysis of size changes
from satellite imagery provide additional constraints. Sea-level measurements from satellites
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and tide gauges monitor the rise of the ocean. Scientists then assess the consistency among
the various lines of evidence, and find agreement. Additional tests are also applied. Melting
of ice from near the poles and motion of the water into the ocean actually slows Earth’s
rotation very slightly, something like a spinning ice skater sticking out her arms. And, while
Greenland is far north, it is not all the way to the North Pole, so melting of Greenland’s ice
causes Earth to wobble a bit, something like the skater moving one arm but not the other.
These changes in Earth’s rotation are tiny, they are not important to most people most of the
time, but they test and confirm the other measurements.

Insights from climate history. The hills around Los Angeles have always burmed, so we
worry about people shooting illegal fireworks during dry summers. People have always died,
so we worry about murder. An arson investigator must understand natural fires, and a
homicide investigator must understand how people live and die naturally.

The science of climate and sea level includes a “CSI™ component (see, for example, CCSP,
2009; Masson-Delmotte et al., 2013). Summarizing those summaries and many other studies,
climate has always changed, which shows that climate is changeable. Climate has changed
for many reasons—dust from single large volcanic eruptions blocking the sun and causing
occasional cold years, features of Earth’s orbit slowly shifting sunshine around over tens of
thousands of years, small changes in the brightness of the sun, shifts in ocean circulation, the
very slow drifting of continents—but naturally caused changes in greenhouse gases and
especially carbon dioxide have been very important over Earth’s climate history. When
warming has occurred, ice has melted and sea level has risen. Careful study of these natural
changes and their causes contributes to the strong knowledge that the changes now occurring
are not primarily the continuation of some natural cycle, but are instead caused primarily by
the human-driven rise in greenhouse gases, mostly carbon dioxide.

Past warming and cooling in response to changing greenhouse-gas concentrations and other
forcings including features of Earth’s orbit have caused much larger past changes in ice and
sea level than have occurred in the last century or that are projected for the next century. But,
human burning of fossil fuels could cause a climate change that rivals or exceeds those of the
past in combined size and speed (White et al., 2010), raising questions about the future that
are discussed next.

Looking to the future. Some additional sea-level rise is already committed, under the future
emissions pathways considered by the IPCC. Just as an ice cube placed in a glass of tea takes
a while to melt, the warming of the ocean and mass loss from land ice have not yet “caught
up” with the warming that has already been caused, and would continue to contribute to some
additional sea-level rise even if temperature were stabilized today. Looking toward the time
when today’s students are old, toward the end of this century and beyond, future human
decisions become increasingly important and then dominant in controlling projected sea-level
rise (e.g., Church et al,, 2013, Fig. 13.27). Under strong warming (RCP8.5), projected sea-
level rise in 2100 compared to preindustrial is slightly more than 3 feet, with an uncertainty
that the IPCC considered likely to be no more than about 1 foot (details and more-precise
numbers available in the source).
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One occasionally hears the unsubstantiated claim that the IPCC projections are overly
alarmist. In fact, several studies have suggested that, if the IPCC is open to criticism on this
subject, it is overly conservative. Rahmstorf et al. (2007), for example, compared observed
sea-fevel rise at the time to projections from earlier IPCC work, and found that the sea was
rising faster than the most-likely projection and near the projected likely upper limit. The
Third Assessment Report of the IPCC projected a most-likely future in which climate change
would cause growth of the Antarctic ice sheet over this century (Church et al., 2001), but
Antarctic ice is shrinking (The IMBIE Team, 2018); more-recent central projections from the
IPCC indicate less ice loss from Antarctica than observed (Slater and Shepherd, 2018).
Garner et al. (2018) compared the history of IPCC projections to other science-based
projections, many of which were available to the IPCC assessment teams; Figure 2a in Garner
et al. (2018) shows no tendency for the IPCC projections to be higher than in the underlying
literature, and some tendency for the IPCC projections to be lower. The new expert elicitation
from Bamber et al. (2019) includes information obtained since the IPCC Fifth Assessment
Report (Church et al., 2013), and yields potential for higher sea-level rise than generally
projected. Quoting from the Abstract, with English units added:

“For a+2 °C (+3.6 °F) temperature scenario consistent with the Paris Agreement, we
obtain a median estimate of a 26 cm (0.85 ft) SLR contribution by 2100, with a 95th
percentile value of 81 cm (2.7 f1). For a +5 °C (+9 °F) temperature scenario more
consistent with unchecked emissions growth, the corresponding values are 51 and 178
cm (1.7 and 5.8 ft), respectively. Inclusion of thermal expansion and glacier
countributions results in a global total SLR estimate that exceeds 2 m (6.6 ft) at the 95th
percentile. Our findings support the use of scenarios of 21st century global total SLR
exceeding 2 m (6.6 ft) for planning purposes. Beyond 2100, uncertainty and projected
SLR increase rapidly. The 95th percentile ice sheet contribution by 2200, for the +5 °C
(+9 °F) scenario, is 7.5 m (24.6 f1) as a result of instabilities coming into play in both
West and East Antarctica. Introducing process correlations and tail dependences
increases estimates by roughly 15%.”

Focus on ice-sheet changes. The large ice sheets of Greenland and Antarctica are of special
interest, because they are so big and thus could affect sea level so much. Expansion of the
ocean as it warms gives just under 1 foot of rise per degree F of warming (0.4 m/1°C)
(Levermann et al., 2013), but the ~1000-year time for heat to mix into the ocean makes the
resulting sea-level rise relatively slow. Melting of all of the world’s mountain glaciers and
small ice caps might raise sea level by about 1 foot (0.3 m), but melting of the great ice sheets
would raise sea level by just over 200 feet (more than 60 m), with ~23 feet from Greenland
(7.3 m) and the rest from Antarctica (Lemke et al., 2007). We do not expect to see melting of
most of that ice over the next century or centuries, but even a relatively small change in the
ice sheets could matter to the world’s coasts; roughly 10% of the world’s population lives
within 33 feet (10 m) of sea level (McGranahan et al., 2007). I thus next consider the
possibility of rapid changes (National Research Council, 2002; 2013; CCSP, 2008; 2009).

Ice-sheet behavior. An ice-sheet is a two-mile-thick, continent-wide pile of snow that has
been squeezed to ice under the weight of more snowfall. (For a more-detailed background, see
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Cuffey and Paterson, 2010.) Growth or shrinkage of an ice sheet depends on the balance
between snowfall and melting on top, and on flow taking accumulated ice to lower elevation,
often to the occan to make icebergs.

The balance between snowfall and melting is of great importance. I will not treat this aspect
in detail, however; additional information is available from the IPCC reports cited herein.
Generally, warming of subfreezing conditions is expected to increase snowfall because
warmer air can carry more water, although additional processes are important. For Greenland
and mountain glaciers, the increase in melting from warming is expected to exceed the
increase in snowfall. For Antarctica, fairly large warming would be required for mass loss by
surface melting to become important, so the surface is expected to gain mass with moderate
warming; however, flow increases have recently exceeded changing snowfall leading to mass
loss, and this is expected to continue. I thus focus next on the flow characteristics. A review
of much of this information is available in Alley et al. (2015) and Scambos et al. (2017) as
well as in the IPCC reports and in Cuffey and Paterson (2010). The literature is large and
increasing rapidly.

All piles, including glaciers and ice sheets, tend to spread under their own weight, restrained
by their own strength (which is why spilled coffee spreads on a table top but the stronger table
beneath does not spread), by friction beneath (so pancake batter spreads faster on a greased
griddle than on a dry waffle iron), or by “buttressing” from the sides (so an appropriately
placed spatula will slow the spreading of the pancake batter).

Some early gothic cathedrals suffered from the “spreading-pile” problem, in which the sides
tended to bulge out while the roof sagged down, with potentially unpleasant consequences.
The beautiful solution was the flying buttress, which transfers some of the spreading tendency
to the strong earth beyond the cathedral. Ice sheets also have “flying buttresses”, called ice
shelves. In the coldest regions, the ice reaching the ocean usually does not immediately break
off to form icebergs, but remains attached to the ice sheet while spreading over the ocean. The
friction of these ice shelves with local high spots in the sea floor, or with the sides of
embayments, helps restrain the spreading of the ice sheet much as a flying buttress supports a
cathedral. The ice shelves are at the melting point where they contact water below, and are
relatively low in elevation hence warm above. Ice shelves thus are much more easily affected
by climatic warming than are the thick, cold central regions of ice sheets. Rapid melting or
collapse of several ice shelves has occurred recently, in response to both atmospheric
warming and to intrusion of warmer ocean water, allowing the “gothic cathedrals” behind to
spread faster, contributing to sea-level rise. Many additional ice shelves remain that have not
changed notably, and these contribute to buttressing of much more ice than was supported by
those ice shelves that experienced the large recent changes, so the potential for similar
changes contributing to sea-level rise in the future is large.

There are no large ice shelves fed by glaciers in warmer areas, including Alaska, southern
Greenland, and elsewhere. Warming of air or water beyond some threshold leads to ice-shelf
loss, leaving a calving cliff of the sort that tourists visit on Alaskan cruises or that produce
Greenland icebergs that have been filmed and viewed tens of millions of times on video-
sharing sites.
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Many tourists on Alaskan cruises visit Glacier Bay National Park and Preserve, Alaska. When
George Vancouver visited the area in 1794, the bay, which is now about 65 miles long, was
completely filled with ice. Less than a century later, when John Muir studied there, most of
the bay had lost its ice, as icebergs broke off the front of the glacier at a rate of up to 7 miles
per year (Meier and Post, 1987; Post, 1975), and the ice thinned by as much as 1 mile (Larsen
et al.,, 2005). As described by Meier and Post (1987} and many other researchers, ice that
ends in the ocean often stabilizes on a local high point or a narrowing of a fjord. It then may
remain there for some time despite small climate changes. Under sufficiently large forcing,
though, it may retreat rapidly through the deeper or wider part of its valley to the next point of
stability, losing ice at a rate that tends to increase with water depth and valley width, but that
also depends on other controls. Such behavior has been observed from other Alaskan
glaciers, in Greenland, and along the Antarctic Peninsula and elsewhere, and geological
evidence indicates that such processes contributed to loss of older ice masses during past,
natural warmings.

For Glacier Bay, and many others, the glacier flowed in a relatively narrow fjord. When the
ice retreated rapidly from one point of stability to the next, the local changes were spectacular,
but the global significance was relatively small. Even in Greenland, the beds of the deep
fjords rise inland to near or above sea level, and rapid iceberg calving in deep water cannot
discharge most of the ice sheet. Some parts of the Antarctic ice sheet, however, have glaciers
that drain large basins rather than narrow fjords, but with ice that is much too thick to float
and thus that can raise sea level. Attention is especially, but not uniquely, focused on
Thwaites Glacier in West Antarctica, where sufficient retreat could trigger loss of the marine
ice of West Antarctica that would add about 11 feet to the total sea-level rise (Scambos et al.,
2017). One attempt to put this process into a model and simulate the future found that, once
rapid retreat was initiated, most of West Antarctica’s marine ice would be lost over the next
century or so (DeConto and Pollard, 2016). That model, though, did not allow icebergs to
calve faster than a rate that was based on previous observations in Greenland; Thwaites could
retreat to regions where the water 1s much deeper and the valley much wider than in
Greenland, and the tendency for deeper water and wider valleys to have faster calving then
allows the possibility of even faster sea-level rise.

The uncertainties about this topic are very large. Thwaites Glacier, and other Antarctic
outlets, may resist retreat, or they may retreat with intact ice shelves that limit iceberg calving
and thus slow the resulting sea-level rise, and additional stabilizing influences may resist
collapse. But, Thwaites may retreat rapidly, and East Antarctic ice may join, with even
greater potential to cause rise than has been modeled by, e.g., DeConto and Pollard (2016).
The basic physical processes involved have been known for a long time, but properly
modeling them is at a very ecarly stage, subject to deep uncertainty.

Uncertainty and commuting. Tam fortunate to ride my bicycle or jog to work; my wife and
I share one car, which she mostly drives. But, I have on occasion driven to Washington, DC,
and observed automobile commuting. In my experience, a typical commuter on the Beltway
heading downtown at rush hour expects notable delays—say, half an hour. The best commute
has no delays. Some commuters may waste an hour in traffic. But, occasionally, a commuter
is run over by a drunk driver, and ends up in the hospital or worse. When a commuter sets off
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on a trip, the most-likely future (half an hour in traffic) is close to the “good” end of the
possible futures (no traffic, versus run over by drunk driver).

The uncertainties about sea-level rise have a vaguely similar distribution. With warming,
ocean water expands, mountain glaciers and the edges of Greenland’s ice sheet melt more,
and the ocean rises in response. The relevant science, as assessed by the IPCC or other
authoritative bodies, gives very high confidence that some additional sea-level rise is already
committed as the ice and ocean “catch up” with the warming already caused. Furthermore,
additional warming will cause more sea-level rise. The uncertainties include a little less or a
little more sea-level rise. But, those projections do not include major instability of Antarctic
ice. If “collapse™ is triggered in West or East Antarctica, a natural “drunk driver”, then the
sea-level rise could be much larger and faster than in the most-likely projections, with no real
agreement on what might be the worst-case scenario.

Dedicated police officers, watchful bartenders, and other community members help reduce
drunk driving, while automotive engineers, highway designers, and additional experts help
improve safety in the event of an accident. Society thus has considerable knowledge of ways
to reduce risks to commuters. But, we still cannot predict the where and when of every drunk
driver. Please note that my next statement is potentially self-serving, because colleagues,
students, and I personally enjoy conducting research and may receive funding to do research;
but, further research can greatly reduce uncertainties on ice sheets and sea-level rise,
providing guidance to policy-makers. Nonetheless, even with well-supported, vigorous
research, including ongoing efforts by exceptional colleagues, there may remain some
irreducible uncertainty.

Synopsis. With high scientific confidence, human actions are raising the greenhouse-gas
concentration of the atmosphere especially by releasing carbon dioxide from fossil-fuel
burning, this is having a warming influence on the climate, and the resulting rise in
temperature is contributing to sea-level rise by expanding ocean water, melting ice, and
changing ice flow. Some additional sea-level rise is already committed, but human decisions
will become increasingly important in determining how much the sea rises over the coming
decades and centuries. If Antarctic ice avoids rapid collapse, then uncertainties in projections
of sea-level rise are important but not huge, are being addressed by ongoing research, and can
be reduced further by planned research. Rapid iceberg calving under too much warming is a
well-known but poorly modeled process; if this becomes active in large, deep Antarctic
basins, then sea-level rise could be much larger than generally projected, with much greater
uncertainties.
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Chairwoman JOHNSON. Thank you very much. Dr. Bell.

TESTIMONY OF DR. ROBIN E. BELL,
LAMONT RESEARCH PROFESSOR,
LAMONT-DOHERTY EARTH OBSERVATORY,
COLUMBIA UNIVERSITY

Dr. BELL. Thank you very much. Chairwoman Johnson, Ranking
Member Lucas, Members of the Committee, I'm very pleased to be
here today. I'm going to take you on a visual tour because the ice
sheets are beautiful. I think that’s why we all study them. And we
want to share a little bit of that beauty with you, so this is a pic-
ture of what Antarctica looks like. And just to give you a sense of
scale, this is a huge iceberg with tiny scientists in front of it.

What I'm going to show you today is the evidence for change. I
will tell anyone this who stops me anywhere on the street—you
stop me on my electric motorcycle, I'm going to tell you this story.
There are three signs of change—three really clear signs that the
ice sheets are speeding up and changing. One is they’re moving
faster. In the 1990s, they were moving 1 mile a year. In the 2000s,
they’re moving 2 miles a year. They’ve doubled in speed.

Ice happens to be like the mozzarella cheese on top of your pizza,
so when you bite into the cheese and stretch it, it gets thinner. So
the second measurements we’ve made is by zapping the ice sheet
with a laser, and that’s what you see forming is that yellow on the
surface is actually where the elevation, just like the cheese is get-
ting stretched, the ice sheet is getting stretched, that’s more than
half a football field of stretching where the ice sheet is getting
lower, second measurement.

Our third measurement is one we make and NASA makes with
partners—makes from space. Can we turn the video on—animation
on, please? You will see that this is Antarctica again—now we're
looking at a whole map of Antarctica, and you're going to see a red
dot develop. And what that red dot is showing we’re actually losing
mass. And remember I showed you it sped up, it lowered. This is
a different measurement. This is basically the ice sheet on the
bathroom scale. And what you can see is the ice sheet is losing
mass predominantly in that place that Richard referred to, the
place that’s furthest north and exposed to the warming ocean. The
ice sheet is losing mass.

We could show you the same things for Greenland, three very
clear signals, kind of the scientific gold standard. We like to make
independent measurements. This is the evidence that the ice sheets
are changing.

What does it mean? We go next to NOAA (National Oceanic and
Atmospheric Administration) and we look at NOAA’s global collec-
tion of tide gauges—so these are really high-tech instruments.
They’re like pipes stuck in the water, OK? But they measure the
tides going up and down and up and down, and they measure
storms—the tide levels go way up, 12 feet in New York during
Sandy. But you can see most of those are going up. Sea level al-
most everywhere on the planet is going up except where the planet
is still recovering from the ice sheet that was more than 20,000
years ago and it’s bouncing back up like a mattress. But this pre-
dominant signal globally is it’s going up.
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There’s even one of those fancy pipes right here in Southeast,
Washington, and that record goes back to about when my dad was
born. And so since my dad was born right here in Washington,
D.C., sea level has gone up a foot. And we’re using Beth for scale
here. Beth is, for today’s purposes, 2 meters or 6 feet roughly. And
you can see, sea level has risen almost a foot, almost to my knee—
I like to think of it—I put my hand on my leg because then I real-
ize what it really means. That’s how far sea-level has come up
since my dad was born.

So what does that mean? We are working on this problem—I'm
back to the uncertainty question. Can I tell you how much sea-level
is going to go up in the next hundred years? We are working on
it as hard as we can. This is just a range of forecasts published this
year. You can see the results—they are spread. This is again Beth
for scale, about 6 feet. They range a lot. But when we looked—
that’s what we’re working on is how to be able to tell our commu-
nities how much is sea level to go up in the next hundred years
because that’s what we’re building infrastructure. The big bridge
we just spent $4 billion on close to my house needs to know what
we're going to plan for sea level. Are we going to plan for a couple
feet or a lot more?

So when we look at the glacier melt budget altogether, Antarc-
tica is in the next hundred years is on the order of maybe over our
knees, maybe a little bit more. Greenland is going to be in there,
too. We're going to have warming oceans, and we’re going to have
mountain glaciers. And while I have this as roughly 4 feet, 3 feet,
we don’t know. This is cutting-edge research.

And what can we do to improve it? There’s a priority of three
ideas in my mind—there’s three important things to do. One is get
up close and personal to the ice sheets. We need to understand bet-
ter how the ice sheets work so we can improve our models. We
used to not be able to have very good models of weather. We do
much better now. So number one is get up close and personal.

Second is we need to invest in the workforce. Right now, there
are 1,400 scientists at the AGU who are affiliated with ice. Do you
know there are 140,000 people enrolled in law school every year?
We just don’t have enough people working on this. We need more
scientists, engineers, educators, creative minds like Maria over
there. We need to talk her into studying ice somehow.

And we also need to look at how convergent science works. We
need to figure out how to pull together the work that we do, which
is on the polar caps, to what’s happening at the coastlines around
the planet because we kind of need an ice sheet person in every
community because we need to understand what the community
needs to respond to.

So am I hopeful? Yes, I am hopeful because we are in a unique
place as a species that we know how the ice sheet works, we know
how sea level rises—we are understanding how our planet works.
And we, as scientists, we're all members of the American Geo-
physical Union. We're actually putting our money where our mouth
is. We have a building here in Washington that we just renovated,
so it is the first net-zero renovation building in Washington. That
means we're taking less energy than we are generating, more en-
ergy than we are using to run this building. We’d love to have you
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come visit. And we're also very happy to look forward and that this
is a time for action among all of us, and we need to bring every-
body to the table. Thank you very much.

[The prepared statement of Dr. Bell follows:]
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Introduction

Chairwoman Johnson, Ranking Member Lucas, Members of the House Science
Committee, thank you for inviting me and my esteemed coileagues to speak today on this
important topic- the melting ice on our home planet. This change is happening at the
ends of our planet but is lapping at our doorsteps now. | am Robin Elizabeth Bell, and |
am the PGI Lamont Research Professor at Lamont-Doherty Earth Observatory of Columbia
University and a member of the Earth Institute faculty. At Lamont, | direct programs in ice
sheet dynamics, lead efforts to develop innovative technology and work to improve the
scientific culture especially for women. | have led ten major expeditions to the polar
regions, to both Greenland and Antarctica resulting in discoveries ranging from active
volcanism beneath the West Antarctic Ice sheet, to large deep lakes encased by two miles
of ice to hidden mountain ranges buried by ice where water under the pressure of thick
ice is forced uphill. 1 was the first women to chair the National Academy of Science’s Polar
Research Board (2002-2008) where | was instrumental in launching the International Polar
Year 2007-9 that brought together over 50,000 scientists from around the globe. The
International Polar Year fostered major expeditions, new international collaborations and
discoveries that were only possible because of the partnerships between 60 nations. The
polar regions are still a challenging place to work and science remains an international
team sport. | also co-chaired the recent National Academy report A Strategic Vision for
NSF Investments in Antarctic and Southern Ocean Research (2015) that set the priorities
for Antarctic science. This report identified changing ice as the highest priority science in
Antarctica. Recently, | chaired the National Academy of Science Review of the Draft Fourth
National Climate Assessment — a comprehensive undertaking by US. scientists and
citizens documenting the impacts of climate change around the country(USGCRP 2018).
Currently, | have the great honor of serving as the President of the American Geophysical
Union, or AGU as we all refer to it. Formed 100 years ago, AGU is the society of over
60,000 Earth and space scientists from around the globe who together promote discovery
for the benefit of humanity. Today, | am honored to speak about the changing ice sheets
with you. Thirty years ago when | first flew over Antarctica in a Naval Research Laboratory
P-3 it seemed unimaginable to me that the vast ice sheet below could change. Now we
know those white expanses are changing and these changes matter to our homes and
communities around the globe. The changing polar ice is tightly linked to the changing
coastlines. Although | speak to you today in my capacity as a private citizen, my testimony
is based on my decades of experience studying our planet’s ice.

Evidence for Changing Ice

The surprising wakeup call for the polar science community came in early 2002.
This buzzing alarm came from the Antarctic Peninsula, the part of Antarctica that is the
furthest north, jutting towards South America. This is also the destination of Antarctic
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cruises which over 14,000 Americans visit each year The Antarctic Peninsula is where
global temperatures have risen the most - more than 7°F over 50 years. We had thought
ice sheets and the state-sized Y4-1/2 mile thick pieces of floating ice that pin them in place
changed really slowly. These floating extensions of continental ice sheets are called ice
shelves. But by 2002, warming temperatures had started to produce more meltwater on
top of the ice. The floating Larsen B lce Shelf, the size of Rhode Island, developed
hundreds of lakes. Suddenly the ice shelf disintegrated into thousands of icebergs over
the course of two weeks (Scambos, Hulbe et al. 2003). The change occurred before our
very eyes. The Larsen B ice shelf had been in place for over 10,000 years (Domack, Duran
et al. 2005). Once the floating ice shelf disintegrated, the glaciers that flowed into the ice
shelf sped up, pushing more ice into the ocean (Rignot, Casassa et al. 2004, Scambos,
Bohlander et al. 2004). Glaciers are the earth’s conveyor belts delivering ice to the ocean
and an ice shelf controls the speed- if an ice shelf collapses, the conveyor belt speeds up.
The satellite images of this collapse were printed in major newspapers around the globe
(for example: The Charleston Gazette, St Louis Post, The Gazette - Ft. Wayne Indiana, The
Patriot — Harrisburg, PA, Chicago Tribune, Rocky Mountain News, The Economist, The Wall
Street Journal, The New York Times, Toronto Star, Calgary Herald, The Press - New
Zealand, Belfast Telegraph, The Australian, China Daily, The Statesman- india). Suddenly,
changing ice was newsworthy, Together scientists and the public from Harrisburg to India
learned Antarctic ice could change faster than we imagined. The Antarctic conveyor belt
had sped up. For the first time many around the world saw the link between blue
meltwater on the ice shelf surface, the glacier conveyor belt speeding up and sea level
rising.

Over the ensuing decades, the evidence for the changing ice on our planet has
become very clear. | will focus on the grounded ice, the large ice sheets in Antarctica and
Greenland where thick ice, in places over two miles thick, rests on solid ground although
the ground may be well below sea level. Melting these ice sheets will raise sea level
around the globe. Antarctica holds 200 feet of potential sea level rise and Greenland 20
feet of sea level rise— although no scientists are suggesting they will completely disappear
any time soon. These very thick ice sheets are distinct from the relatively thin floating sea
ice (around 10 feet) that covers much of the Arctic Ocean and rings the Southern Ocean
close to Antarctica. Sea ice is like the layer of ice cubes floating in a punch bowl. The
Arctic sea ice has been steadily shrinking over the past two decades and recently the
Antarctic sea ice has begun to retreat. Changing sea ice shifts the Earth’s albedo and
weather patterns, impacts food available to wildlife from penguins to polar bears, and
opens new shipping routes. But shrinking sea ice itself will not cause sea level to rise, since
sea ice is already floating in the water. The major source of future sea level rise are the
grounded ice sheets. Melting ice sheets are like the kid with a new twenty-pound bag of
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ice at the picnic who pours the entire bag into the bowl without thinking. The glaciers
are conveyor belts of ice being delivered to the ocean, and we see them speeding up.

I often get asked "do you believe the ice is changing?” My response is — changing
ice is not a belief but knowledge that emerges from three independent observations.
These independent observations are primarily based on satellite measurements enabled
by NASA working with other space agencies around the globe. The first measurement is
how fast the ice moves. Several parts of the Antarctic lce Sheet (key parts of the conveyor
belts) have doubled their speed in the past two decades, showing that the ice is speeding
up (Rignot, Mouginot et al. 2011). The second measurement is the height of the ice
surface, and is made using laser and radar instruments from a satellite or aircraft. In the
same places where the ice is speeding up the ice surface is getting lower. Ice, like
mozzarella cheese atop a pizza, is getting thinner and lower because it is stretching. The
third measurement is ice sheet mass, or weight, which is calculated from observations
from a pair of identical satellites chasing each other and measuring changes in the gravity
field(Velicogna, Sutterley et al. 2014, Harig and Simons 2015). In the same places that the
ice is speeding up and lowering, it is losing mass. These three measurements together
demonstrate in more detail than ever before how the ice in Greenland and Antarctica is
changing.

Scientists from around the globe have used these three key observations to
quantify how fast the ice sheets are changing. To quantify the change over a large
continent like Antarctica, the size of the lower 48 states, requires careful examination of
each measurement and resolving issues such as how the snow that falls on Antarctica
turns into ice. After much lively debate and testing of assumptions by a team of 77
scientists from around the world, the clear signal is that Antarctica is losing ice, as is
Greenland. The current mass loss from the ice sheets is contributing one millimeter of
sea level rise globally each year (Shepherd, Ivins et al. 2018) although this rise is not evenly
distributed around the globe. Antarctica is now losing mass at twice the rate it was in the
1990s. For these calculations, the team broke Antarctica up into three parts, the Peninsula
where the Larsen B Ice Shelf was; West Antarctica, the ice sheet that rests on fow-lying
topography and is exposed to changes in the ocean temperature and East Antarctica, the
large ice sheet where the South Pole is that sits on higher topography. Each region stores
different amounts of ice, has a different history and a different susceptibility to a warming
world. The West Antarctic Ice Sheet is the most susceptible to warming oceans and
atmosphere as it sits lower and is in direct contact with the ocean. West Antarctica is
where the greatest changes have occurred over the past decade. Most of the 0.3 inches
(8 mm) of sea level rise from Antarctica in the last decade has come from West Antarctica.
This region was the highest priority in the 2015 National Academy report A Strategic
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Vision for NSF Investments in Antarctic and Southern Ocean(National Academies of
Sciences and Medicine 2015).

Evidence for Changing Coastlines

Why did the changing ice emerge as the highest priority in the National Academy
Report? We are beginning to see the melting ice, including from Antarctica, at the tide
gauges along our coastline. Globally, average sea level has risen 8-9 inches since 1880,
with the global rise since 1993 being 3 inches (Hay, Morrow et al. 2015, Nerem, Beckley
et al. 2018). Right here at the dock along the bike path in Southeast Washington sea level
has risen a foot in since 1919 (https://tidesandcurrents.noaa.gov/sitrends). | put my hand
on my leg just below my knee and realize the water level has risen that far since my father
was born.

At most locations around the globe sea level is rising now, although the ocean
turns out to be more complicated than the punch in the punchbowl. At a few locations,
sea level is actually falling. Three major components make up the change at an individual
coastal city: the change in ocean temperature, the melting ice and whether the land the
city rests on is rising or sinking. Up to now the warming of the ocean waters by 1.3°F since
1960 is the major signal that has appeared at our coasts. But, melting ice has the greatest
potential for new rapid sea level rise globally. To complicate things further, the melting
ice contribution to changes sea level is modulated by the self-gravitation of the ice sheets.
Already the modulation of the impact of melting ice in Greenland by the self-gravitation
is apparent in the tide gauges along the east coast of the United States. Because of this
gravitational effect, sea level is rising faster in the Southeastern US than in New England.
Atop these signals are local impacts. The land cities and towns are built on can be rising
or sinking, impacting local sea level. In cities like Juneau and Stockholm (Milne, Davis et
al. 2001) the land is rising due to the loss of ice 20,000 years ago while cities like Norfolk,
Virginia and New Orleans are sinking due to removal of groundwater (Sweet, Kopp et al.
2017). Every community is going to see a different future sea level depending the ocean
temperature, the changing ice, and whether the land is rising or falling. Linking the
changing ice to the changing coastlines is a challenge that will require collaboration from
the ice to the shorelines.

