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Supplemental Information 

1. Firn Thermodynamic and Hydrological Model  

The firn model is a one-dimensional model of the coupled thermodynamic and hydrological 

evolution in the 35-m snow and firn column. The model has 58 layers, with resolution 

concentrated near the surface. Layer thicknesses are 0.1 m in the upper 1 m, 0.2-m from 1-2 m 

depth, 0.4 m from 2-10 m depth, and 1 m from 10-35 m depth. The firn model is coupled with a 

surface energy balance model (Marshall, 2014; Ebrahimi and Marshall, 2016), with subsurface 

heat conduction calculated within the firn model. The coupled model system is described in 

Samimi and Marshall (2017) and Samimi et al. (2020). 

Surface Energy Balance 

Net energy at the glacier surface is a function of the energy fluxes at the surface-atmosphere 

interface, 

      𝑄𝑁 =  𝑄𝑆
 ↓(1 − 𝛼) + 𝑄𝐿

 ↓ − 𝑄𝐿
 ↑ + 𝑄𝐻 + 𝑄𝐸 + 𝑄𝐶  ,    (1) 

 

where 𝑄𝑆
 ↓ is the incoming shortwave radiation, 𝛼 is the surface albedo, 𝑄𝐿

 ↓ and 𝑄𝐿
 ↑ are the 

incoming and outgoing longwave radiation, QH and QE are the sensible and latent heat fluxes, 

and Qc is the upward-directed conductive heat flux in the subsurface. All energy fluxes are 

defined to be positive when they are sources of energy to the surface. Energy fluxes associated 

with precipitation are assumed to be negligible. 

 

When the surface temperature is below 0C, net energy 𝑄𝑁 goes to heating or cooling the surface 

layer of the snow/firn, a 0.1-m layer within the subsurface model. If the surface is at 0C and 

𝑄𝑁 > 0, net energy goes to melting, following  

 

                       �̇� = QN/(𝜌𝑤𝐿𝔣) ,             (2) 

 

where �̇� is the melt rate (m s−1), and Lf is the latent heat of fusion. If net energy is negative, any 

liquid water that is present will refreeze and then the surface layer will cool.  

 

Turbulent fluxes are modelled using a bulk aerodynamic approach (e.g., Andreas, 2002),  

 

   𝑄𝐻 =  𝜌𝑎𝑐𝑝𝑘2𝑣 [
𝑇𝑎(𝑧)−𝑇𝑠

ln (𝑧
𝑧0⁄ )ln (𝑧

𝑧0𝐻⁄ )
] ,       (3) 

 

and 

 𝑄𝐸 =  𝜌𝑎𝐿𝑣𝑘2𝑣 [
𝑞𝑎(𝑧)−𝑞𝑠

ln (𝑧
𝑧0⁄ )ln (𝑧

𝑧0𝐸⁄ )
] .           (4) 

 

Here Ta, qa and v are the air temperature, specific humidity, and wind speed, Ts and qs are the 

temperature and specific humidity at the snow surface, a is the air density, cp is the specific heat 



capacity of air, Lv is the latent heat of evaporation, and k = 0.4 is von Karman’s constant. 

Parameters z0, z0H, and z0E refer to the roughness length scales for turbulent exchange of 

momentum, heat, and moisture. We adopt fixed roughness values based on typical values for 

snow-covered glaciers, z0 = 1 mm and z0H = z0E = z0/100. The surface temperature Ts is based on 

the upper layer of the firn model, with the surface humidity qs calculated from the saturation 

specific humidity over snow at temperature Ts. Conductive heat flux to the glacier surface, QC, is 

calculated from the vertical heat conduction in the upper three layers of the subsurface model, 

based on a three-point forward finite difference: 

 

𝑄𝐶 = −
𝑘𝑡

2∆𝑧
(3𝑇1 − 4𝑇2 + 𝑇3) ,    (5) 

 

for thermal conductivity 𝑘𝑡 and layer thickness ∆𝑧.  

 

The surface energy balance model is forced by ERA5 surface-level climate reanalyses from 

1979-2019 and ERA20c reconstructions for the period 1965-1978, as described in the main text. 

