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Abstract 

Recently, there has been a revival in the development of models simulating coupled heat and 

water transport in cold regions. These models represent significant advances in our ability to 

simulate the sensitivity of permafrost environments to future climate change. However, there are 

considerable differences in model formulations arising from the diverse backgrounds of 

researchers and practitioners in this field. The variability in existing model formulations warrants 

a review and synthesis of the underlying theory to demonstrate the implicit assumptions and 

limitations of a particular approach. This contribution examines various forms of the Clapeyron 

equation, the relationship between the soil moisture curve and the soil freezing curve, and 

processes for developing soil freezing curves and hydraulic conductivity models for partially 

frozen soils. Where applicable, results from recent laboratory tests are presented to demonstrate 

the validity of existing theoretical formulations. Identified variations in model formulations form 

the basis for briefly comparing and contrasting existing models. Several unresolved questions are 

addressed to highlight the need for further research in this rapidly expanding field. 
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Highlights 

1) Models for simulating heat and water processes in freezing soils are summarized. 

2) The sources of existing variations in the Clapeyron equation are explained. 

3) Various formulations for the soil freezing curve are reviewed. 

4) Best practices to develop a frozen soil hydraulic conductivity model are detailed. 

5) Several unresolved questions are highlighted and addressed. 
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1. Introduction  

Climate change-induced hydrological and ecological changes to arctic and subarctic regions have 

been well-documented [1-5]. These changes include: thawing permafrost, decreasing sea ice and 

glacier ice mass, and shifting biological indicators. Permafrost degradation could act as a 

positive feedback mechanism to climate change as thawing permafrost can release carbon and 

methane currently stored in northern soils [6-14]. Permafrost thaw can also affect hydrological 

regimes by increasing groundwater-surface water interactions and by mediating groundwater 

exchange between sub-permafrost and supra-permafrost aquifers [15-18]. Thus, understanding 

and characterizing permafrost thaw is an important component of the broader scientific 

investigation of the role of future climate change in altering high-latitude regions [19]. To 

address the concerns associated with permafrost thaw, recent contributions have employed 

coupled water and heat transport models to simulate hydraulic and thermal responses of idealized 

permafrost environments to a warming climate [e.g. [20-27]]. By accounting for transport of 

water, these contributions have expanded on other research that has assumed advective heat 

transport (and its impact on permafrost thaw rates) is insignificant [e.g. [28-30]].  Researchers 

developing or applying mathematical models to investigate the future state of subsurface 

hydrological processes in cold regions are faced with difficulties due to (1) a lack of a proper 

fundamental understanding of physical processes [31], (2) uncertainty regarding appropriate 

model parameterization to accurately simulate the dynamic freeze-thaw process, and (3) 

computational challenges arising from model complexity [23]. A thorough review of the 

underlying theory of freezing and thawing in unsaturated porous media should aid in addressing 

the first and second difficulty noted above and thereby assist model developers in this rapidly 

expanding field of research. A summary of previously published heat and water transport models 

for cold regions is presented prior to any detailed discussion regarding the underlying theory. 

1.1. A history of mathematical models 

The study of soil freezing and thawing has a fragmented history that is characterized by 

considerable inconsistencies in both nomenclature and underlying theories or methodologies. 

These incongruities stem in part from the diverse backgrounds (e.g. civil engineers, soil 

scientists, hydrologists, and hydrogeologists) of researchers and practitioners in this field. The 

quantitative study of freezing in soils has also been characterized by intermittent periods of 

research intensity and stagnation. For example, early studies describing the thermodynamics of 

freezing soils [32,33] were generally not expanded upon until two decades later when the 

quantitative study of frost heaving revived academic interest in this field [34-40].   

The underlying theory presented in much of this seminal research [32-37] was soon incorporated 

into mathematical models of coupled water and energy transport in freezing soils. These models 

were developed in part to assist in the design of cold regions infrastructure as the oil and gas 



industry began to move increasingly north in the 1970’s. Harlan [41] is typically credited for 

developing the first hydrodynamic-based model for simulating coupled water and heat transport 

in freezing porous media. This model was fundamentally based on a hydraulic analogy between 

Darcian fluid flow in unsaturated ice-free soils and fluid flow in partially frozen soils. This 

approach contrasted strongly with the capillary sink models employed by his contemporaries 

studying frost heave processes [42,43].  Guymon and Luthin [44] developed a similar model to 

Harlan’s [41], by coupling a modified version of Richards’ equation [45] to a one-dimensional 

conduction-advection heat transport equation. They also more clearly demonstrated how an 

equilibrium equation could be used to relate the pore water pressure and temperature in freezing 

or thawing soils. Jame [46] utilized a Crank-Nicholson scheme to solve modified forms of the 

equations presented by Harlan [41], and simulations from his model favorably compared to 

laboratory tests conducted on freezing unsaturated soil. Taylor and Luthin [47] created a 

mathematical model of coupled heat and moisture transfer in freezing soils that ignored the 

impacts of advective heat transport induced by moving groundwater. Their simulation results 

were in agreement with data obtained from the experimental freezing tests conducted by Jame 

and Norum [48] and Dirksen and Miller [39]. Hromadka et al. [49] presented a model in which 

the governing heat and soil-water transport equations were combined into either a single 

moisture or heat transport model via the derivative of the unfrozen water content-temperature 

relationship.  This approach significantly improved computational efficiency.  

This period of research intensity was followed by a relative quiescence until the late 1980’s/early 

1990’s when further one-dimensional models of freezing soils began to emerge. Flerchinger and 

Saxton [50,51] developed the SHAW model for simulating simultaneous heat and water 

transport in freezing soils under tillage and crop residue effects; their model simulations were in 

agreement with measured soil temperature, frost depth and soil water data in Washington, USA.  

Johnsson and Lundin [52] applied the coupled soil water and heat transport model SOIL to study 

the influence of frost and snow on infiltration. Their simulations concurred with measured soil 

temperature and water content from a field site in northern Sweden. This model has since been 

further developed into the CoupModel, which also simulates frost heaving processes [53]. 

Newman [54] and Newman and Wilson [55] modified the geotechnical heat and mass transfer 

model SoilCover to include the effects of phase change and ice formation. Their model 

simulations successfully reproduce the temperature and moisture content data obtained from 

freezing tests conducted by Jame and Norum [56]. Guymon et al. [57] developed FROSTB to 

simulate heat and moisture flow and frost heave and thaw settlement. Shoop and Bigl [58] 

compared FROSTB simulations to their large-scale experimental investigations and found that 

FROSTB reasonably predicted frost penetration and heave, but over-predicted ice formation.  

Zhao et al. [59] included the effects of phase changes in their one-dimensional water and energy 

transport model, and simulations were conducted to predict the thermal and hydraulic effects of 

infiltration in a partially saturated frozen ground. Hansson et al. [60] modified the existing 

HYDRUS-1D code to accommodate the hydraulic and thermal effects of freezing and thawing. 



HYDRUS 1D simulations concurred with the freezing laboratory experiments conducted by 

Mizoguchi [61]. Zhang et al. [62] presented a frozen soil model that was capable of producing 

observed temperature and unfrozen water data collected from field sites in Minnesota and the 

Tibetan plateau. In these contributions, the accuracy and generality of the soil freezing 

calculations were improved, but the basic underlying theory was relatively unchanged from 

Harlan’s work [41]. These one-dimensional models are only briefly described in the present 

contribution as most have already been reviewed and categorized by Li et al. [63]. 

More recently, questions regarding the impact of climate change on subsurface permafrost 

environments have emerged and created a demand for robust, multi-dimensional water and 

energy transport models. Ippisch [64] developed a rigorous three-dimensional groundwater flow 

and energy transport model to simulate coupled water, heat, gas, and solute transport in 

permafrost soils. Multi-phase transport was simulated using a two phase model to include both 

the water vapor and air phases. Ippisch [64] found that water vapor and solute transport did not 

significantly affect the subsurface thermal regime, but that advective heat transport was 

important near 0°C. Qualitative agreement was achieved between model simulations and 

measured unfrozen moisture content and temperature data obtained from an instrumented field 

site in the Svalbard archipelago, Norway.  The Subsurface Transport Over Multiple Phases 

(STOMP) model [65,66] is a powerful, three-dimensional simulator of water, energy and solute 

transport in variably-saturated conditions and includes the dynamic freeze-thaw process. This 

two component (water and air) and three phase model was applied by Nichols et al. [67] to 

simulate a proposed benchmarking problem involving the freezing and thawing of a pipe. 

McKenzie et al. [68] modified the existing groundwater flow and energy transport code SUTRA 

[69] to accommodate the thermal and hydrologic effects of freezing in fully saturated soils. The 

modified SUTRA code was applied to (1) replicate the analytical solution of Lunardini [70] for 

soil freezing in a three-layer system: thawed, frozen, and partially frozen, (2) reproduce 

measured subsurface temperatures from a peat bog in Minnesota, USA, and (3) solve two 

benchmark problems involving soil freezing. Li et al. [71] presented a finite element model for 

simulating three dimensional moisture and heat flow with phase change and freezing-induced 

soil deformation. Simulations of temperature profiles beneath a highway in the Qinghai-Tibetan 

Plateau agreed with measured field results. Bense et al. [25] developed a cold regions 

groundwater flow and heat transport model to simulate hydraulic and thermal processes in high-

latitude aquifers. The governing coupled water and heat transport equations were solved by 

employing the finite element method with the FlexPDE software package. Bense et al. [20,25] 

applied this model to study climate change-induced hydraulic evolution of aquifers and the 

consequent increase in baseflow in idealized permafrost environments.  

Liu and Yu [72] proposed a thermo-hydro-mechanical model to simulate the flow of heat and 

moisture and the associated soil mechanics in freezing soils. Results from their simulations 

concurred with data obtained from the classic freezing experiment by Mizoguchi [61] and 

measured temperature and moisture content data collected beneath a road in Ohio, USA. 



Dall’Amico [73] and Dall’Amico et al. [74] presented a model to simulate freezing phenomena 

in variably-saturated soil. Model simulations compared favorably to temperature profiles 

generated from the Neumann solution for phase change without water flux [75] and experimental 

soil column freezing experiments conducted by Mizoguchi [61]. Tan et al. [76] developed a cold 

regions, coupled water and heat transport model which differed from many previous hydraulic 

models by accommodating the Soret effect (moisture redistribution due to temperature gradient) 

and segregation potential (the ratio of moisture redistribution to the temperature gradient) [77]. 

Their model simulations concurred with the laboratory experiments of Mizoguchi [61], and the 

model was subsequently applied to simulate the effects of design alternatives for the Galongla 

tunnel, Tibet. 

Painter [78] developed the three-phase, non-isothermal model MarsFlo to simulate water and 

heat transport in frozen Martian environments [79]. This flexible and powerful code was 

validated by comparing model simulations to the soil freezing experiments documented by 

Mizoguchi [61] and Jame and Norum [56]. MarsFlo is one of the first models to consider both 

two components (gas and water) and three water phases (vapor, liquid water, and ice).  The 

diffusive vapor transport formulation in MarsFlo was validated with an analytical solution. 

Painter [78] also demonstrated the application of MarsFlo to study the evolution of permafrost in 

Martian and terrestrial environments. Frampton et al. [24,26]  later applied MarsFlo to simulate 

climate change impacts on subsurface thermal and hydraulic regimes in idealised permafrost 

environments. 

ARCHY is a simulator of variably-saturated water, energy and solute transport developed by 

integrating two previous models: MAGHNUM [80] and TRAMP [81]. Rowland et al. [82] 

applied ARCHY to demonstrate the importance of advective heat transport in the formation of 

taliks below lakes in permafrost environments. Two emerging models that are currently being 

developed at Los Alamos National Laboratory (Artic Terrestrial Simulator, ATS [83] and 

PFLOTRAN [84]) perform simulations in powerful, parallel computational environments and 

will thereby enable researchers to investigate Artic processes at much higher spatiotemporal 

resolution.  

Global and regional-scale land surface models have also recently incorporated soil freezing 

schemes, which have been directly or indirectly based on several of the models previously listed 

[85-88]. Such models are capable of simulating permafrost degradation at a coarse scale and 

assist in projecting future climate conditions [89]. However due to computing restrictions, the 

simulations of complex near-surface processes are generally sacrificed with increasing spatial 

scales.  

1.2. Discrepancies between models: a basis for this review 

The study of heat and water transport dynamics in permafrost regions is rapidly expanding due to 

the development of the increasingly complex models listed above. Unfortunately, early 



disagreements regarding the appropriate mathematical representation of freezing phenomenon 

still remain unresolved. Discrepancies between existing model mechanics become very apparent 

when these models are reviewed and compared. In this contribution, the theory of freezing and 

thawing processes in variably-saturated porous media and their effect on water transport are 

reviewed to highlight the underlying assumptions and limitations of particular formulations. 

Specifically, we discuss variations in the form of the Clapeyron equation (section 2), similarities 

between the soil water and soil freezing curves (section 3), variations in previously-published 

soil freezing curves (section 4), and diversities in methodologies for estimating the hydraulic 

conductivity of partially frozen soils (section 5). To our knowledge, this is the first synthesis of 

this body of research that spans several decades. Following the review of freezing and thawing 

theory, we briefly compare and contrast the models previously listed (Table 1) and offer 

suggestions for future research (section 6). In addition to review material, new and previously-

published data are presented to demonstrate the accuracy of the current state of knowledge on the 

physics and thermodynamics of freezing and thawing phenomenon in porous media. 

This contribution is focused on the theoretical development of models whose purpose is to 

simulate climate change-induced permafrost thaw and changing hydrogeologic and hydrologic 

regimes.  Thus, this contribution will not contain a discussion on ice lensing and related soil 

deformation as these processes have been recently described in detail in several notable 

contributions [90-93]. Also, this contribution does not provide details regarding the formulation 

or parameterization of the governing heat transport equation in partially frozen soils. Readers 

interested in this formulation and parameterization are referred to classic contributions by 

Lunardini [70,94], Williams and Smith [95], and Farouki [96].  

