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Abstract Groundwater flow in cold regions containing
permafrost accelerates climate-warming-driven thaw and
changes thaw patterns. Simulation analyses of groundwa-
ter flow and heat transport with freeze/thaw in typical
cold-regions terrain with nested flow indicate that early
thaw rate is particularly enhanced by flow, the time when
adverse environmental impacts of climate-warming-in-
duced permafrost loss may be severest. For the slowest
climate-warming rate predicted by the Intergovernmental
Panel on Climate Change (IPCC), once significant
groundwater flow begins, thick permafrost layers can
vanish in several hundred years, but survive over 1,000
years where flow is minimal. Large-scale thaw depends
mostly on the balance of heat advection and conduction in
the supra-permafrost zone. Surface-water bodies underlain
by open taliks allow slow sub-permafrost flow, with lesser
influence on regional thaw. Advection dominance over
conduction depends on permeability and topography.
Groundwater flow around permafrost and flow through
permafrost impact thaw differently; the latter enhances
early thaw rate. Air-temperature seasonality also increases
early thaw. Hydrogeologic heterogeneity and topography
strongly affect thaw rates/patterns. Permafrost controls the
groundwater/surface-water-geomorphology system;
hence, prediction and mitigation of impacts of thaw on
ecology, chemical exports and infrastructure require
improved hydrogeology/permafrost characterization and
understanding.

Keywords Cold regions hydrology . Permafrost .
Regional flow . Groundwater modeling . Cryology

Introduction

Arctic hydrologic systems are particularly sensitive to a
warming climate due to the existence of perennially frozen
ground (permafrost) in these regions. Arctic hydrology has
been reportedly undergoing rapid changes, perhaps as a
result of short- or long-term climate change, as observed by
increased carbon export in Eurasian arctic rivers, increases in
arctic river discharge, and disappearance of arctic lakes
(White et al. 2007). Permafrost in these regions ranges in
thickness from several meters to hundreds of meters and it is
an effective barrier to groundwater flow. It impedes recharge
and discharge and blocks groundwater flow in the unfrozen
region below the permafrost. As permafrost thaws from
above in a warming climate, a deeper seasonal active zone
(the shallow supra-permafrost subsurface layer that freezes
and thaws annually) develops and also more through-going
thawed zones (i.e. open taliks) gradually develop, connect-
ing the supra- and sub-permafrost zones. Unfrozen pathways
above, within, below and through permafrost can allow a
dramatic increase of interaction between groundwater and
surface water. Further, where groundwater flow is signifi-
cant, it can impact the rate and pattern of thaw via heat
advection in relatively warm supra-permafrost recharge
water and sub-permafrost geothermally warmed water.
Accelerated thaw further increases groundwater flow,
creating a ‘feedback’ mechanism, in which increased
groundwater flow begets even more groundwater flow.
Despite the potential for increasing groundwater flux in
warming arctic environments, until recently (McKenzie et al.
2007; Bense et al. 2009; Frampton et al. 2011; Ge et al. 2011;
Painter 2011; Rowland et al. 2011; Bense et al. 2012;
Wellman et al. 2012, in this issue), predictive models of
permafrost thaw and distribution generally considered only
the conduction of heat through the subsurface, and did not
incorporate advective heat transport (migration of energy
due to groundwater flow). Where heat advection is dominant
(Kane et al. 2001), neglect of advection in favor of
conduction in analyses of cold regions hydrology would
result in significantly different predicted evolution of the
timing and spatial pattern of thaw for a warming climate,
with concomitant differences in prediction of impacts on
surface waters, chemical exports and ecosystems.

To provide a tool with which to develop understanding of
the groundwater-ground ice system and potential feedbacks,
the US Geological Survey’s SUTRA groundwater simulator
(Voss and Provost 2002) coupling groundwater flow and
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heat transport, was modified to include the water freeze/thaw
process (McKenzie et al. 2007). For sub-zero temperatures
in the subsurface, the modified computer code accounts for
time-variations in liquid/ice saturations, permeability and
thermal properties, and it includes the latent heat of freeze/
thaw in its energy balance.

In order to investigate the interplay of heat conduction
and heat advection via groundwater flow with both
seasonal ground ice and permafrost in arctic hydrologic
systems, an idealized typical cold-regions terrain is
modeled in the present study with the modified SUTRA
code. The region represents an area with undulating
topography reminiscent of the type analyzed in the
classical work of Toth (1963), in which the existence of
and controls on nested three-dimensional (3D) groundwa-
ter flow patterns were first quantitatively described. For a
similar terrain and within a set of nested groundwater flow
systems, the present study evaluates the impacts of a key
(though not exhaustive) set of surface and hydrogeologic
controls on the timing and pattern of permafrost thaw
during climate warming. The controls considered are:

& Frequency and amplitude of topographic (i.e. water
table) undulation

& Permeability value (‘zero’ permeability giving con-
duction-only heat transport, and also a range of low to
high realistic values)

& Vertical anisotropy in permeability (ratio of horizontal
to vertical permeability, ranging from no anisotropy to
high values representing the upscaled effect of low-
permeability layers)

& Heterogeneity in spatial distribution of permeability
(patchiness consisting of high- and low-permeability
structures)

& Lakes/streams in valleys with perennially unfrozen
bottom water (none, one, or more water bodies)

& Initial permafrost state (permafrost initially much
colder than thaw temperature range, and, permafrost
initially ready to thaw with only minor temperature
increase)

& Extent of groundwater flow through permafrost body
(no throughflow, and, some throughflow)

& Climate-warming rate (low and high estimates)
& Amplitude of seasonal temperature variation (none and

a range from low to high) superimposed on a linear
temperature trend representing a warming climate

This study is not intended to be comprehensive regarding
behavior of ground ice in groundwater flow settings; rather,
it is intended to identify some of the most important
processes and phenomena that warrant further study.

Approach

Freeze/thaw simulation details
Groundwater flow with conductive-advective energy
transport and with freezing and thawing of groundwater
is simulated with a modified version of the SUTRA

computer code (McKenzie et al. 2007). In the current
study, only saturated groundwater conditions are consid-
ered; thus, pores are fully filled with some proportion of
ice and liquid water, depending on temperature. A variety
of functional forms for the fraction of liquid water as a
function of temperature are possible, but for simplicity in
the current analysis, a linear form is employed in which
freezing begins when temperature drops to 0 °C, and the
fraction of ice increases linearly with decreasing temper-
ature until a maximum ice fraction of 0.99 and residual
liquid-water fraction of 0.01 (i.e. 1 % of the pore volume
is liquid, 99 % is ice) occurs at −2 °C. For temperatures
colder than −2 °C, the liquid saturation remains at the
residual value. In general, groundwater flow occurs in ice-
free regions of the subsurface, and flow is also possible
through partially frozen regions (where the ice fraction is
between zero and its maximum value). In this regard,
another simplification is introduced in order to clearly
illustrate the impact on ground-ice state and evolution of
exclusively the groundwater flow that occurs in ice-free
parts of the subsurface, in contrast with the flow that may
occur through partially frozen permafrost. In the present
analysis for most cases considered, wherever ice forms,
even for very low ice saturation values, permeability is
lowered by a factor of 106 from its unfrozen value. In the
other cases, some groundwater flow is allowed to flow
through permafrost, to evaluate the additional impact of
this process on thaw. Other thermal properties, used for all
simulations, are given in Table 1.