These fields include incoming longwave and shortwave radiation, 10-m wind speed, surface air 

pressure, and 2-m air temperature and dew-point temperature. Relative and specific humidity are 

calculated from the latter. The ERA5 grid cell over upper Kaskawulsh Glacier has an elevation 

of ~2520 m, compared with 640 m at our drill site (60.78N, 139.63W) and ~2600 m for the 

Copland automatic weather station (60.70°N, 139.80°W), about 12 km from our site. While the 

elevation differences between these sites are small, we adjust the ERA5 surface data for this 

difference, z, using a lapse-rate correction for temperature, T = z, with a constant lapse rate 

 = −5C km−1, typical of glacier surfaces (e.g., Gardner et al., 2009). Air pressure is adjusted 

through P = −gz, for gravity g and air density  calculated from the local temperature. 

Relative humidity is assumed to be constant, and specific humidity is calculated at the site 

elevation based on the local temperature and air pressure.  ERA5 temperature values are further 

bias-adjusted using automatic weather station data from the Copland weather station, which has 

data from 2014-2018.  

 

We work with daily mean ERA climate fields, with a parameterized diurnal cycle for daily mean 

temperature and incoming shortwave radiation following Ebrahimi and Marshall (2016). ERA5 

data are available hourly, but the daily meteorological forcing is more computationally efficient 

and allows us to scale our study more easily to large areas for distributed modelling (e.g., the 

entire St. Elias range) or to future climate change projections, where hourly climate forcing is 

seldom available. Our overall model development is focused on optimizing the balance between 

pragmatic considerations and an appropriate level of complexity. 

 

The meteorological forcing drives the coupled surface energy balance and firn models with 30-

minute time steps. Outgoing longwave radiation is calculated internally at each time step, 

following Stefan-Boltzmann’s relation, 

 

     𝑄𝐿
 ↑ = 𝜀𝑠𝜎𝑇4,      (6) 

for surface emissivity 𝜀𝑠 and Stefan-Boltzmann’s constant 𝜎. We use an emissivity of 1.0 for 

melting (wet) snow and 0.98 for dry snow (Marks and Dozier, 1992). Surface albedo is also 

calculated internally, using a simple parameterization of snow-albedo decreases through the 



summer melt season as a function of cumulative positive degree days, PDD (Hirose and 

Marshall, 2013),         

 

 
0 min( )( ) max [ , ],S PDD tt b  = −    (7)  

   

for fresh-snow albedo  0 = 0.84, minimum snow albedo  min = 0.5, and coefficient b.  This 

relation roughly accounts for the effects of melting on liquid water content, rounding of snow 

grains, and increasing concentration of impurities, which collectively produce snow-albedo 

reductions over the summer melt season (Brock et al., 2000; Cuffey and Paterson, 2010). A value 

of 0.002 was used in this study, based on calibration at DYE-2 in the percolation zone of the 

Greenland Ice Sheet (Samimi et al., 2020). The calibration at DYE-2 is against long-term GC-

Net automatic weather station data (Steffen and Box, 2001), and the value of b is about 40% 

larger than optimized values at mid-latitude mountain glacier sites where we have applied Eq. (7) 

(Hirose and Marshall, 2013; Marshall and Miller, 2020). Local calibration of summer albedo 

evolution on the upper Kaskawulsh Glacier would be valuable, to better constrain and calibrate 

Eq. (7) at our firn-core site. Summer snowfall events are parameterized stochastically, and 

temporarily increase surface albedo as described in Marshall and Miller (2020). 

Firn Model 

The firn model includes a simple one-dimensional treatment of the coupled thermodynamic and 

hydrological evolution in the full 35-m snow and firn column. The thermal evolution in each 

subsurface layer is a function of vertical heat conduction, latent heat release from meltwater 

refreezing, and heat advection by meltwater: 

 

        𝜌𝑠𝑐𝑠
𝜕𝑇

𝜕𝑡
=  

𝜕

𝜕𝑧
(−𝑘𝑡

𝜕𝑇

𝜕𝑧
) +  𝜑𝑡 +  𝜌𝑤𝑐𝑤𝑞𝑤

𝜕𝑇𝑤

𝜕𝑧
 ,                           (8) 

 

where 𝜌𝑠 and cs, are the density and specific heat capacity of the subsurface snow or firn, 𝜌𝑤 and 

cw are the density and specific heat capacity of water, and 𝑞𝑤 is the vertical rate of meltwater 

percolation, with units m s−1. Thermal conductivity values follow Calonne et al. (2019). 

