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Key Points: 12 

 Transitional permafrost systems evolve through complex infiltration pathways and 13 

energy fluxes, including lateral flow  14 

 Snow pack and vegetation distribution play major role in permafrost thermohydrological 15 

responses 16 

 Monitoring shows spatially variable thermohydrological responses and intra- to inter-17 

annual dynamics in discontinuous permafrost systems 18 

  19 
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Abstract  20 

Climate change is causing rapid changes of Arctic ecosystems. Yet, data needed to unravel 21 

complex subsurface processes are very rare. Using geophysical and in-situ sensing, this study 22 

closes an observational gap associated with thermohydrological dynamics in discontinuous 23 

permafrost systems. It highlights the impact of vegetation and snow thickness distribution on 24 

subsurface thermohydrological properties and processes. Large snow accumulation near tall 25 

shrubs insulates the ground and allows for rapid and downward heat flow. Thinner snowpack 26 

above graminoid results in surficial freezing and prevents water from infiltrating into the 27 

subsurface. Analyzing short term disturbances, we found that lateral flow could be a driving 28 

factor in talik formation. Inter-annual measurements show that deep permafrost temperatures 29 

increased by about 0.2°C over two years. The results, which suggest that snow-vegetation-30 

subsurface processes are tightly coupled, will be useful for improving predictions of Arctic 31 

feedback to climate change, including how subsurface thermohydrology influences CO2 and CH4 32 

fluxes.  33 

 34 

Plain Language Summary  35 

When permafrost thaws, water can flow quicker through the ground, creating a very complex 36 

subsurface flow system. In this study, we gain detailed insight into these complex processes by 37 

measuring the electrical resistivity of the ground daily. Our results show that the type of 38 

vegetation and the snowpack that accumulates on it in winter control the temperatures of the 39 

ground, and therefore also how water flows. Above tall shrubs snow accumulates much more 40 

than above grass. Therefore, temperatures below shrubs are warmer and water and energy from 41 

snowmelt and rain can flow through the ground quickly, while colder temperatures below the 42 

grass prevent this rapid flow. Longer-term dynamics show us that the temperature of permafrost 43 

at about 10m depth increased by 0.2°C over a period of two years. The results of this study 44 

should be useful for improving predictions of Arctic feedback to climate change. 45 

1 Introduction  46 

The average temperature of permafrost has increased globally by about 0.4°C in the last 47 

century. This is partly due to the Arctic amplification of an increase in air temperature in the 48 

Northern Hemisphere, but also due to increased snow thickness, especially in areas of 49 

discontinuous permafrost (Biskaborn et al., 2019). This change in temperature changes the 50 

physical properties of the subsurface, with impacts on infrastructure (Hjort et al., 2018), 51 

groundwater resources, vegetation distribution (Jorgenson et al., 2013; Lloyd et al., 2003), 52 

carbon and nitrogen cycling (Petrone et al., 2006), and greenhouse gas emissions (Jansson & 53 

Taş, 2014), leading to further acceleration of climate change.  54 

Jorgenson et al. (2010) show that complex feedbacks exist between permafrost dynamics 55 

and topography, vegetation distribution, snow pack, ground temperature, and subsurface 56 

hydrological properties. Rising permafrost temperatures cause increasing hydraulic 57 

conductivities in the soil to bedrock column, enabling or enhancing surface water-groundwater 58 

interactions, changes to the groundwater residence times, and eventual alterations to ground- and 59 

stream-water temperature and compositional dynamics (Hinzman et al., 2005; Ireson et al., 60 

