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Abstract

Meltwater retention in the firn layer of the Greenland Ice Sheet is has the potential to buffer sea level rise due to ice sheet

melt. The capacity of the firn layer to store meltwater is unclear, however, because refrozen ice layers can act as impermeable

barriers to meltwater percolation, promoting runoff rather than retention. We present time-domain reflectometry and thermistor

data which demonstrates that meltwater successfully penetrates ice layers up to 12 cm thick in the near-surface firn at Dye2,

Greenland. Our observations indicate that ice layers within polar firn can become permeable when summer warming and

latent heat release from refreezing meltwater raise temperatures to the melting point. This facilitates meltwater retention,

and indicates that the depth of penetration of the summer melting front (the 0°C isotherm) represents the primary control on

meltwater infiltration in the percolation zone of the Greenland Ice Sheet.
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Key Points: 13 

• Time-domain reflectometry probes give direct measurements of meltwater infiltration 14 
in firn on the Greenland Ice Sheet.  15 

• We document meltwater penetration through ice layers up to 12 cm thick in temperate 16 
firn. 17 

• The wetting front and melting front were coincident, indicating thermodynamic controls 18 
on meltwater infiltration and retention. 19 
  20 
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Abstract 21 

Meltwater retention in the firn layer of the Greenland Ice Sheet is has the potential to buffer sea 22 
level rise due to ice sheet melt. The capacity of the firn layer to store meltwater is unclear, 23 
however, because refrozen ice layers can act as impermeable barriers to meltwater percolation, 24 
promoting runoff rather than retention. We present time-domain reflectometry and thermistor 25 
data which demonstrates that meltwater successfully penetrates ice layers up to 12 cm thick in 26 
the near-surface firn at Dye2, Greenland. Our observations indicate that ice layers within polar 27 
firn can become permeable when summer warming and latent heat release from refreezing 28 
meltwater raise temperatures to the melting point. This facilitates meltwater retention, and 29 
indicates that the depth of penetration of the summer melting front (the 0°C isotherm) represents 30 
the primary control on meltwater infiltration in the percolation zone of the Greenland Ice Sheet. 31 

 32 

Plain Language Summary 33 

Meltwater that percolates below the surface of the Greenland Ice Sheet is difficult to track; some 34 
of it contributes to runoff, mass loss, and sea level rise, but some meltwater refreezes and is 35 
retained within the system. Greenland has a large firn area, where multi-year snow that has not 36 
yet transitioned to glacial ice has pore space that can retain meltwater. To improve understanding 37 
of hydrological and mass balance processes in polar firn, we excavated two firn pits in the 38 
Greenland Ice Sheet accumulation area in spring, 2016, and instrumented these pits with 39 
thermistors and time-domain reflectometry (TDR) sensors, connected to continuously-recording 40 
dataloggers. These sensors allowed us to directly track the coupled thermal and hydrological 41 
evolution in the firn through the summer melt season. We recorded nearly identical conditions at 42 
each site, with evidence of meltwater infiltration to a depth of between 1.8 m and 2.1 m and a 43 
wetting front that was thermally controlled, i.e. coincided with the melting front. This included 44 
meltwater penetration through numerous ice layers, including layers up to 12 cm thick.  All of 45 
this meltwater refroze. Our results indicate that ice layers do not always present an impermeable 46 
barrier to meltwater percolation and retention. 47 

  48 
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1 Introduction 49 

Mass loss from the Greenland Ice Sheet has increased in recent decades due to significant 50 
increases in surface melt and runoff (van den Broeke et al., 2009; Mouginot et al., 2019). One of 51 
the challenges in estimating the contribution of the ice sheet to sea level rise is the fact 52 
that the surface melting does not always lead to runoff. In the percolation zone, surface 53 
meltwater that infiltrates the underlying cold snow or firn can be retained as liquid water (Forster 54 
et al., 2014; Koenig et al., 2014) or as refrozen ice (Pfeffer et al., 1991; Pfeffer and Humphrey, 55 
1998; Harper et al., 2012). This reduces summer runoff and ice sheet contributions to sea level 56 
rise (Harper et al., 2012; Rennerhalm et al., 2013), and meltwater retention processes may be 57 
increasingly important as melting propagates to higher elevations in Greenland in a warming 58 
world (Vernon et al., 2013).   59 
 60 
Meltwater that percolates and refreezes is difficult to account for in altimetric measurements of 61 
surface mass balance, as it is not possible to detect how much meltwater is retained within the 62 
system. This is also a source of uncertainty in mass balance models, as processes of meltwater 63 
percolation and refreezing occur at fine scales, are spatially heterogeneous, and in situ 64 
observations are scarce (e.g., Harper et al., 2012; van As et al., 2016; Verjans et al., 2019, 65 
Vandecrux et al, 2019). This makes it difficult to calibrate and validate models of these 66 
processes, particularly on the scale of polar ice caps and ice sheets.  67 
 68 
The extent to which meltwater retention in firn can buffer mass loss and sea-level rise is also 69 
unclear. Greenland’s firn zone covers more than 80% of the ice sheet, but refrozen near-surface 70 
ice layers can act as impermeable barriers, redirecting meltwater percolation into runoff 71 
(Machguth et al., 2016; Noel et al., 2017; MacFerrin et al., 2019). In the percolation zone, firn 72 
densification associated with warming and refreezing is also leading to a loss of available pore 73 
space, imposing further limits on meltwater storage capacity as melting progresses inland 74 
(Vandecrux et al., 2019). These processes increase the ratio of meltwater runoff to retention. 75 
Hence, models of meltwater infiltration also need to account for ice-layer and firn-densification 76 
processes. These represent significant uncertainties in projections of the Greenland ice sheet’s 77 
response to climate warming.  78 
 79 
To examine meltwater infiltration and refreezing processes in the Greenland ice sheet percolation 80 
zone, we instrumented two firn pits with arrays of thermistors and time-domain reflectometry 81 
(TDR) sensors in order to track the coupled thermal and hydrological evolution of near-surface 82 
snow and firn through a summer melt season. The TDR sensors provide continuous 83 
measurements of dielectric permittivity, a proxy for liquid water content in the snow and firn. 84 
This manuscript presents these in situ observations and their implications for meltwater retention 85 
in firn. The experiment builds on Humphrey et al. (2012), who used thermistor arrays to track the 86 
thermal signature of meltwater infiltration in firn, which is apparent through the latent heat 87 
release when meltwater refreezes. Through the addition of TDR probes, we directly trace 88 
meltwater flow in the near-surface snow and firn. A similar experimental setup in the Canadian 89 
Rocky Mountains successfully demonstrated the ability to track meltwater percolation, 90 
refreezing, and snow-water content in a supraglacial snowpack using TDR probes (Samimi and 91 
Marshall, 2017). The implementation in Greenland extends the earlier experiments to polar firn, 92 
where liquid water content is lower and meltwater refreezing is more significant.   93 
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2 Methods 94 

Measurements were established in May, 2016 in the near-surface firn at 66˚28′39″N, 46˚17′5″W, 95 
near Dye 2 station on the southwestern flank of the Greenland Ice Sheet. The study sites were at 96 
an elevation of 2120 m, representing the upper part of the percolation zone in southern 97 
Greenland (Harper et al., 2012). During our 2016 field campaign, colleagues from Ludwig 98 
Maximilian University, Munich, also investigated meltwater percolation at one of our study sites, 99 
using upwards-penetrating radar (Heilig et al., 2009; Mitterer et al., 2011) installed at a depth of 100 
~4 m below the surface (Heilig et al., 2018). This provides a complementary dataset concerning 101 
the depth of meltwater penetration in summer, 2016. 102 
 103 
Firn pits were excavated to depths of 2.2 and 5.3 m at two sites 650 m apart. Snow and firn 104 
density were measured at 10-cm intervals in the firn pits, using a 100-cm3 box cutter. The 2015-105 
2016 seasonal snowpack had a depth of ~0.9 m and was free of ice layers. The underlying firn 106 
was made up of a mixture of ice layers and porous firn, with the ice layers taking the form of 107 
discrete or continuous horizontal bands. Several ice layers were more than 10-cm thick. Figure 1 108 
presents the ice-layer stratigraphy at each site, based on analysis of shallow firn cores drilled 109 
adjacent to the firn pits. 110 
 111 
A chainsaw was used to cut through the thick ice layers and below about 2 m depth, where the 112 
firn became too dense for a shovel. The north-facing vertical face of each firn pit was 113 
instrumented with 8 thermistors and 8 time-domain reflectometry (TDR) probes to monitor snow 114 
water content. TDR measures bulk dielectric permittivity, εb, an excellent proxy for liquid water 115 
content in snow and firn (Denoth, 1984; Techel and Pielmeier, 2011). The relative dielectric 116 
permittivity of air, ice, and water are 𝜀𝜀𝑎𝑎=1, 𝜀𝜀𝑖𝑖 ~3.2,  and 𝜀𝜀𝑤𝑤 ~ 80. Because liquid water has such 117 
a high value compared to air and ice, the dielectric permittivity of snow increases strongly with 118 
liquid water content. Dielectric permittivity also increases with snow density, but water content 119 
is the main control on variations in εb (Stein et al., 1997; Schneebeli et al., 1998). 120 
 121 
Installation depths for the thermistors and TDRs are indicated in Figure 1 and Table S1. Sensor 122 
spacing was irregular in order to concentrate observations near the surface as well as 123 
immediately above and below thick ice layers, to test whether these acted as impermeable 124 
barriers to water flow. The thermistors and TDR probes were wired to Campbell Scientific 125 
CR1000 dataloggers and data were recorded each 30 minutes from May 11 to September 30, 126 
2016, capturing the complete melt season. Sensors were inserted horizontally into undisturbed 127 
snow and firn, with the probes extending 0.3 m into the wall of the firn pit. Pits were filled in 128 
with snow after the sensors were installed, several weeks in advance of the summer melt season.  129 
 130 
An automatic weather station (AWS) configured for surface energy balance monitoring was also 131 
installed adjacent to site A. This pit was shared with the upward-looking radar experiments 132 
(Heilig et al., 2018). Sensors were left in place through the summer 2016 melt season and we 133 
returned to the sites in April 2017 to collect data and excavate the instruments. All data were 134 
quality-controlled and any missing data were gap-filled by linear interpolation.  135 
 136 
 137 
 138 
 139 
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 140 

