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Ice thickness and volume changes
across the Southern Alps, New
Zealand, from the little ice age

to present

Jonathan L. Carrivick!™, William H. M. James!, Michael Grimes?, Jenna L. Sutherland® &
Andrew M. Lorrey?

Rapid changes observed today in mountain glaciers need to be put into a longer-term context to
understand global sea-level contributions, regional climate-glacier systems and local landscape
evolution. In this study we determined volume changes for 400 mountain glaciers across the Southern
Alps, New Zealand for three time periods; pre-industrial “Little Ice Age (LIA)" to 1978, 1978 to 2009
and 2009 to 2019. At least 60 km3+12 km?® or between 41 and 62% of the LIA total ice volume has
been lost. The rate of mass loss has nearly doubled from - 0.4 m w.e year™ during 1,600 to 1978 to

- 0.7 m w.e year at present. In comparison Patagonia has lost just 11% of it's LIA volume. Glacier ice
in the Southern Alps has become restricted to higher elevations and to large debris-covered ablation
tongues terminating in lakes. The accelerating rate of ice loss reflects regional-specific climate
conditions and suggests that peak glacial meltwater production is imminent if not already passed,
which has profound implications for water resources and riverine habitats.

Mountain glaciers and ice caps produce global sea level rise contributions that over the last few decades have far
exceeded those from the major ice sheets"*. With decadal mean contributions of ~ 0.9 mm year™! they account for
25% of total global sea level rise’. Furthermore, those contributions have accelerated recently*® and are expected
to continue for many decades®. It is therefore crucial to understand not only the present day distribution of ice
volume and contemporary rates of decline, but also to place modern rates of cryosphere and proglacial land-
scape change within a longer-term context. Reconstructing mountain glacier volumes is perhaps most obviously
achieved by using moraines and trimlines that delimit former ice margin extent and ice thickness’.

Few studies have sought to quantify glacier volume changes in the Southern Hemisphere on a centennial-
scale; i.e. since recession from nineteenth Century maximum ice limits, or the conclusion of pre-industrial times
that is contemporaneous with the “Little Ice Age (LIA)” end. Some exceptions include the geomorphology-based
studies by Glasser et al.® for the Patagonian ice fields, Carrivick et al.” for several mountain glaciers on James Ross
Island on the Antarctic Peninsula and that by Mark et al.!” for a small number of glaciers around Quelccaya ice
cap in northern Peru. In a different approach using a parameterised mass balance gradient and an estimate of
ice thickness applied along single glacier flow lines, Hoelzle et al.' have calculated an ice volume loss across the
Southern Alps of New Zealand of — 61% since the LIA. The paucity of distributed ice volume reconstructions,
and hence the scant knowledge on the response of Southern Hemisphere glaciers to climate change since late
pre-industrial times, is especially important to understand because there are inter-hemispheric differences in
Holocene climate change (e.g.'?'®). In addition, spatiotemporal heterogeneity for climate variability within the
Southern Hemisphere is strong (e.g.'”'®), and differences within regions can be amplified due to modes of vari-
ability that drive synoptic weather patterns'®=.

There have been limited estimates of ice volume loss across the Southern Alps of New Zealand during the
late Holocene?. This knowledge gap is important because those glaciers are highly responsive to climate change,
especially air temperature changes®. Those short response times, coupled with high sediment availability, has
produced exceptionally well-preserved sets of moraines, which delineate former ice margins (e.g.>®). The most
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widespread and best-preserved moraines and trimlines across the Southern Alps represent the former extent of
mountain glaciers between the fourteenth and nineteenth centuries, which is contemporaneous with the northern
hemisphere LIA'>?. Details about the local expression of late pre-industrial era Southern Alps moraines that
overlap with the classical definitions of northern European LIA are described in our Table SI 1. In this study we
adopt the term LIA for simplicity to indicate that we have targeted the most recent multi-centennial expression
of greatly expanded glaciers that have since retreated.