 

The second term on the right-hand-side of (Eq. 8), 𝜑𝑡, represents latent heat release from 

refreezing, with units W m−3, calculated from   

 

                      𝜑𝑡 =
𝜌𝑤𝐿𝑓�̇�

∆𝑧
,                        (9) 

 

where �̇� is the refreezing rate (m s−1) and this heat is spread across the layer thickness z. The 

final term in Eq. (8) describes heat advection from meltwater flow, where the temperature 

derivative 𝜕𝑇𝑤/𝜕𝑧 is with reference to the meltwater and any liquid precipitation that may 

contribute to percolation. There can be heat advection if the percolating water has a temperature 

above 0C, e.g., as a result of a warm rainfall. The snow or firn temperature is adopted in 

𝜕𝑇𝑤/𝜕𝑧 and heat advection is calculated from 𝜌𝑤𝑐𝑤𝑞𝑤  (𝑇𝑤 − 𝑇𝑓)/∆𝑧. For the upper layer, the 

melt rate, �̇�, is taken as the percolation velocity, 𝑞𝑤. In general, meltwater that percolates into 

the subsurface layers is at 0C, limiting heat advection since there is no sensible heat to transfer; 



meltwater simply refreezes if it encounters sub-zero conditions. In the case of temperate snow 

and firn, there is no refreezing, heat advection, or heat conduction, and all terms in (8) are zero. 

 

Refreezing occurs when water percolates into a sub-zero layer, accompanied by latent heat 

release calculated from Eq. (9). Once a layer is temperate, liquid water can be retained within the 

pore space or it can percolate deeper into the snow or firn. We adopt a simple model for the 

water flux, 𝑞𝑤 =  −𝑘ℎ∇, for hydraulic conductivity 𝑘ℎ and hydraulic potential  (in m). If 

conductive energy loss occurs in a subsurface layer where liquid water is present, refreezing 

takes place before the firn will cool. Temperatures cannot drop below 0C until all of the liquid 

water is refrozen. Cooling then follows Eq. (8). 

 

The amount of liquid meltwater retained in the pore space by capillary forces is an important and 

uncertain parameter for meltwater percolation in snow and firn (Colbeck, 1974; Reijmer et al., 

2012; Verjans et al., 2019). Also known as the irreducible water content, wi, this represents 

meltwater that resists gravitational drainage and is retained in the near-surface. It will refreeze 

during cold cycles (e.g., overnight), forming an icy crust that will thaw and refreeze many times 

during the summer melt season. These freeze-thaw cycles reduce total ablation, since net energy 

is used to warm and melt the same water molecules many times, and meltwater that is retained 

near the snow surface also reduces the amount that infiltrates the firn.  

 

We define the volumetric water fraction in the snow or firn as θ𝑤 and the mass fraction θ𝑚. For 

bulk snow/firn density, b, and water density w, these are related through: 

   

                      𝜃𝑤 = 𝜃𝑚
𝜌𝑏

𝜌𝑤
 .                        (10) 

 

We follow Coléou and Lesaffre (1998) and parameterize the irreducible water mass fraction, θ𝑚𝑖 

as a function of the porosity, : 

 

                     θ𝑚𝑖 = 0.017 + 0.057 
θ

1−θ
,                  (11)     

              

where θ = 1 − d/i   , for the dry snow density d and ice density i. The mass fraction in (11) is 

then converted to the irreducible water content θ𝑤𝑖  using Eq. (10). 

 

Within the firn model, the amount of water in a given layer is equal to θ𝑤z, expressed in 

meters. The meltwater percolation rate, qw, and local refreezing rate, �̇�, are defined as above, 

each with units m s−1. The local water balance in each subsurface layer is then: 

 

                     
𝑑θ𝑤

𝑑𝑡
=  −∇ ∙  𝑞𝑤 −  

�̇� 

∆𝑧
=  

 1

∆𝑧
 (𝑞𝑤𝑢 − 𝑞𝑤𝑙 −  �̇� ),           (12) 

 

where qwu and qwl refer to the meltwater flux into (upper boundary) and out of (lower boundary) 

the layer and any water that refreezes is distributed over the layer z. We assume that all 

meltwater flow is vertical (gravitational drainage with no horizontal advection), such that the 

flux divergence in Eq. (12) can be calculated from the vertical derivative. Eq. (12) is solved on 

the same 30-minute time steps as the thermodynamic solution in Eq. (8). 



