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Abstract Surface effects of sea-level rise (SLR) in permafrost regions are obvious where increasingly
iceless seas erode and inundate coastlines. SLR also drives saltwater intrusion, but subsurface impacts on
permafrost-bound coastlines are unseen and unclear due to limited field data and the absence of models
that include salinity-dependent groundwater flow with solute exclusion and freeze-thaw dynamics.
Here, we develop a numerical model with the aforementioned processes to investigate climate change
impacts on coastal permafrost. We find that SLR drives lateral permafrost thaw due to depressed freezing
temperatures from saltwater intrusion, whereas warming drives top-down thaw. Under high SLR and low
warming scenarios, thaw driven by SLR exceeds warming-driven thaw when normalized to the influenced
surface area. Results highlight an overlooked feedback mechanism between SLR and permafrost thaw
with potential implications for coastal infrastructure, ocean-aquifer interactions, and carbon mobilization.
Plain Language Summary

Along coastlines globally, sea-level rise is causing saltwater to
intrude into terrestrial environments and freshwater reservoirs (i.e., saltwater intrusion). The impact of
saltwater intrusion on temperate and tropical environments has been extensively studied, but assessment
of saltwater intrusion impacts on high-latitude permafrost environments is lacking due to limited field
data and appropriate models. This knowledge gap limits projections of climate change impacts to coastal
Arctic ecosystems and communities. In this study, we develop and use a mathematical model that
incorporates multiple, interrelated processes, including how salt content affects the freezing temperature
of water, to evaluate the impacts of sea-level rise and associated saltwater intrusion on coastal permafrost.
Results show that sea-level rise causes saltwater to intrude into the unfrozen pore space of permafrost.
With a lower freezing temperature than freshwater, saltwater intrusion triggers permafrost thaw and
lateral retreat. The combination of atmospheric and oceanic warming and sea-level rise has the potential
to drive extensive permafrost loss along Arctic coastlines.

1. Introduction
The Arctic is experiencing accelerated warming, with projected air temperature anomalies up to 8.3°C
by 2100 (Collins et al., 2013; Landrum & Holland, 2020), causing widespread permafrost thaw (Turetsky
et al., 2020). In the Arctic, permafrost, or ground less than 0°C for two or more consecutive years (Dobiński, 2013), mediates groundwater flow, storage, and exchange with surface water and acts as an aquitard
where continuous (Walvoord & Kurylyk, 2016). With permafrost degradation, including top-down thaw and
thermokarst processes, groundwater flow systems become increasingly active (Bense et al., 2009; Frampton
& Destouni, 2015; Ge et al., 2011), as flowpaths lengthen and deepen (Walvoord & Kurylyk, 2016) and as
relative permeability increases by up to seven orders of magnitude (Watanabe & Osada, 2016). While atmospheric warming threatens all permafrost (Jorgenson et al., 2006; Vaughan et al., 2013), coastal permafrost
may be at a particularly high risk of thaw due to the combined effects of sea-level rise (SLR), land and ocean
warming, and coastal erosion (Fritz et al., 2017).
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SLR drives surface and subsurface saltwater intrusion (SWI) into freshwater systems (Werner et al., 2013)
by pushing the freshwater-saltwater interface (i.e., extent of saltwater wedge) landward (Figure 1). Along
Arctic coastlines, previous geophysical studies suggest that the subsurface saltwater wedge creates unfrozen conditions (Kasprzak, 2020; Keating et al., 2018). However, understanding of the effects of subsurface
SWI on ice-saturated permafrost (i.e., permafrost with high ice saturation) extent is limited, particularly
over decadal to centennial timescales relevant to anthropogenic impacts. When pore ice-saturation is less
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Figure 1. Schematic diagram of a coastal Arctic cross-section showing (a) initial dynamics before climate change,
(b) transitionary dynamics as sea levels rise and land surface temperatures increase, and (c) future dynamics with
prolonged climate change. White dashed line shows initial coastline with ocean on the right and land on the left.
Processes 1–3 in the diagram drive processes 4–5 but are temporally concurrent. The vertical exaggeration is sixfold.