Determination of modern rates of glacier geometry changes are complicated in New Zealand by limited
direct and remotely sensed information, overall ice terminus advances during the 1980s and 1990s*, and highly
variable glacier responses to climate depending on terminus type (including proglacial calving in lakes), glacier
hypsometry and glacier surface conditions?®*. In particular, the largest glaciers are presently stagnating and
down-wasting (e.g.***?) which distorts the apparent loss of ice if that estimate is based solely on areal extent.
The aim of this study is therefore to quantify glacier volume loss since the “Little Ice Age” for the Southern Alps.

Datasets and methods

Glacier outlines for the year 1978 by Chinn® for the entire Southern Alps were obtained from the Randolph
Glacier Inventory (RGI) via Global Land Ice Measurements from Space (GLIMS)**. We acknowledge the imper-
fections of this dataset but did not seek to subjectively modify it. Glacier outlines for year 2009 mapped by Sirguey
and More™ for the Mt Cook region only were also obtained from GLIMS. In this study we derived glacier outlines
for year 2019 using a land cover classification of 10 m resolution multi-spectral Sentinel-2 level-2A satellite
imagery. The Sentinel-2 spectrally derived bands included the NDVI, NDSI, NDWI and the first principal com-
ponent of an eigenvector analysis on a grey-level co-occurrence matrix analysis. The classification was conducted
in Google Earth Engine using a Random Forest machine learning classifier (n=>50). Supplementary information
(SI) has further detail on image pre-processing, image band calculation and the classification method.

Glacier outlines for the LIA were primarily mapped using a hillshade of an 8 m Digital Elevation Model
(DEM)™. First, crests of LIA-associated moraines®” were mapped (Fig. 1), and those outlines were extended to
incorporate associated trimlines. Where multiple moraine crests were present, the innermost was chosen to
provide a conservative estimate of LIA area. Next, the three largest glaciers (Tasman Glacier, Mueller Glacier,
Hooker Glacier) located near Mt Cook village'***-4* and the few other LIA-dated moraines identified and dated
elsewhere!'>*!-#* were mapped. Cross-checks were performed against sites that have been revisited (e.g.*>*°).
Subsequently, adjacent and surrounding valleys were examined within the hillshade of the DEM and in Planet*
imagery, mostly PlanetScope 3 m resolution https://www.planet.com/explorer/, and within orthorectified 1 m
resolution aerial photographs*® for contiguous landform evidence.

In addition, we computed a (linear) trend surface of the Equilibrium Line Altitude (ELA) for the LIA based
on 22 cirque glaciers previously studied®**, which compared favourably with the neoglacial ELA proposed by
Porter™ for a transect between Mt Cook and Jollie Glacier (Fig. SI 1). By discriminating the land above this
LIA ELA trend surface, we scrutinised the landscape to find many low-relief moraines, trimlines (Fig. 2), and
more subtle geomorphological evidence that helped us to infer a LIA glacier outline for a total of 400 glaciers.
The subtle evidence included stripped bedrock at elevations beneath surrounding vegetated hillslopes, locally-
depressed treelines, boulder trains running sub-parallel to contours, truncated fan toe slopes and gully heads.
Whilst there are > 3,150 glaciers in the Southern Alps in the 1978 inventory, a vast majority constitute smaller
portions of formerly larger (and more contiguous) LIA glaciers. We did not map where moraines or trimlines
were absent, such as is common in Fiordland for example where the hard crystalline rock and steep slopes makes
the creation and preservation of such features unlikely. More details on the volume loss calculations, which are
limited to glacier ablation areas (Fig. SI 2), are given in the SI.

For mean volume change rates, a temporal datum during the LIA interval needed to be applied. It has been
noted that the Southern Alps glaciers reached their greatest LIA extents at differing times (***-°1, Table SI 1).
Therefore, in order to produce a single mean rate of volume change for the whole Southern Alps, we computed
three ice volume change rates; a maximum rate using 1800 CE, a middle rate where 1600 CE was applied, and a
minimum rate where 1450 CE was chosen. This approach considers the implicit assumptions related to mapping
glacier advance activity using landforms that contain uncertainties related to complex depositional histories and
dating uncertainties. It is highly unlikely that all glaciers were most advanced at either the earlier or the later
date because of the climatic gradients and variety of topographic settings of glaciers across the Southern Alps,
but this approach (to take the middle date) is congruent with palaeoclimate evidence of a colder climate during
the mid-to-late 2nd millennium CE** and provides the uncertainty bounds of our mean rate.

