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ABSTRACT ARTICLE HISTORY
In this paper we use a numerical glacier-climate model, a detailed Received 4 October 2021
photogrammetric survey and lichenometry to reconstruct small Revised 28 January 2022

palaeoglaciers on Ben Nevis and surrounding mountains in western Accepted 1 March 2022
Scotland. These glaciers would have been sustained under a climate KEYWORDS

where the mean annual air temperature was -1.0°C to —2.0°C compared Western Scotland; Holocene
to present-day values either with or without a decrease in precipitation glaciers; Little Ice Age
amount of 10-30%. Historical meteorological data show that these air

temperatures were reached on Ben Nevis in the latter part of the 19th

century. Although we have no data on the age of these small glaciers,

palaeoclimate reconstructions suggest that such conditions almost

certainly existed several times during the Holocene in Scotland; the last

time being the Little Ice Age of the 16th to 19th Centuries. We argue

from this that small Scottish glaciers may have been able to develop in

high sheltered cirques at many times during the Holocene and that the

glacial history of Scotland therefore requires revision.

Introduction

In the Cairngorm mountains of eastern Scotland, Harrison et al. (2014) used numerical glacier-climate
modelling to argue that small glaciers developed in several high corries during the Little Ice Age (LIA) of
the 16th-19th centuries, some 10 000 years after the generally accepted age of the last glaciers in Britain
(Golledge et al. 2008). Our findings were supported by a dating programme using terrestrial cosmogenic
nuclides from boulders carried out on moraines at Coire an Lochain in the Northern Cairngorms (Kirk-
bride et al. 2014) which suggested that a small glacier had existed at that site some time after 2.8 ka. We
argued that small glaciers may have existed elsewhere in Scotland (and possibly in other British moun-
tain regions) during the LIA and also potentially at other times during the Holocene and that, as a result,
the Scottish glacial history may need to be re-evaluated. We identified the high corries of Ben Nevis and
Aonach Mor in western Scotland as sites where Holocene glaciers might have developed, and here we
present evidence supporting this hypothesis, and briefly discuss this contention.

Study site

Ben Nevis is a mountain in western Scotland formed from granite overlain by volcanic breccias and
andesite (Figures 1 and 2) and is, at 1345 m, the highest mountain in the British Isles. Located close
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Figure 1. Location of the study site in Scotland, showing (a) the distribution of annual precipitation, Ben Nevis in the west and
the Cairngorms in the east; (b) the location of Ben Nevis, the CIC hut and Aonach Mor in the Fort William area - topography is
depicted using the Ordnance Survey Terrain 50 Digital Terrain Model which has been hillshaded for visual enhancement; (c) the
study area on Ben Nevis.
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Figure 2. The North face of Ben Nevis showing the research site and other locations named in the text.

to the west coast (at 56°47°.88”N, 5°00°.89”W) means that annual precipitation is high (over 4000
mm) compared with the Cairngorms where late Holocene glaciers have been reconstructed (Figure
1). The north-eastern flanks of Ben Nevis contain well-developed corries and these contain amongst
the highest inland cliffs in Britain which create substantial shading and microclimates (Figure 2). It
is likely that Ben Nevis was inundated by the Last Glacial Maximum (LGM) ice sheet (Clark et al.
2004, 2018) and that the Younger Dryas ice cap in the region probably existed up to 900 m a.s.L, in
accordance with reconstructed upper ice limits from Rannoch Moor to the south (Golledge et al.
2007; Fabel et al. 2012).
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On Ben Nevis, moraines interpreted as having been deposited during the Younger Dryas occur
above 300 m a.s.l., occupying the Alt @’Mhuillin valley that drains the northeast flanks of the moun-
tain. At higher levels, well-developed corries exist with valley floors over 900 m asl; at Coire na
Ciste, a linear accumulation of large boulders occurs at around 900m asl below Central Trident But-
tress (Figure 2). Late-lying snow patches are common at the present day with snow regularly lying
in sheltered locations on Ben Nevis throughout the year (especially in Observatory Gully and Point
Five Gully; Cameron et al. 2016). On the northeast face of Aonach Mor (1130 m) some 2 km to the
northeast of Ben Nevis, late-lying snow patches are also common and associated with well-devel-
oped protalus or pronival ridges.