than 100%, saltwater can intrude into unfrozen pore space via diffusion and advection and can depress the
porewater freezing point (Harrison & Osterkamp, 1978), triggering thaw (Figure 1). In turn, thaw-driven
increases in permeability can further facilitate SWI. This mechanism of SWI-driven thaw drives conversion
of ice-saturated permafrost to ice-free permafrost, where ice-free permafrost is permafrost with high liquid
water saturation (Figure 1). At the surface, saltwater inundation can cause density-driven convection of
salt water into the underlying aquifer system (Baker & Osterkamp, 1988) and surface warming induced
permafrost thaw (Romanovskii et al., 2005), processes that further threaten coastal permafrost. A transition
to ice-free permafrost also decreases the sediment's mechanical strength (Hivon & Sego, 1995), increasing
susceptibility of coastlines to erosion (Arenson et al., 2007) and land subsidence (Nelson et al., 2001), both
of which can further drive SWI.
Predictive understanding of the mechanistic links and relative timing of SLR and permafrost thaw has been
hampered by the difficulty of representing interrelated physics of water flow coupled to energy and mass
transport processes in coastal permafrost environments. In particular, cold-regions multi-physics models
for coastal zones need to represent the latent heat effects of freeze-thaw processes (Lamontagne-Hallé
et al., 2020), as well as solute concentration impacts on density-dependent flow and water freezing temperatures. Models that incorporate water and energy transport with latent heat have provided powerful
insights into the interactions between permafrost thaw and groundwater flow (Bense et al., 2009, 2012; Ge
et al., 2011; Lamontagne-Hallé et al., 2018; Painter et al., 2016). For coastal marine environments, Frederick
and Buffett (2014) developed a three-phase groundwater flow model that simulates water, heat and mass
transport to assess subsea groundwater flow impacts on permafrost and gas hydrate stability (Frederick &
Buffett, 2015). Current cryohydrogeological models, however, do not consider the effects of solute exclusion
during subsurface freeze-thaw, which we hypothesize to be crucial for coastal permafrost due to salinity-effects on permafrost characteristics that govern groundwater flow (Zhou et al., 2020). The combination of
recent advances in our understanding of freezing processes in saline soils (e.g., Zhou et al., 2020) and the
development of cold-regions groundwater models for terrestrial settings (Grenier et al., 2018) has provided
the theoretical foundation from which we develop a numerical model that more fully integrates transient
subsurface physical processes relevant for coastal, cold regions hydrogeological dynamics.
In this study, we investigate mechanistic links between changing ocean, atmosphere, and cryosphere conditions in rapidly evolving Arctic coastal environments. To do this, we develop and apply a process-based
cryohydrogeological model that enables investigation of the impacts of SLR, and the warming of land and
sea on Arctic coastal permafrost. The following sections will (a) describe the numerical modeling approach,
(b) assess the impacts of SLR and warming on coastal permafrost, and (c) discuss implications for coastal
GUIMOND ET AL.

2 of 10

Geophysical Research Letters

10.1029/2021GL094776

communities and ecosystems. Although we focus on the interpretation of simulations to provide new insight into complex processes in archetypical coastal permafrost environments, the model development is an
important step in itself to enable future research in these settings.

2. Methods
2.1. Numerical Model
Two-dimensional hydrological models were developed within the generic finite element modeling environment provided by FlexPDE (PDE Solutions Inc., 2020, http://www.pdesolutions.com), which was used
to simultaneously solve coupled partial differential equations describing subsurface, variable-density fluid
flow and heat transfer with salinity-dependent freeze-thaw. FlexPDE has previously been used in terrestrial
studies simulating permafrost thaw, groundwater flow, and solute transport (Bense et al., 2012; Grenier
et al., 2018; Mohammed et al., 2021).
The model assumed a saturated aquifer and density-dependent, Darcian fluid flow:
  gk k  
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where hf is equivalent freshwater hydraulic head (m), ρf (kg/m3) is fluid density, ρ0 is freshwater density (kg/
m3), g (m/s2) is acceleration due to gravity, μ (kg/m s) is fluid viscosity, k is the intrinsic permeability of the
porous medium (m2), krw (−) is a relative permeability exponential function that reduces permeability as
pore ice is formed (McKenzie et al., 2007) (Table S2), ϕ is sediment porosity (m3/m3), Sw is water saturation
(−), and β is aquifer compressibility (m·s2/kg).
Energy transport was modeled using the conduction-advection equation considering the effects of latent
heat associated with the melting/freezing of pore ice (Bense et al., 2009):
T
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where T (°C) is subsurface temperature,
E
q (m/s) is the Darcy flux, Ca (J/m3·°C) and κe (W/m·°C) are volumetric heat capacity and effective thermal conductivity of the sediment/fluid/ice mixture, respectively,
and θw (m3/m3) is liquid water content. Cw (J/m3·°C) and Li (J/m3) are volumetric water heat capacity and
volumetric latent heat of fusion, respectively.
Solute transport was simulated using the advection-dispersion equation (Bear, 1972):
C
    DC   viC
(3)
t
where C is the solute concentration (g/m3), D (m2/s) is the hydrodynamic dispersion tensor and vi (m/s)

is the linear porewater velocity (vi  q / w ). Changes in water density due to temperature and salinity are
described using a nonlinear equation of state (Nguyen et al., 2020):
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To account for the lower freezing point of saline water due to an increase in the osmotic potential, we incorporated a recently developed salinity dependent soil freezing curve, which describes the freezing point and
phase transition between liquid water and ice based on both temperature and salinity (Zhou et al., 2020):
b
a
S
T0  T  KF ce   Swres
w
(5)



where Swres is residual water saturation (−), T0 (°C) is the freezing point of bulk water, KF (°C·L/mol) is the
coefficient of freezing point depression that lowers the freezing point of saline porewater (Zhou et al., 2020),
and a and b are fitting parameters (−) based on values from Zhou et al. (2020). Solute exclusion occurred
as liquid water froze and ice was formed, which increased the salt concentration in the liquid water as ice
released the salt molecules. The effect of solute exclusion was incorporated by calculating the effective ion
molarity, ce (mol/L), in the equilibrium solution of soil (Zhou et al., 2020):
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Figure 2. (a) Model domain and boundary conditions with initial ice-saturated permafrost extent (white) and total
(i.e., <0°C) permafrost (yellow line) extent, as well as initial saltwater wedge (red). White dashed line delineates
coastline. (Conc = salt concentration). (b and c) Initial ice-saturated permafrost extent (white) and saltwater
concentration and distribution (red) when (b) incorporating solute exclusion and (c) not incorporating solute exclusion.