 141 
 142 
Figure 1. Ice-layer stratigraphy from sites a) A and b) B. Blue colors indicate ice layer location 143 
and thickness, and black arrows indicate the locations and depths (in m) of thermistors and TDR 144 
probes. The grey hatched zone in (a) highlights an 11-cm thick ice layer just above level A5 145 
(1.68 to 1.79 m), as seen in photograph (c) of the upper ~2 m of pit A, which also shows 146 
thermistor/TDR installations A1 to A5. Photograph by Samira Samimi. 147 

 148 

3 Results and Analysis 149 

Figure S1 plots the evolution of air temperature, subsurface snow/firn temperature, and dielectric 150 
permittivy in the deep firn pit from May to September, 2016. At the time of sensor installation, 151 
near-surface firn was in the process of warming from the winter cold wave. Frequent daily 152 
maximum air temperatures above 0°C began in the first week of June, but it took ~two weeks for 153 
the snow at 0.3 m to warm to the melting point and for liquid water to be detected at that depth. 154 
Diurnal cycles of surface melting continued regularly into mid-August, accompanied by firn 155 
warming and meltwater infiltration to a depth of between 1.8 and 2.1 m. The depth of penetration 156 
of the wetting front coincided with the melting front (0°C isotherm). Sensors at and below 2.1 m 157 
depth remained frozen and dry. The summer melt season ended on August 26, with a return to 158 
persistent sub-zero air temperatures after this date.  159 
 160 
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Figures 2 and 3 examine the two main summer melt periods in each firn pit. The evolution of 161 
summer melting, snow/firn temperature, and dielectric permittivity was similar at the two sites, 162 
with evidence of thawing- and wetting-front propagation to similar depths. Site B offers more 163 
detail on the near-surface snowpack, with sensors at 0.1 and 0.2 m.  164 
 165 
 166 

 167 
 168 
Figure 2. Observed (a,b) snow temperatures and (c,d) dielectric permittivity anomalies in the 169 
upper 1.4 m of firn pits A (left) and B (right) from June 9 to July 6, 2016, the onset of summer 170 
melt. The legend applies to all plots; values at 0.1 and 0.2 m were only measured at Site B. 171 
 172 
 173 
Figure 2 presents the subsurface temperature and dielectric permittivity data during the period of 174 
melt onset at each site in the upper 1.4 m of each pit. Monitoring depths are not identical at sites 175 
A and B, but their nearest analogues are plotted, and are within 0.1 m of each other. The 176 
thermistor records from 0.3, 0.6, 0.9 and 1.4 m (Figures 2a,b) indicate the close agreement in 177 
snowpack thermal evolution at these two sites. Correlation coefficients for the summer 178 
temperature records at these two sites exceed 0.99 at these four depths.  179 
 180 
Atmospheric warming in the first two weeks of June drove snowpack warming, with temperate 181 
conditions and surface melting evident at site B from June 11-16. The upper 0.2 m of the 182 
snowpack reached 0°C (Figure 2b), accompanied by increases in dielectric permittivity of ~0.4 183 
to 0.9 (Figure 2d). Diurnal temperature peaks slightly greater than 0°C for the upper two 184 
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thermistors are likely due to absorption of solar radiation transmitted through the surface snow. 185 
The upper TDR sensor had a relatively constant liquid water content through this period, but the 186 
sensor at 0.2 m exhibited diurnal cycles. At and below 0.3 m, the snowpack remained frozen and 187 
dry at both sites through this initial phase of melting. Snow at 0.3 m depth at site A came close to 188 
the melting point on June 14, reaching −0.3°C before cooling again. Because of this, the summer 189 
melt onset was not detected at Site A.  190 
 191 
Following a week of cooler temperatures, surface melting resumed on June 22 at both sites. This 192 
was marked by an abrupt subsurface warming, with the upper 0.6 m of snow becoming 193 
temperate and wet. Temperatures at 0.3 and 0.6 m at site A increased by 3.5 and 5.4°C over a 194 
six-hour period, both reaching 0°C (Figure 2a). The sensor at 0.9 m depth also recorded a 195 
warming of 5.5°C, but over 32 hours, with an abrupt step followed by continued warming at a 196 
slower rate. Deeper thermistors also registered this step warming, but firn below ~0.6 m depth 197 
remained dry, with temperatures below the melting point. In the upper 0.3 m at both sites, 198 
conditions remained temperate and wet until July 2, at which point another cooling cycle forced 199 
a return to cold, dry conditions.  200 
 201 
The summer melt season resumed on July 19, with a sustained period of warm temperatures, 202 
melting conditions, and meltwater penetration to depth (Figure 3). This was characterized by a 203 
second abrupt warming event in the upper 1.4 m, registered by the top five thermistors at site A 204 
and all thermistors at site B (Figures 3a,b). Dielectric permittivities rose sharply at these depths, 205 
coincident with temperatures reaching 0°C (Figures 3c,d), although the increase in εb was less for 206 
the deeper sensors. The upper two sensors at site B, at 0.1 and 0.2 m, experienced more 207 
meltwater than underlying sites in either pit, with ∆εb values greater than 2 (Figure 3d). The 208 
abrupt onset of temperate, wet conditions in the upper snow and firn was followed by a more 209 
gradual warming below this, recorded at the sensors from 1.8 to 3.7 m depth (Figures S1b and 210 
3a). The wetting front and the 0°C isotherm reached 1.8 m depth by August 12, but firn below 211 
this remained sub-zero and dry.  212 
 213 
Atmospheric cooling in mid-August caused the near-surface snowpack (upper 0.3 m) to refreeze 214 
(εb ~ εb0), but there was a temperate layer from about 0.6 m to 1.4 m, sandwiched between sub-215 
zero conditions above and below (Figures 3a,b). This was most strongly evident at 0.9 m, where 216 
wet-snow conditions persisted until August 22 at both sites. These middle layers of the firn pits 217 
were the last to refreeze, as latent heat of refreezing meltwater maintained temperate conditions 218 
at these depths for several days before seasonal cooling ensued. 219 
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 220 
 221 
Figure 3. Observed (a,b) snow temperatures and (c,d) dielectric permittivity anomalies in the 222 
upper 2.1 m of firn pits A (left side) and B (right side) for the main summer melt season from 223 
July 13 to September 1, 2016. The legend applies to all plots; values at 0.1 and 0.2 m were only 224 
measured at Site B and 2.1 m is only at site A. Note the different scale in plots (c) and (d). 225 

 226 
There is no indication of meltwater percolation below the surface at either site after August 22. 227 
Air temperatures above 0°C afrom Aug 23-25 warmed the upper snowpack at both sites, with 228 
some lag, but εb remained at background levels (Figure 3). This is the only time through the 229 
summer when temperate snow conditions were not accompanied by evidence of liquid water. Net 230 
energy at the surface was negative at this time and there may have been meltwater refreezing at 231 
the surface, above the upper TDR probes. Latent heat generated near the surface may have 232 
conductively warmed the underlying snow, but without meltwater infiltration.  233 
 234 
Meltwater successfully percolated through several ice layers in the upper meter of firn at both 235 
sites. There were no ice layers in the winter snowpack, representing the upper ~0.9 m, but the 236 
underlying firn contained several discrete ice layers, some thin (1 mm to 2 cm), and others 237 
substantial. This included an 11-cm thick ice layer from 1.68 to 1.79 m depth at Site A and a 12-238 
cm thick ice layer from 0.95 to 1.07 m depth at site B (Figure 1). In total over the upper 1.8 m, 239 
we measured 22 cm of ice in 11 discrete layers at site A and 19 cm of ice in 9 discrete layers at 240 
site B. Meltwater effectively penetrated through all of these ice layers, although not until 241 
temperatures reached the melting point at these depths. This implies that ice layers became 242 
permeable when they transitioned to a temperate state.  243 
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 244 

