
1.  Introduction
In high elevation mountain environments, snowpack plays a key role in determining ground temperature 
(Haberkorn et al., 2021) due to its physical characteristics (Arenson et al., 2021) and prolonged duration (Bender 
et al., 2020). Beyond modulating the ground surface temperature (GST), Alpine snow is also a critical water 
resource (Brunner et al., 2023), a limiting factor for soil microbial activity (Rindt et al., 2023), and one of the key 
drivers of topographic slope instability (Cicoira et al., 2019; Kenner et al., 2020). While the ongoing changes in 
Alpine snowpack due to climate change are well-documented (Buchmann et al., 2021; Klein et al., 2016), they 
are difficult to evaluate prior to the instrumental record. In the European Alps, snow monitoring data has demon-
strated a systematic decline in the duration and height of snowpack from the 1970s and onwards, irrespective 
of region or elevation (Klein et al., 2016). While the onset and trend in measured snowpack decline correlate 
inversely with the rise in global temperatures, we lack knowledge on when precisely this decline started. A 
major reason for this gap is because temperature is only one of many factors influencing the duration of seasonal 
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Plain Language Summary  The extent of snow cover is shrinking in high elevation mountain 
environments due to climate change. However, it is challenging to determine when snow cover began to change 
because humans have only been monitoring snow cover for several decades, and snow cover has appeared to 
shrink over this entire time. We used two new geologic records of ground temperature and light exposure—
both of which are impacted by the duration and amount of snow cover—to assess when snow cover began to 
change in the Gotthard Pass in Switzerland. We found that the middle slopes of the pass began experiencing 
snow cover loss three centuries ago, well before historical monitoring of snow cover in this region. This record 
of prolonged snow cover loss matters for the informed management of mountain water sources, rock and snow 
avalanche risk, and ecosystem change.
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snowpack; other key factors include local terrain, precipitation, orographic effects, wind regime, and ground 
surface characteristics (Mott et al., 2014). In high-elevation Alpine environments with complex microtopography, 
a patchwork of snow-covered and snow-free areas can coexist on spatial scales as small as 10 0–10 2 m. Thus, in 
order to be able to quantify patterns of snow cover prior to the instrumental record, the paleoclimate community 
needs paleo-snow proxies (Li et al., 2019; Watanabe et al., 2021; Woodhouse, 2003) that (a) have a causal physi-
cal relation to snowpack characteristics, (b) have a spatial sensitivity commensurate with the spatial variability of 
snowpack, and (c) are capable of recording past events over geological timescales of interest.

In this work, we reconstruct a continuous ∼15,000-year long snowpack evolution at the Gotthard Pass, Switzer-
land, through a novel pairing of two Quaternary dating techniques: cosmogenic paleothermometry using  3He in 
quartz (QHe; Figure 1a), and luminescence photochronometry using infrared stimulated luminescence in feldspar 
(IRSL; Figure 1b). Both QHe and IRSL are products of high-energy particle fluxes of galactic and terrestrial 
origin, respectively (Sohbati, Jain, & Murray, 2012; Tremblay et al., 2014a). Production of QHe occurs mainly 
through nuclear spallation of lattice atoms by secondary cosmic ray neutrons, and its loss is driven by thermal 
diffusion 𝐴𝐴 𝐴𝐴𝐴𝐴∕𝜕𝜕𝜕𝜕 = −𝐷𝐷0𝑎𝑎

−2
𝑒𝑒
−𝐸𝐸𝑎𝑎∕𝑅𝑅𝑅𝑅∇2

𝑛𝑛 (Figure 1c), where T is temperature and the corresponding mean lifetime at 
that temperature is 𝐴𝐴 𝐴𝐴 ≈ ln(𝜋𝜋)∕

(

15𝐷𝐷0𝑎𝑎
−2
𝑒𝑒
−𝐸𝐸𝑎𝑎∕RT

)

