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S1 - Thickness observations
The two primary sources for the 1.4 million thickness measurements are direct or
indirect observations, roughly comprising a two and one-third share of the total
data amount, respectively.

S1.1 - Direct observations

Overview. Direct thickness measurements were collected by four survey techniques:
gravimetry, radio echo sounding (RES), seismic sounding and boreholes (Table S1).
Seismics and boreholes are labour-intensive and mostly provide point information
or single profiles. These techniques were only used on Perito Moreno Glacier in the
SPI. Largest spatial coverage is achieved by the gravimetric and radar surveys. In
principle, we can distinguish two campaigns types: icefield-wide coverage or sin-
gle outlet glacier focus. Airborne gravimetric surveys covered large parts of the
icefields, primarily aiming at plateau areas, where thickness values locally exceed
1000m. As the icefields are assumed temperate [76], the plateau areas are un-
favourable for ground-penetrating radar (GPR) measurements beyond 800m. GPR
measurements therefore mainly focussed on the lower trunks of individual outlet
glaciers. Exceptional spatial GPR coverages were achieved on Nef and Colonia
glaciers in the NPI [77] as well as for Tyndall and Grey in the SPI.

If surface or bed elevation information is provided alongside the thickness value,
it is transferred to the Earth Gravitational Model 1996 (EGM96) [78]. As the target
time stamp for the thickness mapping is February 2000 (reference SRTM, cf. Data
& Methods), thickness values are homogenised to this point in time. If information
on bed elevation is available, it is subtracted from the SRTM to infer thicknesses
in 2000. For this purpose, the 30-m SRTM is bi-linearly interpolated to the mea-
surement location. If no elevation information was provided, thickness values are
corrected by scaling the annual mean elevation change rates (2000/2011-2016) with
the elapsed time between measurement acquisition and February 2000. On account
of the high spatial correlation in thickness measurements, a sub-sampling was ap-
plied discarding records within 200m.

Specific information on individual campaigns. In this section, we want to highlight a
few particularities in (1) the data usage of the airborne gravimetric surveys [16, 25]
and (2) in the pre-processing of the 2012 GPR measurements on San Rafael, Nef
and Colonia glaciers in the NPI [85].

(1) Information on ice thickness over the plateau areas of both icefields are al-
most exclusively acquired by airborne gravimetric surveys (cf. Table S1). Yet the
recorded gravity anomalies at a certain point along the flight path do not give
direct measurements of local nadir ice thickness. These anomalies only allow infer-
ence of the thickness distribution within a certain area of influence. For mapping ice
thickness, the available gravity measurements enter an inverse approach to infer a
three-layer bedrock model, comprising water, ice and rock [25]. Ice thickness values
are therefore already available as a map product. Here, we refrain from using the
gridded map as input because it is highly unconstrained away from actual gravity
measurements, nunataks or rock outcrops. However, we consider it a great loss to
ignore these measurements as no other survey techniques gives information on the
interior ice thickness. We therefore decided to extract the thickness values for each
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gravity point measurement along the actual survey flight path in 2012 and 2016 by
bi-linear interpolation of the associated thickness map. The point information on
ice thickness along the flightlines is then used as actual thickness measurement.

(2) The 2012 airborne radar campaign, jointly organised by the ‘Centro de Es-
tudios Cient́ıficos’ (CECs) and the ‘Dirección General de Aguas’ (DGA), targeted
three glaciers of the NPI [85], namely San Rafael, Nef and Colonia. Aside from
the bedrock identification, they measured the respective surface elevation. After
geoid correction, we noticed a systematic o↵sets between the point elevation mea-
surements and the SRTM. As such a bias enters into the final thickness map, we
decided for an a-priori removal. We therefore quantified the bias for each of the
glaciers at the uppermost measurements locations normally above the equilibrium
line altitude. No elevation bias was found for Nef, whereas for San Rafael and
Colonia, elevation measurements were corrected by -67m and -43m, respectively.