c
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b
a
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where c (mol/L) is the ion molarity. All model parameters and relations are listed in Table S1.
2.2. Model Domain, Simulations, and Assessment
The model domain represented an archetypical, two-dimensional, vertically oriented coastal Arctic transect
1,250 m in length with 1,000 m on land (0–1,000 m) and 250 m offshore (1,000–1,250 m) (Figure 2). Simulation results confirmed that domain limits were sufficient to represent the maximum extent of SWI and
lateral permafrost thaw, while retaining reasonable computational runtimes. The surface boundary of the
domain represented the water table, which is assumed to coincide with topography (e.g., Ge et al., 2011; McKenzie et al., 2007), with a uniform 1% slope, a typical slope based on a global water table slope assessment
(Luijendijk et al., 2020). The model domain extended to a uniform depth of 200 m below sea level.
The hydraulic head along the top of the landward domain was fixed equal to surface elevation (h = elevation) to specify the water table position (Figure 2a), representing a topography-limited system where water
table elevation does not respond to changing sea levels. Topography-limited conditions are found along
coastlines Arctic-wide (Michael et al., 2013). The hydraulic head along the top of the seaward domain (i.e.,
inundated with seawater) was equal to sea level (h = sea level). The vertical sides and base were no-flow
GUIMOND ET AL.
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boundaries assuming a watershed divide along the landward boundary and ignoring potential effects of
groundwater flow across the seaward and bottom boundaries (Figure 2a). Similarly, the vertical sides and
base of the domain were closed to mass transport. The salt concentration boundary conditions along the
top of the domain were spatially variable. On the landward domain, a specified water flux boundary at the
surface was directionally dependent for concentration, with freshwater recharging the system and model-computed porewater concentrations discharging from the system. The surface of the seaward domain
had a specified concentration boundary equal to that for seawater (35 g/L).
The domain surface was also assigned a specified temperature boundary. From 0 to 500 m, the temperature
decreased linearly from 0.5 to −4°C, simulating the presence of a talik on the landward boundary of the domain (Figure 2a). The talik represented conditions under a lake, stream, river basin, or areas with a regional connection to recharge zones and enabled a regional sub-permafrost groundwater flow system to exist
(Rowland et al., 2011). This deep groundwater flow has been suggested in other studies (Kane et al., 2013;
Scheidegger & Bense, 2014) and is necessary to provide a counterforce to inhibit the saline front from sustained intrusion and associated domain-wide permafrost degradation, which would be inconsistent with
present-day coastal permafrost presence. From 500 to 1,000 m, an initial temperature of −4°C was applied
laterally to the domain top. On the seaward domain, the domain surface temperature increased linearly
from −4 to 0°C from the coast (1,000 m) to the end of the domain (1,250 m) reflective of warmer submarine ground temperatures (Harris et al., 2017; Pedrazas et al., 2020; Romanovskii et al., 2005). The domain
bottom had a constant geothermal heat flux of 0.05 W/m2, which is representative of median conditions
across the Arctic (Davies, 2013), and the vertical sides were closed to heat exchange. Initial steady state was
established by holding the top temperature boundary condition and sea level constant (h = 0) until the
water flow, temperature, and ice-saturation stabilized. While other approaches have been used to ‘spin-up’
permafrost models for site-specific analyses (Frederick & Buffett, 2014), given the synthetic models used
in this study, model simulation began from steady state. Steady-state conditions were established for three
intrinsic permeability scenarios (k = 1 × 10−13 m2, 1 × 10−14 m2, 1 × 10−15 m2), representing unconsolidated
and siliciclastic sedimentary deposits (Gleeson et al., 2011).
Prior to running fully transient simulations we tested the impact of solute exclusion on initial permafrost
formation and distribution by running simulations with and without solute exclusion (i.e., with ce in Equation 5 or with c). The incorporation of solute exclusion strongly impacted the computed ice-saturated permafrost extent and saltwater distribution (Figures 2b and 2c). Without solute exclusion, ice-saturated permafrost formed under the saltwater boundary, and the saltwater wedge was flushed out. In contrast, with
solute exclusion a permafrost wedge formed at the coast, creating initial ice-saturated permafrost distributions similar to those derived from recent geophysical measurements of such a system (Kasprzak, 2020).
Additionally, the saltwater wedge was present and hypersaline conditions (i.e., salinity greater than seawater) were established as observed in high-latitude marine settings (Harris et al., 2017; Spirina et al., 2017).
Given the evident importance of solute exclusion, all simulations discussed later include this process.
All transient simulations were run from steady-state initial conditions for a total of 120 years based on the
time from the onset of rapid Arctic warming (i.e., 1980; Osterkamp, 2003, 2005) to 2100 using an adaptive timestepping approach. Five sea-level change scenarios were considered including one sea-level fall
(−0.005 m/year), one constant sea level, and three SLR (0.002, 0.004 and 0.008 m/year) scenarios based
on 2100 SLR projections (Table S2) (James et al., 2014; Oppenheimer et al., 2019; Vousdoukas et al., 2017).
Additionally, five surface warming scenarios were considered (Table S2): one without warming, one with
inundation-induced warming from overlying seawater, and three rates of inundation plus land and ocean
warming based on Representative Concentration Pathways (RCPs) emission scenarios 2.6, 4.5, and 8.5 (Collins et al., 2013). Sea level and temperature were changed at a constant temporal rate over the simulation.
Seasonal variability in land surface temperatures was not considered due to the present study's focus on
mechanisms of thaw and decadal changes in permafrost extent, which are assumed to exceed interannual
variability impacts on permafrost (Bense et al., 2009). This assumption may influence the exact magnitude
and timeline of change in either direction. However, by removing spatial and temporal complexity in land
surface temperature, new process-based understanding is generated, unobscured by incorporation of shorter spatial- and temporal-scale processes. Sea-level changes were expressed by an increase or decrease in the
seaward and near-shore domain specified head boundary condition. As sea levels fell, the specified head
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boundary transitioned from mean sea level to land elevation. With sea-level rise, the seaward boundary
head increased and transgressed landward, converting land elevation boundaries to sea-level boundaries.
Similar changes were implemented for the concentration boundary condition, with the specified flux moving seaward during sea-level fall, and the specified salt concentration (35 g/L) moving landward during
sea-level rise.
The projected global average air temperature increases for RCP 2.6, 4.5, and 8.5 scenarios were used to represent Arctic land temperature increases. This is conservative because recent Arctic air temperature increases are nearly double the global average (Collins et al., 2013). We recognize that this assumption is a limiting
simplification of the model, as air temperature is only a proxy for land surface temperature and offsets
between air and land surface temperatures are spatially and temporally variable (Mann & Schmidt, 2003).
Numerous factors influence land surface temperatures including snow cover, surface water reservoirs, and
vegetation (Jafarov et al., 2018; Rushlow et al., 2020; Young et al., 2020). Given our focus on decadal trends
with warming and sea-level change using archetypal models, we chose readily available global average
air temperature trends (Collins et al., 2013) to enable mechanistic assessment of the processes of interest.
Changes in sea level were accompanied by changes in specified temperature due to inundation-induced
warming. Land and sea warming were included in combination with inundation-induced changes in land
temperature (Table S2). All sea-level change scenarios were run for all warming scenarios for a total of 25
simulations for each k scenario. Results are reported for k = 1 × 10−13 m2 unless indicated otherwise.
The model output was used to assess ice-saturated and total (<0°C) permafrost volume per meter coastline
(m3/m) at every timestep. Results were reported for a subset of the model domain from 750 to 1,250 m (Figure 2). Permafrost was considered ice-saturated if the ice-saturation exceeded 30% of pore space. An ice-saturation threshold of 30% is conservative with respect to hydrogeological activation (Wellman et al., 2013).
Given that warming drives permafrost thaw domain-wide and SLR impacts are confined to the coastal zone,
we calculated the volume of permafrost change relative to the area of influence (m3/m2) to compare thaw
volumes between drivers. The relative volume of ice-saturated permafrost loss per area of inundation due
to SLR (herein referred to as area-normalized thaw) was calculated by dividing the difference in permafrost
loss per m coastline between warming with SLR (m3/m) and warming only (m3/m) by the surface area inundated by SLR per m coastline (m2/m). For example, the difference was divided by 24 m2/m (= 0.002 m2/m·years × 120 years), 48 m2/m, and 96 m2/m for low, moderate, and high rates of SLR, respectively. For warming only scenarios, loss per m2 influenced was calculated by dividing the ice-saturated permafrost loss by
250 m2/m (i.e., 750–1,000 m along domain length × 1 m domain width). These simulations did not consider
erosion impacts on permafrost extent (Fritz et al., 2017).