It should be noted that differences between model formulations often arise due to the various 

applications of these models. In general, model simulations can only provide answers to well-

posed questions and thus all incorporate some degree of approximation. The appropriate level of 

model fidelity to physical processes is dependent on the simulation objectives. For example, 

models that are formulated to simulate the subsurface hydraulic and thermal response to surficial 

climate change may not need to accurately simulate the physics of ice lensing. We do not suggest 

that every heat and water transport simulator should incorporate all of the suggestions of the 

present contribution. Rather we provide details regarding various formulations and make 

suggestions regarding the ones which best represent physical processes. Interested model 

developers can then make informed decisions regarding which assumptions and simplifications 

to employ. 



Table 1: Variations in the methodologies for models simulating water and heat transport in freezing soils 

Numerical model 

reference1 

Primary Focus 

 of Model Development/ 

Application 

Number of  

dimensions2 

Clapeyron  

equation 

Soil freezing 

curve 

Soil diffusivity, 

permeability, or 

hydraulic 

conductivity3 

Model 

verification/ 

validation  

Harlan [41] 
Moisture redistribution and 

infiltration in frozen soils 
1 

Modified  

Equation (3) 
-4 - -- 

Guymon and Luthin 

[44] 
Coupled heat and moisture flow  1 Equation (3) Gardner [147] Gardner [147] - 

Jame [46] 
Coupled heat and moisture flow 

(testing Harlan’s approach) 
1 

 

Equation (2) 
Piecewise linear 

Piecewise linear + 

impedance 

Experimental 

data and 

analytical 

solution 

Taylor and Luthin 

[47] 

Coupled heat and moisture flow 

with soil heaving 
1 - 

Piecewise linear and 

power function 

Piecewise linear +  

impedance factor 

Experimental 

data 

Hromadka et al. [49] 

Isothermal phase change model 

that combined heat and water 

transport equations.  

1 - Piecewise linear 

Exponential 

function + 

impedance factor   

-- 

Flerchinger and 

Saxton [51] 

Coupled heat, moisture, and 

solute transport in agricultural 

settings 

1 
Modified  

Equation (7) 
Brooks-Corey [151] 

Modified Campbell 

[175] 
Field data 

Guymon et al. [57] 
Prediction of frost heave and thaw 

settlement in pavements 
1 - Gardner [147]  

Gardner  [147] + 

impedance 

Experimental 

and field data 

Newman [54] 
Unsaturated heat and water flux 

in a geotechnical model 
1 

Modified 

Equation (2) 

Empirical form from 

Jame [46] 

Fredlund et al. 

[153] 

Experimental 

data 

Ippisch [64] 
Coupled water, heat, gas, and 

solute transport 
3 Equation (2) 

van Genuchten [154] or 

Brooks-Corey [151]  

  van Genuchten 

[154] or Brooks-

Corey [151] 

Field data 

Hansson et al. [60] 

Heat and moisture transport in 

sub-freezing temperatures with an 

application to study temperature 

beneath a road 

1 Equation (3) van Genuchten [154] 
van Genuchten 

[154]+ impedance 

Experimental 

data 

White and Oostrom 

[65,66] 

Simulator of coupled heat, mass, 

and solute transport 
3 

Modified 

Equation (2) 

van Genuchten [154] or 

Brooks-Corey [151] 

van Genuchyen 

[154] or Brooks-

Corey [151] 

Benchmark 

       



Numerical model 

reference1 

Primary Focus 

 of Model Development/ 

Application 

Number of  

dimensions2 

Clapeyron  

equation 

Soil freezing 

curve 

Soil diffusivity, 

permeability, or 

hydraulic 

conductivity3 

Model 

verification/ 

validation  

Zhang et al. [62] 

Development of soil 

parameterization scheme for cold 

regions 

1 Equation (7) 
Clapp and Hornberger 

[149] 

Clapp and 

Hornberger [149]+ 

impedance 

Field data 

McKenzie et al. [68] 
Ice formation in northern 

peatlands 
3 - Linear or exponential 

Linear or 

independent 

impedance 

Field data, 

analytical 

solution, 

benchmarks 

Bense et al. [25] 
Climate-induced evolution of 

permafrost aquifers 
3 - 

Undefined ‘smooth’ 

function 
Empirical, equation  - 

Liu and Yu [72] 
Heat and water transfer in 

heaving soils 
3 Equation (3) 

van Genuchten [154] or 

Fredlund et al. [153] 

van Genuchten 

[154] + impedance 

or Fredlund et al. 

[153] 

Experimental 

data and field 

data 

Painter et al. [78] 

Two component, three phase 

transport in permafrost 

environments 

3 
Modified 

equation (2) 
van Genuchten [154] 

van Genuchten 

[154] 

Experimental 

data and 

analytical 

solution 

Dall’Amico et al. 

[74] 

A robust model for heat and water 

flow in freezing unsaturated soils  
3 Equation (7) van Genuchten [154] 

van Genuchten 

[154]+ impedance 

Experimental 

data and 

analytical 

solution 

Tan et al. [76] 
Coupled heat and water flow + 

Soret effect/segregation potential 
3 Equation (3) van Genuchten [154] Heaviside function 

Experimental 

data and 

analytical 

solution 

Sheshukov and 

Nieber [150] 

Examination of various 

modes/stages of freezing in non-

heaving soils + similarity solution 

1 Equation (7) Brooks-Corey [151] 
Brooks-Corey 

[151]  + impedance 

Experimental 

data 

1The contributions in the first column are organized by the publication date. 
2This column represents the possible number of dimensions in the numerical model. Several recent contributions only performed simulations for two-dimensional cross-sections despite the three-

dimensional capabilities of the model. 
3In general, the hydraulic conductivity functions that were obtained from SWC’s following Mualem’s [161] or Burdine’s [162] approach are labeled in this column in accordance with the underling 

SWC formulation. 
4In certain instances, the model information related to a particular column is missing, not clearly stated, or not applicable. 
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2. Variations of the Clapeyron equation                       

Cold regions water and heat transport models should be capable of simulating thermodynamic 

equilibrium conditions during phase change. The equilibrium relationship between the 

temperature and pressure in freezing soils is given by the Clapeyron equation, which is often 

termed the ‘Clausius-Clapeyron equation’, the ‘freezing temperature equation’, or the 

‘equilibrium equation’. Many disparate forms of this equation have been published. In most 

sources, these equations are presented with temperature expressed in degrees Kelvin; in the 

present contribution, temperature is expressed in Celsius.  

The original form of the Clapeyron equation, which was derived from the thermodynamic 

concept of Gibbs free energy [97], can be generalized for multiple phases by first writing the 

Gibbs-Duhem relationship for each phase and then combining the resulting terms. This process is 

described in detail by Kay and Groenevelt [98] and Groenevelt and Kay [99]: 

                                                        
1 1

273.15

wf fi

w i

dP HdP

dT dT T 
 


                                             (1) 

where T is the equilibrium freezing temperature [°C], Hf  is the latent heat of fusion [L2 t-2], Pwf  

and Pi are the equilibrium gauge pressures in partially frozen soil for the liquid water and ice 

phases, respectively [M L-1 t-2], and ρw and ρi are the water and ice densities, respectively  

[M L-3].  Using basic thermodynamic principles, Loch [100] derived a slightly different form of 

the general Clapeyron equation for freezing soils by first integrating the Gibbs-Duhem 

expressions for each phase before combining the terms: 

                                                                T
HPP f

i

i

w

wf

15.273



                                                    (2) 

Many models have been primarily developed to simulate the migration of moisture or heat in 

partially frozen soil rather than freezing-induced deformation [e.g. [41,47,60]]. These models 

often do not account for the gauge pressure in the ice phase. Thus, the Clapeyron equation is 

given in a simpler format than equations (1) or (2) in accordance with earlier theoretical and 

experimental investigations of soil freezing. For example, Schofield [32] first demonstrated that 

the equilibrium freezing temperature is affected by matric potential due to the relationship 

between matric potential and free energy. The original equation proposed by Schofield [32] can 

be rewritten in a slightly revised form to represent a change in the equilibrium gauge pressure of 

water in freezing soil  dPwf  due to a change in temperature dT .  

                                                 
 15.273


T

H

dT

dP wfwf 
                                                        (3) 
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Equation (3) is predicated on the assumption that liquid water is coexisting with solid ice that is 

at constant pressure and density.  Often, for the purpose of simplification, the T term in the 

denominator is removed. This simplification will have very little impact at temperatures close to 

0°C. 

                                                      
15.273

wfwf H

dT

dP 
                                                            (4) 

Equations (3) and (4) indicate that the pore water pressure and the equilibrium freezing 

temperature are in a state of delicate balance. As temperature decreases and ice forms, liquid 

water content decreases, which decreases pressure and draws moisture toward the freezing front 

in a process known as cryosuction [101].  

Often the Clapeyron equation is expressed without differentials [102,103]. This form can be 

obtained from equation (3) by rearranging to isolate the pressure differential and integrating with 

respect to T and Pwf : 

                                           






 


15.273

15.273
ln

T
HP wfwf                                                   (5) 

It should be noted that equation (5) assumes that the water density is not temperature-dependent. 

This form is often further simplified by employing the first term in the Taylor expansion of the 

exponential function [34,62,63]:  

                                               xxxx  1ln1exp                                                (6) 

If x is taken as T/273.15, equation (5) simplifies to the following: 

                                                                
15.273

T
HP wffw                                                       (7) 

Equation (7) is equivalent to equation (5) to the first term in the Taylor expansion, which implies 

small variations about T=0°C. Equation (7) can be shown to be essentially identical to the form 

given in equation (4), but with pressure and temperature expressed without differentials. An 

algebraic manipulation will reveal that equations (3), (4), (5), and (7) are equivalent to or 

approximations of equation (1) when the pressure in the ice phase is constant. Similarly, equation 

(7) can be shown to be equivalent to equation (2) when the pressure in the ice phase is 

atmospheric (zero gauge pressure) or when the pressure in the water phase is measured relative 

to the pressure in the ice phase. Figure 1 shows the relationships between Pwf and T and indicates 

that the selection of the equilibrium equation has little effect at temperatures greater than -10°C.  
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Fig. 1 (a) Comparison of the pressure-temperature equilibrium relationship for varying forms of the Clapeyron equation 

assuming T = 0°C at Pwf = 0 Pa. (b) Inset, amplified pressure-temperature relationship in range of temperature that is 

relevant for most applications (0 to -10°C). The various equations do not significantly deviate from each other in this range.   

Schofield’s [32] equation was a simplified form of the Clapeyron equation expressed as pF = logT+4.1, where pF = log (100Pwf ρw
-1 

g-1) and 104.1 = 100Hf 273.15-1 g-1. 

 

Various other forms of the Clapeyron equation for freezing soils have been proposed that differ 

depending on the assumptions regarding the pressure in the ice phase. For example, Saetersdal 

[103] presented equations (8) and (9) as alternate forms of the Clapeyron equation: 

                             
)15.273()(

11





T

H

dT

dP

dT

dP

iw

fiwf


                                             (8) 

                                               
 15.273


T

H

dT

dP ifi


                                                            (9) 

According to Saetersdal [103], equation (8) is valid when a change in pressure in the ice phase is 

transferred to the liquid water phase and vice versa, and equation (9) is valid when the pore water 

pressure is constant, but the pressure in the ice phase varies. Other forms of the Clapeyron 

equation were presented by Kay and Groenevelt [98] and Groenevelt and Kay [99].  Dall’Amico 

[73] listed nine variations of the Clapeyron equation for freezing soils that have been employed 

by various model developers.  

The Clapeyron equation can be manipulated to determine the freezing point depression due to 

pre-freezing negative pressures Pw0 [M L-1 t-2]. For example, equation (7) can be rearranged to 

the following form, which is valid at temperatures close to 0°C if the pressure in the ice phase is 

assumed to be constant, and thermodynamic equilibrium is achieved: 
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                                                            0273.15 w

f w

P
T

H 
                                                              (10) 

where ΔT is the change in equilibrium temperature or the freezing point depression [°C] due to 

negative pressure. It should be noted that ΔT is equivalent in sign and magnitude to T, because at 

a water gauge pressure of zero, the freezing temperature is 0°C. Koopmans and Miller [38] 

suggested a more general freezing point depression equation, which was derived from an 

equation similar to (2), and which can be applied at any equilibrium point during freezing and 

which relaxes the null ice pressure assumption: 
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                                                   (11) 

These Clapyeron-temperature depression formulations ignore freezing point depression due to 

solute concentration. 

Freezing and thawing processes may not always occur at thermodynamic equilibrium, and at 

disequilibrium, the Clapeyron equation is invalid [73,105]. Disequilibrium phase change can 

occur at the onset of soil freezing because temperatures can decrease more rapidly than 

equilibrium ice formation. The possibility of disequilibrium states should not be neglected if the 

rate of temperature changes exceeds 0.1°C hr-1 in the range of 0 to -0.5°C.  Numerical models 

that assume thermodynamic equilibrium based on the Clapeyron equation tend to overestimate 

cryosuction-induced water flow at the beginning of freezing because they overestimate the rate 

of ice formation based on the equilibrium assumption. Furthermore, disequilibrium pressure can 

occur during thawing and consequent infiltration, because ice content can decrease without a 

change in temperature. Accurately expressing these disequilibria with appropriate mathematical 

formula is important when considering freezing front phenomena or when simulating snowmelt 

infiltration and runoff during inhomogeneous ground thawing. The study and mathematical 

representation of disequilibrium phenomena is an emerging field of research. 

3. Similarities between the soil water curve and the soil freezing curve 

Most existing models for simulating water and heat transport in freezing soils predict the 

unfrozen water content in freezing soils based on an analogy between the soil freezing curve 

(SFC, the relationship between subzero temperatures and the unfrozen water content) and the soil 

water curve (SWC, the relationship between pore water suction and the moisture content). This 

relationship exists because liquid water is retained in the pore space during both desaturating 

processes (i.e. freezing or dessication) due to sorptive and capillary forces [106]. Beskow [107] 

initially proposed the concept that soil freezing is related to soil drying and that water flow to the 

freezing front in freezing soils is similar to water flow to the evaporative front in drying soils. 