 . The production of trapped electrons giving rise to IRSL occurs 
via lattice ionisation due to environmental radiation; their photo-stimulated release obeys ∂n/∂t  =  −Be −z/Λn,  
where B is a surficial bleaching rate, and z is depth (Figure 1d). A reference depth where half the traps are 
filled at steady-state (z1/2,SS) has an associated lifetime 𝐴𝐴 𝐴𝐴 ≈ ln(2)𝐵𝐵−exp (−1)

(

𝐷̇𝐷∕𝐷𝐷𝐶𝐶

)exp(−1)−1 . Considering the high 

Figure 1.  Comparison of QHe (a, c, e) and IRSL (b, d, f) in terms of primary physical drivers (a, b), representative kinetics 
(c, d), and mean lifetimes and sensitivities (e, f). (a, b) Pathways of concentration accumulation (blue) and loss (red). (c, d) 
Representative (got-11) kinetic parameters of the QHe (c) and IRSL (d) systems, used to calculate mean lifetimes in (e, f). 
(e) Effective Diffusion Temperature (EDT) modulates the mean lifetime of QHe, τ (left y-axis), defined as the time taken 
to reach 1 − e −1 (∼68%) of the maximum attainable concentration (right y-axis) at that temperature. f, Effective Rate of 
Bleaching (ERB) modulates the mean lifetime of IRSL, τ (left y-axis), defined as the time taken for the inflection point of the 
concentration-depth profile to progress to 1 − e −1(∼68%) of its deepest attainable depth (right y-axis).
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sensitivity of QHe to temperature (∂τ/∂T ∼ 16% °C −1; Figure 1e), and of IRSL to bleaching rate (∂τ/∂B = −0.37τ/
B; Figure 1f), we may expect to resolve >1°C changes in temperature, and >50% in insolation rate, if these have 
occurred within the past ∼10 2–10 4 years.

The Gotthard Pass (Figures  2a–2c) is a high-elevation (2200–2400  m asl) watershed of the Alpine complex 
(Davies & Phillips,  1985), characterized by high precipitation (2,400  mm  year −1) and low mean annual air 
temperatures (−1°C) (Ambühl, 1990). Pervasive glacial scour marks at the macroscale, and ice polish at the 
microscale, as preserved in the barren granitic landscape surrounding the pass, attest to its prolonged submersion 
under the European Ice Cap until 16–12 ky ago, as determined by a detailed cosmogenic  14C- 10Be chronology 
(Hippe et al., 2014). Since then, the topography is believed to have been ice-free, with only seasonal snow cover-
age (<3 m during 6 months per year on average) suggested by the  14C- 10Be systematics (Hippe et al., 2014). In 
this work, we selected three representative sites previously dated with  14C- 10Be (Figures 2b and 2c); these include 
the topographic saddle (got-06), a down-valley limit (buttress) of a mid-slope glacial cirque (got-11), and a steep 
rock wall of the U-shaped valley (got-10).

Figure 2.  Study site and overview of key results. (a) Topographic map of Switzerland with location of Gotthard Pass. (b) Aerial photograph of the Gotthard pass in 
February 2012 indicating key landmarks, the pass transect from Hippe et al. (2014) (dashed black line), and sites got-06 (green), got-11 (blue) and got-10 (red). Note 
that this color scheme is persistent throughout the paper and the Supporting Information S1. (c) Study sites (as viewed from a location marked with a triangle in b), 
during October 2010 (d) Apparent exposure ages of quartz  3He (squares) and the quartz  10Be- 14C isochron from Hippe et al. (2014) (diamonds). (e) Feldspar IRSL 
effective rates of bleaching. (f, g) Modern in-situ thermometry (2016–2022), including calculated snowpack duration (f), and the annual ground surface temperature, 
expressed in both in terms of its mean (MAGST) and its 1 standard deviation (σMAGST) (g).
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2.  Methods and Results
2.1.  QHe

The QHe method (Figure  1a) targets a specific product ( 3He) of cosmic 
ray bombardment of near-surface rock quartz. Concurrently to its produc-
tion,  3He is also being continuously lost from quartz via thermally activated 
Arrhenius-type diffusion (Tremblay et al., 2014a). By accurately determining 
the diffusion kinetics (Figure 1c), alongside fixing the diffusion duration to 
an independent age control (e.g.,  10Be), it is possible to invert a measured 
cosmogenic  3He into an effective thermal history (Tremblay et al., 2014a), 
namely the effective diffusion temperature (EDT). Being a weighted average, 
EDT is always shifted toward the peak temperature experienced (Tremblay 
et al., 2014a). From Figure 1e, it is evident that QHe is uniquely positioned to 
trace periglacial temperature fluctuations during the last millennia (Gribenski 
et al., 2022), as EDT of ∼0°C corresponds to a mean lifetime of ∼1,000 years 
(for representative kinetics of sample got-11).