 

The subsurface model is initiated with a linear temperature and density gradient, based on the 

observed conditions in the firn core, but a 30-year model spin-up is sufficient to erase memory of 

the initial conditions and allow a ‘natural’ firn stratigraphy to develop. We use a perpetual 1965 

climatology for the model spin-up. 

Snow and firn densification are modelled following Vionnet et al. (2012): 

 

                     
𝑑𝜌

𝑑𝑡
=   

𝜌𝜎 

 
 ,              (13) 

 

for overburden pressure  and snow/firn viscosity . Vionnet et al. (2012) developed this 

parameterization of viscous deformation for the seasonal snowpack, but it has been applied to 

firn densification in several studies (e.g., Gascon et al., 2016; Verjans et al., 2019). It includes a 

parameterization of the effects of temperature and liquid water content on snow viscosity. 

 

2. Firn Model Uncertainties and Sensitivity Experiments 

The uncertainty of the firn model is difficult to quantify, as there are numerous free variables in 

the model along with limited validation data. The ERA5 climate reanalyses are bias-adjusted 

against regional automatic weather station data from 2014-2018, from a comparable elevation 

and glaciological setting. There are nevertheless many uncertainties within the meteorological 

forcing data, the surface energy balance model, and the firn model, and the simulations presented 

here should just be interpreted as potential scenarios. 

The modelling does indicate that the climatic and glaciological settings of the upper Kaskawulsh 

Glacier are at the transition between polythermal and temperate firn conditions. The reference 

model, with default parameter settings, simulates cold firn in the 1960s (T ~ −12C at 20-m 

depth), with a decadal-scale warming trend that culminates in a transition to temperate firn in the 

2010s. The firn warming is driven by increases in summer melting, meltwater percolation, and 

latent heat release from meltwater refreezing in the snow and firn.  

The reference model uses the bias-adjusted ERA5 climate forcing to drive the coupled surface 

energy balance and firn models. These models are physically-based and have been calibrated in 

both mid-latitude and polar settings (Ebrahimi and Marshall, 2016; Samimi and Marshall, 2017; 

Samimi et al., 2020), but there are parameterizations of surface roughness, snow albedo, 

irreducible (capillary) water content in the snow and firn, firn densification, and the thermal and 

hydraulic conductivity of snow and firn. The reference model uses parameter values based on 

calibration studies at DYE-2, Greenland (Samimi et al., 2020). Thermistors and time-domain-

reflectometers installed in firn pits at DYE-2 provide measurements of meltwater percolation and 

refreezing in cold snow and firn. This location is in the percolation zone of the southern 

Greenland Ice Sheet, but summer melt extent is modest relative to the upper Kaskawulsh site. 

GC-Net AWS data at DYE-2 (Steffen and Box, 2001) indicate mean annual and mean summer 

(JJA) air temperatures of −18.1C and −5.4C for the period 1997-2018, compared with −10.7C 

and −2.4C at the Kaskawulsh site.  



Both sites feature a strong winter cold wave along with dense firn interlaced with ice layers, so 

we anticipate that the firn model settings from DYE-2 are relevant, but future research should 

include calibration at the Kaskawulsh site. To investigate the sensitivity of model results to these 

settings, we include sensitivity experiments where we vary the most important parameters in the 

firn hydrology model, the irreducible water content in the snow/firn, wir, and the hydraulic 

conductivities that are used to model meltwater infiltration, khs and khf. The reference model for 

irreducible water content is based on Coléou and Lesaffre (1998), which gives depth-integrated 

values of wi  0.0265 in the Kaskawulsh firn. This refers to the volume water fraction in the firn, 

i.e., 2.65% by volume. We also experiment with constant values of wi from 0.01 to 0.05. 

Additional sensitivity experiments vary the hydraulic conductivities over three orders of 

magnitude (Table S1). We also include numerous experiments with perturbations to the 1965-

2019 ERA climate forcing, exploring the effects of decreases or increases in temperature, 

incoming longwave and shortwave radiation, and precipitation (Table S1). These experiments 

are designed to test the sensitivity of results to potential biases in the ERA climate forcing. 

