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30 1 Ice Mass Balance, SRTM Penetration Depth, and Uncertainties
31 1.1 Data and Methods

32 In this section, we provide the full description of the methods used to estimate ice

33 thinning rates, the penetration depth of the Shuttle Radar Topography (SRTM) DEM,

3 and mass balance estimates and uncertainties. We estimate ice mass balance using a weighted
3 linear regression on a time series of stacked DEMs. These methods were developed by

36 previous studies [e.g., Nuimura et al., 2012; Willis et al., 2012; Melkonian et al., 2014;

37 Wang and Kdib, 2015; Berthier et al., 2016]. We construct an ice-elevation time series

38 composed of SRTM, ArcticDEM, Advanced Spaceborne Thermal Emission and Reflec-

39 tion Radiometer (ASTER) DEMs. ASTER DEMs are downloaded pre-made by the NASA /USGS
%0 operated Land Process Distributive Active Archive Center(LDAAP), and cloudy images

a are manually removed. A total of 358 ASTER DEMs cover the study area, spanning July
® 2000 — May 2017 with an average of 15 ASTER elevations covering each pixel. Arctic-

2 DEM strips were derived from ~0.5 m resolution stereoscopic imagery from Digital Globe
" and made available through the National Science Foundation and National Geospatial

I Intelligence Agency as 2 m resolution DEMs using the Surface Extraction with TIN-based
4 Search-space Minimization (SETSM) method [https://www.pge.umn.edu/data/arcticdem;
a7 Noh and Howat, 2015]. ArcticDEM strips covering the study area total in 401 DEMs

a8 that span the time period October 2008 — September 2016 with an average density of

49 2 ArcticDEM elevations per pixel. We downsample ArcticDEM strips to 30 m resolu-

50 tion and coregister both ArcticDEM and ASTER DEMs to off-ice pixels in the SRTM

51 DEM using “PC_align” in the Ames Stereo Pipeline toolkit [Moratto et al., 2010]. Off-

52 ice pixels are identified using the Randolph Glacier Inventory version 5 [Pfeffer et al.,

53 2014]. Each DEM is assigned lo vertical uncertainty as the standard deviation between

54 the off-ice pixels of it and the SRTM DEM. We estimate ice elevation change rates (%)

55 using a linear regression on our elevation time series in which each elevation is weighted

56 by the inverse of its uncertainty [e.g., Melkonian et al., 2014; Willis et al., 2012].

63 Outliers in the elevation time series are identified as those which deviate by an un-
64 realistic amount from a reference DEM. Because the SRTM DEM is a radar product and
65 is not affected by cloud coverage, it is often used as a reference elevation [e.g., Willis et al.,

66 2012; Melkonian et al., 2014]. However, we begin by removing the SRTM DEM from our

67 time series in order to investigate the SRTM penetration depth. Rather, we select the
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Figure 1. Cartoon showing SRTM C-Band penetration depth estimated with the “linear ex-
trapolation” method. Squares and vertical lines show elevations with uncertainties in time series
for a hypothetical location. The SRTM elevation (hatched square) is excluded from the time
series, and the elevation with the minimum uncertainty (red square) is used as a reference to
remove outliers from the time series. SRTM penetration depth is estimated from the difference

between the extrapolated % and SRTM DEM.

reference elevation on a pixel by pixel basis as the ASTER or ArcticDEM elevation in
the time series with the minimum uncertainty (%omm). For the Juneau Icefield, out-
liers in the time series are defined as elevations above a regional equilibrium line altitude
of 1000 m [Larsen et al., 2007] that deviate from the reference elevation by a rate ex-
ceeding fg m yr~! or t?o m yr~! for elevations below 1000 m [e.g., Melkonian et al., 2014].
For the Stikine Icefield, the threshold for elevations below 1000 m is changed to tgo m yr—!
[e.g., Melkonian et al., 2016]. Because ArcticDEM and ASTER DEMs are derived from
optical imagery, the quality of these data are heavily impacted by the high cloud cov-
erage of the Glacier Bay region, and we are prevented from estimating %omm for this
area due to insufficient DEM coverage. The root-mean-square error (RMSE) is calcu-
lated for each pixel, and pixels with an RMSE greater than the sum of the median and
the median absolute deviation of the on-ice RMSE are removed. The approach of using
elevation time series composed of optical-only imagery for the Juneau and Stikine ice-
fields is similar to that of Berthier et al. [2018], but here includes the addition of the Arc-

ticDEM dataset and the use of a reference elevation to exclude outliers from the time

series.



