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Accelerated mass loss of glaciers
across Alaska since the Little Ice
Age
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Elizabeth Stephens?, Rebecca Barry?, Jenna L. Sutherland®, Johannes Reinthaler®”,
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Alaskan glaciers presently dominate contributions to global glacier mass loss and are projected to do
so throughout the 21° Century. Here we assess centennial-scale evolution and mass loss of 5289 Little
Ice Age (LIA) glaciers by mapping geomorphological evidence of glacier extent and by reconstructing
ablation area ice surfaces. We find that Alaskan glaciers have experienced extensive fragmentation
and have lost at least 19 +2.8% total area since the local LIA maximum (year 1810) to year 2008.
Individual glaciers had a median area loss of 32 +4.7%. Our ice surface reconstruction for LIA glacier
ablation areas leads to a total volume loss estimate of at least 3345 + 836 km3, equating to a mass

loss of at least 2844 + 711 Gt and a sea level equivalent of 8 + 2 mm. Glacier mass balance since the LIA
to 2008 was - 0.09 + 0.02 m w.e. yr~1, which, compared with -0.67 +0.13 m w.e. yr-! between 2000
and 2019, suggests a 7.4+ 2.0 times acceleration across Alaska. Three quarters of Alaskan mountain
regions shifted from near equilibrium mass balance between the LIA and 2008 (c. -0.01 m w.e. yr'1)
to substantial mass loss (more negative than - 0.7 m w.e. yr?!) between 2000 and 2019. Our Glacier
Bay LIA icefield reconstruction evidences the greatest fragmentation, area, volume and mass loss of
any known single LIA glacier globally. Our mapping, glacier reconstructions and mass loss findings will
serve glacier evolution modelling, inform proglacial systems analysis, and support ecosystem services
management especially within protected areas.

Mountain glaciers in Alaska were the greatest contributors to global mean sea level rise compared with any world
region between 1976 and 2005. Rates of Alaskan glacier mass loss have accelerated since the mid 1970s? and
were —83.1£7.6 Gt yr~! between 2010 and 2020°, and — 66.7 + 10.9 Gt yr~! between 2000 and 2019*. Given these
accelerated rates of mass loss from Alaskan glaciers>>%7, projections suggest that Alaska will likely retain its
status as the largest regional contributor to global mean sea-level rise by 2100 regardless of the future emissions
scenario®. However, whether Alaska has been such a dominant contributor of glacier mass loss over a longer
(centennial) time scale is unknown.

A longer-term context of glacier evolution is needed to provide a baseline dataset from which subsequent
changes can be compared, to spin up numerical models, and to provide insights into controls on centennial-
scale glacier changes. As recently highlighted’, glacier evolution models are largely calibrated using remote
sensing-derived observations since the early 2000s or longer-term in situ observations that are available for only
a small subset of glaciers worldwide!?. However, at present these data are insufficient to robustly constrain model
parameters and nonlinear feedbacks, including glacier mass balance responses to glacier fragmentation and
separation of tributaries that induce major hypsometric shifts’, and terminus environment changes (e.g. from
marine to land, and from land to lake). Historical photographs and expedition records can also extend glacier
reconstructions back in time”*!"12, but again only for a limited number of glaciers and only up to a century ago.

Considering this paucity of empirical data, the former extent of Alaskan glaciers can usefully be reconstructed
by exploiting the geomorphological imprint left during glacier advance during the Little Ice Age (LIA)'?, which
across most of world regions occurred three to four centuries ago. Recent inventory-style reconstructions have
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enabled quantification of glacier area, volume and mass changes across Greenland'>!4, New Zealand’s Southern
Alps!®, the Himalaya!® and the Andes!'”. However, despite the importance of Alaska’s contribution to global
glacier mass loss in recent decades, there is a lack of knowledge regarding glacier evolution and contribution to
sea level rise on a centennial-scale. The aim of this study is to quantify glacier area and volume changes across
Alaska since the LIA. We achieve this aim using a geomorphological-based inventory-style mapping and ice
surface reconstruction approach.