 

Table S1.  Sensitivity tests to explore uncertainties in the firn model. Ta is the air temperature, QS
 and 

QL
 are the incoming shortwave and longwave radiation, P is the precipitation, wi is the irreducible water 

content in snow and firn (volume fraction), and khs and khf are the hydraulic conductivity of snow and firn. 

CL98 refers to Coléou and Lesaffre (1998). ‘Ref model’ refers to the reference model firn parameters. 

 

Model  Climatology   Firn Model  
 

Ref  Reference ERA forcing  wir from CL98; khs = 10−5 m s−1; khf = 10−6 m s−1  

T−2  Ta = −2C   Ref model 

T−1  Ta = −1C   Ref model  

T+1  Ta = +1C   Ref model  

T+2  Ta = +2C   Ref model  

SW−  QS
 = −20 Wm−2  Ref model  

SW+  QS
 = +20 Wm−2  Ref model  

LW−  QL
 = −10 Wm−2  Ref model  

LW+  QL
 = +10 Wm−2  Ref model  

P50  P = −50%   Ref model  

P150  P = +50%   Ref model  

w2  Reference   wi = 0.02  

w4  Reference   wi = 0.04  

k/100  Reference   khs = 10−7 m s−1, khf = 10−8 m s−1  

k/10  Reference   khs = 10−6 m s−1, khf = 10−7 m s−1  

k10  Reference   khs = 10−4 m s−1, khf = 10−5 m s−1  

k100  Reference   khs = 10−3 m s−1, khf = 10−4 m s−1  

 

 

  



Results presented here use a 30-year ‘spin-up’ for the firn model, based on perpetual 1965 (year 

one) climatology. The model is run through 30 annual cycles, in order to let the seasonal 

temperature wave and the heat release from meltwater refreezing penetrate into the firn. Ice 

layers from meltwater refreezing also advect downwards to give an initial (1965) firn 

stratigraphy. Air temperatures in 1965 were almost identical to the long-term (1965-2019) 

climatology at the site, with mean annual and summer temperatures of −10.8C and −2.5C. The 

spun-up snow/firn column has mean annual surface and 20-m temperatures of −13.1C, a mean 

density of 644 kg m−3, and an ice content of 1.6 m. The snow is slightly colder than the air due to 

longwave and latent heat losses at the surface, along with a maximum temperature of 0C, a 

constraint that the air is not subject to. Air temperatures frequently exceed this during the 

summer melt season. We include additional sensitivity tests to evaluate the importance of the 

initial conditions (model spin-up assumptions) on the simulations. 

Results of the Sensitivity Experiments 

Sensitivity experiments confirm that the Kaskawulsh Glacier firn is very near the ‘tipping point’ 

between polythermal and temperate deep firn. Below the depth of the seasonal temperature 

wave, ca. 10 m, firn temperatures and the depth of meltwater percolation ranges widely within 

the set of model experiments. With relatively modest perturbations to the reference model 

climatology, it is possible to construct scenarios where the firn remains permanently cold, 

permanently temperate across the full depth (35 m), or undergoes a transition from polythermal 

to temperate over the last several decades, as in the reference model. This is mainly modulated 

by the amount of summer meltwater (the magnitude of refreezing and latent heat release). The 

transition to temperate conditions occurs earlier in model settings that produce more melting 

(higher temperatures or incoming radiation), and also model settings that promote deeper 

meltwater infiltration (lower values of irreducible water content).  

Figure S1 plots the modelled firn temperature evolution for a selection of climate perturbations 

and parameter settings. Each of these can be considered as a potential scenario for firn evolution 

at the site over the past several decades; we give greater weight to the reference model results, as 

our best estimate of the climate forcing and model configuration, but other scenarios are 

certainly possible within confidence of the climate reanalysis and model parameterizations. Panel 

S1A shows the reference model result, while panel S1B corresponds to the same climatology but 

with a factor 100 reduction in hydraulic conductivities (case k/100). Reduced meltwater 

infiltration under this scenario results in cooler subsurface temperatures, although the progressive 

decadal-scale firn warming is still evident and the firn is temperate to 18-m depth by 2019. 