Koopmans and Miller [38] demonstrated the analogy between the SFC and the SWC based on 
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quantitative and qualitative parallels that exist between a drying, ice-free soil and a freezing, air-

free soil. According to Koopmans and Miller [38], this analogy was valid for either soils where 

capillary forces govern (designated SS soil for solid-solid contact between particles), or soils 

where sorptive forces govern (designated SLS soils for solid-liquid-solid contact). In general, SS 

soils (e.g. sand or silt) are granular, coarse-grained soils characterized by rigid, capillary-like 

pores and (often) uniform grain size. Conversely, SLS soils (e.g. clays) are colloidal soils that are 

often platy-shaped, although rounded, corded and other grain orientations can also be found. The 

varying grain sizes and geometric orientations of these two soil classifications cause different 

forces (i.e. capillary or sorptive) to govern within the pore space and thereby affect the 

distribution of ice and unfrozen water during freezing or thawing. 

The theoretical basis developed for relating the SWC and the SFC has been primarily founded on 

capillary theory. In a drying soil, the pressure discontinuity between air pressure and  pore water 

pressure (i.e. the capillary pressure, Pa-Pw) at a curved air-water interface can be expressed using 

a form of the Young-Laplace equation [36,37]: 

                                                   
aw

aw

wa
r

PP


2                                                            (12) 

where Pa is the air pressure [M L-1 t-2], Pw is the pore water pressure [M L-1 t-2], σaw is the 

specific energy of the air-water interface [M t-2], and raw is the mean radius of the air-water 

interface curvature [L]. Similarly, Koopmans and Miller [38] theorized that a corresponding 

expression could be obtained for the ice-water interface in air-free, freezing soils. Unlike the 

original contribution, a distinction is made here between the pore water pressure in an ice-free 

soil Pw and the pore water pressure in a partially frozen soil Pwf : 
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where riw is the radius of the ice-water interface curvature [L], and σiw is the specific energy of 

the ice-water interface [M t-2].  

Equations (12) and (13) can be used to derive a new relationship that is valid if the radii of the 

two interfaces (i.e. ice-water and water-air) are the same: 

                                                          wfi

iw

aw

wa PPPP 
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
                                                     (14) 

Koopmans and Miller [38] used experimental SWC and SFC data to demonstrate that the ratio of 

the interface energies (σaw/σiw, equation 14) is approximately 2.20.  In multicomponent flows, 

this scaling is denoted as a re-scaling of interfacial tensions [108]. Their results were consistent 
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with the proposition that different phases of water could be at disparate pressures and still be in 

thermodynamic equilibrium due to the difference in the surface energies of the phase interfaces. 

Koopmans and Miller [38] suggested that the pressure discontinuity relationship is simpler for 

SLS soils because sorptive forces govern rather than capillary forces, and the geometry of the 

liquid interface was assumed to be immaterially affected by the nature of the other pore 

constituent (ice or air):   

                                                             
fwiwa PPPP                                                            (15) 

Based on this assumption, the pore water gauge pressure for drying, ice-free soil can be related to 

the pore water gauge pressure for freezing, air-free soil with the same liquid water saturation 

(same interface radii), assuming that the pressures in the ice and air phases are atmospheric [46]: 

                                                                   wfw PnP                                                               (16) 

where n is 1.0 for SLS soils and 2.2 for SS soils. Because of the differences between equations 

(14) and (15), Koopmans and Miller [38] suggested that no fully-quantitative SFC-SWC 

relationship exists for soils that are not either fully SLS or fully SS. Additionally, their 

quantitative analogy was only valid for air-free freezing soils or ice-free drying soils. They also 

demonstrated that, similar to drying and wetting curves, freezing and thawing curves exhibit 

hysteresis. Black and Tice [109] determined that the quantitative relationship between the SWC 

and the SFC was only valid at similar bulk densities and, due to hysteresis, only drying curves 

could be related to freezing curves and only wetting curves could be related to thawing curves. 

When the conditions above were met, they found SFC parameters measured directly through 

experimentation were similar to those indirectly obtained from SWC parameters. This prompted 

them to suggest that SFC parameters obtained from freezing tests could be employed to infer 

SWC parameters. 

Figure 2a illustrates the ability of the Clapeyron equation (equation 5) to represent the 

relationship between negative pressures (suction pressure) and temperatures in freezing soils. 

The Clapeyron equation is valid with no modification, provided equilibrium is achieved and 

pressure is measured directly rather than estimated from an SWC. Figure 2b shows SWC and 

SFC data that were independently obtained from soils with the same bulk density using methods 

described in the caption. The Clapeyron equation (equation 5), with and without the n adjustment 

factor (equation 16), is also shown to illustrate the validity of using forms of the Clapeyron 

equation to relate SWC’s and SFC’s. As illustrated, the SWC-derived pressure and SFC-derived 

temperature may not perfectly match the theoretical relationships proposed by Koopmans and 

Miller [38]. For example, at temperatures close to 0°C, the kaolinite data (SLS soil) matches the 

Clapeyron equation with the adjustment factor n =2.2; however, in theory, this 2.2 adjustment 

factor should not apply for SLS soils. Additionally, both the sand (SS soil) and the kaolinite data 
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appear to switch between the Clapeyron curve assuming a dominance of sorptive forces (n =1) 

versus the curve assuming a dominance of capillary forces (n =2.2) at temperatures around -5°C. 

This leads us to postulate a temperature-dependence for the n adjustment factor due to the fact 

that the governing retention force (capillary or sorptive) may switch with decreasing temperature 

and pressure [90,110, 111]. Thus, the classic SLS vs SS separation for the n adjustment factor 

[38] may be an inappropriate simplification. This temperature-dependence should be addressed 

in future research. The formation of ice reduces the effective porosity (i.e. porosity minus ice 

content) of freezing soils. For smaller effective porosities at low pressure and temperature, 

sorptive forces will likely govern (n = 1), and for larger effective porosities (close to 0°C), 

capillary forces may become significant (n = 2.2). 
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Fig. 2 (a) The negative pressure in freezing soils directly measured by a chilled-mirror potential sensor vs. measured 

temperature. The Clapeyron equation-predicted pressure (equation 5) for varying negative temperature is indicated by the solid line 

Adapted from [105]. For experimental details see [105]. (b) Comparison of SWC and SFC at the same unfrozen water contents 

(unpublished data). The measured SFC data were obtained from the pulsed nuclear magnetic resonance method. The measured 

SWC data were independently obtained from a combination of the hanging water method, the pressure plate method, and the dew 

point potensiometer. The theoretical Clapeyron relationships, with and without the equation (16) n factor, are shown by the dashed 

and solid lines, respectively. 

 

Spaans and Baker [112] identified the following three limitations to the approach proposed by 

Koopmans and Miller [38]: 

1. Freezing soils are often unsaturated, thus the air-free freezing restrictions are severely 

limiting. 

2. Most soils in nature are neither fully SLS nor fully SS. 

3. Determining the SWC becomes increasingly inaccurate and laborious as drying 

occurs; thus coupling of the SWC and the SFC is questionable at lower pressures. 
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They suggested that the last limitation noted above could be addressed by experimentally 

determining the water retention properties for soils from the SWC in the moist range and the 

SFC in the dry range. More recently, the chilled mirror technique has been adopted, which 

results in increased accuracy of an experimentally-derived SWC at lower soil water pressure 

[105].  

Miller [40,43] attempted to address the first limitation identified above. For the case of 

unsaturated SS soils, he suggested that capillary forces are also affected by an air-ice interface. 

This interface yields a third pressure discontinuity equation (see equations 12 and 13): 

                                                               2 ai
i a

ai

P P
r


                                                                (17) 

where rai is the radius of the air-ice interface curvature [L], and σai is the specific energy of the 

air-ice interface [M t-2]. This approach assumes that, like the water-air interface, the shape of the 

air-ice interface is adjusted to minimize interface energies. This assumption has been supported 

by observations of granulation in snow [40]. Miller [40,43] also demonstrated that the air-ice 

interface energy can be found from the addition of the energies for the air-water interface and the 

ice-water interface:  

                                                                iwawai                                                              (18) 

For the case of unsaturated SLS soils, the findings of Koopmans and Miller [38] regarding the 

ratio for air-water and ice-water interface energies can be applied in conjunction with equation 

(18) to yield: 

                          
iwaiawawawiwawai  2.3or45.1

2.2

1
                        (19) 

The interface energies σaw, σiw, and σai have approximate values of 0.07 N m-1, 0.03 N m-1, and 

0.10 N m-1 respectively at temperatures close to 0°C [43]. The coexistence of ice, air, water, and 

soil grains in freezing soils is depicted in Figure 3. Miller [40] proposed a function for the 

contact angle (ϕ, Figure 3) between the air-ice interface and the soil particle surface. According 

to Miller [42], ice pressure is only atmospheric when this contact angle is 68°. If the contact 

angle is less than this critical value, ice pressure is greater than air pressure, and if the contact 

angle is greater than this critical value, ice pressure is between air pressure and pore water 

pressure [46]. Because ice pressure caused by the air-ice interface energy should not be assumed 

to be zero if an air-ice interface exists [43], it is difficult to physically and quantitatively relate 

the SFC and the SWC quantitatively for unsaturated SS soils.  
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Fig. 3 Coexistence of water, air, ice, and soil grains in freezing soils. (a) The contact angle between the soil grains and the air-

ice interface and the respective interface energies for the air-ice, water-ice, and air-water interfaces.  (b) The volumetric contents for 

each phase in the pore space, where θa, θi, and θl represent the volumetric contents for the air, ice, and liquid water phase, 

respectively. Modified from [40]. 

 

A simplifying assumption that is often applied when relating a variably-saturated SFC to an 

SWC is that the unfrozen water content is independent of the initial total (frozen + unfrozen) 

water content. For example, Williams [34,35] experiments supported Fisher’s [113] initial 

comments regarding the independence of unfrozen water content and initial total water content 

provided that the initial total water content is not less than the equilibrium unfrozen water 

content for a given temperature. Other researchers have also suggested through experimentation 

and/or thermodynamic theory that unfrozen water content is independent of initial total water 

content [e.g. 46,114].  

More recently, researchers have developed or improved techniques for more accurately 

measuring unfrozen water content in freezing soils including: differential scanning calorimetry 

[115,116], time domain reflectometry (TDR) [117-122], nuclear magnetic resonance (NMR) 

[121,123-126] and ultrasonic techniques [127-129]. These technological advances have allowed 

researchers to further investigate the independence of unfrozen water on initial total water 

content. Tice et al. [123] measured unfrozen water content in freezing soils using pulsed NMR, 

and his results suggested that unfrozen water content increases with initial total water content. 

Similarly, Yong [130] and Suzuki [131] suggested that the unfrozen water content was higher at 

a given temperature for soils with higher initial total (frozen + unfrozen) water contents. 

However, Watanabe and Wake [121] and Akagawa et al. [126] have since demonstrated that 

experimental error can arise by not properly accounting for the signal from the ice phase when 

measuring the unfrozen water content by TDR or NMR methods. This experimental error can 

result in the erroneous conclusion that unfrozen water content increases significantly with 

increasing initial total water content. Also, equilibration time increases in fine soils or in soils 

with higher total water content. Because TDR and NMR measurements of unfrozen water 
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contents assume equilibrium conditions, this increase in equilibrium time can yield additional 

experimental errors. Figure 4 shows the independence between initial total and unfrozen water 

contents for silt loam and sand when the ice signal correction factor is applied. As the 

temperature drops below the initial freezing temperature, the series with initially different 

moisture contents converge. 
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Fig. 4 Unfrozen water contents vs. temperature in unsaturated freezing silt loam (a) and sand (b) with different initial total 

water contents (indicated in the inset) measured by the pulsed nuclear magnetic resonance method with separate signals 

from ice and liquid water. Adapted from [121]. 

 

4. Previously developed soil freezing curves  

4.1 SFC’s not derived from SWC’s 

Mathematical models for simulating freezing or thawing in soils must incorporate some form of 

an SFC to relate the unfrozen moisture content to subzero temperatures. Numerous researchers 

have developed empirical SFC relationships that have been derived independently of any SWC 

data [e.g. [46,68,114,116,132,133]]. Where applicable, nomenclature has been adjusted in the 

present contribution to be consistent with conventional hydrology nomenclature (e.g. moisture 

content by % dry unit weight has been converted to volumetric moisture content). Based on the 

conservation of mass, the total water content θw (volume of water/total volume) is equivalent to 

the sum of the liquid water content (θl, Figure 3b) and the product of the ice content (θi, Figure 

3b) and the ratio of ice density to water density: 

                                                   i

w

i

lw 



                                                              (20) 

Sometimes, the density differences between ice and water are ignored, and the total water 

content is simply expressed as the sum of the ice and liquid water contents [68]: 
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                                                       ilw                                                                 (21) 

If unfrozen water content is assumed to be independent of total water content, θl can be expressed 

as a function of temperature only. Anderson and Tice [114] and Anderson and Morgenstern 

[132] found that the relationship between the liquid water content and the temperature of 

freezing soils can be reasonably approximated with a power law: 
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where ρs is the density of the soil solids [M·L-3], ε is the porosity, and α and β are empirical 

fitting parameters. The SFC must be smooth and differentiable, because the apparent heat 

capacity term for freezing or thawing soils contains the derivative of the SFC [60,68]. The 

temperature derivative of equation (22) is: 
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Values for α and β for many types of soil have been tabulated by Andersland and Ladanyi [134]. 

Anderson and Tice [114], Anderson and Morgenstern [132], and Blanchard and Frémond [135] 

demonstrated empirically that the α and β values can also be obtained from the specific surface 

area S [m2 g-1] for different types of soils: 

                                                        2168.0ln5519.0exp  S                                           (24) 

                                                     3711.0ln2640.0exp  S                                        (25) 

Thus, α and β can be shown to be dependent on basic soil types. For example, equation (24) 

indicates that α is typically higher for clays and other soil types with higher specific surface 

areas. Equations (22), (24), and (25) can be combined to express the unfrozen water content as a 

function only of temperature and specific surface area without the use of empirical fitting 

parameters α and β [46,54]. Tice et al. [136] demonstrated that empirical relationships could also 

be developed between the soil liquid limits and α and β. Thus, the SFC of a particular soil can be 

estimated from a few simple laboratory measurements. The proposed power relationship is 

several decades old; however, it is still commonly given in reference texts as a valid approach to 

estimating unfrozen water content in freezing soils [137,138].  