Datasets and methods

There are ~27,100 glaciers in Alaska (Randolph Glacier Inventory'8, RGI v6.0). The RGI was mapped using
satellite images from years 2000 to 2011 with a mean year of 2008. Our mapping of Alaskan glaciers during
the LIA covers 52 mountain regions (Fig. 1, Fig. SI_1) as defined within the Global Mountain Biodiversity
Assessment (GMBA!® Mountain Inventory v2. These mountain regions and glaciers span a climatic gradient,
from very high precipitation and relatively warm ‘maritime’ conditions on the Pacific Coast to relatively dry
cold ‘high Arctic’ conditions across the Brooks Range (Fig. 1). This climatic gradient dictates spatial patterns of
glaciological conditions, soil development and vegetation.

Whilst the RGI now has a version 7.0, we started our mapping before its release, and there is little difference
between the versions for Alaskan glaciers. In RGI v6.0, Alaskan glaciers collectively cover ~ 86,700 km”. In this
study, for practicality of mapping, we focussed on the 5675 glaciers > 1 km?, which comprise just 21% of the total
number but represent 93% (80,300 km?) of the total glacier area in Alaska. Of these Alaskan glaciers>1 km?,
97% are land-terminating, 0.9% are marine-terminating, and 2% are lake-terminating, as classified bythe RGI
v6.0.

Our mapping protocol is fully described in the Supplementary Information (SI) and is based on definition
of moraine ridge crests and trimlines visible in high resolution (<5 m) satellite and aerial imagery, as well as
hillshaded Digital Elevation Models (DEMs); primarily the 2 m resolution ArcticDEM*. We first identified
and mapped moraine ridges dated to the LIA in the literature (Fig. SI_2). We then mapped contiguous
geomorphology in neighbouring valleys. Repeat mapping of a subset of glaciers by different individuals revealed
up to 15% difference in median glacier area change (Tables SI_1 and SI_2). A sensitivity test of the effect of only
mapping RGI glaciers larger than 1 km? showed that if LIA outlines were mapped for all RGI glaciers, then the
total LIA area could be up to 15% greater (Table SI_3). Relative area changes are calculated as a percentage of the
LIA area. Uncertainty in our mapping of LIA glacier outlines is largely due to interpretation of geomorphology
and is estimated to be +15% for groups (mountain regions, drainage basins, types) of glaciers (SI Sect. 2.3).

Our mapped LIA glacier outlines were analysed to determine LIA ablation areas, which were defined
with an estimate of the Equilibrium Line Altitude (ELA) using the Area-Altitude Balance Ratio (AABR)
method?!. Full details of our workflow, which is the prevailing approach used for inventory-style LIA glacier
reconstructions!>!4131617 are in our SI (Sect. 2.1); briefly we reconstructed LIA ice surfaces for the LIA ablation
areas using a natural neighbour interpolation between point elevations extracted along the ablation area
perimeter (i.e. from the ELA across each glacier and from points along the moraine crests). Elevations were
extracted from the ALOS World 3D 30 m DEM (AW3D30)?>23, The difference between this reconstructed LIA
ice surface and the present topography as provided by the DEM produced surface lowering or ice thickness
change and hence volume change. The DEM has 30 m resolution, is largely artefact-free and void-free across
Alaskan glaciers, but most importantly has a median date of 2008 (range from 2006 to 2011), which corresponds
to the mean date of the RGI v6.0 glacier outlines. Whilst we were able to estimate the submarine volume of LIA
ice (SI Sect. 2.2), our volume change estimates remain conservative as we assume no volume change in glacier
accumulation areas, and more importantly we cannot account for sediment or lake water infilling the valleys (see
the SI for more detail). Our LIA ice surface and volume change estimates have uncertainty of +25% for groups
of glaciers (SI Sect. 2.4).

We use the year 1810 as a median date for the timing of the most recent and extensive glacier advance during
the LIA (coinciding with the Dalton Minimum, ~1790 to 1830; SI Sect. 2.5). We consider the period from
1750 to 1880 to define upper and lower bounds when calculating area and change rates. Our calculations of
acceleration (i) assume that the rate of change of glaciers between the LIA and the RGI/DEM date (2008) has
been constant, and (ii) are reported as conservative estimates as there is overlap between the two time periods of
comparison (i.e. LIA to 2008 and 2000 to 2019; Table SI_4).