The McKenzie et al. (2007) modifications to the
SUTRA code employed a linear relation between fluid
density and temperature. In the present work, a nonlinear
function is implemented in the form of the empirical
Thiesen-Scheel-Diesselhorst (TSD) equation (Tilton and
Taylor 1937; Kell 1967). The liquid water density, ρ, is
nonlinearly dependent on temperature, T, as follows
(Fig. 1):

r ¼ 1000 1� T þ 288:9414ð Þ T � 3:9263ð Þ2
508929:2 T þ 68:12063ð Þ

" #

For small ranges of temperature around 0 °C, density
effects on fluid flow are expected to be small, due to the near
constancy of density values; however, for ranges that are
larger and typical of the present study (−16 °Cmid-winter air
temperature to 40 °C temperature at 2 km depth), fluid
density differences (approx. 995 kg/m3 at the extremes to a
maximum of 1,000 kg/m3 at 2 °C) are sufficient to drive flow
when permeability values are sufficiently high, and circu-
lations are sometimes observed in the simulated regions
below permafrost. The density of ice is assumed to be
constant, regardless of temperature (Table 1).

Model domain, mesh, and boundary conditions
The two-dimensional (2D) cross-sectional model domain
is reminiscent of ‘Tothian hills’ in the spirit of the classic
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analysis of Toth (1963). The ground surface is the
assumed location of the water table. The top of the
domain represents a location 1 m above the ground
surface. The uppermost 1 m of the domain is used to

explicitly model heat transfer through an equivalent
thermal boundary layer that represents the roughness of
ground surface, vegetation and snow pack, as described in
the following section. The mean ground surface elevation

Table 1 Parameters used in freeze/thaw simulations

Parameter Value

Ice
Ice specific heat (J/kg) 2,108
Ice thermal conductivity [J/(sm°C)] 2.14
Density of ice (kg/m3) 920
Latent heat of fusion (J/kg) 334,000
Liquid water
Fluid specific heat (J/kg) 4,182
Fluid thermal conductivity [J/(sm°C)] 0.6
Fluid compressibility [kg/(ms2)]−1 4.47×10−10

Solid matrix
Solid grain specific heat (J/kg) 840
Solid grain thermal conductivity [J/(sm°C)] 3.5
Solid matrix compressibility [kg/(ms2)]−1 1×10−8

Density of solid grains (kg/m3) 2,600
Porosity (−) 0.1
Other
Gravity (m/s2) −9.81
Longitudinal dispersivity 0.5
Transverse dispersivity 0.5
Freezing function
Type Linear
Minimum liquid saturation (−) 0.01
Temperature at which minimum liquid saturation occurs (°C) −2.0
Permeability of frozen regions, irrespective of ice saturation (m2) 10−40

Boundary layer above ground surface
Heat transfer coefficient (defined via settings given below) [J/(sm2°C)] 1.25
Height (m) 1
Freezing function None
Permeability (m2) 10−40

Specific heat (J/kg) 0
Solid grain thermal conductivity [J/(sm°C)] 1.25
Porosity (−) Top=1.×10−5 bottom=0.1
Bottom boundary geothermal energy flux
Energy source [(J/s)/m2] 0.085
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Fig. 1 Fluid density as a
function of temperature. Com-
parison of linear and nonlinear
(Thiesen-Scheel-Diesselhorst,
TSD) functions
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of the domain rises linearly from left to right, with a single
uniform slope. Sinusoidal hills of uniform frequency and
amplitude are superimposed on the sloping surface,
following the approach of Toth (1963). Figure 2 illustrates
the overall extent of the domain (5 km length, approxi-
mately 2 km depth) for one example of topographic
undulation superimposed on the linearly increasing mean
ground-surface elevation. The same value of the mean
slope (20 m/km) is used for all analyses. The cross-
sectional model is 1 m in thickness. The finite-element
mesh is also shown in Fig. 2. Depending on the
topographic shape and permeability values, a nested
combination of local flow systems (one below each hill)
and a larger-scale domain-wide flow system (driven by the
regional slope) may exist in the domain. Spatial discreti-
zation consists of 1 m × 50 m finite elements in the top
(finest) band of elements, 10 m × 50 m in the middle
band, and approximately 50 m × 50 m in the deepest
band. For some simulations with high permeability or
heterogeneous permeability, a finer discretization is
employed (as little as 0.5-m vertical spacing in the upper
band of elements).

The shape of the top of the model domain is similar to
that implied by Toth’s sinusoidal hills, but in the Toth
analysis, the actual shape of the domain was a perfect
rectangle and only the applied values of pressure along the
top boundary condition varied sinusoidally with lateral
distance. In the present analysis, the actual height of the
domain top boundary, Z, undulates and is defined by the
following function:

ZðxÞ ¼ zo þ x tan að Þ þ h cos
2px
l

þ p

� �

Z(x) is the elevation of the top surface as a function of
the distance, x, from the left boundary of the domain. zo is
the reference elevation at the left side of the domain, α is
the slope of the incline, h is the amplitude of hill height,

and λ is the length of each hill-valley combination
(wavelength). For the domain shown in Fig. 2, zo is
2,000 m, h is 50 m, α is 0.02 and λ is 2,000 m.

Boundary conditions
Boundary conditions for the fluid mass balance (ground-
water flow model) are as follows. A no-flow condition is
specified along the bottom and vertical sides of the
domain. A specified pressure boundary condition with a
pressure of 0 Pa, representing atmospheric pressure, is
specified all along the top of the domain, but at a depth of
1 m below the top (i.e. just below the thermal boundary
layer). This boundary condition allows water to freely
enter (groundwater recharge) and exit (groundwater
discharge) the model domain wherever possible when ice
below does not block entry or exit.

Boundary conditions for the energy balance (heat
transport model) are as follows. A no-flux (insulated)
condition is specified along the vertical sides of the
domain. Along the bottom, a heat source of 0.085 J/(sm2)
is specified, equivalent to the heat flux that occurs for a
typical vertical lapse rate of 26.5 °C/km when a typical
thermal conductivity of geologic fabrics of 3.21 J/(sm°C)
is employed in the model.

A specified temperature boundary condition (Fig. 2),
with a time-varying temperature value representing air
temperature, is specified all along the top of the domain on
the upper surface of the thermal boundary layer. The
thermal boundary layer represents the physics of a steady
heat conduction process (with linear temperature change
across the layer) through any insulators that separate the
air from the water table. The unit-thickness boundary
layer has negligible permeability to avoid flow (10−40m2),
zero heat capacity to enforce steady heat transport
conditions, and a thermal conductivity of 1.25 (W/m°C)
to represent the heat transfer coefficient, which is
representative of conditions in northern Minnesota, USA

Specified Temperature

Boundary Layer

Specified Pressure

1 m

5000 m

19
50

 m

21
50

 m

Bottom Boundary - Energy Source

Fig. 2 ‘Tothian Hills’ model domain (no vertical exaggeration) for reference topographic shape with finite-element mesh (coarsest of
several used for simulations) and boundary conditions. The mean slope (without the superimposed sinusoidal topography) is 20 m/km.
Discretization for this mesh: uppermost 26 m (element thickness, 1 m), below subsequent 480 m (element thickness, 10 m), bottom 1,445–
1,645 m (element thickness, 57.8–65.8 m). Model parameters are given in Table 1

Hydrogeology Journal DOI 10.1007/s10040-012-0942-3



(McKenzie et al. 2006). This top boundary condition
allows heat to freely be transferred into or out of the
subsurface. During times when frozen ground blocks
recharge and discharge of groundwater, the only thermal
connection of subsurface temperature to atmospheric
temperature is via this boundary condition—i.e. conduc-
tion-like heat transfer through the thermal boundary layer.
During this period, the ground surface temperature tends
to be warmer than the air temperature. For ice-free
conditions, water can recharge and discharge; during these
periods, total heat transport (conduction plus advection)
into and out of the subsurface is typically dominated by
advection. Water that enters the subsurface due to the
specified pressure boundary condition, discussed in the
preceding, has a temperature equal to the current
atmospheric temperature. Water that discharges from the
subsurface at a location of specified pressure has the
temperature of the subsurface, which may be colder or
warmer than current air temperature.