4 Discussion 245 

The thermistor and TDR data give a consistent account of the thermal evolution and meltwater 246 
infiltration at Dye 2 site in summer, 2016. The melting front, characterized by 0°C conditions 247 
and evidence of liquid water, penetrated to a depth of between 1.8 and 2.1 m. Below this, 248 
temperatures remained less than 0°C, there were no abrupt warming events, and dielectric 249 
permittivities did not rise above their background levels. This is consistent with observations 250 
from the upward-looking radar at site A, which also indicate only shallow penetration of the 251 
wetting front into the firn in summer 2016 (Heilig et al., 2018). 252 
 253 
To our knowledge, these data represent the first direct observations of meltwater penetration 254 
through ice layers in the Greenland percolation zone. This result implies thermodynamic controls 255 
on the depth of meltwater infiltration, rather than impermeability limits imposed by ice layers. 256 
We were not present in the summer melt season to directly observe this, but it may be that ice 257 
layers become soft or slushy. Overall, the depth of the melting front (the 0°C isotherm) appears 258 
to have been the main barrier to deep penetration of meltwater during summer 2016. 259 
 260 
Whether ice layers can be altered to become permeable depends on the thermal energy available 261 
for warming the firn and maintaining temperate conditions. Warming occurs through a 262 
combination of thermal conduction, driven by summer atmospheric warming, latent heat release 263 
from meltwater refreezing, and advective heat transfer associated with meltwater penetration into 264 
sub-zero snow. These mechanisms are very clear in the thermistor data, with gradual temperature 265 
shifts in response to atmospheric warming and cooling trends punctuated by three abrupt 266 
warming events, reaching progressively deeper into the snow and firn (Figures 2 and 3). The 267 
latter are too rapid to be due to thermal conduction, so must be associated with meltwater 268 
advection and refreezing. Meltwater penetration to depth appears to follow a stepped process, 269 
facilitated by latent heat release.  270 
 271 
Ultrasonic depth gauges installed adjacent to each firn pit recorded a total ablation of ~0.35 m 272 
over the summer. This was partially offset by several periods of snowfall, with a total summer 273 
accumulation of about 0.25 m. Most of the measured surface lowering occurred from July 18 to 274 
August 10, in line with the main melt season (Figure 3). Based on our density measurements, we 275 
estimate a total summer melt of 160 mm w.e. All of this meltwater likely refroze within the 276 
upper 1.8 m of the snow and firn, with an associated latent heat release of 5.3 × 107 J m−2. 277 
Distributed over the 1.8-m snow/firn column with an average density of 480 kg m−3, this energy 278 
would warm the firn by 14.8°C. This indicates that latent heat release was sufficient to drive the 279 
warming to temperate conditions over 1.8 m depth, although conductive heat flux also played an 280 
important role in the early melt season. 281 
 282 
The observations provide new insight into meltwater percolation and refreezing processes in the 283 
percolation zone of the Greenland Ice Sheet. In particular, we present clear evidence of 284 
meltwater penetration through ice layers and thermodynamic controls on meltwater percolation 285 
depth. Ice layers appear to become permeable when warmed to 0°C, which would promote 286 
meltwater retention in firn. We saw no evidence of meltwater penetration through frozen (sub-287 
zero) ice layers; these are likely to present impermeable barriers, as is commonly assumed (e.g., 288 
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Machguth et al., 2016; Noël et al., 2017; MacFerrin et al., 2019). As such, ice layers may still 289 
present an effective barrier to meltwater percolation where they are extensive (with a high 290 
thermal inertia) or when there is insufficient thermal energy to thaw such layers. Where there are 291 
thick ice slabs, such as in the lower percolation zone (MacFerrin et al., 2019; Vandecrux et al., 292 
2019), high quantities of seasonal meltwater can provide large amounts of latent heat to thaw 293 
near-surface snow, firn, and ice layers, but there must be sufficient pore space where meltwater 294 
can refreeze. Impermeable ice layers close to the surface would limit this process. In addition, 295 
refreezing will desist once near-surface snow and firn are temperate, eliminating latent heat as a  296 
mechanism for firn warming. Thick near-surface ice slabs are therefore less likely to reach a 297 
temperate, permeable state, especially when insufficient snow and firn are present above them to 298 
store substantial quantities of meltwater. 299 
 300 
The summer evolution of snow-water content is consistent with propagation of a wetting front 301 
that tracks the 0°C isotherm in the snow and firn, rather than episodic drainage through 302 
preferential flow. We conclude this based on the near-simultaneous arrival of the wetting front at 303 
our two sites, and its progressive propagation to depth over the course of the melt season. The 304 
measurements only represent two points, however, and preferential flow paths or ‘piping’ may 305 
well be the dominant mechanism of meltwater infiltration in firn (Humphrey et al., 2012; Wever 306 
et al., 2016). We also cannot rule out meltwater penetration to depths greater than 2 m at other 307 
locations in the Dye 2 region in summer 2016. Spatial variability is a large challenge in 308 
understanding and modelling firn hydrology and meltwater retention in Greenland. Our 309 
measurements nevertheless provide helpful insights to modelling efforts of meltwater infiltration 310 
into firn (e.g., Wever et al., 2016; Steger et al., 2017), in particular the observation that ice layers 311 
do not always act as impermeable barriers to flow. Additional measurements like those reported 312 
here, especially during melt seasons of variable intensity, could help to track meltwater 313 
penetration into firn in the lower percolation zone and other sectors of Greenland. 314 
 315 
Uncertainties 316 
 317 
Sensor depths are reported as constant values in this manuscript, but actual depths changed over 318 
the course of the study, in association with fresh snowfall and surface ablation. All instruments at 319 
site A were deep enough to avoid melt-out. However, ablation from July 18 to August 10 was 320 
sufficient to expose the uppermost (0.1 m) sensors at site B, and inspection of the data is 321 
consistent with melt-out at this level on August 5. A ~0.15 m snow event from August 10 to 12 322 
buried the melted-out sensors and they give sensible signals again after this point.  323 
 324 
With our study setup, there is a risk that water flows or percolates more easily into the disturbed 325 
area of the firn pits, but we see no evidence of this. The thermal and hydrological evolution 326 
appear to be natural, are virtually identical at the two sites, and only extend to a limited depth in 327 
the pits with each abrupt event. As the pits were excavated to below the lower-most sensors, 328 
free-flowing water in the disturbed areas would be expected to propagate deeper. The low rates 329 
of meltwater production and low-sloping environment at Dye 2 are more conducive to vertical 330 
infiltration than lateral flows, and the data are consistent with that expectation. We are therefore 331 
confident that the thermodynamic and hydrological signals reflect vertical meltwater infiltration 332 
from above, without influence from the disturbed snow in the firn pit.   333 
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 334 

5 Conclusions 335 

The thermistor, TDR, and AWS data provide a consistent and detailed account of the coupled 336 
thermodynamic and hydrological processes governing meltwater percolation and refreezing at 337 
Dye 2. This dataset presents an excellent opportunity to constrain the effective thermal and 338 
hydraulic conductivities of polar snow and firn, to help constrain models of firn hydrology. 339 
Modelling of the joint thermal and hydrological evolution of the near-surface firn will be 340 
examined in follow-up work. Additional measurements are needed to test and confirm the 341 
inferred processes at other locations in Greenland’s percolation zone.  342 
 343 
Measurements from the two sites 650 m apart are exceptionally coherent, and indicate that 344 
meltwater at Dye 2 percolated to a depth of about 2 m in summer 2016. The wetting front and the 345 
melting front were coincident at the two sites, implying thermodynamic controls on meltwater 346 
infiltration. Meltwater penetrated through ice layers up to 12 cm thick, but there is no evidence 347 
of meltwater infiltration through ice layers until firn temperatures reached 0°C. We hypothesize 348 
that melting conditions may have turned the ice layers into more permeable, slush-like horizons. 349 
The depth of the 0°C isotherm, rather than the presence of ice layers, governed firn permeability 350 
and meltwater penetration depth at our sites. This observation is a significant advancement in 351 
understanding meltwater infiltration and retention in polar firn. For an ice layer to become 352 
permeable, sufficient latent heat release is needed in the overlying firn and snow, which depends 353 
on the available pore space, cold content, and meltwater supply. Ice slabs that are thick or close 354 
to the surface may be difficult to thaw, as heat transfer will be dramatically reduced once firn is 355 
temperate or saturated. Models of this process can help to project whether meltwater is likely to 356 
infiltrate vertically or be redirected laterally, contributing to ice sheet runoff.  357 
 358 
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Key Points: 13 

• Time-domain reflectometry probes give direct measurements of meltwater infiltration 14 
in firn at DYE-2 on the southwest Greenland Ice Sheet.  15 

• We document meltwater penetration through ice layers up to 12 cm thick in temperate 16 
firn. 17 

• The wetting front and melting front developed in tandem, indicating coupled 18 
hydrological and thermodynamic controls on meltwater infiltration depth. 19 
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Abstract 21 
Meltwater retention in the firn layer of the Greenland Ice Sheet has the potential to buffer sea 22 
level rise due to ice sheet melt. The capacity of the firn layer to store meltwater is unclear, 23 
however, because refrozen ice layers can act as impermeable barriers to meltwater percolation, 24 
promoting runoff rather than retention. We present time-domain reflectometry and thermistor 25 
data which demonstrate that meltwater successfully penetrates ice layers up to 12 cm thick in the 26 
near-surface firn at DYE-2, Greenland. Our observations indicate that ice layers within polar firn 27 
can be permeable when summer warming and latent heat release from meltwater refreezing raise 28 
firn temperatures to the melting point. The extent and depth of refreezing, as determined by the 29 
coupled thermodynamic and hydrological evolution in the firn, are more important than the 30 
presence of ice layers in governing meltwater infiltration and retention at our study site. 31 
 32 