Degassed natural  3He from purified quartz separates (for got-06, -10, 
and -11) yielded QHe apparent exposure ages ranging from 0.8 to 2.5  ky 
(Figure 2d), up to an order of magnitude younger than their corresponding 
independent exposure age control ( 14C- 10Be isochron; Hippe et  al.,  2014). 
The apparent  3He age deficit was converted into an isothermal paleo-EDT 
(EDTP) for each sample, with the uncertainty in EDTP estimated by Monte 
Carlo simulation (Figure  3a shows 1,000 realizations per sample, further 
statistically aggregated). Concurrently, calculation of modern-EDT (EDTM) 
using each site's modern thermometry data yielded isothermal EDTM esti-
mates (Figure  3a). Figure  3a demonstrates that the buttress of the glacial 
cirque (got-11) is the only site exhibiting a statistically significant QHe dise-
quilibrium, with its EDTM being significantly warmer (6.6 ± 2.9°C; 95% c.i.) 
than its corresponding EDTP.

The quantified difference between EDTP and EDTM implies a recent change in 
the environmental temperature conditions, which the QHe system has still not 
fully equilibrated with. This mismatch can be further reconciled by allowing 
EDTP to have varied with time toward its present-day estimate. To determine 
the timescale over which ground temperature could have increased at got-11, 
we modeled a two-phase thermal history spanning the  14C- 10Be isochron age 
in which EDTP is initially held constant, followed by a steady increase toward 
its modern value. A subset of all the successful inverse models that reproduce 
the observed  3He at got-11 is shown in Figure 3b. Considering experimental 
uncertainties, the highest likelihood for the onset of ground surface temper-
ature increase is constrained at 1708 CE, with its 95% confidence interval 
bracketing the onset of warming between 1504 and 1807 CE.

2.2.  Modern Thermometry

Continuous, bi-hourly monitoring of near-surface ground surface tempera-
ture at sites got-06, -10, and -11 between summer 2016 and 2022 enables us 
to quantify modern annual snow cover duration (SCD, Figure 2f), the modern 
effective diffusion temperature EDTM (Figure  3c), and the mean annual 
ground surface temperature (MAGST) summed with its 1 standard deviation, 
denoted as MAGST+1σ (Figure 2e). The latter is a compound variable, which 
was found to exhibit the highest correlation to EDT (Figure 3c). To comple-
ment these measurements with data from colder environments representative 
of got-11 prior to its inferred warming, we analyzed bi-hourly temperature 