S1.2 - Indirect observations

Overview. The second source of thickness information relates to glacier retreat as
defined by the glacier outlines in 2001 and 2016 together with DEMs in 2000 and
2019 (Data & Methods). In this time period, areal changes indicate a 5%-reduction
for NPI (�181 of 3856km2 in 2000) and 2% for SPI (�282 of 12514km2 in 2000). The
retreat volume is extracted by di↵erencing to the SRTM reference DEM. This choice
implies that inferred thickness values have the timestamp February 2000. Retreat
along land-terminating sections of the icefields represent the majority of past thick-
ness values, with roughly 4500000 entries. These measurements show a large spatial
coverage. The remaining ⇠ 10% were derived for marine- and lake-terminating
(MALT) glaciers with bathymetric measurements in previously ice-covered area.
The latter information is exclusively available for a few glaciers of the SPI. In the
following, the pre-processing of these retreat observations is specified for these two
cases.

Land-termination. For the extraction of past thickness values in areas that retreated
over land since 2000, the first step is to accurately delineate a valid retreat mask.
For this purpose, we first decreased the dissolved RGI outlines by 15m, to avoid
artefacts from digitisation di↵erences. Afterwards, we infer the spatial di↵erence
between the RGI6.0 in 2001[3, 4] and more recent outlines from 2016 [47]. As this
retreat mask also holds information for marine- and lake termination, we further
remove areas that are either labelled as ocean in the DEM (below geoid) or as
lakes in the HydroLAKES database [92]. Then, frontal areas of glaciers labelled as
MALT are discarded if they fall within the lower 5% of the full elevation range of
each drainage basin as given by RGI6.0. In this way, near-front retreat of MALT
glaciers are e�ciently masked out. In the final step, DEM di↵erences between 2000
and 2019 are computed within this retreat mask on 30-m resolution. These point
values serve as past thickness information in the reconstruction. The influence of
bed erosion between 2000 and the 2019 on these thickness estimates is considered
negligible.
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Marine/lake termination. An overview of available bathymetric information in the
vicinity of the glacier fronts of NPI and SPI is given in Table S2. The thickness
reconstruction ingests observations that fall into the RGI6.0 outlines. Bathymetry
of the Laguna San Rafael [93], Perito Moreno [49, 51, 50] as well as west-coast
measurements of the Hydrographic and Oceanographic Service of the Chilean Navy
(SHOA) fell outside and remained unconsidered. The remaining observations are
exclusively from the east side of SPI. Only exception is HPS12 which showed an
exceptional retreat. To infer past thickness values, water depth measurements
were subtracted from SRTM (linearly interpolated). This implies a February 2000
timestamp for this marine retreat information on ice thickness. Also here, erosion
of the sea or lake bed between 2000 and the acquisition dates of the bathymetric
surveys is considered negligible.

S1.3 - Errors in thickness observations

Direct measurements. Some of the surveys did provide an error estimate for their
thickness products (cf. Table S1). For the majority of surveys, no error was pro-
vided. In this case, we pursued a formalised strategy for thickness error estimation
of GPR measurements (✏H,GPR) [79].

(S1) ✏H,GPR =
1

2

p
⌧2✏2

c
+ c2✏2

⌧

The error computation accounts for the uncertainties in the radio-wave propagation
velocity c (✏c) as well as in the picking of the bed reflection (in terms of two-way
travel time ⌧) in each trace of the radio-echo sounding (✏⌧ ). In this way, the error
estimate primarily depends on the operation frequency of the radar system and the
local ice thickness. However, the error component of the measurement position-
ing remains unaccounted for. As the gravimetric campaigns in 2012 and 2016 as
well as the WISE radar survey in 2014 assume bulk errors, relative values are often
very high where measured thickness values are small. Therefore, we additionally cap
relative measurement errors to not exceed 50% of the local thickness measurements.