Plain Language Summary 33 

Meltwater that percolates below the surface of the Greenland Ice Sheet is difficult to track; some 34 
of it contributes to runoff, mass loss, and sea level rise, but some meltwater refreezes and is 35 
retained within the system. Greenland has a large firn area, where multi-year snow that has not 36 
yet transitioned to glacial ice has pore space that can retain meltwater. To improve understanding 37 
of hydrological and mass balance processes in polar firn, we excavated two firn pits in the 38 
Greenland Ice Sheet accumulation area in spring, 2016, and instrumented these pits with 39 
thermistors and time-domain reflectometry (TDR) sensors, connected to continuously-recording 40 
dataloggers. These sensors allowed us to directly track the coupled thermal and hydrological 41 
evolution in the firn through the summer melt season. We recorded nearly identical conditions at 42 
each site, with evidence of meltwater infiltration to a depth of between 1.8 m and 2.1 m and a 43 
wetting front that was thermally controlled, i.e. coincided with the melting front. This included 44 
meltwater penetration through numerous ice layers, including layers up to 12 cm thick.  All of 45 
this meltwater refroze. Our results indicate that ice layers do not necessarily act as impermeable 46 
barriers to meltwater percolation and retention. 47 
  48 
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1 Introduction 49 
Mass loss from the Greenland Ice Sheet has increased in recent decades due to significant 50 
increases in meltwater runoff (van den Broeke et al., 2009; Bamber et al., 2018; Mouginot et al., 51 
2019). One of the challenges in estimating the current and future contribution of the ice sheet to 52 
sea level rise is the fact that  surface melting does not always lead to runoff. In the 53 
percolation zone, meltwater that infiltrates the underlying cold snow or firn can be retained as 54 
liquid water (Forster et al., 2014; Koenig et al., 2014) or as refrozen ice (Pfeffer et al., 1991; 55 
Pfeffer and Humphrey, 1998; Harper et al., 2012). This reduces summer runoff and ice sheet 56 
contributions to sea level rise (Harper et al., 2012; Rennerhalm et al., 2013). Meltwater retention 57 
processes may be increasingly important as melting propagates to higher elevations in Greenland 58 
in a warming world (Vernon et al., 2013).   59 
 60 
Meltwater that percolates and refreezes is difficult to account for in altimetric measurements of 61 
surface mass balance, as it is not possible to detect how much meltwater is retained within the 62 
system. This is also a source of uncertainty in mass balance models, as processes of meltwater 63 
percolation and refreezing occur at fine scales, are spatially heterogeneous, and in situ 64 
observations are scarce (e.g., Harper et al., 2012; van As et al., 2016; Verjans et al., 2019, 65 
Vandecrux et al, 2019). This makes it difficult to calibrate and validate models of these 66 
processes, particularly on the scale of polar ice caps and ice sheets.  67 
 68 
The extent to which meltwater retention in firn can buffer mass loss and sea-level rise is also 69 
unclear. Greenland’s firn zone covers about 80% of the ice sheet, but refrozen near-surface ice 70 
layers have the potential to act as impermeable barriers, redirecting meltwater percolation into 71 
runoff (Gascon et al., 2013; Noel et al., 2017; MacFerrin et al., 2019; Ashmore et al., 2020). In 72 
the percolation zone, firn densification associated with warming and refreezing is also leading to 73 
a loss of available pore space, imposing further limits on meltwater storage capacity as melting 74 
progresses inland (Vandecrux et al., 2019). These processes can increase the ratio of meltwater 75 
runoff to retention. Hence, models of meltwater infiltration also need to account for ice-layer and 76 
firn-densification processes. These represent significant uncertainties in projections of the 77 
Greenland ice sheet’s response to climate warming.  78 
 79 
To examine meltwater infiltration and refreezing processes in the Greenland ice sheet percolation 80 
zone, we instrumented two firn pits with arrays of thermistors and time-domain reflectometry 81 
(TDR) sensors in order to track the coupled thermal and hydrological evolution in the seasonal 82 
snow and the upper ~3 m of firn through a summer melt season. The TDR sensors provide 83 
continuous measurements of dielectric permittivity, a proxy for liquid water content in the snow 84 
and firn. This manuscript presents these in situ observations and their implications for meltwater 85 
retention in firn. The experiment builds on Humphrey et al. (2012), who used thermistor arrays 86 
to track the thermal signature of meltwater infiltration in firn, which is apparent through the 87 
latent heat release when meltwater refreezes. Through the addition of TDR probes, we directly 88 
trace meltwater flow in the near-surface snow and firn. A similar experimental setup in the 89 
Canadian Rocky Mountains successfully demonstrated the ability to track meltwater percolation, 90 
refreezing, and snow-water content in a supraglacial snowpack using TDR probes (Samimi and 91 
Marshall, 2017). The implementation in Greenland extends these methods to polar firn, where 92 
liquid water content is lower and meltwater refreezing is more significant.   93 
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2 Methods 94 
Measurements were established in May, 2016 in two firn pits near DYE-2 station in 95 
southwestern Greenland (see Figure S1 in the Supporting Information). The study sites, denoted 96 
A and B, were at an elevation of 2120 m, representing the upper percolation zone in southern 97 
Greenland (Harper et al., 2012). Co-ordinates of each firn pit are included in Table S1. During 98 
our 2016 field campaign, colleagues from Ludwig Maximilian University, Munich, also 99 
investigated meltwater percolation at site A, using upward-penetrating radar installed at a depth 100 
of ~4 m below the surface (Heilig et al., 2018). This provides a complementary dataset 101 
concerning the depth of meltwater penetration in summer 2016. 102 
 103 
Firn pits were excavated to depths of 5.3 m at Site A and 2.2 m at Site B. The pits were located 104 
400 m apart (Figure S1), with Site B included to provide a sample of the spatial variability of 105 
meltwater infiltration under similar climatic and snow/firn conditions. Measurements were also 106 
concentrated closer to the surface at Site B (Figure 1). Snow and firn density were measured at 107 
10-cm intervals in the firn pits, using a 100-cm3 box cutter. Density values at the depths of 108 
sensor installatons are reported in Table S1. The 2015-2016 seasonal snowpack had a depth of 109 
~0.9 m and was free of ice layers. The underlying firn was made up of a mixture of ice layers 110 
and porous firn, with numerous ice layers in the form of discrete or continuous horizontal bands. 111 
Several ice layers were more than 10-cm thick. Figure 1 presents the ice-layer stratigraphy at 112 
each site, based on analysis of firn cores drilled about 3 m from each firn pit. The firn cores 113 
provide higher-quality stratigraphic records, permitting accurate characterization of ice layer 114 
thickness and extent. Firn exhibits considerable small-scale heterogeneity in the location and 115 
thickness of ice layers, so the firn core stratigraphy differs from that of the pits. However, the 116 
total ice content and the number and thickness of ice layers were similar in the fire cores and in 117 
the pits, including the presence of thick ice layers (>10 cm) in the upper 2 m of firn (e.g., Figure 118 
1c). We therefore consider the ice-layer stratigraphy in Figure 1 to be representative. 119 
 120 
A chainsaw was used to cut through the thick ice layers and below ~2 m depth, where the firn 121 
became too dense for a shovel. The north-facing vertical face of each firn pit was instrumented 122 
with 8 thermistors and 8 time-domain reflectometry (TDR) probes to monitor snow water 123 
content. TDR measures bulk dielectric permittivity, εb, an excellent proxy for liquid water 124 
content in snow and firn (Denoth, 1994; Techel and Pielmeier, 2011). The relative dielectric 125 
permittivity of air, ice, and water are 𝜀𝜀𝑎𝑎=1, 𝜀𝜀𝑖𝑖 ~3.2,  and 𝜀𝜀𝑤𝑤 ~ 80. Because liquid water has such 126 
a high value compared to air and ice, the dielectric permittivity of snow increases strongly with 127 
liquid water content. Dielectric permittivity also increases with snow density, but water content 128 
is the main control on variations in εb (Stein et al., 1997; Schneebeli et al., 1998). 129 
 130 
Installation depths for the thermistors and TDRs are indicated in Figure 1 and Table S1. Sensors 131 
were installed in pairs at 8 different depths in each pit, with thermistor and TDR probes inserted 132 
about 15 cm apart at each depth. Sensors were inserted horizontally into undisturbed snow and 133 
firn, with the probes extending 0.3 m into the wall of the firn pit. Sensor spacing with depth was 134 
irregular in order to concentrate observations near the surface as well as immediately above and 135 
below thick ice layers, to test whether these acted as impermeable barriers to water flow. Pits 136 
were filled in with snow after the sensors were installed, several weeks in advance of the summer 137 
melt season. The thermistors and TDR probes were wired to Campbell Scientific CR1000 138 
dataloggers and data were recorded every 30 minutes from May 11 to October 28, 2016. 139 
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 140 