Impacts of Changing Coastlines Now and Looking Ahead

So we have begun to witness the melting ice and see the impact along our
shorelines. The higher sea level made the impact of recent major storms like Maria,
Harvey, Irma and Sandy more devastating. For example, close to my home 30 miles from
the Atlantic Ocean they used bulldozers to clear boats from the roads after Superstorm
Sandy. Because of the sea level rise over the past century, 45,000 more people were
impacted by Sandy’s flooding. The impact of rising sea level is not just during major
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storms. All around the US we are seeing increased nuisance flooding. Nuisance flooding
is called sunny day flooding where high tides in fair weather make it difficult to get home
because the roads are flooded. Miami and Norfolk are both experiencing this and are
working to adapt to this. Scientists are working to provide these cities with the forecasts
of future sea level they need to adapt.

Looking Ahead: Current Ice Sheet Change Projections

Looking ahead the scientific community is scrambling to provide answers to how
fast and how much will sea level rise in each community from ice sheet melt. Suddenly
city managers, architects, reinsurance companies and resiliency officers care about
Antarctic ice. The efforts to answer the how-fast-how-much question range from simple
exercises to frame the problem to quizzing experts focked in a room (Bamber and Aspinall
2013) to probabilistic projections (Edwards, Brandon et al. 2019) and full-blown ice sheet
models (Feldmann and Levermann 2015, DeConto and Pollard 2016). These models are
like weather models only for ice. In contrast to weather and hurricane models, these
models are still in the early stages of development. Ice sheet modeling scientists have
made big advances in these efforts, such as figuring out how to capture mathematically
the changing forces when ice goes afloat and using the latest supercomputing resources
to allow the models to include many of the important stresses at play within the ice. The
ice sheet models are now linked to different futures, whether temperatures go up a little,

a lot or a huge amount. These different futures will be determined by how much CO2 we
release into the atmosphere. The science community is working through this
collaboratively and through peer review, the way good science happens. An idea is
published, the community tests it and new ideas are advanced. Since scientists have never
watched an ice sheet disappear, we use records from the past We know sea level rises
when temperature rise --- Miami is built on rocks formed in a shallow sea very similar to
the Bahamas today. The hills of Miami formed 120,000 years ago when the planet was
warm and sea level was 19-30 feet higher than it is now. The other point we use to

calibrate our models is from three million years ago, the last time CO2 was as high as it is
now sea level was 19-65 feet higher than it is now.

The challenges the scientists working on the models face include that is that we
are still learning so much about how ice sheets work. For example, while we are all familiar
with how water flows across our familiar landscape, we are just now working to
understand what happens when water collects on Antarctica. Greenland wears a necklace
of blue ponds every summer and has water hidden in crevasses and in the snow. What
happens if Antarctica warms until it looks like Greenland(Bell, Banwell et al. 2018)? Will
all the new water make the remaining ice shelves disintegrate like the Larsen B, triggering
more glaciers/conveyor belts to accelerate, or will rivers form atop the ice(Kingslake, Ely
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et al. 2017)? Will we will see giant ice cliffs that become unstable causing a sudden
runaway collapse of the ice switching the glacier conveyor belts to hyper-fast? These are
the ice processes that might produce drastically accelerate sea level rise. Models with lots
of meltwater and collapsing cliffs predict close to six feet of sea level rise from Antarctica
by 2100. More recent publications suggest that the number might be closer to 1-1.5 feet
(45 cm). As we discover new important processes and discover more, these numbers will
change. Our knowledge-base and our models are evolving. My family has a boat on the
Hudson and we worry about hurricanes every summer. Thirty years ago the hurricane
models could not tell us whether the hurricane was going to hit Maine or our New York
home, now we can plan much better. We knew Sandy was possibly coming ten days out
and were able to prepare. The improvement in hurricane prediction illustrates that the
ice predictions can improve if we work on it by building our knowledge base, deepening
the bench of scientists and fostering interdisciplinary and international collaborations.

Three Essentials to Improve Ice Sheet Melt Projections

The Antarctic melt projections for 2100 range from just below my knee or over my
head, or, quantitatively 1-6 feet. How can we narrow down this answer about how
Antarctica will melt in the coming decades? My neighbors are asking me. There are three
critical things essential to improving the predictions: knowledge of processes (or how ice
sheets work), people (to explore, discover, model and communicate, and fostering
collaboration: 1) Processes: We have never witnessed an ice sheet collapse and improving
our predictions requires getting up close and personal with the ice sheets to better
understand how ice sheets work and intense efforts to decide how best to describe these
processes in ice-sheet models. 2) People: The community studying ice around the world
has grown but the community is still really small. 3) Collaboration: Because changing ice
is controlled by the ocean, the atmosphere, the underlying geology and ice physics and
Antarctica are huge, this work requires collaboration across disciplines and nations.

Our understanding of the process of how ice sheets work has made huge advances.
Prior to the International Geophysical Year in 1958, we did not even know how much ice
there was in Antarctica. By the 1980s we began to understand why those giant conveyor
belts of ice can deliver so much ice to the ocean (Alley 1986). These conveyor belts can
be over 60 miles wide and in Antarctica move up to about 1.5 miles per year. In Greenland
the conveyor belts move even faster — more than 7.5 miles a year. In the 1990s we began
both to drill through the ice sheet and to study extensive regions with aircraft and we
discovered that the geology underneath matters. In the 2000s we realized there were
extensive networks of water beneath the ice including large lakes, one the size of New
Jersey (Kapitsa, Ridley et al. 1996), smaller lakes that will slowly fill and drain (Fricker,
Scambos et al. 2007), and water networks that move the water. Where the water goes
matters because the water is part of the basal lubrication system. Some of the big
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unknowns include; what is happening in this hidden environment beneath the ice, how
will the warming ocean and atmosphere attack the ice sheet and will surface water trigger
collapse of all the major ice shelves?

We have discovered a lot but there remains a lot to be learned. We as a species
have lived with changing weather and have a deep knowledge of weather systems behave.
Our grandmothers understood the wispy angular clouds they called mare’s tails meant
rain soon, but we can now predict to the hour when the rain will arrive. We as a species
have far less experience with collapsing ice sheets. To improve our models, we must get
up close and personal with the ice sheets. The satellite record has clearly shown us that
change is happening but it is the work in Antarctica from surface ships and aircraft that is
essential to foster the advances in understanding of how ice sheets work that will improve
our projections. NASA's Operation Icebridge is an example of the importance of
comprehensive imaging of the ice sheets that fostered a new norm of freely available
open data. The National Science Foundation has responded to the 2015 National
Academy report by launching a major program collaboratively with the United Kingdom’s
Natural Environment Research Council (NERC), the International Thwaites Glacier
Collaboration. Thwaites Glacier, one of the largest conveyor belts, is considered one of
the most unstable pieces of ice on the planet. Thwaites Glacier is wide and is perched on
a topographic ridge where the warming ocean is known to be thinning the ice. Because
this glacier can deliver a lot of ice to the ocean fast and because it is already showing
signs of thinning and shrinking it is a major threat and a high priority (NAS). The major
NSF/NERC initiative (Scambos, Bell et al. 2017) this as an example of the type of work that
is essential to launch around all of Antarctica. Advancing the basic understanding of how
the ice sheets work and the processes that control their melting, will improve our
predictions. Think of Antarctic scientists as the hurricane hunters for sea level.

The second critical need to improve our projections is people. As President of AGU
and as former President of the Cryosphere Section (the best job title ever), | am acutely
aware of how small our community is. Now, the AGU Cryosphere section has 1,492
members. This number includes scientists from around the globe studying ice, snow and
sea ice. To put that in perspective in 2010, there were about 140,000 people enrolled in
law school in the US. iIn a single year, 100 times more people were studying law than the
entire global community studying changing ice. There is an acute personnel problem.
We need more scientists working on this problem if we are to improve our projections.
Science and the science of melting ice from the Arctic to the South Pole must be an open
welcoming community. The science is remarkable and the discoveries to be made
remarkable. We have barely started to scratch the surface of the ice sheets.
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The third need is to fully embrace ice as part of the changing earth and enable truly
convergent work. When your child is in the hospital with a sudden ailment you really
want the specialists to be working together to provide the best care. The ice community
is coming to the realization that we need to take a similar approach. We recently
completed ROSETTA, a study of the largest ice shelf in Antarctica, the Ross, just a little
smaller than Texas. Using Recovery Act funding, in partnership with the New York Air
National Guard, we repurposed military imaging technology for ice studies. After three
years of flying the icePod over the Ross Ice Shelf we realized that it was impossible to
understand how the ice will melt without bringing all the specialists to the table. We
learned that the geology is in essence protecting that sector of West Antarctica from the
warming global ocean but the vulnerability is to heat pumped under the ice shelf from
the shallow ocean waters by strong winds(Tinto, Padman et al. 2019). It took scientists
from many disciplines working together on the same data sets to converge on these
complex processes. We were acting like that team of specialists working together for the
good for a patient. It is essential to foster this convergent work for the planet and our
species. To move the Antarctic work forward will require interdisciplinary and international
collaboration as fostered by NSF in the ITGC program but on a larger scale. ice science
must also be more tightly linked to our changing coastlines so each community will know
how to respond and adapt. | am hopeful. With investment the hurricane forecasts have
improved. We can improve the melt forecasts and provide better information to our
neighbors.

Thank you for inviting me to speak today. | am heartened that the House Science
Committee is considering this very important issue. We are very fortunate as a species to
have the capacity to see how our home planet works and have the capacity to address
this issue both scientifically and technically. If we continue to foster collaborative science
across disciplines, the science community will be able to provide our communities with
accurate projections of how sea level will rise. If ice scientists work with coastal scientists,
we can develop tailored projections for each community. | am also heartened as | see
individuals, communities, state governments and professional societies taking action to
reduce the underlying cause of the changing ice — our greenhouse gas emissions. The
AGU community is very proud of our headquarters on Florida Avenue. This building, long
known for the planets in the sidewalk, is Washington DC's first net-zero emissions building
renovation. Reaching net zero required multiple technologies from solar panels to heat
exchange with the sewer system to green walls. Similarly, using the same multi-pronged
strategy, we as a species can address the issue of climate change and ice melt with broad
concerted efforts, from individuals, communities and governments.
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Chairwoman JOHNSON. Thank you very much. Dr. Moon.

TESTIMONY OF DR. TWILA A. MOON,
RESEARCH SCIENTIST, NATIONAL SNOW AND
ICE DATA CENTER’S COOPERATIVE INSTITUTE
FOR RESEARCH IN ENVIRONMENTAL SCIENCES

Dr. MooN. Chairwoman Johnson, Ranking Member Lucas, Mem-
becIiS of the Committee, thank you for the opportunity to testify
today.

Land ice loss has serious consequences within the United States
and across the globe, and I'm honored to share my scientific exper-
tise with the Committee.

Glaciers and ice sheets are Earth’s water towers. Only 2.5 per-
cent of the world’s water is fresh water, and most of that fresh
water is contained within glaciers and ice sheets or land ice. As
Earth’s water towers, glaciers are valuable sources of drinking
water, irrigation water, and hydropower. But land ice is now melt-
ing at a rapid and accelerating pace, increasing risks for hundreds
of millions of people who depend on them for survival and pros-
perity. And it is raising sea levels across the globe.

Today, land ice loss is the biggest contributor to sea-level rise.
Sea-level rise can contaminate drinking water, erode coasts, over-
whelm stormwater and wastewater systems, and cause increased
or permanent flooding. Over just the last 25 years, average sea
level around the globe has already risen 3 inches. But because sea-
level rise is not evenly distributed, some areas like regions of the
U.S. Gulf Coast and eastern seaboard are already dealing with
more than double this amount.

The impacts we are facing today, however, may pale in compari-
son to the changes we could experience in the future. If we con-
tinue on our current path of high greenhouse gas emissions, it’s
reasonable to expect 2.5 feet or more of sea-level rise in the next
80 years. In regions of the Gulf Coast and the eastern seaboard,
that number will be significantly higher.

The Greenland ice sheet, which is more than 2 miles thick in its
center and covers an area the size of Texas, California, Arizona,
and Nevada combined is an important player in sea-level rise.
Since the early 2000s, ice loss from Greenland has increased rap-
idly, and Greenland is now a primary player in land ice contribu-
tion to sea-level rise.

The cause of ice loss is clear. Greenland and glaciers around the
world are melting and more rapidly spilling their ice into the sea
as a direct result of warming air and warming ocean water due to
manmade greenhouse gas emissions. During the last 2 decades, the
science community has made substantial strides in understanding
Greenland ice sheet behavior and projecting future ice loss. But for
any given future greenhouse gas emissions pathway, there is still
a large range in projections for how much ice Greenland will lose.

Narrowing the range of future possibilities and our projections of
them is possible. The United States can lead by supporting tar-
geted research on the physical processes that control ice sheet be-
havior by developing systems to collect long-term observations and
by fostering iterative research that connects observations and com-
puter models. Science will also advance more quickly and better
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serve the public good if strong connections are fostered among sci-
entific disciplines and between scientists and stakeholders. You can
ensure this happens by increasing coordinated opportunities for
interagency funding and actively funding activities that bring to-
gether scientists and decisionmakers.

Finally, I want to emphasize a critical difference in the roles of
science and policy in addressing land ice loss and its impacts. In-
creasing scientific knowledge is essential to more accurately project
what the future is likely to bring given that we are on a particular
emissions pathway. But policy has the power to determine which
emissions pathway we take. Embarking on a lower-emissions strat-
egy will make a fundamental difference in how much and how
quickly land ice disappears. U.S. leadership on mitigating green-
house gas emissions within our lifetimes will reverberate to posi-
tively impact the world for millennia.

Thank you for giving attention to this important topic. You have
the power to make a difference between a manageable future and
a painful one. I look forward to supporting you with complete and
accurate science and to answering your questions.

[The prepared statement of Dr. Moon follows:]
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Chairwoman johnson, Ranking Member Lucas, and members of the House Committee on
Science, Space, and Technology, thank you for the opportunity to testify on the critical issue
of rapid global land ice loss, its implications, and the challenges and opportunities for
moving forward. I am heartened to see the Committee taking up this topic; sea-level rise
and other impacts from land ice loss have serious consequences within the United States
and across the globe. I am honored to inform the Committee’s knowledge and actions via
my testimony. [ am a Research Scientist at the National Snow and Ice Data Center! and the
Cooperative Institute for Research in Environmental Sciences? at the University of Colorado
Boulder, and my testimony today is as an expert in glacier and ice sheet science. My
comments represent the views of a scientific expert, not those of the University of
Colorado, Since [ aim to synthesize science information within this testimony, | have
provided academic paper references sparingly, but would be happy to provide additional
resources on any topics or statements contained herein.

' For more information: nsidc.org
2 For more information: cires.colorado.edu
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The Importance of Land Ice

The title of this hearing refers to glaciers and ice sheets - Earth’s land ice - as “Earth’s
thermometers”. It may be more accurate to describe glaciers and ice sheets as Earth’s
water towers, Only 2.5% of the world's water is fresh water, and more than two thirds of
this fresh water is contained in glaciers and ice sheets?. These global water towers are
critical as sources of fresh water and as long-term reservoirs to store it.

Glaciers around the world provide water for drinking, irrigation, energy, and other
uses. And because warm, sunny weather produces ice melt, glacier-produced fresh water is
often an abundant and vital resource during dry seasons or drought. For example, roughly
800 million people in Asia, including less geopolitically stable regions across Pakistan,
Afghanistan, and India, depend on glacier melt as an important water source. During
average years, land ice in the region provides a small percentage of the total water supply,
but in drought years glacier melt becomes much more important, sustaining millions of
people and the economies they depend on. Glacier melt is important in the production of
hydropower as well%. However, ice in the region is melting more quickly than it is being
resupplied. This provides a temporary bump in water availability, but future water and
energy shortages due to glacier loss are certain.

As a source of cold water, glacier melt helps to regulate stream temperatures and
sustain ecosystems. In Glacier National Park, for example, glacier melt is critical to
maintaining the cooler water temperatures needed for native fish species and for a cascade
of invertebrates that form a fundamental portion of the food web®. Glacier melt also helps
to cycle nutrients by eroding rocks and transporting sediments underneath the ice to river
and ocean ecosystems. In Alaska, the roughly $1B salmon fishing industry depends strongly
on the nutrients and water properties of the Alaska Coastal Current. Roughly half of the
Alaska Coastal Current waters come from seasonal glacier melté. But Alaska is losing ice;
the region is the second largest contributor to ice loss in the Arctic (after Greenland).
Ongoing ice loss is likely to affect the future of the salmon industry and the many people
who depend on it.

3 Shikiomanov, 1. (1993), World fresh water resources in ‘Water in crisis: A guide to the world's fresh
water resources’. P. H. Gleick (ed.).

¢ Case study details: Pritchard, H. D. (2019}, Asia’s shrinking glaciers protect large populations from
drought stress, Nature, 1-20, doi:10.1038/s41586-019-1240-1.

5 For example: Clark, A. M., J. T. Harper, and D. B. Fagre (2018), Glacier-Derived August Runoff in
Northwest Montana, Arct Antarct Alp Res, 47(1), 1-186, doi:10.1657/AAAR0014-033.

® Case study details: O'Neel, S. et al. (2015), Icefield-to-Ocean Linkages across the Northern Pacific
Coastal Temperate Rainforest Ecosystem, BioScience, 65(5), 499~512, doi:10.1093/biosci/bivi27.
For a more accessible summary:

https://alaska.usgs.gov/products/pubs/2014/201 4_Timm_ONeel_etal ACCC_website_factsheet.pdf
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As the world’s water towers, Earth’s glaciers and ice sheets protect our coastal
communities and economies from a myriad of impacts related to sea-level rise,
including coastal erosion, frequent or permanent flooding, saltwater inundation of fresh
water resources, disruption of storm water systems, and destruction of infrastructure
including schools, homes, superfund sites, and military bases’. These impacts are already
evident within the U.S. and across the globe as a result of almost 3 inches of sea-level rise
during the last 25 years. But additional sea-level rise from ice contained within Greenland,
Antarctica, and the rest of the Earth’s glaciers will likely dwarf what is currently being
experienced. Midrange projections for additional sea level rise by 2100 are 17 inches for
IPCC RCP2.6, 21 inches for RCP4.5, and 29 inches for RCP8.5, often referred to as the
‘business as usual’ pathway®. Note that these projections do not include mechanisms for
potential accelerated ice loss that scientists are currently studying, particularly in
Antarctica.

Recent & Rapid Global Land Ice Loss

Creation of the world-leading American economy has come about, in part, because ofa
stable and reliable climate. Development has depended upon and reinforced well defined
coastal margins, allowing 39% of the U.S. population to thrive and prosper in shoreline
counties?, driving the U.S. economy and providing stable locations to base infrastructure
for shipping, military activities, and other functions vital in today’s connected global
economy. This stability, however, is at risk. Since 1993, global average sea-level has already
risen almost 3 inches. But sea-level rise is not evenly distributed around the world, and
some communities have already experienced much higher sea-level rise than the global
average. In the United States, for example, coastal erosion related to sea-level rise is
displacing communities in Louisiana, drinking water problems are affecting California, and
there is increased regular flooding across the Gulf Coast and Eastern Seaboard!® (Figure 1).
Similar impacts are being felt around the world.

? For more information on the military and sea level rise: climateandsecurity.org/militaryexpertpanel

8 IPCC (2013), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I fo the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by T. F. Stocker, D.
Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. p. 1180.

9 oceanservice.noaa.govifacts/population.htmt

' Moon, T. A, et al. (2019), The expanding footprint of rapid Arctic change, Earth's Future, 1-13,
doi:10.1029/2018EF001088. And references therein.
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Figure 1. Flooding and storm damage in the US are connected to rapid global land ice loss. a) South
Ponte Vedra Beach, Florida, b) Black Creek area near Jacksonville, Florida, ¢} Charieston, South
Carolina, and d) Lumberton, North Carolina. Images: James Balog/Earth Vision Institutel®.

As noted, sea-level rise is not the same everywhere. Local sea-level rise is due to the
combined effects of local vertical land motion (some land is sinking, some is rising,
depending on various factors), ocean and atmospheric currents moving ocean waters
towards or away from the coast, additions of groundwater to the ocean, expansion of ocean
water as it warms, and added ocean water due to loss of land ice. Today, the largest of these
contributors is land ice loss. Land ice loss has increased quickly and across the globe
since the mid-20th Century, with contemporary rates - and extents - of ice loss
unprecedented over human history.

Satellites are a critical tool for studying contemporary changes in ice mass. The NASA
GRACE and GRACE-FO (Gravity Recovery and Climate Experiment / -Follow On) satellites
directly measure ice loss via changes created in the gravitational pull of the ice mass. The
NASA ICESat and ICESat-2 {Ice, Cloud, and land Elevation) satellites use lasers reflected off

" Figure from: Moon, T. A. et al. (2019), The expanding footprint of rapid Arctic change, Earth's Future,
1-13, doi:10.10298/2018EF001088.
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of the Earth surface to measure the changing surface elevations of glaciers and ice sheets.
Data from the joint NASA/USGS Landsat satellites are used to measure the surface speed of
land ice and to map its extent. Combining these speed measurements with observed and
modeled precipitation and ice thickness information tells us how much snow is
accumulated on an ice sheet versus how much ice is lost from melting and calving of
icebergs into the ocean. Subtracting the losses from the gains tells us how much the ice
mass has changed. These techniques alone provide three methods to independently and
accurately measure ice mass changes, and results from these techniques give a consistent
picture of rapid worldwide ice loss that has accelerated. This conclusion is supported by
other data, including long-term measurements of glacier advance/retreat from committed
individuals and institutions, examination of historical photographs, and deduction from
geologic records. It is now unequivocal that contemporary ice loss is a direct result of
warming air and warming ocean water due to human-caused climate change.

Role of the Greenland Ice Sheet

The Greenland Ice Sheet reaches more than two miles thick at its center, with hundreds of
fast-moving outlet glaciers along its edges, which act as conveyor belts to move ice from the
ice sheet interior to the ocean. Smaller glaciers and ice caps (regions of land ice that are
smaller than ice sheets, but include areas of ice connecting multiple glaciers) began losing
ice due to climate change earlier in the 20th century. The Greenland Ice Sheet was mostly
in balance through the 1980s, but that changed in the late 1990s!2. During the 21st
century, Greenland has lost ice at an increasing tempo.

Greenland ice is being lost through melt on the ice sheet surface and where the ice contacts
the oceans along its edge. Ice is also being lost as large and small icebergs that break or
‘calve’, into the ocean. While glaciers and ice caps continued to add the most water to the
world’s ocean up into the early 21st century, ice loss from the Greenland Ice Sheet has
recently reached the same level!3, with a reservoir of potential future sea-level rise that
eclipses small glaciers and ice caps.

There are several indicators of current rapid ice loss in Greenland. Widespread surface
thinning and ice edge retreat is observed around the entire ice sheet, exposing new land
and ocean water. While personally conducting ship-based field work in northwestern
Greenland in August 2018, our ship’s navigation map did not show the elevation of the
ocean seafloor underneath us. Instead, because the ice sheet edge in the area had retreated

"2 For example: Mouginot, J. et al. (2019), Forty-six years of Greenland Ice Sheet mass balance from
1972 to 2018, Proc National Acad Sciences, doi:10.7280/D1MM37.

¥ For example: Chen, X., X. Zhang, J. A. Church, C. S. Watson, M. A. King, D. Monselesan, B. Legresy,
and C. Harig (2017), The increasing rate of global mean sea-level rise during 1993-2014, Nature Climate
change, 7(7), 492-495, doi:10.1038/nclimate3325.
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almost two miles since 2000, the map showed our ship ostensibly motoring across the ice
sheet itself (Figure 2)! Individual glacier retreat of multiple miles since 2000 is common!4,
Along with adding ice to the ocean, the speed at which the Greenland coastal environment
is changing may increase risk across valuable industries like tourism and resource
extraction.

Figure 2. Rapid retreat of the Greenland ice sheet edge is changing coastal boundaries in
Greenland, and in the U.S., where ice loss creates rising sea levels. Here, a science research ship
appears to be traveling across the ice sheet itself because navigational maps are not keeping pace
with the fast ice edge retreat. Image: Twila Moon.

The rapid ice loss in Greenland is akin to the rapid melt you see in your kitchen when
placing an ice cube in a water glass or leaving it lying on the countertop. The ice sheet is
melting in response to warming air temperatures and ocean temperatures that are
warming at depths that matter to ice (~600-1300 ft). This handy analogy has its limits,
however, as the Greenland Ice Sheet system is much more complex than a household block
of ice and understanding its behavior requires continued research:

- Depending on the season, the ice sheet surface is a mix of bright, reflective new snow;
darker and often dirty bare glacier ice; and very dark melt lakes fed by an extensive
system of surface streams. The character of the surface, which changes from region to

¥ The NASA MEaSURESs (Making Earth System Data Records for Use in Research Environments)
Program provides valuable data on a variety of Greenland ice Sheet metrics, including glacier
advancelretreat. To overview NASA MEaSURES data at NSIDC: nsidc.org/data/measures.
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region and over time, helps to determine how much energy, or heat, the ice sheet
absorbs to melt more ice or reflects, minimizing the amount of melt. Research indicates
that there will be more surface melt in the future, but also that year-to-year variations
in the quantity of surface melt will span a wider range than in the past. How will the ice
sheet surface transform in coming decades and respond to year-to-year variations in
weather?

- Underneath the ice sheet is an entire landscape of mountains and valleys. In some areas,
the ice sheet is frozen to the land, or ‘'bed’, beneath it while in other areas liquid water
and water-saturated sediments sit between the ice and the bed, affecting how easily the
ice moves (or slides) over the land. Understanding the properties, and even the shape,
of the bed beneath the ice is challenging, but it also vital to determining how the ice
sheet moves. Will small topographic features not yet mapped speed up or slow down
ice loss? How will the ice sheet be affected by increasingly large amounts of meltwater
flowing underneath it?

- Some areas of the ice sheet edge end on land, but there are also hundreds of fast-
moving outlet glaciers that connect directly to the ocean, each with their own unique
width, depth, slope, and flow path. These areas where the ice sheet interacts with the
ocean are hot spots for activity. This is where melt water discharges from underneath
the glaciers into the ocean, warm ocean water at depth contacts the glacier edge, and
icebergs calve into the ocean. The ocean plays a substantial role in determining how
quickly an outlet glacier can retreat and flush its ice into the sea. If the elevation of the
land underneath the glacier drops further inland, retreat can create a cascade of glacier
speedup and thinning that drives further retreat and may create a self-reinforcing cycle
of ice loss. How will interactions between the ice sheet and ocean change the speed of
ice loss? How will the fresh water from Greenland transform the ocean water, ocean
currents, and marine ecosystems?

Ice loss from Greenland has impacts in addition to sea-level rise. The additional fresh water
added to the ocean is changing the temperature and salinity of ocean water, and also
changing the quantity and cycling of important nutrients?5. It is likely that these changes
are influencing plants and animals around Greenland, including in areas supporting
important commercial fisheries. The fresher and colder water that Greenland adds to the
ocean may also alter ocean currents in the North Atlantic region. North Atlantic ocean
currents help to determine the climate in North America and Europe, and research is

* For example: Cape, M. R, F. Straneo, N. Beaird, R. M. Bundy, and M. A. Charette (2018}, Nutrient
release to oceans from buoyancy-driven upwelling at Greenland tidewater glaciers, Nat Geosci, 1-8,
doi:10.1038/541561-018-0268-4.
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ongoing to understand how quickly and to what degree ocean currents may change, and
the contributing role of Greenland Ice Sheet melt.

The past two decades have seen strong advances in characterizing, understanding, and
predicting changes in the Greenland Ice Sheet. In the early 1990s our knowledge of the
large ice sheets was so limited that the science community did not consider them major
players in climate change on decadal timescales. Today, we understand that ice sheets are
major players, and changes in Greenland are already impacting U.S. communities and the
U.S. economy. The Greenland Ice Sheet, however, remains a remote and difficult place to
study, and increasing our ability to predict what will happen to the Greenland Ice
Sheet in coming decades will require investment in observing systems,
understanding the physical processes controlling ice sheet change, and building
scientific capacity and stakeholder connections.

Understanding the Future of Greenland Ice Loss:
The Powerful Impact of Science

Satellite observations in the early 2000s revealed that the Greenland Ice Sheet was starting
to respond to climate change. Since then, the science community has made substantial
progress in understanding the behavior of the ice sheet and projecting future changes, and
watched as the initial changes became much larger and more rapid. The United States has
played a key role in these advances, supported via investment in satellites, in airplane- and
ship-based surveys, and through advances in modeling. It is clear that while there may be
short-term (less than a decade) departures from the current trend of ice loss, there is no
expectation of a long-term (multi-decadal) re-stabilization under current greenhouse gas
emission rates.

There remains, however, a large range in projections of ice loss for each individual future
greenhouse gas emissions scenario. This spread is due to remaining limitations in our
knowledge of ice sheet physics and ice sheet - atmosphere - ocean interaction, and the
challenges in fully incorporating newly discovered physical relationships into computer
models. The spread in the range of projected ice loss adds to the difficulty in pinpointing
how much sea-level rise our nation, states, counties, and cities should plan for when
making infrastructure investments. Knowing when two feet of sea-level rise will arrive to
the Texas coast, for example, is essential for planning for improvements to coastal
infrastructure or adjusting regional flood mitigation and planning.