Although it was empirically developed, the use of the power function for an SFC is also 

theoretically tenable. If it is assumed that the water film and soil surface act as flat parallel layers, 

the unfrozen water content can be expressed as follows [106,124,139-141]: 
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where κis a parameter that includes the effect of specific surface area, water density, ice density, 

latent heat, and the Hamaker constant A [M L2 s-2]: 
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Comparing equation (26) to equation (22) indicates that a reasonable initial estimate for β could 

be -0.33, although β often differs from this value as a result of non-planar geometric orientations 

of the water film and soil surface or surface forces other than van der Waals [141]. Also equation 

(27) indicates that the κ parameter can be shown to be a function of specific surface, which 

concurs with the empirical relationships proposed by Anderson and Tice [114] and Anderson and 

Morgenstern [132]. It should be noted that equations (24) to (27) are formulated on the 

assumption that sorptive (surface) forces govern rather than capillary forces. Thus, these 

formulations are more valid for SLS soils or at lower temperatures when water is held to the soil 

(SS or SLS) particle surface by sorptive rather than capillary forces. 

Jame [46] and McKenzie et al. [68] suggested that a simple piecewise linear function could 

approximate the SFC for saturated soils. This SFC is reproduced in a slightly modified form with 

the total water content replacing the porosity term in the original formulation to accommodate 

initially unsaturated conditions: 
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where m is the slope of the freezing function [T-1], θres is the residual unfrozen water content, and 

Tres is the temperature at which the unfrozen water content is reduced to θres. A reasonable range 

of freezing temperature is 0 to -2°C [95]. Others have employed non-linear piecewise-freezing 

curves. For example, Kozlowski [116] achieved a good fit to measured unfrozen water in a clay 

soil by employing the following exponential piecewise SFC: 
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where δ and χ are fitting parameters for this expression.  
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McKenzie et al. [68] and Ge et al. [22] suggested that an SFC could be obtained from a 

continuous exponential function. Herein, this SFC is modified slightly with the porosity 

replacing the total water content to allow for initially unsaturated conditions: 
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where w is a fitting parameter. The piecewise linear and exponential SFC’s can also be shown to 

have smooth derivatives with respect to T on the interval of freezing [68]. Kozlowski and 

Nartowska [133] presented the following modified form of the exponential SFC proposed by 

Anderson and Tice [142]: 

                                                      TcSSba d

l lnlnexp                                                (31) 

where a, b, c and d are empirical fitting parameters. Curves based on the power, piecewise linear, 

exponential, and Kozlowski’s [116] SFC’s are shown in Figure 5. The SFC given by Kozlowski 

and Nartowska [133] is not presented as this form can be shown to reduce to the power 

relationship (equation 22). The root-mean-square-error (RMSE) values in Figure 5 indicate that, 

for these experimental data, the Kozlowski [116] SFC matched the observed unfrozen water-

temperature relationship far better than the power, piecewise-linear, or exponential SFC’s. 
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Fig 5. The power, piecewise linear, exponential and Kozlowski [116] SFC’s fitted to the silt loam freezing data shown in 

Figure 4a by minimizing the RMSE. The equation parameters and the associated RMSE values are indicated.  
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There are relatively few experimental studies that have measured SFC’s for various soils types 

compared to the number of studies that have measured SWC’s. This lack of research partly arises 

from persisting questions associated with the physical measurement of the freezing process. For 

example, Smerdon and Mendoza [143] observed hysteretic behavior in the thermal properties 

and TDR-measured unfrozen water content in peat using concurrent in situ and laboratory 

measurements. They suggested that the degree of hysteresis was dependent on liquid water 

content. He and Dyck [145] examined dialectric mixing models for measuring SFC and also 

observed significant hysteresis, which they attributed to supercooling and osmotic freezing point 

depression phenomena. Hysteretic phenomenon has also been reported by Parkin et al. [44] from 

recent field observations at sites in Ontario, Canada. They found that the best SFC fitting 

parameters changed by a factor of 0.09 between the freezing and thawing cycle, but this change 

did not concur with the predictions of previous research, which led them to suggest that the 

hysteresis may be ‘more apparent than mechanistically real’. Parkin et al. [44] also observed that 

in situ measurements of SFC were difficult to obtain due to the lack of monotonically increasing 

or decreasing temperature cycles in natural environments. Thus, like the modelers, researchers 

measuring freezing processes in porous media are faced with several unresolved difficulties. 

 

 

4.2 Previous SFC’s derived from SWC’s 

The primary independent variable of the SWC is pressure, and the primary independent variable 

of the SFC is temperature. Thus, the Clapeyron equation can be utilized to convert between an 

SWC and SFC. In theory, at least for saturated soils, the pore water pressure associated with a 

negative temperature (Pwf) can first be found with a form of the Clapeyron equation and then 

related to an associated pore water pressure for a drying soil Pw according to equation (16). This 

Pw can be used to obtain the unfrozen water saturation from an appropriate SWC. In this 

sequential manner, an SFC can be developed from a previously existing SWC. For example, 

Flerchinger et al. [146] measured liquid water content in freezing soils using TDR and demonstrated 

that the parameters for SWC’s obtained from pressure plate analyses were very close to SWC 

parameters deduced from SFC’s directly obtained during freezing tests.  

Several SWC-derived SFC’s are given by Dall’Amico [73]. For example, Shoop and Bigl [58] 

applied a modified form of Gardner’s [147] SWC to obtain the SFC for unfrozen water content 

in freezing or thawing soils. Luo et al. [148] utilized a common SFC derived from the Clapp and 

Hornberger [149] relationship. This was modified by Zhang et al. [62] to account for the effect of 

ice on the soil specific surface: 
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where Pa is the air-entry pore water pressure [M L-1 t-2], b is the empirical Clapp-Hornberger 

parameter, and Ck accounts for the effect of ice formation on matric potential (Ck~8) [62].         

Sheshukov and Nieber [150] combined a simplified form of the Clapeyron relationship (equation 

7) with the Brooks-Corey [151] SWC to obtain a relationship similar to the following: 
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where b is the Brooks-Corey model exponent. Equation (33) is quite similar in form to the power 

relationship based on sorptive forces proposed in equations (22) and (26), although the Brooks-

Corey model can accommodate capillary or sorptive forces as the b exponent will not necessarily 

match that of equation (26). At lower temperatures, when sorptive forces govern, equation (33) 

will, in theory, approach that of equation (26). Azmatch et al. [152] demonstrated that the form 

of the Clapeyron equation given in equation (5) can be effectively combined with the SWC 

proposed by Fredlund et al. [153] to obtain an accurate SFC.  They also found that when soil 

freezing temperatures were converted to capillary pressures, the pressure vs. liquid saturation 

curves from the SFC and SWC were very close. The overlapping of the SWC and SFC occurred 

without any adjustment factor, such as the one proposed in equation (16), which was indicative 

of the presence of clays (i.e. SLS soils where n = 1.0).                                            

Dall’Amico [73] demonstrated how the van Genuchten [154] SWC can be combined with a form 

of the Clapeyron equation to estimate liquid and ice saturations during freezing in unsaturated 

soils. He first obtained a depressed freezing temperature ΔT for unsaturated soil due to pre-

freezing pressures (suction) according to equation (10). This new equilibrium temperature was 

used to obtain a relationship for further decreases in pressure due to subsequent freezing: 
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where H is the Heaviside function, Pw0 is the pre-freezing pressure and Pwf is the new pressure 

induced by freezing [M L-1 t-2]. Dall’Amico [73] theorized that the total water content θw could 

be obtained independently of the temperature according to the van Genuchten [154] SWC with 

Pw0 as the input. He then proposed that the water could be partitioned into liquid water and ice 

saturations according to equations (35) and (36):  
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where a, n, and m are the van Genuchten fitting parameters, and ε is porosity.  

Watanabe et al. [103] demonstrated that an SFC could be formulated by combining equation (5) 

with the van Genuchten-type equation proposed by Durner [155] to accommodate heterogeneous 

pore structure: 
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where a1, a2, w2, n1, n2, m1, and m2 are the Durner [155] fitting parameters.  

Figure 6 depicts a general approach for determining unfrozen moisture content with the 

following steps: (1) the total water content can be obtained based on pre-freezing pressure from 

an SWC; (2) the freezing point depression due to initial (negative) pressure can be calculated 

(e.g. equation 10); (3) no freezing occurs until the soil temperature drops below the new 

depressed freezing temperature; (4) at temperatures below the depressed freezing temperature, 

ice formation begins and some unfrozen water remains in the pore space in accordance with the 

SFC; (5) at a given temperature below the depressed freezing point, the unfrozen water content 

can be taken directly from the adjusted SFC curve (e.g. equation 35). The ice content is equal to 

the total water content minus the unfrozen water content times the ratio of the water and ice 

densities (equation 36).  

It should be noted that combining existing SWC’s with a form of the Clapeyron equation to 

determine an SFC often renders the differentiating of the SFC and its subsequent incorporation 

into the apparent heat capacity term more difficult [60,68]. Given the small time steps required 

for unsaturated freezing simulations, the relative complexity of these SFC derivatives may 

currently limit their use in multi-dimensional or spatially extensive mathematical models. 
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Fig. 6 The process for determining the unfrozen water content in variably saturated freezing or thawing soil. The steps in 

this figure are described in the text.  

 

5. Hydraulic conductivity of partially frozen soils 

Hydraulic conductivity in freezing soil (Kf) is reduced as ice accumulates in the pore space 

because the flow rate is dependent on the flow path cross-sectional area and pore geometry 

[156]. This phenomenon is typically simulated using one of three approaches: (1) a semi-

theoretical approach based on capillary and sorptive theory, (2) a simple empirical formula 

expressing Kf as a function of temperature and independent of an SWC, and (3) a formula that 

estimates Kf  from an SWC-derived hydraulic conductivity function of ice-free, drying soil.  
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Watanabe and Flury [157] developed an example of a type (1) freezing soil hydraulic 

conductivity models through the application of capillary and surface absorption theory. In this 

approach, the soil is treated as a bundle of cylindrical capilliaries, and the ice formation is 

assumed to occur in the center of the capilliaries. In a related approach, Lebeau and Konrad 

[110,158] developed a semi-theoretical hydraulic conductivity model for partially-frozen air-free 

porous media. In their model, water flow and hydraulic conductivity depend on both capillary 

and thin film flow processes (due to London-van der Waals and ionic electrostatic forces). These 

semi-theoretical hydraulic conductivity models have been shown to perform well when 

compared to field and laboratory data [110,157]; however, they are typically too complex to be 

incorporated into numerical models due to competing demands between model realism and 

computing capabilities.  

For the sake of model simplicity, several researchers have proposed simple empirical hydraulic 

conductivity models for freezing soils that are functions only of the soil temperature (type 2). An 

example of these is the simple power relationship proposed by Nixon [159]: 

                                                TKK f  /0                                                                (38) 

where Kf is the hydraulic conductivity in freezing soils [L t-1], K0 is the hydraulic conductivity at 

-1°C [L t-1], T is temperature in °C, and δ is the slope of the Kf-T relationship in a log-log plot. 

Another temperature-based hydraulic conductivity function that has been developed 

independently of any SWC is the power relationship proposed by Horiguchi and Miller [160]: 

                                                              
D
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where C and D are constant fitting parameters. Jame [46] and McKenzie et al. [68] suggested 

that, like the SFC, the hydraulic conductivity function for freezing soils could be simply 

approximated by employing a piecewise linear function: 
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where Ksat is the saturated unfrozen conductivity [L t-1], Krel is the minimum relative conductivity 

or the ratio of the minimum Kf  to Ksat (e.g. 10-6), and BT is the temperature at which this 

minimum conductivity is first obtained. Temperature-based hydraulic conductivity functions 

typically yield stable calculations when they are employed in numerical models. However, it is 

generally difficult to obtain literature related to their parameterization and accuracy for different 

types of soils, and consequently, they are rarely implemented in recent numerical models.  
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Due to the limitations of the two approaches listed above, most models employ a hydraulic 

conductivity function for partially frozen soils that is developed from a SWC-derived hydraulic 

conductivity function for drying soils (type 3). This approach follows the classic formulations by 

Mualem [161] or Burdine [162], who developed models to predict unsaturated hydraulic 

conductivity from the knowledge of both the saturated hydraulic conductivity and the SWC.  In 

this approach, the unfrozen hydraulic conductivity is expressed as a function of the unfrozen 

moisture content based on the derived SWC-hydraulic conductivity relationship [161,162]. The 

SFC can then employed to produce a model that expresses the hydraulic conductivity of partially 

frozen soil as a function of the temperature. For example, Tarnawski and Wagner [163] proposed 

that a Brooks and Cory [151] style conductivity function could be utilized to predict the 

hydraulic conductivity in freezing soil: 
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where b is an empirical parameter based on the soil particle size distribution. Similarly, Black 

[164] proposed that the hydraulic conductivity functions for unsaturated soil derived from the 

SWC models of Gardner [147], Brooks and Corey [151], and van Genuchten [154] could be 

employed to obtain relative conductivity functions for freezing soils.  

All of these SWC-derived, unfrozen moisture content-conductivity relationships will not be 

reviewed in detail as their development and application is generally well understood. The main 

advantage of implementing a type (3) hydraulic conductivity model is that the model is well-

defined and parameterized once the SWC and saturated conductivity values are known. The 

SWC or SFC are much easier to physically determine in a laboratory than the conductivity-

pressure or conductivity-temperature relationship. The primary uncertainty that persists for 

relating relative hydraulic conductivity functions for drying soil and freezing soils is whether an 

additional hydraulic impedance term is required to account for the formation of ice and existence 

of the slip-free ice-water interface.  