 141 
 142 
Figure 1. Ice-layer stratigraphy from sites a) A and b) B. Blue colors indicate ice layer location 143 
and thickness, and black arrows indicate the locations and depths (in m) of thermistors and TDR 144 
probes. The grey hatched zone in (a) highlights an 11-cm thick ice layer just above level A5 145 
(1.68 to 1.79 m), as seen in photograph (c) of the upper ~2 m of pit A. The photograph also 146 
shows thermistor/TDR installations A1 to A5. Photograph by Samira Samimi. 147 
 148 
We returned to the site in April 2017 to collect data and excavate the instruments. An automatic 149 
weather station (AWS) configured for surface energy balance monitoring was also installed 150 
adjacent to site A. Details on the AWS instrumentation and data processing are provided in the 151 
Supporting Information. All data were quality-controlled, and missing TDR data were gap-filled 152 
by linear interpolation. AWS data were used to calculate the surface energy fluxes and meltwater 153 
production over the summer, using the surface energy balance model of Ebrahimi and Marshall 154 
(2016) combined with a 1D subsurface model of the coupled thermal and hydrological evolution 155 
in the upper 10 m of snow and firn. The subsurface model considers thermal diffusion, advective 156 
heat transport from meltwater advection, and latent heat release from meltwater refreezing, 157 
combined with a simple model of meltwater percolation (Samimi and Marshall, 2017). The 158 
Supporting Information discusses the energy balance and subsurface models in detail.  159 
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3 Results and Analysis 160 
The summer 2016 melt season ran from the second week of June until late August, with the main 161 
period of melt from July 18 to August 9. Details of the AWS data, the modeled surface melt and 162 
energy fluxes, and the complete subsurface TDR and thermistor datasets are presented in the 163 
Supporting Information (Figures S2 and S3).   164 
 165 
Figure 2 presents the observed air temperature, melt rates, and subsurface temperature and 166 
dielectric permittivity during the period of melt onset in the upper 1.4 m of each firn pit. Melt is 167 
calculated from the surface energy balance in the upper snow layer (0.1 m), and can occur when 168 
air temperature is below 0°C if surface snow/firn is at the melting point and net energy is 169 
positive. Dielectric permittivities are plotted as anomalies relative to the initial (dry) values at 170 
each site. Monitoring depths are not identical at sites A and B, but their nearest analogues are 171 
plotted in Figure 2, and are within 0.1 m of each other. Site B offers more resolution of the near-172 
surface snowpack, with sensors at 0.1 and 0.2 m. The thermistor records from 0.3, 0.6, 0.9 and 173 
1.4 m (Figures 2c,d) indicate the close agreement in snow/firn thermal evolution at these two 174 
sites. Correlation coefficients for the two sites exceed 0.99 at these four depths.  175 
 176 
Atmospheric warming in the first two weeks of June drove snowpack warming, with surface 177 
melting beginning on June 5 and temperate conditions first evident at site B from June 11-16. 178 
The upper 0.2 m of the snowpack warmed abruptly to 0°C (Figure 2d), accompanied by 179 
increases in dielectric permittivity of ~0.4 to 0.9 (Figure 2f). Diurnal temperature peaks slightly 180 
greater than 0°C for the upper two thermistors are likely due to absorption of solar radiation 181 
transmitted through the surface snow. At and below 0.3 m, the snowpack remained frozen and 182 
dry at both sites through this initial phase of melting. Snow at 0.3 m depth at site A came close to 183 
the melting point on June 14, reaching −0.3°C before cooling again (Figure 2c). Because the 184 
initial pulse of melting and refreezing was confined to the upper 0.2 m of the snowpack, the 185 
summer melt onset was not detected at site A. 186 
 187 
A second melt event followed a week of cooler temperatures (Figure 2a) and was marked by an 188 
abrupt subsurface warming on June 23, with the upper 0.6 m of snow becoming temperate and 189 
wet at both sites. Over a six-hour period, temperatures at 0.3 and 0.6 m at site A increased by 3.5 190 
and 5.4°C, respectively, both reaching 0°C (Figure 2c). Deeper thermistors also registered this 191 
abrupt warming (e.g., +5.5°C over 32 hours at 0.9 m), but firn below ~0.6 m depth remained 192 
frozen and dry. Temperate and wet conditions persisted in the upper 0.3 m until July 2, at which 193 
point another cooling cycle forced a return to cold, dry conditions at both sites. All of the 194 
meltwater within the system appears to have refrozen at this time. 195 
 196 
The summer melt season resumed on July 19, with a sustained period of melting conditions and 197 
meltwater penetration to 1.4 m depth (Figure 3). This was characterized by a third abrupt 198 
warming event, registered by the top five thermistors at site A and all thermistors at site B 199 
(Figures 3c,d). Dielectric permittivities rose sharply at these depths, coincident with temperatures 200 
reaching 0°C (Figures 3e,f), although the increase in εb was less for the deeper sensors. The 201 
upper two sensors at site B experienced more meltwater than underlying sites in either pit, with 202 
∆εb values of up to 2 (Figure 3f). The abrupt onset of temperate, wet conditions in the upper 203 
snow and firn was followed by a more gradual warming below this, recorded at the sensors from 204 
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1.8 to 3.7 m depth (Figures 3c and S2b). The wetting front and the 0°C isotherm reached 1.8 m 205 
depth by August 12, but firn below this remained frozen and dry. 206 
 207 
 208 

 209 
 210 
Figure 2. Observations during the onset of summer melt, June 9 to July 6, 2016: (a) air 211 
temperature, (b) modelled 30-minute melt (mm w.e.), (c,d) snow temperatures and (e,f) dielectric 212 
permittivity anomalies. Data in (c) to (f) are for the upper 1.4 m of firn pits A (left) and B (right). 213 
The legend applies to plots (c) to (f); values at 0.1 and 0.2 m were only measured at Site B. 214 
 215 
 216 
Atmospheric cooling in mid-August (Figure 3a) caused the upper 0.3 m of the snowpack to 217 
refreeze (εb ~ εb0), but there was a temperate layer from about 0.6 m to 1.4 m, sandwiched 218 
between sub-zero conditions above and below (Figures 3c,d). This was most strongly evident at 219 
0.9 m, where temperate, wet conditions persisted until August 22 at both sites. These middle 220 
layers of the firn pits were the last to refreeze, as latent heat of refreezing meltwater maintained 221 
temperate conditions at these depths for several days before seasonal cooling ensued. 222 
 223 
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There is no indication of meltwater percolation below the surface after August 22. Low rates of 224 
melting continued for several more days until shutting down for the summer on August 28, with 225 
an average melt rate of 2.9 mm w.e. d−1 from August 23-28. The upper snowpack warmed at both 226 
sites during these days, but εb remained at background levels. This is the only time over the 227 
summer when temperate snow conditions were not accompanied by evidence of liquid water. 228 
This melt event came following an atmospheric cooling cycle (Figure 3a) which caused the 229 
upper 0.3 m of the snowpack to refreeze and drop to temperatures of −2 to −5°C (Figure 3c,d). 230 
Combined with the low melt rates, the cold content of the snow appears to have been sufficient 231 
for meltwater to refreeze near the surface, above the upper TDR probes. Latent heat generated by 232 
the near-surface refreezing may have conductively warmed the underlying snow, but without 233 
meltwater infiltration.  234 
 235 
 236 

 237 
 238 
Figure 3. Same as Figure 2 but showing the main summer melt season from July 13 to 239 
September 1, 2016, and subsurface data in (c) to (f) are shown for the upper 2.1 m of the firn 240 
pits. Note the different scales in plots (e) and (f). 241 
 242 
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Overall, the evolution of subsurface temperatures and dielectric permittivities was similar at sites 243 
A and B, with evidence of thawing- and wetting-front propagation at the same times and to 244 
similar depths. Meltwater successfully penetrated several ice layers in the upper meter of firn at 245 
both sites. There were no ice layers in the winter snowpack, the upper ~0.9 m, but the underlying 246 
firn contained several discrete ice layers, some thin (1 mm to 2 cm), and others substantial. This 247 
included an 11-cm thick ice layer from 1.68 to 1.79 m depth at Site A and a 12-cm thick ice layer 248 
from 0.95 to 1.07 m depth at site B (Figure 1). In total over the upper 1.8 m, we measured 22 cm 249 
of ice in 11 discrete layers at site A and 19 cm of ice in 9 discrete layers at site B. Meltwater 250 
effectively penetrated through all of these ice layers, although not until temperatures reached the 251 
melting point at these depths.  252 
 253 