Glaciology (the study of land ice) and the general study of the Earth's cryosphere (all things
frozen) is a fairly young field of research, given the historic difficulty of access and vast
expanse of land ice. Current resources support only a limited number of cryosphere
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scientists. Yet, we are trying to understand one of the most rapidly changing elements on
our planet. The Arctic is warming at more than double the speed of the global average.

Additional glaciological research is necessary if we want to narrow the range of future ice
loss projections and inform our Nation and the world about the ramifications for sea-level
rise, water resources, etc., and the associated implications for decision-making. The United
States can lead this effort via focused support to: 1) conduct research in challenging
locations and understand the physics of Earth’s land ice and its interactions with the
atmosphere and ocean, 2} foster iterative research to connect observations and
computer models to improve projections, and 3) create new and stronger
connections across scientific disciplines and with decision makers through
knowledge co-production so that science can advance quickly while serving societal
needs.

Critical Research in Challenging Locations

Harsh weather, remote locations, large distances, and sparse infrastructure conspire to
make studying Earth's land ice challenging and expensive. Yet understanding how massive
ice sheets behave and how physical processes work at critical interfaces, like the ice-ocean
boundary, is imperative for improving our projections of ice loss and impacts such as sea-
level rise. Strengthening funding for focused research on processes controlling ice sheet
behavior is vital. Through these efforts, we will increase understanding of ice-ocean
interactions, ice sheet surface properties, ice sheet hydrology, and iceberg calving to
improve future projections. Increased support must also include developing long-term
observations that span all seasons over multiple decades. The U.S. Arctic Observing
Network {AON} and international Sustaining Arctic Observing Networks {SAON) can play a
valuable role in supporting these observations for the Arctic.

Connecting Current Observations to Future Projections

Observations fundamentally inform scientific knowledge about land ice processes, and are
critical in developing better computer models to help scientists explore the causes of
observed changes and project what will happen in coming decades. Not all physics can be
seamlessly included in computer models - some processes must be captured using
approximations, or ‘parameterizations’, that are created through observational analysis.
Consistent and efficient information sharing between modeling research and observational
research can fast track scientific understanding. Achieving this will require sustained
support and encouragement of science that integrates these tools.
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Building Collaborations to Lead

Understanding the expansive and compounding impacts of land ice loss require that new
collaborations be created across different research disciplines, including areas of Earth
science, social sciences, and infrastructure and economy research. Old approaches that silo
science within specific disciplines must be broken down. The United States has the
opportunity to be a world leader in creating strong collaborations between scientists and
stakeholders. These collaborations need to be fostered via long-term, repeat interactions so
that the United States can form and champion co-production of scientific knowledge and
rapid information sharing. This should include support to coordinate science and
stakeholder communities so that decisions at all levels are informed by the most robust
science, not simply the latest headline. U.S. federal action that can support these advances
by increasing coordinated opportunities for interagency funding and actively funding
activities that integrate scientists with decision makers and planners. In my experience, the
most effective stakeholder-scientist partnerships fully support participation across all
groups.

International collaboration is also key. Land ice loss and sea-level rise are not just U.S.
concerns, and coordinating research in the U.S. with international efforts will serve all, The
current 17-nation MOSAIC mission!¢ and the U.S. - UK. International Thwaites Glacier
Collaboration!” are excellent examples. Research in Greenland is also enhanced via strong
partnerships with Greenland, Denmark, and other Arctic nations.

Creating the Future of Greenland Ice Loss:
The Powerful Impact of Mitigation

The impacts of land ice loss are visible today. More difficult to comprehend is that our
climate has not caught up with the greenhouse gases that have already been added to the
atmosphere, meaning that more warming and additional ice loss is certain. Continued sea-
level rise over the next several decades is guaranteed and will require adaptation, If
greenhouse gas emissions are reduced, however, sea-level rise can still be kept to a more
manageable level.

The full power of mitigation to create the future of Earth’s land ice is underappreciated.
U.S.leaders, including Congress, must think beyond the short time scales of politics and
realize the power they now hold for fundamentally creating the world our grandchildren
and their grandchildren will live in. Recent research using a cutting-edge Greenland Ice
Sheet computer simulation tells us that choosing to lead the world on a path of reduced

'8 For more information: mosaic-expedition.org
*7 For more information: thwaitesglacier.org

10
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greenhouse gas emissions can be the difference between maintaining most of the
Greenland Ice Sheet or allowing it to melt completely within the next 1000 years (Figure 3).

Likelihood that ice will be present in the year 3000
B onlikelihood | s0%likelihood [ | 84% likelihood

Figure 3. Computer simulations show that greenhouse gas emissions pathways followed this
century will result in dramatically different Greenland Ice Sheet extents in the year 3000. All ice lost
will contribute to global sea-level rise?s,

Let me be clear here about how I see the various roles of science, policy, and leadership.
Increasing scientific knowledge is essential to more accurately project what the future is
likely to bring given that we are on a particular greenhouse gas emissions pathway, But
policy has the power to determine which emissions pathway we take. Embarking on a
lower emissions strategy will make a fundamental difference in how quickly - and
how much - land ice disappears. U.S. leadership on mitigation within our lifetimes
will reverberate to positively impact the world for millennia.

Communicating Scientific Urgency

Challenges remain for communicating with decision makers, planners, and the public about
land ice loss and its impacts, including within the United States. The language of science can
be difficult to understand. For example, the public meaning of ‘positive feedback’ is a good
response or praise, while the scientific meaning of ‘positive feedback’ is a self-reinforcing
cycle, often with negative consequences!®. This disconnect is a problem. Fostering

'8 Figure modified from: Aschwanden, A., M. A, Fahnestock, M. Truffer, D. J. Brinkerhoff, R. Hock, C.
Khroulev, R. Mottram, and S. A. Khan (2019}, Contribution of the Greenland Ice Sheet to sea level over
the next millennium, Sci Adv, 5(6), eaav9396, doi:10.1126/sciadv.aav3396.

% Somerville and Hassol, Physics Today 64, 10, 48 (2011); https://doi.org/10.1063/PT.3.1286.

"
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interactive and sustained connections between scientists and decision making and public
communities via intentional funding can create a shared language for clear understanding
and informed planning.

It is also critical that decision makers and the public understand that land ice loss at the
poles has strong impacts on low and mid-latitude countries, including the United States.
These impacts are also not confined to coastal regions. For example, if limited federal
resources are being used to respond to sea-level rise in coastal states, interior states may
find it more difficult to secure resources to address other priorities or emergencies.

That mitigation today will not immediately stop ice loss and sea-level rise poses a challenge
for maintaining momentum on mitigation while at the same time adapting to change. But
strong mitigation today can reduce the worst outcomes of ice loss. America can not only
lead the world in understanding and projecting ice loss. America can also lead on actually
determining the future of land ice and the extent to which ice loss will impact our citizens
and the citizens of the world.

Thank you for the opportunity to testify today on glacier and ice sheet melt in Greenland
and across the globe. I look forward to answering your questions and ensuring that the
Committee has the most complete and up-to-date information on the science of ice loss and
its impacts in the United States and around the world.

12
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Chairwoman JOHNSON. Thank you very much. Dr. Wolken.

TESTIMONY OF DR. GABRIEL J. WOLKEN,
RESEARCH SCIENTIST AND MANAGER, CLIMATE
AND CRYOSPHERE HAZARDS PROGRAM, DIVISION OF
GEOLOGICAL & GEOPHYSICAL SURVEYS,
ALASKA DEPARTMENT OF NATURAL RESOURCES

Dr. WOLKEN. Good morning. Chairwoman Johnson, Ranking
Member Lucas, staff, and Members of the Committee on Science,
Space, and Technology, thank you very much for the invitation to
come speak to you today.

As a citizen, I'm very pleased to be here. And I congratulate you
on selecting this topic to consider. As a scientist, it means very
much to me to be here to speak to you about evidence-based deci-
sion making, the data that we have to talk to you about today on
glaciers and ice sheet change.

I live in Alaska, and Alaskans are very in touch with their sur-
roundings. The cryosphere is that place on Earth where water is
in its solid form, so snow, ice, and permafrost. Recently, while
doing some fieldwork near Valdez, Alaska, it looks much like what
you're seeing today. And so Valdez is in a fjord. It used to be cov-
ered by ice. Now the ice is melting quickly.

Upon completing a bathymetric survey or mapping the lake sur-
face below the water near Valdez glacier, we were at the shoreline
and reviewing our data and very happy about what we discovered
because now we can start to find out how much water in the lake
has contributed to the melting of the glacier that terminates into
it. A woman and her dog named Elvis, a slobbering basset hound,
came up to us and she says, what are you doing? And I said, well,
we're trying to find out how deep the lake is. She said it’s 600 feet
deep. We looked at each other and said you're absolutely right. We
just used $25,000 in equipment to figure that out. What did you
do? She and her friend went out in a canoe and lowered a rope.
And they discovered that the rope wasn’t long enough, so they pad-
dled back to shore and grabbed the rope. And then they tied the
extra rope onto it, lowered it down, and they discovered that it was
600 feet deep near the glacier.

Now, she is a Valdez resident for 30 years. She said this glacier
is melting faster than anything I've seen in the area. Where does
all this water go? Well, the answer to that is in the oceans. And
so Alaskans are keenly aware of their environment. They’re keenly
aware of the changes.

This same woman lives in an area where outburst floods impact
her house every single year. The glacier releases tremendous
amounts of water, rips out the dike, challenges the bridge, and
gives them an opportunity to see the power of change. So the
cryosphere is changing in Alaska, and glaciers are a part of that.
It’s very important for us to understand what is happening.

In Alaska we have a very large State. It’s one-fifth the size of the
rest of the United States. It’s huge. We have thousands and thou-
sands of glaciers. We know changes physically on three of those
glaciers. We have mass balance data that began back in 1966. And
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with those data, we are able to understand how glacier change is
happening over long-term. That is incredibly valuable to us.

So most of the information that we have today is built on the
shoulders of giants and the data that they were able to start col-
lecting a long time ago. It’s important that we start that process
now. So collecting data now in various places in state means that
we can evaluate and quantify the amount of change that we have
between now and whenever we’re worried about the change. We do
this so that we can build better computer simulations so that we
can plan.

As policymakers and decisionmakers, it is imperative to have the
right scientific information, and we cannot provide that without the
money, without the funding, without the students, without the re-
sources to be able to provide the information that is necessary for
local stakeholders such as the woman in Valdez and her dog, as
well as important federally mandated decisions that have to be
made in this country. So evidence-based decisionmaking is what we
are after in order to have sound change and be able to commu-
nicate to the local residents such as those in Valdez and Alaska so
that we can actually start planning for some of these changes.
Thank you.

[The prepared statement of Dr. Wolken follows:]
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Chairwoman Johnson, Ranking Member Lucas, and members of the House
Committee on Science, Space, and Technology, thank you for the opportunity to
testify on the critical issue of glacier and ice sheet melt. As a citizen of this country |
am grateful that you consider this issue relevant and important, and as a scientist
am honored to be in a position to provide evidence-based testimony to the
committee to aid your decision making process. I am a Research Scientist and
Manager of the Climate and Cryosphere Hazards Program at the Alaska Division of
Geological & Geophysical Surveys and a Research Assistant Professor in the
International Arctic Research Center at the University of Alaska Fairbanks. I provide
testimony today as an expert in glacier science. My comments represent my views
as a scientist and private citizen, and not those of the State of Alaska or the
University of Alaska Fairbanks.

Key Points

¢ Glaciers in Alaska are in steep decline, and are among the fastest-melting
glaciers on Earth.

e The rapid melting of glaciers in Alaska is a result of rising air temperatures
associated with global climate change.

¢ Glaciers in Alaska are projected to continue to melt and contribute to global
sea level rise.

» Hazards associated with rapid glacier retreat are impacting infrastructure,
and threatening public safety and resource security.

¢ Narrowing the range in mass loss estimates requires a comprehensive and
coordinated multi-agency collaboration, and a sustained long-term funding
structure.

Glaciers and Ice Sheets

A glacier is a large mound of ice, snow, water, rock and sediment that forms on land
and flows outward or down slope under its own weight. A glacier forms when snow
that has accumulated doesn’t melt and is buried by subsequent years of snow with
the same fate. As more snow is added to the mound over many years, the snow near
the bottom gets compressed and forms ice. In Alaska, glaciers form in high-
mountain areas where they are constrained by topography, and flow down to lower
elevation.

Glaciers gain mass by snow accumulation and lose mass by surface melt and runoff,
and by iceberg separation and submarine melting at the glacier-water interface.
During periods of net accumulation, glaciers gain mass and advance, whereas during
periods of net loss, glaciers melt and retreat. Similar to an accountant who balances
the credits and debits from a bank account, we monitor mass gains and losses of a
glacier over time by computing mass balance.



62

Ice sheets, located in Antarctica and Greenland are massive expanses of glacier ice
and snow that span entire continents. These masses of ice subsume the terrain and
flow outward from a high point. At their margins ice sheets becomes thinner, and
interact with the terrain.

The Role and Significance of Glaciers and Ice Sheets

Glaciers and ice sheets are important components of the cryosphere, or the parts of
earth where water is in its solid form. Glaciers and ice sheets cover about 10% of
Earth'’s land area and represent the majority of perennial land ice. Land ice is
distributed as glaciers across high-mountain regions all over the world, but the
majority of this ice is concentrated near Earth’s poles, There glaciers and ice sheets
play a vital role as regulators of global weather and climate, reflecting radiation to
cool the planet and providing long-term stability for atmospheric and oceanic
currents,

Glaciers and ice sheets are also an integral part of the hydrologic cycle. Together
with other forms of perennial land ice, they hold about 69% of the freshwater
available on the planet. They temporarily store freshwater at high altitudes and
latitudes, serving as frozen water reservoirs that help to maintain a relatively stable
sea level and providing consistent water resources. Runoff from glaciers provides
critical baseline flow during warm and dry periods when other water sources are
unavailable. This runoff is crucial to billions of people around the world, particularly
those in arid regions who rely on glacier-sourced streams for drinking water and
irrigation for agriculture. Runoff from glaciers also regulates stream temperature
and provides nutrients for plants, insects, fish, and other animals. Glacier runoff is
also important for hydropower production in many parts of the world.

Observed Glacier Change

As ice melt outpaces snow accumulation worldwide, glacier change has become one
of the most important and widely recognized indicators of climate change.
Historically unprecedented mountain glacier recession has proceeded on a global
scale for the last thirty years (Zemp et al, 2015). In the Arctic, glaciers and ice caps
have been experiencing increasingly negative cumulative mass balances since the
early 1990s (Wolken et al, 2017), and are a leading contributor to global sea level
change despite their relatively small size compared to ice sheets in Antarctica and
Greenland {(Gardner et al, 2011, 2013; Jacob et al, 2012).

Over the last several decades, Alaska has warmed twice as fast as the rest of the
United States. Glaciers in Alaska {including northwest Canada) represent about 22%
of the Arctic land ice area and currently have one of the highest glacier melt rates in
the world (Gardner et al, 2013; Pfeffer et al, 2014), with annual thinning rates that
reach several meters {tens of feet) per year for some glaciers terminating near sea
level (VanLooy et al, 2006; Larsen et al, 2007; Larsen et al, 2015). This rapid and
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sustained melting and retreat of glaciers in Alaska is expected to continue as a
consequence of climate warming, as predicted unequivocally by all current climate
models (IPCC AR5, 2013; Huss and Hock, 2018).

Impacts of Glacier and Cryosphere Change

The rapid and sustained melting of glaciers in Alaska has led to a disproportionately
large contribution to global sea level rise. This trend is projected to continue with
inevitable consequences including lowland flooding and the displacement of
communities, increased coastal erosion, degradation of water quality and
agricultural soils, and loss of ecological habitats among other effects already
impacting communities in the United States and elsewhere around the world.

As high glacier mass loss rates continue, the storage capacity of snow and ice will
diminish, which is projected to have significant impacts on future water resource
availability, even in basins with low glacier coverage (Huss and Hock, 2018). As a
result, river discharge volume and timing in seasonal river runoff will change, and
the ability of glaciers to sustain this flow during warm and dry periods will be
reduced or lost. In Alaska, this will continue to produce clear and profound impacts
on marine and terrestrial ecosystems at multiple levels, negatively influencing key
species, including salmon, as well as the billion dollar fishing industry on which
people depend. These changes will also heavily impact hydropower production,
tourism, socio-economics, and the livelihoods and lifestyles of many people.

Rapid changes in climate can have a major effect on the cryosphere system and
cause an increase in hazards. This is because changes in climate can modify natural
physical processes and increase the magnitude and frequency of certain cryosphere
hazards {e.g., avalanches, floods, erosion, slope instability, glacier collapses, and
glacier lake outburst floods), which if not properly addressed, may have a damaging
effect on Alaska’s communities and infrastructure, as well as on the security and
livelihoods of Alaskans. Rapid glacier retreat in recent decades has caused new ice-
dammed lakes to form in valleys that were formerly occupied by glaciers. These new
lakes are inherently unstable, with many resulting in glacial lake outburst floods
that threaten communities and damage infrastructure (as in juneau and Valdez).
Rising air temperature and an increase in melt for Alaska’s glaciers has also caused
slopes surrounding glaciers to become unstable, which has led to an increase in the
magnitude and frequency of landslides, and placed Southeast Alaska at the epicenter
of these catastrophic events (Coe et al,, 2016).

Improving our Understanding of Future Glacier Melt

Fifty-three years ago, a small team of U.S. Geological Survey scientists ventured onto
two glaciers in Alaska to collect data to help understand snowpack variations in
high-mountain settings. Those measurements on the Gulkana and Wolverine
glaciers became the first data entries into Alaska’s Benchmark Glacier program,
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which has provided some of the longest continuous data for evaluating the health of
glaciers in Alaska. Although many advances in glacier monitoring have been made
since the beginning of the Alaska Benchmark Glacier program, the observational
data from this program are still used every year and represent one of the three
important tools that support modern glacier science.

Modern glacier science relies on observations, remote sensing, and modeling to
measure glacier melt and simulate future changes. In Alaska, the observational
record is long, but there are only three long-term, continuous records of glacier
mass balance for the entire state, which currently hosts many thousands of glaciers.
Because of the lack of ground-based observational data, remote sensing and
computer modeling are used to broaden the scope and extend estimates of glacier
melt into the future based on a range of emission scenarios. But the current range in
glacier ice loss projections can be narrowed. This can happen by increasing the
number and distribution of long-term, ground-based observational data, increasing
the quality and coverage of remote sensing products, and improving melt models
and climate data products so that they more accurately represent the variables and
processes involved in glacier melt and runoff in climatically diverse and
topographically complex areas of the state. To achieve this, a comprehensive and
coordinated multi-agency collaboration and a sustained long-term funding structure
are required.
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Chairwoman JOHNSON. Thank you very much. Dr. Pfeffer.

TESTIMONY OF DR. W. TAD PFEFFER,
FELLOW, INSTITUTE OF ARCTIC AND ALPINE RESEARCH,
UNIVERSITY OF COLORADO BOULDER

Dr. PFEFFER. Along with my colleagues, I'd like to thank you all,
Chairwoman Johnson, Ranking Member Lucas, all the Members of
the Committee and staff.

Like my colleagues, I was pleased, surprised, jumped at the op-
portunity to come and talk to you today about subjects that I've
spent two-thirds of my life on. I've spent a long time living on gla-
ciers and have had a good opportunity to see the changes and
study them.

As Chair Johnson mentioned, I'm a glaciologist. I've done this for
40 years, and I've had opportunities to work in landscapes that
have changed dramatically over time mostly in Alaska. I work
mostly on the small glaciers of the world, the 200,000 glaciers other
than the Greenland and Arctic ice sheets. And I want to talk most-
ly about them, and I really want to come back and focus on Alaska,
which is one of the hotspots in the world both literally and figu-
ratively in sea-level rise but also in fresh water flowing into the
ocean, in fires and environmental change in the coastal regions.

These small glaciers matter for a wide variety of reasons, and 1
also want to try to concentrate today on the reasons that have di-
rect ties to the United States. There are a number of global issues.
Water resources, water availability from the Himalayas, for exam-
ple, is going to be critical for Nepal, India, Pakistan, Bhutan,
places like that. They also produce significant geo-hazards of land-
slides, flooding, what we call outburst flooding as glaciers retreat
and leave behind very unstable steep slopes. When this happens in
places like Nepal, these are very unstable landscapes in the same
valleys where a lot of people live. It’s one of the reasons that these
hazards are as great as they are in the Himalayas. It’s because
we’ve got the mountains there, glaciers changing, and also people
living in that landscape. That’s one of the reasons that that’s not
quite so much of a problem in the United States because we are
not 1({bliged to live right next door to glaciers in most places, not
at all.

They also have significant environmental impacts by changing
the temperature of the waters the glaciers drain into and by chang-
ing the salinity of the water. One of the effects of Alaska that we
don’t understand particularly well yet but we know it’s there is the
fact that the ice sheet or the glacier runoff from Alaska that flows
into the Gulf of Alaska and the Pacific, works its way up through
a gap in the Aleutian Islands and enters the Arctic basin. And it
turns out that that’s quite a large chunk of the fresh water enter-
ing the Arctic basin, and that fresh water influences, among other
things, the extent of sea ice in the Arctic.

We don’t have a good handle on how much that flow is in part
because we're not making comprehensive measurements of the
water flow into the Gulf of Alaska from glaciers. As my colleague
Dr. Wolken mentioned, we’re not monitoring the glaciers in Alaska
very well. We're not really keeping track of them. So while we can
see that they’re melting, we can measure their height change or we
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could up until recently anyway, we don’t have good observations of
where the water is going. We don’t have good gauges measuring
that flow.

One of the last things that I want to come back to in my state-
ment again, though, is sea-level rise. As Dr. Alley pointed out, the
ice sheets contain virtually all of the fresh water that’s locked up
on land in ice. You take all the other glaciers, about 200,000 gla-
ciers, you only get about a foot of sea-level rise out of them if you
put them all into the ocean. But they’re like a big bucket with a
little tiny—sorry, they’re like a small bucket with a big hole in it.
That water is leaving the small reservoir very fast. In effect, if you
look at the combined most recent measurements of where new
water coming into the ocean is coming from, more than 50 percent
of it is coming from these small glaciers, and the remaining smaller
percentage is coming from the ice sheets.

Now, that’s right now. That’s in the short term. The longer term,
the ice sheets are certainly going to take over. But in the short
term—and this is a term, say, on the order of 30, 40, 50 years
where decisionmakers, planners, policymakers really need to have
the most robust information, and they need the greatest handle on
uncertainties. We have to look at the entire picture, the ice sheets
and the glaciers and all of their consequences of which sea-level
rise is just one.

So I'll stop there for now and be happy to continue and answer
your questions.

[The prepared statement of Dr. Pfeffer follows:]
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Personal Introduction and Background: My name is William Tad Pfeffer. | am a glaciologist employed by
the University of Colorado at Boulder, where | am a Professor of Civil, Environmental, and Architectural
Engineering, and a Fellow of the University’s Institute of Arctic and Alpine Research {INSTAAR}). | have
been at UC Bouider for 31 years, and have been an active glaciological researcher for 40 years. My
particular sphere of expertise is in the study of the world’s “small” glaciers — meaning al! of the world’s
ca. 200,000 glaciers exclusive of the two ice sheets covering Greenland and Antarctica. | have worked
extensively in glaciological laboratory experiments, numerical modeling, and theoretical analysis, and
have conducted hundreds of field expeditions over 35 years in the Continental USA, Alaska, Canadian
Arctic, Svaibard, Greenland, Antarctica, the Himalayas, and Africa. | have published over 60 papers in
the refereed scientific literature, including several seminal and highly-cited studies of glacier physics and
of globai glacier contributions to sea level rise, | served as a co-author of the 2012 National Research
Council Report “Sea Level Rise for the Coasts of California, Washington, and Oregon: Past, Present, and
Future.” 1was also a Lead Author for Chapter 13 (Sea Level Change) of the IPCC Fifth Assessment (AR5),
Working Group 1, in 2013. Most recently, | have shifted my focus to science planning and policy and to
the historical development of glaciological and sea level research. Starting in 2013, | was a founding
editor of the Oxford University Press Handbook Series on Planning for Climate Change Hazards. ! also
served in 2015-16 as a National Academy of Sciences Jefferson Fellow; in this capacity, | worked at
USAID in Washington DC as a senior science advisor in the Office of Energy and Infrastructure, Europe
and Eurasia.

My testimony reflects my own views and scientific judgement, and does not represent the views or
positions of any institution or agency, including the University of Colorado.

While the potential for rapid sea level rise from the earth’s two major ice sheets tends to be the most
visible sphere of snow and ice research, there are other issues of concern to glaciologists involving ice in
its many forms at the earth’s surface. Ranging from permafrost in Siberia and Alaska to seasonal river
ice in New England, from seasonal snow in Colorado’s ski country to glacier lake outburst floods (or
“GLOFs”) in the Himalayas, and from glacier-fed rivers in India to sea ice blocking shipping routes across
the Canadian Northwest Passage, ice is a crucial element of our environment anywhere on earth where
freezing occurs. As temperatures rise, melting ice mobilizes liquid water, weakens previously strong
frozen materials, increases the permeability of thawing soils, speeds agueous chemical reactions, and
drives a muititude of other processes, all with the potential to dramatically aiter our environment. In
this testimony | will focus in problems directly involving glaciers {leaving aside some equally important
issues involving permafrost, river ice, and sea ice) and briefly summarize a few of what | view as the
most important outstanding environmental problems. | will also concentrate on those problems that
affect the United States directly, or indirectly through economic and political reactions to environmental
changes elsewhere in the world.

e Seasonal snow and glacier runoff as a water resource. Society everywhere in earth depends
critically on freshwater for domestic use {cooking, cleaning, washing, etc.) as well as for
agricultural irrigation, industrial use, and hydropower generation. All fresh water moving on the
earth’s surface starts as rain or snow, but that fraction falling at high elevations as snow will
remain in place (either seasonally as snow or for many years as ice) until melting conditions at
the surface aliow the water to move downslope. Water stored in the mountains as snow and ice
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acts as a reservoir, delaying the drainage of precipitation, which may arrive in very imbalanced
“wet season/dry season” cycles, until later in the season. This benefits users of the water by
spreading the downstream arrival of water throughout the year and storing water as glacier ice
during wet years to be released during dry years. This is a critically important benefit for
agriculture anywhere {including the Western US)}, but no more so than in the Indian
Subcontinent, where very large populations depend upon crops irrigated by runoff from the
Himalayas. Recent research {Maurer et al, 2019} indicates that the glaciers of the Himalayas are
experiencing losses at rates that have doubled over the past 40 years. The economic and
political effects of major seasonal water shortages in India and neighboring countries - a
probable consequence of continued snowpack depletion and glacier losses ~ could be profound
and global in its indirect consequences.

e Glacier recession and geohazards. People and infrastructure living in the immediate vicinity of
glaciers are exposed to natural hazards including flooding, landstides, and rockfalls, all
associated with slopes destabilized by the removal of glacier ice {Richardson and Reynolds,
2000} Such risks are global in extent but are particularly concentrated in parts of the world with
high population densities in mountain regions, and specifically on the south side of the
Himalayas (Bhutan, India, Nepal, Pakistan) and in the Andes on the west coast of South America
{Harrison et al, 2018). These regions {along with virtually all of the earth’s mountain regions}
are subject to landslide and rockfall hazards, but glacier retreat dramatically magnifies these
hazards. Advancing glaciers disaggregate rocks and soil at their base and margins and plow this
material forward and the margins of the glacier, creating moraines that surround the glacier
terminus and valley sides. When a glacier retreats, the moraines are left behind, and
“proglacial” lakes frequently form in the enclosed depression formed between the retreating
terminus and the inner side of the moraine wall. Moraines are intrinsically weak materials,
being composed of an incohesive mixture of soil and rocks of many sizes; they aiso typically
have very steep slopes. These factors all favor the incidence of slope failures and landslides, and
when proglacial lakes are formed, additional hazards are created due to the easily eroded

imja Tsho {or imja Lake) in eastern Nepal, dammed by a terminal moraine complex. The lake has been
growing rapidly since the 1960s as the Imja Glacier has retreated. Photo: Sharad Joshi, Wikimedia
Commons, Edited by J.Bendle. Source: hitp://www antarcticglaciers ora/glacier-processes/glacial-
iakes/glacial-lake-outburst-floods/
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Glacier runoff and ocean salinity. One of the most significant and rapidly changing effects of
present day warming is the depletion of sea ice in the Arctic Ocean {r et al, 2018). The loss of
sea ice in the arctic has profound implications on local and global scales, ranging from
accelerated coastal erosion on Alaska’s arctic coast to alterations of the planetary energy
balance as the reflectivity of the Arctic Basin drops with increasing open water. The formation
and maintenance of sea ice depends on the surface energy balance of the arctic and also on the
salinity of Arctic Ocean water (McPhee et al, 1998). Water entering the Arctic Basin via Bering
Strait (between Alaska and Siberia) is one of the primary sources of low-salinity sea water in the
Arctic Ocean. The salinity of this Pacific sea water is influenced to a significant but poorly
constrained degree by the Alaskan Current (Woodgate and Aagaard, 2005}, which in turn
carries fresh water draining into the Guif of Alaska from the glaciers of Alaska’s south coastal
mountains {Chugach & St. Elias Ranges} and interior mountains {Alaska Range, Wrangell
Mountains) northward and through Unimak Pass into the Bering Sea {see Figure). The retreat of
Alaska’s glaciers thus has an effect — probably significant but at this point not well known — and
arctic sea ice. Glacier losses in the Canadian Arctic may have a similar influence {Dimitrenko et
al, 2017). The influence of Alaska’s glaciers on conditions in the Arctic is not well established in
part because of the absence of any comprehensive program of observations of freshwater
runoff to the Guif of Alaska. This is one of many examples of the significance of Alaska’s glaciers
both locally and globally, and the need to invest in research in this area.
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Alaskan coastal transport carrying glacier runoff from coastal mountains in the
Bering Sea. Adapted from Weingartner et al (2005)

Glacier retreat and gravitational fingerprinting. Like a magnet drawing metal filings around its
edges, the large mass of glaciers and ice sheets on land (e.g. the Greenland and Antarctic ice
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sheets and the glaciers in Alaska} exerts a gravitational pull that draws ocean water toward
them, This creates a non-uniform sea level surface, with sea level siightly elevated adjacent to
any large mass concentration and slightly lowered elsewhere. This distortion on the mean sea
level surface is unigue to each ice mass given its size and location, and is informally referred to
as the gravitational “fingerprint” of that ice mass. When glaciers shrink, however, the magnitude
of their gravitational puil decreases, and the combined result of the melting of any given ice
mass is to raise the total amount of water in the ocean {raising global average sea level} and to
reduce that particular “fingerprint” distortion of the sea level surface. The combined effect of
the gravitational fingerprints from Alaska and, to a lesser extent, Greenland, causes relative sea
level to fall all along the west coast of the United States, whereas meliting from Antarctica
causes a relative sea level rise. The net effect of losses from Alaska, Greenland, and Antarctica
on the US west coast is reduce the local sea level rise relative to the global mean value by values
ranging from ca. 40% in Washington State to ca. 15% in southern California (National Research
wth globaily and locally.