Indirect measurements. For land-terminating retreat, we assume a relative error of
20% in the past thickness values. For the marine-retreat thickness information, we
assume a baseline 9-m uncertainty stemming from SRTM and add, if available, any
given measurement error (cf. Table S2). As above, we cap the relative error to 50%
of the respective thickness value.
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S2 - Model developments
S2.1 - Weighting of gravimetric measurements. As gravimetric measure-
ments have a dense spatial coverage, they often dominate the thickness solution over
individual observations from other surveying techniques (e.g. GPR). We therefore
decided to decrease the weighting of gravimetry measurements in the cost function
(Equation 13 in reference [38]). The rationale is as follows: First, the weight of
the mismatch between modelled and gravimetric measurements is globally lowered
by a factor of hundred (w0 = 10�2). Second, we anticipate that the reliability of
gravimetric measurements decreases downglacier towards the narrow outlet trunks.
This is confirmed by direct comparison of radar and gravimetric measurements.
The latter often show smaller values. As many outlet glaciers either reach the
ocean or low-elevated lakes, we decided for the following elevation scaling.

(S2) w = w0 · exp(�w1
z1 � z

z1 � z0
)

Here, the lower reference elevation z0 = 0m a.s.l. is set to sea-level. The upper
reference elevation z1 = 1200m a.s.l. is chosen as a compromise between the median
icefield elevation (⇠ 1330m a.s.l.) and the mean equilibrium line altitude of both
icefields (⇠ 1050m a.s.l.). Above z1, the weighting is fixed to w0. The remaining
free parameter in the exponent w1 = ln(10�3) results in an additional downgrade
by a factor of one thousand at sea-level (z0). The most sensitive parameters w0, w1

have been determined as a compromise between domination either of gravimetric
or GPR measurements in regions of overlap (e.g. San Rafael, Jorge Montt).

S2.2 - Directional scaling. Concerning the regularisation of the thickness solu-
tion in the cost function for the second step reconstruction (Eq. 6 in reference [39]),
we follow the suggestions on distinguishing across- and along-flow variation for an
ice-sheet-wide application of a similar mass conservation approach on Greenland
[95]. We therefore replace the regularisation cost term Jreg as follows:

(S3) Jreg = �reg ·
Z

⌦

h�
rH · nk

�2
+ �reg,? (rH · n?)

2
i

Thickness variations across- and along flow are therefore penalised di↵erently.
Calibration of this parameter over both icefields showed an optimal result for
�reg,? = 0.1 in agreement with the Greenland-wide application. In this way, along-
flow thickness variations result in increased costs and are thus smoothed more
e�ciently.
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S3 - Extended discussion
S3.1 - Outlet-glacier showcases. In the following, selected showcases for typical
glacier beds are discussed and compared to previous estimates. Starting with the
NPI, San Rafael Glacier is one of the fastest and most prolific calving glaciers in the
region reaching a lagoon at sea-level [11]. Thickness values are well-constrained by
gravimetric measurements over the entire drainage basin. Towards lower elevations
there are additional GPR profiles (cf. Table S1). Results show an elongated trough
that reaches �200m below sea-level near the ice front. On the lake side away from
the ice, unconsidered bathymetric measurements on Laguna San Rafael indicate
a depth of ⇠ 250m. Except for the most recent velocity-based map [2], previous
estimates generally suggested land-termination (Fig. S2). Turning to San Quint́ın
Glacier, no observations were available for its majestic 30-km long and 5-10-km
wide tongue. Recent GPR cross-profiles [81] finally shed light on its ice thickness,
mostly away from the central flowline. This valuable information is ingested in our
approach and the final map shows a trough not deeper than 400m below sea-level
(away from the highly crevassed frontal area). San Quint́ın is therefore prone to
important retreat into overdeepended areas up to 15 km from its current front po-
sition. In comparison to previous estimates, the perfect plasticity approach [24]
shows a much deeper and more elongated over-deepening (Fig. S2). Other recon-
structions produce a more patchier bed topography beneath San Quint́ın. In the
Northeast, Exploradores Glacier currently terminates on land and all reconstruc-
tions agree on a deeply incised over-deepening. Considering an overspill elevation
of about 150m, the potential pro-glacial lake could grow to 10 km2 and show water
depths of more than 300m. Currently, there is only a small lake near the spillway
and a lateral lake damned by the glacier itself. Turning to the SPI, Ṕıo XI Glacier
is to this day unsurveyed in terms of ice thickness and there is strong disagreement
between our approach and the other available bed maps (Fig. S3). The latter show
that Eyre Fjord in the South could extend far upglacier, often connecting to Lago
Greve (187 km2 [96]) at the current northern front via a bathymetric section that
reaches down to 300m below sea-level. However, our mapping results suggest a
rather shallow bathymetry - in many parts not deeper than 50m below sea-level.
The bed topography even emerges above sea level at the junction between the
northern and southern branch. Aerial photographs from the 1940s (Fig. 2), when
the glacier was in a retreated stage (by about 10 km from present), suggest that
Eyre Fjord extends to this junction but is disconnected from Lake Greve by an out-
wash plane. In our reconstruction, the areal extent of this land-area is somewhat
overestimated. Admittedly, we expect that during the recent advance, the glacier
has likely removed sediments in these areas [97].