Using data from the Met Office 30-year (1981-2010) temperature record from a high-elevation
automatic weather station (AWS) at Aonach Mor (56.822 °N, -4.970 °W; 1130 m asl) and assuming
a lapse rate of -6.0°C km™" (Harding 1978) gives a mean annual air temperature of 1.8°C at 1345 m
a.s.l; equivalent to the summit of Ben Nevis. Measurements of air temperature and rainfall amount
from historical weather station data collected between 1886 and 1903 at the summit of Ben Nevis
(Operation Weather Rescue) indicate that mean annual air temperature at the end of the LIA was -
0.24°C (dry bulb) and -0.62°C (wet bulb), that is, about 2.0°C colder than the present day.

Methods
Glacier-climate modelling

Glacier reconstructions were made using a 2-D energy-mass balance and ice-flow model that used
the shallow-ice approximation (Plummer and Phillips 2003). This glacier-climate model is particu-
larly suitable for investigation of small topographically constrained glaciers as the use of a distrib-
uted energy-balance model captures the topographic influences on local climatology and mass
balance (e.g. Harrison et al. 2014). We used this glacier-climate model to test whether sites on
Ben Nevis and Aonach Mor could have sustained small glaciers under climate conditions that
may have been typical for recent cold periods such as the LIA. Model parameterization followed
that used for the LIA in the Cairngorms while accounting for the observed differences in climate
between eastern and western Scotland (Tables 1 and 2) (see Harrison et al. 2014). Ice flow was
described as a combination of internal deformation and basal sliding, as these glaciers were likely
to have been warm based. The topography of the model domain was described using the ASTER
GDEM v2 digital terrain model resampled to a 25-m grid spacing. The model domain was
defined by the hydrological catchment boundaries. Solar position was calculated for the present
day and the LIA. Avalanching occurred when the topographic slope exceeded 30 degrees with a
fraction of snow removed by each avalanche event. the minimum value for new snowfall to trigger
an avalanche was 0.1 m. All glacier model parameters are given in Table 1.

Table 1. Glacier model parameters used in the study.

Model Domain Description

Native horizontal resolution of ASTER GDEM (m) 30
Vertical resolution of ASTER GDEM (m) 1
Grid spacing of model domain (m) 25
Glaciological Parameters

High albedo 0.8
Low albedo 0.4
Maximum slope that can hold snow (degrees) 30
Slope increment for avalanching routine (degrees) 12
Minimum new snow for avalanching to occur (m) 0.1
Deformation constant in Glen’s Law (A) (yr~' kPa™>) 22x1078
Sliding constant (m yr~' kPa™2) 15%1073

Integrated balance threshold for steady state (%) 0.1
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Table 2. Climate variables used to drive the glacier model.

Monthly sea level air temperature (C) 5.2-15.8
Standard deviation of temperature (C) 3.9
Atmospheric lapse rate (C km-1) . -6.0
Critical temperature for snowfall (C) 2
Precipitation maximum (mm a’) 3431
Precipitation minimum (mm a™") 2135
Precipitation mean (mm a’1) 2729 + 300
Precipitation lapse rate (m m™") 0.0001
Snowfall minimum as SWE (mm a™") 32
Snowfall maximum as SWE (mm a™") 2082
Mean wind speed (m s™") 10.6
Cloudiness 0.75
Relative humidity 0.80
Emissivity of snow 0.99
Emissivity of surrounding terrain 0.94
Dimensionless transfer coefficient for snow 0.0015
Ground heat flux (W m™2) 0.1

Mean monthly temperature data were taken from the Met Office 30-year (1981-2010) records
from the high-elevation AWS at Aonach Mor (56.822 °N, -4.970 °W; 1130 m asl) close to the
study site. Mean monthly rainfall data were not available from this AWS so were taken from the
Met Office 30-year (1981-2010) records from a low-elevation AWS at Lochaber, which is also
close to the study site (56.809 °N, -5.115 °W; 97 m asl). Rainfall values are not currently available
from mountain stations, so the low-elevation value was used assuming a rainfall lapse rate of 0.0001
m m™". This precipitation lapse rate is an order of magnitude lower than that quantified by Ballan-
tyne (1983) for lower elevations in Western Scotland and was chosen by comparing the total pre-
cipitation amount estimated using each lapse rate against observations. The total annual
precipitation amount estimated across the model domain was about 4500 mm. Historical measure-
ments from the summit giving total annual rainfall amount of about 4100 mm for 1886-1903.
Monthly wind speeds were defined from the AWS measurements at Aonach Mor with an annual
mean of 10.6 m s™'. A summary of the climate data is given in Table 2.