Souroe: Natlonal Reesarch Council, 2013
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Gravitational “Fingerprint” of a terrestrially-based ice mass: Globally averaged
sea level increases as any terrestrially-based glacier shrinks, but relative sea level
change is negative adjacent to the declining ice mass and positive away from it.

¢ Rising sea level from the earth’s 200,000-plus glaciers. The total potential sea level rise from
these glaciers is very small: only a bit more than 1 foot {Farinotti et al, 2018). However, the
present-day rate of loss from the glaciers is as great as that coming from the ice sheets, and will
in all likelthood continue to match the ice sheet losses for at least the next few decades, when
near-term decision making requires the highest level of confidence in projections.
Since the beginning of comprehensive global observations, virtually all glaciers on Earth have been
in a state of mass loss, contributing 0.71 £ 0.08 mm yr? over the period 2003-2009 {Gardner et
al., 2013) corresponding to 29+13% of the observed sea-level rise during that period. The most
recent assessment of glacier losses (Zemp et al, 2019) finds a global total loss rate for the period
2006-2016 to be 0.92 £ 0.39 mm yr. For context, the most recent ice sheet loss rate
assessments show Antarctic contributing 0.50 £ 0.26 mm yr! (2008-2015}) and Greenland
contributing 0.77 £ 0.005 mm yr* {2007-12) and 0.53 + 0.05 mmyr? (2012-2017).
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Greenland and Antarctic Ice Sheets are included for comparison.

Because of their large number and small size, assessments of all 200,000+ glaciers on earth has
been difficult, and the calculated aggregate loss rate has varied significantly over time, partly due
to limitations in observational methods and partly due to the fact that the rates change over time.
Recent research programs have benefitted from rapid developments in remote sensing, including
NASA’s ICESat satellite {2003 ~ 2009}, the NASA-GFZ GRACE gravity twin satellite mission {2002-
2017). Further missions, including the GRACE Follow-On {GRACE-FO), launched in May of 2018,
and ICESat-2, launched in September of 2018. These mission investments have aided global
glacier assessments enormously and testify to NASA’s commitment to earth science generaily and
glacier monitoring in particular. However, remote sensing methods cannot work alone to
continue accurate and validated observations of glacier change, nor can they be used in isolation
to solve the numerous outstanding problems faced by modelers seeking to project future glacier
behavior. Integration of field and remote sensing observations with model simulations is
necessary to accurately project future trends in glacier contribution to sea level. Conventional
field observations of mass balance at “benchmark” glaciers, especially those in Alaska, should
remain a high priority to ensure the continuity of long-term records, some of which extend back
to the 1957-58 International Geophysical Year. Ground-truthing programs are particularly
important for large glacierized regions with steep gradients in environmental conditions, where
the distant view of an orbiting satellite becomes a liability. Field studies at these and other sites
should be expanded to include detailed observations of surface and dynamic processes. Improved



75

W.T. Pfeffer  Testimony to US House of Representatives Committee on Science, Space, and Technology 11 july 2019

parameterization of surface albedo, which controls the dominant term in the surface radiation
budget, can be achieved through studies of snow and ice crystal grain sizes {Painter et al.,, 2009}
and parameterization of the impacts of dust/black carbon {Flanner and Zender, 2006} and debris
cover {Reznichenko et al., 2010} on surface melt rates. The conversion of volume to mass change
in geodetic remote sensing assessments remains a large source of uncertainty (Huss, 2013} and
can be informed through field measurements of near-surface densification rates. Glaciers that
terminate in lakes or the ocean have the potential for rapid changes through poorly-understood
calving mechanisms {(Moholdt et al., 2012; Willis et al., 2012), requiring expanded observations of
ice thickness, grounding line locations and lake/fiord conditions. Finally, field programs should
include observations of stream discharge where possible since this provides valuable information
on the integrated water balance of glacierized watersheds.
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Chairwoman JOHNSON. Thank you very much. That completes
the testimony of our witnesses. We'll now begin our first round of
questions. And I'll yield myself 5 minutes.

While a lot of progress has been made in understanding current
trends in glacier and ice sheet melt rates and predicting future
changes, uncertainties still exist and the potential for tipping
points. Whether major parts of the Arctic or Greenland sheets will
collapse and when and how much more sea levels will rise is yet
still out there.

So for all of the witnesses, as top experts in the field, what are
the most pressing needs in glacier research in order to address
these uncertainties? And the second question, given the differing
impacts of glacier and ice sheet melts on global sea-level rise, ocean
temperature and salinity, nutrient cycling and ocean currents, fish-
eries, and even geopolitical tensions from diminishing drinking
water supplies, how can multidisciplinary research approaches help
address some of the outstanding questions? And we can start and
just go down the panel.

Dr. ALLEY. OK. Thank you. You raise huge and important issues.
You will hear several things as we go along here which are impor-
tant. I'd like to highlight the people. The students who can really
solve these problems have an amazing number of calls on them.
They can go to business, they can go to finance, they can do all
sorts of things. They have skills that are hugely in demand. We
hope that a lot of them go to business and go to finance and do use-
ful things out there, but we would love to have a few of the best
students come to us. If those students look at our world and say
there isn’t funding, there isn’t a reliable idea that you can make
a career in telling the public what’s going on, they all will go else-
where. And we don’t want all of them, but we would really like a
few of them. And that means funding for studentships and that
means some level of telling the student if you commit to 4 years
as an undergrad and maybe 7 years as a graduate student and a
bit of postdoc to become a world expert on this, we will support you
in doing that. And it is people. And we need a few of them to help
us do this.

Chairwoman JOHNSON. Thank you.

Dr. BELL. Well, I think there are three things. As I said before,
one is fostering more research, and it’s research across the agencies
because the U.S. has really been leading in understanding how the
ice sheets are changing. And it’s becoming increasingly important
that research, whether it’s supported by NSF, NOAA, USGS
(United States Geological Survey), NASA—DOE (Department of
Energy) runs a lot of ice sheet models. We have to recognize this
incredible resource we have to be at the cutting-edge of who’s going
to know and be able to provide the answers to communities around
the globe.

I echo Richard’s workforce question. We really do need to broad-
en the number of people working on this and not just glaciologists.
We need engineers. We need computer scientists. We need to, you
know, recognize that this is a significant national security, a na-
tional economic issue that requires all hands on deck.

And then the third one is really to foster what NSF is now call-
ing convergent science, science where you really bring together peo-



79

ple from different disciplines focused on a problem so that we can
address the problem. NSF just released a new priority—they're
navigating the new Arctic where that was really the focus of how
do we go in a changing arctic. Now getting back to Ranking Mem-
ber Lucas’ question, how do we have science that brings together
the people who are going to look at those problems? And NSF is
really trying to foster that collaborative problem solving. The word
currently is convergent where you actually bring people from dif-
ferent disciplines who are looking to solve a problem, and that’s
what we absolutely must do, both within the U.S. and globally.
This is a problem we cannot solve by ourselves.

Chairwoman JOHNSON. Thank you. Dr. Moon.

Dr. MooN. Yes. I'd like to emphasize first better understanding
the glaciers and ice sheets themselves, the physical processes that
we don’t yet know. We’ve never been able to watch ice sheets col-
lapse, so we can’t look back into the record. And that requires
going there, observing the systems, and doing process studies and
then integrating that information with computer simulations.

The second thing is that any projects within this need to be co-
ordinated with other countries. Sea-level rise, ice sheet, glacier
melt are international issues, and we need international teams
working on them. And anything you can do to help facilitate inter-
national collaboration I think is excellent.

And finally, your question regarding connecting different dis-
ciplines, this is a very difficult thing to do. Disciplines have been
separated for decades. It’s the way many elements of our academic
system and our research system are built, and it requires long-term
investment and an understanding that we have to create those re-
lationships because we're taking our information about glaciers and
ice sheets and we’re recognizing that they’re part of a connected
Earth system that includes people, as well as plants, animals, and
other physical components.

Chairwoman JOHNSON. Thank you.

Dr. WOLKEN. I will echo the comments of my colleagues in that
we do need people. It’s critical that we have people on these issues.
I'll share with you just an example from one of my other projects
looking at snow distribution on glaciers in alpine areas. We've gone
through three people now in a critical data science position because
they can make more money elsewhere. And so it’s really hard to
retain the people once we have them, and it’s really challenging to
actually recruit these people.

The other issue is, again, Ill emphasize Alaska is one-fifth the
size of the rest of the United States. We have a lot of area, and
we are data-poor. We have only a handful of long-term observations
in the State, and we have very few long-term records. And when
I mean long-term I mean beyond 12 years. So it’s very challenging
to work in that environment. And so what we really need is more
observational information to go off of.

And, you know, we can do a tremendously better job with the
science if we have data. The only way to make the models do better
is to actually have data that drive the models. And so we don’t
have that right now. So we’re doing the best we can. And one of
the most important observation technologies that we had on Oper-
ation Ice Bridge in the State that measures the height of glaciers
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is now gone. It’s been discontinued as a program, and so we can’t
do that anymore.

And so the other thing I'll say is that I'll echo the comments of
having a mixed bag of individuals to do critical tasks, and it’s im-
portant for us to have a diversity of individuals working on these
really important issues.

Chairwoman JOHNSON. Thank you very much. Dr. Pfeffer.

Dr. PrEFrFER. Well, after writing down my list of responses to
your question, I realize that all I really have to say is I'm with
them. We seem to be pretty much on the same page here, and I
promise you, we didn’t rehearse this in advance. It really boils
down to people and support to train those people. We’ve got these
critical questions, the research questions. One of them is the tip-
ping points. What’s actually going on in glaciers and ice sheets that
causes this occasionally very anomalous behavior? We can’t model
that problem out of the way with computers or with our knowledge
of mathematics and mechanics. We actually have to get in—Iit-
erally in and under the glaciers to see what’s happening.

Decades ago when I was—we don’t have to run away and leave
the building, do we? OK. Decades ago when I was a graduate stu-
dent—and Richard will remember this, too—we had programs all
through the United States with opportunities for graduate students
to work on small glaciers in Alaska, in the Pacific Northwest, and
the Scandinavia and Arctic, as well as in Greenland and Antarctica
where we could go back a number of times while we were students,
really learn what is happening on glaciers. I'd already made 12
trips to Alaska before I finished my Ph.D. That’s really not hap-
pening anymore. Most departments—and we have—we've got an
abundance of programs. We've got a lot of expertise out there
searching for students trying to bring them in, but we don’t have
the support to really go places to train them. And so we are pro-
ducing a lot of computer modelers, very good, and theyre doing
very important work, but they’re waiting for this knowledge to
come in for them to put into these models. And we'’re really falling
behind on that.

Also, as Dr. Wolken mentioned, we’re missing what’s happening
in Alaska. Operation Ice Bridge, which was our best way of track-
ing the loss of glaciers in Alaska, is—that’s vanished for the time
being. And monitoring of fresh water flowing into the ocean, we
don’t know what that is. So we need the answers to those ques-
tions, but to get the answers, we need people.

Chairwoman JOHNSON. Thank you very much. I'm way over. Mr.
Lucas.

Mr. Lucas. Thank you, Madam Chairwoman. Dr. Moon, let me
turn to you first, and let’s discuss for a moment Federal Govern-
ment spends a lot of money on research, we have a lot of research
dollars coming out of National Science Foundation, the various de-
partment agencies, the DOD (Department of Defense). We’re doing
a lot of things. Let’s talk for a moment about from your experiences
what kind of suggestions you have about, in a more direct way,
how do we make sure that the various Federal research activities
are better coordinated, integrated, as you noted?

Dr. MooN. Well, I can speak to one example that I think is a nice
example for how to work on this. This is a program called IARPC,
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the Interagency Arctic Research Policy Committee in the Arctic.
And that program brings together people who are funded and doing
work supported by different agencies. They have regular webinars,
they have regular meetings, and it helps people communicate on
what’s going on. I think having those sorts of tools and having com-
munication between agencies at the program manager level also
encourages us on the research scientist level to be able to get infor-
mation that tells us about what different agencies are interested in
so that we have a sense of the interest, the potential funding, and
how they might be connected together.

Mr. Lucas. Thank you. And, Dr. Bell, as I mentioned in my
opening statement, I have a deep interest in weather patterns. I
represent the northwest half of the great State of Oklahoma. I'm
a product of my experiences, but I'm also impacted by the experi-
ences of the people who came before me in my district. And where
we are on the east side of the Rockies and the Southern Plains, my
area was one of those that suffered dramatically in the Dust Bowl
of the 1930s, the Great Depression.

But in addition to that horrendous drought, which had a lot of
government policy and farming practices that enhanced the misery,
we went through a drought in the 1890s, drought in the 1930s,
drought in the 1950s, the horrendous drought at the beginning of
this decade. So you understand as a farmer in the real world,
where I come from, when I asked my questions, how much does the
scientific community understand about what will happen in the
lower latitudes weather-pattern-wise by what’s going on in the gla-
ciers? Do you see where I'm coming from here? Because glacial
water changes the chemistry of the oceans, changes the tempera-
ture. I did pay some attention in my science portfolio at Oklahoma
State.

Dr. BELL. Right. And one of the predictions, you know, one of the
very clear predictions from the climate models is we’re going to see
a lot more of those extremes. We're both going to see a lot more
droughts, and we’re likely to see a lot more floods—many of your
neighbors saw a lot more floods this year because we all know
we're here in Washington in the summer and it is hot and muggy.
That is because hot air holds more moisture. And in the long run,
that’s going to make more floods. So, you know, in terms of the di-
rect linkage between the warming climate and the weather, that’s
the easiest one to think of. We are going to expect more extremes
in precipitation, and we’re going to expect more extremes in weath-
er. The direct link between the changing land ice and changing cli-
mate is something we’re still working on is what—we heard it from
Tad Pfeffer is what will that water go into the ocean due to the
ocean circulation? Where are certainly hypotheses out there that
the changing sea ice have contributed to some of the extreme
weather we’re seeing now. You know, certainly, that’s on the table.
But again, it’s showing how we have not decoded the weather sys-
tem and the climate system on our planet, but we can see the im-
pacts already.

Mr. Lucas. Please, Dr. Alley.

Dr. ALLEY. Yes, Representative Lucas, I'm sorry to interrupt. As
you know, the great State of Oklahoma is fantastic in educating
meteorologists. And you probably also know that there really is
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scholarship that shows that the Federal investment in meteorology
pays handsome dividends for the well-being of farmers, for the
well-being of fisherpersons and others and at a level that is a huge
payoff on investment. And I can give you chapter and verse if you
need it.

There is great optimism now in the community that does weath-
er forecasting that we will be able to move into that area which
would give more warning to the farmers of Oklahoma, the
fisherpersons of Oregon and Maine as to what’s coming. We can’t
guarantee that, but the optimism is real, it’s palpable, and it’s ex-
citing.

Dr. BELL. And I’'m going to just add one thing—I just want to fol-
low up with one thought following on Richard’s is that we have in-
vested a lot in weather forecasting. That’s why we now—I'm not a
farmer, I'm a sailor, so I think about hurricanes more than
droughts. Sorry. But

Mr. Lucas. You have waterspouts, we have tornadoes.

Dr. BELL. Yes. Yes, yes, I do, and I worry about them, too. They
give me goosebumps. But we’ve been able to narrow our under-
standing of where those hurricanes are. I can plan much better
when I hear there’s a hurricane coming than I used to, and that’s
because we’ve invested in weather research, everything from the
process-based work to the numeric, and that’s what we don’t have
for the ice sheets yet.

Mr. Lucas. Indulge me, Chairwoman. Dr. Wolken, what are you
telling the State of Alaska about how to handle the circumstances
in the next decade or so?

Dr. WOLKEN. Well, that’s a good question. I mean, we have some
of the best climate modelers in the world at the University of Alas-
ka Fairbanks, and they are doing a tremendous job in producing
downscale climate models for Alaska. Their products are only as
good as the data that they can use to train those, and they’ve done
a tremendous job in predicting out to, say, 2100 what the climate
is going to be like. From that, we can make some estimates of how
glaciers are going to respond, how the cryosphere in general is
going to respond. And, you know, the best tools that we can
produce are available, but we need to improve those tools tremen-
dously in order to make better predictions so people can plan.

Mr. Lucas. Thank you, Doctor. Thank you, Chairwoman.

Chairwoman JOHNSON. Thank you very much. Ms. Bonamici.

Ms. BoNamicl. Thank you, Chairwoman Johnson and Ranking
Member Lucas. But really thank you to our witness experts who
are here today. We do appreciate your expertise.

I'm fortunate because I'm from the Pacific Northwest where we
still have glaciers and the Cascade Range and the beautiful
Wallowa mountains in eastern Oregon. And over the years the
snow and ice masses have really helped delicately balance our
water temperature and our ecosystems. The nutrient content, gla-
cial melt water has provided drinking water, and the runoff helps
power our communities. Tourism and outdoor recreation are really
important in our State. People travel to see our streams, rivers,
and lakes, which the glacial sediment makes this iconic teal color.
It’s a beautiful place. You should all come and visit.
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But today, the glaciers that have once filled a lot of the hanging
valleys and the moraines and the mountaintops across some of the
most pristine regions are rapidly melting and in large part because
of anthropogenic emissions.

On Mount Hood, which we can see from Portland in my home
State, the Sandy Glacier Caves were once the largest glacier cave
system in the lower 48 States, but now, the glacier is melting at
an alarming rate. And further north of Oregon at the Columbia
River basin at Glacier National Park, they’re losing the geologic
features that provided its namesake. In fact, when it was founded
in 1910 the park had about 150 glaciers. And according to a study
from Portland State University and the USGS the park is on track
to lose its remaining 26 glaciers in the next few decades.

Dr. Moon, thank you for your testimony. You mentioned the role
of glaciers in sustaining ecosystems, and in northwest Oregon the
expedited rate of melting of glaciers could have significant con-
sequences for our salmon and steelhead populations and threaten
recreational and commercial fishing, tribe species that benefit from
healthy salmon runs. And as the glaciers melt and the water flows
change and the water temperatures warm in the Columbia basin,
the tributaries, the fisheries are threatened. So how quickly are
these larger ecosystem changes taking place? And are there poten-
tial adaptation and mitigation strategies that we in Congress can
support to help at this point in time?

Dr. MooN. I would say—and you might find, too, some—that you
have many problems also related to those that are being seen in
Alaska and receive comments there. Certainly, we are losing those
glaciers very rapidly. Just as you cited, we are seeing retreat and
ice loss at rates that have never been seen in these areas. And so
those fundamental changes that are happening rapidly and quickly
are changing the ecosystem just as quickly. One

Ms. BoNawMmicl. Right.

Dr. MOON [continuing]. Thing to consider is that in many of
these places we initially see a bump in the amount of water be-
cause we're getting warmer air temperatures. We still have the gla-
ciers there at the moment, so you actually get a bump in water
availability, and we see communities also in other places in the
world where they depend even more strongly on glaciers for drink-
ing or irrigation water adjusting to an added level of water input,
which then of course is eventually going to decline substantially to
levels below what it was——

Ms. BoNawMmicl. Right.

Dr. MOON [continuing]. Previously. So they are rapid changes,
and I think that there are many places where the research is not
keeping up with the speed of these changes. That’s true for us un-
derstanding the glaciers and ice sheets themselves and also cer-
tainly true for understanding the ecosystems that depend on it. So
I think it may be a case where we are changing things that we are
not even able to keep up with or see the true level of those
changes.

Ms. BoNaMicl. Thank you. Thank you. I appreciate that very
much. And a good place for the Science Committee to get some
more research funded.
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Dr. Pfeffer, some of your colleagues at the University of Colorado
Boulder published a study in 2017 about the effects of dissolved
black carbon on glacial melting, that sooty black material that’s
emitted from gas and diesel engines, coal-fired power plants, and
wildfires is a significant portion of particulate matter and contrib-
utes to climate change, as we know. The study found that the black
carbon from the combustion of biomass and fossil fuels can enhance
glacial melting as black carbon deposits on snow and ice surfaces,
then the particles decrease the Earth’s ability to reflect rays from
the sun, so then that results in the absorption of heat and faster
melting. But it’s also worth noting from the testimony here today
that even if anthropogenic emissions were halted immediately, we’d
still see the reciprocal effects on glaciers.

So, Dr. Pfeffer, what are the most apparent gaps in the current
modeling of glacial recession for various emission scenarios? And
assuming that the U.S. achieved a net-zero carbon emission policy
by midcentury, where should we invest more Federal resources in
responding to the consequences of glacier melting?

Dr. PFEFFER. So the process that you bring up, black carbon, it’s
hard to see when you're actually out there. It’s quite a subtle effect
but very small particulate matter, which is carried into the air, and
this was particularly a problem prior to the collapse of the Soviet
Union because there was a lot of coal burning industry in Siberia.
It’s far enough north for their emissions to get trapped in this at-
mospheric gyre in the Arctic. That’s reduced a little bit but not by
a large degree. And emissions from further south still get into the
Arctic basin and also elsewhere. Not all of Greenland is in the Arc-
tic basin, for example. Southern Greenland is exposed to air masses
that come off of Europe and North America, so there’s a lot of mix-
ing. And this material continues to be deposited.

I think that understanding the surface energy balance, things
like if you make the surface of an ice sheet just a tiny bit darker,
how much effect will that have, that understanding is pretty well
in hand but we need observations. Simply knowing that it happens
isn’t enough. I really do think, though, that the basic needs go be-
yond that to simply making the observations. There are so many
parts of the world that were, until recently, really in the dark. A
lot of high mountain Asia, Himalayas and other ranges, that’s been
partially addressed by remote sensing, but again, not all of it. Some
of this work just has to be done on the ground.

Ms. BoNaMiICI. Thank you. And I see I'm out of time, but, Chair-
woman dJohnson, I request unanimous consent to enter into the
record this study from the University of Colorado.

Chairwoman JOHNSON. Without objection.

Ms. BoNnawMmicl. I yield back. Thank you.

Chairwoman JOHNSON. Thank you. Mr. Brooks.

Mr. BrRooOKS. Thank you, Madam Chairwoman.

Is anyone on the panel not familiar with the Earth’s last glacial
maximum, roughly 20,000 years ago? OK. Everybody is? Good. For
those in the audience who are not, by way of background, during
the last glacial maximum, northern Europe was under ice, roughly
90 percent of Canada and almost all of the Continental United
States of America north of Missouri and the Ohio Rivers and east
of New York City under ice. According to the United States Geo-
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logic Survey, during the last glacial maximum, again, 20,000 years
ago, sea levels were roughly 410 feet lower than today. Stated dif-
ferently, for 20,000 years, sea levels have risen on average 2 feet
per century versus the much less roughly 1 foot per century rising
rate since 1993 that is reflected in Dr. Alley’s written testimony.

Finally, per Zurich University of Applied Science, Earth’s aver-
age temperature 20,000 years ago was 48° F versus 59° F today.
That’s an 11-degree increase in global temperature average over
the last 20,000 year period.

So my question to each of you is, and we’ll start over here with
Dr. Pfeffer and move from my right to left, did human beings cause
the global warming that started 20,000 years ago and continues
through today or, if not, what did?

Dr. PFEFFER. So the examples from 20,000 years ago that Mr.
Brooks gave us, they are excellent examples of the kind of natural
variability that the Earth experiences. And there’s no question that
in the past, there have been changes in temperature and sea-level
rise and weather patterns and climate generally as dramatic or
more dramatic than what we may be experiencing in the future.
And of course they weren’t human-caused 20,000 years ago or in
the last million years. All of these variable events have been occur-
ring throughout the Earth’s modern history.

Mr. BROOKS. Well, my first question, in your judgment, did
human beings cause the global warming that began 20,000 years
ago during the last glacial maximum?

Dr. PFEFFER. No. No, absolutely not. It’s an example of sponta-
neous natural variability, one of the many ways that this whole
system, whether you look at it in terms of sea-level rise or tem-
perature, storms, can be varied.

Mr. BROOKS. Are you familiar

Dr. PFEFFER. Natural——

Mr. BROOKS [continuing]. With the phrase snowball Earth or
slush ball Earth——

Dr. PFEFFER. Oh, yes. Yes.

Mr. BROOKS [continuing]. Roughly 600 million years ago——

Dr. PFEFFER. Yes.

Mr. BROOKS [continuing]. When we were almost entirely ice or
slush?

Dr. PFEFFER. Entirely natural variation.

Mr. BROOKS. Versus the Paleocene and Eocene thermal max-
imum of about 55 to 56 million years ago when the average tem-
perature was roughly 73° F, which is 14 degrees warmer than what
we are experiencing now.

Dr. PFEFFER. Yes.

Mr. BroOOKS. If you don’t mind, Dr. Wolken, let’s go to you. Did
human beings cause the global warming that began 20,000 years
ago?

Dr. WOLKEN. No, absolutely not. That was just a product of nat-
ural variability in the climate system. Yes.

Mr. BRoOKS. Dr. Moon?

Dr. MooN. Humans weren’t around in nearly the numbers we
are today, so we certainly weren’t available to be combusting fossil
fuels at the rate we are today or putting emissions into the atmos-
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phere. You can consider we've built America in the last 243 years,
and we’re changing things at a much more rapid rate.

Mr. BROOKS. So you also agree then that the global warming that
has occurred over the last 20,000 years, that 11° F increase in tem-
perature was not human caused at least when it began 20,000
years ago?

Dr. MoON. So I would agree that when it began 20,000 years ago
when we were coming out of the last glacial, that was not caused
by humans.

Mr. BrROOKS. All right.

Dr. MooN. The warming of the last hundred years most certainly
was.

Mr. BROOKS. Out of curiosity, how do you explain that the sea-
level rise average over the last 20,000 years has been 2 feet per
century, yet we're down to 1 foot per century?

Dr. MOON. So much of our rise in sea levels that you're talking
about came earlier in that 20,000 years.

Mr. BROOKS. For 6,000 or 7,000 years.

Dr. MooN. Over this last 10,000 years, we've been sitting with
very stable sea levels. And those stable sea levels have allowed us
to develop the coasts of the world.

Mr. BrOOKs. All right. Thank you, Dr. Moon. And I only have
about 30 seconds left for Dr. Bell. Dr. Bell, in your judgment,
20,000 years ago, global warming when it began, was that caused
by humans?

Dr. BELL. In my judgment, the variation that we were seeing
20,000 years ago was part of the pulse of the planet. It pulses at
100,000 year glacial, interglacial. When I started graduate school,
we were expecting to go into the next glacial period——

Mr. BROOKS. Yes.

Dr. BELL [continuing]. Except that we as human beings in the
last hundred years—and you can see the kick up—since we in-
vented the steam engine, you can see the temperature moving up.

Mr. BROOKS. All right. 'm out of time. Madam Chairwoman, I
appreciate your indulgence. I just wish I had sufficient time to ac-
tually get into what the cause of the global warming that began
20,000 years ago was if not humans. Thank you.

Chairwoman JOHNSON. Excuse me. Go ahead, Doctor.

Dr. PFEFFER. I just wanted to respond a bit further to your ques-
tion. The changes in the past have—there are two significant dif-
ferences between those events and the events today. One of them
is that they were triggered by natural variations, not by human
agency.

And let me just give you an analogy of your house. Your house
might burn down, and it might burn down for entirely natural rea-
sons. It might be struck by lightning. But it could also burn down
if you're careless and you, you know, drop a cigarette in the crack
in the sofa. Both of those are triggers that result in your house
burning down. The presence of one of them doesn’t really say much
about the other except that they both lead to the same endpoint.

The other thing is that while there were these very dramatic
temperature changes and sea-level rises in the past, which were
entirely natural, we weren’t there to deal with them. The problem
here is with people. How do we respond to environmental change?
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The Earth will take care of itself. It doesn’t really care what hap-
pens. It’s what people do. And if this had happened, you know, a
long time ago when the population of the Earth was a few hundred
million, it probably wouldn’t have mattered either because we could
have just gotten out of the way. But as it is today with the num-
bers of people that we have and the infrastructure, we’re very sen-
sitive to changes of this kind. We don’t handle change very well.