2013). These changes in hydrology enhance the importance of the deeper subsurface for carbon 61 

and nutrient cycling (Koch et al., 2013; Lyon et al., 2010), and are particularly important for 62 
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discontinuous permafrost, which accounts for 19% of the Northern Hemisphere’s land surface 63 

that is covered by permafrost, i.e. 4.4×10
6 

km
2
 (Zhang et al., 2003). This region is characterized 64 

by a complex distribution of perennial frozen and unfrozen ground, and hence areas of year-65 

round unfrozen ground within permafrost landscapes, or taliks. Arctic discontinuous permafrost 66 

is usually "warm" (likely >-3 °C), and a mean temperature increase of 0.2 ± 0.1°C has been 67 

recorded over the last decade (Biskaborn et al., 2019). These changes are forming a transitional 68 

permafrost environment, where areas of continuously frozen ground are becoming unfrozen, 69 

impacting microbial and soil processes, hydrology, and flora and fauna (Vincent et al., 2017; 70 

Woo et al., 2008). We currently lack data and predictive understanding of how these complex 71 

interactions influence the evolution of this ecosystem - now and in the future. Gaining 72 

information on the factors controlling near-surface ground temperatures and water distribution is 73 

critical to being able to predict the fate of Arctic ecosystems and its feedback to climate 74 

(Walvoord & Kurylyk, 2016).   75 

Measuring thermohydrological properties and processes in permafrost environments is 76 

difficult due to inaccessibility, sensitive ecosystems, and the harsh Arctic environment. Hence, 77 

data associated with  surface water-groundwater interactions, and infiltration and subsurface flow 78 

processes are  sparse  (Bring et al., 2016). Geophysical techniques are known to complement 79 

point observations and to assess the intermediate depths (1 - 10's of m) at spatial and temporal 80 

resolutions critical to understanding the impact of climate change on permafrost hydrological 81 

dynamics (Dafflon et al., 2017; Kneisel et al., 2008; Minsley et al., 2012; Parsekian et al., 2019). 82 

Electrical properties of soils, particularly at temperatures below freezing, are highly sensitive to 83 

variations in temperature (Wu et al., 2017). Below the freezing point, resistivity changes are 84 

several orders of magnitude larger than above freezing and depend on the initial liquid water 85 

content and the pore size distribution (Ming et al., 2020). Hence, in frozen environments, 86 

monitoring changes in subsurface electrical resistivity can highlight variations in subsurface 87 

temperature and hydrological conditions (Farzamian et al., 2020; Krautblatter et al., 2010).  88 

By combining geophysical and in-situ point sensing along a single transect, this study 89 

aims at providing insight to two questions: (1) how spatially and temporarily variable are 90 

thermohydrological properties and processes in transitional permafrost environments, and (2) 91 

what is the impact of topography, vegetation and snow-pack distribution on those properties? 92 

This integrated, spatially and temporally resolved study closes an observational gap with regards 93 

to thermohydrological fluxes and deep permafrost dynamics that currently exists in the 94 

understanding of permafrost-dominated systems. While the observations are representative for a 95 

small domain, the processes that were observed are likely valid for a wide range of Arctic 96 

permafrost environments. To our knowledge, this is the first study to remotely monitor sub-97 

seasonal through multi-annual thermohydrological processes in transitional permafrost 98 

environments at spatiotemporal resolutions required to discover controls on subsurface 99 

infiltration and temperature dynamics that ultimately shape this evolving Arctic ecosystem. 100 

2 Study Site and Methods  101 

A permafrost monitoring site was established on the Seward Peninsula (64.72°N, 102 

165.94°W) in September 2017 (Fig. 1A). The study site is located in the Southern part of the 103 

Seward peninsula, which is classified as discontinuous permafrost (Brown et al., 2002) The 104 

monitoring site includes a 127m long transect located within the lower elevations of a watershed, 105 

which is a focus of the Department of Energy Next Generation Ecosystem Experiments (NGEE) 106 
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Arctic project. The transect is perpendicular to the main slope gradient and crosses two different 107 

vegetation types; one covered with graminoid and the other primarily with tall shrubs (Léger et 108 

al., 2019). Graminoids are vascular, herbaceous plants with a morphology similar to grass that 109 

grow up to a few 10's of cm, while the tall shrubs here are mainly composed of willow with 110 

heights up to  2m. At five locations along this transect (Fig. 1A) soil temperature and moisture 111 

content are measured hourly at 0.1, 0.2, 0.3, and 0.4m depth, with additional temperature 112 

measurements at 1.5m below ground level (bgl, Fig. 1B); several soil cores were recovered along 113 

the transect for laboratory analysis (see supplementary information). Rainfall and air 114 

temperatures were recorded at a local weather station (Busey et al., 2017), while winter snow fall 115 

records were obtained from a station at Nome Airport (NOAA-ID: GHCND:USW00026617). 116 