Figure 3.  Interpretation of QHe (a–d) and IRSL (e, f) data. (a) Best-fit 
EDTP versus estimated EDTM for the three studied samples. Only for got-11 
do these estimates statistically mismatch at 95% c.i., implying a remnant 
thermal history. Inset shows a single diffusion domain model (straight line) 
fitted to laboratory degassing experiments of proton-irradiated grains of 
got-11. (b) Inversion of got-11  3He data into a two-phase thermal history, 
where isothermal storage in the first phase is followed by a linear temperature 
increase toward its modern value (representative best-fit scenarios are 
shown). (c) Linear correlation between EDT and MAGST+1σ at a nearby 
modern analogue site (Gemsstock) enables the translation of paleo (P) and 
modern (M) EDTs at the Gotthard (y-axis) into corresponding MAGST+1σ 
(x-axis). The light and dark blue distributions along the y-axis correspond 
to EDTP = 2.6 ± 2.6°C and EDTM = 9.2 ± 1.0°C, respectively, implying a 
6.6 ± 2.9°C increase (95% c.i.). (d) Snow cover duration versus MAGST+1σ 
at Gemsstock, with an underlying bagplot enveloping observable snowpack 
and temperature conditions. The transition from Paleo (P) to modern (M) 
conditions is discussed in text. (e) Spatial profiles of luminescence intensity 
versus rock depth (circles) and their best fitting models (curves) for the 
three studied samples; inset shows that the effective rate of bleaching (ERB) 
anticorrelates with modern snow cover duration (SCD). (f) Inversion of 
got-11 IRSL data into a two-phase isolation history (bounded by present-day 
insolation rates at got-06 and got-10), where constant bleaching rate in the 
first phase is followed by an exponential increase in bleaching rate toward its 
modern value in the second. Representative best-fit scenarios (colored paths) 
show that the onset of bleaching increase as recorded by IRSL overlaps with 
the onset of warming as recorded by QHe (cf. b); the magnitude of ERB 
increase is estimated at a factor ∼10.
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data from an additional 34 GST thermometers at the Gemsstock ridge (Haberkorn et al., 2015), located 6 km to the 
northeast, and ∼700 m higher (2,896–2,931 m asl) than the Gotthard Pass. The Gemsstock Ridge data set spans 
a broad range of microtopographic conditions and enables us to extend the linear relationship between EDTM and 
MAGST+1σ from the Gotthard data (filled symbols in Figure 3c) down to freezing temperatures (open symbols 
in Figure 3b; R 2 = 0.97, RMSE = 0.5°C). The slope of the linear relationship between EDTM and MAGST+1σ is 
indistinguishable from unity, implying that the same temperature increase (6.3 ± 2.3°C; 95% c.i.) applies to both. 
Thus, translation of EDTs into corresponding values of MAGST+1σ consists of a shift by −2.9 ± 0.5°C, allowing 
us to infer that at got-11, MAGST+1σ has evolved from 5.4 ± 2.6°C to 12.0 ± 1.0°C (95% c.i.).

Statistical analysis of the bivariate relationship (Rousseeuw et al., 1999; Verboven & Hubert, 2010) between 
present-day MAGST+1σ and SCD at the Gemsstock Ridge (Figure 3d) highlights two phenomena: (a) the colder 
north-facing (Δ) and warmer south-facing (∇) sites are unambiguously separated by a MAGST+1σ threshold 
at ∼6.5°C, and (b) the maximum attainable number of snow days is strongly anticorrelated with MAGST+1σ, 
ranging from ∼280 days at ∼4°C to ∼160 days at ∼11.5°C. Extending this relationship onto the Gotthard data, 
we consider the conservative scenario of minimal warming at got-11, that is, transition from the highest EDTP 
estimate to the lowest EDTM estimate (marked “P→M” in Figures 3c and 3d). For this change, the 50% and 
100% envelopes of observed SCD in Figure 3d reduce from ∼250 to ∼180 days, amounting to a cumulative loss 
of ∼70 days of annual snow. In a more likely scenario, the inferred MAGST+1σ change at got-11 from 5.4°C to 
12.0°C could be commensurate with a 180° reversal of topographic aspect, where the median SCD of ∼150 days 
gradually became the upper achievable limit at present.