Panels S1C to S1F show the strong sensitivity to annual melt extent, modulated through uniform 

temperature anomalies from −2 to +2C. These anomalies were applied year-round to the ERA 

climate forcing, so the colder (warmer) temperatures also give a stronger (weaker) winter cold 

wave in the firn. This adds to the effects of summer meltwater production to produce firn that 

ranges from persistently polythermal for Ta  = −2C (Fig. S1D) to persistently temperate for Ta  

= +2C (Fig. S1F). Given that the upper Kaskawulsh is so close to the threshold for temperate 

firn conditions, the modelled historical firn evolution will be strongly sensitive to uncertainties in 

the ERA temperature forcing.  



 

Figure S1. Modelled firn temperature evolution for different sensitivity tests. All plots show mean daily 

temperatures in the 35-m firn column from January 1, 1965 to December 31, 2019. (A) Reference model. 

(B) Hydraulic conductivities khs = 10−7 m s−1 and khf = 10−8 m s−1. (C-F) Temperature anomalies of −1, −2, 

+1 and +2C. (G,H) Irreducible water content wi = 0.04 and 0.02. 



The other main parameter that affects modelled firn evolution is the irreducible water content, 

wi. This represents the amount of liquid water retained by capillary forces in the pore space, i.e., 

the meltwater that resists gravitational percolation. Following Eq. (10), wi is a function of the 

density structure, which varies with depth, year, and model scenario, but the average value in the 

reference model is wi = 0.0265. Higher values give increased near-surface meltwater retention, 

suppressing infiltration and firn warming (Fig. S1G), while lower values promote meltwater 

infiltration and firn warming (Fig. S1H). The value wi = 0.02 (Fig. S1H) gives a transition to 

temperate firn at the study site in the late 1990s rather than ~2017. Low values of wi also 

increase the summer ablation, since efficient meltwater drainage reduces the amount of near-

surface porewater that experiences repeated (e.g., diurnal) freeze-thaw cycles during the melt 

season (Samimi and Marshall, 2017). 

Figure S2 presents results from the full suite of sensitivity experiments, using box-and-whisker 

plots to indicate the range of annual conditions (1965-2019, so N = 55) for each experiment. The 

upper panels indicate the maximum depth of the summer thaw front (wet, temperate conditions) 

and the lower panels show mean annual 20-m firn temperatures. Panels A and C show the effects 

of climate perturbations that govern summer melt extent and the strength of the winter cold wave 

(i.e. snow/firn cold content). As seen in Figure S1, the temperature sensitivity is exceptionally 

strong, with median thaw depths increasing from 1.2 to 35 m for temperature anomalies from −2 

to +2C (Table S2). The median firn temperatures at 20-m depth are −12.2 and 0.0C for these 

two end-member scenarios: from perennially sub-zero to perennially temperate firn conditions. 

For comparison, the median thaw depth and 20-m temperature values for the reference model are 

6.8 m and −7.2C (Table S2).  
 

Table S2: Mean conditions from 1965-2019 for different perturbations and parameter settings in a 

selection of firn model sensitivity experiments, as defined in Table S1. 

 

              Ref       T−2      T−1       T+1     T+2     LW−    LW+     k/100   k100     w2    w4 
  
 

Meteorological and Surface Energy Balance Conditions (JJA values) 
 

 Tann (C)                     −10.7    −12.7    −11.7     −9.7     −8.7   −10.7    −10.7   −10.7   −10.7   −10.7      −10.7 

 TJJA (C)             −2.4      −4.4      −3.4     −1.4     −0.4     −2.4      −2.4     −2.4     −2.4     −2.4       −2.4 

 PDD (C d)              54           21          34        86       133        54         54        54        54        54        54 

 Q* (W m−2)                   18         14          15        24         33        10         27        18        18        19        18 

 QN (W m−2)                   10           3            5        17         28          7         13          8        10        13          9 

 melt (mm w.e.)             229         78        120      405       686      170       301      168      229      341      214 
 runoff (mm w.e.)            21           0            0      148       437          3         61          1        22        76        15 
 

Firn Conditions (annual values) 
 