Results

Alaskan glaciers covered 100,729 +15,109 km? during the LIA, which indicates a loss of at least 19,160+ 2874
km? or 19+2.8% since the LIA (year 1810) to 2008, i.e. a mean rate of -0.1+0.01% yr~ L. Of the 52 individual
regions (Fig. 1) named in Figure SI_1, the Fairweather Range in south-east Alaska has had the largest absolute
glacier area loss of at least 2827 +424 km? or 44+6.6% (Table SI_6). The Southern Icefield Ranges, Chugach
Mountains east, Chugach Mountains west and Takhinsha Mountains have all lost > 1000 km? glacier area since
the LIA. The aforementioned Fairweather Range, Brooks Range, Takhinsha Mountains and the Spectrum Range
regions have all lost>40+6% LIA area (Fig. 1; Fig. SI_3; Table SI_6). As these regions have relatively small
glaciers (Table SI_6), the high area loss is expected since relative area changes are usually higher for smaller
glaciers®.

The 5289 LIA glaciers mapped in this study comprise 9881 RGI v6.0 glaciers. Many LIA glaciers were
composed of tens of RGI glaciers, indicating extensive fragmentation. In the exceptional case of the Glacier Bay
LIA icefield, that LIA glacier was composed of >100 coalesced RGI glaciers. This fragmentation has occurred
lé)y disin;egration of former tributaries or, in some cases, by separation of upper parts from ablation tongues

Fig. 2A).
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Fig. 1. Glacier change evidenced by repeat oblique photography in Panel A of Holgate Glacier in Aialik Bay,
Kenai Fjords National Park; 1909 image by Higgins (1909) and 2024 image by Cooper (2024). White dashed
lines on 2024 image are moraine ridge crests and trimlines interpreted to mark the glacier extent during the
LIA. Panel B is a comparison per mountain region of our mapped Little Ice Age (year 1810) glacier area total,
and the total glacier area in 2008. Labels on bar charts report percentage glacier area change; the percentage
difference between each pair of red and blue columns. The inset Alaska outline map shows RGI glaciers (blue).
Note that Brooks Range has the same bar scale for comparison. Only mountain regions mentioned in the text
are coloured and listed for clarity in this figure, but all are labelled for reference in Figure SI_1.

On an individual glacier basis, the median absolute area change between the LIA and year 2008 was
just—0.95+0.14 km? for the whole time period with an inter-quartile range of -2.04+0.31 km? to -0.44+0.07
km?. The median relative glacier area change was —32+4.8% (0.16+0.02% yr~!) with an inter-quartile range
from —45+6.8% to -21+3.2%. Overall, larger glaciers lost the most area in absolute terms (r*=0.59, p<0.01;
Fig. SI_4A), whilst smaller glaciers lost the most area relative to the LIA extent (r*=0.18, p<0.01; Fig. SI_4B).

Ice thickness change (surface lowering within LIA ablation areas, from the LIA to year 2008), was median
35+ 9 m. The standard deviation of ice thickness change was 25 + 5 m. Five glaciers had mean ice thickness change
of >200+50 m (Fig. 2B) e.g. Melbern Glacier (Fairweather Range), Guyot Glacier (Robinson Mountains), or
Columbia Glacier (Chugach Mountains west). At the highest end, Columbia Glacier had maximum ice thickness
change of up to 500+ 125 m, and the Glacier Bay LIA icefield > 1000 + 200 m.
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Fig. 2. Example of our mapping for the southern part of the Central Boundary Ranges and for the Stikine-
Ambition Area. Panel A shows the number of extant glaciers (year 2008) within each LIA (year 1810)
glacier outline, evidencing massive fragmentation. Panel B depicts surface lowering calculated between our
reconstructed LIA glacier ablation area surface and 2008.