Errors in area and volume change estimates will result from DEM resolution, LIA identification and dig-
itising. Our area change estimates are subject to uncertainty depending on the DEM (8 m) and optical image
(<1 m) resolution used for digitising LIA glacier outlines, and subjective choices of the most prominent inner
moraine and of trimlines. Nevertheless, in the vast majority of cases the geomorphological evidence is distinct,
whilst digitising errors for smaller glaciers will have the largest relative effect in area measurement accuracy. For
a typical valley glacier in the Southern Alps of 2 km?, digitizing errors of one pixel would typically produce an
area of ~ +2% (depending on glacier shape). Volume uncertainty is far higher; about 20%, given the 3D surface
interpolation as explained in the very similar study of glacier volume change since the LIA in NE Greenland®,
and surface differencing methods, but is not dependent on the choice of DEM (Table SI 2).

We also make a novel attempt to estimate the total volume of ice across the Southern Alps during the LIA by
comparing our LIA surface elevations with those of an ice-free DEM (Fig. SI 3). Our ice-free DEM was derived
by subtracting contemporary ice thickness from the DEM. Ice thickness across the Southern Alps (see section 2.5
of**) was estimated using a perfect-plasticity centre-line model®® using the 1978 glacier outlines. That model was
tested against dense bed topography data from five mountain glaciers around the world, including the few direct
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Figure 1. Sites across the Southern Alps, New Zealand where glacier moraines have been dated to the LIA by
several authors. Dates attributed to the LIA are detailed in Table SI 1.

ice thickness measurements of any Southern Alps glaciers at Tasman Glacier (their Figs. 6d and 90). That model
is well-suited to making rapid region-wide estimates of distributed ice thickness for mountain glaciers such as
across southern South America® and for the entire Antarctic Peninsula®. Year 2019 ice volume was estimated as
the difference between our 2019 ice surface, which was derived in the same manner as for the LIA by interpolating
between our 2019 outlines, and the ice-free DEM. More methodological detail is given in our Supplementary
Information. A summary and depiction of our surface differencing is given in Fig. SI 4.
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Figure 2. Example from upper Rakaia region of LIA glacier outlines derived from identification of moraines
and trimlines as visible on a 8 m resolution digital elevation model (A) and high resolution satellite imagery (B).

Results

Overall, we mapped LIA outlines of 400 Southern Alps glaciers. The vast majority of these represent the coa-
lescence of many, now smaller, glaciers that have fragmented greatly since the nineteenth century. The total
area we mapped as ice covered during the LIA was 1,492 km?+ 104 km? If we assume that the 440 km? that
we were unable to map has not changed since the LIA because it is mostly comprised of ice above the regional
ELA, then combining that with the area that we have mapped produces a total glaciated LIA area of at least
1932 km?+ 135 km? Compared to the 1978 GLIMS inventory area of 1,463 km? we find a loss of at least 24%
in glacier ice areal extent since the LIA. For comparison, Chinn* reported that New Zealand’s Southern Alps
glaciers (based on 127 glaciers) had lost 38% of their length and 25% of their area since the LIA. Using newly
generated glacier outlines for the year 2019 (Fig. SI 5), we computed an ice coverage of 1,021 km?, which is
53.8% of the LIA area and 69.8% of the 1978 area. Only 121 km? (12%) of glacier area in 2019 lies within the
LIA ablation areas.

There has been major terminal recession of ice between 2009 to 2019; especially where ice is flowing and
calving into proglacial lakes. The difference in terminus outlines between 2009 and 2019 far exceeds the 1978 to
2009 changes (Fig. SI 5). One significant change in glacier outlines shows the Mueller Glacier ablation area (Mt
Cook region) has split so that the terminus in Mueller Lake is fed solely by Frind Glacier and Huddleston Glacier.
A similar situation can be seen at Clarke Glacier in the Upper Rakaia region, which now has a terminus 1.2 km
up-valley from its former connection point to Ramsay Glacier (Fig. 2). Many other glaciers across the Southern
Alps also now have remnant ice bodies (former ablation tongues) that are entirely disconnected from ice falls
and accumulation areas located upslope. Most nunataks have also enlarged as glacier thinning has proceeded
in accumulation areas.