Air temperature and warming
A general function is specified for air temperature,
allowing simulation of a constant or linear increase in
mean yearly air temperature with time, or additionally
with a superimposed sinusoidal seasonal variation. This
air-temperature function, with increasing mean air tem-
perature, is applied to all simulations in this study. At a
given time, t (in years), the air temperature, TAir (in
degrees C), is calculated as:

TAir ¼ TInitial þ TSlope t þ TAmplitude sin 2ptð Þ
where the angle of the sin is in radians, TInitial (°C) is the
starting temperature, TSlope (°C) is the change in mean
annual air temperature per year, and TAmplitude (°C) is the
amplitude of yearly air temperature variation (i.e. half of
the difference between maximum and minimum temper-
ature in each 1-yearcycle).

For all analyses (except one considering initially
warmer permafrost), the initial atmospheric temperature
is −6 °C and the increase of mean annual air temperature
is either +1 or +6 °C/100 yr. These rates of increase
bracket the very low end and very high end of the IPCC
(2007) warming prediction range. The amplitudes of the
yearly temperature variations considered are ±5, ±10, ±15
and ±20 °C. One variation considers a higher initial
atmospheric temperature of −3 °C, to assess the differ-
ences in thaw evolution of initially colder vs. warmer
permafrost.

Definition of elapsed time for thawing
For simulations with yearly temperature variation, thaw-
ing can occur in the summer even when the mean yearly
temperature is negative, and freezing can occur in the
winter even when the mean yearly temperature is positive,
as is the case even in more-temperate climates. For
simulations with no seasonal temperature variation, the

supra-permafrost thawed zone begins to form once the air
temperature becomes greater than 0 °C. This point occurs
after 600 and 100 years of simulation for the two rates of
increase considered. In order to organize and compare
results, elapsed thaw times for all cases reported here are
from the time when the annual average air temperature
reaches 0 °C. As groundwater flow in most cases
considered here (those with no yearly air-temperature
fluctuation and those with no groundwater flow through
permafrost) can occur only after this point in time, this
selection of a reference time allows comparison of the
impact of groundwater flow on thaw evolution for a
variety of scenarios.

Discretization in time
Time step size is held constant throughout each simulation
at a value adjusted for efficiency in simulation time while
preserving numerical stability during the nonlinear freeze/
thaw periods. Time step size is less than or equal to
0.05 years for all simulations based on numerical
convergence tests with smaller time step sizes.
Numerical tests show that no iterations to resolve
nonlinearity are required (one iteration per time step is
employed).

Hydrogeology
Hydrogeology is treated simply with the objective of
capturing the effect of hydrogeologic parameters and
patterns on the thaw processes being simulated. In most
cases considered, uniform homogeneous representations
of geologic fabrics are employed, parameterized by values
of horizontal and vertical permeability and porosity.
Additionally, some layered and patchy heterogeneous
lithologic patterns are considered. Permafrost thaw evolu-
tion in a range of possible geologic fabrics that would host
a range of potential groundwater flows, from negligible
(clay-loess-silt) to relatively high (silty sand, clean fine
sand, clean coarse sand), are evaluated. A range of
horizontal permeabilities as low as 10−40m2 and from
10−15 to 10−10m2 (approximately equivalent to hydraulic
conductivities of, respectively, 10−33m/s and 10−8 to 10−3

m/s) is considered. A range of vertical permeabilities as
low as 10−40m2 and from 10−16 to 10−10m2 is considered,
providing a range of vertical anisotropy in permeability
(ratio of horizontal permeability to vertical permeability)
of 1 to 1,000, representing different degrees of lithologic
stratification. For simplicity, the water table is assumed to
be, at all times, coincident with the ground-surface
topography. This assumption inflates the quantity of
groundwater recharge, particularly in cases with more-
permeable aquifer fabrics and with greater topographic
slopes. More realistically, the water table in some
locations would drop below the ground surface seasonally
or perennially, as a result of insufficient availability of
snowmelt, rainfall or other sources of recharge to keep it
sufficiently elevated. Thus, when evaluated in this simple
manner, simulated groundwater flux is considered to be

Hydrogeology Journal DOI 10.1007/s10040-012-0942-3



the maximum possible flux, and its impact on thaw
evolution is considered as the maximum possible impact
of groundwater flow, for each hydrogeologic case
considered.

Initial conditions
For simulations of permafrost thaw during climate warm-
ing, an initial distribution of permafrost is required.
Although different hydrogeologic conditions might imply
a different initial permafrost distribution, for most of the
cases simulated here, the same initial permafrost distribu-
tion is used so that differences in thaw evolution will be
the result of only processes that occur during the warming
period. With this approach, controls on permafrost
evolution can be most-clearly elucidated. The simplest
initial permafrost distribution is obtained for a system
dominated by heat conduction with a constant sub-zero air
temperature.

Initial conditions are specified in terms of both a spatial
temperature and pressure distribution. The initial temper-
ature distribution is generated by simulation of a system
with effectively no groundwater flow. For each model
with a different terrain shape (i.e. models with different
top surface shapes) or a different top thermal boundary
condition (e.g. water bodies), the model is first run for
100,000 years with 50-year time-steps with a horizontal
and vertical permeability set to a value of nearly zero,
10−40m2. In these pre-simulations, the starting temperature
everywhere in the subsurface and in the air is 2 °C; then
air temperature cools linearly over 1,600 years to −6 °C.
After 1,600 years, the air temperature is held constant at
−6 °C. Although steady-state heat conduction conditions
in a cross section with fixed thermal conductivity would
occur relatively quickly, when there is freeze/thaw, the
vertical temperature distribution changes over a longer
time due to the changing amount and position of ground
ice, because this also alters the spatial distribution of
thermal conductivity. By an elapsed time of 100,000 years,
the temperature and permafrost distribution is at or near
equilibrium for models of all terrain shapes and top
thermal boundary conditions. This equilibrium distribu-
tion of temperature provides the initial permafrost distri-
bution for models using each terrain shape, according to
the function that specifies ice fraction as a function of
temperature. One additional case of initial conditions,
generated in the same way as described in the preceding,
is assessed with an initially steady temperature of −3 °C,
rather than −6 °C.

Subsequently, for each case considered and for each
warming simulation, this equilibrium conductive temper-
ature and permafrost distribution is used for calculating
the initial pressure distribution for the warming simula-
tion. The initial pressure distribution simulation uses the
actual permeability for the case under consideration (not
the near-zero permeability). Steady-state pressure condi-
tions are simulated in this second pre-simulation, provid-
ing the initial pressure distribution that is used together
with the conductive temperature distribution as a complete

self-consistent set of initial conditions for the main
warming simulation.

Results and discussion

Advection-influenced vs. conduction-only thawing
The divergent evolutions of permafrost thawing during
climate warming in conduction-only and advection-influ-
enced hydrogeologic systems are described in the follow-
ing in reference to results displayed in Fig. 3. In this
simulation analysis, the air temperature warms from −6 to
0 °C during the first 600 years (with no seasonal
variation). A hydrogeologic reference case is selected that
hosts local and larger-scale nested groundwater systems in
the ice-free model domain of a stratified silty-sand fabric.
This system has a horizontal and vertical permeability of
10−12 and 10−13m2 (approximately equivalent to hydraulic
conductivities of 10−5 and 10−6m/s respectively). This
case has sufficient groundwater flow to impact the thaw
process and is thus termed, ‘advection-influenced’ thaw
because heat conduction also plays a role. The advection-
influenced thaw rate and pattern are compared with the
case in which there is no groundwater flow, termed
‘conduction-only’ thaw. In the latter case, permeabilities
are set to 10−40m2, effectively inhibiting groundwater flow
in the model.