The total volume loss of Alaskan glaciers since the LIA has been at least 3345+ 836 km? (Table SI_7). We
find a correlation of *=0.8 (p<0.01) between area loss and volume loss (Fig. SI_5), indicating that glaciers
experiencing greater areal retreat also tended to experience greater volume loss. The median volume loss of
individual glaciers is 0.04+0.01 km?, but variability is high (standard deviation=14.8 km?), indicating that a
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small number of glaciers experienced disproportionately large losses. The greatest volume loss (1008 +252 km?)
occurred at the Glacier Bay LIA icefield, which spanned the Fairweather Range and Takhinsha Mountains. The
other highest volume losses for individual LIA glaciers occurred at Columbia Glacier (Chugach Mountains
west, 114 +29 km?), Hubbard Glacier (Southern Icefield Ranges, 136 34 km?), and ‘Icy Bay Glacier’ (Robinson
Mountains, 96 + 24 km?). The total volume loss of glaciers across Alaska since the LIA suggests a mass loss of at
least 2844 + 711 Gt, assuming an ice density of 850 kg m?, and produces a sea level equivalent of at least § +2 mm
(see SI for methods).

Across Alaska, the mean centennial mass balance from year 1810 to 2008 was —0.09+0.02 m w.e. yr™..
When compared with the —0.67£0.13 m w.e. yr~! for 2000 to 2019 that Hugonnet et al.* report for Alaska,
we evidence a 0.58+0.15 m w.e. yr~! difference and thus an overall 7.4+2.0 times acceleration in the rate of
glacier-specific mass loss. Individual regions have even higher mass loss acceleration factors but these tend to
be regions that had near equilibrium rates (< 0.1 m w.e. yr~!) between LIA and 2008, e.g. Auriol Range: 7.7+ 1.9
times, Brabazon Range: 16.4+4.1 times, Chigmit Mountains: 12.2+ 3.1 times, Chilkat Range: 5.1+ 1.3 times,
Chugach Mountains east: 11.2 +2.8 times, Endicott Mountains: 13.7 + 3.4 times, Granite Range: 10.3 +2.5 times,
Neacola Mountains: 9.3+2.3 times, Schwatka Mountains 7.8+ 1.9 times, Talkeetna Mountains: 9.2+2.3 times
and Tordrillo Mountains: 10.4 + 2.6 times (Fig. 3). The median change in glacier mass balance was —0.56 +0.14 m
w.e. yr~ !, corresponding to a 7.7 + 1.9-fold acceleration in mass loss. Mass balance has also become more variable
since the LIA. For the 2000 to 2019 period, the median mass balance of mountain regions in this study was
—0.67£0.13 m w.e. yr~ !, the most negative mass balance of any mountain region was — 1.5+0.35 m w.e. yr_! and
the inter-quartile range was 0.35. In contrast, during the LIA to 2008 period, the median mountain region mass
balance was almost an order of magnitude less at -0.09+0.01 m w.e. yr!, the most negative mass balance of any
region was —0.54+0.14 m w.e. yr~ ! and the inter-quartile range was just 0.06 (Table SI_7).

We also find that glacier change since the LIA differed among glacier terminus types. Assuming that that
rates of change remained constant between the LIA and year 2008 (and taking the mean rate between year 2000
and 2019%), the distributions of absolute area change (Fig. 4A), relative area change (Fig. 4B), and volume and
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Fig. 3. Acceleration in specific mass loss per mountain region, calculated as a multiplier between the mean
glacier mass balance from LIA (year 1810) to 2008 and the mean glacier mass balance from 2000 to 2019. Inset
graph shows mass balance rates since the LIA compared to rates reported in the literature (Table SI_8) during
the 20th and 21st Centuries.
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Fig. 4. Glacier changes across Alaska categorised by glacier terminus type. The panels show centennial-scale
changes in absolute (A) and relative (B) area, volume (C) and mass (D) all since the LIA (year 1810), and mean
mass balance during 2000 to 2019 *, denoted by grey-shade background (D). Boxes are the interquartile range,
horizontal bars are the median, X is the mean, the vertical line extends between the minimum and maximum,
excluding outliers, and coloured dots are outliers. Note a few outliers are omitted by clipping the y axes for
clarity of depicting the majority of the dataset in the boxes. Labels in (D) are medians.

mass change (Fig. 4C-D) show that mean glacier mass loss rates during 2000 to 2019 were 6.8+1.7, 7.7 £1.9,
and 8.2+2.0-fold greater than the long-term centennial rate (LIA (1810) to 2008) for lake-, land-, and marine-
terminating glaciers, respectively (Fig. 4D). However, we cannot attribute the differences in retreat rates entirely
to terminus-type because marine-terminating glaciers in Alaska tend to be much larger than other types and
have a differing hypsometry. Furthermore, Fig. 4D indicates that whilst centennial-scale mean mass balances
were broadly similar among glacier types, mass balance between 2000 and 2019 had more variability both
between and within glacier type groups.