3. Results
3.1. Sea-Level Rise and Warming Affects Coastal Permafrost
SLR reduced the coastal ice-saturated permafrost extent due to the landward migration of the subsurface
freshwater-saltwater interface and resulting depression in freezing temperature (Figures 3 and 4a). SLR
alone decreased ice-saturated permafrost extent by as much as 1,209 m3 per m of coastline or an area-normalized loss of 12.6 m3/m2 (Figures 3 and 4a).
The combination of SLR and land- and sea-warming decreased ice-saturated permafrost extent for all
warming and sea-level change scenarios relative to pre-warming (i.e., 1980) conditions. In general, the
magnitude of loss increased when rates of SLR and warming were higher (Figure 3). Under warming from
the RCP 8.5 emission scenario and 0.008 m/yr of SLR, the projected ice-saturated permafrost loss by 2100
(i.e., 120 years) was 2616 m3 per m coastline which translates to a 9.5% loss (Figure 3b). In contrast to the
lateral thaw driven by SWI, warming resulted in top-down thaw (Figures 3, S1, and S2). The combination
of lateral and vertical permafrost loss contributed to extensive coastal ice-saturated permafrost loss in the
upper portion of the aquifer. Significant permafrost loss was not observed in the lower part of the aquifer.
Increasing surface temperature generally had a greater impact on permafrost loss than SLR because warming was domain-wide rather than confined to the coastal zone. However, when considering the area influenced by both processes at play (i.e., saltwater inundation and warming), the area-normalized permafrost
loss due to SLR alone exceeded loss due to warming for select scenarios. For example, high rates of SLR
GUIMOND ET AL.
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Figure 3. Ice-saturated (contour) permafrost with 20 g/L isochlor (lines) for (a) Representative Concentration
Pathways (RCP) 2.6 and (b) RCP 8.5 scenarios at the year 2100. Colors indicate sea-level rise (SLR) and warming
scenario, where red is permafrost extent without warming or SLR; green is permafrost extent with warming only; and
blue is permafrost extent with warming and 0.008 m/yr of SLR. Filled colors overlap (e.g., all of the blue zone is within
the red zone). Initial coastline is at distance of 1,000 m.