Initial permafrost distribution
Initially, there is a uniform layer of continuous permafrost
from the ground surface downwards, ranging approxi-
mately in thickness from 220 m below valleys to 300 m
below hilltops, with a mildly undulating bottom (this
initial condition is shown at the top of Fig. 3, ice
saturation at −600 years). This pattern is a product of the
way the initial distribution was generated, dependent on a
purely conductive temperature distribution in a uniform
hydrogeologic system, as explained previously. Because a
low air temperature of −6 °C is fixed at the undulating top
of the domain in order to provide conditions that will
generate permafrost, the vertical temperature distribution
varies naturally throughout the subsurface domain in a
manner that keeps the vertical heat flux nearly constant at
the value imposed at the bottom horizontal boundary.
Thus, the lower freeze limit (0 °C) penetrates to lower
elevation below valley bottoms than below hilltops.

Conduction-only thawing
The increasing air temperature reaches 0 °C at time
‘0 years’ in Fig. 3. With only heat conduction and linear
air-temperature warming, thawing and loss of ice volume
from the initial permafrost layer occurs mostly at its upper
surface, with an ice-free zone of nearly uniform thickness
that is parallel to the land surface, developing above the
residual permafrost. This uniformity causes breakthrough
to first occur below valley bottoms (after approx.
700 years) where initial permafrost thickness was thinnest.
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Residual permafrost bodies survive longest below hilltops.
Should the initial permafrost layer have been of uniform
thickness, it would disappear almost simultaneously below
hilltops and valleys. It takes more than 1,100 years (after
mean annual air temperature reaches 0 °C) for the
permafrost to completely disappear.

Advection-influenced thawing
In the 600 years before mean annual air temperature reaches
0 °C, permafrost exists at the ground surface, effectively
impeding all groundwater flow (permeability of frozen
ground in this case is 10−18m2, approx. 10−11m/s). The
nearly impermeable continuous frozen layer also effectively
stops topographic forces from generating flow in the
unfrozen zone below the permafrost. Thus, thawing during
this period occurs exactly as in the conduction-only case.
Figure 3b at 0 years, shows the temperature distribution just
before the development of a supra-permafrost thawed zone.
Once the air temperature exceeds 0 °C, a permanent zone of
thawed ground develops below the land surface, initially
parallel to the land surface, as in the conduction-dominated
case. However, by 200 years after the start of thaw (see
Fig. 3, 200 years), significant groundwater flow in the thin
supra-permafrost thawed zone has begun, preferentially
thawing permafrost below the hilltops where warm recharge
waters enter and flow downward. In contrast to relatively
quick thaw below hilltops, the thickness of the thawed zone
in valleys increases more slowly because groundwater
passing through this area toward low-elevation discharge
points has cooled from its relatively warm recharge
temperature to near 0 °C as a result of latent heat loss during
ice thaw and conductive cooling from colder-deeper ground
along its hillside flowpath.

By 400 years, the thickest residual permafrost occurs
under the valley bottoms, and the thinnest permafrost
occurs below the hilltops. Breakthrough below the hilltops
(creating discontinuous permafrost) occurs at about
550 years. Within the discontinuous permafrost, after
about 600 years, residual permafrost bodies exist only
below valleys, with the thickest and shallowest occurrence
of ground ice approximately below the axis of valley
centers. These residual permafrost bodies are not sym-
metric around valley centers, but are skewed downhill (to
the left). This is a result of the largest-scale groundwater
flow system that results from linearly increasing mean
height of the ground surface (to the right). This flow
preferentially thaws ground ice on one end of the residual
bodies. Residual permafrost bodies thaw primarily at their
tops as a result of advection in down-flowing groundwater
below hilltops, with a smaller loss at uphill ends due to
regional flow, and with least thaw at their bottoms.
Permafrost completely disappears by 770 years. After all
permafrost thaws, allowing maximum possible deep
groundwater flow to be established, an upwelling of
geothermally warmed water develops below the prima-
ry regional discharge area (the lowest valley in
Fig. 3b, 800 years). The nested nature of the open
groundwater system is apparent in the flow-vector plot
(800 years), with left-right diverging flow below
hilltops in the shallower portion of the cross section
and right to left regional flow throughout the lower
portion of the domain.

Comparison of conductive and advective thawing
In the aforementioned example of advection-influenced
thaw, permafrost completely disappears by 770 years. This
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Fig. 3 Comparison of conduction-dominated and advection-influenced permafrost thaw during climate warming showing the permafrost
distribution and groundwater flow field in the uppermost 0.5 km of the 2-km-deep model domain (a) and showing temperature distribution
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is about one-third less than the time required for complete
permafrost loss in the equivalent conduction-only system
(1,100 years). It is notable that the configuration of residual
permafrost is quite different between the two cases (Fig. 3).
For conduction-only thaw, the residual permafrost bodies are
located below valley bottoms; in contrast, for advection-
influenced thaw, the residual permafrost bodies are located
below hilltops. For conduction-only thaw, the thinnest parts
of the permafrost layer thaw through first. For advection-
influenced thaw, most thaw occurs where warm recharge
water is directed against the permafrost, directly below
hilltops; less thaw occurs laterally because groundwater
temperature decreases as it flows towards valley discharge
points due to the loss of latent heat during thawing that
occurred below the hilltops.

The impact of advection on thaw is evaluated by
comparing the volume of ground ice for several cases.
First, consider the two cases described in the preceding
section and an advection-influenced thaw case with ten
times higher horizontal and vertical permeability (10−11 and
10−12m2, respectively) than the aforementioned (continu-
ous lines in Fig. 4). Figure 4a shows the total subsurface ice
volume as it changes with time for these three cases, and
Fig. 4b shows the rate of ice-volume change or equivalent-
ly, the thaw rate (smoothed time derivative of the Fig. 4a).
Both advective cases exactly follow the evolution of the
conduction-only case, from −600 to 0 years, when
groundwater flow begins. During this initial conduction-
only period, the ice volume decreases gradually from −600
to −200 years as a result of thaw at the base of the
permafrost body, due to adjustment of the conductive
vertical temperature profile at depth to the increasing air

temperature (−6 to −2 °C) during this period. Reduction in
ice volume accelerates after −200 years, when the mean
annual air temperature reaches −2 °C, the temperature
above which the ice saturation within the permafrost body
begins to decrease according to the selected ice saturation
function (Table 1). After 0 years, the ice volume evolutions
for these cases diverge. The rate of thaw for the case with
greatest permeability (highest groundwater flow) increases
and peaks sooner than does the lower-flow case and reaches
a higher thaw rate. The conduction-only thaw rate
decreases monotonically after time 0 years. Complete loss
of permafrost occurs after 1,100, 770 and 380 years, for the
conduction-only, lower flow and higher flow cases,
respectively. The case with the highest permeability has
unrealistically high regional groundwater flow (due to the
fixed water table at the ground surface in the model
representation); this case provides an indication of the
maximum possible impact that flowing groundwater can
have on regional thaw evolution. Taken together, these
curves include the full range of possible regional thaw
evolutions for this hydrogeologic situation, from slowest
possible conduction-only case to the fastest possible high
advection case.

Contrary to the expectation that large-scale groundwater
flow via through-going taliks would accelerate thaw, thaw
rate decreases after the permafrost becomes discontinuous in
each case. First breakthrough (the first through-going talik)
occurs for the highest flow case at about 250 years, for the
lower flow case at about 550 years and for the conduction-
only case at about 700 years. Inspection of the thaw rates in
Fig. 4 (continuous lines) around these times reveals that the
thaw rate decreases not long after the time of breakthrough
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for both cases (and for the other two cases discussed in the
following). There are two possible explanations for this.
First, considering that a rate decrease also occurs for the
conduction-only case, which has no groundwater flow, the
thaw rate decrease for discontinuous permafrost may simply
be due to the geometry of the thawing permafrost bodies,
rather than to a change in groundwater flow. Alternatively, it
may be noted that maximum advection-influenced thaw rates
occur while recharging groundwater flows directly towards
the permafrost body. This occurs in the downward flowing
groundwater below the hilltops before sub-hilltop taliks
develop. Once the taliks develop, the residual permafrost
bodies have been shaped to conform to the natural
groundwater flow directions. Groundwater tends to flow
parallel to this streamlined residual permafrost, rather than
towards it. This configuration decreases the amount of
advective thaw that can occur and thaw rates tend toward a
conduction-only rate, once this configuration has developed.