4 Discussion 254 
To our knowledge, these data represent the first continuous TDR measurements of meltwater  255 
infiltration in firn over a melt season. Combined with the thermistor records, the TDR data give a 256 
coherent account of the thermal evolution and meltwater infiltration at DYE-2 in summer 2016. 257 
The thawing front (0°C isotherm) and meltwater infiltration reached a depth of between 1.8 and 258 
2.1 m. Below this, temperatures remained less than 0°C and dielectric permittivities did not rise 259 
above their background levels. This is in accord with observations from the upward-penetrating 260 
radar at site A, which also indicates penetration of the wetting front to about 2 m depth in 261 
summer 2016 (Heilig et al., 2018). 262 
 263 
The data provide direct evidence of meltwater penetration through temperate ice layers in the 264 
Greenland percolation zone; ice layers did not act as impermeable barriers to meltwater 265 
infiltration. Rather, the depth of meltwater penetration at our sites was governed by the coupled 266 
hydrological and thermodynamic processes that determine the depth of the melting front (the 0°C 267 
isotherm). This in turn is a function of the net energy at the surface that is available to warm the 268 
snow and generate meltwater, the cold content, density, and structure (e.g., grain size) of the 269 
snow/firn (Colbeck, 1979; Colbeck and Anderson, 1982; Calonne et al., 2012), and the manner 270 
of meltwater infiltration, e.g., preferential flow processes (Humphrey et al., 2012; Hirashama et 271 
al., 2014; D’Amboise et al., 2017). The rate of melting is also important, through influences on 272 
near-surface saturation, refreezing capacity, and drainage processes.  273 
 274 
The thawing/wetting front advanced to depth in step-wise fashion in our data. Four abrupt 275 
subsurface warming/wetting events were recorded over the summer, reaching progressively 276 
deeper into the snow and firn (Figures 2 and 3). These were seen simultaneously at the two sites 277 
and occurred during periods with positive air temperatures, but did not correspond to strong 278 
atmospheric warming events. Melt rates were high in these periods (Figures 2b and 3b), although 279 
not unusual. These events corresponded with increased or resumed surface melting following 280 
sustained cool (sub-zero) conditions. This indicates a potential role for restored cold content in 281 
the snow, which would increase refreezing capacity and latent heat release.     282 
 283 
Subsurface warming occurs through a combination of latent heat release from meltwater 284 
refreezing, advective heat transfer associated with meltwater penetration into sub-zero snow, and 285 
thermal conduction, driven by heating of the surface layer in association with shortwave 286 
radiative fluxes and atmospheric warming. These mechanisms are clear in the thermistor data, 287 
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with gradual temperature shifts in response to atmospheric temperature fluctuations along with 288 
the abrupt subsurface warming events noted above. The sudden warming events are too rapid to 289 
be due to thermal conduction, so must be associated with meltwater advection and refreezing.  290 
 291 
Modeled energy fluxes are described in detail in the Supplementary Material and illustrate the 292 
important role of latent heat flux in subsurface warming (Figure S4). Total summer latent heat 293 
release in the snow/firn is estimated to be 141 MJ m−2, concentrated in the upper 0.3 m (Figure 294 
S4b). The model results give a good fit to the observational data and indicate that latent heat 295 
makes up 64.9% of the total summer (JJA) energy available to warm the subsurface snow and 296 
firn. Net energy at the surface during non-melt periods (i.e. sub-zero conditions) contributed an 297 
additional 76 MJ m−2 to warming the surface layer of the snowpack. This conductively warms 298 
the underlying snow and firn, accounting for 34.7% of the available subsurface energy. Positive 299 
net energy at the surface is particularly important in the early melt season (May and June), 300 
warming the snowpack prior to the onset of melt. After the onset of melt, meltwater infiltration 301 
drives deeper and more abrupt subsurface warming events, which are also captured in the model 302 
(Figure S4c). Meltwater advection made only a minor contribution to subsurface heat transport, 303 
estimated at 0.4% of the total energy available to warm the snow and firn. 304 
 305 
Meltwater penetrated through multiple ice layers in the firn, permitting deeper meltwater 306 
infiltration and retention than would be possible if these layers acted as impermeable barriers. 307 
Two of the TDR sensors that experienced wetting were installed directly below thick, 308 
horizontally-continuous ice layers (sensors B6 and A5; see Figure 1c). While ice layers at our 309 
two sites were permeable, we can only speculate about the processes that permitted hydrological 310 
breakthrough. Fractures or discontinuities may have developed in the ice layers, or thawing to a 311 
temperate mixture of ice and water may have permitted water flux along interstitial grain 312 
boundaries and veins (e.g., Lliboutry, 1996). The effective permeability of ice layers and the 313 
relation to ice-layer thickness is an open question. There is evidence that thick ice layers in firn 314 
can be impermeable (Gascon et al., 2013; Ashmore et al., 2020), but meltwater infiltration 315 
through ice layers has also been observed or inferred (Humphrey et al., 2012; Machguth et al., 316 
2016; Ashmore et al., 2020). Direct observations are needed to understand these processes and 317 
their efficacy with thicker ice layers, as found in the lower percolation zone of Greenland 318 
(Machguth et al., 2016; MacFerrin et al., 2019).  319 
 320 
The similar evolution of the wetting front at our two sites, its progressive propagation to depth 321 
over the course of the melt season, the coherence with the upward-penetrating radar data near 322 
this site (Helig et al., 2018), and the ability to simulate the wetting front in a simple model of 323 
percolation flow (Figure S4) are all consistent with homogeneous infiltration of the wetting front. 324 
However, our measurements represent only two point locations, and the experimental design 325 
(vertically aligned sensors) does not permit conclusions concerning the mechanism(s) of 326 
meltwater infiltration. Preferential flow is thought to be the dominant process of meltwater 327 
infiltration in cold firn (e.g., Humphrey et al., 2012), and this may be what we recorded in 328 
summer 2016, if it proceeded in similar fashion at our two sites. Multiple instruments at each 329 
horizontal level would be needed to examine this. 330 
 331 
Similarly, we cannot rule out meltwater penetration to depths greater than 2 m at other locations 332 
in the DYE-2 region in summer 2016. Spatial variability is a large challenge in understanding 333 
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and modeling firn hydrology and meltwater retention in Greenland. Our measurements 334 
nevertheless provide helpful insights to modelling efforts of meltwater infiltration into firn (e.g., 335 
Wever et al., 2016; Steger et al., 2017), in particular the observation that ice layers can be 336 
permeable, permitting meltwater infiltration. Additional measurements like those reported here, 337 
especially during melt seasons of variable intensity, could help to track meltwater penetration 338 
into firn in the lower percolation zone and other sectors of Greenland. 339 
 340 
Uncertainties 341 
 342 
Sensor depths are reported as constant values in this manuscript, but actual depths changed over 343 
the course of the study, in association with fresh snowfall and surface ablation. Ultrasonic depth 344 
gauges were installed at each site to measure snow surface height (Figure S2d). All instruments 345 
at site A were deep enough to avoid melt-out. However, ablation from July 18 to August 9 was 346 
sufficient to expose the uppermost two sensors at site B (0.1 and 0.2 m), and inspection of the 347 
data is consistent with melt-out at these levels in the first week of August. A ~0.15 m snow event 348 
from August 10 to 12 buried the melted-out sensors and they give sensible signals again after this 349 
point, but data from August 5 to 12 are not reliable from these two levels.  350 
 351 
There is a risk that water percolating in the disturbed area of the firn pits influences our sensors. 352 
although we see no evidence of this. The thermal and hydrological evolution are virtually 353 
identical at the two sites and are consistent with the upward-penetrating radar results of Helig et 354 
al. (2018), which measure the wetting front advance in undisturbed overlying firn. In addition, 355 
meltwater only penetrates to limited depths with each abrupt event; the pits were excavated to 356 
below the lower-most sensors, so free-flowing water in the disturbed areas would be expected to 357 
propagate deeper. Finally, the low rates of meltwater production and low-sloping environment at 358 
DYE-2 are more conducive to vertical infiltration than lateral flows. We are confident that the 359 
data reflect vertical meltwater infiltration from above, without influence from the adjacent pits, 360 
but this cannot be ruled out. Unfortunately, undisturbed control experiments are not feasible.  361 
 362 

5 Conclusions 363 
The thermistor, TDR, and AWS data provide a consistent and detailed account of the coupled 364 
thermodynamic and hydrological processes governing meltwater percolation and refreezing at 365 
DYE-2. This dataset presents an excellent opportunity to constrain the effective thermal and 366 
hydraulic conductivities of polar snow and firn, which will inform models of firn hydrology. 367 
Additional measurements are needed to test and confirm the inferred processes at other locations 368 
in Greenland’s percolation zone.  369 
 370 
Measurements from the two sites 400 m apart are exceptionally coherent, and indicate that 371 
meltwater at DYE-2 percolated to a depth of about 2 m in summer 2016. The wetting and 372 
melting fronts were coincident at the two sites, testifying to the coupled thermodynamic and 373 
hydrological controls on meltwater infiltration in firn. Meltwater penetrated through ice layers up 374 
to 12 cm thick. We are uncertain of the mechanical or thermodynamic processes that facilitate 375 
ice-layer permeability, but there is no evidence of meltwater infiltration through ice layers until 376 
temperatures reached 0°C. This requires sufficient latent heat release in the overlying firn and 377 
snow, which depends on the available pore space, cold content, and meltwater supply. Ice slabs 378 
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that are thick or close to the surface may be difficult to thaw, as heat transfer is reduced once firn 379 
is temperate or saturated. Models of this process can help to project whether meltwater is likely 380 
to infiltrate vertically or be redirected laterally, contributing to ice sheet runoff.  381 
 382 
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Introduction  

Details of the firn thermistor, time-domain reflectometry (TDR), and automatic weather 
station (AWS) data from summer 2016 are included here. Figure S1 shows the location of 
the study, at DYE-2 in southwestern Greenland, along with our two firn pits, referred to 
as Sites A and B.  Figure S2 plots the measured air temperature and snow surface 
height/snow depth data, along with the calculated surface energy balance and melt at 
the AWS site. Figure S3 illustrates the full evolution of the air, snow, and firn 
temperatures and the dielectric permittivities at Site A through summer 2016. We also 
provide details of the surface energy balance and subsurface thermal/hydrological 
model, and Figure S4 presents model results for the subsurface temperature evolution 
and the energy fluxes associated with refreezing and meltwater advection. 



 
 

2 
 

Data from this study are being archived at the University of Calgary data repository, and 
are also provided with the Supporting Information as Excel files. This is directly from the 
datalogger download, without processing, but missing or off-scale data values (-99999) 
have been replaced by either NaN or an empty cell. 

 

Text S1 
 
Figure S1 shows the location of the study in southwestern Greenland, including our two 
firn pits (sites A and B). Co-ordinates of each firn pit are included in Table S1, along with 
details of the initial snow temperature, density, dielectric permittivity, and sensor 
installation depths. 
 
 

 
 
Figure S1. Study site at DYE-2, southwestern Greenland. AWS refers to the automatic 
weather station. Firn pits A and B were 402 m apart. Image (a) courtesy of Google Earth. 
 
 
An automatic weather station (AWS) was set up on a tripod adjacent to firn pit A. The 
AWS was configured to measure air temperature, relative humidity, air pressure, 
incoming and outgoing shortwave and longwave radiation (Kipp and Zonen CNR1 
radiometer), wind speed and direction, and snow surface height, based on an SR50A 
ultrasonic depth sounder.  The SR50A sensor was installed separately on a pole drilled 
into the firn, in order to maintain a fixed height while the snow surface changed. Air 
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temperature, relative humidity, and snow surface height were also measured at firn pit B.  
All sensors were wired to CR1000 Campbell Scientific dataloggers at each site and were 
programmed to record 30-minute averages of 10-second measurements. 
 
The AWS was installed on April 28, 2016 and was left in place until spring 2017, when we 
returned to the site to collect data and take the station down.  Data were recorded 
continuously from the time of installation until November 2016, at which point the 
battery weakened due to insufficient solar charging. There are no data gaps in the AWS 
record from April 28 through October 28, 2016. This study focuses on the meteorological 
conditions and surface energy balance from May to September, 2016, covering the 
complete 2016 melt season.  
 
 
   

Site A (installed 16/05/11)             Site B (installed 16/05/08) 
                        66.47775°N, 46.28510°W                 66.47505°N, 46.29115°W 
  Level       d (m)      Ts0 (°C)      ε b0     ρ0 (kg m−3)      d (m)    Ts0 (°C)    ε b0   ρ0 (kg m−3) 
 

      1         0.3          −7.3    2.37        380        0.1        −3.7        2.31        280 
      2         0.6        −10.1    1.88        380        0.2        −4.2        2.49        310 
      3         0.9        −12.7    2.21        230        0.4        −6.6        2.09        280 
      4         1.4        −14.5    2.32        510        0.6        −9.2        2.06        320 
      5         1.8        −15.1    2.37        410        0.9      −11.9        2.47        640 
      6         2.1        −15.6    2.44        460        1.2      −13.1        2.54        620 
      7         2.8        −15.7    2.14        360        1.5      −14.4        2.65        560 
      8         3.7        −15.8    2.67        520        1.6      −14.9        2.36        480 
 

Table S1. Installation depths (d ) and initial snow/firn temperature (T0), bulk dielectric 
permittivity (ε b0), and density (ρ0) at each measurement level for sites A and B.  
 