S3.2 - Valley Shapes. Another observation is that cross-profiles of outlet glacier
troughs have a single deepest point near the centreline for two approaches, i.e. again
the gravimetric[25] and the perfect-plasticity approach [24]. Despite the fact that
the depth is often much deeper (e.g. San Quint́ın, Colonia, Ṕıo XI), the bed linearly
increases from this deepest point towards the lateral margin producing V-shaped
valleys. This characteristic valley form stems from the fact that the perfect plas-
ticity approach was applied along centrelines and then interpolated to the margin
[24]. Along outlet glaciers, the latter map was also spliced to the gravimetry map
[25]. This V-shape is less expressed in the consensus and velocity-based estimates
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as well as in our estimate (Fig. 3a, d, e and Suppl. Fig. S1a, d, e). For all of them,
valleys generally appear wider (U-shaped). Although the participant approaches in
the consensus estimate often pursue the reconstruction along flow lines or elevation
bands, the final map interpolation depends on local slopes [57, 58, 1]. Although
advantageous in this respect, this slope dependence introduces a patchy pattern of
the ice thickness distribution. On NPI, San Rafael and San Quint́ın glaciers are
prime examples (Fig. 3d). Also the velocity-based approach (Fig. 3e) shows this
erratic pattern because it relies on the SIA, which is equally sensitive to surface
slope. Our estimate is less a↵ected (Fig. 3a). The reason is that for the fast-flowing
glacier units, it exclusively builds on mass conservation and is thereby independent
of local slopes. Again, the San Rafael setup is representative showing that mass
conservation suggests an elongated glacier trunk thicker than 500m that almost
reaches the ice front. Only over the last few kilometres thickness values quickly de-
crease to 200m. For most other approaches, frontal thickness falls beneath 200m.
In a similar way, Upsala Glacier in the SPI funnels ice export through an equally
thick glacier trunk (Fig. S1a). More recent approaches do not support such deeply
incised valleys (Fig. S1c, d, e). Yet for both glaciers, near front thickness observa-
tions were assimilated into our map. Away from direct observations, there is good
agreement in thickness values between the modelling studies for Exploradores and
Pared Norte glaciers of NPI, as well as Europa Glacier of SPI.

S3.3 - Measured vs. Modelled Thickness Values. A point-by-point compar-
ison of all measurements against existing thickness maps (Fig. S4) is dominated by
the gravimetric surveys. The latter were the basis of the gravimetric map product
[25], for which the median and mean almost vanish (Fig. S4d). Yet the standard
deviation remains at about 100m because of interpolation e↵ects. Biases for large
thickness values are visible for all other map products. Withholding the gravimet-
ric measurements together with the retreat observations from this comparison, a
more unbiased picture emerges (Fig. 4). Admittedly, the approach presented here
(Fig. 4a) was informed by all measurements and therefore shows small median and
mean di↵erences. Nonetheless, a positive bias is observed for the SPI, which is likely
related to the weighting compromise between di↵erent measurement types (Suppl.
Sect. 2.1). Standard deviations remain below 150m. Other thickness maps did not
a-priori see any measurements, which is reflected in the more elevated standard
deviations. It is noteworthy that median and mean values are comparable for all
but one approach, being the early perfect-plasticity approach [24] (Fig. 4b).