In addition to the aforementioned cases, which demon-
strate the impact on thaw evolution of groundwater flowing
around (not through) permafrost bodies, the simulations with
flow are repeated while allowing groundwater to flow
through permafrost (dashed lines in Fig. 4). The relative
permeability for this case is a linear function of the ice
saturation, ranging from a value of 1 for no ice to a value of
10−6 for the maximum ice saturation (0.99). Although little
laboratory data are available on which to base this
functionality, the linear function selected here likely exag-
gerates the ease of groundwater flow through frozen media,
so results give an indication of maximum impact of this flow
on thaw. The results show that permafrost thaw accelerates
earlier, in comparison with conduction-only thaw, because
some amount of groundwater can flow through the partially
frozen permafrost, the amount depending on the ice
(conversely, on the liquid water) saturation. The result is
that complete loss of permafrost occurs after about 300 years
(vs. 380 years for impermeable permafrost) and 750 years
(vs. 770 years for impermeable permafrost) for the higher-
and lower-permeability cases, respectively. Clearly, the
length of time to complete disappearance of permafrost is
similar to the respective cases with no groundwater flow
through permafrost. However, there are significantly greater
losses of permafrost during the early thaw period when
groundwater flows through permafrost. For the lower
permeability case, loss of 50 % of the initial permafrost
volume with flow through permafrost occurs in two thirds of
the time required with impermeable permafrost. For the high
permeability case, 50 % loss occurs in only 15 % of the time
required for impermeable permafrost (23 years vs.
163 years). Late in thaw evolution, the thaw rate with flow
through permafrost decreases significantly (when residual
ice volume is 10% and less); this decrease is greater than that
for impermeable permafrost, causing ultimate total thaw
times to become similar.

Effect of permeability and anisotropy
For given landforms with particular hydraulic driving
forces for groundwater flow, the magnitudes of fluid flux

and potential advective heat transport are dependent on
the permeability of the geologic fabric, making perme-
ability an important control on thawing of ground ice.
Thawing of permafrost in the ‘Tothian hills’ is evaluated
via simulation for a variety of geologic fabrics expressed
as a range of horizontal permeability values for a fixed
vertical anisotropy (horizontal permeability/vertical per-
meability) and as a range of anisotropy values. Results are
shown in Fig. 5a. For a fixed vertical anisotropy value of
10, time to complete loss of permafrost ranges from 770 to
1,107 years. The greatest complete thaw time occurs for
the case of conduction-only thaw (line in plot at
1,107 years), but this total thaw time is equivalent to the
elapsed times for relatively low horizontal permeabilities
of 10−15 and 10−14m2 (approx. 10−8 and 10−9m/s), values
similar to that of silt, loess or clay. The lowest times occur
for the case with the highest horizontal permeability of
10−12m2 (approx. 10−5m/s), a value similar to that of silty
sand. Advection-influenced thaw is indicated by thaw
times that are lower than for the case of only conduction;
this occurs for horizontal permeability values greater than
10−14m2 (approx. 10−7m/s), wherein increasing perme-
ability by a factor of ten (and thereby increasing flow by a
factor of ten) reduces thaw time by about 15 % over the
range considered.
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For the situation with a horizontal permeability of
10−12m2, a series of thaw simulations with vertical
permeability ranging from 10−12 to 10−15m2 have vertical
anisotropies ranging from isotropic to 1:1,000 (Fig. 5b).
Time to complete thaw for the highest anisotropy is
slightly less than the conduction dominated case (line in
plot at 1,018 years). For the most-vertically permeable
case (isotropic), complete thaw time is reduced to about
630 years. The time to complete thaw increases monoton-
ically with increasing anisotropy with about a 20 %
decrease in thaw time for each ten-times-lower anisotropy
over the range considered.

Effect of heterogeneity in permeability
Impacts on permafrost thaw of two types of permeability
heterogeneity in the geologic fabric, simple layers and
patchiness, are evaluated (Figs. 6 and 7). Three examples
of layered heterogeneity consist of a single coarse sand
layer having 100 times greater horizontal and vertical
permeability than the background fabric of silty sand (with
horizontal and vertical permeabilities of 10−12 and 10−13

m2, respectively, as in one case shown in Fig. 4). The
high-permeability zone is alternatively located at three
depths: (1) near the bottom of the domain (Fig. 6a), (2)
just below the initial continuous permafrost layer
(Fig. 6b), and (3) at the top of the domain (Fig. 6c).
Layer thickness is approximately 50 m for the bottom and
top zones and 100 m for the middle zone. Comparison of
the thaw evolution and timing from these three situations
with initially continuous permafrost reveals that, if the
high-permeability zone is located anywhere below the
permafrost, it has little or no effect on the thaw process;
the bottom and below-permafrost results (Fig. 6a,b) are

practically equivalent. High flow in the zone (see Fig. 6b
at 700 years) begins only once permafrost becomes
discontinuous, and by that time, most thaw has already
occurred, so the higher groundwater flux has little impact.
A slight decrease in the size of the residual permafrost
body at the leftmost edge of the domain is apparent in the
below-permafrost situation due to the increased flow in its
vicinity. In contrast, a high-permeability zone located at
the top of permafrost (Fig. 6c) enhances supra-permafrost
groundwater flow, accelerating thawing from the top and
causing much earlier breakthrough and complete perma-
frost disappearance.

An example of a fabric with dipping high- and low-
permeability patches is generated using a repetitive
function for log10(permeability) (Fig. 7):

k X ; Yð Þ ¼ 10�12
� �

10�2sin 2p Y � 250ð Þ
750

� �
cos

2pY
1000

þ 2pX
2500

� �

where k is the permeability [m2] (horizontal and vertical
values are set equal, isotropic), and X and Y are the
horizontal and vertical space coordinates [m], respectively.
The mean horizontal permeability of the spatial distribu-
tion is the same as for the homogeneous 10−12m2

horizontal permeability case (Fig. 4b) so that thawing in
these can be compared. The times to first breakthrough
and complete disappearance of permafrost in the patchy
heterogeneous case are 200 and 750 years, respectively,
and in the homogeneous case are 600 and 770 years,
respectively. A through-going talik forms in the heteroge-
neous case in one third of the time required in the
equivalent homogeneous case, but complete loss of
permafrost takes about the same amount of time.
Inspection of the patterns of residual permafrost (Fig. 7)

Fig. 6 a–c Effect of heterogeneity in permeability on evolution of permafrost thaw patterns: high-permeability layers. Note that the times
displayed and the vector scaling vary among panels
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indicates that thaw occurs preferentially in the high-
permeability patches, with much earlier creation of taliks
within and near these zones due to higher localized
groundwater flow. In contrast, the low-permeability
patches preserve permafrost for an extended time due to
very low flow and essentially conduction-only conditions
within the patch. Permafrost is also preserved in some
regions below the low-permeability zone within more-
permeable fabric, perhaps as a result of the patch shielding
its underside from groundwater flow.