The question of whether to include an impedance factor originally arose from the study of 

Harlan’s work [41]. Harlan [41] first proposed that the hydraulic conductivity of freezing soils 

would be the same as that of drying soils at the same liquid moisture saturation. This approach 

assumes similar film-water geometry in both instances. Harlan’s [41] simulated water flow near 

the freezing front was over-predicted, which suggested that his approach also over-predicted 

hydraulic conductivity. To simulate this perceived reduction in hydraulic conductivity while still 

employing previously parameterized hydraulic conductivity functions for drying soils, several 

authors [e.g. [46,56,165]] proposed that a phenomenological impedance factor could be 

employed to further reduce the hydraulic conductivity of soils due to the presence pore ice. This 

impedance factor is often given in the following form [166]: 
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                                                     EQKK uf  ^10                                                  (42) 

where Ku is the hydraulic conductivity [L t-1] in unfrozen soils at the same negative pressure or 

liquid moisture content, 10^(-EQ) is the empirical impedance factor, Q is the mass ratio of ice 

ice to total water (ρi θi )/(ρw
 θw), and E is the empirical constant that accounts for the reduction in 

permeability due to the formation of ice. In this approach, the Ku value is first found by entering 

the unfrozen water content into a hydraulic conductivity function for drying soil (e.g. van 

genuchten, Brooks-Corey, or Gardner). The Kf value is then obtained by further reducing this Ku 

value with the empirical impedance term. Taylor and Luthin [47] proposed the following 

expression for calculating the hydraulic conductivity of frozen soils, in which the impedance 

factor is given in a slightly different form: 

                                                        iuf KK 10^10/                                                 (43) 

Mao et al. [167] proposed that the hydraulic conductivity of freezing porous media could be 

related to the hydraulic conductivity of unfrozen porous media through the application of a third 

impedance factor form: 

                                                                     31 iuf KK                                                    (44) 

Kahimba et al. [168] proposed a more physically-based function for simulating the reduction in 

hydraulic conductivity. They suggested that the hydraulic conductivity of partially frozen soil 

could be determined from a Brooks and Corey [151] relationship that was modified to account 

for the reduction in effective porosity due to the formation of pore ice. This approach is a slight 

modification on the original impedance concept:  
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The empirical impedance factor has been adopted by numerous researchers [47,57,58,60, 

62,72,74].  

There are four objections to implementing an impedance factor in the hydraulic conductivity 

function. (1) Newman and Wilson [55] criticized the use of an empirical impedance factor 

because it is an arbitrary fitting parameter that is not physically-based. They suggested that since 

drying and freezing soils both lose liquid water from larger pore spaces first, the suction-

conductivity relationship developed for drying, unsaturated soil should still apply for freezing, 

unsaturated soil. (2) In general, it is difficult to utilize an impedance factor to match the decrease 

in hydraulic conductivity due to the formation of ice at both high and low unfrozen moisture 

contents. For example, Watanabe [102] determined that including an impedance factor in the 
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hydraulic conductivity term resulted in unreasonably low frozen zone permeability. Zhao et al. 

[169] showed that the apparent impedance factor (e.g. E in equation 42) was not a constant but 

was rather dependent on matric potential, which in turn depends on temperature. (3) The 

impedance factor can render the hydraulic conductivity function non-differentiable at 

temperatures close to 0°C. Prior to freezing, the impedance factor has no influence, but at the 

onset of freezing, the impedance factor changes the slope of the conductivity vs. moisture 

content curve and produces a discontinuity. This discontinuity can yield unstable calculations. 

(4) The empirical impedance factor must be determined inversely from experimental data 

[169,170] and this limits its applicability for other conditions. This process also creates inherent 

conflict when assessing model accuracy by comparing simulations to experimental data. 

  

Due to the criticisms associated with the impedance factor, numerous researchers have adopted 

alternative techniques to represent the reduction in conductivity due to ice formation. For 

example, Newman and Wilson [55] suggested that classic unsaturated hydraulic conductivity 

models should be able to reproduce the relationship between unfrozen moisture content and 

conductivity without the use of an impedance factor provided that the SFC is accurate. They 

implemented the hydraulic conductivity model of Fredlund et al. [153], which is an integrated 

form of the SWC.  By adopting this approach, Newman [54] obtained good agreement between 

simulated and measured ice saturations. Similarly, Painter [78] demonstrated that the SWC 

proposed by van Genuchten [154] could be combined with the hydraulic conductivity model of 

Mualem [161] to predict the hydraulic conductivity of partially frozen porous media without the 

use of an impedance factor.  

Azmatch et al. [152] also demonstrated that the unsaturated conductivity model of Fredlund et al. 

[153] could be employed to accurately reproduce the hydraulic conductivity of frozen soil. Their 

approach differed from many others as they directly utilized an experimentally-derived SFC 

(rather than first deriving the SFC from the SWC) in conjunction the Fredlund et al. model [153] 

to estimate the hydraulic conductivity of partially frozen soil. Similarly, Watanabe et al. [171] 

demonstrated that the SFC could be directly or indirectly obtained to determine the hydraulic 

conductivity model for partially frozen soil. They measured both the SWC and SFC from 

laboratory freezing experiments conducted on a column of silty-loam and found that the closed-

form Durner-Mualem [172] conductivity model obtained from either the SWC or the SFC 

concurred with experimental observations. This approach of directly measuring the SFC rather 

than indirectly inferring it from the SWC circumvents the need to relate the SWC and SFC via 

the n-adjustment factor (equation 16), the value of which is not well-established for soils that are 

neither fully SLS nor fully SS. Another advantage of this approach is that equilibrium conditions 

are not assumed. A disadvantage of directly utilizing the SFC is that SFC parameters have not 

been determined for most soil types to the extent that SWC parameters have. 
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Fig 7. Estimated decrease in hydraulic conductivity as a function of the liquid water content according to the van 

Genuchten permeability equation (with and without the use of the impedance factor) and a dual porosity model. The 

impedance factor was obtained from an E value of 4 (equation 42). The van Genuchten parameters employed were: a= 0.0101 cm-1 

and n = 1.35 for the van Genuchten cases with and without the impedance factor. The Durner-Mualem model [172] was utilised for 

the dual porosity curve with the a1, n1, a2, n2 parameters equal to 0.0133 cm-1, 2.33, 0.0003 cm-1, and 1.85, respectively. For more 

details, see Watanabe et al. [171]. 

 

Watanabe and Wake [173] suggested that the hydraulic conductivity derived from classic SWC 

models, such as the Brooks-Corey [151] and van Genuchten [154] models, are incapable of 

accurately predicting the hydraulic conductivity at very cold temperatures because they were 

developed for moderate suction. For example, the residual water content in the van Genuchten 

equation [154] can result in unrealistically high hydraulic conductivities in frozen regions. 

Additionally, the pressure change near 0°C significantly affects water migration during freezing; 

this pressure change can be more accurately expressed in a dual porosity model.  Hence, 

modified versions of the van Genuchten equation [154] that account for soil heterogeneities can 

be utilized to predict hydraulic conductivity in partially frozen soils  [e.g. [155,172, 174]]. These 

modified dual porosity SWC’s and relative hydraulic conductivity functions are more flexible 

and accurate at low unfrozen moisture contents. Following this approach, Watanabe et al. [171] 

demonstrated that the dual-porosity SWC of Durner [155, 172] could be utilized to accurately 

represent the SFC and hydraulic conductivity of a column of partially frozen silt loam. Figure 7 

demonstrates the hydraulic effect (i.e. the reduction in conductivity) of including the impedance 

factor or employing a dual porosity model. As Figures 7 indicates, the impedance factor forces 

the relative permeability function to be non-differentiable at the onset of freezing, and it may 

cause unrealistic pressure and unstable model calculations. The dual porosity curve in Figure 7 is 

fully differentiable, but it still produces the general effect of the impedance factor at low 
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unfrozen water contents. Furthermore, as shown in Figure 8, the Durner [155] SWC-derived SFC 

(dual porosity) has been shown to be able to replicate measured pressures in freezing soils much 

better than the van Genuchten-derived SFC (Figure 8b). Errors in water pressure can translate to 

unreasonably high conductivities and water migration (Figure 8c), thereby necessitating the use 

of an impedance factor. Thus, recent research suggests that Harlan’s [41] over-estimation of 

hydraulic conductivity arose primarily from employing an inaccurate SFC and conductivity 

function rather than an improper understanding of the hydraulic impedance of pore ice. 

However, this notion remains a matter of ongoing research and debate. 
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Fig 8. Results from a freezing soil (loam) experiment conducted and detailed by Watanabe et al. [102] for unsaturated 

freezing soils: (a) simulated and measured unfrozen water content vs. time, (b) simulated and measured water pressure vs. 

time , and (c) simulated hydraulic conductivity vs. time. Modified from Watanabe et al. [102]. The dual porosity SWC of Durner 

[155] and hydraulic conductivity model of Priesack and Durner [172] were employed.  Simulations were performed in HYDRUS with 

freezing alterations. See [171] for further modeling details. 

 

6. Conclusions 

A number of unresolved differences persist for simulating coupled thermal and hydraulic 

processes in freezing or thawing soils. These theoretical differences have resulted in a variety of 

methodologies in existing mathematical models, which are summarized in Table 1. Outstanding 

questions related to these disparate methodologies and the underlying theory discussed in this 

contribution are highlighted below. Not all of these questions are answered definitively. Where 

applicable, the need for additional research is highlighted. 
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1. Which form of the Clapeyron equation is most appropriate? 

Many of the models listed in Table 1 employ simplified version of the Clapeyron equation, such 

as equations (3), (4), (5), or (7). One of the primary assumptions invoked when employing these 

simplified versions of the Clapeyron equation is that the pore water pressure is measured relative 

to the pressure in the ice phase, which is often implicitly assumed to be atmospheric [73,74]. 

Accurately simulating the pressure in the ice phase becomes important when freezing-induced 

mechanical deformations are considered in the model environment [90-92]. Miller [43] criticized 

the hydraulic model of soil freezing developed by Harlan [41] and others who ignored the 

pressure in the ice phase and stated: ‘Perhaps with judicious tinkering, the hydraulic model can 

be modified to yield some useful estimates of heaving behavior but not because it is physically 

realistic’. Therefore, assuming atmospheric pressure in the ice phase certainly limits the ability 

of the model to simulate frost heave phenomena [73,91]. It is, however, reasonable to implement 

a simplified Clapeyron equation to simulate coupled heat and water processes in freezing soils, 

provided that the model scope does not include mechanical deformation. Thus, the appropriate 

Clapeyron equation is dependent on the model scope. It should also be noted that the Clapeyron 

relationship is only valid during equilibrium; thus it is inappropriate to apply this equation at 

disequilibrium, such as during early-stage freezing. Incorporating more complex forms of the 

Clapeyron equation into several of the existing model methodologies to accommodate heaving 

processes and accounting for disequilibrium freezing are potential areas of significant research 

and development. 

2. Is the unfrozen moisture content independent of the initial total moisture content? 

Many have demonstrated through experimentation and/or thermodynamic theory that the 

unfrozen water content is independent of the initial total water content [34,46,112-114,176,177], 

while others have suggested a dependence [123,130,131].  Recent research [121,126] has 

demonstrated that errors were made in these previous studies [123,131] because the ice phase 

signal was not properly accounted for in the TDR or NMR measurements of unfrozen water 

content. Thus except in certain cases, such as in saline soils or very high porosity soils, the 

unfrozen moisture content has been shown to be independent of the initial total moisture content. 

These observations greatly facilitate the development of SFC’s for unsaturated soils. 

3. Should the pressure discontinuity adjustment based on the ratio of the interfacial 

energies be included when relating the SFC and the SWC? 

As indicated in equations (14) and (16), Koopmans and Miller [38] suggested that the pore water 

pressure in freezing, saturated soils can be related to the pore water pressure in drying, 

unsaturated soils. The n adjustment factor suggested by Koopmans and Miller [38] is 2.2 for 

saturated capillary-dominated SS soils and 1.0 for saturated sorption-dominated SLS soils. 

However, very few researchers have accounted for this when relating the SWC to the SFC. For 
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example, Sheshukov and Nieber [150] acknowledged the existence of this n factor, but then 

ignored it for the sake of simplicity. Ignoring the n factor can yield a reasonable SFC if the SWC 

parameters are adjusted accordingly; however, for the sake of consistency between the SFC and 

the SWC it is preferable to employ the n adjustment factor. Many of the models that have been 

developed could align much more closely with the capillary theory advanced by Miller [43] by 

including the adjustment factor based on the ratio of the interfacial energies for capillary-

dominated soils. Future research is required to investigate the temperature-dependence of this 

factor for different types of soils and identify temperatures or unfrozen moisture contents at 

which sorptive forces may govern even in SS soils.  

4. Is the application of an impedance factor necessary? 

Despite the fact that several researchers have strongly suggested that this impedance factor is 

arbitrary, unscientific, and unnecessary [e.g. [54,157]], recent numerical models still continue to 

utilize an impedance factor when simulating freezing-induced reduction in permeability [e.g. 

[72,150]].  In general, the impedance factor may be practically useful when employing simple 

(inaccurate) SWC’s, but its application is highly skeptical from a mathematical or physical 

perspective. Previous research has demonstrated that it is preferable to employ a more accurate 

SWC and relative conductivity function such as a dual porosity model, as these have been shown 

to produce reasonable results without the use of an impedance factor. 

In summary, a multidisciplinary effort by agronomists, engineers, and hydrogeologists has 

resulted in a number of mathematical models each employing distinct, and sometimes poorly 

justified algorithms. To date, there is no generally-accepted unified theory for simulating 

freezing and thawing processes in unsaturated porous media. Further theoretical work and 

laboratory and field testing are required to test the validity of existing approaches for simulating 

the physics and thermodynamics of unsaturated freezing and to establish a framework to identify 

when existing simplifications or methodologies are invalid. Because the unfrozen water content 

is known to affect thermal, hydraulic, and stress properties of soils, cryogenic soils will continue 

to be studied by researchers with diverse backgrounds and interests. However, as more flexible 

and robust models continue to be developed, an interdisciplinary approach is preferred to reduce 

the tendency of one discipline to rediscover and solve problems already encountered in other 

disciplines. We hope that the questions highlighted above may incite model developers from 

varying backgrounds to progress towards a unified approach in order to resolve these issues and 

provide valuable information regarding the response of high-latitude or high-altitude soils to 

future climate change. 