S3.4 - Frontal ablation from flux gate methods. On a glacier-by-glacier level,
the flux-gate estimates show a systematic divergence. While values from Schaefer
et al. (2015) [8] are generally smaller than from Minowa et al. (2021) [21], our
estimates often fall between these extremes while uncertainty ranges overlap. Yet
there are also exceptions like the well surveyed San Rafael, Jorge Montt, O’Higgins
and Upsala or the unsurveyed Amalia, HPS 13 and Ṕıo XI icefronts. Anyhow, some
aspects need highlighting. On NPI (Fig. 5a), San Quint́ın is identified as much less
prolific in frontal 2012 ice discharge than San Rafael. For San Quint́ın, it is the
first time that a discharge estimate is based on near-front thickness measurements
from 2019 [81]. Admittedly, associated uncertainties remain large. For San Rafael,
cross-profile GPR measurements near the snout allow however a well-constrained
discharge estimate of 1.26 km3yr�1 with mere ⇠ 15% uncertainty. For the latter



9

glacier, our ice discharge supports the lower end of previously reported values in
the range from 0.8 to 2.22 km3yr�1 [98, 99, 6, 100]. On Nef and Colonia glaciers,
a high-density thickness survey has been acquired and discharge values can also be
constrained well. With regard to Minowa et al. (2021)[21], we confirm the estimate
on Colonia but have to lower frontal discharge from Nef. Turning to SPI (Fig. 5b),
four glaciers explain half of the mass loss, namely Jorge Montt, HPS13, Penguin
and Upsala. The previous flux-gate estimate also forward equally large discharge
for Europa and O’Higgins, which we no longer confirm. Our results suggest half as
much discharge for these glaciers. For Glaciar O’Higgins, frontal ice discharge is well
constrained by gravimetry surveys over the glacier trunk. For Jorge Montt, frontal
ice discharge is 1.94 km3yr�1. This prolific loss rate agrees well with independent
flux-gate estimates [44] range from 1 to 4 km3yr�1 during the 2012-2017 retreat
years.
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eral de Aguas (DGA), Unidad de Glacioloǵıa y Nieves, 2014). URL https://snia.mop.gob.

cl/repositoriodga/handle/20.500.13000/125854.
[72] Farinotti, D. et al. How accurate are estimates of glacier ice thickness? Results from ITMIX,

the Ice Thickness Models Intercomparison eXperiment. The Cryosphere 11, 949–970 (2017).
URL https://www.the-cryosphere.net/11/949/2017/.

[73] Farinotti, D. et al. Results from the Ice Thickness Models Intercomparison eXperiment
Phase 2 (ITMIX2). Frontiers in Earth Science 8 (2021). URL https://www.frontiersin.

org/articles/10.3389/feart.2020.571923.
[74] Liboutry, L. Nieves y glaciares de Chile. Fundamentos de Glacioloǵıa (Universidad de Chile,

1956).
[75] Mercer, J. Southern Hemisphers glacier atlas [in Technical Report W-67-76-ES.] (Earth

Science Laboratory, Natick Laboratories, United States Army, Natick, MA, USA, 1967).
[76] Rivera, A. & Casassa, G. Ice Thickness Measurements on the Southern Patagonia Icefield

[In: The Patagonian Icefields.] (Series of the Centro de Estudios Cient́ıficos. Springer,
Boston, MA, 2002).

[77] Blindow, N., Salat, C. & Casassa, G. Airborne GPR sounding of two deep temperate
glaciers in the Northern Patagonia Icefield. Proceedings of the 14th International Conference
on Ground Penetrating Radar (GPR 2012), Shanghai, China: Tongji University 664–669
(2012).