Discussion

The lack of a spatial pattern in centennial-scale glacier area losses (Fig. 1) and the strong spatial heterogeneity
in centennial-scale mass loss acceleration (Fig. 3) are difficult to interpret. The former hints towards a forcing
that is Alaska-wide, whilst the latter suggests that local factors such as topography and glaciology are important,
as will be discussed below. An Alaska-wide forcing could be global climate change. Specifically, the LIA across
Alaska was recently suggested to have been characterised by a weaker westward-shifted Aleutian low (a synoptic
weather system) and overall colder and drier conditions relative to present?.

How fast are modern rates of glacier mass loss across Alaska?

The acceleration in mass loss that we report across Alaska is supported by reports of rising snowlines?® and
Equilibrium Line Altitude (ELA)**%, and geodetic (DEM-derived) losses’, for example, but our datasets and
findings add considerable spatial coverage and spatio-temporal detail. This is the first study of LIA glacier
changes across Alaska. It is also the first study to include inventory-style glacier-specific analysis of number,
area, surface, lowering, volume, mass changes.
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The inset panel of Fig. 3 and Table SI_8 compare the Alaska-wide centennial-scale mass loss rates computed
in this study to mass loss rates that we have derived from the literature over a range of spatial and temporal
scales. This comparison shows that less negative estimates of mass loss—0.48 £0.1 m w.e. yr ! and —0.49+0.1 m
w.e. yr~! pertain to the earlier time periods of 1962 to 2006°, and the mid-1950s to the mid-1990s%, respectively.
Contrastingly, the faster rates of mass loss of -0.96+0.1 m w.e. yr ! and —0.97+0.1 m w.e. yr~! pertain to
more recent time periods of 2010 to 2020° and 2003 to 20072, respectively. The rate of -0.67 £0.13 m w.e. yr~!
computed for 2000 to 2019*, -0.85 m w.e. yr~! for 2006 to 2016** and — 1.26+0.61 m w.e. yr! for 2015 to 20242
all fit the temporal pattern of acceleration. Other comparisons, such as for Juneau icefield® are included in the
inset to Fig. 3 and Table SI_8.

By any estimate the reconstructed Glacier Bay LIA icefield in the Fairweather Range (Fig. 1) is truly
exceptional. We are not aware of any other glacier in the world that has lost so much area, fragmented so much,
and lost so much volume so fast. For context our computed volume loss of at least 1008 + 252 km? for the Glacier
Bay LIA icefield is ~ 1.7 times greater than the 587 km? volume loss reported for all glaciers and ice caps across
Greenland since the LIA', and more than double the 390 to 586 km® volume loss reported for the Himalaya
since the LIA'®. It is approximately 3.5 times the 283 km? volume (not volume loss) modelled for the European
Alps glaciers during the LIA%!. Our estimate of volume loss of the Glacier Bay LIA icefield does not agree with
the 2500 km? and 3030 km? estimates by Larsen et al.*>33. The independent evidence that we used to reconstruct
the Glacier Bay icefield and our reconstruction method are detailed in our SI. Unfortunately, whilst their 2005
study mentioned geomorphological evidence and thinning of up to 1500 m, their method of LIA ice surface
reconstruction and hence their volume change calculation is unclear. This may be because the emphasis of their
work was on explaining isostatic uplift rates, rather than glacier mass change.

We therefore conducted some tests of our own ice surface reconstruction by comparison with an independent
method whereby the pattern of recent elevation change rates for each glacier from Hugonnet et al.* is used
to calculate glacier-specific elevation change gradients across an entire glacier®»**. These tests show that our
ablation-area only method produces volume change estimates that are low compared to the elevation-change
gradient method (Fig. SI_6A). That supports our assertion that our volume change calculations are conservative,
not least because we restrict our analyses to LIA ablation areas. The elevation-change gradient estimates could
also be too high due to an implicit assumption that thinning of glaciers has been occurring since the LIA within
accumulation areas. That assumption is debatable given widespread recognition that glacier mass loss®”?, glacier
equilibrium line altitude®® and end of summer snowline elevation rises®” have accelerated mostly in recent
decades. Furthermore, we find that in some other Alaskan mountain regions within our study area there is no
agreement between the two volume change estimates (Fig. SI_6B), which suggests that the pattern of thinning in
recent decades is not representative of the long-term centennial pattern e.g. '*!7, perhaps due to the formation
and expansion of terminus lakes e.g. #1516 and debris cover!®, surge type glaciers, and the impact of glacier size
and hypsometry” on glacier response time.