 T1 (C)          −12.8    −13.9    −13.3   −12.2    −11.6   −13.4   −12.1   −12.7   −12.7   −12.8   −12.7 

 T10 (C)            −6.0    −11.4      −9.9     −1.6        0.0     −8.6     −2.9     −8.2     −6.1     −2.6     −7.2 

 T20 (C)           −7.2    −12.2    −10.9     −2.0        0.0     −9.5     −3.7     −9.2     −7.2     −3.3     −8.2 

 T35 (C)           −8.0    −12.6    −11.4     −2.7        0.0   −10.2     −4.5     −9.9     −8.0     −4.1     −8.9  
 zthaw (m)              6.8        1.2        2.3      27.5      35.0       5.1     18.5        4.7         7.0     21.1        5.8 

 f (kg m−3)                      655         642       646       670       680      650      662       651      655      663        655 

 ice content (m)             2.0           0.9        1.2        2.5        2.6       1.6       2.3        1.6        2.0       2.4        1.9 



 
 

Perturbations to the ERA incoming shortwave and longwave radiation have a similar influence to 

the imposed temperature anomalies. A perturbation of ±20 W m−2 to the average and maximum 

daily incoming shortwave radiation has a relatively modest effect, with distributions of thaw 

depth and firn temperate that are similar to the reference model. The sensitivity to shortwave 

radiation is muted compared with the ±1C temperature perturbation, largely because albedo is 

high at the site, with an average summer value of 0.78. Changes in incoming longwave radiation 

of ±10 W m−2 have a stronger effect, but still less than the impact of a 1C temperature anomaly. 

Incoming longwave radiation is not well-constrained at this site, so this represents a potentially 

significant source of uncertainty in the ERA climate forcing. 

 
 

Figure S2.  Distribution of (A,B) summer thaw front depths and (C,D) mean annual firn temperatures at 

20-m depth under different climatic and hydrological conditions. Model experiments are defined in Table 

S1. Panels A and C give the results for climate perturbations and panels B and D explore the sensitivity to 

uncertain parameters in the firn hydrology model. Each box-and-whisker plot shows yearly values from 

1965-2019 (N = 55), with the bulls-eye denoting the median value, the box indicating the interquartile 

range (the 25th to 75th percentile), whiskers to 1.5 times the interquartile range, and circles indicating 

points beyond that (± 2.7 for a normal distribution).   

 

Variations in precipitation (±50%) have a relatively minor influence on firn temperature structure 

and thaw depth (Figs. S2B,D). This explores the range from 900 to 2700 mm w.e. for the average 

(1965-2019) winter snowpack. The hydrological variables discussed for Figure S1 have much 

more influence on the simulations, particularly the irreducible water content. Values below the 

reference model (wi < ~0.027) give deeper meltwater infiltration and warmer firn, whereas 

higher values have less effect on the simulations. Similarly, changes in hydraulic conductivity of 

± two orders of magnitude have little influence on the model results (Fig. S2B,D). Stronger 



reductions in hydraulic conductivity (case k/100) suppress infiltration and firn warming, similar 

to the effects of higher irreducible water content. These scenarios restrict meltwater to the near-

surface, enhancing near-surface ice layers and freeze-thaw cycles. 

A final set of sensitivity experiments examines the effects of initial conditions (i.e., model spin-

up) on the results. The reference model uses perpetual climatology from the initial year, 1965, 

for 30 years, followed by the 55-year simulation to 2019. Air temperatures in 1965 were typical 

of the historical average, as noted above, but melt rates were low in summer 1965, due to low 

values of incoming longwave radiation in the reference ERA climatology (a mean JJA value of 

240 W m−2, compared with a 55-year mean of 255 W m−2). We apply temperature changes to test 

the effects of increased summer melt on the model spin-up, with warming of up to 2C applied to 

the 1965 climatology. Results are plotted in Figure S3 and in Figure 7 of the manuscript. 

 

Figure S3. Modelled firn temperature evolution for different initial conditions. (A) Reference model, with 

a 30-year spin-up using 1965 climatology. (B -D) As in (A) but with 1.0, 1.5 and 2.0C increases in air 

temperature for the spin-up, followed by the reference climatology from 1965-2019.   

 

For temperature anomalies of up to +2C, the firn is initially warmer but it follows a similar 

temperature evolution to the reference model over the 55-year simulation, with a decadal-scale 

warming trend and the development of temperate conditions in the deep firn from 2013-2019 

(Figs. S3A-C). It requires a warming of 2C in the spin-up simulation to bring the initial firn to 

temperature conditions (Fig. S3D). The model experiment reverts to the reference climatology 

after the spin-up, and cooler conditions/reduced melting through to the late 1970s produce 



cooling and refreezing of the firn in the warm initial models (Fig. S3C,D). The deep firn remains 

within a few C of the melting point in these scenarios, returning to temperate conditions 

following the 2013 warm event.    