(i.e., 0.008 m/yr) resulted in a greater area-normalized loss than warming for low and moderate warming
scenarios (Figure 4b). In contrast, for RCP 4.5 scenarios with low and moderate rates of SLR and all RCP
8.5 scenarios, the area-normalized permafrost loss by warming exceeded loss by SLR (Figure 4b). In RCP
2.6 scenarios, loss due to warming exceeded loss due to low rates of SLR, but not moderate and high SLR
rates. These results suggest that SLR-driven subsurface SWI, an unseen and previously unexplored driver
of coastal permafrost thaw, can exert a critical control on coastal permafrost degradation and can result in
more loss of ice-saturated permafrost along the coast than terrestrial surface warming.
Total permafrost volume also decreased with SLR and warming combined (Figures 4c and S2, Table S3).
However, warming had a greater impact on total permafrost than SLR alone. When sea-level change was
ignored, by 2100 surface warming alone decreased permafrost volume by 6.2%, 12.2%, and 25.3% for RCP
2.6, 4.5, and 8.5 scenarios, respectively. The combination of SLR and warming decreased total permafrost by
up to 30.5% for the highest SLR (0.008 m/yr) and warming (RCP 8.5) scenario as a consequence of top-down
thaw and landward ocean transgression.

3.2. Intrinsic Permeability Affects Ice-Saturated Permafrost Loss
Ice-saturated permafrost loss was reduced in the models for lower unfrozen aquifer permeability (k) (Figure 4d) but exhibited similar patterns with sea-level change and warming for most scenarios. For example,
for the same SLR (0.004 m/yr) and warming (RCP 2.6) scenarios, the ice-saturated permafrost loss was 380,
249, and 190 m3 per m coastline for k values of 1 × 10−13 m2, 1 × 10−14 m2, 1 × 10−15 m2, respectively. However, under the highest warming and lower k scenarios, ice-saturated permafrost loss decreased with SLR due
to reduced SWI and thermal insulation of overlying seawater.
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Figure 4. (a) Change in ice-saturated permafrost extent per m of coastline between 1980 and 2100 for sea-level change and warming scenarios (colors).
Negative values indicate permafrost loss. (b) Change in ice-saturated permafrost extent per m influenced, where area influenced is determined by rate of
sea-level rise (see methods). (c) Change in total permafrost extent per m of coastline between 1980 and 2100 for sea-level change and warming scenarios. (d)
Change in ice-saturated permafrost extent per m coastline for each k scenario and RCP 2.6 warming scenario.

4. Discussion and Conclusions
Amplified high-latitude climate change has been observed for decades and is projected to continue (Collins
et al., 2013). Understanding of the effects of climate change on Arctic coastal hydrogeological environments
lags that in temperate and tropical climate zones, largely due to limitations in field access and modeling capabilities. The model developed and applied in this study is a significant and necessary step to better understand the current rapid evolution of coastal Arctic groundwater systems. Model results strongly suggest that
SLR-driven SWI and consequent changes in subsurface freezing temperatures reduce coastal ice-saturated
permafrost extent. SLR has the potential to laterally thaw ice-saturated permafrost and, when combined
with warming-driven thaw, can result in extensive coastal permafrost loss.
Ice-saturated permafrost loss has implications for coastal ecosystems and communities. For example, permafrost thaw decreases the strength of the sediment (Bull et al., 2020; Jorgenson et al., 2006). Thus extensive lateral thaw can enhance erosion rates and decrease coastal land stability with implications for the resilience of coastal communities and infrastructure they rely upon (Hjort et al., 2018). Furthermore, permafrost
thaw activates groundwater flow systems and may influence aquifer-ocean exchange and water quality.
Permafrost thaw also has consequences for carbon mobilization and global climate. Upon thaw, large quantities of biolabile organic carbon may be released to the atmosphere (Schuur et al., 2015; Vonk et al., 2013;
Walvoord et al., 2019), resulting in a positive feedback loop between permafrost thaw, atmospheric carbon,
and global warming (Schuur et al., 2015). This study shows that incorporation of advection, salinity-dependent freeze-thaw, and solute exclusion will enable integrated assessments of coastal Arctic permafrost
and hydrogeological processes and enhance understanding of future coastal conditions. Future efforts will
explore implications of intensified thaw on carbon transport and groundwater discharge.

GUIMOND ET AL.

8 of 10

Geophysical Research Letters

10.1029/2021GL094776

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
The code developed and applied in this study is openly available at https://doi.org/10.4211/
hs.98d4192a4f8841149e1502f82b777f69.
Acknowledgments
This material is based upon work
supported by the National Science
Foundation under Award No. NSF
EAR-PF-1952627. The authors thank
Brian Ebel (USGS) and two anonymous
reviewers for providing thoughtful review comments. The authors also thank
Kevin Befus and Jennifer Frederick for
feedback on an earlier version of this
work. Any use of trade, firm, or product
names is for descriptive purposes only
and does not imply endorsement by the
U.S. Government.

GUIMOND ET AL.