Based on the method used herein to calculate volume change of glaciers from a reconstructed LIA ice surface
(see SL,*%), there has been major ice surface elevation lowering (Fig. 3) and consequently at least 60 km?+ 12 km?
ice volume loss across the Southern Alps since the LIA (irrespective of which DEM we use; see SI). This lost vol-
ume equates to a 41% to 62% of the total LIA volume, which was between 97 km?® and 145 km?®. For comparison,
Hoelzle et al.'! estimated a slightly larger volume of 170 km® for the Southern Alps during the LIA.

The 2019 volume is estimated in this study to be between 33.7 km® and 50.5 km?. We therefore suggest that
between the LIA and 2019, 47 to 77% of ice has ablated, and that this estimate is conservative because it takes the
model errors into account. We also suggest that between 1978 and 2019, 22% of the 1978 ice volume (which we
estimate to be between 43.2 km? and 64. 8 km?) was lost, or an additional 14% to 17% of the former LIA volume.

The largest elevation changes (Fig. SI 6) and hence volume loss for any single glacier has been for Tasman
Glacier at 4.47 km? + 0.9 km®. Godley has lost 3.49 km? + 0.7 km?, Murchison Glacier has lost 3.47 km? + 0.7km’,
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Figure 3. Example from Mt Cook region of surface lowering computed between a LIA ice surface and the
contemporary DEM. Note timing of LIA was spatially-variable and chronologically uncertain across the
Southern Alps.

and Mueller has lost 2.27 km®+ 0.4 km®. These four glaciers (one hundredth of the LIA total number mapped)
together account for over one fifth of the total ice mass loss across the Southern Alps since the LIA.

A rate of ice volume loss of 0.13 km?® year™' +0.1 km? year™ occurred if 1450 CE is taken as the LIA starting
point, and from 1600 CE the rate is 0.18 km® year™' +0.1 km?® year™'. The near-end point of the LIA at 1800 CE
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Figure 4. Volume and centennial rate of ice volume change for LIA scenarios considered in this study,
compared with modern volume and rates of change for the Southern Alps, New Zealand.

yields a rate of volume loss of 0.38 km? year™ +0.2 km? year™ (Fig. 4). Whilst the start and ends of the LIA inter-
val are marginally subjective when used to calculate these loss estimates, we contend that the middle scenario is
conservative and the most plausible, with a given a total mass loss of 109 Gt +22 Gt that yields a mean rate of 0.26
Gt year ' £0.06 Gt year. That total mass loss equates to a 0.3 mm sea level rise contribution by Southern Alps
glaciers since the LIA at a mean rate of 0.0007 mm year™'. We determine a mean annual mass balance of between
—0.3and — 0.5 m w.e. year! between the year 1600 and 1978 (Fig. 4). This is rather smaller than the —1.2 m w.e
year™! reduction suggested by Hoelzle et al.'! for the LIA to the 1970s but they had a larger LIA volume, a smaller
LIA glaciated area and by taking 1850 as the LIA maximum they also considered a much shorter time period.

Ice volume modelled from the 1978 glacier outlines suggests that 44 km? or 81% was contained within 308
glaciers that had an area> 1 km? (Fig. SI 7). The volume estimated from the 2019 outlines is 42.1 km®+ 8.4 km?.
This implies a rate of volume loss of 0.39 km? year ! + 0.1 km? year™! over the last decade, equivalent to a mean
annual mass balance of — 0.6 to — 0.9 m w.e. year™" (Fig. 4).

Discussion

There are no global syntheses that estimate cumulative ice volume or mass loss since the time when many
mountain glaciers reached sub-maximal positions at the conclusion of the pre-industrial era in the nineteenth
century, or the end of the LIA. This study has shown refining the geometry of ice boundaries using moraines
and observational data can help to reduce uncertainty in the historic and pre-observation frozen water budget,
and also to determine what scale of ice volume loss actually occurred and what ice volume now remains. Our
determination of 41 to 62% of the LIA ice volume remaining across the Southern Alps (i.e. 38 to 59% loss) is in
good agreement but slightly lower than the estimate of 61% loss by Hoelzle et al.'".

