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(1 Background

Extensive databases of satellite imagery are now available
and can be used to undertake large-scale assessments of
the mass balance of glaciers and icecaps without in-situ
measurements. Some previous studies have mapped the
end-of-season snowlines (ESS) on glaciers from satellite

4 ELAs vs. SLAs

Figure 4 presents 3 examples for the highest snowline 2 method (excluding years
with full snow cover). Figures 4(a), 4(b), and 4(c) show the ELAs and SLAs time

series, and Figures 4(d), 4(e), and 4(f) show the ELAs vs. SLAs for Hellstugubreen,
Hohlaubgletscher, and Taku, respectively.
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resolution Landsat 4-9 data[5]. For each ELA record, we identify the Landsat image closest in date B T L T
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For each ELA record, we identify the image with the highest visible snowline by visual assessment of
snow coverage between July and October (the snowline may be recorded significantly before or after
the ELA measurement date), this is the ‘highest snowline’ dataset. The 'highest snowline 2’ dataset
excludes years where the only image available is completely covered by snow.

Figure 4: (a), (b), and (c) show the ELA and SLA time series for Hellstugubreen (left), Hohlaubgletscher (centre), and
Taku (right). ELAs are shown in green, SLAs are shown in orange, linear trends are shown by dashed lines. (d), (e), and
(f) show ELAs vs. SLAs for Hellstugubreen (left), Hohlaubgletscher (centre), and Taku (right). Linear fitting is shown in
orange, 1:1 reference line is shown in dashed green, each point represents a year of measurement.

Table 1 shows R? values for each
glacier:

e R° ~ 0.0007 to R® ~ 0.4079 for
the closest date method,

@ End-of-season snowlines were generated from each of the datasets compiled in objective 2, for the
glaciers identified in objective 1. The snowline is manually mapped, and its corresponding SLA is
extracted from the ASTER Global Digital Elevation Map version 3 (ASTERGDEM V3)[6].

Table 1: RZ? values for each glacier for closest date (C.D.),
highest snowline (H.S.), and highest snowline 2 excluding full
snow cover (H.S. 2) methods.

RZ
Glacier C.D. H.S. HS.2 | e R? =~ 0.0014 to R* ~ 0.5436 for
Allalingletscher 0.0053 0.3004 0.3919 . .
Hellstugubreen 02753 | 05436 | 06921 the highest snowline method,
Hintereisferner 0.2442 0.2703 0.4289 ° R2 ~ 0.0822 to R2 ~ 0.6921
Hohlaubgletscher 0.0149 0.0962 0.0822 for the hi gh est snowline 2 method
Kesselwandferner 0.2176 0.1210 0.3101 ) )
Nigardsbreen 0.0007 | 0.0014 | 0.2065 (excluding years with full snow
Peyto 0.4079 0.3653 0.3653 cover),
Schwarzberggletscher 0.0016 0.2525 0.3746 h i Kk
Silvrettagletscher 0.0936 | 0.0586 | 0.2488 showing weak to moderate agree-
South Cascade 0.0216 0.0195 0.4165 ment between ELAs and SLAs, with
Storbreen 0.0030 0.2617 0.6106 the highest snowline 2 method (ex-
Storglaciaren 0.1673 0.1391 0.3172 . .
e 53995 SET3E SETAE clu(gmg years with full snow cover)
Zongo 02285 | 02663 | o275z | Performing best.

Figure 2: Taku glacier, Juneau Icefield, Alaska, U.S., on 02/08/1999 (left), 14/09/2009 (centre), and 10/09/2019 (right). SWIR, NIR, and red
false colour composites[7]. Glacier boundary shown in magenta, snowline shown in yellow. Landsat-5 and Landsat-8 images courtesy of U.S,
Geological Survey|[5]

] [ ] o
Limitations
Satellite revisit times Landsat revisit times are 16 days (8 days where 2 satellites
are in orbit simultaneously)[9].

(3 SLA ELA differences

Cloud cover The most extreme case was 86 days between the ELA measurement

Median differences date and the collection date of a cloud-free image (Taku).

The median differences between the SLAs and ELAs are shown in Figure 3. The median was selected
to represent the difference between the SLAs and ELAs as the distribution of residuals is moderately
negatively-skewed.

Snowfall events Early snowfall events may occur close to the date of the highest
snowline, Figure 5 shows how snow cover changes throughout September 2018 on
South Cascade glacier, Washington, U.S..
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Figure 3: The median differences between the SLAs and ELAs for each glacier are shown by the green dots, orange squares, and blue triangles for
the closest date, highest snowline, and highest snowline 2 (excluding full snow cover) methods respectively, with corresponting uncertainty bars.

Largest differences

* The maximum positive difference for
(Schwarzberggletscher).

* The maximum positive difference for the highest snowline and highest snowline (excluding full snow
cover) methods is 270 £ 17.63 m (Hohlaubgletscher).

* The maximum negative difference for the closest date method is —810.30+17.65 m (Hohlaubgletscher).

* The maximum negative difference for the highest snowline and highest snowline (excluding full snow
cover) methods is —667.47 4 18.73 m (Allalingletscher).

the closest date method is 166.11 4+ 17.56 m

Figure 5: South Cascade glacier, Washtington, U.S., on 03/09/2018 (left), 12/09/2018 (centre left), 19/09/2018
(centre right), and 28/09/2018 (right). SWIR, NIR, and red false colour composites[7]. Glacier boundary shown in
magenta. Landsat-8 images courtesy of U.S, Geological Survey[5].

6 Conclusions

The highest snowline SLAs show a better correlation with in-situ measured ELAs
than closest date SLAs, especially when years with full snow cover are excluded.

Associated uncertainties
The elevation uncertainty of the SLA measurements was found by error propogation (adding in
quadrature) of the vertical uncertainty sources:

e Landsat 4-9 have a resolution of 30 m for the relevent bands and an RMSE < 12 m for tier 1
imagery[5][8]. The horizontal uncertainty, ¢, is the error propogation (adding in quadrature) of these
values. The resulting vertical uncertainty is €,, = tané - €5, where 0 is the slope of the glacier vicinity
of the SLA (approximated from median ASTERGDEM V3 slope angle at SLA).

* The vertical uncertainty of ASTERGDEM V3 ~ 16.7 m[6].
* Note that we do not account for DEM uncertainty due to glacier thinning.

The closest date method is highly susceptible to influence from snowiall events
near the ELA measurement date.

The closest date SLAs and highest snowline SLAs both underestimate the ELAs,
though less so for the latter.

The SLAs and ELA differences are greater when the ELA is at a higher elevation.
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