References
Arenson, L. U., Springman, S. M., & Sego, D. C. (2007). The rheology of frozen soils. Applied Rheology, 17(1), 12147-1. https://doi.
org/10.1515/arh-2007-0003
Baker, G. C., & Osterkamp, T. E. (1988). Implications of salt fingering processes for salt movement in thawed coarse-grained subsea permafrost. Cold Regions Science and Technology, 15(1), 45–52. https://doi.org/10.1016/0165-232X(88)90037-7
Bear, J. (1972). Dynamics of fluids in porous media. Elsevier.
Bense, V. F., Ferguson, G., & Kooi, H. (2009). Evolution of shallow groundwater flow systems in areas of degrading permafrost. Geophysical
Research Letters, 36, 2–7. https://doi.org/10.1029/2009GL039225
Bense, V. F., Kooi, H., Ferguson, G., & Read, T. (2012). Permafrost degradation as a control on hydrogeological regime shifts in a warming
climate. Journal of Geophysical Research, 117, F03036. https://doi.org/10.1029/2011JF002143
Bull, D. L., Bristol, E. M., Brown, E., Choens, R. C., Connolly, C. T., & Flanary, C., et al. (2020). Arctic coastal erosion : Modeling and experimentation. USDOE National Nuclear Security Administration (NNSA)
Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T., & Friedlingstein, P., et al. (2013). Long-term climate change: Projections,
commitments and irreversibility. In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, et al. (Eds.), Climate Change
2013 the Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (pp. 1029–1136). Cambridge University Press.
Davies, J. H. (2013). Global map of solid Earth surface heat flow. Geochemistry, Geophysics, Geosystems, 14(10), 4608–4622. https://doi.
org/10.1002/ggge.20271
Dobiński, W. (2013). Permafrost. The contemporary meaning of the term and its consequences. Bulletin of Geography. Physical Geography
Series, 5(1), 29–42. https://doi.org/10.2478/v10250-012-0002-9
Frampton, A., & Destouni, G. (2015). Impact of degrading permafrost on subsurface solute transport pathways and travel times. Water
Resources Research, 51, 7680–7701. https://doi.org/10.1111/j.1752-1688.1969.tb04897.x10.1002/2014wr016689
Frederick, J. M., & Buffett, B. A. (2014). Taliks in relict submarine permafrost and methane hydrate deposits: Pathways for gas escape under
present and future conditions. Journal of Geophysical Research: Earth Surface, 119, 106–122. https://doi.org/10.1002/2013JF002987
Frederick, J. M., & Buffett, B. A. (2015). Effects of submarine groundwater discharge on the present-day extent of relict submarine permafrost and gas hydrate stability on the Beaufort Sea continental shelf. Journal of Geophysical Research: Earth Surface, 120, 417–432.
https://doi.org/10.1002/2014JF003349
Fritz, M., Vonk, J. E., & Lantuit, H. (2017). Collapsing Arctic coastlines. Nature Climate Change, 7(1), 6–7. https://doi.org/10.1038/
nclimate3188
Ge, S., McKenzie, J., Voss, C., & Wu, Q. (2011). Exchange of groundwater and surface-water mediated by permafrost response to seasonal
and long term air temperature variation. Geophysical Research Letters, 38(14). https://doi.org/10.1029/2011GL047911
Gleeson, T., Smith, L., Moosdorf, N., Hartmann, J., Dürr, H. H., Manning, A. H., et al. (2011). Mapping permeability over the surface of the
Earth. Geophysical Research Letters, 38. https://doi.org/10.1029/2010GL045565
Grenier, C., Anbergen, H., Bense, V., Chanzy, Q., Coon, E., Collier, N., et al. (2018). Groundwater flow and heat transport for systems undergoing freeze-thaw: Intercomparison of numerical simulators for 2D test cases. Advances in Water Resources, 114, 196–218. https://
doi.org/10.1016/j.advwatres.2018.02.001
Harris, C. M., McClelland, J. W., Connelly, T. L., Crump, B. C., & Dunton, K. H. (2017). Salinity and temperature regimes in eastern
Alaskan Beaufort Sea lagoons in relation to source water contributions. Estuaries and Coasts, 40(1), 50–62. https://doi.org/10.1007/
s12237-016-0123-z
Harrison, W. D., & Osterkamp, T. E. (1978). Heat and mass transport processes in subsea permafrost 1. An analysis of molecular diffusion
and its consequences. Journal of Geophysical Research, 83(C9), 4707–4712. https://doi.org/10.1029/JC083iC09p04707
Hivon, E. G., & Sego, D. C. (1995). Strength of frozen saline soils. Canadian Geotechnical Journal, 32(2), 336–354. https://doi.org/10.1139/
t95-034
Hjort, J., Karjalainen, O., Aalto, J., Westermann, S., Romanovsky, V. E., Nelson, F. E., et al. (2018). Degrading permafrost puts Arctic infrastructure at risk by mid-century. Nature Communications, 9(1). https://doi.org/10.1038/s41467-018-07557-4
Jafarov, E. E., Coon, E. T., Harp, D. R., Wilson, C. J., Painter, S. L., Atchley, A. L., & Romanovsky, V. E. (2018). Modeling the role of preferential snow accumulation in through talik development and hillslope groundwater flow in a transitional permafrost landscape. Environmental Research Letters, 13(10), 105006. https://doi.org/10.1088/1748-9326/aadd30
James, T. S., Henton, J. A., Leonard, L. J., Darlington, A., Forbes, D. L., & Craymer, M. (2014). Relative Sea-level Projections in Canada and
the Adjacent Mainland United States. Natural Resources Canada. https://doi.org/10.4095/295574
Jorgenson, M. T., Shur, Y. L., & Pullman, E. R. (2006). Abrupt increase in permafrost degradation in Arctic Alaska. Geophysical Research
Letters, 33, 2–5. https://doi.org/10.1029/2005GL024960
Kane, D. L., Yoshikawa, K., & McNamara, J. P. (2013). Regional groundwater flow in an area mapped as continuous permafrost, NE Alaska
(USA). Hydrogeology Journal, 21(1), 41–52. https://doi.org/10.1007/s10040-012-0937-0
Kasprzak, M. (2020). Seawater intrusion on the Arctic coast (Svalbard): The concept of onshore-permafrost wedge. Geosciences, 10(9), 349.
https://doi.org/10.3390/geosciences10090349
Keating, K., Binley, A., Bense, V., Van Dam, R. L., & Christiansen, H. H. (2018). Combined geophysical measurements provide evidence for unfrozen water in permafrost in the Adventdalen Valley in Svalbard. Geophysical Research Letters, 45(15), 7606–7614.
https://doi.org/10.1029/2017GL076508