For example, suppose that the conditions for growing crops that
exist today in California picked up and moved to North Dakota for
a couple of hundred years. There are variations like that in the
fairly recent geologic past that occurred. How would we deal with
that? It’s an entirely different world than what we were not here
to experience but we know about 20,000 years ago. We're much
more sensitive. We don’t deal well with change, and to deal with
it, we need to know a lot about it.

Mr. BROOKS. Dr. Pfeffer, thank you for your additional insight.

Chairwoman JOHNSON. Thank you very much. Mr. McNerney.

Mr. McNERNEY. Well, I thank the Chair for calling this hearing,
and I thank the witnesses. I appreciate all your testimony this
morning.

While the planet is continuing to warm up and I believe we are
going to blow past the 2° centigrade marker that people say is the
limit of tolerability, we need to be looking at all the potential tools
in the climate solutions toolbox, especially if we’re to take action
to prevent the collapse of the West Antarctic and Greenland ice
sheets. That’s why I introduced the Geoengineering Research Eval-
uation Act last Congress. It didn’t pass, but just introducing that
caused the National Academies of Science to explore the state of re-
search in climate intervention strategies, as well as the need to im-
plement a governance structure of those technologies.

Dr. Bell, given the complexity of the climate system and the risks
associated with further human interference, how do you think the
U.S. should approach the field of research on climate intervention?

Dr. BELL. Both the National Academy and AGU, the American
Geophysical Union, have statements that say this is an issue that
we must research. If done wrong, it could be terrifying. But, again,
it is the same problem that we have been saying before. We don’t
have the sufficient workforce looking at the issue, evaluating it,
and building the body of knowledge to evaluate whether or not it
is a good idea.

To me, I come back to the very, very few examples of
geoengineering of the ice sheets that are out there. And to give you
the idea of how many groups have done it, I think two groups have
put it on the table. You know, one is basically for one approach—
you get a bunch of snow blowers and put more snow back on the
ice sheet. The problem is it turns out if you put snow blowers on
the ice sheet, it gets steeper and it flows back into the ocean. It
didn’t work. The other idea is to build bigger than the Panama
Canal many times walls to keep the ice sheets from being attacked
by the warming ocean.

These are ideas being put on the table by a small cadre of
glaciologists. What this illustrates is that we need, as a species, to
research this, and we need not just glaciologists, not just atmos-
phere scientists, but we need to bring the full suite of talent to the
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table to think about this because, as we address climate change,
we're going to probably need to look at every tool that we have
available. That’s what we found when we did the building down the
street.

Mr. McNERNEY. Thank you.

Dr. BELL. We couldn’t reach our goal by doing just one thing.

Mr. McNERNEY. Dr. Alley, do the risks of abrupt change in the
Arctic and Antarctica indicate that we should be serious about
technological interventions such as sunlight reflection to maintain
stability?

Dr. ALLEY. So I would echo what the National Academy and
what the American Geophysical Union have said, which is that we
need the knowledge base that will allow you, all of you in this
learned body, to actually make wise decisions. We don’t yet have
that knowledge base. There are real issues with international gov-
ernance, as you raised, and thank you. There are real issues with
reception by people. I can tell you stories of—geoengineering cloud
seeding that led ultimately to a professor from Penn State having
a hole shot in his car door because the local farmers were very un-
happy with the idea of cloud seeding. Sort of how this plays out
into the broader populace is sometimes not as obvious and as sim-
ple as you might imagine. So I think gaining this knowledge base
so that you would then have the capability of making wise deci-
sions is wise.

Mr. McNERNEY. Thank you. Again, Dr. Alley, the West Antarctic
ice sheet has been noted to have the greatest amount of uncer-
tainty in the melting and breaking rates. How much of the uncer-
tainty related to West Antarctic ice sheet can be addressed by addi-
tional research, and how much is dependent on the future rates of
warming?

Dr. ALLEY. Right. Certainly, the uncertainty can be reduced by
the research, but it is already very clear that the faster and the
more we warm, the more likely a failure will be. So in our world
mitigation, trying to slow down the warming, buys you time. It
buys you time to learn. There is always some danger with a tipping
point that you pass it before you see it, and it’s too late to slam
on the brakes. It’s too late to turn and avoid the iceberg. And very
rapid warming, that becomes more likely for West Antarctica as we
run at the future.

Mr. McNERNEY. Well, what are some of the—Dr. Bell perhaps—
what are some of the major concerns about the collapse of the West
Antarctic ice sheet?

Dr. BELL. The major concerns are that it could go fast, and we
don’t actually know how fast. It’s back to the ice sheet we know
there used to be an ice sheet in New York and many of the States
here. We didn’t see that one collapse or the residents of New York
then who didn’t record what was happening. So we as a species
don’t have the record of how an ice sheet collapses, so we worry
about how it collapsed—what happens to the ocean, how the ocean
chews at the bottom of it as the ocean warms. We worry about
what happens when the surface melt, where does that water go?
Does it fall into cracks and act like a jackhammer to open it up,
or does it run off like a river? There are some major fundamental
understandings about how warming air, warming ocean impacts
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ice. And in that sentence alone you see how we have to have dif-
ferent disciplines talking to each other.

Dr. ALLEY. So Dr. Moon is working on this problem in Green-
land, and Dr. Pfeffer is working on this problem in Alaska, as is
Dr. Wolken, so the truth is the—what we learn spreads broadly.

Mr. McNERNEY. Well, I hope the other three panelists don’t feel
neglected, but I only have 5 minutes, so I'll yield back. Thank you.

Chairwoman JOHNSON. Thank you very much. Mr. Babin.

Mr. BABIN. Yes, ma’am.

Chairwoman JOHNSON. Changing of the guard.

Mr. BaBIN. All right, musical chairs. Sorry about that.

Dr. Wolken, in addition to serving here on the Science Com-
mittee, I also serve on Transportation and Infrastructure. And I
represent southeast Texas and have four ports in my district. I rec-
ognize the importance of our navigational ship channels.

With that being said, one of the things I find very interesting on
this topic that’s relevant to my Committees and my district is the
possibility of two trans-Arctic commercial shipping routes that are
opening up. This isn’t to say that I want to see all the glaciers melt
and the sea levels rise uncontrollably, but if there are inevitable
changes, I want to make sure that the United States is positioned
to be economically fortified. And I know that the Russians are cer-
tainly exploiting newly opened up shipping lanes, ice-free zones,
and even claiming certain areas that were considered in inter-
national waters are no longer that but belongs to Russia.

So how do you see the Department of Transportation or even the
U.S. Coast Guard interacting with coordinated multi-agency col-
laboration that you say is needed?

Dr. WOLKEN. Yes, thanks for the question. I'll answer in two
ways. The first is that what you speak of is really an incredibly im-
portant issue and, you know, economics and national security real-
ly do come to mind. And that’s a sea-ice issue in the north, prin-
cipally. And reduced sea ice of course is offering opportunities to
enter into the Arctic and explore and ship, and that comes with
fantastic opportunities of course and a lot of perilous conditions
that could cause lots of environmental damage if not done right.

Having a multi-agency approach is incredibly important a little
bit farther south. And you mentioned the Coast Guard. We have
changes in Alaska that are impacting many of the fjords and the
transportation routes in the South, and some of the changes in the
cryosphere or changes in the snow, the ice, and the permafrost in
the mountains are unpredictable to us right now. We don’t have
enough information. And so the Coast Guard communicating with
various universities and agencies about how stable the slopes are,
about how fast conditions are changing in certain areas could really
be an asset to the Coast Guard as they respond to emergencies or
possible disasters from cruise ships or fishing boats in different
areas.

I will point out an example in 2015, there was one of the world’s
largest snow/rock avalanches into the Tyndall fjord, and in the
process of that collapse, the tsunami that resulted from the rock
falling into the fjord was enormous. It caused a trimline like the
bathtub ring that was around 600 feet high. And any fishing boat
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caught in that or Coast Guard vessel or tourist ship would have
been destroyed.

Mr. BABIN. Right.

Dr. WOLKEN. So communication about the data that we have to
the individuals who will be working in these different areas, Fed-
eral agencies such as the Coast Guard, it’s critical that we have
this conversation.

Mr. BABIN. Absolutely. Thank you very much. And one other
question. Some experts have predicted that our currently available
mapping and navigation and ship capabilities are going to limit
just how frequently and successfully we use these potential routes.
And, Dr. Wolken, and to all of our witnesses, when conducting re-
search on ice depth and volume, is there also efforts to improve
commercial shipping potential such as data needed for mapping?
Dr. Wolken, I'll ask you first, and then I'll go to Dr. Pfeffer.

Dr. WOLKEN. Yes, so a lot of the work that’s being done in the
fjords in Alaska are specifically focusing on the nearshore environ-
ment, and so the exchange of dynamics of interactions between the
glaciers and the water in that environment. And so in the process
of doing that, wonderful maps of the fjord are being generated; lots
of different surveys of the coastlines are being generated in the
process. And so the really great part about this is that we can have
overlapping interests being served with good research in the right
areas. And I think that’s where this idea of having these inter-
agency collaborations, these multiple perspectives, this team ap-
proach is really important.

Mr. BABIN. Great. And, Dr. Pfeffer, I think you wanted to
say

Dr. PFEFFER. Yes, I wanted to respond because your description
of the situation in Texas reminds me a little bit of an experience
that I had about 5 or 6 years ago where I was employed as a con-
sultant for the Prince William Sound Citizens Advisory Committee,
which is an environmental group that was set up in the State of
Alaska following the Valdez oil spill to provide environmental over-
sight in Prince William Sound, which includes the town of Valdez
and southern terminus of the Alaska Pipeline. And their specific
concern was icebergs.

The Columbia glacier in Alaska, which is one of the glaciers that
I've worked on for many years, was a major iceberg producer. And
those icebergs came out into the shipping lanes. And the Alyeska,
which is the operating company for the Pipeline, and the Coast
Guard were both concerned about what future iceberg hazards
were going to look like. Specifically, they had an ice detection radar
system that had come to the end of its useful lifetime, and they had
to replace it. And what their specific question was, you know, do
we have to be worrying about icebergs for the next hundred years
or the next 5 years?

And so I worked with them for about a 2-year period developing
some simple models based on how much of the glacier was left and
our best prediction of what the retreat would look like to give them
some sense of what the iceberg discharge would look like. It was
a good opportunity to collaborate with a State-level agency and also
with the Coast Guard. We have a limited amount of bathymetry for
that region. It would be good to have more, and NOAA has done
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some surveying in there. But that kind of interagency cooperation

could be a lot more frequent than it is, and when it does happen,

i;c’s extremely beneficial. It certainly was a great help to us in Alas-
a.

Mr. BaBIN. All right. Thank you. Thank you very much. I appre-
ciate it.

Dr. BELL. I have a quick addition to that in that just last sum-
mer we saw one of the first groundings—I actually saw the vessel
before it grounded of a Russian icebreaker that ended up grounding
in the Northwest Passage, you know, exactly the places we’re hop-
ing or were thinking may be opportunities for more connections
across the high Arctic. So it is a critical issue because it ran
aground on an uncharted rock:

Mr. BABIN. Right.

Dr. BELL [continuing]. In essence. And the other piece is that the
Coast Guard provides critical infrastructure to support the work we
do in Antarctica. Without the U.S. Coast Guard and the heavy ice-
breakers, we could not, the U.S. could not run the flagship pro-
grams they do. And we are seeing the Asian countries invest deeply
in icebreakers. The Chinese Government has invested in two. The
Koreans have a beautiful new icebreaker. We need strong ice-
breaking capability both for ability to engage in the Arctic and con-
tinue to be leaders in Antarctica.

Mr. BABIN. And we have a shortage of icebreakers, do we not?

Dr. BELL. Yes.

Mr. BABIN. Yes.

hDr. BeLL. That’s why I thought this was a moment to remind you
that

Mr. BABIN. Yes. Thank you.

Dr. BELL [continuing]. With science, it’s really clear—boats run
aground, and we need icebreakers.

Mr. BABIN. All right. Thank you very much. My time has long
expired. Thank you.

Chairwoman JOHNSON. Thank you very much. Mr. Casten.

Mr. CASTEN. Thank you, Madam Chair. Thank you all so much
for being here.

Earlier this Congress at the Environment Subcommittee hearing
on the impacts of climate change on our oceans and coasts, our ex-
perts were talking about what we need to do to stay below 1.5 de-
grees of warming. And I asked them if we got rid of all CO, emis-
sions tomorrow, how much sea-level rise is already baked in? And
the answer was an unequivocal 2 feet. I think that’s consistent
with your testimony, Dr. Alley. That is frightening, but in some
ways, I have a bigger fear that’s the deficiencies of our little Homo
sapien brand.

And I want to demonstrate this and I want all of you out in the
audience, you get to participate now. We're going to do a little ex-
periment. So what we’re going to do—this is real easy. I'm going
to say two things. You give me the next in order. A, B? A little
louder, come on. You got this. This isn’t hard. Thank you. All right.
Second one, 2, 4? You're all wrong. I was looking for 8.

This is the problem, right? We have all of these nonlinear trends,
and our little brain says 2, 4, 6 and we see all these things that
are going on. And, Dr. Alley, I think you alluded to this in your
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testimony. And so if 2 feet is baked in and if the likely skew of that
data is not a bell curve but on the more frightening end of the spec-
trum, what sea-level rise should we be planning for within the zone
of possibility?

Dr. ALLEY. I surely wish I knew. This is a frustration for us at
a level that is deep and I wake up at 2 in the morning and I look
at the ceiling and I say what do I tell somebody? I can remember
coming back from Old Ironsides on the water taxi while doing the
Freedom Trail in Boston and sitting in the water taxi and putting
West Antarctica into Boston Harbor and not knowing what to do,
which is—I mean, I'm sorry, it is very self-serving for me to sit
here and tell you that funding research is good because it might
go to me or my students, but we want to know.

Mr. CASTEN. So I'm not asking you for certainty, and I appre-
ciate—look, I started my career doing—I got a master’s of science
in chemical engineering. I get the caution. But we’ve got to sit on
this side of the dais and make decisions, so I'm just asking if you
were in our seats with uncertainty of information, what is the
range that we should be thinking about in our zone of possibility?

Dr. ALLEY. Yes. Don’t go below the IPCC and start thinking
about flexibility. Think about adaptive capability, the——

Mr. CASTEN. I'm just asking for like a number of feet.

Dr. ALLEY. Yes, I can’t give you a number.

Mr. CASTEN. How about a——

Dr. ALLEY. I wish I could.

Mr. CASTEN. How about a timing? How long do we have before
2 feet is locked in?

Dr. ALLEY. Yes, very soon if not and, so for the 2 feet, you're get-
ting close. But the big numbers, it really is, you know, I mean, a
good businessperson looks for the black swan, but they don’t know
when a whole flock of black swans is coming, and so they really do
look to their best people to be ready, which is here. You know,
that’s you.

Mr. CASTEN. I want to get to a couple other things in my time,
but the reason I ask this question is in part because the same day
that we had that hearing—I sit on Financial Services. We had Fed-
eral Reserve Chairman Powell in, and I said to him we just had
this hearing. You are responsible for helping us write 30-year mort-
gages. Do you factor in whether or not those mortgages are going
to be paid off in low-lying coastal areas? And the answer was that
he thought we probably should start thinking about that but we
haven't yet.

We have a whole host of issues here that go just beyond whether
the sea level’s a little higher, right? We got housing. I live in Illi-
nois where we’ve got, you know, polar vortex because—and polar
bombs or whatever the term is of this year because, as that ice
melts, we're destabilizing global weather flows and shifting that
cold air down temporarily until we all get a lot hotter.

Dr. Wolken, I had a little fun doing a little Googling on the
weather report on Moose Mountain where you live. I understand
you got a huge unseasonable amount of rain a few hours ago. I un-
derstand that is pretty positive because you've got some concerns
up there. Can you just help explain to me what’s happening on
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Moose Mountain that makes that rain good and how that is related
to the falloff in sea ice?

Dr. WOLKEN. Wow, that’s a really good question. I will preface
this with some history about the winter. It was a very low snow
year. We didn’t have near the snow that we would normally have.
And this is a trend especially across the Arctic. And this year it’s
been unseasonably hot. In fact, this week in Alaska many records
have been broken. And this is common as well in recent years.

I left Alaska the other day to evacuation notices, so before I came
here, we were planning to evacuate our house because fires were
raging just near our house. And so the rain coming is a great idea.
The whole State is suffering from smoke right now because there
are so many fires really resulting from a chronic low-snow issue
and having warmer temperatures that are really fueling the fires.
?nd so this is a major issue for us, and it’s become quite personal
or me.

Mr. CASTEN. So just last question for the whole panel, has any-
body estimated how many people’s homes are at risk because of
this combination of sea-level rise, spreading wildfires, flooding in
the Northwest? How many people do we need to be thinking about
dealing with right now? Do we have any estimates of that answer,
Dr. Moon?

Dr. MooN. So I'm going to give you an estimate that’s just a frac-
tion of those things that you just asked about. This is just an esti-
mate on homes. It doesn’t include power plants, airports, military
bases, anything else, just homes. If we’re looking at 1 foot by 2035,
that would be about 140,000 homes. If we’re looking at 4 feet of
sea-level rise, that’s about 1.2 million homes. If we’re looking at 2
feet, that’s about 300,000 homes. So it’s in the hundreds of thou-
sands, and if we look at levels where we’re reaching 6.5 feet of sea-
level rise by 2100, we’re looking into the trillion-dollar kind of
mark just for homes. That’s not other roads, other infrastructure,
et cetera.

Mr. CASTEN. And I would presume that’s just coastal. That
doesn’t include Dr. Wolken’s house that may be at risk:

Dr. MOON. And it doesn’t include wildfires or any of those other
things that you mentioned that will be also addressed by address-
ing climate change.

Mr. CASTEN. Thank you. I yield back.

Chairwoman JOHNSON. Thank you very much. Mr. Baird.

Mr. BAIRD. Thank you, Madam Chair and Ranking Member. I
guess my question deals across the board. We got all doctors here
as witnesses, so the question I have simply, what Federal programs
are most critical to gaining a greater certainty on the future
change in ice sheets and those effects on sea level? So you can go
in any order you want. Dr. Alley, you want to start?

Dr. ALLEY. Right. It is interagency. The National Science Foun-
dation provides so many of the people support, and they do the lead
agency in Antarctica and in some other things. NOAA, we have to
have what they are doing. NASA has been keynote not only on Op-
eration IceBridge, which we have been talking about, but the sat-
ellite monitoring. The DOE has a role in modeling, and so I've hit
a lot of the high ones, but it really is the interagency, the U.S. Geo-
logical Survey. When I gave the number on how rapidly the ice-
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bergs were breaking off when John Muir was watching, that num-
ber came from the United States Geological Survey. So it is having
these wonderful centers of excellence that you have built that live
in the U.S. Government and give us leadership, they are not local-
ized in one place. They are in several agencies, and they work to-
gether, they know each other, and they can do this with support.

Mr. BAIRD. Thank you. I'll remind you that Madam Chairwoman
gave me 5 minutes, so we can spread that out.

Dr. BELL. Well, I will echo the NSF for understanding why,
NASA for monitoring how it’s changing, the USGS for incredibly
important measurements of the glaciers, DOE for modeling, and
NOAA for lots of information about how the ocean is changing and
what the fundamental tide gauges are doing.

Mr. BAIRD. Thank you.

Dr. MooN. You asked about narrowing our range of what’s going
to happen into the future. On the science side, integrating better
observations and understanding of the physical system into our
models, our models can’t make up that information on their own.
But I also want to reiterate that it is our mission’s pathway that
is going to make a tremendous difference in what that future num-
ber of sea-level rise and our future number for ice loss is. That’s
not the science part.

Dr. WOLKEN. Yes, I just want to echo the comments of my col-
leagues here and really just add that we’re doing this in Alaska al-
ready. We're getting as many people together as often as possible
to try to solve some of these issues. The only way to really do this
is through an interagency perspective. And there’s really no other
way to address such a large issue. And all of the Federal Govern-
ment programs are critical to what we do.

Dr. PrErFER. OK. Well, again, I'm echoing what all of my col-
leagues have said, but I want to add to this. The problem of col-
laboration and communication between these agencies is not an
easy task. One example, NSF operates on a principle that could be
summarized as turn the brightest people loose on the most inter-
esting questions. The fundamental function of NSF is to support
these investigator-based science where each one is evaluated on its
own scientific merits. It’s not a mission-driven agency in the way
that, say, NASA is. That has produced—it’s been extraordinarily
successful by letting scientists decide on what’s the best thing for
them to study.

But in a situation like sea-level rise, I think that more—well, it’s
for climate change generally, not just sea-level rise, I think that a
more coordinated approach is necessary. Back in the early 1970s
the National Science Foundation had a brief program called RANN,
Research Applied to National Needs, where basically a manage-
ment structure was experimentally imposed on research programs.
And it was a notable failure. Almost everybody that you talk to
that knows about RANN say, oh, boy, yes, that was a bad time at
NSF but not everybody.

It’s a little bit like the Manhattan Project. If the Manhattan
Project had started out with the, you know, advisor saying, OK, we
need to understand about atomic energy, all of you pick an inter-
esting problem and go work on it and come back in 5 years, you
know, that’s not the way the Manhattan Project worked. And I
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don’t think we’re going to solve this problem that way either. I'm
not talking about the magnitude of the project or how much money
should go into it, but I am talking about coordination and the need
for some really innovative thinking about how those agencies
should interact because it’s hard to steer scientists and, you know,
it really is a herding-cats problem.

But particularly with all these agencies, there needs to be some
really imaginative way of figuring out what gets done first and how
long do we have to solve it. And I don’t have any answers to that,
but I think that’s a really strong need.

Mr. BAIRD. Thank you, and I'm out of time and I yield back.

Chairwoman JOHNSON. Thank you very much. Ms. Wexton.

Ms. WEXTON. Thank you, Madam Chairwoman, for yielding. And
I thank the witnesses for appearing today.

It has been quite alarming to say the least to read your testi-
monies and also listen to the responses to some of my colleagues’
questions here today. It is absolutely clear to me and it should be
clear to everyone that we are at a tipping point of our Earth chang-
ing dramatically and irreversibly due to human-caused climate
change. It’s even more alarming that we’re locked into 2-feet of sea-
level rise—everybody seems to agree about that—and that, given
the melting of the Greenland and Antarctic ice sheets, we could be
looking at 11-feet of sea-level rise.

And how you prepare for that is something that is really impor-
tant to all of us and certainly to me in my home State of Virginia.
We have a lot to contend with over that. We are home to Naval
Station Norfolk, which is the largest naval base in the world, and
Langley Air Force Base. They are already having to deal with the
effects of sea-level rise and the effects it has on our national secu-
rity. And I'm also the mom of two kids, and I worry about what
kind of a planet we're leaving for them and their kids.

I know that we had some questions about climate ice cover and
sea levels and how they routinely change from season to season
and over time. Some claim that this natural variability means we
shouldn’t be concerned with humans changing the climate.

Dr. Alley, I know that Mr. Brooks asked a little bit about this
and Dr. Pfeffer did give some explanation of what is actually hap-
pening. But, Dr. Alley, can you explain what the science tells us
and why we should be concerned with the changes in ice and sea
level and climate that we’re seeing right now? What makes it dif-
ferent from what happened, you know, over the past 20,000 years?

Dr. ALLEY. Yes. So thank you very much. It’s wonderful that peo-
ple take interest in what we do, you know? So, as you know, on
a dry, hot summer day, you know, the hills of Virginia have always
burned when there was a lightning storm. And because you know
that, if you see kids headed out on a dry day with illegal fireworks,
you were very worried about it. We know that people have always
died, so we have metal detectors at the front of your building here.
We know that climate has always changed, and that proves that
climate is changeable. And you’ve never met the person who said
the hills have always burned, so we won’t worry about arson. But
you have met the person who said the climate has always changed,
so we won’t worry about humans changing the climate.
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The climate has always changed proves that the climate is
changeable. The climate change has always affected living things,
which proves it’s important. Climate has changed for a lot of rea-
sons, but CO, has been especially important. And that points a fin-
ger at us. Now, if you were an arson investigator, you better know
natural fires. You do CSI (crime scene investigation) fire. If you're
a homicide investigator, you do CSI homicide. We do CSI ice. We
do CSI climate. And we actually have very high confidence that
what is going on now is human, not natural. If anything, over the
last small number of decades nature has tried to cool it off a little,
so how much of the warming has been us is a little bit more than
all of it is the central estimate.

But the fact that nature has done these huge things in the past,
that when nature warmed a little bit, sea-level rose a lot. And then
you say, well, we could cause a whole Ice Age of warming with our
CO; in the future. And the last end of an Ice Age gave us 400-feet
of sea level. There’s 200 more left.

So I believe that climate has always changed is a very, very
strong argument to be concerned about what we’re doing for cli-
mate in the same way that burnable hills make you nervous about
arson. And when

Ms. WEXTON. And related to that, Dr. Alley, in your testimony
you discussed several studies that suggest that the IPCC report is
overly conservative and underestimates the rate at which ice
sheets are and will continue to melt.

Dr. ALLEY. I have great difficulty finding any evidence that they
are overly alarmist, and there certainly are things that point to the
possibility that they have been low in the past. And, yes, that’s
fairly clear. When you look at the history of-

Ms. WEXTON. Can you discuss this current scientific research on
estimates for tipping points for the Greenland ice sheet, Arctic ice,
and Antarctica ice? What are the tipping points or what does the
science tell us?

Dr. ALLEY. So Greenland, as it gets thinner, it gets warmer. As
it gets warmer, it melts faster and gets thinner, and at some point
it will be committed to loss. It probably will melt fairly slowly.
West Antarctica, if it starts doing what the glaciers in Alaska have
done, the coastal glaciers have done, it could go very, very rapidly.
We're cautiously optimistic that the sea ice in the Arctic will act
like a dial rather than a switch, but we’re not entirely sure of that.
We are worried a little bit about circulation in the Atlantic and
other places that act more like a switch or a tipping point. The Na-
tional Academy of Sciences looked at tipping points in 2013. They
especially pointed to tipping points in ecosystems and in human
systems. So at what point when people are stressed and theyre
having to move their houses or change what they do, at what point
do the people become very mad and then tip into some other level
of behavior. And so when you look, there are some physical tipping
points, there are more ecological tipping points, and there may be
a whole lot of people tipping points.

Ms. WEXTON. Thank you very much. I see my time——

Dr. ALLEY. Thank you.

Ms. WEXTON [continuing]. Is expired. I yield back.
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Mrs. FLETCHER [presiding]. Thank you. I'll now recognize Mr.
Gonzalez for 5 minutes.

Mr. GONZALEZ. Thank you, Madam Chair, and thank you, every-
body, for being here for this important hearing.

I want to focus at least the beginning of my time on adaptation
and resiliency. I think it unfortunately seems like there’s a lot
that’s sort of locked in that we’re going to be dealing with over the
next however many years. And I'll start with Dr. Pfeffer. What are
you seeing or what guidance can you give us with respect to mak-
ing sure that we can adapt as sea levels rise and that we’re build-
ing more resilient infrastructure?

Dr. PFEFFER. So I mentioned in my early comments I really am
concerned with—in the work that I've done in the near term, the
next 30, 40, 50 years where this constellation of factors has to be
considered. One of the very interesting and extended conversations
that I had was with a man named David Behar, who works for the
San Francisco—the city of San Francisco as a coastal engineer. And
one of the problems that they have to deal with are—it’'s a very
large dike system that basically surrounds San Francisco Bay. And
they need to know how far do they have to raise this dike system,
which is extremely expensive? It’s in the billions of dollars for a
very small rise. And so it was not adequate to simply say, well,
let’s just be safe and figure on 10-feet of sea-level rise and then,
you know—and you only get 1 foot and you’ve spent an awful lot
of money.

Mr. GONZALEZ. Yes.

Dr. PFEFFER. In the same sense, one of the questions—and this
goes back to an earlier question about how many people may be
displaced by sea-level rise. If you take an overly conservative num-
ber meaning let’s take worse-case scenario and you draw a line on
the coast saying, OK, this is going to be inundated by such-and-
such a date, what happens to the value of those homes on the basis
of that line that you’ve drawn? And the nearer in time you get, the
more important that becomes. So you really have to have a tight
bound on sea-level rise and a tighter bound to the nearer to the
present that you get. We don’t really have that yet. In some places
we do, and it’'s—very often is a group of scientists that live in a
particular region like Hudson River, for example.

Mr. GONZALEZ. Yes.

Dr. PFEFFER. San Francisco Bay is another example where you
can look at all of the causes of sea-level rise, including things like
isostatic depression or rebound in an area as—partly as a result of
large-scale things like ice sheets disappearing 20,000 years ago and
partly local things like putting buildings on that land.

Mr. GONZALEZ. Yes.

Dr. PFEFFER. There are a lot of different factors that have to be
considered and different time scales you deal with different factors.
And I think it’s another thing that points to this interagency col-
laboration.

Mr. GONZALEZ. Got it.

Dr. PFEFFER. But one of the things that I've tried to emphasize
in the past is there’s certainly a cost to neglecting sea-level rise,
but there’s also a cost to overestimating.
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Mr. GONZALEZ. Yes. And I think that’s actually a really impor-
tant point is, you know, when we talk about resiliency and adapta-
tion, there is a cost to all of this, right?

Dr. PFEFFER. Yes.

Mr. GONZALEZ. And we can’t completely ignore that. We can’t be
too conservative or too aggressive or

Dr. PFEFFER. That’s right.

Mr. GONZALEZ [continuing]. You know, we're going to be wasting
a lot of money.