Effect of surface-water bodies
Surface-water bodies such as lakes and streams have a
thermal impact on the subsurface region below and
immediately surrounding the water body. For most
surface-water bodies, particularly for those that do not
freeze to the bottom in winter, the subsurface is warmed
relative to the surrounding area. This inhibits formation of
ground ice, bringing into existence an ice-free zone below
the surface-water body. Where the surface-water temper-
ature is high enough and the body wide enough, relative to
the thickness of the permafrost layer, the ice-free zone
fully penetrates the permafrost, forming a through-going
talik. Otherwise, the top of permafrost is merely deepened

below the surface-water body. These effects and the
impact of groundwater flow on talik development below
lakes were first studied by numerical simulation of a
single lake by Rowland et al. (2011) and more recently by
Wellman et al. (2012). Here, the interaction of surface-
water bodies and nested groundwater flow systems are
examined in light of climate warming on a relatively large
spatial scale, rather than on a local scale.

The ‘Tothian hills’ hydrogeologic system is simulated
with a surface-water body at the bottom of one or more
valleys. The surface-water bodies are here referred to as
‘lakes’; however, considering the 2D geometry of the
simulation, these more rigorously represent streams or
rivers extending perpendicular to the modeled cross
section, parallel to the axis of the valleys. The possible
middle and upper lakes are 400 m across and the lake in
the bottom valley is 200 m across. The lakes are modeled
as existing above a thermal boundary layer having the
same parameterization as on land (e.g. Fig. 1; Table 1),
except that the lake bottom has a constant specified
temperature of 2 °C and the specified pressure values at
lake bottoms are assigned hydrostatic pressure depending
on the local depth of the lake, which varies across the
lake. The water-level elevations of the three (possible)
lakes (from bottom to top) are 1,963.5, 1,999.6, and
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2,039.7 m and the depths of the lakes (from bottom to top)
are 13.5, 9.0, and 10.0 m. The horizontal and vertical
permeabilities for the lake simulations have the same
values as for the case shown in Fig. 4b, 10−12 and 10−13

m2. Initial conditions for the lake simulations were created
in the same manner as for all simulations in this study, but
with one or more lakes and their special boundary
conditions on the top surface of the domain. Initial
conditions for the lake examples are shown in Fig. 8
(time 0 years). Initial regional permafrost distribution in
this case is qualitatively similar to those interpreted from
airborne electromagnetic measurements in Yukon Flats,
Alaska (Minsley et al. 2012), where there is a through-
going talik below most large lakes and streams. However,
topographic shape fluctuation in Yukon Flats is much less
than in the present examples.

Simulated thaw evolutions with surface-water bodies in
different valleys are compared in Fig. 8, and these may all
be compared with the equivalent hydrogeologic situation
without surface water (Fig. 4b). One result of a lake is the
absence of an initial permafrost layer below its valley.
Thus, for a sub-lake valley, there will be no long-lasting
residual permafrost, as occurs below a lake-free valley
when all other permafrost has thawed. Times for total
thaw should thereby be reduced. This is borne out by the
results, in which total thaw occurs by 600 years or
700 years, depending on the number of lakes, in
comparison with total thaw time of 770 years for the no-
lake situation. Further, it might be expected that when
there are two or more lakes with through-going taliks,
some regional groundwater flow occurs even at the
beginning of the time period, shortening thaw times due
to advection. In this light, it may be noted that the cases
with a single lake experience thaw (complete in about
700 years) in a manner similar to the no-lake case,
because no regional flow occurs until breakthrough in an
additional location. Note in Fig. 8 (clearest at early times)
that flow enters higher lakes, passes laterally downhill
below permafrost bodies, and discharges to lower lakes.
This accelerates thaw somewhat, with complete thaw
occurring by 600 years. However, despite the contribution
of large-scale deep groundwater flow, the primary thaw
mechanism in cases with surface water remains heat
advection in the downward flow below hilltops. (One
minor complication is that the modeled 2 °C surface-water
bodies tend to warm the subsurface while mean yearly air
temperature is below 2 °C, but these cool the subsurface
after climate warming raises mean yearly air temperature
above 2 °C.)

Effect of topographic roughness
Another control on the rate and pattern of permafrost thaw
is the fluctuation in topographic (or water table) shape,
which drives local and larger-scale groundwater flow.
Investigation of some basic variations in the shape of the
top boundary allows some insight to be developed. Recall
that the shape of the ‘Tothian hills’ consists of a linear
hillslope with an added sinusoidal fluctuation. In this

analysis, the amplitude and wavelength of the sinusoidal
fluctuation is varied in a few cases, keeping the linear
slope the same as in the reference case (amplitude050 m,
wavelength02,000 m): constant slope with no hills
(amplitude00), hills of double height (amplitude0
100 m), hills with double width (wavelength04,000 m),
and hills with half width (wavelength01,000 m).

Results of these simulations indicate that groundwater
flow and the hill shape are both controls on the time
required to thaw all permafrost, and that hill shape and
groundwater flow magnitude are correlated. To clarify the
relation, a ‘potential groundwater flow’ (PGF) can be
defined, which is the total amount of groundwater
recharge that would occur in the ice-free situation for a
system with any topographic shape, assuming that the
water table follows the ground surface. Further, the
‘potential groundwater flow due to roughness’ (PGFR) is
the additional amount of groundwater recharge that occurs
in an ice-free situation as a result of the waviness of the
topography. For the simulations considered, PGFR has
been calculated as the total groundwater recharge for a
case with hills minus the groundwater recharge for the no-
hill case (with linear hills only). Finally, a measure of the
topographic roughness, related to the maximum slope of
the sinusoidal hills, is defined as a hill ‘aspect ratio’, AR0
(amplitude/wavelength). The following cases are consid-
ered: zero amplitude AR00, reference case AR00.025,
double width AR00.0125, half width AR00.05, and,
double height AR00.05.

PGFR is found to depend on only the AR, not on the
hill shape that underlies the AR value; PGFR is
approximately linearly proportional to AR over the range
of roughness considered. For AR00, PGFR00. For the
highest AR considered, AR00.05, PGFR is about 100kg/s
for the 1-m-thick cross-sectional domains simulated.
(Linear hill recharge with AR00 is about 10−1kg/s.)
Considering recharge to occur over the entire model top,
these values are equivalent to standard recharge rates of
about 6 m/yr and 60 cm/yr, respectively. The higher rates
of recharge for greater ARs, inflate the recharge rate (and
groundwater throughflow) beyond what could be expected
to be available, but these cases are useful for developing
understanding of controls on the physical process of thaw
and maximum possible impacts of advection on thaw.

Time for complete loss of permafrost decreases
monotonically with both groundwater flow magnitude
(for flow greater than about 10−2kg/s, or equivalently,
recharge rate about 6 cm/yr) and with hill AR. Time
required for complete thaw is shown as a function of hill
AR in Fig. 9. As PGFR increases by ten times due to
increased topographic AR, total thaw time decreases by
about one third.

Effect of climate-warming rate
The evolution of permafrost thaw is compared for two
climate-warming rates, +1 °C/100 yr as in previous
simulations and +6 °C/100 yr, beginning at an initial air
temperature of −6 °C. These warming rates bracket the
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range of current IPCC (2007) warming projections.
Evolutions are compared for conduction-only and two
advection-influenced situations (for the lower permeability
case; i.e. horizontal permeability 10−12m2, anisotropy 10),
which either disallow or allow groundwater flow through
permafrost.