In the case of the Glacier Bay LIA icefield, the elevation-change gradient method produces a volume loss
of 1041 km? (compared to our 1008 km?), with a portion above sea level of 830 km?3. However, the ice surface
estimated by the elevation-change gradient method is unrealistic with artefacts especially at the boundary
between proglacial land and contemporary ice where LIA glaciers were marine-terminating (Fig. SI_6C). Similar
patterns are observed for lake-terminating glaciers, and for glaciers that have recently advanced, including having
surged. Given the uncertainties and unrealistic patterns in the elevation-change gradient method outputs, we
conclude that the differences with our estimates do not reflect negatively on this study, and we have confidence
in our Glacier Bay icefield reconstruction.

The massive area and volume loss of the Glacier Bay LIA icefield that we evidence compared to other Alaskan
glaciers is most simply explained by tidewater glacier dynamics. Specifically, a ‘tipping point’ can occur for
tidewater glaciers when they change from being grounded to floating and thereon become strongly affected by
additional thermo-mechanical forcings, notably tidal flexure and fracture and incursion of warm ocean currents
beneath the glacier®®3, as well as by fjord geometry**2. Accordingly, Alaskan glaciers that terminate in the
ocean today, such as Guyot, Yahtse, and Tyndall glaciers in Ice Bay (Robinson Mountains), and Hubbard Glacier
(Southern Icefield Ranges), LeConte Glacier (central Boundary Ranges), and Columbia Glacier (Chugach
Mountains west), have had exceptional volume change during recent decades*®. The latter has been one of the
world’s most rapidly changing glaciers with 0.5 km yr~! retreat between 1985 and 2013%3:44,

Comparison of our conservative estimates of glacier mass loss from the LIA (1810) to 2008 with rates
computed for 2000 to 2019 reveals a clear acceleration in glacier mass loss across Alaska. This finding is
supported by the large number of glaciers analysed, the Alaska-wide spatial coverage, and the high density of
studied glaciers within individual mountain ranges (often hundreds per mountain region). We suggest that
this acceleration reflects substantially higher mass loss rates since the latter half of the 20th Century, as well as
the emergence of stronger regional contrasts in glacier change (i.e., rates of mass loss were considerably more
uniform across Alaska between the LIA and 2008 than during the post-2000 period; Fig. 4D, Table SI_7). Across
Alaska, the present-day rate of glacier mass loss greatly exceeds the centennial-scale mean rate by more than
a factor of 5 in many regions, and by up to a factor of 15 (Fig. 3; Table SI_7). These acceleration estimates are
conservative. If only the last 15 years of the Hugonnet et al.* dataset are considered (i.e. 2005 to 2019), thereby
minimizing the overlap with our LIA to 2008 reconstruction period, the estimated acceleration increases from
5.8-fold to 6.3-fold for glacier mass loss (Gt yr~!), and from 5.9-fold to 6.4-fold for glacier mass balance (m w.e.
yr~!) (Table SI_3).

The similarity in mean mass balance change among glacier terminus types on a centennial timescale, together
with the low variability within each terminus type group (small interquartile range), suggests that glaciers were
near steady state during the LIA and remained near equilibrium towards the early 20th Century. Accepting that
the exact position of the ‘curve of acceleration’ in Fig. 3 is uncertain, it can be suggested that differences on a
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centennial scale in glacier response associated with morphometric variables/setting become muted as glaciers
have over ~ 200 years to adjust to climate forcing. In contrast, the stronger divergence in mass loss rates among
glacier types during 2000 to 2019 may reflect transient responses under rapidly changing climate conditions.
Whilst recognising the relatively early onset of tidewater glacier retreat in Alaska, e.g. Glacier Bay, Icy Bay, we
interpret the increased rates of mass loss and variability between and within glacier terminus type in the last two
decades (Fig. 4D) as evidence for an increased glacier disequilibrium*®. Possible explanations for the degree of
imbalance among glacier types include differences in glacier size, hypsometry, terminus type (land, lake, marine)
and surface type/cover (debris, clean), factors that have been identified as important controls on glacier change
in similar studies of LIA to present glacier evolution in Greenland!*!4, New Zealand’s Southern Alps'®, the
Himalaya'® and the Andes'”.

