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Globally, glaciers are at risk of significant ice loss due to
climate change, scientists say.

Glacier lake outburst at Alaska's Mendenhall Glacier causes record-breaking flooding Juneau, Alaska is bracing for
possibly catastrophic flooding as a basin dammed within the Mendenhall Glacier has started to release rainwater and
snowmelt downstream, according to officials.

USGS

A fleet of satellites has been used to monitor glaciers w

and gravity measurements. From top: CryoSat, Terra, IC One of Alaska's most populated cities is bracing for potentially catastrophic flooding as

spacecraft, above a map of elevation change for the Va.._, ... . _a basin dammed within the Mendenhall Glacier has started to release rainwater and
NASA, and Planetary Visions :
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Higher up:

Anatomy of a glacier * More snowfall
* Colder air temperatures - less melt

- NET MASS GAIN over the year

_—

Accumulation > ablation
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" Further down:
* Less snowfall
g ° Warmer air temperatures 2> more melt

- NET MASS LOSS over the year



The flux divergence is a critical compc

needed to obtain the climatic mass be
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The flux divergence is a critical

needed to obtain the clima

dh

] — |
bclim — ! V- q
dt
Climatic Mass Balance Total Mass Balance Flux Divergence
e Ablation stakes e DEM differencing e Derived fromice
e Snow pits (remote sensing) thickness & velocity
(in-situ) (remote sensing)
e Field methods?
(in-situ)

| &

We have no scaled constraints on modeled climatic mass balance which is crucial for
process-based understanding of present and future glacier changes



The flux divergence is a critic:

needed to obtain the climat

...S0 we need
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Climatic Mass Balance Total Mass Balance Flux Divergence
e Ablation stakes e DEM differencing e Derived fromice
e Snow pits (remote sensing) thickness & velocity
(in-situ) (remote sensing)

e Field methods?

(in-situ) ¥S_

...for which

We have no scaled constraints on modeled climatic mass balance whichis.  ground-truth
process-based understanding of present and future glacier change data is essential




Redundant setup using low-cost
balance components

Fixed system

bclim V- q

Monitored stake

bclim ' - 10




GNSS reflectometry captures dai

summer snow
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Expanded network of GNSS syst
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Ice Thicknesg
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; Kennicott Glacier, 1938
C h a pte r 2 Credit: Bradford Washburn



Kennicott and Root glacier are uniquely data-rich

: Kennicot Roo

61.75° N 4

* Historical DEMs (1938, 1957, 1962, 1978)
 Modern DEMs (2004, 2012, 2023)

* Bed data

* Velocity (Historical 1957-1962, ITS LIVE)

* Glacier outlines

* Climate data (1940-2100; ERA5, CMIP6)

* Historical aerial photographs exist for
much more of Alaska!

rl:l 1957 outline ¥ AN o
L 1 2023 outlin k‘ﬂ N’
=] Terminus : 3




Historical record reveals accelerating thinning

Elevation change (m yr1)
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Historical record reveals accelerating mass loss

Annual mass chan
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Glacier dynamics dictate thinning patterns
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How do past obse
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Projections show significant mass loss to 2100

Kennicott Glacier
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Nizina Glacier, Alaska, 2022



Advances in glaciology benefit from scalable

k R ot (sub)seasonal observations

Synthetic aperture radar (SAR) has potential to reliably observe glaciers at weekly resolution,
which is key towards understanding sub-seasonal glacier processes and as calibration for large-

scale models
Sentinel-1 SAR has a 12-day repeat (and two satellites)

SAR penetrates clouds and doesn’t require daylight
SAR “backscatter” depends solely on physical properties of the surface

DEM differencing Altimetry Gravimetry
stereo-images SAR interferometry laser, radar
. ¢ G 2
= & .—— Pt =
— R ~
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Backscatter indicates glaaer surface properties
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Snowline
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_winter surface
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Dry snow allows microwave signal to
penetrate surface several meters
Liquid water on surface absorbs signal

causing low backscatter
Winter backscatter reveal glacier zones
due to characteristic differences
Melt extents apparent from drop in
backscatter as liquid is on surface

- Wet
=~ _Snowline
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Late Summer
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~ < winter surface
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Spatlally dlstrlbuted backscatter varies seasonally

--20

Backscatter [dB]

5km I'25
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_Spatially-distributed backscatter varies seasonally
. ‘:‘\f@: e \.ﬁ“»;f : — . . S—

Backscatter [dB]




_Spatially-distributed backscatter varies seasonally
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Spatlally dlstrlbuted backscatter varies seasonally

Backscatter [dB]



SAR automatlcally delineated melt and snowlines
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SAR snowlines are as accurate as optical datasets
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pact of 2019 heat wave on snowline retreat
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Subregions ar

altitudes

Elevation [m a.s.l.]

4000 4000
Alaska =m Present-day - Brooks
BEm SSP1-2.6 ] 3000
SSP2-4.5
B SSP3-7.0 | 2000
3000 BN SSP5-8.5
T tatata e R B N0 1011)
___________________________________ 0[28%9% 0 1% 0% ]
2000 e e 0.0 0.05 0.1
____________________________ 4000 Eastern Alaska
1 3000
1000 12000
1 1000
0 41%' 25% . 12[%) 8% ) 0[26% 13% | 5% 3% T
0.0 0.05 0.1 0.0 0.05 0.1
4000 St. Elias | 4000 ] 4000 Lake Clark
3000 1 3000 3000 .
2000 e Lol 2000F
1000 4 1000 1000 B

3000

1000

35% 2% 17% 11%|  O|B7%16% 9% 5% 0[85%16% 1% 6% 5%

0.0 0.05 0.1 0.0 0.05 0.1 0.0 0.05 0.1
4000 Western Chugach | 4000[  Talkeetna | 4000 Cordova-Valdez |
1 3000 1
2000 © 72000
1 1000+ 1 1000 )
%30% 20 18% 13%|  0[29%3% 2% 0% 0% 0[38%11% o0 2% 2% |

0.0 0.05 0.1 0.0 0.05 0.1 0.0 0.05 0.1

e vulnerable to rising equilibrium-line

1 4000[ Western Alaska

6%

0.0 0.05 0.1

43



Relative mass (-)

T I SSP5-8.5

Alaska élacﬁie‘??lose 50-75% of their mass by 2100

>

B SS5SP1-2.6 N g
SSP2-4.5 | T
s SSP3-7.0

2020 2030 2040 2050 2060 2070 2080 2090 2100

44
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Mass loss driven by increased melt and shift from

_snow to rain in‘awarming climate
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Mass loss driven by increased melt and shift from

_snow to rain in‘awarming climate
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ey conclusions _

-

v

* Existing remote sensing products are insufficient for parsing glacier climatic mass balance
 Subseasonal glacier dynamics necessitate contemporaneous measurements
* Low-cost GNSS systems with GNSS-IR processing offer valuable constraints towards assess and addressing

this challenge
* Historical data offers profound insights into ongoing and future glacier mass changes

 Kennicott and Root glaciers were in near-equilibrium in 1957, but are rapidly losing mass today
* We project these glaciers to lose 38-63% of their mass from 2000-2100

* Synthetic aperture radar (SAR) can measure transient melt extents and snowlines at
regional scales

» Alaskan glacier meltis correlated with temperature (1°C summer warming causes 3 additional weeks of melt)
* Heatwaves have an outstanding impact on Alaskan glacier snowlines

* Global glacier evolution models are improved when calibrated with high-resolution data
* Alaskais projected to lose 50-75% of its 2015 mass by 2100
* Most susceptible subregions have large ice masses near present-day ELAs
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