Simulated times for total thaw under the 1 and 6 °C/
100 yr warming rates are respectively: 1,100 and 700 years
for conduction-only, and 770 and 500 years for the
advection-influenced case. The relations between conduc-
tion-only thaw and advection-influenced thaw are illus-
trated in Fig. 10 (continuous black lines 1 °C/100 yr,
continuous red lines 6 °C/100 yr), which shows total ice
volume evolution for these cases. The 6 °C/100 yr
warming rate results begin at −100 years in Fig. 10
because times are adjusted to be zero when air temperature
reaches 0 °C (starting at −6 °C). This higher warming rate
reduces time required for complete thaw to two thirds that
of the lower warming rate for the conduction-only and
advection-influenced systems for the case with no ground-
water flowing through permafrost. For both low and high
warming rates, increasing potential groundwater flow by
10 times (i.e. increasing permeability by ten times; results
not shown here) decreases total thaw time to 40–50 %
(from 770 to 380 years and from 500 to 200 years). Time

required for complete thaw relative to conduction-only
thaw is about 30 % for higher groundwater flow and 70 %
for lower groundwater flow, irrespective of the climate-
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warming rate. A higher warming rate combined with
higher groundwater flow decreases the time to complete
thaw more than for lower groundwater flow, implying that
flow-thaw feedback has a non-linear impact on thaw
evolution for warmer air temperature and recharge water.
For the situation with groundwater flow through perma-
frost with 6 °C/100 yr warming (Figure 10, dashed black
line 1 °C/100 yr, dashed red line 6 °C/100 yr), complete
loss of permafrost occurs in two thirds of the time required
for conduction-only thaw. In this case, although flow
through permafrost speeds thaw somewhat, the impact is
not as great as for the slower rate of climate warming.

Effect of initial permafrost temperature
All of the cases considered in the previous begin with cold
permafrost, several degrees C below the temperature at which
thaw can occur. The impact of initially warmer permafrost is
here evaluated for the case where the initial air temperature is
−3 °C, for which even the lowest temperature in the subsurface
(−3 °C) is only 1 °C below the temperature at which thaw can
occur. In this case, the continuous initial permafrost layer is
only about 110 m thick (because the geothermal gradient is
fixed) and the total initial ice volume is much lower than in the
colder cases. Figure 10 (continuous blue lines) shows that
nearly half of the ice volume is lost due to primarily conductive
thaw from above by the time groundwater begins to flow (at
0 years). A greater fraction of the initial ice volume is lost by

conductive thaw for the case of warmer-thinner permafrost,
than for colder-thicker permafrost. For the case of conduction
only, complete permafrost loss occurs at 375 years, while
groundwater flow (lower permeability case) shortens this time
to 250 years, a speed-up of one third. Conversely, conductive
thaw takes 50 % longer than advection-dominated thaw for
complete loss of permafrost.

Groundwater flowing through warmer-thinner perma-
frost, according to the linear relative permeability function,
described earlier, has less impact on thaw than for colder-
thicker permafrost. Figure 10 (dashed blue line) shows ice
volume evolution for this case with the +1 °C/100 yr
climate-warming rate. In this case with flow through
permafrost, a peculiar phenomenon occurs in the simula-
tions—the permafrost body migrates in the subsurface. Flow
begins early during warming, wherever permafrost temper-
ature is above −2 °C. Permafrost is lost where groundwater
enters the permafrost body and where heat conduction from
above increases permafrost temperature, decreasing ice
saturation according to the ice saturation function assumed
for modeling. Groundwater that flows through the perma-
frost exits at the downstream edge of the permafrost body—
but the temperature of the groundwater exiting is below 0 °C.
This water is ‘supercooled’ as a result of the model
assumption that ground ice saturation increases as temper-
ature decreases below zero; thus, the temperature of all liquid
water within the permafrost body is sub-zero. Where this
groundwater exits the permafrost body, it cools the unfrozen
aquifer fabric and forms new permafrost, actually increasing
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the local volume of ice. As a result, the simulated permafrost
body slowlymigrates in the groundwater-flow direction, as it
thaws on the upstream edge and expands on the downstream
edge. The result of this process can be seen where the ice
volume line crosses and exceeds the conduction-only line in
Fig. 10. It is not known whether this is a real phenomenon in
the subsurface, or only a figment of the model setup.

Effect of seasonal air-temperature fluctuation
Simulations with a sinusoidal seasonal air temperature
fluctuation for a range of amplitudes (±5 , ±10 , ±15 ,
±20 °C) superimposed on the linear warming trend of
1 °C/100 yr demonstrate that seasonal air temperature
fluctuations have minor impact on regional-scale perma-
frost total thaw times, but seasonal fluctuations do
enhance early thaw rates. Example evolutions of ice
volume for the lower flow situation (horizontal perme-
ability 10−12m2 with anisotropy 10) are shown in Fig. 11
for no yearly fluctuation and for yearly fluctuations with
amplitude ±10 and ±20 °C. Although times for total
regional thaw are not sensitive to seasonal fluctuations,
some impacts on thaw evolution of seasonal fluctuations
are apparent in the results and effects are not simple, as
discussed in the following. (Here, fractions of initial ice
volume are plotted because initial ice volumes are not

exactly the same for these situations; the 10 and 20 °C
simulations required a finer mesh, and thus had a slightly
different starting volume).

Depending on the amplitude, summer thaw occurs even at
the beginning of the simulation. For example, with ±20 °C
amplitude, the summer maximum air temperature is 14 °C at
simulation starting time −600 years when the yearly mean air
temperature is −6 °C. Conversely, there can be winter freezing
even after the mean yearly air temperature reaches 0 °C. For
example, with ±20 °C amplitude, winter freezing occurs for
the following 2,000 years, well beyond the total time
simulated. Yearly freeze-thaw changes the total ice volume
on a seasonal basis, as indicated by width of the ice-volume
band in Fig. 11, which is thicker early and thinner later in the
time period simulated. Each apparently solid band is actually
a line that oscillates up and down yearly at too fine a scale to
appear distinct in the figure. Permanent thaw, significant loss
of permafrost volume, begins earlier when there are greater
yearly temperature fluctuations (comparing times when the
bands first diverge from the no-amplitude case in Fig. 11), for
the case of 20 °C amplitude, at about −300 years (i.e.
300 years before the mean yearly temperature reaches 0 °C).
This situation has 75%more permanent ice loss at −200 years
than for conduction-only thaw, implying that early time
permafrost degradation is significantly increased by seasonal
temperature fluctuation, perhaps as a result of enhanced
supra-permafrost groundwater flow.

Times to complete disappearance of permafrost de-
crease only slightly (−30 years) for low amplitude and
increase slightly (+45 years) for higher amplitude, relative
to the situation with no seasonal fluctuation. The early
thaw initiation and non-monotonic relation of amplitude
and total thaw time are likely due to non-linear interaction
of annual freezing and thawing with groundwater flow.
These effects are of importance to local (rather than
regional) thaw patterns and evolution (for example, as
evaluated by Wellman et al. 2012).

Conclusions

This generic simulation study provides an initial evalua-
tion of some of the key controls on evolution of
permafrost thaw during climate warming in a nested
groundwater system. Simulations represent the interactive
behavior of groundwater flow and ground ice formation
and thaw, and results obtained here are generally
applicable to understanding of cold-regions hydrologic
processes. Controls considered include topographic rough-
ness, ease of groundwater flow external to and within
permafrost bodies (overall permeability, vertical anisotro-
py and relative permeability), climate-warming rate and
amplitude of yearly air temperature fluctuations, hetero-
geneity in geologic structure, location of surface-water
bodies, and, initial permafrost temperature.

Even if permafrost itself is relatively impermeable and
hosts negligible flow of groundwater through any regions
of frozen ground, when such permafrost thaws from
above, taliks (ice-free regions in otherwise continuous
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permafrost) allow groundwater to first flow laterally above
the permafrost, then to flow downward below recharge
areas as taliks deepen, and once taliks fully penetrate the
permafrost, allow groundwater to pass vertically through
the permafrost layer. These unfrozen pathways in frozen
ground allow heat to be advectively transported at greater
rate than by conduction alone. Once advective pathways
open in permafrost, geothermally warmed water from
below or relatively warm groundwater recharge from
above can migrate through the subsurface, expanding the
talik network by accelerating thawing along the periphery
of residual permafrost. This thaw-flow feedback acceler-
ates thawing especially at early stages of thaw. Should
permafrost also host groundwater flow internally within
frozen regions, thaw rates, especially early during warm-
ing periods, are further enhanced by the additional flow
that reduces ice saturations within the permafrost body.