Are the rates of glacier retreat and mass loss across Alaska since the LIA unusual in a global
context?

Considering area changes, which have a lower uncertainty (more confidence) than volume or mass changes,
Table SI_9 reports rates of glacier area change since the LIA to the present that have been calculated from
published quantities of glacier area and LIA timing. As most of the studies used the same workflow as herein,
results are directly comparable. The —19+2.8% area loss calculated in this study for Alaska is comparable to
-19+2% for Jostedalsbreen, southern Norway*’, -22+3.3% for NE Greenland'?, -24 +3.4% for the Southern
Alps of New Zealand!®, and —25+4% for the Andes!”. Other world regions have had greater centennial-scale
glacier area loss rates (Table SI_9), e.g. -40 +8% reported for the Himalaya!® and —57+4% for the European
Alps®.

Accounting for differing timings of the LIA glacier maximum between world regions, our rate of glacier
area change for Alaska since the LIA of -0.1+0.01% yr~! is comparable to the 0.11+0.01% yr~! reported for
the Andes', -0.12+0.01% yr! for Svalbard®’, the —0.1£0.01% yr~! for Jotunheimen, Norway*®, and the
—0.1+0.01% yr~! reported for parts of the Himalaya'S. Western Italy, Switzerland, Austria, the Altai all seem to
have had much higher (up to three times) centennial rates of relative glacier area loss than Alaska (Table SI_9),
which could be due to the shorter time periods considered for these regions but also due to the fact that smaller
glaciers tend to have shorter response times?’.

The acceleration in glacier mass loss across Alaska has been far greater than reported for Greenland, which
had a 3 times acceleration compared with the time period 2000 and 2019'>!4, Both the Southern Alps of New
Zealand and Patagonia have experienced a doubling of mass loss comparing rates since the LIA to those in recent
decades!”*°. However, the region-wide acceleration in mass loss that we calculate for Alaska is not as fast as the
ten-fold magnitude increase in Himalayan glacier mass loss in recent decades compared to the rates since the
LIA'®. We compute that one third of Alaskan mountain regions have mass loss accelerations>8+2 times. The
Alaskan regions that have experienced accelerations in glacier mass loss>10+2.5 times (Table SI_7) tend to
have small(er) land-terminating glaciers with relatively fast-response times and can be interpreted to be the most
rapidly changing high mountain landscapes of any world region.

Wider implications

Our dataset of LIA glacier areas along with the modelled LIA ice surface, volume and mass changes provides
context to set current rates of glacier changes into a historical perspective. The observed glacier mass losses
can be directly transformed into landcover changes® and hence albedo changes affecting radiative forcing and
Earth’s energy balance®?, complementing knowledge about climate change impacts around the world.

Moreover, the datasets presented herein will inform numerical modelling of glacier evolution. Specifically, we
can provide a spatially-resolved glacier extent to serve as a baseline from which spin ups of glacier geometry can
be run, for training models of glacier evolution, including those focusing on equilibrium line altitude changes?,
glacier disequilibrium* and response time*°, and for those numerical model simulations that are driven by,
calibrated or bias-corrected to geodetic (sequential DEM) changes’®. Our regionally aggregated mass changes
will also be instructive for understanding wider impacts of deglaciation since the LIA, for example on isostatic
uplift®!.