In the Southern Hemisphere, Glasser et al.® reported 606 km® lost from the North Patagonian ice field (NPI)
and South Patagonian ice field (SPI) collectively, since the LIA. Taking the mid-point of the local LIA timespan in
New Zealand of 1,600 CE, our calculated sea level rise contribution from the Southern Alps of 0.0007 mm year™!
is 62% of Glasser et al’s 0.0018 mm year™ for the NPI and 79% of their 0.0034 mm year™" for the SPI. This slower
centennial rate of mass loss in the Southern Alps compared to that of Patagonia is most easily explained by the
far larger volume of ice in Patagonia than in the Southern Alps.

However, in terms of absolute volume change, it is instructive to note that a total remaining ice volume in
southern South America of 5,561 km®+ 1,191 km?, for the NPI and SPI combined*. Comparing this to the vol-
ume change of Glasser et al.® suggests that only 11% of the LIA ice volume of Patagonia has been lost to date. In
stark contrast, we find that across the Southern Alps the ice volume lost since the LIA equates to between 41 and
62% of the LIA total. This disproportionate ice loss could be most easily explained by the more northerly loca-
tion of the Southern Alps in comparison to Patagonia, but probably is also a reflection that the smaller glaciers
in New Zealand have faster response times.

Previous work synthesised multi-proxy data to infer regional atmospheric circulation patterns as a driver
for pre-industrial New Zealand glacial advances***2. A mean summer atmospheric circulation pattern for 1450
to 1800 CE was derived from quantitative temperature estimates based on the ELAs of 22 glaciers being lower
than present, implicating increased frequency of trough synoptic types during the LIA at the expense of block-
ing types". This glacier-based finding supports prior work that suggested a similar pattern existed for the LIA
mean climate state, based on qualitative speleothem temperature and palaeo-water balance interpretations paired
with quantitative tree ring temperature reconstructions®?. Regional ‘trough’ circulation patterns during the LIA
were nested within larger hemispheric-scale geopotential and Sea Surface Temperature (SST) anomalies (see
Figs. 7 and 8 in ref.”®) arising from interactions of multiple modes of variability, e.g. El Nino-Southern Oscilla-
tion (ENSO), Southern Annular Mode (SAM), Pacific South American (PSA) mode and Zonal Wave 3, which
produced cooler regional LIA summer temperatures. More broadly, summer hemispheric-scale spatial field
patterns*® hint at an important ENSO/SAM contribution, where El Nino Modoki combined with negative SAM,
Zonal Wave (ZW) 3-4°% and the PSA* to promote regional-scale atmospheric flow that reduced surface air tem-
peratures. The latter two modes of variability, along with the ENSO/SAM dynamic, are recognised as producing

SCIENTIFIC REPORTS |

(2020) 10:13392 | https://doi.org/10.1038/s41598-020-70276-8



www.nature.com/scientificreports/

heterogeneous surface climate patterns for New Zealand and Patagonia simultaneously, and hence, could have
contributed to very different timings and expressions for surface climate and LIA glacier activity at centennial
timescales in those regions.

Chinn et al.*? estimated that Southern Alps ice volume decreased from 54.5 km? in 1976 to 46.1 km? by 2008.
Our volume estimate for the year 1978 is in excellent agreement: we also calculate 54 km? (43.2-64.8 km?). From
this amount, a mean rate of 0.3 km? year™! volume loss from the mid-1970s to the mid-2000s is double that of
our mid-scenario centennial rate (0.18 km® year™) of ice volume loss since the LIA (Fig. 4).

Recent work® investigated the nature of purported New Zealand glacier advances during the 1980s and 1990s
in more detail, which constituted a significant proportion of glaciers that were seemingly bucking the global ice
retreat trend of the late twentieth Century. That investigation showed the predominance of regionally cooler SSTs
in the Tasman Sea, increased prevalence of southerly flow from increased frequency of trough synoptic types, and
cooler air temperatures countered impacts of a long-term national warming trend®. While the regional cooling
allowed New Zealand glaciers to apparently advance during a period of global warming, precipitation changes
were determined to be less important during this time. The sensitivity of South Island regional climate conditions
to the influence of both tropical (ENSO) and extra-tropical circulation, including SAM and hemispheric-scale
PSA and ZW3 wave patterns, was noted. Mackintosh et al.?* also concluded that by 2011 the situation had clearly
reversed, and significant warm episodes were contributing to the rapid decline of Southern Alps ice volume.