We also recommend that models investigating heat transport processes in high-latitude soils 

accommodate advective heat transport, as this has been shown to accelerate permafrost 

degradation in certain hydrogeological environments [21,22,178]. Most of the models 

summarized in the present contribution include advective heat transport, but recent studies of the 
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thermal evolution of permafrost soils still frequently assume conduction is the only significant 

heat transport mechanism in high-latitude regions [19,28,29,179,180]. Admittedly, numerical 

models designed to examine large-scale climate change processes in high-latitude soils are often 

faced with competing demands between model complexity and realism and model computing 

capabilities. However, with the emergence of increasingly capable computing environments 

[83,64], model complexity can also be increased. Increasing model capabilities should also 

enable researchers to incorporate several of the recommendations listed in the preceding 

paragraphs to enhance model fidelity to physical processes. These recommendations include: (1) 

employing SFC’s derived from well-established SWC’s via the Clapeyron equation coupled to 

capillary theory and (2) utilizing accurate SWC-derived hydraulic conductivity functions that 

circumvent the need for an arbitrary empirical impedance factor. Accurately simulating the 

migration of moisture in high-latitude soils will produce corresponding accurate simulations of 

advective heat transport, and consequently more realistic simulations of the timing, pattern, and 

magnitude of permafrost thaw. Many of the models listed in this contribution have already 

incorporated the recommendations above, but future research must be conducted to investigate 

the parameterization of these models for large-scale permafrost thaw simulations. 

7. Acknowledgements 

Jeffrey McKenzie of McGill University provided valuable comments on this contribution. The 

comments from five anonymous reviewers and Associate Editor Andrew Barry are gratefully 

acknowledged. B.L. Kurylyk was funded by Natural Sciences and Engineering Research Council 

of Canada postgraduate scholarships (Julie Payette PGS and CGSD3). 

 

References 

[1] Serreze M, Walsh J, Chapin F, Osterkamp T, Dyurgerov M, Romanovsky V et al. Observational evidence of 

recent change in the northern high-latitude environment. Clim Change 2000;46:159-207. 

http://dx.doi.org/10.1023/A:1005504031923. 

[2] Hinzman L, Bettez N, Bolton W, Chapin F, Dyurgerov M, Fastie C et al. Evidence and implications of recent 

climate change in northern Alaska and other arctic regions. Clim Change 2005;72:251-98. 

http://dx.doi.org/10.1007/s10584-005-5352-2. 

[3] Jorgenson MT, Racine CH, Walters JC, Osterkamp TE. Permafrost degradation and ecological changes 

associated with a warming climate in central Alaska. Clim Change 2001;48:551-79. 

http://dx.doi.org/10.1023/A:1005667424292. 

[4] Rouse WR, Douglas MSV, Hecky RE, Hershey AE, Kling GW, Lesack L et al. Effects of climate change on the 

freshwaters of arctic and subarctic North America. Hydrol Process 1997;11:873-902. 

http://dx.doi.org/10.1002/(SICI)1099-1085(19970630)11:8<873::AID-HYP510>3.0.CO;2-6. 

http://dx.doi.org/10.1023/A:1005504031923
http://dx.doi.org/10.1007/s10584-005-5352-2
http://dx.doi.org/10.1023/A:1005667424292
http://dx.doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3c873::AID-HYP510%3e3.0.CO;2-6


35 

 

[5] Schindler DW, Smol JP. Cumulative effects of climate warming and other human activities on freshwaters of 

Arctic and subarctic North America. Ambio 2006;35:160-8. http://dx.doi.org/10.1579/0044-

7447(2006)35[160:CEOCWA]2.0.CO;2. 

[6] Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt K et al. Climate change 2007: The physical science 

basis. Contributions of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change. Cambridge: Cambridge University Press, 2007.  

[7] Tarnocai C, Canadell JG, Schuur EAG, Kuhry P, Mazhitova G, Zimov S. Soil organic carbon pools in the 

northern circumpolar permafrost region. Global Biogeochem Cycles 2009;23:GB2023. 

http://dx.doi.org/10.1029/2008GB003327. 

[8] Harden JW, Koven CD, Ping C, Hugelius G, McGuire AD, Camill P et al. Field information links permafrost 

carbon to physical vulnerabilities of thawing. Geophys Res Lett 2012;39:L15704. 

http://dx.doi.org/10.1029/2012GL051958. 

[9] Schaefer K, Zhang T, Bruhwiler L, Barrett AP. Amount and timing of permafrost carbon release in response to 

climate warming. Tellus Series B-Chemical and Physical Meteorology 2011;63:165-80. 

http://dx.doi.org/10.1111/j.1600-0889.2011.00527.x. 

[10] McGuire AD, Christensen TR, Hayes D, Heroult A, Euskirchen E, Kimball JS et al. An assessment of the 

carbon balance of Arctic tundra: comparisons among observations, process models, and atmospheric inversions. 

Biogeosciences 2012;9:3185-204. http://dx.doi.org/10.5194/bg-9-3185-2012. 

[11] Wisser D, Marchenko S, Talbot J, Treat C, Frolking S. Soil temperature response to 21st century global 

warming: The role of and some implications for peat carbon in thawing permafrost soils in North America. Earth 

Syst Dynam 2011;2:161-210. http://dx.doi.org/10.5194/esd-2-121-2011. 

[12] McGuire AD, Anderson LG, Christensen TR, Dallimore S, Guo L, Hayes DJ et al. Sensitivity of the carbon 

cycle in the Arctic to climate change. Ecol Monogr 2009;79:523-55. http://dx.doi.org/10.1890/08-2025.1. 

[13] Oechel WC, Hastings SJ, Vourlitis G, Jenkins M, Riechers G, Grulke N. Recent change of Arctic tundra 

ecosystems from a net carbon-dioxide sink to a source. Nature 1993;361:520-3. http://dx.doi.org/10.1038/361520a0. 

[14] Kettridge N, Baird A. Modelling soil temperatures in northern peatlands. Eur J Soil Sci 2008;59:327-38. 

http://dx.doi.org/10.1111/j.1365-2389.2007.01000.x. 

[15] Lyon SW, Destouni G, Giesler R, Humborg C, Morth M, Seibert J et al. Estimation of permafrost thawing rates 

in a sub-arctic catchment using recession flow analysis. Hydrol Earth Syst Sci 2009;13:595-604. 

http://dx.doi.org/10.5194/hess-13-595-2009. 

[16] Sjöberg Y, Frampton A, Lyon SW. Using streamflow characteristics to explore permafrost thawing in northern 

Swedish catchments. Hydrogeol J 2013;21:121-131. http://dx.doi.org/10.1007/s10040-012-0932-5. 

[17] Walvoord MA, Striegl RG. Increased groundwater to stream discharge from permafrost thawing in the Yukon 

River basin: Potential impacts on lateral export of carbon and nitrogen. Geophys Res Lett 2007;34:L12402. 

http://dx.doi.org/10.1029/2007GL030216. 

[18] Walvoord MA, Voss CI, Wellman TP. Influence of permafrost distribution on groundwater flow in the context 

of climate-driven permafrost thaw: Example from Yukon Flats Basin, Alaska, United States. Water Resour Res 

2012;48:W07524. http://dx.doi.org/10.1029/2011WR011595.  

http://dx.doi.org/10.1579/0044-7447(2006)35%5b160:CEOCWA%5d2.0.CO;2
http://dx.doi.org/10.1579/0044-7447(2006)35%5b160:CEOCWA%5d2.0.CO;2
http://dx.doi.org/10.1029/2008GB003327
http://dx.doi.org/10.1029/2012GL051958
http://dx.doi.org/10.1111/j.1600-0889.2011.00527.x
http://dx.doi.org/10.5194/bg-9-3185-2012
http://dx.doi.org/10.5194/esd-2-121-2011
http://dx.doi.org/10.1890/08-2025.1
http://dx.doi.org/10.1038/361520a0
http://dx.doi.org/10.1111/j.1365-2389.2007.01000.x
http://dx.doi.org/10.5194/hess-13-595-2009
http://dx.doi.org/10.1007/s10040-012-0932-5
http://dx.doi.org/10.1029/2007GL030216
http://dx.doi.org/10.1029/2011WR011595


36 

 

[19] Lawrence DM, Slater AG, Swenson SC. Simulation of present-day and future permafrost and seasonally frozen 

ground conditions in CCSM4. J Clim 2012;25:2207-25. http://dx.doi.org/10.1175/JCLI-D-11-00334.1. 

[20] Bense VF, Kooi H, Ferguson G, Read T. Permafrost degradation as a control on hydrogeological regime shifts 

in a warming climate. J Geophys Res 2012;117:03036. http://dx.doi.org/10.1029/2011JF002143. 

[21] McKenzie JM, Voss CI. Permafrost thaw in a nested groundwater-flow system. Hydrogeol J 2013;21:299-316. 

http://dx.doi.org/10.1007/s10040-012-0942-3. 

[22] Ge S, McKenzie J, Voss C, Wu Q. Exchange of groundwater and surface-water mediated by permafrost 

response to seasonal and long term air temperature variation. Geophys Res Lett 2011;38:L14402. 

http://dx.doi.org/10.1029/2011GL047911. 

[23] Painter SL, Moulton JD, Wilson CJ. Modeling challenges for predicting hydrologic response to degrading 

permafrost. Hydrogeol J 2013;21:221-4. http://dx.doi.org/10.1007/s10040-012-0917-4. 

[24] Frampton A, Painter SL, Destouni G. Permafrost degradation and subsurface-flow changes caused by surface 

warming trends. Hydrogeol J 2013;21:271-80. http://dx.doi.org/10.1007/s10040-012-0938-z. 

[25] Bense VF, Ferguson G, Kooi H. Evolution of shallow groundwater flow systems in areas of degrading 

permafrost. Geophys Res Lett 2009;36:L22401. http://dx.doi.org/10.1029/2009GL039225.  

[26] Frampton A, Painter S, Lyon SW, Destouni G. Non-isothermal, three-phase simulations of near-surface flows 

in a model permafrost system under seasonal variability and climate change. Journal of Hydrology 2011;403:352-9. 

http://dx.doi.org/ 10.1016/j.jhydrol.2011.04.010. 

[27] Jiang Y, Zhuang Q, O'Donnell JA. Modeling thermal dynamics of active layer soils and near-surface 

permafrost using a fully coupled water and heat transport model. Journal of Geophysical Research-Atmospheres 

2012;117:D11110. http://dx.doi.org/10.1029/2012JD017512. 

[28] Jafarov EE, Marchenko SS, Romanovsky VE. Numerical modeling of permafrost dynamics in Alaska using a 

high spatial resolution dataset. Cryosphere 2012;6:613-24. http://dx.doi.org/10.5194/tcd-6-89-2012. 

[29] Pang Q, Zhao L, Li S, Ding Y. Active layer thickness variations on the Qinghai-Tibet Plateau under the 

scenarios of climate change. Environmental Earth Sciences 2012;66:849-57. http://dx.doi.org/10.1007/s12665-011-

1296-1. 

[30] Noetzli J, Gruber S, Kohl T, Salzmann N, Haeberli W. Three-dimensional distribution and evolution of 

permafrost temperatures in idealized high-mountain topography. J Geophys Res 2007;112:F2. 

http://dx.doi.org/10.1029/2006JF000545. 

[31] Ireson A, van der Kamp G, Ferguson G, Nachshon U, Wheater H. Hydrogeological processes in seasonally 

frozen northern latitudes: Understanding, gaps and challenges. Hydrogeol J 2013;21:53-66. 

http://dx.doi.org/10.1007/s10040-012-0916-5. 

[32] Schofield RK. The pF of water in soil. Trans Int Congress Soil Sci 3rd 1935;2:37-48.  

[33] Edlefsen NE, Anderson ABC. Thermodynamics of soil moisture. Hilgardia 1943;15:31-298.  

[34] Williams PJ. Unfrozen water content of frozen soils and soil moisture suction. Geotechnique 1964;14:231-46.  

http://dx.doi.org/10.1175/JCLI-D-11-00334.1
http://dx.doi.org/10.1029/2011JF002143
http://dx.doi.org/10.1007/s10040-012-0942-3
http://dx.doi.org/10.1029/2011GL047911
http://dx.doi.org/10.1007/s10040-012-0917-4
http://dx.doi.org/10.1007/s10040-012-0938-z
http://dx.doi.org/10.1029/2009GL039225
http://dx.doi.org/%2010.1016/j.jhydrol.2011.04.010
http://dx.doi.org/10.1029/2012JD017512
http://dx.doi.org/10.5194/tcd-6-89-2012
http://dx.doi.org/10.1007/s12665-011-1296-1
http://dx.doi.org/10.1007/s12665-011-1296-1
http://dx.doi.org/10.1029/2006JF000545
http://dx.doi.org/10.1007/s10040-012-0916-5


37 

 

[35] Williams PJ. Suction and its effects in unfrozen water of frozen soils. In: Permafrost, Proceedings of an 

International Conference, National Academy of Sciences, Washington, D.C.; 1966:225-9.  

[36] Williams PJ. The nature of freezing soil and its field behaviour. Norwegian Geotechnical Institute, 1967; 

Publication No. 72:91-119.  

[37] Williams PJ. Unfrozen water in frozen soils: Pore size - freezing temperature - pressure relationships. 

Norwegian Geotechnical Institute, 1967; Publication No. 72:37-48.  

[38] Koopmans RWR, Miller RD. Soil freezing and soil water characteristic curves. Soil Sci Soc Am Proceedings 

1966;30:680-5.  

[39] Dirksen C, Miller RD. Closed-system freezing of unsaturated soil. Soil Sci Soc of Am Proceedings 

1966;30:168-73.  

[40] Miller RD. Soil freezing in relation to pore water pressure and temperature. In: Permafrost: The North 

American Contribution to the 2nd International Conference on Permafrost, National Academy of Sciences, 

Washington D.C.; 1973:344-52.  

[41] Harlan RL. Analysis of coupled heat-fluid transport in partially frozen soil. Water Resour Res 1973;9:1314-23. 

http://dx.doi.org/10.1029/WR009i005p01314.  

[42] Miller RD. Freezing and heaving of saturated and unsaturated soils. Highw Res Rec 1972;393:1-11.  

[43] Miller RD. Freezing phenomena in soils. In: Hillel D, editor. Application of soil physics, New York, New 

York: Academic Press; 1980, p. 254-299.  