Dr. Wolken, if I could shift to you quickly, in your testimony you
mentioned that in Alaska there are only three long-term contin-
uous records of glacier mass for the entire State. Considering re-
mote sensing and computer modeling are used to predict future
scenarios due to the lack of ground-based observational data, how
reliable and accurate are remote sensors and computer modeling in
measuring glacial melt and predicting future changes?

Dr. WOLKEN. Yes, were doing really well with these different
tools, and I think, you know, one of the things that you can envi-
sion is if you go to the hardware store and you get a laser range-
finder, for instance, from the shelf and, you know, you do some
home renovations at your house, well, that laser is actually quite
accurate. It’s a laser, and it’s very precise and accurate. And we
use tools like that to really gauge how the ice is responding. We
use other remote-sensing tools to do similar things, to see how
much it’s changing in this direction. And those are incredibly use-
ful, and that’s how we do things. We do those with both airborne
and satellite-based assets.

There is a need in places like Alaska where the topography is so
extreme and where the changes are so great to actually have
ground observations. And so when you're using these different re-
mote-sensing tools, the resolution isn’t quite there some of the
times, and so having ground observations to validate in some way
or to correct in other ways is really the way to go. And so more
ground observations truly do help us. With a lack of that, we have
no option but to use the tools that are in front of us, and really,
remote-sensing-based opportunities are where it’s at for us.

Mr. GONZALEZ. Great. Thank you, and I yield back.

Mrs. FLETCHER. Thank you. I'll now recognize Dr. Foster for 5
minutes.

Mr. FOSTER. Thank you, Madam Chair. And I'd like to thank
really the Ranking Member and all Members of this Committee
and the witnesses about the tremendous increase in the level of se-
rious discussion that we’re having on issues like this over the last
2 years.

I think if you Google my name along with Greenland, you’re led
to a video of a previous witness who was a lawyer trying to con-
vince this Committee that it was a matter of scientific debate
whether or not it was a good thing that the Greenland ice sheet
melted, OK? And so we’re having a long-overdue and very high-
quality discussion here.

Now, my next question, how many of you knew Charlie Bentley?
Wow.

Dr. ALLEY. He was my Ph.D. advisor.
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Mr. FOSTER. Well, oh, wow. I grew up next door to Charlie Bent-
ley on Lake Mendota in Madison, and, you know, and I remember
sitting on his porch discussing what he did. You know, he would
disappear every couple of years and study the ice sheet in Antarc-
tica, which did seem goofy. And I think it’s a lesson on curiosity-
driven research, that this thing, over the course of his career, went
from something that was done by, you know, sort of an eccentric
professor to something that is now going to be an absolutely crucial
thing in deciding how we deploy trillions of dollars of capital to try
to mitigate the damage of this.

Charlie passed away I think a couple years ago, and I under-
stand there is a mountain named for him in Antarctica. Anyway,
I was pleased to see the recognition among the Committee here.

Now my next question I had is, what is known about the speed
of response of the ice sheet system to changes in temperature? You
know, there are natural experiments when you get volcanoes going
off with a couple degrees swing for a few years, is that long enough
to actually be seen in the response of the ice sheet?

And the reason I'm asking this question is I think it’s likely that
we’ll be able to decarbonize the U.S. economy. I think it is much
less likely, you know, since we're 5 percent of the world population
that we're going to be able to convince the rest of the world to
decarbonize as quickly as necessary. And if that happens, then I
think it’s likely we’ll be looking at things like albedo modification
which has the potential of very rapidly changing the temperature.
There’s an article in Nature earlier this year that used state-of-the-
art climate models to say, OK, you know, will it work or are we
going to get cyclones and so on? And the first look was that it
might be feasible.

But they didn’t, to my remembrance, model anything having to
do with the ice sheet. And so I was worried that maybe there was
sea-level rise locked in just due to the thermal time constants, that
even if you rapidly bring down the temperature of the atmosphere,
that it will take a while. And so what is known in modeling or in
data about that issue?

Dr. BELL. The ice sheets respond slowly—they’re slow. I mean,
when Richard and I started studying ice, we couldn’t imagine
they’d change as fast as they are today. I mean, Charlie actually—
one of my first papers I wrote told me I couldn’t write that they
were going to change fast because even in the 1980s we couldn’t
imagine the speed at which we’re seeing now. And now you can ac-
tually occasionally hear fear in scientists’ voice because they are
changing faster than Charlie thought they could when you grew up
next to him, that we just couldn’t imagine these thick pieces of ice
changing, and he couldn’t either.

But now we know they’re changing due to the ocean warming
and the atmosphere. The atmosphere is a faster driver than the
ocean. So it will—there’s—we don’t have a good handle on how fast
it’s going to respond——

Mr. FOSTER. Do you have models that even make a decent ap-
proximation? Can you see, for example, in response to volcanic
eruptions and the swing there, can you see changes in the rate of
ice accumulation or de-accumulation?
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Dr. ALLEY. We can do a lot of it right and a lot of it not yet, and
so I could brag on the progress that we’ve made and some of it with
Charlie’s help. And I could bore you or scare you with where we're
missing, especially the couplings into the ocean. So if you start
blocking the sun, what it does to the atmosphere is fairly straight-
forward. What that does to the ocean, which is interacting with the
i(}:le, is not at all straightforward, and that really needs work. And
there is

Mr. FOSTER. Are these computing-limited problems or knowledge-
limited problems?

Dr. ALLEY. Yes, especially knowledge-limited. The computing is
coming. We could use a little more, but it’s primarily knowledge-
limited.

Mr. FOSTER. Yes.

Dr. BELL. It also has to do with those measurements, our lack
of knowledge of even what the ocean temperature is around Ant-
arctica. We can look from space—we can measure the top of the
ocean, but we’re still so limited in understanding what’s going on
at depth, and that’s what matters because the critical parts of the
ice sheet that are really—the sensitive switches, those are down
low, and we don’t have the good measurements.

Mr. FOSTER. Let’s see. No, I'll abuse another 20 seconds. Yes, for
the last

Dr. PrEFFER. Yes, I wanted to add, and it’s already been men-
tioned that the IPCC’s fifth assessment, their discussion of sea-
level rise is very conservative. I was one of the lead authors on
chapter 13, which is the sea-level chapter, and that discussion that
we had about what number are we going to put in for our upper
limit, and I remember that very vividly. And essentially what we
did is we said we just do not know yet enough about the rapid tip-
ping point mechanics to be able to attach a number to this rapid
response.

Mr. FOSTER. Thank you. And to the extent these are compute-
limited modeling problems, you're very welcome to use the super-
computers at Argonne National Lab in my district—I can’t think of
a better use for them.

Dr. PFEFFER. Yes.

Mr. FOSTER. Thank you. Yield back.

Mrs. FLETCHER. Thank you. Ill now recognize Ms. Stevens for 5
minutes.

Ms. STEVENS. Thank you, Madam Chair.

We got to talk about the psychology here. I just went from an-
other hearing on heat effects in the workplace and the overheating
in the workplace from warehouses to fields and how that’s impact-
irﬁg human health. We'’re willing the have the dialog on climate
change.

So, Dr. Bell, you had a chart that kind of showed the sea levels
and made that point about your father’s life. How long have we
been able to actually talk about rising sea levels and their impacts
on us? How has modern science been able to influence this discus-
sion and the question of what we can actually do to combat this?

Dr. BELL. The answer is, you know, people have been living with
changing ice for a while, but the real understanding of the linkage
between the changing ice—because people who live up near the
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mountains like the people who live in Alaska are very aware of the
changing ice and the people who live at the beach. It’s really I'd
say in the last two decades that it’s gotten very strong, that con-
nection. In fact, back to your psychology point, it’s really in the last
decade that we're starting to see the conversation about the psy-
chology of how we handle it.

And it was only this year that—actually last month that the
Earth Institute handled the—convened the first-ever conference on
could we ever talk about managed retreat? What would that mean?
How do we have that conversation? So in fact we are just opening
this door of connecting the work that we all do on frozen stuff and
beautiful places far away with what happens to our assets at the
coast, to our beaches, to the naval ports, to the airports. We hap-
pen to like to build airports. You know, of the 10 impacted airports
on the planet, five of them are ours because that’s a good place. So
we're just starting——

Ms. STEVENS. Well, and we’re coming up with new terms, I
mean, with these extreme weather events and what it means. And,
you know, we can study the free-rider principle. We can study, you
know, you start to think of like nuclear warfare or weapons of mass
destruction and when faced with that threat and what do you as
an individual do. What do you as a society do? What do we as a
body of Congress do? What is it going to take for us to take this
seriously?

I'm in Michigan, and I don’t have a lot of sea around me but I
got a lot of lake. And this is going to impact us. You know, I stum-
bled across a video. What is a world without ice? Is it going to take
a modern society to see a full city go underwater for us to take cli-
mate change seriously, for us to take rising sea levels seriously and
the grand challenge that we actually can do something about it,
that it’s a uniquely positioned challenge for us as the great Amer-
ica to take on?

So I don’t know who else, with all your great expertise and your
phenomenal science and all your great background can provide
some guidance here, some common sense for us to not just talk
about it but to do. And I don’t know who can chime in here because
we do this on recycling, with the plastics crisis, and what the indi-
vidual can do, what the body can do, the body that we’re currently
in, and then on. Thank you.

Dr. ALLEY. Right. So you raised very important questions. I wish
we had good answers. But you know the Nobel Prize in economics,
corecipient last year, William Nordhaus from Yale developed tools
which allow decisionmaking or inform decisionmaking. And he
showed that efficient response on climate change helps the econ-
omy, right? If you want a bigger economy with more jobs, you take
actions that honor the science on this. Many of our medical profes-
sionals, through their organizations, have said this is a serious
health issue, that actions that would reduce the warming will have
health benefits. Our military leaders have been very clear on the
national security issues of not dealing with this. So environment
and ethics are actually in the direction of economy and employ-
ment, as well as national security and health. And we can see fu-
tures in which very expensive sea-level rise happens and large
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other changes happen, and we can see very bright futures where
we use our knowledge.

The Yale climate communications people have surveyed what
America thinks about climate and climate science. Most Americans
tend to accept climate science but not all. But many, many, many
Americans are very excited by the solution space. And if you ask
them should we solve it, even if maybe they're not sure there’s a
problem, they’re happy to go look for solutions.

Ms. STEVENS. Yes.

Dr. BELL. Representative Crist, I used to always show pictures
of drowning Florida in my presentations. You know, I'd show how
much I'd drown Florida. I drown Florida a lot. I decided I couldn’t
do that because it was depressing people, turning them off, and
they were not listening. I see change—we have to move—Dbefore we
drown Florida or New York where I'm from, we have to actually
start thinking about how we as individuals—I very much worry
about what I as an individual—I worry about my community I live
in. I worry about my professional society, what we can do. And I’'m
very happy that you are asking—I worry about our local govern-
ment, and I’'m very happy that you are engaged—and it’s essential
that you take leadership on this, too, because we can lead if we
step forward before we drown a city or a State.

Mrs. FLETCHER. Thank you. I'll now recognize Mr. Crist for 5
minutes.

Mr. CrisT. Thank you, Madam Chair. I appreciate the oppor-
tunity. I have some very well-prepared questions that my staff has
put together for me, but you've inspired me to kind of go off script.
I am from Florida, and my colleague asked I thought an excellent
question about, you know, what is it going to take before, you
know, Congress takes concrete action, each of us as individuals do
so.
I live in St. Petersburg, Florida—it’s on the west coast—and have
lived there since 1960. And I live downtown. My parents live in the
northeastern part of the city. We both live on the coast. So when
I drive to visit my parents, who, thank God, are still alive, I go
along the coast and I can see the difference in the sea level in the
bayou that they live on. And I have noticed it significantly greater
in the past 5 years. And I don’t think that’s just an anecdotal
thing. I think it’s a real thing.

You know, I previously served as Governor of my State, so I
would travel the whole State quite a bit. And whenever I would go
down to Miami, on Miami Beach in particular, there’s a road called
Alton Road. And Alton Road will flood when it’s not raining. And
I remember President Obama visiting south Florida and would talk
about that example of, you know, the climate changing, the rising
sea level. And so we Floridians get it because we’ve seen people
drown a lot. And we're witnessing that occurring, you know, so it
kind of freaks us out.

And, you know, it seems to me that we need to figure out a way
to sort of get off the dime. And I'm sure, given your illustrious pro-
fessions and dedication to what you study that it’s got to be frus-
trating for you as academics to not see a whole lot of action in this
area.



103

And I'm going to ask almost the same question but maybe in a
different way. What kind of advice can you give us—as hopefully
decent communicators to Americans—to motivate action?

Dr. MOON. So I want to reiterate Dr. Alley’s point in emphasizing
solutions. I had an opportunity to give a TEDx talk to my commu-
nity in January, and I emphasized the solution space of it. And I
had a friend then a month or two later sent me an article about
the U.N. report, which told you about all the horrible things that
are coming down the Pipeline for us. And she said is this true?
This seems really radical. And I said, yes, all the information in
there is true. And she said, you know, this hasn’t motivated me at
all, but your talk did.

So I want to emphasize that we need to be talking about solu-
tions. That’s motivation to people who don’t even necessarily think
about climate change because they wanted to be getting renewable
energy, becoming energy independent, which is something that we
can do with that sort of thing. The solution space is very inspiring.
As Americans, we have led, we have innovated, we have created
new paths for the world, and I think that we can convince people
that we can do that in this space as well because, in fact, we can
do that in this space.

And then the one other thing that I want to say in this area, too,
is that it’s about encouraging people to talk about this and come
together with each other, too. We simply don’t talk about this
enough. And if we talk about solutions, we can also think about
how we're directly helping people. I mean, in the last couple weeks
we've heard about hundreds of people being laid off from coal min-
ing jobs because of bankruptcies or other problems the—in decline
in coal. But if we’re thinking aggressively about moving forward,
we can think about how are we going to give these people other
jobs? How are we going to support them as we’re losing this indus-
try instead of just putting our head in the sand as we lose this in-
dustry, which is hurting people on both sides.

Mr. CristT. Well, if I could follow up, I have a little time left. In
speaking about the solutions, what are the most obvious ones to
you that you would be willing to share with us?

Dr. MooN. Well, I'll tell you, I'm a scientist, so in my per-
sonal—

Mr. CrisT. Thank God.

Dr. MOON. In my personal solution space, a lot of it is in commu-
nication. I don’t envy you as policymakers and having the much
more difficult job in discussing all of the elements, not just science,
that go into your policy decisions. And unfortunately, many of the
questions on those solutions lie on your desks. And I really would
love to see us depoliticizing climate change so that all of you can
spend your time discussing which of these solutions we’re going to
implement and how.

Mr. CrisT. Thank you very much. I yield back. Thank you,
Madam Chair.

Mrs. FLETCHER. Thank you, Mr. Crist. I'm going to recognize my-
self for 5 minutes, and then we’ll continue with the hearing. This
has been a really great panel, so I want to thank all of you for the
time that you've taken with us this morning. And I want to thank
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Ranking Member Lucas for holding the hearing. We’ve heard great
questions and great answers.

And there’s a lot that I'd love to cover, but, Dr. Moon, I want to
go back to something that you talked about in your opening. You
were talking about sea-level rise and sort of potential possible rise
levels. And you mentioned that it was going to be 2.5- to 3-feet po-
tentially in the next 80 years, and that number would be higher
on the Gulf Coast. As a Representative of Texas’ 7th congressional
District in Houston right off the Gulf Coast, that of course perked
up my ears. And I would love to learn more about why this is, what
is the best estimate for the Gulf Coast region? Certainly, all of our
eyes are on New Orleans right now. All of us are focused on the
impacts of hurricanes and overall sea-level rise on our coastline
and the Gulf Coast. And so part of the question is why is it and
also what can we do about it?

Dr. MoON. There are a variety of things that determine sea-level
rise in your local spot. So where we're losing ice on the Earth
makes a difference. You are going to be influenced differently by
losing ice in Antarctica than Greenland. There’s also the ways that
ocean currents and atmosphere currents move, pushes oceans one
way or another, and also what’s happening in your local region as
far as your land naturally rising or falling already. And that’s a—
land subsidence is something that we see broadly across the Gulf
Coast.

So there are these multiple different elements that all stack up
to make what you in your individual city are going to see as far
as sea-level rise. And it’s quite consistent that in the Gulf Coast
region we will be seeing substantially more than the global average
over the—since roughly 1960, many areas along the Gulf Coast
have already seen 8 inches or more, which is much more than the
global average during those periods.

Mrs. FLETCHER. Thank you. That’s helpful, helpful information.
And something that we do talk about a lot and we talk about resil-
ience and rebuilding a resilient infrastructure, there are a lot of
issues, and I think it is top of mind in a way that it might not be
for some other folks in terms of sea-level rise. But I think one con-
sistent theme I've heard from every witness today is that we need
more people doing the research, helping us get the information that
we want to know so that we can make smart policy decisions and
that we can know what we’re dealing with.

So I really want to put this out to the entire panel to talk about
how we are recruiting and training the next generation of
glaciologists and where there’s room for us to help. What kind of
policy can we implement here, what kinds of things can we do in
addition to funding that would be helpful for you, and for anyone
who wants to take that on and talk about what we can do to in-
crease that number from 1,400 to—and maybe what number you
think would be good overall.

Dr. BELL. Well, there are 13,000 people who are members AMS
just to give you an idea of what—who—and that’s the American
Meteorological Society, so who’s working and worrying about the
weather in the U.S. We have 13,000 people doing that, and we
have 1,400 around the globe doing ice. So numbers should be high-
er than 1,400. Let me give you an order of magnitude.
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What can we do? I think it’s partially making it so everybody can
talk about the science and back to Twila’s point about it not being
politicized and also making it so—I think we’re driving some of the
young talent from the field because it seems like it’s a hard place
to be, not because it’s hard to go to the field and see beautiful
places but because it’s hard because you’re under attack.

I think embracing science so we have within our communities
science-based, evidence-based planning for the future I think will
attract more people because young people want to make a dif-
ference in the world. And if they see there’s science, even if you're
studying how ice deforms and flows, is going to matter to what
happens in your district, that’s one way we can help attract it, by
working on—even by holding this hearing is huge, but by working
to ensure we have scientists intimately involved with developing
the policy on how we’re going to lead in the future.

Mrs. FLETCHER. Thank you. Would anyone else like to weigh in
on that?

Dr. PFEFFER. Yes, if I could add——

Mrs. FLETCHER. Dr. Pfeffer.

Dr. PFEFFER [continuing]. A couple of comments to this. I mean,
I think we’re suffering to a certain extent from sort of, you know,
the boiling frog syndrome of things changing around us at the mo-
ment at a rate which is, you know, gradual enough that we can
say, oh, you know, this is just sort of natural variability or I re-
member something like this happening 20 years ago. I think mak-
ing climate change generally a reality for people involved, somehow
bringing it out of sphere of scientists. You know, a news report will
say, OK, here’s a scientist in Antarctica who has done such-and-
such and thinks this, and then they show the picture of an icebreak
or something, which to the ordinary, you know, person on the
street, it looks like these scientists are on a different planet. It’s
all kind of removed from them and—in the hypothetical.

And somehow this link—and I think things like this hearing are
creating this link that’s not just scientists in this hypothetical
space discovering this thing which can only be detected through so-
phisticated measurements but that it’s actually happening in a way
that everybody is feeling, and it’s happening now. We’re no longer
waiting for the evidence that climate is changing. We've got it.
We've got buckets of it. And that boils down to communication.

And T've done a lot of public presentations. As was mentioned
earlier, I was involved in the movie “Chasing Ice” and have done
a lot of that kind of public communication both before and after,
and very often I get questions from people about, you know, what
can we do? And it can be very hard to answer that question, espe-
cially if theyre asking what can I do personally about climate
change because it just seems like such a big problem? And one of
the things that I do say to them is, you know, things like installing
fluorescent light bulbs and, you know, buying a more fuel-efficient
car doesn’t seem like much, but we did create the problem one air-
plane seat at a time, one car at a time, one truck at a time. And
the individual action does matter if everybody does it. And so re-
cruiting people to understand and accept that this is a reality is
sort of the first step.
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Mrs. FLETCHER. Thank you. I yield back my time, and I'm going
to recognize Mr. Tonko for 5 minutes, who will then close the hear-
ing. Thank you all very much for your time today.

Mr. ToNKO [presiding]. Thank you, Chair Fletcher, for what I
think is a very important hearing. Thank you to the panelists for
setting such a respectful tone for science, refreshing.

I represent New York’s 20th congressional District, upstate New
York, and it’s home to much innovative pioneering work, the topic
before us. At Union College in Schenectady, for example, Professor
Rodbell has been working for more than 30 years to document gla-
cier fluctuations in the Peruvian and Ecuadorian Andes. Professor
Rodbell and his students are conducting ongoing research on gla-
ciation in the Andes with a specific focus on determining rates of
current ice retreat compared to natural rates of ice retreat in the
geologic past.

At the University of Albany, Dr. Mathias Vuille, a professor in
the Department of Atmospheric and Environmental Sciences, is re-
searching climate impacts and glacier retreat in the tropical Andes.
In February of this year, Dr. Vuille testified in a public hearing
held by the New York State’s Senate Standing Committee on Envi-
ronmental Conservation. He noted that sea-level rise is resulting
from warming of the ocean and added water mass due to ice melt-
ing glaciers and ice sheets in Greenland and West Antarctica. He
noted in particular that sea-level rise is not equal everywhere and
sea-level rise in the mid-Atlantic and New England coasts are
much larger than the global average. He also emphasized that
since we have no glaciers in New York State, impacts can seem far
away and irrelevant, but glacial melt affects us nonetheless.

So, Dr. Bell, can you describe the indirect impacts of glacial and
ice sheet melt in States like New York that I represent that do not
have glaciers?

Dr. BELL. Well, thank you very much for that question. I'm also
from New York, so—and the ones I'm going to speak of are—actu-
ally the nice examples are in New York because—because of sea-
level rise, the number of people impacted by Sandy was signifi-
cantly larger because—because of that in New York it’s about 9
inches in the last hundred years the sea-level has—you can see the
record right from the Battery. And you can see how many more
homes were flooded, how many more people were impacted, and
today, we're seeing that those are the homes that are actually
being built up along the edge of the Hudson. It now looks like
you're in New Orleans. The homes are being elevated right there
in Haverstraw. You have homes that you could see in New Orleans.

So that’s the kind of impacts we're seeing. You're seeing that
we’ve had Sandy. We impacted far more people, tens of thousands
more people than we would have, and now we’re responding to it.

Mr. ToNkKO. Thank you for that. And what more can you tell us
about the uneven distribution of sea-level rise across our country?
What will sea-level rise look like, for example, on the East Coast
versus the West Coast or in New York City versus Washington,
D.C.? What are the wide-ranging impacts of sea-level rise?

Dr. BELL. The National Climate Assessment did a beautiful job
of laying out those variations and going through the different parts
of the U.S. and really explaining the difference. But briefly, each
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community has to worry about which ice sheet you’re close to. If
you’re close to an ice sheet, it turns out it doesn’t matter as much,
so for New England, Greenland—Antarctica matters way more
than Greenland, whereas the Representative from Florida is going
to see both Greenland and Antarctica full on. So there’s the prox-
imity.

Then there’s how close you are to ocean currents. That’s some of
the change we've seen in New England is the warming ocean has
impacted New England. And then the Representative from Virginia
is seeing the tremendous impacts of local subsidence around Nor-
folk because you've withdrawn water, so the land is going down at
4 millimeters a year. You add that onto the sea level going up, sud-
denly, you have a problem.

Mr. ToNKO. And to anyone on the panel, what mountainous re-
gions around the world are most at risk, and what adaptation
measures can be taken to avoid large flows of environmental refu-
gees?

Dr. PFEFFER. If I could——

Mr. ToNKoO. Yes, Dr. Pfeffer.

Dr. PFEFFER [continuing]. Address that, there are potential for
environmental refugees at sort of both ends of the hydrologic cycle.
Let’s discuss the Himalayas, for example. Earlier, I mentioned the
various geologic hazards that people in the immediate vicinity of
glaciers, these high valleys, high density of people in those valleys.
As we go downstream, there are people who are very dependent
upon runoff from those mountains for crop irrigation, so this goes
out of Nepal and into India. And then the people on the coast—and
Bangladesh is very often used as the example—that are at risk
from sea-level rise.

So everything from geologic hazards to changes in water supply
to sea-level rise, each one of those has a population which is put
at risk. And as far as mountainous regions where this really mat-
ters, certainly the Himalayas, also portions of South America, Alas-
ka is subject to certain risks, but the primary influences there I
think are going to be environmental on the changes in water and
immediately coastal effects.

But the people I think really in the Indian subcontinent, they're
at very high risk, and that is a global problem. It’s not just a prob-
lem for them, and I think that’s probably very clear.

Mr. ToNKO. Thank you. Thank you very much.

Look, that concludes, I believe, all who have chosen to ask the
witnesses any questions. Before I bring the hearing to a close, I do
want to thank this panel. Thank you so much as witnesses for tes-
tifying here before the Committee. And I want to thank both our
Chair and our Ranking Member for hosting this hearing.

The record will remain open for 2 weeks for additional state-
ments from the Members and for any additional questions the
Committee may ask of the witnesses. And we ask that you respond
as efficiently as possible.

And then finally, I will say the witnesses are excused, and the
hearing is now adjourned.

[Whereupon, at 12:24 p.m., the Committee was adjourned.]
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Submitted by Chairwoman Eddie Bernice Johnson

1. What is the biggest knowledge gap that is essential to fill to improve our projections of
Sfuture sea level rise due to glacial melt?

->The short answer, in my opinion, is that the biggest knowledge gap is the lack of
understanding needed to predict possible “tipping point” behavior of Thwaites Glacier, West
Antarctica and other such outlets that could rapidly and greatly raise sea level.

->The longer answer is that actionable results are most likely to be supplied from sustained,
integrated research that addresses the complex range of issues required to project future sea-level
rise due to glacial melt, including efforts to maintain and expand participation by young
scientists.

My written testimony briefly outlined the possible tipping-point behavior that could greatly and
rapidly raise sea level. An international effort, especially funded by the US National Science
Foundation (NSF) and the UK National Environment Research Council (NERC), with
contributions from other nations and agencies, is addressing this issue, but in my opinion is small
compared to the scale of the challenge and the potential cost of the sea-level rise if Thwaites
Glacier collapse proceeds rapidly. Iam happy to provide extensive information on this topic if
desired, with pointers to broad-based assessments of key unknowns and ways to address them,
with as much technical detail as needed. The Scambos et al. (2017) paper cited below is a useful
starting point. Simply put, the research community has considerable understanding of the known
and unknown unknowns that stand between us and the ability to project whether sea-level rise
under strong warming will be two feet, or three feet or four, or more than ten feet by the end of
the century, the community is working hard with the available resources, but resource limitations
are still reducing our ability to move forward. (I know this is self-serving—1I am a member of
that community, and various colleagues and I personally have benefitted from the resources
already made available—but I believe my assessment is accurate.)

More broadly, though, the key question of ice-sheet tipping points is inextricably coupled to a
larger research framework. Allow me to make a few points, which I believe reflect the insights
of the community, although I am presenting them as my opinions as an individual:

1) The solutions involve helping young people enter and remain in our field. 1am
privileged to teach, and so I get to speak to many young people who are interested in
helping their country and the world prepare for the future. These bright students can go
in any direction they want—they can conduct seismic surveys of great value to oil
companies, sift through “big data™ in ways that interest tech firms and banking
companies, write computer code that could be used almost anywhere in the economy, and
more, while communicating accurately and engagingly. Most of these young people will
go to industry, finance, and other parts of the economy, but a few of them want to work
in the climate-energy-economy nexus to extend our knowledge of climate change and use
that knowledge to help people, even though these students expect to take a pay cut
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compared to their other options. But, these students express grave doubts about the
wisdom of studying climate; they are not confident that the US government and other
funding sources are sufficiently committed to this area to support a career. (These reports
are anecdotal, and collected off-the-record so I cannot quote names and dates for you, but
I 'have heard these worries repeatedly.)

Our family just toured the amazing “Destination Moon: The Apollo 11 Mission” exhibit
from the Smithsonian Institution in partnership with The Museum of Flight in Seattle, a
wonderful testament to problem-solving and exploration. Many of the displays
highlighted the unsung heroes at home who were essential to the success of the moon
landing, including those in Houston: “When Apollo missions began flying in 1968,
Mission Control had become a magnet for the best and brightest young engineers in the
country.” Solving the problems of climate, energy and economy requires getting a few
more of today’s best and brightest scientists and engineers to help us now, not scaring
them away.

The solutions are broad-based. NSF is the US lead on studies of Thwaites Glacier now,
but the observational and scientific contributions of NASA are essential, ice-sheet
changes are tightly coupled to atmospheric and oceanic climate in ways that must involve
NOAA, the modeling capability of DOE is increasingly important, the US Army Corps of
Engineers has long contributed through their Cold Regions Research and Engineering
Lab, the Coast Guard icebreakers have been essential while the 109% Airlift Wing of the
New York Air National Guard provides heavy-lift aircraft for deep-field access on ice
sheets, and contributions of USGS, the National Park Service, and others are important
and can grow. Philanthropic funding has helped us in many ways, and we are deeply
grateful for that, but does not in any way replace the broad-based, publicly accountable
role of the US Government.

The known-knowns are important as well as the less-known or unknown unknowns of
tipping-point behavior. If tipping points are not crossed, important uncertainties still
remain about mountain glaciers, surface melting in Greenland, and more. The question,
below, from Congresswoman Lofgren highlights possible linkages between ice melt and
changes in ocean circulation, but those in turn will affect the pattern of sea-level rise by
changing the size and location of the places that winds and currents pile up water against
the shore or move water away. Coastal planners surely want to know whether they face
more than ten feet of sea-level rise or “just” three feet, but they also are very interested in
knowing whether that three feet could be two feet or four feet.