Snow thickness was measured at 1m intervals across the transect in late March 2018 and 2019. 117 

An Electrical Resistivity Tomography (ERT) monitoring transect, using 128 electrodes 118 

spaced at 1m, is the primary dataset for this study. ERT data were acquired daily between late 119 

March and September of 2018 and 2019 using dipole-dipole measurements. Data were filtered 120 

based on an error model (Tso et al., 2017) that was developed from reciprocal measurements 121 

acquired in September 2017 and March 2018. To transform measured transfer resistances to 122 

subsurface resistivity models, the acquired data were inverted using E4D (Johnson et al., 2010) 123 

applying a conventional L2-norm regularization, with stronger spatial than temporal constraints 124 

(ratio 2/1). The inversions converged at root-mean-squared misfits between measured and 125 

modelled data of 1.5% to 4.3%. The depth of investigation of the ERT measurements was 126 

determined using an approach introduced by Oldenburg & Li (1999), and confirmed that those 127 

measurements were sensitive to depths of ~15m bgl. 128 

3 Data Overview 129 

The baseline electrical resistivity model (Fig. 1B) of September 2017 shows a conductive 130 

upper layer varying in thickness, which can be related to the unfrozen organic and soil layers. It 131 

is underlain by a highly resistive layer, which is representative of permafrost. The highest 132 

resistivities (~1000Ωm) were recorded in the center of the profile at depths >5m below the 133 

graminoid area. High resistivity features were also imaged at similar depths below the eastern 134 

and western shrubs (~900 and ~800Ωm, respectively), but end of summer soil temperatures 135 

recorded at 1.5m bgl (squares above Fig. 1B) were higher in the shrub than in the graminoid area 136 

(4.6°C and -0.1°C, respectively). Similar spatial trends are observed in snow thickness 137 

distribution. The thickest snow pack was recorded in the shrub areas (1.83 ± 0.27m) and the 138 

thinnest over the graminoid (0.70 ± 0.24m). The winter periods of 2017/2018 and 2018/2019 had 139 

mean air temperatures of -8.0 ± 5.7°C and -8.9 ± 6.7°C, respectively, and summer precipitation 140 

accumulated to 226.9 and 451.3mm in 2018 and 2019, respectively. With the exception of the 141 

2019 rainfall, these values are within the long-term average and representative of the climate of 142 

the Seward Peninsula.  143 

Figs. 1C and D show the temporal variability in electrical resistivity for four zones (with 144 

respect to the baseline measurement), representing shallow (surface to 2m bgl, boxes 1 and 3) 145 

and deep (8 to 14m bgl, boxes 2 and 4) areas underneath the graminoid and shrub areas. From 146 

the start of monitoring in March to the onset of snowmelt, resistivities stay at their yearly 147 

maxima reflecting cold and (below the graminoid) frozen conditions. The start of snowmelt 148 

causes a rapid decrease in the shallow resistivities underneath the shrubs (27% in 10 days), and a 149 

slower decrease underneath the graminoid (5% during the same period). This is related to 150 

thawing of the near surface and infiltration of snowmelt. Deeper parts of the model show 151 
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comparable trends and time lags, but smaller amplitudes. Although soil moisture at 0.1m depth 152 

shows a clear response to snowmelt and rainfall events, soil moisture at 0.4m bgl below the 153 

shrubs remains almost constant throughout the year (27.1 ± 1.7%), indicating fully saturated 154 

conditions (see supplementary information). Below the graminoid area, soil moisture changes at 155 