[44] Guymon GL, Luthin JN. A coupled heat and moisture transport model for Arctic soils. Water Resour Res 

1974;10:995-1001. http://dx.doi.org/10.1029/WR010i005p00995. 

[45] Richards LA. Capillary conduction of liquids through porous mediums. Physics-a Journal of General and 

Applied Physics 1931;1:318-33. http://dx.doi.org/10.1063/1.1745010. 

[46] Jame YW. Heat and mass transfer in freezing unsaturated soil. PhD Dissertation, University of Saskatchewan 

1977; 212 pp.  

[47] Taylor GS, Luthin JN. A model for coupled heat and moisture transfer during soil freezing. Can Geotech J 

1978;15:548-55. http://dx.doi.org/10.1139/t78-058. 

[48] Jame YW, Norum DI. Phase composition of a partially frozen soil. Division of Hydrology, College of 

Engineering, University of Saskatchewan, Saskatoon 1972; Research Paper 11.  

[49] Hromadka TV, Guymon GL, Berg RL. Some approaches to modeling phase-change in freezing soils. Cold Reg 

Sci Technol 1981;4:137-45. http://dx.doi.org/10.1016/0165-232X(81)90018-5. 

[50] Flerchinger GN, Saxton KE. Simultaneous heat and water model of a freezing snow-residue-soil system II. 

Field verification. Transactions of the ASAE 1989;32:573-8.  

[51] Flerchinger GN, Saxton KE. Simultaneous heat and water model of a freezing snow-residue-soil system I. 

Theory and development. Transactions of the ASAE 1989;32:565-71.   

http://dx.doi.org/10.1029/WR009i005p01314
http://dx.doi.org/10.1029/WR010i005p00995
http://dx.doi.org/10.1063/1.1745010
http://dx.doi.org/10.1139/t78-058
http://dx.doi.org/10.1016/0165-232X(81)90018-5


38 

 

[52] Johnsson H, Lundin LC. Surface runoff and soil-water percolation as affected by snow and soil frost. Journal of 

Hydrology 1991;122:141-59. http://dx.doi.org/10.1016/0022-1694(91)90177-J. 

[53] Jansson PE, Karlberg L. Coupled heat and mass transfer model for soil-plant-atmosphere systems. Stockholm, 

Sweden: Royal Institute of Technology, Department of Civil and Environmental Engineering, 2004.  

[54] Newman GP. Heat and mass transfer in unsaturated soils during freezing. MSc Thesis, University of 

Saskatchewan,1995:259 pp.  

[55] Newman G, Wilson G. Heat and mass transfer in unsaturated soils during freezing. Can Geotech J 1997;34:63-

70. http://dx.doi.org/10.1139/t96-085. 

[56] Jame YW, Norum DI. Heat and mass-transfer in a freezing unsaturated porous-medium. Water Resour Res 

1980;16:811-9. http://dx.doi.org/10.1029/WR016i004p00811. 

[57] Guymon GL, Berg RL, Hromadka TV. Mathematical model of frost heave and thaw settlement in pavements. 

US Cold Regions Research and Engineering Laboratory 1993;CCREL Report 93-2.  

[58] Shoop S, Bigl S. Moisture migration during freeze and thaw of unsaturated soils: Modeling and large scale 

experiments. Cold Reg Sci Technol 1997;25:33-45. http://dx.doi.org/10.1016/S0165-232X(96)00015-8. 

[59] Zhao L, Gray DM, Male DH. Numerical analysis of simultaneous heat and mass transfer during infiltration into 

frozen ground. Journal of Hydrology 1997;200:345-63. http://dx.doi.org/10.1016/S0022-1694(97)00028-0. 

[60] Hansson K, Simunek J, Mizoguchi M, Lundin LC, van Genuchten MT. Water flow and heat transport in frozen 

soil: Numerical solution and freeze-thaw applications. Vadose Zone J 2004;3:693-704. 

http://dx.doi.org/10.2136/vzj2004.0693. 

[61] Mizoguchi M. Water, heat and salt transport in freezing soil (in Japanese). PhD Dissertation, Graduate School 

of Agricultural and Life Sciences, University of Tokyo,1990: 216 pp.  

[62] Zhang X, Sun S, Xue Y. Development and testing of a frozen soil parameterization for cold region studies. J 

Hydrometeorol 2007;8:690-701. http://dx.doi.org/10.1175/JHM605.1. 

[63] Li Q, Sun S, Xue Y. Analyses and development of a hierarchy of frozen soil models for cold region study. J 

Geophys Res -Atmos 2010;115:D3. http://dx.doi.org/10.1029/2009JD012530. 

[64] Ippisch DO. Coupled transport in natural porous media. D.Sc. Dissertation, University of Heidelberg, 2001:145 

pp.  

[65] White MD, Oostrom M. STOMP Subsurface transport over multiple phases: Users guide. Pacific Northwest 

National Laboratory 2006;PNNL-15782:120 pp.  

[66] White MD, Oostrom M. STOMP Subsurface transport over multiple phases: Theory Guide. Pacific Northwest 

National Laboratory 1996;PNNL-11217:183 pp.  

[67] Nichols WE, Aimo NJ, Oostrom M, White MD. STOMP Subsurface transport over multiple phases: 

Applications guide. Pacific Northwest National Laboratory 1997;PNNL-11216:244 pp.  

http://dx.doi.org/10.1016/0022-1694(91)90177-J
http://dx.doi.org/10.1139/t96-085
http://dx.doi.org/10.1029/WR016i004p00811
http://dx.doi.org/10.1016/S0165-232X(96)00015-8
http://dx.doi.org/10.1016/S0022-1694(97)00028-0
http://dx.doi.org/10.2136/vzj2004.0693
http://dx.doi.org/10.1175/JHM605.1
http://dx.doi.org/10.1029/2009JD012530


39 

 

[68] McKenzie JM, Voss CI, Siegel DI. Groundwater flow with energy transport and water–ice phase change: 

Numerical simulations, benchmarks, and application to freezing in peat bogs. Adv Water Resour 2007;30:966-83. 

http://dx.doi.org/10.1016/j.advwatres.2006.08.008. 

[69] Voss CI, Provost AM. SUTRA: A model for saturated-unsaturated variable-density ground-water flow with 

solute or energy transport. 2010; U.S. Geological Survey Water Resources Investigations Report 02-4231:260 pp.  

[70] Lunardini VJ. Heat transfer with freezing and thawing. New York, NY, Elsevier Science Pub. Co., 1991.  

[71] Li N, Chen F, Xu B, Swoboda G. Theoretical modeling framework for an unsaturated freezing soil. Cold Reg 

Sci Technol 2008;54:19-35. http://dx.doi.org/10.1016/j.coldregions.2007.12.001. 

[72] Liu Z, Yu X. Coupled thermo-hydro-mechanical model for porous materials under frost action: theory and 

implementation. Acta Geotechnica 2011;6:51-65. http://dx.doi.org/10.1007/s11440-011-0135-6. 

[73] Dall'Amico M. Coupled water and heat transfer in permafrost modeling. Doctoral Thesis, University of Trento, 

2010:175 p.  

[74] Dall'Amico M, Endrizzi S, Gruber S, Rigon R. A robust and energy-conserving model of freezing variably-

saturated soil Cryosphere 2011;5:469-84. http://dx.doi.org/10.5194/tc-5-469-2011. 

[75] Jumikis AR. Thermal soil mechanics. New Brunswick, N.J.: Rutgers University Press, 1966.  

[76] Tan X, Chen W, Tian H, Cao J. Water flow and heat transport including ice/water phase change in porous 

media: Numerical simulation and application. Cold Reg Sci Technol 2011;68:74-84. 

http://dx.doi.org/10.1016/j.coldregions.2011.04.004. 

[77] Konrad JM, Morgenstern NR. The segregation potential of a freezing soil. Can Geotech J 1981;18:482-91. 

http://dx.doi.org/10.1139/t81-059. 

[78] Painter S. Three-phase numerical model of water migration in partially frozen geological media: model 

formulation, validation, and applications. Computational Geosciences 2011;15:69-85. 

http://dx.doi.org/10.1007/s10596-010-9197-z. 

[79] Grimm RE, Painter SL. On the secular evolution of groundwater on Mars. Geophys Res Lett 2009;36:L24803. 

http://dx.doi.org/10.1029/2009GL041018. 

[80] Barnhart CJ, Nimmo F, Travis BJ. Martian post-impact hydrothermal systems incorporating freezing. Icarus 

2010;208:101-17. http://dx.doi.org/ 10.1016/j.icarus.2010.01.013. 

[81] Travis BJ, Rosenberg ND. Modeling in situ bioremediation of TCE at Savannah River: Effects of product 

toxicity and microbial interactions on TCE degradation. Environ Sci Technol 1997;31:3093-102. 

http://dx.doi.org/10.1021/es9610186. 

[82] Rowland JC, Travis BJ, Wilson CJ. The role of advective heat transport in talik development beneath lakes and 

ponds in discontinuous permafrost. Geophys Res Lett 2011;38:L24803. http://dx.doi.org/10.1029/2011GL048497. 

[83] Coon ET, Berndt M, Garimella R, Mouton JD, Painter S. A flexible and extensible mutli-process simulation 

capability for the terrestrial Artic. Frontiers in Computational Physics: Modeling the Earth System. Boulder, Co, 

2012.  

http://dx.doi.org/10.1016/j.advwatres.2006.08.008
http://dx.doi.org/10.1016/j.coldregions.2007.12.001
http://dx.doi.org/10.1007/s11440-011-0135-6
http://dx.doi.org/10.5194/tc-5-469-2011
http://dx.doi.org/10.1016/j.coldregions.2011.04.004
http://dx.doi.org/10.1139/t81-059
http://dx.doi.org/10.1007/s10596-010-9197-z
http://dx.doi.org/10.1029/2009GL041018
http://dx.doi.org/%2010.1016/j.icarus.2010.01.013
http://dx.doi.org/10.1021/es9610186
http://dx.doi.org/10.1029/2011GL048497


40 

 

[84] Lichtner PC, Hammond GE, Bisht G, Karra S, Mills RT, Kumar J. PFLOTRAN User's manual: A massively 

parallel reactive flow code. Los Alamos National Laboratory, 2013.  

[85] Takata K, Emori S, Watanabe T. Development of the minimal advanced treatments of surface interaction and 

runoff. Global Planet Change 2003;38:209-22. http://dx.doi.org/10.1016/S0921-8181(03)00030-4. 

[86] Saito K. Arctic land hydrothermal sensitivity under warming: Idealized off-line evaluation of a physical 

terrestrial scheme in a global climate model. Journal of Geophysical Research-Atmospheres 2008;113:D21106. 

http://dx.doi.org/10.1029/2008JD009880. 

[87] Sushama L, Laprise R, Caya D, Verseghy D, Allard M. An RCM projection of soil thermal and moisture 

regimes for North American permafrost zones. Geophys Res Lett 2007;34:L20711. 

http://dx.doi.org/10.1029/2007GL031385. 

[88] Nicolsky DJ, Romanovsky VE, Alexeev VA, Lawrence DM. Improved modeling of permafrost dynamics in a 

GCM land-surface scheme. Geophys Res Lett 2007;34:L08501. http://dx.doi.org/10.1029/2007GL029525. 

[89] Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT, Gregory JM et al. Global climate projections. 

In: Solomon S, Qin D, Manning M et al, editors. Climate change 2007: The physical science basis. Contributions of 

Working Group 1 to the Fourth Assesssment Report of the Intergovernmental Panel on Climate Change, Cambridge, 

UK: Cambridge University Press; 2007, p. SM.10-1-Sm. 10-8.  

[90] Rempel Alan W. Hydromechanical processes in freezing soils. Vadose Zone J 2012;11:. 

http://dx.doi.org/10.2136/vzj2012.0045. 

[91] Peppin SL, Style RW. The physics of frost heave and ice-lens growth. Vadose Zone J 2013;12:. 

http://dx.doi.org/10.2136/vzj2012.0049. 

[92] Rempel AW. Frost heave. J Glaciol 2010;56:1122-8. http://dx.doi.org/10.3189/002214311796406149. 

[93] Groenevelt PH, Grant CD. Heave and heaving pressure in freezing soils: A unifying theory. Vadose Zone J 

2013;12. http://dx.doi.org/10.2136/vzj2012.0051. 

[94] Lunardini VJ. Heat transfer in cold climates. New York: Van Nostrand Reinhold Co., 1981.  

[95] Williams PJ, Smith MW. The frozen earth: Fundamentals of geocryology. Cambridge; New York: Cambridge 

University Press, 1989.  

[96] Farouki OT. Thermal Properties of Soils: CRREL Monograph 81-1. Hanover, New Hampshire: United States 

Army Corps of Engineers, Cold Regions Research and Engineering Laboratory, 1981.  

[97] Everett DH. An introduction to the study of chemical thermodynamics. First ed. New York: Longmans Green 

and Co., 1959.  

[98] Kay BD, Groenevelt PH. On the interaction of water and heat transport in frozen and unfrozen soils: 1. Basic 

theroy; the vapor phase. Soil Sci Soc Am J 1974;38:395-400.  

[99] Groenevelt PH, Kay BD. On the interaction of water and heat transport in frozen and unfrozen soils: II. The 

liquid phase. Soil Sci Soc Am J 1974;38:400-4.  

[100] Loch JPG. Thermodynamic-equilibrium between ice and water in porous-media. Soil Sci 1978;126:77-80.  

http://dx.doi.org/10.1016/S0921-8181(03)00030-4
http://dx.doi.org/10.1029/2008JD009880
http://dx.doi.org/10.1029/2007GL031385
http://dx.doi.org/10.1029/2007GL029525
http://dx.doi.org/10.2136/vzj2012.0045
http://dx.doi.org/10.2136/vzj2012.0049
http://dx.doi.org/10.3189/002214311796406149
http://dx.doi.org/10.2136/vzj2012.0051


41 

 

[101] Taber S. The mechanics of frost heaving. J Geo 1930;38:303-17.  

[102] Watanabe K. Water and heat flow in a directionally frozen silty soil. In: Proceedings of the Third Hydrus 

Workshop; 2008:15-22.  