84

85

86

87

88

89

Figure 2. Elevation dependent penetration depth of the SRTM C-Band DEM estimated by
linearly extrapolating a reference elevation to mid-February 2000 in 50 m elevation averaged
bins (red dots). The elevation dependent trend (red line) is fit to the binned penetration depths
within the center 95% of the icefields’ area (shaded in blue) for (A) the Stikine Icefield, (B)

the Juneau Icefield, and (C) the combined results of the Juneau and Stikine icefields (i.e., the

“regional trend”)
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SRTM C-Band Penetration Depth

Stikine Icefield | -0.53 m + 4.8 m per 1000 m a.s.l.

Juneau Icefield | 5.61 m + 3.0 m per 1000 m a.s.l.

Regional Trend | 2.63 m + 3.8 m per 1000 m a.s.l.

Table 1. Elevation dependent SRTM C-Band penetration depth trends for the Stikine Icefield,

Juneau Icefield, and the regional trend (Supplementary Figure 2).

Following the methods of Wang and Kdadb [2015] and Berthier et al. [2016], we lin-
early extrapolate the reference elevations to the acquisition date of the SRTM DEM (Febru-
ary 2000) using the %Umm, and estimate the SRTM C-band penetration depth as the
difference from the SRTM DEM (Supplementary Figure 1). The elevation-dependent pen-
etration depth is found by averaging the SRTM C-band penetration depth map into 50 m
elevation bins and fitting a linear trend to the elevation band corresponding to the cen-
ter 95% of each icefields’ area. We calculate three elevation-dependent penetration depth
corrections: for the combined Juneau and Stikine icefields (i.e. the “regional trend”), and
for the Juneau and Stikine icefields separately (Supplementary Figure 2). We adjust SRTM
elevations over the Juneau and Stikine icefields by adding each region’s penetration depth
trends over the appropriate area. SRTM elevations covering the Glacier Bay region are
corrected using the regional trend. The corrected SRTM (SRTM*) is inserted into our

dh

elevation time series, 2 is calculated using the SRTM* as a reference (42

) dt Tt sprar-)> and

outlying % srra~ Values are removed using the RMSE filter. When estimating mass change
rates, empty pixels in the % SpTM- AP are filled using the median of nearest pixels within
a 1 km radius [e.g., Melkonian et al., 2014]. Volume change rates are found by multiply-

ing % by pixel area, and mass change rates are estimated using a density of 850 & 60 kg m~3

le.g., Huss, 2013]. The improved estimates of the SRTM C-Band penetration depth, the

extension of the ASTER time series by 3-8 years, and inclusion of the ArcticDEM in the

dh
dt SRT M~

et al. [2014] and Melkonian et al. [2016].

for the Juneau and Stikine icefields are an update to the results of Melkonian

Uncertainties due to DEM errors (cpgar) and density of material lost or gained
(0,,) are calculated following Melkonian et al. [2016], and we refer to the supplementary
material of that study for detailed descriptions of the methods used. Because DEMs are

not acquired at the same time each year, it is possible that the linear fit to a decadal trend
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may alias seasonal elevation variability. This uncertainty (0scason) is estimated as the
slope of the line that best fits the DEM acquisition times after they have been projected
on to a simple sine wave seasonal elevation model with a uniform amplitude and period

of one year [e.g., Figure 6 of Berthier et al., 2016]. The amplitude of seasonal elevation

variations is not well constrained for southeast Alaska, however Berthier et al. [2018] found

that even with a large amplitude of 10 m, 0seqs0n iS an insignificant source of uncertainty

for the Juneau and Stikine Icefields.