The glacier model was used to explore the range of climatic conditions under which small gla-
ciers equivalent to the observed limits could have formed in the study site. An accumulation of ice
was defined as a glacier rather than a snow patch when the thickness exceeded 10 m and the model
indicated that deformation occurred within the ice mass.

Uncrewed aerial vehicle survey

The linear boulder ridge on the northern side of Coire na Ciste was surveyed using a lightweight D]I
Mavic-2 Pro drone equipped with a Hasselblad L1D-20c camera having an approximate 77 degree
field of view and 20 mega pixels. Flight planning software ‘Pix4DCapture’ was used to plan and fly
the drone along an automated flight path, using the ‘double grid’ option optimized for 3D landscape
models. The camera angle was set to 80 degrees and overlap and sidelap set to 82%. The drone was
flown at a constant altitude of 50 m above the take-off point, which resulted in areas downslope
being imaged from a greater height. The steep cliffs and complex terrain around the feature, and
the narrow nature of the gully in which some of the boulders were located prevented a more soph-
isticated flight planning procedure (e.g. terrain-following). A total of nine cross-hair-marked, black
and white ground control points (GCPs), constructed from canvas and measuring 50 cm x 50 cm
were deployed around the edges of, and within, the feature to provide a means of georeferencing the
resultant model (Figure 3). The locations of the nine GCPs were surveyed using a Trimble GEO7X
system which offers spatial accuracy up to 1 cm. There were a few small snow patches located above
and around the edge of the feature of interest, but no snow within the main gully itself. Photographs
were screened visually for quality, and processed into photogrammetric products using Agisoft
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Figure 3. Example ground control point deployed at the Coire na Ciste site imaged here from around 10 m.

Metashape version 1.7.2 following a standardized workflow, building a dense cloud, mesh and then
digital surface model (DSM) and orthomosaic products. The drone-captured locations found in
each photograph’s EXIF header were used to initially align photographs after which, seven GCPs
were used as training points and two as check points to further constrain the geometric alignment.
Products were exported from Metashape and visualized in QGIS version 2.19.2. The drone was also
used to capture still photographs of the feature from a greater height and a short video to provide
some geographic context.

Lichenometry

Lichen size data were taken on the four largest boulders on the ridge; on the two largest boulders on
the distal side of the avalanche fan from Number 5 Gully, and on an exposed bedrock surface 200m
west of the CIC Hut near the valley floor. Measurements were restricted to the yellow-green Rhi-
zocarpon geographicum spp and the diameter of the five largest lichen (Hughes 2010; Sass 2010;
Leigh et al. 2020) on each boulder was made to the nearest millimetre using a ruler.

Results
Glacier model reconstructions

The initial simulation under present-day climate conditions produced no glacier ice in the study
area and only small snow patches to the western side of Ben Nevis (Figure 4). The glacier model
predicts the development of small glaciers in sheltered north-facing locations on Ben Nevis,
especially in Coire Leis and in Coire na Ciste and in sheltered north-facing locations on Aonach
Mor and on Carn More Dearg with only small reductions in mean annual air temperature and pre-
cipitation amounts compared to the present day (Figure 4). The inclusion in the model of an ava-
lanching function to move snow from steep slopes into the corries was important to enable
sufficient snow accumulation to maintain glacier ice. Small glaciers were simulated under a
range of palaeoclimates equivalent to a difference in mean annual air temperature (AT') from pre-
sent-day values of between —1.0°C and -2.0 °C with either no change in precipitation amount or a
reduction of up to 30%. The response times for these simulations were 100-150 years indicating
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Figure 4. Simulation of small glaciers and simulated ice thicknesses under a range of cooler and drier climates on Ben Nevis and
surrounding mountains.

that, from an unglaciated condition, a change to paleoclimate conditions similar to those expected
during the LIA was sustained for at least a century and was sufficient to form small corrie and niche
glaciers. Small changes in AT and annual precipitation amount would have caused the glaciated area
to fluctuate but would have sustained small glaciers for as long as mean annual air temperature
remained at least 1°C colder than the present day.