2.3.  IRSL

The IRSL method (Figure 1b) quantifies an infrared-sensitive population of electrons trapped in lattice defects in 
feldspar. Exposure of these electrons to light results in their remobilization and recombination with holes, which 
is referred to as optical bleaching. At shallow rock depths, the bleaching rate is governed by a Beer-Lambert law 
(Sohbati, Jain, & Murray, 2012). By accurately determining the electron (de-)trapping kinetics (Figure 1d), along-
side fixing the exposure duration to an independent age control, a luminescence depth profile can be inverted 
into an Effective Rate of Bleaching (ERB), which by analogy to EDT is a time-averaged metric of ground surface 
insolation intensity (Figure 1d). To obtain the paleo-ERB (ERBP) at each study site, we measured the lumi-
nescence intensity of individual rock slices from vertically drilled cores (Sellwood et al., 2019), each ∼30 mm 
deep. At all sites, the normalized IRSL intensity increased with rock depth (Figure 3e), with the characteristic 
half-bleached depth z1/2 ranging from 11.3  ±  0.3  mm (got-06) to 21.9  ±  1.6  mm (got-10). After a rigorous 
validation that the cumulative Holocene surface erosion is negligible with respect to the IRSL light attenuation 
length (Sohbati et al., 2018), and by utilizing an identical independent surface exposure age (Chapot et al., 2012) 
as used for the QHe inversion, the ERBP at the three Gotthard Pass sites was constrained to 10 −1.48±0.07 yr −1 at 
got-06, 10 -0.82±0.09 yr −1 at got-11, and 10 0.68±0.21 yr −1 at got-10, exhibiting as expected a strong anticorrelation with 
modern SCD (inset in Figure 3e).

To bracket the timing and magnitude of ERBP change, we simulated the IRSL-depth profile of got-11 using a 
two-phase scenario, in which bleaching rate was kept constant in the first phase, and increased exponentially 
in the second. Due to the low bleaching rate, the modern ERBM was not amenable to field calibration; there-
fore  the ERBM of got-11 was bracketed between the ERBP values of got-06 and got-10 (marked outside the plot 
in Figure 3f), considered representative of snow-covered and -free conditions, respectively. Plausible fits of the 
observed IRSL-depth profile at got-11 were obtained solely by scenarios in which ERBP increased with time 
(Figure 3f), consistent with a decrease in SCD (inset in Figure 3e). The highest likelihood of the onset of ERBP 
increase occurs within the last millennium, broadly coinciding with the onset of EDTP increase (cf. Figure 3b); 
we note that the lack of a direct independent estimate of a modern ERBM renders the IRSL data set inversion as 
qualitative. Thus, our best estimate for the onset of the most recent environmental change (1708 CE), alongside its 
68% and 95% confidence intervals (marked on the x-axes in Figures 3b and 3f) are based solely on the QHe data.

3.  Discussion
The thermal regime of a rock surface is highly dependent on short- and longwave radiation, albedo, surface 
roughness, snow depth, and snow distribution in time and space. Nevertheless, investigations of the effects of 
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snow on thermal processes in steep rock walls are scarce (Haberkorn et al., 2015, 2017, 2021). With the absence 
of snowpack, GST of north facing slopes is highly correlated with air temperature, while a much lower correlation 
is seen on south facing slopes, with incoming solar radiation as a dominant driving factor of GST (Haberkorn 
et al., 2021). At rock wall locations with a thick snow cover, GST is strongly controlled by snow, since a suffi-
ciently thick snowpack acts as a thermal insulator and decouples the rock surface from atmospheric influence 
(air temperature and solar radiation). Daily GST variations cease after the first large snowfalls, while GST oscil-
lations are damped and lagged in time in comparison with air temperature (Haberkorn et al., 2017, 2021). Strong 
small-scale variability of up to 10°C in the distributed rock temperature data occurs within a few meters over the 
rock walls due to the variable snow distribution, revealing the heterogeneity and complexity of the thermal regime 
at a very local scale (Haberkorn et al., 2017). The fact that differences of up to 10°C in both MAGST and EDT 
may coexist across microtopography (10 1–10 2 m scales) characterized by a uniform mean annual air temperature 
(MAAT) (Haberkorn et al., 2021), emphasizes the uniqueness of the proposed tool to directly quantify bedrock 
response to climate change on a scale of an outcrop, thus significantly transcending the informa tion currently 
accessible from either stable-isotope proxies (which reflect continentally-averaged MAAT; e.g., Dansgaard 
et al., 1993) or organic lipid proxies (whose dependence on MAAT is complicated by other factors; e.g., Peterse 
et al., 2012).