Research addressing the known-unknowns contributes to understanding the tipping points
of the big ice sheets. For example, those of us who started out working on the big ice
sheets have relied on work by many people including Professor Pfeffer on the behavior of
Alaskan tidewater glaciers; knowledge of the history and mechanisms of rapid ice retreat
in coastal locations informs our understanding of possible rapid retreat in Antarctica. For
various reasons, iceberg calving is often best studied on Greenland’s ice now. Better
ways to combine data and models, and continuing improvement in data collected through
and beneath the ice, are frontiers where much essential progress can be made.
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Again expressing my opinion, [ believe that if you pressed most members of the community to
pick a single research target, they would choose further research on ice-sheet tipping points. But,
I also believe that they would make that recommendation without enthusiasm, because they
understand the broad-based nature of the problem and the integrated approach needed to find
solutions, surely involving helping students as well as satellites and other research tools.

Scambos, T., R.E. Bell, R.B. Alley, S. Anandakrishnan, D.H. Bromwich, K. Brunt, K.
Christianson, T. Creyts, S. Das, R. DeConto, P. Dutrieux, H.A. Fricker, D. Holland, J.
MacGregor, B. Medley, J.P. Nicholas, D. Pollard, M.R. Siegfried, A. M. Smith, EJ, Steig, L.D.
Trusel, D.G. Vaughan, P.L. Yager. 2017. How Much, How Fast?: A Review and Science Plan
for Research on the Instability of Antarctica’s Thwaites Glacier in the 21st century. Global and
Planetary Change 153, 16-34.
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Submitted by Congresswoman Zoe Lofgren (AC-19)

1. Studies suggest that slower Atlantic Ocean circulation would cause colder winters and hotter
summers in Europe, change rainfall patterns in the tropics, and pool warmer water along the U.S.
East Coast which would contribute to sea level rise and more extreme storms. We’ve already
seen how warmer water off the East Coast fueled extremely destructive hurricanes like Hurricane
Maria and Superstorm Sandy.

a. How do melting glaciers affect ocean circulation, and to what extent is research exploring
this feedback loop?

The biggest role of melting glaciers is to raise sea level, flooding coasts and also potentially
increasing storm surges by putting deeper water closer to buildings along the shore. But, this
question does correctly identify a possible role for meltwater in ocean circulation. The most
important sites for such influence are in or near the polar regions, in the north Atlantic and in the
Southern Ocean, although changes are possible elsewhere.

Ocean circulation is driven in part by small differences in the saltiness of the water affecting the
water density, so adding meltwater can indeed affect circulation. The best-known concerns point
at the likelihood that freshwater added to the North Atlantic is slowing the rate at which water
sinks to the depths there, affecting weather, climate, ecosystems and more. We are moderately
confident that there will not be large, rapid and catastrophic changes, but important uncertainties
remain despite rapid progress. Key monitoring and research are in place moving forward, but
the ocean and the ice are changing rapidly and may get ahead of our learning, so | believe that
additional research could be justified strongly, involving data collection today, model-data
integration, and further work on the history of this complex and critical system.

Recent attention has focused on related changes in the Southern Ocean. Observational advances
have shown us how much we don’t know, and more clearly illustrated how tightly coupled the
ice, ocean, air and ecosystems are in that vast ocean around Antarctica. Accelerating flow and
melting of the Antarctic ice sheet dumping water and icebergs into the Southern Ocean could
actually slow warming or cause cooling at the surface far to the south, but allow warmer waters
beneath to reach the ice sheet and drive faster melting and ice loss, perhaps crossing the
threshold for a tipping point. Deep uncertainty is attached to this possibility, with much research
needed to project how this will evolve in a warming world. Again, sustained observations of
ongoing changes, data-model integration, and studies of climate history can move understanding
forward.

b. Dr. Alley, in your testimony, you discuss how ice sheet melt is causing Earth’s rotation to
slow down very slightly and likens it to a spinning ice skater sticking out her arms. What are the
implications of a slower rotation of the Earth?

The direct implications of changing Earth rotation are relatively small, but the science is
important. Experts maintaining precise time must relate our noon-midnight timekeeping on a
world with slowing rotation to the exact passage of time, and so must account for changes in the
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length of the day, but the technical means of doing so are well-known and functional. The
detailed pattern of sea-level rise is actually affected a little by the changes in Earth’s rotation,
and that effect must be included in projecting future sea-level rise; this is broadly functional,
although ongoing research can improve the results.

The point I hoped to make by introducing this topic in my testimony is related to just how much
effort the scientific community puts into getting the right answers, how strongly interwoven the
threads of knowledge are, and thus how reliable the results are that the community brings
forward through assessments to policymakers such as yourself and your Committee.
Measurements of growth or shrinkage of ice sheets are made by repeatedly weighing the ice
sheets using satellites, by watching the surface elevation of the ice sheets change, and by
comparing the snow added and the ice lost by melting and iceberg calving. These measurements
agree within the known uncertainties of the measurements, and together give very high
confidence that the ice sheets are losing mass. The water from this ice loss goes into the ocean,
and the rise of sea level is what is expected from loss of mountain glaciers and ice sheets
together with expansion of the ocean as it warms, providing a further check on the different
measurement techniques. But, these also make predictions about changes in Earth’s rotation, and
when scientists check, these predictions are borne out—the different measurement techniques
agree with each other, with the measured sea-level rise, and with the changes in Earth’s rotation.
We have even looked back in time at the record of eclipses as observed by past civilizations
because the changing length of day affects those observations, confirming our understanding of
the history of sea-level rise and the recent acceleration as human-caused warming melts ice.

You may occasionally hear some critic dismissing scientific knowledge as being uncertain and
unreliable. Earth’s rotational change is one of many examples showing that the scientific results
are confident and reliable. When the scientific community brings forward to policymakers
assessed results through the National Academies of Sciences, Engineering and Medicine, or the
Intergovernmental Panel on Climate Change, those results rest on an interwoven fabric of
evidence, such that even if a weakness were found in one thread, the fabric would remain intact.
The occasional caricature of science as resting on one study or one investigator is simply wrong.
If Einstein were erased from history our understanding of relativity would not change because so
much knowledge has accumulated; we celebrate the pioneers, but rely on their insights only after
extensive testing followed by assessment. The reliability of climate science never rests on one
study or one scientist but instead on multiple strong lines of evidence.
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Responses by Dr. Robin E. Bell
Response to Supplementary Questions: Glacier Melt Hearing Prof. Robin Elizabeth Bell
August 8, 2019

Chairwoman Johnson Question 1 You have described how the work of understanding changing
ice and glacier meit is spread across multiple agencies. Is this effective and if not what changes
would you recommend?

The federal work on changing ice and glacier melt and its impacts is spread across multiple
agencies. The scope of this impressive work ranges from fundamental research on how ice sheets
work {NSF and NASA), to earth observations from space of how the ice is changing (NASA), to
building models that will forecast future change (NSF, DOE, NASA}. But the changing ice does not
stay at the poles as documented by measurements spanning over a century (NOAA) and decades
{NASA). The impacts of glacial melt and changing ice are being observed and quantified along our
changing coastlines by the USGS. Simultaneously states, counties, municipalities and many
branches of the Federal government including the Army Corps of Engineers, National Park
Service, USDA, and Department of Defense, are dealing with the consequences. All these
stakeholders are looking to the glacial scientific community for information and projections to
help them plan. The National Climate Assessment provides a snapshot of sea level projections
and some of what has been done in communities and is a very important resource, but there is
no comprehensive plan on how our nation will respond to glacial melt and its impacts on
communities.

Now is the time to act. We must develop a strategy to link the rich glacial melt research underway
with the needs of the nation especially the agencies and communities now facing accelerating
change. A plan on how to holistically bridge this gap is essential. The scientific community knows
improving our projections of future ice will melt is essential but a gap still remains between the
changing ice community and the changing coastline community. This gap is between global
projections and what local communities need to build effective responses. Different
communities have different needs. We must develop a plan to respond to changing sea level in
the coming century even as we work to constrain the actual numbers. Preparing for sea level rise
is like preparing for an earthquake. Our communities benefit greatly from planning before an
earthquake even if we do not know exactly when the earthquake will come or how large it will
be. Melting glaciers, changing ice and changing coastline require the same planning. 1 believe it
is absolutely essential to create a better framework to prepare the change we know is coming. A
major study by the National Academies of Sciences, Engineering, and Medicine linking effective
preparations for changing sea level with the science of the changing ice, warming oceans and
changing coastlines could help identify gaps in our knowledge and build synergies that will better
prepare communities at risk. A study would encompass an inventory of the existing programs,
strategies for response, and develop frameworks for communities, agencies and individuals to
respond. This study would strengthen the connectivity among the experts working all the facets
of the issue to those responsible for planning and mitigation efforts. Such a study would build
on the recent National Climate Assessment and strengthen the next. A congressional
recommendation for an Academy study to develop a robust response to changing ice and
changing coastlines would be a major service to all.
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Chairwoman Johnson Question2  Does the National Climate Assessment play a role in
preparing our coastal communities for the impacts of glacial melt we can anticipate in the coming
decades and if so what is that role?

Every four years, the National Climate Assessment presents the state of the art of the science
behind sea level rise in the climate science section and evaluates the impacts and adaptation
both across sectors and for all the regions of the U.S. it is an illustration of how the science and
our communities can work together to quantify the risks to changing climate and share impacts
and responses. This structured national process is as essential to planning for our future as is the
census — the Founding Father's just has not considered climate change yet. With this structured
review of the science agencies, communities, and individuals have an opportunity to understand
what is happening, how it is impacting communities and what sort of solutions are being
developed. A remarkable resource, the National Climate Assessment plays an important role in
making it identifying the impacts of climate with detail and clarity.

Chairwoman Johnson Question3  What is the biggest knowledge gap that is essential to
improve our projections of future sea level rise due to glacial meit?

The biggest gap that is essential to improve our predictions of future sea level rise is our
knowledge of how Antarctica will change in the future. We know where it is changing most
quickly, and we see recently accelerating hot spots. What we do not know is how the warming
ocean is reaching the ice — the trigger that has started the speedup — and we do not know what
will happen when the air warms up and the surface of Antarctica begins to look like Greenland.
Antarctica impacts the most people in the U.S. and globally, and it the biggest wild card in our
sea level rise projections. Addressing these questions will require major focused fieldwork and
probably large scale international collaborations. Antarctica is simply hard to work in. it is big,
cold and remote. Even though it is warming quickly it is still inhospitable and a challenging place
to work.

Chairwoman Johnson Question4  Given the understanding that sea levels will be different for
each community due to gravitation fingerprinting and other local factors, how do you think we
can make personal for communities the connections between global changes in ice with the
chonges we will see here in the U.S. and around the globe?

When | began to realize how complex sea level rise it struck me that it was essential to move past
making isolated statements of sea level rise from individual ice sheets or even a global mean.
Who knew how complex and beautiful our planet could be? Communities need to know
everything from where the ice is melting, to whether their region is sinking or rising and how the
ocean is warming. An effective approach can frame how sea level has changed in the past,
considering what range of change a community will see in the future and will look at the assets
close to sea level. It is essential to convey that we can develop a plan, work to minimize the
change and mitigate the uncertainties and surprises around sea level rise.



118

Chairwoman Johnson Question 5 In your research field, what is the importance of convergent
research? How will it help the U.S. address glacial meit and foster resilience in our coastal
communities?

Convergent science emerged from the biomedical science where advances on complex problems
are only possible with a broad team of experts working closely together. The ROSETTA-ice team
working on Antarctica’s Ross Ice Shelf, which 1 lead, illustrates the power of the convergent
approach. The ROSETTA-ice team of geologists, geophysicists, oceanographers, atmospheric
scientists, engineers and glaciologists produced novel insights because it brought such diverse
expertise to the table. The team discovered that the geologic framework of the Ross Sea is
preventing warm ocean water from reaching the grounding line of the ice shelf but discovered
the sensitivity to change is at the ice shelf front where local winds can bring in heat. The next 100
years must focus on convergent collaborations to advance our understanding on how ice sheets
change. This type of science is hard. it is easier to look at a problem from the safe base of your
knowledge but reaching across disciplines can be rewarding and provide key insights. Our earth
and the ice our planet does not care about disciplines. More broadly convergent changing ice
research will link the changing ice in the poles to our impacted coastlines and communities.
Connecting our understanding of changing ice to changing coastlines is beginning but must
expand in the coming decade. Each community will need an individual projection that includes
ocean warming, melting ice, changing land levels and coastal dynamics. It is essential that we
educate next generation convergent changing ice and changing coastlines scientists. This
convergent workforce will actively engage with the entire breadth of scientists, engineers, social
scientists and policymakers who are essential to providing communities with the information
they need to plan their infrastructure investments and land use in the coming century

Congresswoman Hill Question 1a  Dr. Bell can you expand on your role as Chair of the National
Academies review of the National Climate Assessment?

Peer-review of science is one of the gold standards of the modern scientific process. | served as
the chair of a panel of 16 experts who, through the National Academies of Sciences, peer-
reviewed the National Climate Assessment. | lead the committee through the process of
reviewing all the chapters and identifying issues within the document. As we reviewed the report
we considered whether the information was broadly accurate and represented the current state
of understanding at a level that would inform decision-making and be accessible to a broad, non-
technical audience.

The National Climate Assessment is a key document that communicates how climate change is
occurring in our backyards and, that together with strategies informed by research, our
communities can be resilient. In addition to sea level rise, the report covers human health and
community well-being, the built environment, businesses and economies, ecosystems and
natural resources, Hundreds of experts from federal, state, and local governments, academia,
non-government organizations, and the private sector assembled the report. The Assessment
process also gathers from community engagement events and public comment. By bringing
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together such a deep array of perspectives on climate change impacts and resilience, the effort
represents a tremendous large-scale collaboration. Because the climate change report highlights
adaptation and mitigation efforts, it serves as a valuable resource for many. We delivered our
report (that itself was peer reviewed through the National Academy process) to the National
Climate Assessment team and they addressed the issues we raised. We did ask they increase
discussion of of adaptation and mitigation efforts emerging as these are critical to communities
as they address the change.

Reading the 1500 pages on the impact of the climate on our country, from the Virgin Islands to
the Pacific territories, gave me and the committee a profound understanding of the scope of
climate change that our nation is already experiencing. Melting glaciers and changing sea level
is one of the strongest signals of the change across the U.S. but the change is right in our
backyards.

Congresswoman Hill Question 1b What is the importance of this document to understanding
the consensus in this field?

The National Climate Assessment provides both the state-of-the art science across the U.S. and
its territories and a detailed tracing of the source of the information. The National Climate
Assessment presentation of the data (such as temperature change) is at such a detailed level it is
possible to see how much temperature has changed in individual communities. Some news
outiets have developed useful ways to look up change in their community by entering a zip code.
Here we are seeing the sharing of the NCAA again and again. The document not only
demonstrates the consensus of scientific knowledge but also allows citizens to see where they
and their communities fit into the patchwork of change and impacts

Congresswoman Hill Question 1c What is its importance to our understanding of climate
science and its effects on society more broadly?

The National Climate Assessment is a very powerful process that brings together climate experts,

the state of the art data and projections to communities who are both witnessing and planning
for this change. Breaking out the impacts and adaptations by region is a powerful tool for
communities and citizens to understand how climate change is evolving around them. Often
individuals have a difficult time visualizing the change greenhouse gases (invisible) and a
relatively small temperature rise can mean. However, the evidence of the longer growing
seasons—up to 40 days longer in California—is a powerful way to advance the understanding of
climate impacts. People’s daffodils and crocuses are coming up sooner in the spring and their
tomatoes and basil are lasting longer in the fall. Seed companies have remapped hardiness zones
in their catalogues. Climate change is effecting what fish people pull from the ocean, because
cold loving fish shift north in the Atlantic while in the Gulf of Mexico cold loving fish are being
replaced by warmer {less tasty} species. The National Climate Assessment documents how
climate change is impacting local communities from the plants they grow to the take at the end
of their fishing lines. No other efforts document local effects comprehensively. This process
enables communities to understand the change and begin to develop resilience plans.
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Responses by Dr. Twila A. Moon

Questions for the record for the
House Committee on Science, Space, and Technology
for the hearing on
Earth’s Thermometers: Glacial and lce Sheet Melt in a Changing Climate
provided on August 2, 2019 by

Twila Moon, PhD
Research Scientist
National Snow and Ice Data Center
Cooperative Institute for Research in Environmental Sciences
University of Colorado Boulder

Question 1) Given the importance of glacial meltwater as a freshwater supply for certain
animals and plants, such as salmon in the Pacific Northwest, what are the implications of
increased glacial melt rates to these species and ecosystems?

Response:

As the climate warms, glacier melt is increasing. in a glacierized basin, glacier melt makes up
some percentage of the stream and river flow, with that contribution changing through the
seasons and depending on weather conditions. As the glaciers begins to melt more, there can
initially be an increase in glacier melt input (potentially lasting across many years). However, as
the glacier area continues to decline, there is less ice remaining to melt and glacier runoff will
decrease. The result is that ecosystems must respond to complex variability that can include
both increases and decreases in glacier meltwater input, influencing for example temperature,
turbidity, and total stream flow amount.

The implications of increased glacial melt for salmon, other species, and the ecosystems they
depend on varies by location and in some cases is not known at all. For example, in the Pacific
coastal temperate rainforest of Alaska, scientists foresee possible positive and negative
consequences. Streams in this area with particularly high glacier meltwater content can be too
cold for salmon rearing and overwintering. So reduction in glacier melt in some streams may
make them better salmon habitat. However, water temperatures that are too warm in the
summer because glacier melt input has dropped too low may hurt salmon productivity. it may
be that different salmon species are helped or hurt by glacier loss in specific locations. Further
discussion of the Pacific coastal temperate rainforest ecosystem and connections between
ecosystem and glacier loss can be found in O'Neel et al. (2015). For many other locations, the
impacts of losing glacier ice are more clearly negative. For example, the meltwater stonefly
Lednia tumana, which is endemic to Waterton-Glacier International Peace Park in Canada and
the U.S. and has been petitioned for listing under the U.S. Endangered Species Act, livesin a
restricted range near glaciers, snowfield, and springs, and changes in habitat from glacier loss -
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including increasing water temperatures, changes in the timing and amount of glacial
meltwater input, changes in dissolved oxygen levels, and alteration of stream flow character —
are expected to negatively impact this species (e.g., Muhifeld et al. 2011). Reductions in
ecosystem health in the base of the food chain is likely to negatively impact other dependent
species.

Overall, however, it is my assessment that research into links between glacier loss and
dependent plants, animals, and ecosystems is limited. This is particularly worrisome given that
glaciers are changing rapidly in parallel with other potentially large changes, such as increased
temperature and changing precipitation. It is likely that multiple climate impacts will be at play
in any given ecosystem, and it will be important for research to consider connections across
human, biological, and physical systems.
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Question 2) Local communities that rely on glacial streams for water for drinking, industry, or
agriculture may be impacted by drought in the future as glacial runoff diminishes, What are the
impacts of melting glaciers on local and global drinking water supplies in the U.S. and around
the world?

Response:

There is no doubt that worldwide loss of glacier ice will impact water supplies around the globe.
First, as mentioned above, it is important to recognize that increasing glacier melt can produce
both an initial bump in water availability and a subsequent, long-lasting decline. Glacier
meltwater is also most available during summer, when air temperatures are above freezing,
and is therefore particularly important as a water source from spring through fall.

Depending on the local or regional environment, glacier melt can be vital as a source for
drinking water, irrigation and agricultural water, and hydropower and other industry. For
example, in south Asia (including Pakistan, Afghanistan, Tajikistan, Turkmenistan, Uzbekistan,
and Kyrgyzstan), 800 million people depend on water resources served by Himalayan glaciers.
The role of glacier melt in this area is particularly strong during drought years, when glacier
melt offsets the low water input from rain. Projected future declines in glacier area across the
Himalaya will impact water availability, adding another stressor to a region that already
grapples with geopolitical tensions (for a full discussion of this case study see Pritchard {2019)).
These challenges are not unique to south Asia {e.g., Carrey et al. 2017). In South America,
glaciers provide valuable water resources for many countries. In Bolivia, for example, the
capital city of La Paz is growing rapidly, but is also dependent on water resources that include
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substantial glacier meltwater. During 1963-2006, glaciers contributed 14% of La Paz's water
resources in the wet season and 27% in the dry season. While increased glacier melt during the
latter period of this 1963-2006 record had so far offset the loss of 50% of the glacier area,
eventual complete loss of the region’s glaciers will cause a 9% reduction in total runoff during
wet seasons and 24% reduction during the dry season (for further discussion on this case study
see Soruco et al. (2015)). Even in the United States, glacier meltwater can be an important local
source of runoff, for example in the Pacific Northwest (Nolin et al. 2010). It is my personal
opinion, however, that the wide-ranging impacts of glacier loss within the United States are
understudied.

References:

Carey, M., 0. C. Molden, M. B. Rasmussen, M. Jackson, A. W. Nolin, and B. G. Mark (2017),
Impacts of Glacier Recession and Declining Meltwater on Mountain Societies, Annals of the
American Association of Geographers, 107(2), 350-359, doi:10.1080/24694452.2016.1243039.

Nolin, A. W,, Phillippe, J., Jefferson, A., and Lewis, S. L. (2010}, Present-day and future
contributions of glacier runoff to summertime flows in a Pacific Northwest watershed:
implications for water resources, Water Resour. Res., 46, W12509,
doi:10.1029/2009WR008968.

Pritchard, H. D. (2019), Asia’s shrinking glaciers protect Jarge populations from drought stress,
Nature, 1-20, doi:10.1038/s41586-019-1240-1.

Soruco, A, Vincent, C., Rabatel, A,, Francou, B., Thibert, E., Sicart, 1., & Condom, T. {2015},
Contribution of glacier runoff to water resources of La Paz city, Bolivia (16° $), Annals of
Glaciology, 56(70), 147-154, doi:10.3189/2015A0G70A001.



123

Responses by Dr. Gabriel J. Wolken
The Impacts of Glacier Change in Alaska

Testimony of

Gabriel J. Wolken
Alaska Division of Geological & Geophysical Surveys
and University of Alaska Fairbanks

For the hearing entitled

Earth’s Thermometers:
Glacial and Ice Sheet Melt in a Changing Climate

Before the

Committee on Science, Space, and Technology
United States House of Representatives
Room 2318, Rayburn House Office Building

11 July 2019



124

Questions for the Record

1. Given that Alaska has the highest number of glaciers out of any state in the
United States and those glaciers are melting at substantial rates, what are the
projected economic impacts of glacial melt to Alaska’s economy, and does the
state of Alaska have any adaptation or mitigation strategies for addressing
loss of its glaciers?

Response;

The rapid and sustained melting of glaciers in Alaska will negatively impact
Alaska’s economy.

As glaciers in Alaska continue to lose mass, a rise in sea level will lead to
more lowland flooding and coastal erosion that damages or destroys
infrastructure, threatens public safety, security and livelihoods, and
increases the financial pressure on economies at all levels.

By the end of this century, glaciers in Alaska are projected to lose about 30-
50% of their current total mass. This will have a large negative impact on
runoff volume, modifying the chemical composition and decreasing the
temperature of many of the streams that support key fisheries, including
salmon, and the billion dollar fishing industry on which many Alaskans
depend. Changes in runoff will also affect hydropower production. As glacier
mass loss continues, the storage capacity of snow and ice will eventually
diminish, which is projected to have significant impacts on future water
resource availability, even in basins with low glacier coverage. This will lead
to an economic burden on the communities in Alaska that currently rely on
hydropower generation from glacierized catchments.

Alaska’s tourism industry may also be negatively impacted by continued
glacier mass loss. Tourism in Alaska is a key economic sector that supports
one out of every ten jobs in the state, delivers 1.5 billion dollars in labor
income, and has an economic impact of 4.5 billion dollars. Recent glacier
retreat has already been significant in Alaska, making it more difficult for
tourists to access glaciers using Alaska’s road system, and tourism operators
are being forced to modify the manner in which their clients experience
glaciers.

Few adaptation and mitigation strategies have been implemented, or
developed for addressing the impacts of glacier melt in Alaska. The State of
Alaska, and some municipalities, have updated the language in their hazard
mitigation plans to include glacier-related hazards associated with continued
glacier mass loss, and exposure to extreme runoff events. Some communities
are experiencing the impacts in a very direct way. For instance, the City of
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Valdez has spent nearly 6 million dollars in adaptation responses to glacier
lake outburst floods resulting from the rapid retreat of Valdez Glacier. In
other parts of Alaska, lowland flooding and coastal erosion, resulting in part
from rising sea level, are forcing communities and governments to evaluate
their adaptive capacities to these rapidly changing conditions; in some
locations, relocation is the only option.

Alaska will continue to experience the effects of climate change more than
most states in the U.S. because of its high northern latitude location and
abundance of snow, ice and permafrost. Alaska is warming at twice the rate
as the rest of the U.S, and rapid changes in the snow, ice, and permafrost will
increase the occurrence, and likely the magnitude, of hazards throughout the
state {e.g., avalanches, floods, erosion, slope instability, glacier collapses, and
glacier lake outburst floods). If these hazards are not properly assessed and
monitored, and if the appropriate adaptive measures are not considered,
these cryosphere hazards will have a damaging effect on Alaska’s
communities and infrastructure, as well as on the security and livelihoods of
Alaskans.
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Response to question from Rep. J. McNerney (CA-09): “You mentioned in your testimony the fact that
the Arctic gyre is known lo trap air. Can you describe how this phenomenon would impact climate
interventions, such as the injection of cloud aerosols, in the Arctic, and vice versa?”

My expertise does not extend to arctic climate dynamics and especially not to questions of
geoengineering, but | can provide some background to your question and suggest other researchers who
are expert in these areas.

The presence of a circumpolar closed low-pressure system has been known since the 19" century, but
the presence and significance of an upper-level (upper tropospheric — stratospheric) cyclonic circulation
was not detected until the mid-1950s when high-altitude weather reconnaissance missions were flown
from Alaska into the high Arctic (Shaw, 1995). Later analysis of data acquired during these flights help to
identify the mechanism responsible for “Arctic Haze,” episodes of reduced visibility in the arctic first
described early in the mid-18" century, at the outset of the industrial revolution. This haze is caused by
scattering and attenuation of light by small aerosol particles, and from the work of Shaw and others has
been shown to originate predominantly from high-latitude coal burning industries in Eurasia. The 1995
Shaw paper (PDF copies of this and other papers accompanies this response) gives a good summary
overview of the Arctic Haze phenomenon and what it reveals about arctic atmospheric circulation.

Regarding the climate-change implications of arctic atmospheric circulation, probably the most important
aspect is the changing strength, position, and mobility of the upper level arctic jet and its effects on mid-
latitude weather and climate.

The Science Behind the Polar Vortex

The polar vortex is a large area of low pressure and cold air surrounding the Earth's North and South poles, The tesm vortex refers to the
counterclockwise flow of air that helps keep the colder air close to the poles {left globe). Often during wi in the Northerm i
the polar vortex will become less stable and expand, sending cold Arctic air southward over the United States with the jet stream {right glabe),
The polar vortex is nothing new — in fact, it's thought that the term first appeared in an 1853 issue of £, Littells Living Age.

stable wavy
P"’?V polay
&

strong jet
weak jot
straam

Alr pressure and winds
around the Arctic switch between
these two phases {Arctic Oscitlation)
and contibute to winter weather patterns,

The arctic jet is an upper level band of strong westerly wind that separates the cold arctic air mass to the
north from the warmer mid-latitude air to the south (see the accompanying graphic). The jet does not
move in a simple circular pattern from west to east at a fixed latitude (as shown in the “stable polar vortex”
in the graphic), but wanders in a looping pattern (as shown in the “wavy polar vortex” in the graphic).
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These looping waves tend to wander about fixed average positions on various time scales ranging from
synoptic (i.e. weather systems) to seasonal (winter vs. summer), but also appear to be moving and
weakening in response to climate change forcings. Seasonal changes in the position of the polar jet
cause familiar regular changes in seasonal climate (e.g. in New England, the transition from hot/humid
weather in July to cool/dry weather in August), while snoptic-scale changes cause other familiar
phenomena like cold incursions into the Midwest in the winter (the “Alberta Clipper”). Recent anomalous
events like the January 2019 cold outbreak in central USA are manifestations of a polar jet changing in
new and unexpected patterns. Climate change appears o be altering the dynamics of the arctic jet (and
arctic circulation generally), and more anomalous weather and seasonal patterns may be expected in the
future. | have included some papers covering this issue(Chen et al, 2914; Zhang et al; 2016), and
recommend Dr. Jennifer Francis (Woods Hole Institute) as an expert in this subject.

1 can offer no general information or advice regarding geoengineering and arctic climate beyond noting
that geoengineering approaches are being discussed (see Caldeira and Wood, 2008; and Dykema et al,
2014). 1 recommend Prof. Alan Robock (Rutgers University) as an expert in this subject.