[78] Lemoine, F. et al. The Development of the Joint NASA GSFC and NIMA Geopotential
Model EGM96. NASA Goddard Space Flight Center, Greenbelt, Maryland. 20771 USA ,
(1998). URL https://cddis.nasa.gov/926/egm96/nasatm.html.
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Table S1. Available direct thickness surveys sorted by measure-
ment technique and time. Measurement uncertainties were either
estimated by the data holders or relying on a standardised proce-
dure [79], disregarding the positioning error.

region/ acquisition survey measurement references/
glaciers date method uncertainty comments

GRAVIMETRY

NPI & SPI 01.08.2016, airborne 159 m [25]
31.07.2016, (overall �)
22.07.2016

NPI & SPI 03.06.2012, airborne 159 m [16, 25]
30.05.2012, (overall �)
11.05.2012,
04.05.2012

Nef, Soler 29.11.1985 terrestrial 15� 35% [80]

RADAR SURVEYS

San Quint́ın, 19.-20.05.2019 airborne [79] [81]
Soler (20 MHz) (data link)

Grey 24.01.2016 terrestrial [79] comm.

09.03.2015 (10 MHz) G. Gacitúa

ice plateau 28.09.2015, airborne [79] [82]
betw. Viedma, 20.-21.09.2015, (20 MHz)
Jorge Montt, 03.&06.09.2014,
Occidental 27.08.2014
NPI & SPI 11.2014 airborne 25, 50 & 100 m [83, 84]

WISE radar (quality categ.
(1-5 MHz) 1, 2 & 3)

San Rafael, 27.04.2012 airborne [79] [85] surface ele-

Nef, Colonia 24.08.2012 (20 MHz) vation corrected

Nef, Colonia 01.11.2010 airborne [79] [77]
(30 MHz)

Tyndall, Grey 28.-29.03.2008 airborne [79] comm.

(25 MHz) N. Blindow

Tyndall 1999 terrestrial - [86] not used

17.&22.03.2002 (no picking)

Chico, Viedma, 10.1997 terrestrial [79] [76]
O’Higgins (2.5 MHz)
Tyndall 9.-14.12.1993 terrestrial [79] [87]

(1.25-5 MHz)
Tyndall 12.1990 terrestrial [79] [88]

(1.25-2.5 MHz)

SEISMIC SURVEYS

Perito Moreno 22.11.1996 seismics 20% [89]
19.11.1996

BOREHOLES

Perito Moreno 05.03.2010 hot-water 5 m [90, 91]

https://zenodo.org/records/7607535
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Table S2. Bathymetric measurements/information. Grey shad-
ing indicates unused data because of no overlap with RGI6.0. Lake-
level information was taken from SRTM.

region/ acquisition survey ref. sea/ references/
glaciers date method lake-level comments

(obs. error)

NPI

San Rafael April 2006 Datasonics 0 m a.s.l. [93] not used

(Laguna S.R.) Bubble Pulser (unspecified) (no overlap)

(1 hydrophone)

SPI

Ṕıo XI - Amalia 2003 - Atlas Fansweep, 0 m a.s.l. ⇤SHOA
(Fiordos Eyre - - 2008 medium-depth (unspecified) not used

Peel) Hydrosweep (MD2) (no overlap)

Jorge Montt 02.2010 single-beam 0 m a.s.l. [94, 43]
(Fiordo Baker) echo sounder (unspecified)
HPS12 01.2020 single-beam 0 m.a.s.l. comm. Minowa

echo sounder (3.7%)
Viedma 01.2017, single-beam 252 m.a.s.l. comm. Minowa

(Lago Viedma) 11.2018, echo sounder (3.7%)
11.2019,
06.2020

Viedma 12.2012, single-beam 252 m.a.s.l. [51]
(Lago Viedma) 12.2013 echo sounder (3.7%)
Upsala 11.2019, single-beam 179 m.a.s.l. comm. Minowa

(Brazo Upsala) 03.2020 echo sounder (3.7%)
Upsala 10.2014 single beam 179 m.a.s.l. [51]
(Brazo Upsala) 12.2013 echo sounder (3.7%)
Perito Moreno 04.2019, sesismic & 179 m.a.s.l. [50] not used

(Canal de los 11.2017 echo sounder (unspecified) (no overlap))

Témpanos, 2002, 2009, (2 or 8 hydrophones)
Brazo Sur) mask)

Perito Moreno 12.2013 single-beam 179 m.a.s.l. [51] not used

(Canal de los echo sounder (3.7%) (no overlap)

Témpanos,
Brazo Sur)
Perito Moreno 15.3.1900 lead line 179 m.a.s.l. [49] not used