Photogrammetry of the Coire na Ciste boulder ridge

A total of 75 photographs were captured in a single flight. The original photography had a spatial
resolution of 1.25 cm per pixel and covered an area of 0.0155 km?. Control point error and check
point error for the resulting photogrammetry products are provided in Table 3. The DSM had a
resultant spatial resolution of 2.49 cm per pixel and point density of 0.161 points/cm®. Every
part of the main feature of interest was captured in more than nine photographs across its extent,
which is usually a good indicator that it has been sampled exhaustively, providing optimal con-
ditions for a high quality photogrammetric reconstruction (see processing report in supplementary
information).

The boulder highlighted in Figure 5a is Boulder 4 and shown at closer range in Figure 5b also
captured by drone, showing SH measuring lichen diameters. Large angular boulders were arranged
linearly spanning a lateral distance of approximately 79 m from a height above sea level of 879-913

Table 3. Ground control and check point accuracy reported by Agisoft Metashape, all measurements in cm.

Type Count X error Y error Z error XY error Total error

Control 7 26.453 25.062 16.1559 36.4398 39.8607
Check 2 34337 5.94699 19.3416 34.8482 39.8559
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Figure 5. (a) a single image capture above the main gully feature in Coire na Ciste showing anomalously large and angular
boulders arranged linearly. Close up image of Boulder 4 shown in (b).

Figure 6. Orthomosaic of the feature in Coire Na Ciste, Ben Nevis. B1-B4 are the boulders sampled for lichen measurements on
the ridge.

m. Using GIS, we established that the largest boulders in this collection had long axes facing the
camera of between 3.03 and 5.80 m. Figure 6 shows the generated orthomosaic of the boulder
ridge, while Figure 7 shows the topographic situation of the feature, derived photogrammetrically.

Lichenometry

Very few lichens were found on the ridge boulders, and those were small (maximum lichen diam-
eter was 58mm on Boulder 1; see Figure 8a) compared with the lichen diameters found on the
boulders located on the distal edge of Number 5 gully fan (maximum diameters of 82 and
61mm; Figure 8b) and on the glaciated bedrock surface above the CIC Hut (maximum diameter
of 75mm). See Table 4 for details.

Discussion
Inferring palaeoclimate from glacial geomorphology

The results presented here suggest that relatively small reductions in mean annual air temperature
were sufficient to generate and sustain glaciers in sheltered locations on Ben Nevis and adjacent
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Figure 7. Digital Surface Model of the feature in Coire Na Ciste, Ben Nevis. Inset area shows the largest collection of boulders
towards the top elevation of the feature.

(b)

Figure 8. (a) Looking downslope from the boulder ridge in Coire na Ciste. Note the low lichen cover. The CIC hut is seen at the
bottom of the valley; (b) Boulder 6 at the distal edge of the fan from Number 5 Gully showing lichen cover. Photo by K. Anderson.
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Table 4. Lichen size data (single largest lichen and mean of the 5 largest lichen (5LL) from Boulders 1-6 and the glaciated
bedrock surface.

Approximate Elevation (m OD) Diameter of largest lichen (mm) Mean of 5LL (mm)
Boulder 1 870 58 24
Boulder 2 870 30 22
Boulder 3 890 12 10
Boulder 4 890 21 15
Boulder 5 770 82 53
Boulder 6 765 61 54
Bedrock surface 690 75 44

The location of boulders B1-B4 are shown in Figure 6.

mountains, even when associated with a reduction in precipitation amount. We previously
suggested that these might have been typical of late Holocene conditions in line with results
from previous simulations of glaciers in the Cairngorms (Harrison et al. 2014) and analysis of his-
torical weather station measurements from the summit of Ben Nevis supports this conclusion. We
argue that geomorphological evidence for small late Holocene glaciers is generally absent (and may
partly reflect the destructive role of avalanches). However, in Coire na Ciste we have identified and
mapped a distinct line of anomalously large boulders along part of the northern side of the corrie;
their disposition likely precludes a rockfall or avalanche origin. Lichen measurements on the
boulders suggest that the boulders were emplaced recently; much later than boulders on the distal
edge of Number 5 gully which have substantial lichen cover (see Figure 8a and b). We therefore
suggest that this ridge represents a depositional unit created at the margin of a small glacier that
existed in the corrie until relatively recently.