0.4m bgl can be linked to the freeze and thaw cycles, and hence to changes in liquid water 156 

content. Given the saturated conditions, we can assume that the observed resistivities are mainly 157 

affected by changes in temperature conditions.  158 

 159 

Figure 1 Sensor installation and annual variability of electrical resistivity, soil temperature, 160 

and water content. (A) Overview map of the monitoring installation. The center of the 161 

monitoring transect is characterized by graminoid, and both ends by dense tall shrubs. Inset 162 

shows the location within Alaska, US. (B) Baseline electrical resistivity model (09/2017), with 163 

low resistivities in warm and high resistivities in cold colors. Resistivities with a DOI > 0.15 164 

(Oldenburg & Li, 1999) are blended out. Shown are sensor locations, areas for which resistivity 165 

is analyzed, soil temperatures (1.5m bgl, colored squares), and snow thickness (04/2018). (C, D) 166 
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Change in electrical resistivity with respect to baseline measurement for areas indicated in (B). 167 

(E) Temperature variation at 0.1 and 0.4m bgl, and air temperature records. (F) Moisture content 168 

at the same locations as in (C), and measured precipitation. Temperature and moisture data were 169 

measured at T-MC-1 and T-MC-2. 170 

4 Heavy rainfall supplies energy deep into permafrost system  171 

Rainfall can provide significant energy input into permafrost systems, causing rapid 172 

changes in soil temperature to depths >0.5m bgl and increasing methane emissions from thawing 173 

permafrost (Neumann et al., 2019). Yet, depth and laterally resolved data are sparse, particularly 174 

at depths greater than 0.5m. To explore this phenomena, we focus on a natural rainfall event that 175 

took place in August 2019, accumulating 127.1mm rainfall in four days (Fig. 2). While the 176 

shallowest soil moisture sensor in the shrubs recorded increasing water content in response to the 177 

rainfall (particularly within the eastern shrubs), sensors 0.4m bgl remained almost constant 178 

throughout August (39.0 ± 0.6%, 27.9 ± 0.5%, and 31.0 ± 0.01% for eastern and western shrubs, 179 

and graminoid, respectively).  180 

Since soil moisture remained mostly unchanged during and past this storm event, we 181 

consider electrical resistivity changes to be associated mostly with changes in temperature. The 182 

main precipitation event occurred on August 2
nd

 (65mm), and within one day caused a 1.0°C and 183 

0.2°C increase in soil temperature at 0.4 m bgl in the western and eastern shrubs, respectively. 184 

The shrub areas show a general warming trend until mid-August 2019, followed by decreasing 185 

temperatures towards the end of the month (Fig. 2A). In the graminoid area, these trends appear 186 

delayed, showing increasing temperatures five days after the storm event and continuing until the 187 

end of the month. The subsurface electrical resistivities show a decreasing trend in the first three 188 

days after the rainfall event, after which resistivities remain reasonably stable until increasing 189 

towards the end of August (Fig. 2A). Amplitudes in the resistivity changes are higher in the 190 

shallow than in the deep subsurface. While this could be an effect of the reduced sensitivity of 191 

the ERT measurement with depth, this decrease in amplitude is also expected given the imaged 192 

processes. 193 

The changes in the electrical resistivity (with respect to a measurement prior to the event) 194 

show distinct patterns for the two shrub units and the graminoid (Fig. 2D-E). Fig. 2D shows the 195 

western shrubs to be dominated by decreasing resistivities between -5 and -20%, while the 196 

eastern shrubs show small reductions in the shallow subsurface only. Lateral heat flow was 197 

observed at depths >5m bgl, where a decreasing resistivity trend advanced from the western 198 

shrubs toward the graminoid. Resistivities decreased further in the two weeks past the storm 199 

event. No significant decrease was recorded in the deeper sections below the graminoid.  200 

We associate those rapid changes to heat advection dominating the thermodynamics, as 201 

diffusion would be a slower processes. Heat advection has been shown to accelerate permafrost 202 

degradation (Rowland et al., 2011), particularly in response to rainfall events (Mekonnen et al., 203 