The LIA glacier outline dataset defines proglacial systems of greater than 4000 km? per major drainage
basin that have emerged and evolved since the LIA®***(Fig. SI_7), including new coastlines®. The proglacial
area expansions within the Alsek and Taku drainage basins account for 5.3% and 5.6% of the total drainage
basin areas, respectively (Fig. SI_7). These proglacial systems are transitioning from glacial to paraglacial and
periglacial conditions®®*’, and the related process regime shifts manifest in voluminous meltwater, creating and
enlarging proglacial lakes®®, driving landscape instability and sediment yield*, thereby controlling water quality
e.g. % and aquatic ecosystems®%2%%. Glacial outburst floods®* and landslides®>>¢” are common across Alaska.
These proglacial systems are within and across numerous protected areas (Fig. SI_8) that are internationally and
nationally recognised for world heritage®® and important societal benefits.

Summary and conclusions

In summary, we have quantified the number, area, volume change, mass change, and rates of change of those for
glaciers across Alaska since the LIA. We have identified a marked acceleration in glacier change between 2000
and 2019 when compared to the long-term rate from the LIA. Our principal findings are:

(i) Alaska has not always been the dominant global contributor to glacier mass loss. The Alaska-wide centen-
nial-scale rate of mass loss since the LIA is modest compared to other glaciated regions.

(if) Across Alaska, glacier mass loss accelerated by at least a factor of 7 on average in recent decades, which is
exceptional but not unique in global terms. Three quarters of Alaskan mountain regions shifted from near
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equilibrium mass balance between the LIA and 2008 (c. —0.01 m w.e. yr™!) to substantial mass loss (more
negative than — 0.7 m w.e. yr~!) between 2000 and 2019.

(iii) Alaskan glacier area change and recent mass loss acceleration differ significantly among land-, lake-, and
marine-terminating glaciers, highlighting the important role of morphometric variables and terminus set-
ting in modulating glacier response to climate change.

To conclude, whilst Alaska has not been the dominant global contributor to glacier mass loss since the LIA, its
Glacier Bay LIA icefield represents one of the most extreme examples of glacier change worldwide. Since the
LIA, the Glacier Bay LIA icefield has fragmented into over 100 glaciers, lost>3500+ 525 km? (55 +8.3%) of its
area, experienced > 1000 + 250 m of ice-surface lowering, and lost > 1008 + 252 km? of ice volume. These changes
are truly exceptional; we are unaware of any other glacier in the world that has changed so dramatically since
the LIA. Tidewater glacier dynamics provide a probable explanation for the magnitude of change observed in
the Glacier Bay LIA icefield. We hypothesize that a transition from a grounded to floating marine-terminating
system enhanced mass loss due to thermal-mechanical forcings. This interpretation is supported by the large
volume losses observed for other Alaskan glaciers that terminate in the ocean today.

More widely, the quantification of past glacier and proglacial evolution derived in this study over time-
scales meaningful for future glacier and proglacial projections, provide baseline data useful for evaluating
risks associated with landscape evolution from a glacial to periglacial system (e.g. glacial lake outburst floods,
landslides, water quality), visualizing landcover and hence albedo change in remote areas with few measurements,
and is essential data to train numerical models of glacier evolution.

Data availability

LIA glacier outlines, LIA glacier ablation areas, and mountain regions are available as vector files in geopackage
and shapefile format as supplementary data files. The related attribute tables include number, area, volume and
mass calculations for each glacier. Also the LIA ice surface and surface lowering grids are available as supple-
mentary data files in raster format (.tif). The LIA glacier outlines will also be submitted to GLIMS.Mountain
regions are from GMBA Mountain Inventory (Snethlage et al., 2022), River drainage basins and rivers are from
Hydrosheds [https://www.hydrosheds.org/] (https:/www.hydrosheds.org) and [https://www.hydrosheds.org/p
roducts/hydrorivers] (https:/www.hydrosheds.org/products/hydrorivers) respectively, and protected areas are
from [https://www.protectedplanet.net/en/thematic-areas/wdpa? tab=WDPA](https:/www.protectedplanet.net
/en/thematic-areas/wdpa? tab=WDPA).

Code availability

The workflow described herein uses standard spatial analysis tools available in Geographic Information
Systems. Code used for topological checking of LIA outlines, calculating area change between LIA and RGI
outlines, and aggregating results to mountain ranges is available at https://github.com/iamdonovan/alaska_lia
_outlines. Code used for compiling bathymetric datasets and calculating submarine ice volume is available at
https://github.com/iamdonovan/ak_glacier_bathymetry.
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