These results affirm the delicate balance at this site; meteorological and firn conditions on the 

upper Kaskawulsh are very close to the threshold for polythermal vs. temperate conditions. 

Anomalously warm summers in the early 1960s could well have brought the deep firn to a 

temperate state in 1965, similar to the scenario in Figure S3D. While most model configurations 

indicate firn warming since the 1960s and the likely recent development of the firn aquifer, we 

cannot rule out the possibility that deep temperate firn, suitable for supporting a PFA, has been 

present for many decades at this site.  

It is also possible that warm conditions in the early 1960s brought the firn to temperate 

conditions to an intermediate depth (e.g., the 15-m inferred by Grew and Mellor (1966)), but the 

firn subsequently returned to polythermal conditions in the cooler years from 1965 to the late 

1970s. Figure S4 shows the modelled firn temperature and density evolution for the ‘threshold’ 

spin-up temperature anomaly of +1.9C that is needed to bring the thawing front to 15-m depth. 

Deeper firn remains a few C below the melting point (Figures S4A,C). The firn at a depth of 8 

to 12 m warms up to the melting point several additional times during the following decades, but 

the deep firn maintains a temperature of −3 to −4C until meltwater infiltration in the 2010s 

drives a transition to temperate conditions, capable of supporting a deep firn aquifer. 

 

 

Figure S4. Modelled (A,C) firn temperature and (B) density evolution for a 1.9C increase in air 

temperature for the model spin-up, followed by the reference climatology from 1965-2019.   

 

 



The 2C temperature anomaly that is needed to bring the firn to a temperate initial state is a large 

forcing, equivalent to 2.5 standard deviations for the interannual variability in the ERA 

climatology (Table 2). The ERA5 meteorological forcing that we use is bias-adjusted against a 

nearby weather station on the glacier, with an observed average summer temperature of TJJA = 

−1.7C and an average summer positive degree day total of PDD = 69 Cd for the period 2014-

2018. For the reference model climate forcing from 2014-2018, these values are TJJA = −1.7C 

and PDD = 86 Cd.  The reference climatology is cooler for the spin-up year, 1965, with TJJA = 

−2.5C and PDD = 45 Cd.  The +2C anomaly gives TJJA = −0.5C and PDD = 131 Cd in 

1965. These values are higher than in any summer in the ERA reanalysis or the observational 

record.  From 2014-2018, the modelled summer temperature with the +2C anomaly is TJJA = 

+0.3C, with PDD = 192 Cd, well in excess of the observational values. 

It is therefore difficult to bring the Kaskawulsh firn to a temperate state based on perturbations to 

the reference climatology, although a combination of meteorological perturbations could be more 

plausible (e.g., increased incoming longwave radiation as well as temperature).  It is also not 

easy to maintain temperate conditions in the deep firn, given the mean annual air temperature of 

about −11C on the upper Kaskawulsh Glacier. There needs to be enough meltwater formation 

and refreezing to erase the winter cold wave each summer, or else the deep firn gradually returns 

to sub-zero conditions (e.g., Figure S3D).  

 

3.  Additional Images and Videos 

Figure S5 shows examples of different firn textures that we encountered while drilling, while 

supplemental videos SV1 and SV2 provide a view of some of the residual liquid water that was 

still draining from the core samples from 34.5 m depth, when brought to the surface. There was 

no evidence of liquid water until this depth. 

 

Figure S5. Examples of firn cores: (A) dry, bubbly firn, (B) melt-affected firn, and (C) firn with a thick 

ice layer. Melt-affected firn is distinguished by a lack of grain boundaries and white, opaque firn. 

 



Supplementary Videos 1 and 2. (https://doi.org/10.5446/50918; https://doi.org/10.5446/50919) 

These videos were taken May 25, 2018, when we drilled into the PFA at 34.5 m depth. The drill came out 

of the borehole with dripping water and drilling was halted after two attempts because the drill was at risk 

of getting stuck in the wet firn.  
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