We estimate the effect that our asymmetric deviation threshold has on mass bal-

+10 +10

ance estimates (opgy) by doubling the cutoff threshold of each icefield (i.e., 77 to Top m yr~

for Juneau and T1§ to T§5 m yr~! for Stikine and the Glacier Bay region) and subtract-

ing the resultant mass balance from our original mass balance estimates. Uncertainties
associated with the SRTM correction are found for the Juneau and Stikine icefields by

subtracting the mass balance derived from with that of %U . For Glacier

dh
dt SRT M *

d
Bay, we do not have ¢

’ZU ~, so we take the trends found for separately for Juneau and

Stikine as end members and calculate the difference from found with the av-

dh
dt SRTM*

erage trend. Ice mass balance uncertainty (op) is calculated by adding sources of un-

certainty listed above in quadrature.

_ [ 2 2 2 24 2
0B =\/0ppm t Oscason T OsprrMm T 05 T Oy (1)

1.2 Results

dh

Gt . 1s shown for Juneau and Stikine icefields in 50 m elevation-averaged bins

in Supplementary Figure 4. After using %Umm with the “linear extrapolation” technique
[Wang and Kddb, 2015; Berthier et al., 2016], we find the SRTM penetration depth, shown
as 50 m elevation averaged bins for the Juneau and Stikine icefields (Supplementary Fig-
ure 2, Supplementary Table 1), with elevation dependent penetration depths of 5.6 m
plus an additional 3.0 m penetration per 1000 m a.s.l. for Juneau and -0.53 m + 4.8 m
per 1000 m a.s.l. for Stikine. The trend fitting the combined results of the two icefields
(i.e., the “regional” trend) yields a penetration correction of 2.63 m + 3.8 m per 1000 m

a.s.l. After applying the elevation dependent corrections to the SRTM and inserting the

dh

SRTM* into the elevation-time series, we find that the results of %O_ and G oo

on average agree to within 0.2 m yr ~! (Supplementary Figure 4).
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Figure 3. 4! plotted against elevation for the Stikine Icefield (A), Juneau Icefield (B), and

Glacier Bay region (C). Three cases are shown for the Juneau and Stikine icefields: %% esti-

mated using the uncorrected SRTM DEM as the reference elevation (cyan), estimated using

only ASTER and ArcticDEM and referenced by the elevation with the lowest uncertainty (blue,

%Umm), and estimated using the corrected SRTM DEM as the reference (purple, %SRTM* ).
Following the correction applied to the SRTM DEM, % srra- agree to i};g ~ within uncer-
tainty.
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dh dh
dt Gumin dt SRT M~

(m w.e. yr~ 1) (m w.e. yr 1)

Juneau Icefield -0.85 + 0.27 -0.75 £ 0.15
Stikine Icefield -0.69 £+ 0.12 -0.75 + 0.08
Glacier Bay Region — -0.76 £ 0.11

Table 2. Mass balance estimates for Juneau Icefield, Stikine Icefield, and Glacier Bay region.
In the first column, mass balance is estimated from ASTER and ArcticDEM-only elevation time

series in which the elevation with the minimum uncertainty in the time series at each pixel is

dh

used as a reference to remove outliers (i.e., G
man

). In the second column, mass balances are

estimated from corrected STRM (SRTM*), ASTER, and ArcticDEM elevation time series, and

dh )

the SRTM* is used as a reference for removing outliers (i.e., S SRTM

Uncertainties for the mass balance calculations are summarized in Supplementary
Table 2, and the size of each component of mass balance uncertainty is summarized in
Supplementary Table 3. The amplitude of seasonal ice-elevation variations were not known
a priori, and so we chose 10 m as an upper bound to adequately capture any real ele-
vation amplitude [e.g., Berthier et al., 2018]. For each of the three regions, although cseason
is similar to other sources of uncertainty, removing it from the uncertainty analysis would

only change op by about 1%.