 
Surface Energy Balance Model 
 
The surface energy balance was calculated following the model of Ebrahimi and Marshall 
(2016), including a subsurface model for heat conduction in the upper 10 m of firn and 
snow, the approximate depth of penetration of the annual temperature wave (Cuffey and 
Paterson, 2010). Net energy at the ice sheet surface is a function of the energy fluxes at 
the surface-atmosphere interface, 
 

      𝑄𝑄𝑁𝑁 =  𝑄𝑄𝑆𝑆 ↓(1− 𝛼𝛼) + 𝑄𝑄𝐿𝐿 ↓ − 𝑄𝑄𝐿𝐿 ↑ + 𝑄𝑄𝐻𝐻 + 𝑄𝑄𝐸𝐸 + 𝑄𝑄𝐶𝐶 ,    (1) 
 
where 𝑄𝑄𝑆𝑆 ↓ is the incoming shortwave radiation, 𝛼𝛼 is the surface albedo, 𝑄𝑄𝐿𝐿 ↓ and 𝑄𝑄𝐿𝐿 ↑ 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 from the snow/firn to the 
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surface. All energy fluxes have units W m−2 and 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 0°C, net energy 𝑄𝑄𝑁𝑁  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 0°C and 𝑄𝑄𝑁𝑁 > 0, net energy goes to melting, following  
 

                       𝑚̇𝑚 = QN/(𝜌𝜌𝑤𝑤𝐿𝐿𝔣𝔣) ,             (2) 
 
where 𝑚̇𝑚 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.  
 
To calculate net energy in Eq. (1), radiation fluxes were directly measured and the 
turbulent fluxes were modelled using a bulk aerodynamic approach (e.g., Andreas, 2002),  
 

   𝑄𝑄𝐻𝐻 =  𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝑘𝑘2𝑣𝑣 �
𝑇𝑇𝑎𝑎(𝑧𝑧)−𝑇𝑇𝑠𝑠

ln (𝑧𝑧 𝑧𝑧0� )ln (𝑧𝑧 𝑧𝑧0𝐻𝐻� )
� ,       (3) 

 
and 

 𝑄𝑄𝐸𝐸 =  𝜌𝜌𝑎𝑎𝐿𝐿𝑣𝑣𝑘𝑘2𝑣𝑣 �
𝑞𝑞𝑎𝑎(𝑧𝑧)−𝑞𝑞𝑠𝑠

ln (𝑧𝑧 𝑧𝑧0� )ln (𝑧𝑧 𝑧𝑧0𝐸𝐸� )
� .           (4) 

 
Here Ta, qa and v are the air temperature, specific humidity, and wind speed measured at 
the AWS, Ts and qs are the temperature and specific humidity at the snow surface, ρa 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 (Brock et al., 2006), z0 
= 1 mm and z0H = z0E = z0/100. We estimate the surface skin temperature Ts from an 
inversion of Stefan-Boltzmann’s equation, using measurements of outgoing longwave 
radiation. The surface humidity qs can then be calculated from the saturation specific 
humidity over snow at temperature Ts. 
 
Conductive heat flux to the ice sheet surface, QC, is calculated from the vertical heat 
conduction in the upper three layers of the subsurface model (described in more detail 
below), based on a three-point forward finite difference: 
 

𝑄𝑄𝐶𝐶 = − 𝑘𝑘𝑡𝑡
2∆𝑧𝑧

(3𝑇𝑇1 − 4𝑇𝑇2 + 𝑇𝑇3).     (5) 
 
for thermal conductivity 𝑘𝑘𝑡𝑡 and layer thickness ∆𝑧𝑧. The surface energy balance is calculated 
every 30 minutes based on the AWS data, Eqs. (3)-(5), and the subsurface temperature 
model, giving an estimate of 30-minute melt amounts over summer 2016.  
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Subsurface Temperature Model 
 
The subsurface model includes a simple one-dimensional treatment of the coupled 
thermodynamic and hydrological evolution in the upper 10 m of snow and firn, including 
a simple treatment of meltwater percolation and refreezing (Samimi and Marshall, 2017). 
The model has 33 layers, denoted zk, for 𝑘𝑘 ∈ [1,33], with layer thickness ∆zk. Resolution is 
concentrated near the surface; layers are 0.1-m thick from the surface to a depth of 0.6 
m, 0.2-m thick from 0.6 to 2 m, and 0.4-m thick from 2 to 10 m.  
 
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: 
 

       𝜌𝜌𝑠𝑠𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝜕𝜕
𝜕𝜕𝜕𝜕
�−𝑘𝑘𝑡𝑡

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�+  𝜑𝜑𝑡𝑡 + 𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤𝑞𝑞𝑤𝑤

𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝜕𝜕

 ,                     (6) 
 
where 𝜌𝜌𝑠𝑠 and cs, are the density and specific heat capacity of the subsurface snow or firn, 
𝜌𝜌𝑤𝑤 and cw are the density and specific heat capacity of water, and 𝑞𝑞𝑤𝑤 is the vertical rate of 
meltwater percolation, with units m s−1. The second term on the right-hand-side, 𝜑𝜑𝑡𝑡 , 
represents latent heat release from refreezing, with units W m−3, calculated from   
 
                      𝜑𝜑𝑡𝑡 =

𝜌𝜌𝑤𝑤𝐿𝐿𝑓𝑓𝑟̇𝑟
∆𝑧𝑧

,                        (7) 
 
where 𝑟̇𝑟 is the refreezing rate (m s−1) and this heat is spread across the layer thickness. The 
final term in Eq. (6) describes heat advection from meltwater flow, where the temperature 
derivative 𝜕𝜕𝑇𝑇𝑤𝑤/𝜕𝜕𝜕𝜕 is with reference to the meltwater, which is assumed to have a 
temperature of 0°C. Meltwater can percolate downward from layer k to layer k+1, which 
has temperature Tk+1 ≤ 0°C. If the layer is temperate (Tk+1 = 0°C), there is no heat advection. 
If it is below 0°C, the firn temperature is adopted in 𝜕𝜕𝑇𝑇𝑤𝑤/𝜕𝜕𝜕𝜕 and heat advection is 
calculated from −𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤𝑞𝑞𝑤𝑤 𝑇𝑇𝑘𝑘+1/∆𝑧𝑧, for ∆𝑧𝑧 = 𝑧𝑧𝑘𝑘 − 𝑧𝑧𝑘𝑘+1. For the upper layer, the melt rate, 
𝑚̇𝑚, is taken as the percolation velocity and ∆𝑧𝑧 is equal to the thickness of the upper layer.  
 
Refreezing occurs when water percolates into a sub-zero layer, accompanied by latent heat 
release calculated from Eq. (6). 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, 𝑞𝑞𝑤𝑤 =  −𝑘𝑘ℎ∇∅, for hydraulic conductivity 𝑘𝑘ℎ 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, following Eq. (5). Temperatures cannot drop 
below 0°C until all of the liquid water is refrozen.  
 
The subsurface model was initiated with the observed snow/firn thermistor temperatures 
and snow densities at the time of installation for the upper 3.5 m of the snow and firn. 
Below this, the density and temperature were extrapolated to 10 m depth for the initial 
conditions. The subsurface model is forced by the net energy and surface melt in the 
upper layer, calculated from Eqs. (1) and (2). 
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Surface Energy Balance Results 
 
Figure S2 plots the surface energy balance and modelled melt through summer 2016, 
along with air temperature and snow depth data fromt the AWS located adjacent to firn 
pit A.  Air temperatures first reached 0°C in mid-May but then cooled again until the 
main melt season from the second week of June through to late August (Figure S2a). 
 
  

 
 
Figure S2. Automatic weather station (AWS) and surface energy balance data from DYE2, 
May 5 to Sept 11, 2016. (a) Mean daily (red) and 30-minute (blue) air temperature, °C. (b) 
Mean daily net radiation (Q*), turbulent (Qt), and net energy (QN) fluxes. (c) Modelled 
daily melt and refreezing, m w.e. (d). Measured snow surface height (m). The initial snow 
depth was 0.9 m at the time of AWS installation.  
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Figure S2 plots air temperature, surface energy balance, and modeled melt at the AWS 
site from May through September, 2016, with results of the surface energy balance and 
melt model discussed in detail in the Supporting Information. Frequent daily maximum 
air temperatures above 0°C began in the first week of June and continued through late 
August, with a return to persistent sub-zero air temperatures after August 26. The main 
summer melt period was from July 18 to August 9 (Figure S2c). We estimate a total 
summer melt of 0.51 m w.e., with 0.22 m w.e. of melt from the seasonal snowpack. 
Meltwater retained near the surface melts and refreezes multiple times in association 
with diurnal freeze-thaw cycles, such that meltwater is commonly ‘recycled’, i.e. net 
energy is used to melt the same snow (and resulting near-surface ice layers and pore 
water) more than once. Ultrasonic depth gauges installed adjacent to each firn pit 
recorded a total surface drawdown of ~0.5 m over the summer (Figure S2d), largely 
offset by several periods of snow accumulation. Snow surface height decreased from its 
initial value of 0.9 m to a minimum value of 0.66 m on August 9 (Figure S2d), associated 
with the main period of melting. These data are consistent with the modeled melt, but 
we note that snow surface lowering also occurs from snow/firn compaction, sublimation, 
and wind scour. It is difficult to separate these processes in the observational data, so the 
snow surface height record is not a direct measure of surface melting. 
 