9 of 10

Geophysical Research Letters

10.1029/2021GL094776

Lamontagne-Hallé, P., McKenzie, J. M., Kurylyk, B. L., Molson, J., & Lyon, L. N. (2020). Guidelines for cold-regions groundwater numerical modeling. Wiley Interdisciplinary Reviews: Water, 7(6), 1–26. https://doi.org/10.1002/wat2.1467
Lamontagne-Hallé, P., McKenzie, J. M., Kurylyk, B. L., & Zipper, S. C. (2018). Changing groundwater discharge dynamics in permafrost
regions. Environmental Research Letters, 13(8), 084017. https://doi.org/10.1088/1748-9326/aad404
Landrum, L., & Holland, M. M. (2020). Extremes become routine in an emerging new Arctic. Nature Climate Change, 10(12), 1108–1115.
https://doi.org/10.1038/s41558-020-0892-z
Luijendijk, E., Gleeson, T., & Moosdorf, N. (2020). Fresh groundwater discharge insignificant for the world's oceans but important for
coastal ecosystems. Nature Communications, 11(1). https://doi.org/10.1038/s41467-020-15064-8
Mann, M. E., & Schmidt, G. A. (2003). Ground vs. surface air temperature trends: Implications for borehole surface temperature reconstructions. Geophysical Research Letters, 30(12), 1–4. https://doi.org/10.1029/2003GL017170
McKenzie, J. M., Voss, C. I., & Siegel, D. I. (2007). Groundwater flow with energy transport and water-ice phase change: Numerical simulations, benchmarks, and application to freezing in peat bogs. Advances in Water Resources, 30(4), 966–983. https://doi.org/10.1016/j.
advwatres.2006.08.008
Michael, H. A., Russoniello, C. J., & Byron, L. A. (2013). Global assessment of vulnerability to sea-level rise in topography-limited and
recharge-limited coastal groundwater systems. Water Resources Research, 49, 2228–2240. https://doi.org/10.1002/wrcr.20213
Mohammed, A. A., Bense, V. F., Kurylyk, B. L., Jamieson, R. C., Johnston, L. H., & Jackson, A. J. (2021). Modeling reactive solute transport
in permafrost-affected groundwater systems. Water Resources Research, 57, 1–20. https://doi.org/10.1029/2020wr028771
Nelson, F. E., Anisimov, O. A., & Shiklomanov, N. I. (2001). Subsidence risk from thawing permafrost. Nature, 410(6831), 889–890. https://
doi.org/10.1038/35073746
Nguyen, T. T. M., Yu, X., Pu, L., Xin, P., Zhang, C., Barry, D. A., & Li, L. (2020). Effects of temperature on tidally influenced coastal unconfined aquifers. Water Resources Research, 56, 1–17. https://doi.org/10.1029/2019WR026660
Oppenheimer, M., Glavovic, B. C., van de Hinkel, J., van de Wal, R., Magnan, A. K., & Abd-Elgawad, A., et al. (2019). Sea Level Rise and
Implications for Low-Lying Islands, Coasts and Communities. In H.-O. Portner, D. C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor
E. Poloczanska, et al. (Eds.), IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (pp. 321–445).
Osterkamp, T. E. (2003). A thermal history of permafrost in Alaska. In M. Phillips, S. M. Springman, & L. U. Arenson (Eds.), Proceedings
of the 8th International Conference on Permafrost (pp. 863–867). A. A. Balkema.
Osterkamp, T E. (2005). The recent warming of permafrost in Alaska. Global and Planetary Change, 49(3–4), 187–202. https://doi.
org/10.1016/j.gloplacha.2005.09.001
Painter, S. L., Coon, E. T., Atchley, A. L., Berndt, M., Garimella, R., Moulton, J. D., et al. (2016). Integrated surface/subsurface permafrost
thermal hydrology: Model formulation and proof-of-concept simulations. Water Resources Research, 52(8), 6062–6077. http://dx.doi.
org/10.1002/2015wr018427
PDE Solutions Inc. (2020). FlexPDE manual version 7.16. Spokane Valley, WA, USA.
Pedrazas, M. N., Cardenas, M. B., Demir, C., Watson, J. A., Connolly, C. T., & Mcclelland, J. W. (2020). Absence of ice-bonded permafrost
beneath an Arctic lagoon revealed by electrical geophysics. Science Advances, ii, 6(43). https://doi.org/10.1126/sciadv.abb5083
Romanovskii, N. N., Hubberten, H.-W., Gavrilov, A. V., Eliseeva, A. A., & Tipenko, G. S. (2005). Offshore permafrost and gas hydrate stability zone on the shelf of East Siberian Seas. Geo-Marine Letters, 25(2-3), 167–182. https://doi.org/10.1007/s00367-004-0198-6