Further reading:

Arctic Haze entry in Wikipedia (https://en.wikipedia.org/wiki/Arctic haze)
Recommended Experts:

Arctic climate and polar vortex: Dr. Jennifer Francis, Woods Hole Research Center, Woods Hole, MA
(ifrancis@whrc.org)

Geoengineering: Prof. Alan Robock..Rutgers University (robock@envsci.rutgers.edu)
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Abstract Black carbon (BC} is derived from the incomplete combustion of biomass and fossil fuels and can
enhance glacial recession when deposited on snow and ice surfaces. Here we explore the influence of
environmental conditions and the proximity to anthropogenic sources on the concentration and
composition of dissolved black carbon (DBQ), as d by & lycaroxylic acid {BPCA) markers,
across snow, lakes, and streams from the global cryosphere. Data are presented from Antarctica, the Arctic,
and high alpine regions of the Himalayas, Rockies, Andes, and Alps. DBC concentrations spanned from

0.62 pg/t to 170 pg/L. The median and (2.5, 97.5) quantiles in the pristine samples were 1.8 pg/L (0.62, 12),
and nonpristine samples were 21 ug/L. (1.6, 170). DBC is susceptible to photodegradation when exposed to
solar radiation. This process leads to a less condensed BPCA signature. In general, DBC across the data set was
composed of less polycondensed DBC. However, DBC from the Greenland ice Sheet {GRIS) had a highly
condensed BPCA molecular signature. This could be due to recent deposition of BC from Canadian wildfires.
Variation in DBC appears to be driven by a combination of photochemical processing and the source
combustion conditions under which the DBC was formed. Overall, DBC was found to persist across the global
cryosphere in both pristine and nonpristine snow and surface waters. The high concentration of DBC
measured in supraglacial melt on the GRIS suggests that DBC can be mobilized across ice surfaces. This is
significant because these processes may jointly exacerbate surface albedo reduction in the cryosphere.

Plain Language Summary Here we present dissolved black carbon (DBC) results for snow and
glacial melt systems in Antarctica, the Arctic, and high alpine regions of the Himalayas, Rockies, Andes, and
Alps. Across the global cryosphere, DBC composition appears to be a result of photocherical processes
occurring en route in the atmosphere or in situ on the snow or ice surface, as well as the combustion
conditions under which the DBC was formed. We show that samples from the Greenland Ice Sheet (GRIS)
have a distinct molecular chemical signature, consistent with deposition of BC from Canadian wildfires
occurring the week before sampling. The concentration range observed in this global cryosphere study
indicates significant amounts of DBC persist in both pristine and human-impacted snow and glacial
meltwater. Our results are significant for understanding the controls on meltwater production from glaciers
worldwide and the feedbacks between combustion sources, wildfires, and the global cryosphere. Wildfires
are predicted to increase due to climate change, and atbedo cannibalism is already influencing meltwater
generation on the GRIS. Anticipated longer summer meit seasons as a result of climate change may resuit in
ionger durations between snowfalls, enhancing exposure of recalcitrant DBC on snow/ice surfaces, which
could further exacerbate surface albedo reduction in the cryosphere.

1. Introduction

Many inherent challenges remain in quantifying and predicting melt of polar ice sheets and glaciers. In
particular, the complex influence of light-absorbing aerosols is not well understood [Bond et al, 2013].
Biomass burning and fossil fuel combustion are both sources of black carbon (BC) to the cryosphere
{Feflman et al, 2015]. Organic matter from these sources can be stored in glaciers for millennia [Hood et al,
2009, 2015; Stubbins et al, 2012a} and mobilized during glacial melting [Hodson, 2014], A study on the
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Greenland Ice Sheet (GRIS) attributed two widespread melting events (1889 and 2012) to BC produced from
Northern Hemisphere wildfires {Keegan et al, 20141, This attribution was based on higher BC and ammonia
concentrations in ice lenses in firn cores, along with air mass back trajectory analysis; however, direct chemi-
cal characterization of the BC was not obtained. Once deposited, BC aerosols can be solubilized and trans-
ported in the aqueous phase as dissolved black carbon (DBC) [Dittmar, 2008]. In Alaskan glacier rivers, DBC
was interpreted as being sourced from atmospheric deposition of anthropogenic combustion products
{Ding et al, 2014a). In Antarctica, DBC from wildfires in preindustrial eras has accumulated over millennia
in the saline bottom waters of closed-basin lakes; the DBC in the bottom waters has a more polycondensed
chemical signature in comparison to DBC in surface waters susceptible to influence from current local anthro~
pogenic point sources of BC [Khan et al,, 2016]. Therefore, atmospheric deposition of both natural and anthro-
pogenic BC aerosols represents an important source of DBC to remote areas of the cryosphere.

DBC is quantified and characterized using the benzenepolycarboxylic acid (BPCA) method, which produces
individual BPCA molecular markers upon the oxidation of condensed aromatic structures [Dittmar, 2008].
The condensed aromaticity of DBC can be inferred from the relative proportion of produced BPCAs
[Schneider et al, 2010; Abiven et af,, 2011]. The degree of aromatic condensation for particulate BC is primarily
a function of pyrolysis temperature, and finks between BPCA composition and pyrogenic source are not
always clear [e.g., Schneider et al., 2010; Mcbeath et al., 2013a, 2013b; Wiedenmeyer et al,, 2015, In addition,
DBC molecular signatures are altered via photodegradation, either en route or in sity, changing BPCA com-
position and obscuring potential links to its pyrogenic source [Schneider et al, 2010; Ziolkowski and Druffel,
2010; Stubbins et al, 2012b; Ward et al, 2014]. Although BPCA composition cannot be used to directly infer
the pyrogenic source of DBC, we can use them to investigate potential biogeochemical drivers of the quality
of DBC which persists in cryospheric environments. in this study, we hypothesize that a more condensed DBC
signature will be characteristic of samples for sites with freshly deposited BC and limited time for photode-
gradation, while DBC enrichment in less condensed aromatics will be characteristic for sites where the DBC
may have been exposed to solar radiation for long durations of time either in the atmosphere or on the
snow/ice surface. In terms of sites with freshly deposited BC, we investigated sites on the GRIS where collec-
tion occurred shortly after Canadian wildfires. We also investigated sites where continuous inputs of local
anthropogenic sources of BC may lead to a fresher signature. In addition to the GRIS, an area known to be
impacted by wildfire-derived pyrogenic carbon, we included ather polar regions with high solar exposure,
which are exposed to continuous sunlight almost 4 months per year, as weli as high-altitude mountain sites,
Sampting locations in this study are largely remote, experience extended lengths of sunlight exposure, and
receive diverse inputs of atmospheric BC from both natural and anthropogenic combustion sources. As such,
our overall hypothesis is that in the cryosphere, degradative processing during DBC transit in the environ-
ment, as well as the combustion conditions under which the DBC was formed, are important drivers of the
DBC BPCA profite across the cryosphere.

Here we assess variation in DBC content and composition in samples that represent the typical global
cryosphere, as well as sites with known local sources of DBC (Figure 1: map). Data are presented from glacial
melt systems in Antarctica, the Arctic (GRIS and Svalbard), and high alpine regions of the Himalayas, Rocky
Mountains, Andes, and Alps. Snow sampiles are from the Rocky and Andes Mountains, as well as the Arctic,
Samples from the Norwegian Arctic were collected on Svalbard, including around an active coalmine and
coal burning power plant, fueling the largest settlement, Longyearbyen. Sites are categorized as “pristine”
{P; >5 km from a fuel combustion source} and “nonpristine” (NP; <5 km from a fuel combustion source).
To support the interpretation of the GRIS results, we determined biomass burning smoke aerosol optical
thickness (AOT) and air mass transport from the Navy Aerosol Analysis and Prediction System (NAAPS) over
several days in the week before the samples were collected.

2. Methods

Water samples were obtained that represent the diverse aquatic environments of the cryosphere. The
lakes and streams sampled include supraglacial systems found on the surface of glaciers, systems fed
directly by glacial melt and/or snow melt, as well as proglacial lakes, which form at the tongue of glaciers.
There are also surface water ponds included from the McMurdo Dry Valleys (MDVs), including DL-Hoare
Pond (DLH Pond), latitude: -77.622901916504, longitude: 162.902999877930, which is adjacent to Lake
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Figure 1. Map of global distribution of sample sites overlaid on a NASA Visible Earth image, Data are presented from glacial melt systems in Antarctica, the Arctic, and
the Himalayas, Snow samples are from the Rocky and Andes Mountains, as well as the Arctic.

Hoare: http://www.mcmlter.org/content/dirty-little-hoare-pond. Lake Hoare was named for physicist Ray
Hoare, of the eighth Victoria University Expedition {1963-1964). Additional samples were collected at Cape
Royds in Antarctica. Regionally, the samples are divided into Arctic, Antarctic, and Alpine, The Arctic data
set is mostly composed of samples from the island of Svalbard in the Norwegian Arctic, as well as two
samples from the GRIS, one fresh snow and one supraglacial melt. Antarctic samples were collected from
the MDV and Cape Royds. Alpine samples are from snow and snowmelt in the Colorado Rocky Mountains,
supraglacial melt from the Ngozumba Glacier, the longest glacier in Nepal located in the Gokyo Vailey of
the Nepalese Himalayas, snow and glacier-fed streams in the central Chilean Andes, and a glacier-fed stream
from the Mer de Glace in the French Alps.

Water and snow samples were collected in acid-rinsed and precombusted amber glass bottles or acid-rinsed
high-density polyethylene (HDPE) bottles. Snow was meited at room temperature in precleaned acid-rinsed
Nalgene buckets, All samples were filtered on precombusted glass fiber filters (Whatman GF/F, pore size:
0.7 pm), acidified to pH = 2 with concentrated HCl (analytical grade), and stored at 4°C until analysis. For
all samples, a 60 mL aliquot was poured into acid-rinsed and precombusted amber glass bottles and analyzed
for dissolved organic carbon on a Shimadzu TOC-V-CSN with a detection limit of 0.07 mg C/L.

DBC (<0.7 pm) was measured using the BPCA method [Dittrmar, 2008; Dittmar et al,, 2008} and optimization
for freshwater DBC [Ding et af,, 2014b1. This method is based on the oxidation of polycondensed DBC struc-
tures to BPCAs with three to six carboxylic acid groups (B3CA to B6CA). The BPCA method was applied to the
dissolved organic matter (DOM] isolated by solid-phase extraction (SPE). First, a SPE technique [Dittmar, 2008;
Dittmar et al, 2008} was applied to all samples using Bond Elut PPL cartridges, composed of a styrene-
divinylbenzene polymer solid phase. SPE efficiency for marine samples is typically ~45% and ~60% in fresh-
water [Dittmar et al., 2008]. In this study we measured SPE efficiency on eight samples {five Antarctic surface
waters (37%, 34%, 46%, 50%, and 67%), a glacier-fed stream from the Andes (34%), and two snow samples
(47% and 73%). The average efficiency of these eight samples was 48% :t 15%, with 2 range from 34% to 73%.
The PPL cartridges were transported frozen to Boulder, CO, and stored in a freezer. The PPL cartridges were
transported to Miami, FL, and completely dried under ultrahigh-purity nitrogen gas. The PPL cartridges were
then eluted with 10-20 miL of MeOH until the efuent was colorless. Aliquots of MeOH were then
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quantitatively transferred to 2 mL glass ampules and evaporated to dryness under a stream of ultrahigh-
purity nitrogen. The dried DOM extract was redissolved in concentrated nitric acid (65%) before ampules
were sealed and oxidized in sealed glass ampules in a programmabie oven for 6 h at 160°C in order to
produce BPCAs [Ding et al, 2014b]. They were then dried in a sand bath under ultrahigh-purity nitrogen
gas. BPCAs were then redissolved in the mobile phase buffer, separated, and quantified on a Sunfire 18
reversed phase column (3.5 pm, 2.1 x 150 mm; Waters Corporation) by an HPLC system coupled with a photo
diode array detector [Dittmar, 2008; Ding et al, 2012]. DBC concentrations were calcutated from B3CA to B6CA
concentrations based on a previously reported algorithm [Dittmar, 2008]. B6CA was excluded from BPCA
proportion analysis due to its low signal and low resolution in most samples. Analytical replicates were
measured in triplicate with <10% standard deviation. Sample duplicates were collected for 5% of the
samples and fell within this <10% standard deviation.

The degree of condensed aromaticity of DBC in each sample was estimated based upon the BPCA distribu-
tion [Glaser et al,, 1998; Ding et al., 2014b] using the ratio of (B3CA + B4CA)/B5CA, Although a complete under-
standing of all biogeochemical factors that influence BPCA ratios remains elusive, the ratios can be used to
provide preliminary of the envi tal dynamics of DBC. For instance, photedegradation
can significantly alter BPCA composition, reducing the overall condensed aromaticity of the DBC pool once
it reaches surface waters [Stubbins et al, 2012b; Ward et al, 2014]. As such, the DBC signature of samples
exposed to solar radiation over long durations may indicate ive photodegradation, Iting in low
signals of B6CA. BPCA ratios can also vary significantly with pyrogenic source material and environmental
conditions. For example, higher abundance of BSCA + BSCA, indicating more condensed aromatic DBC,
has been associated with DBC in wildfire-impacted watersheds [Wagner et al, 2015}, whereas DBC solubilized
from urban dust has been shoen to be more enriched in B3CA + B4CA (i.e, less polycondensed BC) [Ding et al,
2014a, 2014b]. Although we understand that the source of pyrolized carbon (i.e,, fossil fuels or biomass burn-
ing) can influence DBC quality, we expect BPCA compositions for the current sample set to be influenced by
the atmospheric residence time of the original aerosol BC source and the degree of exposure to solar radia-
tion (Table 1). Thus, we expected to observe [ower (B3CA -+ B4CAY/BSCA ratios when atmospheric transport
time was long and/or opportunities for photodegradation were high.

The biomass burning smoke aerosol optical thickness (AOT) data used in this study were obtained from the
Navy Aerosol Analysis and Prediction System (NAAPS) reanalysis [Lynch et al., 2016]. NAAPS reanalysis is a
decade-tong global 1 x 1° and 6-hourly 550 nm AOT reanalysis product, which was recently developed
and validated at the Naval Research Laboratory. This reanalysis utilizes a modified version of the NAAPS as
its core and assimilates quality-controlled retrievals of AOT from Moderate Resolution Imaging
Spectroradiometer (MODIS) on Terra and Aqua and the Multiangle Imaging Spectroradiometer (MISR) on
Terra [Zhang and Reid, 2006; Hyer et af., 2011; Shi et al, 2014]. NAAPS characterizes anthropogenic and bio-~
genic fine aerosol species {including sulfate and primary and secondary organic aerosols), dust, biomass
burning smoke, and sea-salt aerosols. Smoke from biomass burning is derived from near-real-time satellite-
based thermal anomaly data used to construct smoke source functions {Reid et al,, 2009), with additional
orbital corrections on MODIS-based emissions and regional tunings. The reanalyzed fine- and coarse-mode
AQT at 550 nm is shown to have good agreement with the ground-based global-scale Sun photometer
network Aerosol Robotic Network AOTs {Holben et al, 1998]. Figure 3 is a series of snapshots at 18Z showing
wildfire-related smoke AOT at 550 nm between 18 and 21 June 2014 at 550 nm.

3. Results and Discussion

As expected, pristine sites had lower median and (2.5, 97.5) quantiles of DBC concentrations (1.8 ug/L {0.62, 12))
than nonpristine sites (21 pg/L (1.6, 170)). In particular, pristine snow samples exhibited low DBC concentra-
tions (1.8 ug/t. (1.3, 10)), The median (B3CA + B4CA)/B5CA ratio for pristine samples from snow was 3 (1, 27)
(Table 1 and Figure 2). The remote pristine snow/surface hoar sample from the GRIS had a distinct composi-
tion compared to the rest of the data set, containing high levels of BSCA and a ratio of 0.3, below the 2.5%
quantile. Similar to the glaciers of Antarctica {Khan et al,, 2016}, the only potential source of BC to the GRIS
is long-range atmospheric transport. The GRIS sample was collected in late June 2014, as wildfires blazed
across the Canadian Arctic. As shown by the reanalysis from the NAAPS madel, continuous smoke activities
occurred over the northwest of Canada between 18 and 21 June 2014 and were transported eastward to the
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Table 1. - Samples Grouped by Pristine and Nonpristine in Ascending Order of (B3CA + B4CA)/BSCA Ratio”

{B3CA + BACAYBSCA- .- DBC (ug/l) ~ DOC{mg/L).. - %DOCf DBC.  Region Medium ... Geography
Pristine Snow Sample
GRIS snow/surface hoar 082 176 " 067 0.003 GRIS Snaw <1, hoar >5 days~ . Arctic
Chilean Andes SnowET 30 180 083 0,002 Andes . Snow <2 days Alpine
Niwot Ridge 8 30 893 nd nd Rockies Snow <1 day. Alpine
San Francisco Glacier Snow 34 144 0.36 0.004 Andes . Snow <2 days Alpine
WoodFjorden, Svatbard 42 1.26 054 8002 Svalbard Snow <2 days Arctic
Larsbreri 63 163 039 0.004 Svalbard Snow 5 days Arctic
Storm Peak Lab 17 965 nid - ond Rockies Snow >3 days . Alpine
Niwot Ridge A 27, 927 sond nd Rockies Snow >3days Alpine
. Pristing Meltwater Samples E :
GRIS supraglacial melt 032 124 014 0088 . GRIS Supraglacial melt Arctic
Mer de Glace, Chamonix 1.8 1.51 413 0.000 Alps Glacial stream Alpine:
Bano Morales Stream 19 632 0.50 0.012 Andes Glacial stream Alpine
Lake Joyce 7 m? 25 267 050 0.005 Antarctic Lake Antarctic
Alatna Pond N 32 360 100 0.004 Antarctic Surface water Antarctic
Lake Bonney Fastiobe Sm 36 144 040 0.004 Antarctic Lake Antarctic
Von Guerrard Stream 36 089 063 0.001 Antarctic Glacial strearmn Antarctic
Ngozumba Glacier, Nepal 37 105 010 0,010 Himalayas - Supraglacial lake Alpine
Ngozumba Glacier, Nepal 38 062 012 0.005 Himalayas Supraglacial fake Alpine
Alaskan Glacial Rivers® 43 053+ 0,09 0.010 1 0.004 19+08 Alaska Glacial river Arctic
take Bonney West Lobe 5 m® 54 1.22 040 0.003 Antarctic Lake Antarctic
Green Lake 4, Colorado 54 440" nd L nd Rockies Lake Alpine
Ngozumba Glacier, Nepat 63 154 - 012 a2 Himalayas Supragladial lake Alpine
Ngozumba Glacier, Nepal 87 194 040 0.005 Himalayas Supraglacial lake . Alpine
Ngozumba Glacier, Nepal 6.8 139 e 083 0.002 Himalayas Supraglacial Lake' Alpine
Nonpristine Snow . N
Ming 7. 33 74 103 0670 Svalbard Snow 5 days Arctic
Upwind of the Mine 77 © 236 543 0.000 Svalbard T Snow 5 days Asctic
Next to Coal Power Plant 17 684 032 0.021 - Svaibard. Snow =5 days Arctic
Upper Snowmobile Track 43 444 468 0.009 Svalbard Snow.>5-days Arctic
Lower Snowmobite Track 59 X 216 0.54 0.040 Svalbard Snow: >5'days Arctic
Nonpristirie Meltwater . N
High Park Fire PNFO7i4Y 13 . 177 297 006 Rockies Tetrestrial stréarm -Alpine
Marble Point : 15 136 423 - 0008 Antarctic Surface water Antarctic
Clear Lake 22 473 . 430 0011 Antarctic Sirfate water Antarctic
Lake Fryxell 5m 22 828 1.80 0.005 Antarctic Lake- Antarctic
DLH Pond 3.1 . 140 L 230 ... Boos Antarctic Surface water Antarctic
Pony Lake 34 170 180 0.009 Antarctic Surface water Antarctic
Longyear River 35 468 583 0.001 Svatbard Glacial stream. . Arctic
Longyearbyen Fjord Water 43 205 033 0.062 Svalbard Ocean Arctic
:A tower ratio is more indicative of wildfire-derived DBC, ‘and a higher ratio is more indicative of fossi fuef ¢ ion and/or p

Frorm Khan et al. 2016},
From Ding ef al. [2014a, 2014b].
Fram Wagner et af. 2015

western region of the GRIS (Figure 3). Fresh aerosols from these fires, which appear to have been trans-
ported to the western region of the GRIS, would have remained in the surface hoar with fimited time for
photodegradation prior to sample collection and provide an explanation for the highly condensed aromatic
DBC signal observed for this sample. The other most rernote pristine snow sample was from Svaibard, which
had a DBC concentration of 1.1 ug/L and BPCA ratio of 4, This sample was collected in Woodfjorden, which is
several hundred kilometers from the closest town, thus only impacted by atmospheric long-range transport.

Pristine snow samples from the Rocky Mountains had similar DBC concentrations, from 8,9 t0 9.7 ug/t, but
the {B3CA + B4CAMBSCA ratios ranged from 3 to 27. Two of the pristine snow samples yielded
{B3CA + BACA)/BSCA ratios higher than the Woodfjorden sample, 4.2. The (B3CA + B4CAYB5CA ratio was
17 at Storm Peak Lab in Northern Colorado and 27 at Niwot Ridge in central Colorado {Table 1), suggesting
that the BC in these remote Colorado samples is fess condensed than the remote sample from Svalbard,
which may be indicative of more photodegradation of DBC at the Colorado sites prior to sample
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Figure 2. Frequency distribution of pristine and pristing snow and samples from i values in Table 1. Meltwater samples are compaosed of

both snow and ice melt. Note that the maximum x axis value for DBC pristine concentration is 14 pg/L versus 150 pg/t. for DBC nonpristine concentration.

coltection, or a different pyrolized source. These two samples were aged snow samples and exposed to solar
radiation longer than the Woodfjorden sample (Table 1). in contrast, a fresh snow sample from a similar
location in the Rocky Mountains only yielded a {(B3CA + B4CA)/B5CA ratio of 3. The DBC in this fresh snow
sample had limited time for photodegradation, which may result in the less condensed BPCA ratio, relative
to the aged snow samples from the Rocky Mountains. Again, these sites are >5 km away from known point
sources so the enrichment in less condensed DBC may be related to accumulated solar exposure from the
time since snow deposition to the time of sample collection and/or the long-range transport of fossil fuel-
derived soot particles, which have been found on remote glaciers [Stubbins et al, 2012a; Ding et al, 2014a).

Median DBC concentrations were higher in nonpristine snow samples (14 ug/L (1.6, 71)) than pristine snow
samples (1.8 pg/t (1.3, 10)). Furthermore, the median (B3CA + B4CA)/B5CA ratio for nonpristine samples from
snow was much higher than pristine snow samples, 12 (3, 59) and 3 (1, 27}, respectively (Table 1 and Figure 2}.
The highest DBC concentrations in snow were found in samples collected from Longyearbyen, Svaibard, next
to an active coalmine (71 ug/L), a coal burning power plant (6.8 pg/L), and along the primary Longyearbren
snowmobile track (22 pg/L upper track; 44 pg/l lower track), which receives continuous inputs of fresh
anthropogenic BC. In contrast to our hypothesis that continuous inputs would result in a signature less
indicative to photodegradation, these samples also feature the highest {B3CA + BACAY/B5CA ratios, with
the snow next to the coal burning power plant featuring a ratic of 17, and even higher ratios along the snow-
mobile track (43 upper track; 59 lower track).

Pristine meltwaters had low median DBC concentrations (1.7 pg/L (0.6, 12)), similar to the pristine snow sam-
ples (1.8 pg/L {1.3, 10)). The median (B3CA + B4CAY/B5CA ratio for pristine meltwaters, 4 (0.3, 7) Table 1 and
Figure 2), was marginally higher than for pristine snow samples, 3 (1, 27). In contrast to the Nepal meltwaters,
the GRIS supraglacial meltwater had a high concentration of DBC (12.4 ug/L) corresponding to the 97.5%
quantile. In addition, the GRIS meltwater had a similar low ratio of (B3CA + B4CA)/B5CA to the GRIS
snow/surface hoar sample. These BPCA ratios (0.3 and 0.8, respectively) were the lowest in this data set
and are lower than the previously reported ratios from terrestrial rivers impacted by wildfires [Wagner
et gl 20151. As noted previously, these low ratios likely reflect fresh and recent BC deposition sourced from
Canadian Arctic wildfires (Figure 3). The higher DBC concentration compared to the Nepal supraglacial waters
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Figure 3, Smoke aerosof optical thickness (AQT) reanalysis at 18Z from the Navy Aerosol Analysis and Prediction System
{NAAPS) between 18 and 21 June 2014 shows that wildfire aerosols were transported from the Canadian Arctic to the

western region of Greenland ice Sheet in june 2014, The color bar is atmospheric totat column smoke aerosol optical
thickness (AGT) at 550 nm, which is unitless.

could reflect not only the substantial long-range wildfire inputs but also the large surface area of the GRIS,
which may provide a farger supraglacial catchment for accumulation and transport of DBC to the ablation
area where the sample was collected. Further, the high DBC in the GRIS meltwater provides support to the
potential positive feedback proposed by Keegan et al. {2014} whereby DBC-enriched meltwater is retained
as refrozen ice layers in the snowpack and enhances future melting.

Meltwater from supraglacial lakes on the Ngozumba Glacier in Nepal, located at ~5000 m, had the lowest DBC
<oncentrations {average of five samples, 1.3 + 0.49 ug/L) of all meltwater samples. The ratic of these samples
was also composed of less condensed DBC, with an average ratio of 5, than supraglacial melt from the GRIS
which was composed of highly condensed DBC and had a ratio of 0.3. Although no nearby snow samples
were obtained for direct comparison, these Jow values from the Ngozumba Glacier may be associated with
heavy glacial debris coverage in the majority of the ablation region. The debris cover, when thick enough,
provides insulation from glacial melt [Pratap et al, 20151 and may reduce supraglacial meitwater generation,
along with transport and accumulation of DBC. Although these Jakes form an ice cover from about Novernber
to March, in the summer they receive large sofar radiation inputs, enhanced by the high altitude, which could
drive photodegradation of DBC. The less condensed DBC signature could also suggest different combustion
sources of DBC between these sampling locations.

Similar to the observations for snow and ice, nonpristine meltwaters had higher median DBC concentrations,
{27 ug/L (4.7, 170)) than pristine meltwaters (1.7 pg/l. (0.6, 12)). Closed-basin nonpristine Antarctic surface
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waters, such as DLH Pond, Marble Point Pond, Clear Lake, and Pony Lake, contained high concentrations of
DBC ranging from 14 to 170, sg/L. These lakes are located near active point sources of fossil fuel combustion,
such as helicopter flight paths and fueling stations, and exhibited elevated DBC concentrations relative to
snow and meltwater. Because these surface water ponds have no outflowing streams, any DBC deposited
in the systems will remain and accumulate for millennia, similar to the MDV lakes {Khan et al, 2016}, or
may be photodegraded. The BPCA ratio of these four nonpristine Antarctic surface waters ranged from 2
to 3. Similarly, the BPCA ratios for Longyear River and Adventfjord ocean water in the Norwegian Arctic, both
located near the town of Longyearbyen and the local coal burning power plant, were both 4. Such elevated
DBC concentrations and BPCA ratios suggest that site proximity to continuous inputs from these particular
anthropogenic sources results in high concentrations of less condensed DBC and that long-term photooxida-
tion may not be the only cause of less condensed DBC in the cryosphere.

4. Conclusions

This study reveals that within the cryosphere, DBC concentrations and composition are widely variable.
Regionally, concentration differences exist between remote-pristine sites and those near combustion point
sources. Overall, these data support our hypothesis that DBC in the cryosphere that is exposed to longer
durations of solar radiation results in less condensed DBC due to photodegradation. Additionally, sites in
the cryosphere receiving fresh BC from wildfires, such as on the GRIS where aerosols were deposited directly
from Canadian Arctic wildfires, consist of more condensed DBC. This signhatufe of the DBC from the GRIS was
distinct from the sites which receive continuous inputs from local anthropogenic sources of BC, such as along
the heavily used snowmobile track in Svalbard, as well as sites which have prolonged sunfight exposure, thus
enhancing effects of photodegradation,

While the influence of wildfire inputs throughout the cryosphere may be important regionally, as observed in
the samples from the GRIS, the intense solar exposure in high alpine and polar regions, and the characteristics
of some anthropogenic combustion sources subject to solar exposure during long-range atmospherics trans-
port {Cooke and Wilson, 1996}, may cause the similarity in DBC composition observed throughout the rest of
the global cryosphere data set. This includes photodegradation of background levels of wildfire-derived BC,
which may also contribute to B3 + 4CA enrichment in the cryosphere [Stubbins et al, 2012b; Ward et al, 2014).
As such, the influence of photod d 1 May sc i be “overwhelmed” by discrete wildfire sources,
which likely account for DBC composition of the GRIS samples. Although the current data set affowed for pre-
liminary assessments of contributions to and persistence of DBC in the cryosphere, the observed variability of
DBC composition is likely derived from a combination of biogeochemical processes in the environment and
different pyrogenic sources.

Previously reported accumulation of millennia old DBC in Antarctic lakes [Khan et af, 2016} suggests that
DBC is recalcitrant in the cryosphere, The ranges of concentrations observed in this diverse data set of
DBC from the global cryosphere indicate that refatively high DBC concentrations persist in both pristine
and nonpristine Arctic and Antarctic snow and surface waters. The relatively high concentration of DBC
measured In one supraglacial stream on the GRIS may suggest that DBC can be mobilized across ice
surfaces. Wildfires are predicted to increase due to climate change [Flannigan et al, 2008), and albedo
cannibalism is already influencing meitwater generation on the GRIS {Tedesco et af, 2015]. Anticipatec
longer summer melt seasons as a result of climate change may result in Jonger durations between snowfalls,
enhancing exposure of recalcitrant DBC on snow/ice surfaces, which could further exacerbate surface
albedo reduction in the cryosphere,
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