Figure S3 plots the evolution of subsurface snow/firn temperature and dielectric 
permittivity over the summer melt season at Site A. Liquid water content was consistently 
detected in association with temperate (0°C) conditions through the melt season, 
providing a coherent picture of the co-development of thermal and hydrological 
conditions in the firn. At the time of sensor installation, near-surface firn was in the 
process of warming from the winter. The snow at 0.3 m depth first warmed to the 
melting point and showed evidence of liquid water on June 23, roughly two weeks after 
the initial positive air temperatures. Diurnal cycles of surface melting continued regularly 
into mid-August (Figure S1), accompanied by firn warming and meltwater infiltration to a 
depth of between 1.8 and 2.1 m. Sensors at and below 2.1 m depth remained frozen and 
dry.  
 
 
Figure S2b plots mean daily energy fluxes at the glacier surface over the summer melt 
season, including the net radiation, Q* = 𝑄𝑄𝑆𝑆 ↓(1− 𝛼𝛼) + 𝑄𝑄𝐿𝐿 ↓ − 𝑄𝑄𝐿𝐿 ↑, the combined turbulent 
and conductive fluxes, 𝑄𝑄𝑡𝑡 = 𝑄𝑄𝐻𝐻 + 𝑄𝑄𝐸𝐸 + 𝑄𝑄𝐶𝐶 , and the net energy, QN. Mean daily net 
radiation is near 0 for much of the summer, but is strongly positive on during two 
periods of heavy cloud cover on July 18-19 and August 9-11, which mark the beginning 
and end of the main summer melt period. During this period and overall for the summer, 
net energy is most strongly correlated with net radiation (r = 0.68), compared with a 
linear correlation coefficient of r = 0.48 for the turbulent fluxes. The mean summer (JJA) 
net energy was 5.4 W m−2. 
 
Total modelled melt from May through September was calculated to be 0.51 m w.e. 
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(Figure S2c).  Of this, 60% (0.30 m w.e.) melted during the main summer ablation period 
from July 17 to August 11. All of the melt refroze within the snow and firn, with much of 
the refreezing occurring in the near-surface (upper 0.1 m). Near-surface ice layers went 
through successive melt-freeze cycles, such that the actual summer ablation was much 
less than the total melt. That is, melt energy was used to melt the same snow/ice more 
than once. The total modelled summer snow melt was 0.22 m w.e.; the remaining 0.29 m 
w.e. of melting consisted of refrozen ice layers, i.e. recycled meltwater.  
 
This result is consistent with the ultrasonic depth gauge record of snow surface height 
change, plotted in Figure S2d. These data show several periods of summer snow 
accumulation, through either snowfall or wind loading, balanced against surface height 
reductions due to a combination of ablation and densification. The surface height is 
plotted with reference to the initial (late April) snow thickness of 0.9 m. Cumulative 
surface height reductions through the summer totaled ~0.5 m, with periods of surface 
drawdown strongly aligned with the active melt periods.  Based on measured snow 
densities, the 0.22 m w.e. of modelled melt should give a surface drawdown of ~0.54 m, 
so most of the SR50 signal can be attributed to melting. Compaction immediately 
following fresh-snow events is visible in the SR50 signal, but densification of deeper 
snow and firn may have caused sinking of the SR50 pole, masking the surface height 
signal due to snow/firn compaction.   
 
 

Thermistor and TDR Data from Firn Pit A 
 
Figure S3 plots the evolution of the summer melt season at firn pit A.  Air temperatures 
first reached 0°C in mid-May but then cooled again until the main melt season, which 
extended from the second week of June through to mid-August (Figure S3a). Snow 
surface temperature in Figure S3a is calculated from an inversion of the measured 
outgoing longwave radiation: Ts = (QL

↑/σEs)1/4, assuming a surface emissivity Es of 0.98 
(Marks and Dozier, 1992).  
 
At the time of sensor installation, the snow and firn were still frozen and dry, Subsurface 
temperatures were between −7 and −16°C, decreasing with depth, and initial dielectric 
permittivity, εb0, ranged from 1.9 and 2.7 (Table S1). These are all dry-snow values, with 
some of the difference due to local snow and firn density (Schneebeli et al., 1998); 
because ice has a greater dielectric permittivity than air, dense snow and firn have higher 
values of εb0. The correlation coefficient is 0.55 in our data; hence, other factors such as 
TDR coupling, grain size and morphology, or potential snow compaction on insertion of 
the TDR probes also appear to influence εb0. 
 
Figures S3b and S3c plot subsurface temperatures and dielectric permittivities in the 
upper 3.7 m of snow and firn at site A through summer 2016. To simplify the plot and 
focus on the meltwater signal at different depths, dielectric permittivities are plotted as 
anomalies relative to the initial value for each sensor,  ∆εb (t ) = εb (t ) − εb0. Changes in εb 



 
 

9 
 

over the summer are associated with either densification (a gradual increase in εb) or 
wetting/drying of the snow, which produces abrupt increases/decreases in εb.  
 
Data in Figure S3 were quality-controlled to reject unphysical values and gap-fill any 
missing data through linear interpolation. The thermistor and automatic weather station 
data were complete, with no errant values, but TDR data gaps were frequent, giving 
rejection rates of 32 to 81% for the individual sensors at site A. TDR data were also much 
more complete at site B: from 74 to 99% for individual sensors, with an average of 94%. 
We are unsure why the TDR records from this site have less data gaps than at Site A. It is 
possible that electromagnetic signals at Site A were impacted by the adjacent AWS 
(which reported to the same datalogger) or the upwards-looking snow radar that was 
installed ~5 m from the TDR installation.  The TDR sensors give a noisy signal compared 
to the thermistors, but the combined records provide a reliable account of the coupled 
thermal and hydrological evolution in the near-surface firn over summer 2016.  
 

 
 
Figure S3. Measured (a) air and snow surface temperatures, (b) snow temperatures, and 
(c) dielectric permittivity anomalies in firn pit A, May 27 to Sept 21, 2016. Shaded areas 
indicate periods with temperate snowpack conditions, based on the thermistor records. 
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Modelled Subsurface Energy Fluxes 
 
The firn model, driven by the AWS data, facilitates a detailed examination of the 
subsurface energy fluxes and coupled hydrological and thermodynamic processes. 
Model details and sensitivities will be discussed in a followup manuscript, but Figure S4 
plots the results of a simulation that gives a good fit to the observed firn temperature 
and TDR data in summer 2016. Figure S4c shows the simulated temperature evolution in 
the upper 4 m of the snow and firn, capturing the observed rapid warming events and 
the penetration of the melting/wetting front to approximately 2 m depth in August. 
 
The warming events are associated with meltwater infiltration and latent heat release. 
Where meltwater enters a sub-zero snow layer with temperature Tk, there is an 
associated heat advection, calculated from: 
 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = −𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤𝑞𝑞𝑤𝑤𝑇𝑇𝑘𝑘 ,     (8) 
  
with units J m−2. There can similarly be an advection of energy out of the layer if 
meltwater is percolating to a greater depth. The latent heat release from refreezing is 
calculated from:  
 

                𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜌𝜌𝑤𝑤𝐿𝐿𝑓𝑓𝑟̇𝑟 ,     (8) 
  
also with units J m−2. Integrated values of these two energy fluxes are plotted in Figures 
S4a and S4b for the summer melt season. Figure S4a shows total daily energy released 
by each process, integrated over the depth of the firn, and Figure S4b plots the energy 
release as a function of depth, integrated over the melt season. Latent heat release 
dominates the subsurface energy transport associated with meltwater infiltration, 
totalling 141 MJ m−2 over the summer (JJA) compared with 0.9 MJ m−2 for the heat 
transport from meltwater advection.   
 
Also shown in Figure S4a are the total daily surface energy fluxes associated with melting 
and warming the snowpack.  These are calculated from the amount of positive net 
energy that is directed to each. The total summer (JJA) energy flux directed to melt 
equals 141 MJ m−2, identical to the latent heat release from refreezing as 100% of the 
meltwater refreezes locally. The total summer (JJA) net energy directed to warming of the 
surface layer equals 76 MJ m−2; much of this energy is conducted downwards into the 
snow and firn. Latent heat release is the primary source of energy for subsurface 
warming (64.9%), but net energy at the surface that is directed to warming of the snow 
and firn is also significant (34.7%). Advective heat transfer by meltwater percolation 
accounted for the remaining 0.4%. In the months of May and September, warming 
energy exceeds melt energy (62 vs. 6 MJ m−2), but there is little melt in these months; firn 
warming is concentrated in the main summer melt season in the months of July and 
August (Figure S4c), when meltwater infiltration plays a critical role in transporting latent 
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energy to depth.. The net energy directed to warming in May is, however, important to 
priming the snow and firn for the melt season.  
 
 

 

Figure S4. Modelled surface and subsurface energy fluxes and temperatures in the 
upper 4 m of snow and firn from May 1 to October 10, 2016. (a) Daily surface energy (MJ 
m−2 d−1) directed to melting and warming the snow/firn, along with the subsurface 
energy release due to refreezing (ref) and meltwater advection (adv). (b) Depth profile of 
subsurface energy release due to latent heat of refreezing and meltwater advection, 
integrated over the full summer melt season. Note the different scales. (c) Subsurface 
temperature evolution in the upper 4 m, with the 0°C isotherm (wetting front) reaching a 
maximum depth of 1.9 m in the second week of August. 
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controlled through the elimination of any non-physical values (e.g., -99999); these are 
replaced with NaN or blanks in the dataset. In the publication figures, linear interpolation 
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