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Background

Mountain glaciers are changing rapidly

We can measure surface elevation change for all glaciers on Earth (e.g., Hugonnet et al. 2021,
Jakob & Gourmelen 2023)

We need to translate distributed elevation change observations into climatic mass balance
observations that can constrain global glacier models



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

dh

Climatic Mass Balance bclim = — —+— Vq Flux Divergence

dt

Total Mass Balance



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

- dh
bclim — d— + Vq

Climatic Mass Balance Total Mass Balance Flux Divergence
“Glacier mass change due to the “Glacier surface elevation “Dynamic contribution to glacier
climate” change” surface change”
“Surface (+ internal) mass “Change in glacier thickness” “Elevation change from a
balance” difference in mass flux”

NOTE: the climatic mass balance and the total mass balance are equal glacier-wide, but vary
spatially across the glacier



Climatic mass balance requires flux divergence
without in-situ observations available

: dh
bclim — d— + Vq

t
Climatic Mass Balance Total Mass Balance Flux Divergence
e Ablation stakes e DEM differencing ® Derived fromice
® Snow pits (remote sensing) thickness & velocity
(in-situ) (remote sensing)
o 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



Climatic mass balance requires flux divergence
without in-situ observations available

This is what ih
we want, — ;
globally... clim dt + Vg
Climatic Mass Balance Total Mass Balance
e Ablation stakes e DEM differencing
® Snow pits (remote sensing)
(in-situ)

...SO we
need this...

Flux Divergence

® Derived fromice
thickness & velocity
(remote sensing)

We have no scaled constraints on modeled climatic mass balance
based understanding of present and future glac

e Field methods?
(in-situ) \

...for which
ground-truth
data is essential




How do conventional remote-sensing
approaches perform?



Remote sensing flux divergence is unreliable for
point estimates
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Remote sensing flux divergence is unreliable for
point estimates
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Flux gate approach can yield reasonable values

— Flux Gate In
— Flux Gate Out

* Site AB
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Parameter Value
Flux Zone Area (sg.km):  0.34
Flux Zone DHDT (m/yr): -1.70
Flux Zone DIVQ (m/yr):  1.89
Flux Zone CMB (m/yr): -3.59
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UTM Northing (m)
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Flux gate approach is sensitive to gate placement

— Flux Gate In
— Flux Gate Out
* Site AB
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Parameter Value [min, max]
Flux Zone Area (sq.km):  0.31 [0.21, 0.41]
Flux Zone DHDT (m/yr): -1.70 [-1.77,-1.67
Flux Zone DIVQ (m/yr):  1.55 [0.32, 2.03]
Flux Zone CMB (m/yr): -3.25 [-3.74, -2.01]



Can we use novel in-situ methods to get
contemporaneous measurements of climatic mass
balance, total mass balance, and flux divergence?

YES!
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Cryologger GNSS Systems

. > Monitored stake

Garbo, Cryologger Glacier Velocity Tracker (2023) GitHub
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Instantaneous
flux
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Elevation Change (m)
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Elevation Change (m)

Results from
Gulkana Site AB —
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Weekly flux divergence reveals strong link with
velocity

Gulkana Glacier Site AB Flux Divergence
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Reliable flux divergence estimate after ~2 weeks

Gulkana Glacier Site AB Flux Divergence
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Reliable flux divergence estimate after ~2 weeks

Gulkana Glacier Site AB Flux Divergence
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Instantaneous
total mass
balance

from GNSS station

‘floating’ on ice surface
(& DEM-derived slope)

Spring Surface

Fall Surface |

Spring stake
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bclim —

dh
dt

+ Vg

+ 0Zg15pe

Y

Fall stake
location
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Cumulative Climatic Mass Balance (m)

23

Mass balance from GNSS systems

Gulkana Glacier Site AB Climatic Mass Balance
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Takeaways

Potential for “robust” methods of flux divergence from remote sensing
* Require ground-truth measurements

« GNSS system fixed to an ablation stake enables precise flux divergence

« Afixed GNSS system with a monitored ablation stake accurately derives all elements of the

continuity equation
« The fixed-floating system has redundancy for flux divergence and climatic mass balance

Next Steps
+ Deployment of more systems next Spring
*  GNSS-IR?



...other projects I'm excited about...

Theoretical flux divergence approach
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1. Croate outting and centerline

2. Oultain or generate DEM

3. Prescribe mass baiance gradient
4, Solve for ice thickness

5. Derive surface veloclty (SIA)

Flux Divergence

.
6

6. Compute flux divergence 2
« Data accuracy required 10 s00 fux
\ Velocty divergence signal Mass Balance
. 50 | o Maintain flux divergence signal after -
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Long-term changes on Kennicott from historical imagery
Historical DEM Elevation Change
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Thank you! Questions?




Velocity {(myyr)

Velocity Signals at Sites AB (terminus) and D
(accumulation area)

120
Site AB - Weekly
0-. ey o Site D - Weekly
—— o " - - - Site AB - Seasonal
° . + Site D - Seasonal
°
80 4 N
PRSI 2 5 " SO RS B a5 o o S S SR G
60 - ood PR Se ;
+++F
POt angh O-R0 TS {90 00IOIN T QgD Gy BT B IR PG AT gy T AR sk 90-9-04000- 00
d T T .
40 4
20
0 v - - + L] :
] o ] > ) > “ 5 “
o > ) : ) > )
& & & o & 3 & & &
o g O O P ¥ g O )
»® »® P P P P > P »°




- dh
bclim = — + vq

Spring Surface dt

Fall Surface - )

Calculating flux
divergence as
the residual

Zemb

DZiyQ = Zemb - ( - DZgiope)

from monitored stake
with ‘fixed’ and
‘floating’ GNSS stations Spring stake
z location

Fall stake
location
X




Flux Divergence (myr)

velocity (myyr)

AZiya = Zemp = - AZgiope)
Gulkana Glacier Site AB Cumulative Flux Divergence Comparison
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Independent flux divergence
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methods show decent agreement

Bz giq = ﬂzslope - DZg1ae




Flux Divergence (mfiyrl

vielocity (mfyr)

Both methods see the same flux
divergence speed-up
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Bz giq = ﬂ"-’—'slope - DZg1ae

AZgiva = Zemb = ( = AZgi0pe)
Gulkana Glacier Site AB Weekly Flux Divergence Comparison
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Error (m)

0.5
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GNSS System Accuracy - Base Station results
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Full Overview

Climatic Mass Balance (2 methods):

from monitored stake
Zep = = Zstake
Total Mass Balance:

AZ gt = - ﬂzslope

Flux Divergence (2 methods):
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Elevation {(m)
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Instantaneous flux divergence

Gulkana Glacier Site AB Cumulative Flux Divergence Comparison
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Instantaneous flux divergence

Gulkana Glacier Site AB Weekly Flux Divergence Comparison
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Flux divergence from ablation
stakes
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Ablation stakes give us summer

flux divergence hoo_ 9o
clim = + V¢q
dt
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