(Brazo Sur) (unspecified) (no overlap)

Tyndall 10.2019 single-beam 46 m.a.s.l. comm. Minowa

(Lago Geikie) echo sounder (3.7%)
Tyndall 2001 - 46 m.a.s.l. [86]
(Lago Geikie) (unspecified)
Grey 01.-02.2016, single beam 45 m a.s.l. [52]
(Lago Grey) 03.2017, echo sounder (5 m or 5%)

11.2018
(*) SHOA: Hydrographic and Oceanographic Service of the Chilean Navy
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Table S3. Model parameter settings as defined in [38, 60].

symbol value unit description

GENERAL

⇢i 917 kg m�3 ice density

g 9.18 m s�2 gravitational acceleration

FIRST STEP

l 3 � coupling length

↵0 1 � slope threshold

cost function
�pos 10+2 � weighting multiplier for positive flux

�reg 10+1 � weighting multiplier for flux regularisation

�ȧ 10+1 � weighting multiplier restraining control parameter

viscosity scaling [60]
4 � multiplier for scaling w.r.t. the distance to the margin

hmin 0 m a.s.l. minimum DEM elevation

hmax 2552/2337 m a.s.l. 98% percentile of DEM over ice-covered area of NPI/SPI

↵
slope
B

52.54404 � reference slope

�
slope
B

�0.08143 (�)�1 slope scaling factor

h
elevation
B

0.67263 � reference elevation

�
elevation
B

�1.62608 � elevation scaling factor

SECOND STEP

cost function
0.05 � weighting of cost derivatives between control parameters

�pos 10+2 � weighting multiplier for positive thickness

�obs 10+0 � weighting multiplier for thickness mismatch

�marine 0 � weighting multiplier for near-front thickness obs.

�reg 10+0 � weighting multiplier for thickness regularisation

�reg,? 10�1 � weighting between across- and along-flow regularisation

�ȧ 10�4 � weighting multiplier restraining apparent mass balance

�U 10�8 � weighting multiplier restraining velocities

Weighting of gravimetry measurements
z0 0 m a.s.l. lower reference elevation

z1 1200 m a.s.l. upper reference elevation

w0 10�2 � weighting function multiplier

w1 ln(10�3) � weighting exponent multiplier
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Supplementary Figure S1. SPI thickness distribution for
various reconstructions. (a) this study and (b) the perfect-
plasticity estimate [24] as well as the (c) gravimetry-based [25],
(d) global consensus [1] and (e) global velocity based estimates [2].
Background: SRTM hillshade.
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Supplementary Figure S2. NPI bedrock topography for
various reconstructions. Distributions are shown for (a) this
study and (b) the perfect-plasticity estimate [24] as well as the
(c) gravimetry-based [25], (d) global consensus [1] and (e) global
velocity based estimates [2]. Background: SRTM hillshade.
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Supplementary Figure S3. SPI bedrock topography for
various reconstructions. (a) this study and (b) the perfect-
plasticity estimate [24] as well as the (c) gravimetry-based [25],
(d) global consensus [1] and (e) global velocity based estimates [2].
Background: SRTM hillshade.
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Supplementary Figure S4. Observed vs. reconstructed
ice thickness. The comparison distinguishes between NPI and
SPI. For the point-by-point comparison, respective thickness maps
are bi-linearly interpolation to the measurement locations. For
this figure, all available measurements were considered. Thickness
comparison is conducted for the map products from (a) this study,
(b) the perfect-plasticity [24], (c) the global consensus [1], (d) the
gravimetry-based [25] and (e) the global velocity-based estimates
[2]. Moreover, values for mean (M), median (µ) and standard de-
viations (�) are given.
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a b

c

d

Supplementary Figure S5. Ice thickness observations. Lo-
cations and thickness values of measurement record for the NPI (a,
b) and SPI (c,d). Panels (a, c) show all available measurements,
whereas panels (b, d) exclude both gravimetric surveys and retreat
information. The latter comprises seismic, GPR and borehole sur-
veys (cf., Table S1). Background: SRTM hillshade. White shading
indicates RGI outline.
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