Furthermore, as highlighted (for the decadal time frame??) and as we have also found for the centennial time
frame, approximately three-quarters of the total Southern Alps ice volume loss has occurred from the (~ 10)
largest glaciers, which have a long (protracted) response time. Thus, whilst rapid retreat and glacier length
decreases and area loss can be reported for the vast majority of New Zealand’s glaciers, the most salient points
in terms of volume and mass and meltwater generation are that (i) committed losses (cf.*°) for future decades are
volumetrically large as a proportion of how much ice remains, and (ii) the overall percentage of ice loss relative
to an initial state will likely diminish. Our analysis of ice volume in the Southern Alps remaining since the LIA
therefore supports the suggestion® that glaciers in climatically-sensitive regions are close to (or even past) peak
glacial meltwater contributions to downstream hydrological systems. Nevertheless, many questions still remain
about how meltwater contributions in glacierised catchments will contribute to rivers, and how it can help buffer
extreme seasonal climate conditions.

Overall, we suggest the Southern Alps rate of ice volume loss has recently accelerated. The glaciers there
are now mostly characterised by; (i) small (<1 km?) rapid-response glaciers progressively becoming restricted
to high-elevation land close to the ELA, (ii) topographic shading and topographically-assisted mass inputs
via avalanching and wind-blown snow becoming progressively more important proportionally as glacier area
becomes restricted beneath steep headwalls, as found for European Alps glaciers®>®, and (iii) large valley floor
glacier ablation tongues are stagnating beneath increasingly extensive, thick debris covers, but are continuing
to lose mass fast because they are at low elevation and are influenced by proglacial lake interactions—including
negative feedbacks associated with water contact ablation and tabular calving in front of the local grounding line.

Conclusions

This study has produced a glacier inventory for NZ composed of glacier outlines pertaining to the nineteenth
Century maximum ice extent, coeval with the end of the northern European LIA, with calculations of glacier-
ised area and ice volume loss estimates. It has also created a distributed ice thickness, volume and bed (ice-free)
topography across Southern Alps using the 1978 glacier outlines, and year 2019 glacier outlines, area and volume
estimates. These spatially-distributed data complement a recent reconstruction of the last glacial maximum ice
extent across the Southern Alps using similar methods®.

We have determined an acceleration in the rate of volume loss and a progressively more negative mean annual
balance from the LIA (centennial scale) to recent decades (Fig. 4). This acceleration is somewhat unsurprising
given records of accelerating ice mass loss from other parts of the world under rising temperatures. We realise
that the Southern Alps has a much larger proportion of volume loss but a slower absolute rate of loss than in
Patagonia (no matter which date of LIA is used for the Southern Alps). This heterogeneity between regions of
the Southern Hemisphere is expected on centennial and finer timescales, and it highlights the need for more
detailed (i) regionally-differentiated chronologies and (ii) earth surface process studies (e.g. landscape, hydrol-
ogy, mass balance, dating) that in combination are vitally important for contextualising present conditions and
predicting future responses in a warming world.

Across the Southern Alps, former LIA ablation areas are now almost completely ice-free but the exceptions are
the very large near-stagnant debris-covered ablation tongues that sit on valley floors at relatively low elevation.
These large ablation tongues often terminate in proglacial lakes, which can exacerbate ice loss. The remaining ice
at high-elevation is increasingly fragmented, thinning and disconnected from ablation areas thereby exposing
increasingly large nunataks. These local glaciological controls determine the exceptionally dynamic proglacial
geomorphology®, sedimentology and net sandur or outwash plain elevation changes (e.g.°®). In particular, pro-
glacial lake development affects glacier evolution, interrupts the flux of meltwater and sediments down valley®”
and can control longer-term landscape evolution®. Our findings suggest that the timing of peak glacial meltwater
production will soon be passed across the Southern Alps, if it has not been already, but we note that the associated
spatio-temporal yields of proglacial sediment, minerals and nutrients have yet to be examined.
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