Our conservative estimate of a cumulative loss of ∼70 days of snow over a timescale of 330 ± 169 years (95% 
c.i.) is comparable both in magnitude and in timing to the SCD decline reconstructed from tree rings in Ventina 
valley, central Italian Alps, ∼100 km ESE of the Gotthard, at matching altitudes (Carrer et al., 2023). Further-
more, our timing for the onset of ground surface warming at the Gotthard is in line with an early end to a relatively 
weak Little Ice Age (LIA) in central Europe (Matthews & Briffa, 2005), in which 1700 CE marked the reversal 
of the long-term arctic cooling (Barboza et  al.,  2014; Kaufman et  al.,  2009; PAGES 2k Consortium,  2019). 
Locally, it is also in line with the complete absence of any LIA-aged landforms at the Gotthard Pass (Hippe 
et al., 2014). An estimate of a time-averaged SCD shortening rate at got-11 can be obtained by converting plau-
sible EDTP scenarios to a corresponding time-series of MAGST+1σ (Figure 3c), and further interpolating the 
latter onto the upper 68%–95% envelope of SCD (Figure  3d). The three-centuries averaged SCD shortening 
value of −0.38 ± 0.17 days yr −1 at got-11 (95% c.i.), is a factor 2 lower than its spatially closest modern estimate 
of −0.75 days yr −1 (regression of 1970–2015 monitoring data at Andermatt; Klein et al., 2016). The mismatch 
between modern and time-averaged SCD shortening rates strongly suggests that SCD decline at the Gotthard Pass 
must have proceeded in a nonlinear manner, with only the steepest and most recent trend captured by instrumental 
records. Although qualitative, the IRSL data suggests that the order-of-magnitude increase in ground insolation 
rate must have occurred during a comparable time window.

To evaluate our highest-likelihood environmental scenarios from QHe and IRSL data in the context of paleo-trends 
predicted by climate models (e.g., He & Clark, 2022), Figure 4 compares our estimates of EDT and ERB at got-11 
to corresponding parameters from a 3 km × 3 km grid derived from CHELSA-TraCE21k (Karger et al., 2023). In 
terms of the timing of the onset of temperature rise and SCD drop, both QHe and IRSL data show good agreement 
with smoothed CHELSA-TraCE21k trends. Interestingly, both the EDT rise, and our inferred SCD decrease, are 
about a factor of 4 higher than those predicted by CHELSA-TraCE21k. This difference in magnitude is readily 
explained by two factors: (a) the temperature predictions in CHELSA-TraCE21k are for the mean and the diurnal 
temperature range of the near surface (2 m) air temperature (abbreviated MANST+1σ), which, while correlated to 
MAGST+1σ, exhibit smaller variance (see Supporting Information S1), and (b) the temperature and SCD predic-
tions in CHELSA-TraCE21k contain a spatial averaging effect, since even within a single 1 km 2 cell containing 
got-11, there is significant variation in elevation, slope, and aspect. For example, the relative proportion of areas 
with similar slopes to that of got-11 (15–25°) is ∼25%. This explains why such a strong warming at got-11 (and 
similar sites) is damped at a coarser scale that averages over both flatter (e.g., such as got-06) as well as steeper 
areas (e.g., such as got-10) that might have experienced no snow change. In other words, strong local evidence 
of a multi-month decrease in snow cover in the last several hundred years, apparent in our proxy records of both 
MAGST and insolation at got-11, are diluted in comparatively coarser climate simulations, where microtopo-
graphic effects are averaged.

The presented novel pairing of cosmogenic ( 14C,  10Be, and  3He) and luminescence (IRSL) techniques points to 
a tipping point transversal at got-11, where ∼150 SCD days likely became the upper limit of yearly snow accu-
mulation at present. We believe that by quantifying both the timing and the magnitude of snowpack change in an 
Alpine environment over instrumentally inaccessible timescales, and by establishing a tipping point transversal 
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with respect to snowpack accumulation, our study sets a new climate reference point for a pre-industrialized 
snow-covered landscape in the Alps. In addition, we hope that it promotes the application of similar methodology 
in other localities, where detailed understanding of recent snow dynamics could be critical for accurate climate 
modeling and ultimately a more informed mitigation of the impacts of climate warming on mountain snowpack.

Data Availability Statement
All data and code used to generate the results and interpretations in this manuscript are published in Guralnik 
et al. (2023).
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