Rowland, J. C., Travis, B. J., & Wilson, C. J. (2011). The role of advective heat transport in talik development beneath lakes and ponds in
discontinuous permafrost. Geophysical Research Letters, 38(17). https://doi.org/10.1029/2011GL048497
Rushlow, C. R., Sawyer, A. H., Voss, C. I., & Godsey, S. E. (2020). The influence of snow cover, air temperature, and groundwater flow on the
active-layer thermal regime of Arctic hillslopes drained by water tracks. Hydrogeology Journal, 28, 2057–2069. https://doi.org/10.1007/
s10040-020-02166-2
Scheidegger, J. M., & Bense, V. F. (2014). Impacts of glacially recharged groundwater flow systems on talik evolution. Journal of Geophysical Research: Earth Surface, 119, 758–778. https://doi.org/10.1002/2013JF002894
Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., et al. (2015). Climate change and the permafrost carbon
feedback. Nature, 520(7546), 171–179. https://doi.org/10.1038/nature14338
Spirina, E. V., Durdenko, E. V., Demidov, N. E., Abramov, A. A., Romanovsky, V. E., & Rivkina, E. M. (2017). Halophilic-psychrotrophic bacteria of an Alaskan cryopeg—A model for astrobiology. Paleontological Journal, 51(13), 1440–1452. https://doi.org/10.1134/
S0031030117120036
Turetsky, M. R., Abbott, B. W., Jones, M. C., Anthony, K. W., Olefeldt, D., Schuur, E. A. G., et al. (2020). Carbon release through abrupt
permafrost thaw. Nature Geoscience, 13(2), 138–143. https://doi.org/10.1038/s41561-019-0526-0
Vaughan, D.G., Comiso, J. C., Allison, I., Carrasco, J., Kaser, G., Kwok, R., et al. (2013) Observations: Cryosphere. In: Climate Change
2013: The Physical Science Basis. In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, et al. (Eds.), Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on climate Change. Cambridge University Press.
Vonk, J. E., Mann, P. J., Davydov, S., Davydova, A., Spencer, R. G. M., Schade, J., et al. (2013). High biolability of ancient permafrost carbon
upon thaw. Geophysical Research Letters, 40, 2689–2693. https://doi.org/10.1002/grl.50348
Vousdoukas, M. I., Mentaschi, L., Voukouvalas, E., Verlaan, M., & Feyen, L. (2017). Extreme sea levels on the rise along Europe's coasts.
Earth's Future, 5(3), 304–323. https://doi.org/10.1002/2016EF000505
Walvoord, M. A., & Kurylyk, B. L. (2016). Hydrologic impacts of thawing permafrost—A review. Vadose Zone Journal, 15(6), 0. https://doi.
org/10.2136/vzj2016.01.0010
Walvoord, M. A., Voss, C. I., Ebel, B. A., & Minsley, B. J. (2019). Development of perennial thaw zones in boreal hillslopes enhances
potential mobilization of permafrost carbon. Environmental Research Letters, 14(1), 015003. https://doi.org/10.1088/1748-9326/aaf0cc
Watanabe, K., & Osada, Y. (2016). Comparison of hydraulic conductivity in frozen saturated and unfrozen unsaturated soils. Vadose Zone
Journal, 15(5), vzj2015. https://doi.org/10.2136/vzj2015.11.0154
Wellman, T. P., Voss, C. I., & Walvoord, M. A. (2013). Impacts of climate, lake size, and supra- and sub-permafrost groundwater flow on
lake-talik evolution, Yukon Flats, Alaska (USA). Hydrogeology Journal, 21(1), 281–298. https://doi.org/10.1007/s10040-012-0941-4
Werner, A. D., Bakker, M., Post, V. E. A., Vandenbohede, A., Lu, C., Ataie-Ashtiani, B., et al. (2013). Seawater intrusion processes, investigation and management: Recent advances and future challenges. Advances in Water Resources, 51, 3–26. https://doi.org/10.1016/j.
advwatres.2012.03.004
Young, N. L., Lemieux, J. M., Delottier, H., Fortier, R., & Fortier, P. (2020). A Conceptual Model for Anticipating the Impact of Landscape Evolution
on Groundwater Recharge in Degrading Permafrost Environments. Geophysical Research Letters, 47. https://doi.org/10.1029/2020GL087695
Zhou, J., Meng, X., Wei, C., & Pei, W. (2020). Unified soil freezing characteristic for variably saturated and saline soils. Water Resources
Research, 56, 1–14. https://doi.org/10.1029/2019wr026648

GUIMOND ET AL.

10 of 10