The cliffs and high corries of Ben Nevis may have been particularly sensitive to late Holocene
cooling and glacier development. While plateau surfaces on the mountain are small compared
with those in the Cairngorms the deep gullies, especially in the Observatory Gully area and
Coire na Ciste, are the conduits for avalanches whose deposits build up to great thicknesses and
they maintain extensive snow patches throughout the year. For instance, the annual snowpatch sur-
vey for 2021 (measured on 19th and 20th August) identified 17 distinct snow patches on Ben Nevis,
with 44 identified in the Highlands of Scotland. This is similar to previous years, and snow patches
have disappeared completely from Scotland on only six recorded years (1933, 1959, 1996, 2003,
2006 and 2017; Cameron and Fyffe 2020). We therefore suggest that the combination of wind redis-
tribution of snow and topographic niches (with associated microclimates) in the Scottish Highlands
is highly conducive to snow and ice persisting year round in suitable locations.

Potential periods of glacial conditions during the Holocene in Scotland

There are potentially numerous times when glaciers could have developed in Scotland (Manley
1949). For instance, during the renewed cooling during the 8.2ka event temperatures dropped 6
+ 2°C at Summit in Greenland (Alley and Agustsdéttir 2005) and this period of cooling may
have lasted for over 160 years (Thomas et al. 2007). Other reconstructions suggest a reduction in
temperature of 1-3°C across large parts of the Northern Hemisphere (Matero et al. 2017) and,
in northwest England, palaeoclimate reconstructions suggest a reduction in temperature of 1.6°C
at this time (Lang et al. 2010). Given the likely sensitivity of Scottish glaciers to climate cooling,
this might suggest that glacier limits currently described as having been deposited during the
Younger Dryas were in fact also occupied several times during the Holocene.

The late Holocene and Little Ice Age

Palaeoclimate reconstructions of the late Holocene in Greenland and NW Europe suggest that con-
ditions may have been cold enough on a number of occasions to develop glacier ice in sensitive
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mountain locations, although the timing and spatial extent of these is complicated (Kobashi et al.
2011).

There is little agreement on the drivers of such cooling events. For instance, van Geel et al. (1996)
argued that reduced temperatures in parts of NW Europe were associated with reduced solar irra-
diance about 2700 years ago, while Miller et al. (2012) argue that LIA cooling was associated with
volcanic activity enhanced by low summer Northern Hemisphere insolation triggering sea ice
expansion (see also Lamb 1995). This period may also have been characterized by sustained easterly
and north-easterly winds during winter and extreme snowfall (Dawson 2009; Moreno-Chamarro
et al. 2017). Whether these changes were driven by shifts in the NAO is disputed. For instance,
Mofta-Sanchez and Hall (2017) argue that the NAO did not undergo long-lasting centennial shifts
during the climatic events of the last 3000 years. They also discuss the significant cooling at 2300-
2900 BP (the Iron Ages Cold Epoch) and at 1100-1200 BP (the Dark Ages Cold Period). Biintgen
et al. (2016) have also identified severe cooling from 536-660 AD and define this as the Late Antique
Little Ice Age which may have exceeded LIA cooling, at least in central Europe. In addition, recon-
structions of changes in bog surface wetness from the British Isles (a proxy for precipitation and
evaporation) show considerable variability (Langdon et al. 2003) with shifts at around cal. 6650,
5850, 5300, 4500, 3850, 3400, 2800-2450, 1450-1350 and 250-150 BP. While several of these will
have been accompanied by warmer temperatures, this may have also been periods when snow
growth may have been sufficient to initiate glaciation in favoured locations in the Scottish High-
lands. This view is supported by attempts to reconstruct glacier advances in western Norway during
the early eighteenth century (Nesje and Dahl 2003) who argue that this was driven by increased
winter precipitation accompanied by mild and humid weather associated with a positive NAO.