Mass balance estimated using %SRTM* for the Juneau Icefield (-0.75 4 0.15 m w.e. yr—1!)

and the Stikine Icefield (-0.75 £ 0.08 m w.e. yr~!) agree within uncertainty to previous

estimates based on an ASTER-only time series between years 2000-2016 [Juneau: -0.68 + 0.15 m

w.e. yr~!; Stikine: -0.83 £ 0.12 m w.e. yr—!; Berthier et al., 2018], as well as with in-
dependent estimates based on LIDAR spanning years 1993-2013 [Juneau: -0.65 £+ 0.22 m
w.e. yr~1; Stikine: -0.96 + 0.28 m w.e. yr~!; Larsen et al., 2015]. Glacier Bay 9 esti-
mated using the “regional” correction for SRTM penetration depth is shown in Supple-
mentary Figure 4. Using the SRTM penetration correction for the combination of Juneau
and Stikine data, the Glacier Bay region has a mass balance of -5.26 & 1.07 Gt yr—!.
Johnson et al. [2013] estimate the mass balance of the region using LIDAR data cover-
ing four time periods: 1995-2000 (-2.66+0.89 Gt yr—1), 2000-2005 (-5.14 + 1.27 Gt yr~1),
2005-2009 (-2.96 + 0.54 Gt yr=!), and 2009-2011 (-6.06 + 0.65 Gt yr—1). If we take the

average mass balance during the time periods 2000-2011 (the closest to the time period
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Juneau Stikine Glacier Bay
(Gt yr=h) | (Gtyr™') | (Gtyr™!)
o, Density 0.28 0.33 0.37
opeym DEMs 0.08 0.09 0.08
opev Asymmetric Deviation 0.48 0.001 0.06
Oseason Aliasing Seasonal Changes 0.03 0.04 0.03
osrrym SRTM C-Band Penetration 0.58 0.39 0.69

Table 3. Components of mass balance uncertainties used in Eq. 1. ¢, accounts for unknowns
in the density of the glacial material lost or gained, opgar for the uncertainty in the weighted
linear regression applied to the elevation time series, and opgy for the uncertainty due to the
asymmetric cutoff threshold used to exclude outliers. oseqason represents uncertainties due to par-
tially aliasing seasonal elevation variability in the DEM time series. Imperfect corrections for the
SRTM C-Band penetration depth are (osrra) are estimated as the difference in mass balance
dh

estimates calculated from & and 4

dt orrin G SRTM*" For the Glacier Bay region, osrr is calcu-

lated as the difference in mass balances estimated when applying the SRTM C-Band penetration

trends found for the Juneau Icefield and Stikine Icefield to the Glacier Bay region.

covered in this study), the average estimated mass loss is -4.72 & 1.52 Gt yr~!, within
the uncertainty of our estimate. If we allow the average mass loss during 2011-2017 to
be the same as during the 2009-2011 period, the estimated ice mass loss during 2000-
2017 becomes -5.06 + 1.65 Gt yr~!, strikingly similar to our own estimates. While we
do note that the high intra-annual variability in mass balance observed by Johnson et al.

[2013] makes a direct comparison to our results difficult, this provides a result from an

independent dataset that is consistent with our findings.

1.3 Discussion

Previous estimates of SRTM C-Band penetration in southeast Alaska were estimated
to be between 0-3 m based on the difference from the X-Band component of the SRTM,
which was assumed to have small penetration into the snow and firn [Melkonian et al.,
2014]. This was a reasonable assumption at the time [e.g., Gardelle et al., 2012], espe-
cially when considering the maritime environment and high water content of snow in south-

east Alaska. Dehecq et al. [2016] and Berthier et al. [2016] found that the penetration



dh/dt Uncertainty (m/yr)

186 Figure 4. Uncertainties of % srrar- Pased ice mass balance estimates (Supplementary Ta-

187 ble 3). Ice mass balance uncertainties are expressed as meters assuming a density of 850 kg m ~>.
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depth of X-Band radar in the high-altitude, continental setting of the French Alps is on
the order of 10 m, suggesting that the C-Band penetration depths based on an X-Band
reference may similarly be underestimated. In light of this, Melkonian et al. [2016] ac-

counted for the uncertainty in the C-Band penetration at the Stikine Icefield considered
multiple scenarios, including a linear increase in penetration depth from 2-8 m between

1000 to 2500 m a.s.l.