Results of simulation analysis demonstrate that where
groundwater flows readily in unfrozen ground surrounding
permafrost bodies, it is an important control on the temporal
and spatial evolution of permafrost during periods of thaw.
Systems with groundwater flow will experience accelerated
rates of permafrost degradation overall, and regional patterns
of residual permafrost can be very different in conduction-
only and advection-influenced groundwater systems.
Conversely, where groundwater flow in unfrozen ground is
minimal such as where the subsurface has very low
permeability inhibiting flow, where the subsurface is highly
stratified with low vertical permeability, or where ground ice
is spatially continuous over large areas (blocking recharge),
heat conduction is the primary thaw process affecting
permafrost evolution during climate warming.

The greatest impact of groundwater flow on permafrost
evolution occurs below recharge areas where vertically
flowing relatively warm recharge is directed toward
permafrost bodies. Taliks form preferentially below such
recharge areas (hilltops in the present analysis).
Subsequently, the recharging groundwater is cooled due
to latent heat loss and conduction during thaw and then it
flows laterally towards discharge areas (generally parallel
to permafrost bodies). As a result, in these discharge areas,
advectively influenced thaw is significantly reduced,
allowing permafrost to remain longer during climate
warming. In cases where low-elevation areas (valleys in
the present analysis) contain perennially unfrozen surface-
water bodies, taliks already exist so there can be no long-
lasting residual permafrost there. In this case, residual
permafrost lasts longest below recharge areas, but the time
required for total loss of permafrost is less than for the
case with no surface water in valleys. Local groundwater
flow conditions within the nested flow system control the
thaw process during climate warming. Permafrost below
local recharge areas will experience greater thaw rates
than discharge areas, no matter where these are located
within the nested groundwater system. High permeability
zones within or near recharge areas also facilitate local
thaw acceleration.

Sub-permafrost groundwater flow (recharging through
up-gradient taliks and discharging through down-gradient

taliks) has less impact on evolution of regional permafrost
thaw in comparison with supra-permafrost flow, especially
within recharge areas. Energy required for thaw must
come from either warm surface recharge or from deep
geothermally warmed groundwater. The surface recharge
cools while it travels through the subsurface as it loses
heat due to conduction and as it thaws ground ice. Thus,
after some subsurface travel distance and after passing
downward through an open talik to the sub-permafrost
aquifer, the ability of recharge waters to thaw permafrost
is greatly reduced, making sub-permafrost flow less
effective in regional permafrost thaw. Geothermally
warmed groundwater discharges only in particular loca-
tions in a nested groundwater system depending on natural
convection, on regional topographic hydraulic gradients
and on hydrogeologic structure. Where it reaches the
bottom of permafrost, it may cause thinner permafrost or
through-going taliks or widening of existing taliks.
However, due to the low magnitude of most deep
groundwater movement, geothermally mediated thaw is
likely slow compared to the thaw rate imposed by supra-
permafrost flow. Despite this expectation that sub-perma-
frost groundwater flow has only a minor impact on
regional permafrost thaw evolution, it can play a more-
important role in developing thaw locally such as within a
lake talik (Wellman et al. 2012). On the local scale, sub-
permafrost flow can interact more dynamically with supra-
permafrost flow, surface water and zones of ground ice
with measurable impact on local processes.

Climate-warming rates considered bracket the IPCC
(2007) lowest and highest predicted rates. Times (mea-
sured after the mean annual air temperature reaches 0 °C,
starting at −6 °C) for total thaw of an initially continuous
relatively cold permafrost layer of 200 to 300 m thickness
determined from simulations with a low rate of climate
warming of 1 °C/100 yr, range from about 1,100 years for
conduction-only systems to 750 years for nested ground-
water systems with moderate flow, to a minimum of
380 years for very high groundwater flow. With a high
rate of climate warming of 6 °C/100 yr, total thaw of an
initially continuous relatively cold permafrost layer ranges
from 700 years for conduction-only systems to a mini-
mum of 200 years for systems with very high flow. If the
permafrost layer is initially discontinuous, with through-
going taliks initially below valley surface-water bodies,
time for total thaw may be further reduced by about
100 years. For relatively warm continuous permafrost
(close to its thaw temperature), heat conduction during
early stages of climate warming can result in significant
loss of ice volume, but once groundwater can flow in
taliks, thaw accelerates relative to locations where
conduction dominates, resulting in reduction of conduc-
tive total thaw time by one third in one case considered
here (250 years with flow vs. 375 years without flow).
Note that the thaw time reductions resulting from
groundwater flow reported in this work are maximum
estimates for each case considered. This is due to the
simplifying model assumption of a constant water-table
elevation coincident with the land-surface topography,
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which augments simulated groundwater recharge and
flow. Actual thaw times in most areas with groundwater
flow should be greater than the values reported here,
although in locales where groundwater flow is particularly
enhanced due to hydrogeologic conditions (such as in the
high permeability regions of a heterogeneous hydrogeo-
logic structure), actual thaw rates may approach the
maximum values provided here.

Walvoord et al. (2012) have found for the Yukon River
Basin (Alaska, USA) that large changes in proportions and
quantities of supra-permafrost and sub-permafrost ground-
water discharging to streams may occur when areal
permafrost extent decreases during climate warming from
continuous permafrost to less than 90 % of the area
underlain by permafrost. In terms of the current study, this
means that early stages of permafrost degradation could
have the greatest impact on hydrologic systems and their
dependent ecosystems. The earliest stage of permafrost
thaw is here found to be controlled by heat conduction
primarily from warming temperatures at the ground
surface. Thereafter, in settings where groundwater can
flow readily in unfrozen ground, there are two types of
groundwater flow that then enhance thaw rates: flow
around the periphery of permafrost bodies, and flow
through permafrost bodies. Where taliks have formed in
such settings as a result of initial conductive thaw,
groundwater flow around permafrost bodies can greatly
increase the rate of thaw and can strongly impact the
spatial pattern of taliks and residual permafrost.
Furthermore, flow through (rather than around) frozen
ground within permafrost bodies is found to particularly
enhance early stage thaw, perhaps making this an
important factor for assessing early permafrost loss during
climate warming.

To summarize, this generic basic analysis of nested
groundwater systems in cold regions shows that where
groundwater flow occurs in areas with permafrost, its
action during periods of climate warming can cause
significant heat-advection-based increases in rate of thaw
and significantly different patterns of residual permafrost,
in comparison with cold regions where groundwater flow
is small and heat conduction is the major thaw process.
Once significant groundwater flow begins in regions with
sufficiently high unfrozen permeability, with continued
climate warming, relatively cold permafrost layers of a
few hundred meters in thickness can completely disappear
in only some hundreds of years and relatively warm
thinner permafrost layers can disappear even more
quickly. Early thaw rate following onset of climate
warming is particularly enhanced by groundwater flow,
and this is the time when adverse environmental impacts
of permafrost loss may be the most severe.

In future work, there is need for deeper simulation
analysis of the currently considered factors and of other
factors on permafrost evolution, such as insolation and
vegetation patterns. Due to the importance of permafrost
as a hydrogeologic barrier, the loss of permafrost will
have major impacts on cold-regions surface waters,
chemical exports, ecology, geomorphology, and human

infrastructure. Prediction and possible mitigation of
adverse effects in cold regions thus requires improved
characterizations of groundwater hydrology, of permafrost
distribution and dynamics, and of hydrologic properties of
frozen porous media, all of which are currently lacking
due to the remoteness of much of the area of concern.
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