The precise timing of late Holocene glacier development is therefore not clear. Previous studies
have suggested that the period most suitable for glacier development was probably during the late
17th and 18th centuries (Lamb 1995; Kington 2010) although cold and snowy winters and poor
summers may not have occurred consistently throughout this time. Recent research using northern
European tree-ring data has indeed identified multiple LIA-like cooling periods from 100-800 years
in length from the mid-Holocene to the end of the LIA (Helama et al. 2021).

Conclusions

Glacier model simulations of Little Ice Age glaciers in the Cairngorms (Harrison et al. 2014)
suggested that the change in climate from the present day during this period and the suitability
of the landscape to support snow and ice accumulation was sufficient to form small glaciers within
decades of the onset of cooling. Although meteorological observations are not currently made at the
summit of Ben Nevis, a historical dataset provides hourly air temperature and rainfall measure-
ments between 1886 and 1903. Comparing the calculated present-day temperature at the summit
with historical observations indicates that mean annual air temperature at the summit was around
2°C colder between 1886 and 1903, which is consistent with the development of small glaciers.
We argue that these small glaciers could have fluctuated in and out of existence over several cen-
turies throughout the cold periods of the Holocene and only made a minor impression on the land-
scape. Kirkbride et al. (2014) caution that late Holocene glaciation in the Cairngorms was spatially
very restricted and argued that ‘we suspect there would have been very few, if any, similar topocli-
matic niches in the British mountains where contemporary late-Holocene glaciers could have
formed’ (Kirkbride et al. 2014, p. 147). As in the Cairngorms, the development of small glaciers else-
where during the late Holocene may have depended strongly on enhanced accumulation from ava-
lanches or snow blow, or on the presence of deep, sheltered gullies. On Ben Nevis few large plateau
surfaces are available for snow accumulation and avalanches mainly occur in the present day into
Coire na Ciste from Number 5 gully and from the Castle Ridge and Observatory Gully areas. Bal-
lantyne (1989) discussed the evidence for a late-Holocene age avalanche impact fan in Coire na
Ciste and reported that Gatty (1906) argued that the fan was actively developing at that time.
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The age of this feature is undetermined but might be of significance in assessing the date of glacial
melting in the Coire.

Testing our hypothesis that late Holocene glaciers existed in western Scotland will be difficult.
Although we argue that the glaciers were probably warm-based the relatively small sizes of the gla-
ciers reconstructed here suggests that they would have only been able to generate low subglacial
driving stresses and were not dynamic enough to sustain rapid basal sliding and lee-side subglacial
cavities (Sharp et al. 1989; Riihimaki 2005; Harrison et al. 2010). This inability to produce subgla-
cially eroded rock and deposit these in moraines means that any dating program using terrestrial
cosmogenic nuclide dating of moraine boulders will face the problem of inherited ages. In other
words, these glaciers probably were only able to redistribute previously deposited rock debris
and dating of this material cannot therefore be used as a test of the age of the glacier development.
Glacier-climate modelling to investigate the possibility of sustaining small glaciers having devel-
oped in the mountains of Western Scotland during the late Holocene needs to be robust. To
demonstrate that a model is suitable for application to this problem requires accurate simulations
of a wider range of periods of glaciation, including the Younger Dryas. This is a task for the future,
and should test the assumption that previous glaciations have been correctly assigned to dated cold
periods.

In essence, our results suggest that small glaciers may have existed in several locations in the
highest parts of the Scottish mountains during the late Holocene, and probably also during other
cold periods in the Holocene. From this we argue that the current understanding of the glaciations
of Scotland needs revision. Whether glaciers existed elsewhere in the British Isles is less certain; the
glacier sites in the Cairngorms, on Ben Nevis and Aonach Mor have corrie floors higher than any in
the mountains of Wales, English Lake District or Ireland, and therefore we believe that late Holo-
cene glaciation was probably restricted to a few high elevation sites. However, glaciers may have
been able to develop at many times during the Holocene as small warm-based glaciers would
have been able to respond rapidly to the abrupt climate changes observed in the North Atlantic
region during Lateglacial and Holocene periods.
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