By using an ASTER-only elevation time series, and eliminating the need to cor-
rect for a radar penetration depth, Berthier et al. [2018] found mass balance estimates
for the Stikine Icefield more closely agreed to those found by Melkonian et al. [2016] un-
der the 2-8 m SRTM-C Band penetration depth scenario than the 0-3 m penetration depth
scenario. Similarly, Berthier et al. [2018] found that the 0-3m SRTM C-Band penetra-
tion depth correction results in overly positive mass balance estimates for the Juneau
Icefield [Melkonian et al., 2014], suggesting that the C-Band penetration depth in south-
east Alaska may be similar to that of drier, continental settings. Here, we extend the dis-

cussion of Berthier et al. [2018].

While we do not estimate the SRTM’s X-Band penetration depth explicitly, it may
be inferred based on a comparison between our C-Band penetration depths and the SRTM
C- and X-Band differences calculated in previous studies. Melkonian et al. [2014] found
a difference between the SRTM X- and C- bands of 0—3 m between the elevations of 700
to 1650 (i.e., 3.15 m of difference per 1000 m a.s.l.). This is consistent with our finding
of a SRTM C-band penetration gradient of 3.0 m per 1000 m a.s.l. (Supplementary Fig-
ure 2, Supplementary Table 1). The difference between the SRTM C- and X-band DEMs
are zero below 700 m a.s.l. [e.g., Melkonian et al., 2014], where we find the consistent
gradient in the C-band penetration. This implies that the X- and C-band of SRTM both
have the same penetration depth and gradient, and that the X-band penetration gra-
dient for elevations above 700 m is negligibly small for the Juneau Icefield. In other words,
the SRTM X-band penetration depth of the Juneau Icefield is not constant, ranging be-
tween 2.25-7.86 m at 750 m a.s.] and appears to remain at this value for higher eleva-
tions. For the Juneau Icefield, Stikine Icefield, and the regional fit, we find mean SRTM
C-band penetration depths of 7.3-10.3 m, in agreement with the penetration depths found
in the French Alps of 8-9 m [Berthier et al., 2016].

—11—



235 To compare our regional penetration depth estimates against estimates made from

236 independent datasets, we consider the results of Larsen et al. [2007] who corrected the

237 C-band penetration of SRTM as well as seasonal elevation differences between Febru-

238 ary and August 2000 by comparing 12 LIDAR surveys made over the Yakutat, Glacier

239 Bay, Juneau Icefield, and Stikine Icefield regions in August 2000. Larsen et al. [2007] found
240 an elevation dependent penetration depth of -2.5 m 4+ 2.6 m per 1000 m a.s.l, ~30% lower
on than the penetration gradient we find for our regional fit. The linear trend fit by Larsen

202 et al. [2007] to the difference between the LIDAR surveys and the SRTM DEM spans

213 elevations between 500-1700 m a.s.l. This corresponds to about 68% of the combined Juneau
204 and Stikine icefields’ area, whereas our study focuses on the center 95% of the icefields’

25 area, corresponding to elevation bands of 525-2125 m a.s.l. When we fit a trend to the

246 500-1700 m a.s.l. elevation band for the regional combination, we find a penetration trend

247 of 3.74 m + 2.6 m per 1000 m a.s.l. The agreement in the 2.6 m per 10000 m a.s.l SRTM

28 C-band penetration gradient found here when fitting to the same elevation band pro-

249 vides an independent validation of the linear extrapolation method for southeast Alaska.
250 2 Load Love Number Summary

251 As a benchmark for loading Love numbers calculated with giapy [Kachuck, 2018],

252 Love numbers for PREM are shown in Supplementary Figure 5 for both giapy and those

253 calculated by Melini et al. [2015]. Further benchmarking of giapy is detailed in Kachuck

254 [2018]. Supplementary Figure 6 shows the load Love numbers calculated for each of the
255 42 elastic structures in our ensemble.