2020). Chen et al. (2020) present a field study showing temperature data that suggests a thermal 204 

response of permafrost to rainfall to depths >7m within 4 days past rainfall events. The variable 205 

magnitude in changes observed across the transect can be explained by different initial 206 

temperatures and hence ice content. Based on the imaged electrical resistivities, graminoid and 207 

eastern shrubs are expected to correspond to lower subsurface temperatures and larger ice 208 

content than the western shrubs. Given this initial situation and assuming that the resistivity 209 

change is indicative of coupled thermohydraulic flow dynamics, thermal and hydraulic 210 
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conductivities are likely higher underneath the western shrubs (Hinzman et al., 1991; Thomas et 211 

al., 2009), facilitating rapid movement of precipitation energy into depths >1m. With higher ice 212 

content underneath the eastern shrubs and graminoid, hydraulic conductivities are lower and 213 

energy from the precipitation is likely not being transported vertically into the deeper subsurface, 214 

but horizontally through lateral flow. 215 

 216 

Figure 2 Heavy rainfall causes rapid change in electrical resistivity underneath the western 217 

tall shrubs. (A) Change in electrical resistivity with regards to a measurement prior to the onset 218 

of a rainfall event (07/29/2019). (B-C) recorded soil temperature and moisture content from in-219 

situ sensors, and precipitation. (D-E) distribution of changes in electrical resistivity at two dates. 220 

5 Snowmelt processes highlight spatially variable dynamics 221 

Snowmelt provides another natural tracer to study the permafrost thermohydrological 222 

processes and to image the feedback to variabilities in snow thickness. Here, we focus on the 223 

effects of snowmelt in May 2018 (Fig. 3). Daily photographs of the site confirmed that the 224 

graminoid was mostly snow free on May 22
nd

, while the shrub dominated area, due to thicker 225 

snowpack, showed snow free conditions two weeks later, on June 5
th

. These dates coincide with 226 

an increase in shallow and deep temperatures (Fig. 3B). Liquid water content in the shallow 227 

subsurface below the shrubs increases beginning May 8
th

, which was defined as the start of 228 

snowmelt. Coinciding with this date, subsurface electrical resistivities decrease throughout the 229 

imaging domain, with a more rapid decrease below the shrubs. The graminoid area shows a 230 

slower response and continuously decreasing resistivities throughout the analyzed period. The 231 

shrub areas show increasing resistivities once they became snow free. 232 
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More detail on the subsurface thermohydrological response to snowmelt can be inferred 233 

from the imaged changes in resistivity. Initially, minimal change was recorded below the 234 

graminoid, whereas the shrub areas showed decreasing resistivity >5m bgl two weeks after the 235 

start of snowmelt (Fig. 3D). This difference can be explained by the surface temperature 236 

conditions in response to the snow thickness distribution. While below the thick snowpack of the 237 

shrubs (1.83 ± 0.27m) surface temperatures remained above 0°C throughout the winter, the 238 

thinner snowpack (0.70 ± 0.24m) of the graminoid allowed cold winter air temperatures to 239 

penetrate the subsurface and the permafrost body to cool the shallow subsurface so that soil 240 

temperatures were below 0°C. Hence, snowmelt could readily infiltrate below the shrubs, while 241 

the frozen conditions of the graminoid prevented infiltration of liquid water. This is confirmed 242 

by the shallow soil moisture sensors. In the shrubs, a clear increase in liquid water content was 243 

recorded, while the value in the graminoid remained unchanged until the graminoid became 244 

snow free and shallow temperatures started to increase. Within the shrubs, liquid water content at 245 

0.4m bgl remained constant throughout the snowmelt event, indicating fully saturated conditions. 246 

Hence, changes in the deeper parts of the imaging transect indicate processes similar to the 247 

rainfall event, in that snowmelt is providing energy to the deeper permafrost system, causing 248 

changes to the permafrost temperature and unfrozen water content. 249 

Once the graminoid became snow free and warm air temperatures led to thawing of the 250 

surficial layer, snowmelt started to infiltrate. Heterogeneities within the graminoid, 251 

microtopography, and presence of near surface permafrost (x = 65m) caused variable changes in 252 

the upper 5m bgl. Areas known to be characterized by near surface permafrost and 253 

microtopographic highs showed small changes in the shallow subsurface (x = 65m and 75m, 254 

respectively), while depressions showed more pronounced changes. Interestingly, the deeper 255 

subsurface (>5m bgl) showed a continuous decrease in resistivity. Investigating the spatio-256 

temporal changes in the graminoid area (Fig. 3D-F) showed that lateral flow from the shrub areas 257 

caused decreasing resistivities below the graminoid. Hence, lateral flow is expected to be a 258 

significant factor in the formation and development of taliks at this site. 259 

Changes occurred most rapidly underneath the western shrubs. Four weeks after the 260 

snowmelt event   the trend reverses and resistivities are increasing slightly (Fig. 3E), particularly 261 

in the shallow subsurface. This shows that the snowmelt pulse traveled through the system 262 

quickly, and indicates that thermal and hydraulic conductivities are likely higher below the 263 

western than the eastern shrubs, where changes occurred at slower rates and remained longer.  264 
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 265 

Figure 3 Snowmelt is causing rapid change in electrical resistivity, particularly underneath 266 

the shrubs. (A) Change in electrical resistivity relative to measurements prior to the start of 267 

snowmelt (05/01/2018). (B-C) variation in soil temperature and moisture content, and 268 

precipitation. (D-F) distribution of changes in electrical resistivity at three dates past snowmelt 269 

event. Indicated snow thickness corresponds to measurements in 04/2018. 270 

6 Inter-annual thermohydrological dynamics  271 

Although rainfall and snowmelt events provide insights about permafrost 272 

thermohydrological processes, investigation of longer-term dynamics is needed to explore the 273 

evolution of permafrost systems. Fig. 4 shows the resistivity distribution at the beginning of the 274 

monitoring period in September 2017, and changes in resistivity with respect to that 275 

measurement for the end of August 2018, and from 2018 to 2019 (Fig. 4B and C, respectively). 276 

These measurements are representative of the warmest subsurface temperatures, reached at the 277 

end of summer. Changes in resistivity from 2017 to 2018 (Fig. 4B) are different in the shallow 278 

and deep subsurface. The shallow subsurface (<3m bgl) is characterized by increasing resistivity, 279 

which can be related to a decreasing trend in soil moisture, and hence drier conditions. From 280 

2018 to 2019 (Fig. 4C) this trend reverses and decreasing resistivities were recorded. This is in 281 

agreement with a wetter summer of 2019 compared to 2018. The deeper subsurface shows a 282 
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decreasing trend over the two years, with the strongest changes being observed in the area 283 

underneath the graminoid.  284 

To quantify these effects, we performed a laboratory analysis of the temperature-285 

electrical relationship of soil samples obtained along the monitoring transect (for details see 286 

supplementary information). Fig. 4D shows data from two samples, sandy and silty loams, which 287 

present the two end members of recovered samples in terms of their electrical behavior, as well 288 

as the bilinear temperature-resistivity relationships for those samples. At temperatures above 289 

0°C, increasing temperatures decrease resistivity by about 2%/°C, while between -2 and -0.5°C 290 

resistivity decreases by about 67%/°C due to decreasing ice content.  291 

Employing these relationships, we converted the time series of electrical resistivity of 292 

deep (between 8 and 14 m bgl) permafrost units into temperature (Fig. 4E-F). Due to the 293 

uncertainty in the subsurface properties’ variations, the range in estimated temperatures is large. 294 

The results show an annual variability with minimum temperatures in late spring, and maximum 295 

temperatures in late summer. For the graminoid area (Fig. 4E), September 2017 were on average 296 

-0.76°C, while below the eastern and western shrubs temperatures were slightly warmer at -297 