263 3 Impact of Disc Size on Elastic Deformation

264 Supplementary Figure 7 shows the elastic uplift rates modeled using the PREM

265 elastic structure with % sampled at 0.01° (1.11 km), 0.005° (556 m), and 0.0025° (228 m)

266 resolutions using the nearest neighbor method. The larger uplift rates found when 0.01°
267 diameter discs are used are the result of the bias in the % distribution when ice thin-

268 ning rates are sampled at this resolution (Section 3.2 of the main text). Elastic uplift

269 rates modeled with 0.005° diameter discs agree to within 5% of uplift rates modeled with
270 0.0025° diameter discs. Using 0.01° diameter discs over estimates the elastic uplift rates
) in both the near- and far-fields, resulting in a 30% increase in elastic uplift rates at 500 m
72 from the nearest ice covered area and a 50% increase at 50 km distance from the ice in

—12—
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PREM Earth structure [Dziewonski and Anderson, 1981] computed to a harmonic degree of
150,000 using giapy [Kachuck, 2018]. Black crosses show the load Love number solutions to

PREM provided by Pan et al. [2015] to a harmonic order of 6,000.
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Figure 7. Scatter plots of elastic uplift rates of all gridded points in the study region plotted
against their distance to the nearest ice covered area. Elastic uplift rates are modeled from the
ensemble of LITHO1.0 elastic structures using discs of 0.01°, 0.005°, and 0.0025° diameter. Up-

lift rates modeled using 0.01° are positively biased due to the overly-negative ice mass balance

dh

estimates that results from sampling S at this resolution (see section 3.2 of the main text).

comparison to the elastic uplift rates modeled with 0.0025° diameter discs (Supplemen-
tary Figure 7). As discussed in section 3.2 of the main text, load Love numbers used to
model elastic deformation were calculated to a harmonic degree of 150,000. The harmonic
degree (n) needed to resolve deformation resulting from a load of radius « is given by

Jeans [1923] as

Thus a disc of 0.005° diameter should be modeled using load Love numbers cal-
culated to a harmonic degree of at least 144,000 and at least 288,000 for a 0.0025° di-
ameter disc. Bevis et al. [2016] suggest that this rule may be judiciously violated in or-
der to avoid excessive computing time costs. The close agreement between elastic de-
formation modeled using 0.005° and 0.0025° diameter discs (Supplementary Figure 7)

indicates that a harmonic degree of 150,000 is sufficiently high for this study.
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Figure 8. Static-dynamic Young’s modulus ratios (Es/Ep) calculated from Eq. 1 of the main

text for each of the 42 LITHO1.0 elastic structures.

4 Static-Dynamic Ratio

The inelastic corrections described in Eq. 1 of the main text are based on labora-
tory experiments conducted at a narrow range of confining pressures 0-100 MPa,or the
upper 5 km of the crust [Yale et al., 2017]. However, as confining pressures increase, pores
and fractures close and the static-dynamic ratio of a rock approaches 1 at depths of ~12-
15 km [Cheng and Johnston, 1981]. We must take care that applying Eq. 1 of the main
text to the LITHO1.0 ensemble does not yield static-dynamic ratios that are implausi-
bly small at too great of depths. Supplementary Figure 8 shows the scaling factor plot-
ted against depth for each of the 42 LITHO1.0 structures. At a depth of 3.1 km, the small-
est Eg/Ep in the ensemble is 0.75 to 0.90, and beyond depths of 10 km is no lower than
0.95. This is consistent with the Eg/Ep of 0.9 found by Cheng and Johnston [1981] for
granite at confining pressures equivalent to depths of 12-13 km. Differences between the
static and dynamic moduli of less than 5% at depths beyond 10 km are negligibly small

for the purposes of this study.
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