0.72°C and -0.66°C (Fig. 4F), respectively. Temperature was on average 0.20°C higher at the 298 

end of summer 2019 than recorded in 2017 (0.11°C higher in 2018). Given the uncertainties in 299 

the subsurface properties and related petrophysical relationships, temperatures during this two-300 

year period increased by at least 0.09°C. During the same period, a temperature sensor at 1.5m 301 

bgl recorded an increase of 0.08°C, at a location where a smaller resistivity change was observed 302 

(-16.9% compared to -37.9%). Starting at slightly warmer temperatures, eastern and western 303 

shrubs had deep temperatures increasing by about 0.12 and 0.11°C, respectively. Here, direct 304 

temperature measurements at 1.5m depth showed consistently unfrozen conditions, and end of 305 

summer temperatures increased by 2.22 and 2.05°C in the eastern and western shrubs, 306 

respectively. This change in unfrozen conditions would relate to an about 4% change in 307 

resistivity, and hence is in agreement with the 3.8% observed change.  308 
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 309 

Figure 4 Electrical resistivity indicating variable subsurface warming of up to 0.2°C within 310 

a two year period. (A) Baseline resistivity model indicating areas analyzed in (E) and (F). 311 

Distribution of annual changes in resistivity from the start of monitoring in September 2017 to 312 

the end of summer of (B) 2018, and (C) from 2018 to 2019. (D) Laboratory-derived temperature-313 

resistivity relationship. (E-F) temperature variation for deep permafrost bodies (boxes in A-C) 314 

derived from applying the petrophysical relationship. 315 

7 Discussion and Conclusion  316 

We investigated the subsurface response to both rapid and longer term perturbations 317 

along a transect located in a transitional, discontinuous permafrost environment on the Seward 318 

Peninsula. Our analysis highlights that the thermohydrological response to snowmelt and rainfall 319 

in this transitional permafrost environment is rapid and penetrates to depths of >10m. The data 320 

show that the response of these systems is driven by the heterogeneity in snowpack, which at this 321 

scale is highly influenced by vegetation and topography. Rapid propagation of snowmelt and 322 

precipitation energy were observed in shrub dominated landscapes, while the frozen ground 323 

below the thin snowpack of graminoid areas prevented rapid and deep movement. While 324 
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observed on a local scale, we expect those processes to be representative for similar 325 

environments throughout the Arctic.  326 

Our results show a clear increasing trend in permafrost temperatures over the two year 327 

monitoring period. Larger changes were recorded in the graminoid, which showed higher 328 

resistivities and hence lower temperatures at the start of the monitoring period. Assuming similar 329 

climatic conditions, the estimated temperatures and temperature changes would likely cause 330 

permafrost at this site to disappear within the next decade. These conclusions are robust to 331 

common uncertainties associated with geoelectrical measurements (see supporting information 332 

for more detail). Given the expected increase in winter snow accumulation and increased 333 

frequency of summer atmospheric rivers, these processes may even be accelerated, as the thicker 334 

snow pack will better insulate the ground from freezing temperatures, and early summer rainfall 335 

will easily infiltrate into the subsurface, thereby driving advective heat transport into the 336 

permafrost bodies. Projecting local observations to regional trends, the southern Seward 337 

Peninsula may see a transition from a discontinuous permafrost environment to sporadic 338 

occurrences of permafrost within the next few decades, which is supported by recent modelling 339 

studies (Debolskiy et al., 2020). This will impact hydrological fluxes, where increasing hydraulic 340 

conductivities will enable improved infiltration through and drainage of shallow soil layers, 341 

resulting in a change to plant water availability throughout the year. This will also result in 342 

significant changes to latent and sensible heat fluxes (Yoshikawa & Hinzman, 2003), and likely 343 

alter greenhouse gas emissions, resulting in increasing CO2 and decreasing CH4 emissions 344 

(Lawrence et al., 2015). These changes will be accompanied by changes in vegetation types, as 345 

has been seen in response to wildfires and rapidly degrading permafrost in other areas (Frost et 346 

al., 2020). Although this study focused on a natural ecosystem, even faster changes can be 347 

expected for developed areas, with severe impacts on infrastructure and communities due to 348 

permafrost thaw. 349 
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