[103] Watanabe K, Kito T, Wake T, Sakai M. Freezing experiments on unsaturated sand, loam and silt loam. Ann 

Glaciol 2011;52:37-43. http://dx.doi.org/10.3189/172756411797252220. 

[104] Saetersdal R. Heaving conditions by freezing of soils. Eng Geol 1981;18:291-505.  

[105] Watanabe K, Takeuchi M, Osada Y, Ibata K. Micro-chilled-mirror hygrometer for measuring water potential 

in relatively dry and partially frozen soils. Soil Sci Soc Am J 2012;76:1938-45. 

http://dx.doi.org/10.2136/sssaj2012.0070. 

[106] Cahn JW, Dash JG, Fu HY. Theory of ice premelting in monosized powders. J Cryst Growth 1992;123:101-8. 

http://dx.doi.org/10.1016/0022-0248(92)90014-A. 

[107] Beskow G. Soil freezing and frost heaving with special applications to roads and railroads: with special 

supplement for the English translation of progress from 1935 to 1946. Swed Geol Soc 1935;26:145 p.  

[108] Leverett MC, Lewis WB. Steady flow of gas-oil-water mixtures through unconsolidated sands. Trans of the 

Am Inst of Min and Metal Eng 1941;142:107-16.  

[109] Black PB, Tice AR. Comparison of soil freezing curve and soil-water curve data for Windsor sandy loam. 

Water Resour Res 1989;25:2205-10. http://dx.doi.org/10.1029/WR025i010p02205. 

[110] Lebeau M, Konrad J. An extension of the capillary and thin film flow model for predicting the hydraulic 

conductivity of air-free frozen porous media. Water Resour Res 2012;48:W07523. 

http://dx.doi.org/10.1029/2012WR011916. 

[111] Hansen-Goos H, Wettlaufer, JS.  Theory of ice premelting in porous media. Phys Rev E 2010; 81:031604. 

http://dx.doi.org/ 10.1103/PhysRevE.81.031604.  

[112] Spaans EJA, Baker JM. The soil freezing characteristic: Its measurement and similarity to the soil moisture 

characteristic. Soil Sci Soc Am J 1996;60:13-9.  

[113] Fisher EA. The freezing of water in capillary systems. A critical discussion. J Phys Chem 1924;28:360-7. 

http://dx.doi.org/10.1021/j150238a006. 

[114] Anderson DM, Tice AR. Predicting unfrozen water contents in frozen soils from surface area measurements. 

Highway Research Rec 1972; 393:12-18.  

[115] Kozlowski T. Some factors affecting supercooling and the equilibrium freezing point in soil–water systems. 

Cold Reg Sci Technol 2009;59:25-33. http://dx.doi.org/10.1016/j.coldregions.2009.05.009. 

[116] Kozlowski T. A semi-empirical model for phase composition of water in clay-water systems. Cold Reg Sci 

Technol 2007;49:226-36. http://dx.doi.org/10.1016/j.coldregions.2007.03.013. 

[117] Seyfried MS, Murdock MD. Calibration of time domain reflectometry for measurement of liquid water in 

frozen soils. Soil Sci 1996;161:87-98.  

http://dx.doi.org/10.3189/172756411797252220
http://dx.doi.org/10.2136/sssaj2012.0070
http://dx.doi.org/10.1016/0022-0248(92)90014-A
http://dx.doi.org/10.1029/WR025i010p02205
http://dx.doi.org/10.1029/2012WR011916
http://dx.doi.org/%2010.1103/PhysRevE.81.031604
http://dx.doi.org/10.1021/j150238a006
http://dx.doi.org/10.1016/j.coldregions.2009.05.009
http://dx.doi.org/10.1016/j.coldregions.2007.03.013


42 

 

[118] Patterson DE, Smith MW. The use of time domain reflectometry for the measurement of unfrozen water-

content in frozen soils. Cold Reg Sci Technol 1980;3:205-10. http://dx.doi.org/10.1016/0165-232X(80)90026-9. 

[119] Spaans EJA, Baker JM. Examining the use of time domain reflectometry for measuring liquid water content in 

frozen soil. Water Resour Res 1995;31:2917-25. http://dx.doi.org/10.1029/95WR02769. 

[120] Christ M, Kim Y. Experimental study on the physical-mechanical properties of frozen silt. KSCE Journal of 

Civil Engineering 2009;13:317-24. http://dx.doi.org/10.1007/s12205-009-0317-z. 

[121] Watanabe K, Wake T. Measurement of unfrozen water content and relative permittivity of frozen unsaturated 

soil using NMR and TDR. Cold Reg Sci Technol 2009;59:34-41. 

http://dx.doi.org/10.1016/j.coldregions.2009.05.011. 

[122] Hayhoe HN, Bailey WG. Monitoring changes in total and unfrozen water-content in seasonally frozen soil 

using time domain reflectometry and neutron moderation techniques. Water Resour Res 1985;21:1077-84. 

http://dx.doi.org/10.1029/WR021i008p01077.  

[123] Tice AR, Burrous CM, Anderson DM. Determination of unfrozen water in frozen soil by pulsed nuclear 

magenetic resonance. In: Permafrost, Proceedings of the 3rd International Conference 1978:150-5.  

[124] Ishizaki T, Maruyama M, Furukawa Y, Dash J. Premelting of ice in porous silica glass. J Cryst Growth 

1996;163:455-60. http://dx.doi.org/10.1016/0022-0248(95)00990-6. 

[125] Sparrman T, Oquist M, Klemedtsson L, Schleucher J, Nilsson M. Quantifying unfrozen water in frozen soil by 

high-field H-2 NMR. Environ Sci Technol 2004;38:5420-5. http://dx.doi.org/10.1021/es0493695. 

[126] Akagawa S, Iwahana G, Watanabe K, Chuvilin EM, Istomin VA. Improvement of pulse NMR technology for 

determination of unfrozen water content in frozen soils. In: Proceedings of the 10th International Conference on 

Permafrost 2012:21-6.  

[127] Timur A. Velocity of compressional waves in porous media at permafrost temperatures. Geophysics 

1968;33:584-95. http://dx.doi.org/10.1190/1.1439954. 

[128] Wang DY, Zhu YL, Ma W, Niu YH. Application of ultrasonic technology for physical-mechanical properties 

of frozen soils. Cold Reg Sci Technol 2006;44:12-9. http://dx.doi.org/10.1016/j.coldregions.2005.06.003. 

[129] Christ M, Park J. Ultrasonic technique as tool for determining physical and mechanical properties of frozen 

soils. Cold Reg Sci Technol 2009;58:136-42. http://dx.doi.org/10.1016/j.coldregions.2009.05.008. 

[130] Yong R. Soil suction effects on partial soil freezing. Highway Research Rec 1965;68:31-42.  

[131] Suzuki S. Dependence of unfrozen water content in unsaturated frozen clay soil on initial soil moisture 

content. Soil Sci Plant Nutr 2004;50:603-6. http://dx.doi.org/10.1080/00380768.2004.10408518. 

[132] Anderson DM, Morgenstern NR. Physics, chemistry, and mechanics of frozen ground: A review. In: 

Permafrost, Proceedings of the 2nd International Conference 1973:257-88.  

[133] Kozlowski T, Nartowska E. Unfrozen water content in representative bentonites of different origin subjected 

to cyclic freezing and thawing. Vadose Zone J 2013;12. http://dx.doi.org/10.2136/vzj2012.0057 

http://dx.doi.org/10.1016/0165-232X(80)90026-9
http://dx.doi.org/10.1029/95WR02769
http://dx.doi.org/10.1007/s12205-009-0317-z
http://dx.doi.org/10.1016/j.coldregions.2009.05.011
http://dx.doi.org/10.1029/WR021i008p01077
http://dx.doi.org/10.1016/0022-0248(95)00990-6
http://dx.doi.org/10.1021/es0493695
http://dx.doi.org/10.1190/1.1439954
http://dx.doi.org/10.1016/j.coldregions.2005.06.003
http://dx.doi.org/10.1016/j.coldregions.2009.05.008
http://dx.doi.org/10.1080/00380768.2004.10408518
http://dx.doi.org/10.2136/vzj2012.0057


43 

 

[134] Andersland OB, Ladanyi B. An introduction to frozen ground engineering. New York: Chapman & Hall, 

1994.  

[135] Blanchard D, Frémond M. Soil frost heaving and thaw settlement. In: Proceedings, 4th International 

Symposium on Ground Freezing 1985:209-16.  

[136] Tice AR, Anderson DM, Banin A. The prediction of unfrozen water contents in frozen soils from liquid limit 

determinations. US Cold Regions Research and Engineering Laboratory  1976; CCREL Report 76-8. 

[137] Freitag DR, McFadden TT. Introduction to cold regions engineering. New York: ASCE Press, 1997.  

[138] Fourie W, Shur Y. Freezing and frozen soils. In: Filler DM, Snape I, Barnes DL, editors. Bioremediation of 

petroleum hydrocarbons in cold regions, Cambridge, UK: Cambridge University Press; 2008, p. 38-54.  

[139] Gilpin. RR. Wire regelation at low temperatures. J Colloid and Interface Sciences 1980;77:435-48. 

http://dx.doi.org/10.1016/0021-9797(80)90314-8. 

[140] Dash JG, Fu HY, Wettlaufer JS. The premelting of ice and its environmental consequences. Reports on 

Progress in Physics 1995;58:115-67. http://dx.doi.org/10.1088/0034-4885/58/1/003. 

[141] Israelachvili JN. Intermolecular and surface forces, 3rd ed. Burlington MA USA,: Elsevier Inc., 2011.  

[142] Anderson DM, Tice AR. The unfrozen interfacial phase in frozen soil water systems. In: Hadas A, 

Swartzendruber D, Rijtema PE, Fuchs M, Yaron B, editors. Physical aspects of soil water and salts in ecosystems, 

Heidelberg: Springer-Verlag; 1973, p. 107-125.  

[143] Smerdon BD, Mendoza CA. Hysteretic freezing characteristics of riparian peatlands in the Western Boreal 

Forest of Canada. Hydrol Process 2010;24:1027-38. http://dx.doi.org/10.1002/hyp.7544.  

[144] Parkin G, von Bertoldi A, McCoy AJ. Effect of tillage on soil water content and temperature under freeze-

thaw conditions. Vadose Zone J 2013;12. http://dx.doi.org/10.2136/vzj2012.0075. 

[145] He H, Dyck M. Application of multiphase dielectric mixing models for understanding the effective dielectric 

permittivity of frozen soils. Vadose Zone J 2013;12. http://dx.doi.org/10.2136/vzj2012.0060. 

[146] Flerchinger GN, Seyfried MS, Hardegree SP. Using soil freezing characteristics to model multi-season soil 

water dynamics. Vadose Zone J 2006;5:1143-53. http://dx.doi.org/10.2136/vzj2006.0025. 

[147] Gardner WR. Some steady-state solutions of the unsaturated flow equation with application to evaporation 

from a water table. Soil Sci 1958;88:228-32.  

[148] Luo S, Lü S, Zhang Y. Development and validation of the frozen soil parameterization scheme in Common 

Land Model. Cold Reg Sci Technol 2009;55:130-40. http://dx.doi.org/10.1016/j.coldregions.2008.07.009. 

[149] Clapp RB, Hornberger GM. Empirical equations for some soil hydraulic-properties. Water Resour Res 

1978;14:601-4. http://dx.doi.org/10.1029/WR014i004p00601. 

[150] Sheshukov AY, Nieber JL. One-dimensional freezing of nonheaving unsaturated soils: Model formulation and 

similarity solution. Water Resour Res 2011;47:W11519. http://dx.doi.org/10.1029/2011WR010512. 

http://dx.doi.org/10.1016/0021-9797(80)90314-8
http://dx.doi.org/10.1088/0034-4885/58/1/003
http://dx.doi.org/10.1002/hyp.7544
http://dx.doi.org/10.2136/vzj2012.0075
http://dx.doi.org/10.2136/vzj2012.0060
http://dx.doi.org/10.2136/vzj2006.0025
http://dx.doi.org/10.1016/j.coldregions.2008.07.009
http://dx.doi.org/10.1029/WR014i004p00601
http://dx.doi.org/10.1029/2011WR010512


44 

 

[151] Brooks RH, Corey AT. Properties of porous media affecting fluid flow. J Irrig Drain Eng ASCE 1966;72:61-

88.  

[152] Azmatch TF, Sego DC, Arenson LU, Biggar KW. Using soil freezing characteristic curve to estimate the 

hydraulic conductivity function of partially frozen soils. Cold Reg Sci Technol 2012;83-84:103-9. 

http://dx.doi.org/10.1016/j.coldregions.2012.07.002. 

[153] Fredlund DG, Xing AQ, Hung SY. Predicting the permeability function for unsaturated soils using the soil-

water characteristic curve. Can Geotech J 1994;31:533-46. http://dx.doi.org/10.1139/t94-062. 

[154] van Genuchten MT. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil 

Sci Soc Am J 1980;44:892-8.  

[155] Durner W. Hydraulic conductivity estimation for soils with heterogeneous pore structure. Water Resour Res 

1994;30:211-23. http://dx.doi.org/10.1029/93WR02676. 

[156] Burt TP, Williams PJ. Hydraulic conductivity in frozen soils. Earth Surf Process Landforms 1976;1:349-60. 

http://dx.doi.org/10.1002/esp.3290010404. 

[157] Watanabe K, Flury M. Capillary bundle model of hydraulic conductivity for frozen soil. Water Resour Res 

2008;44:W12402. http://dx.doi.org/10.1029/2008WR007012. 

[158] Lebeau M, Konrad J. A new capillary and thin film flow model for predicting the hydraulic conductivity of 

unsaturated porous media. Water Resour Res 2010;46:W12554. http://dx.doi.org/10.1029/2010WR009092 

[159] Nixon JFD. Discrete ice lens theory for frost heave in soils. Can Geotech J 1991;28:843-59. 

http://dx.doi.org/10.1139/t91-102. 

[160] Horigudhi K, Miller RD. Hydraulic conductivity functions of frozen materials. In: Proceedings of the 4th 

International Conference on Permafrost 1983;National Academy Press, Washington, D.C.504-408.  

[161] Mualem Y. New model for predicting hydraulic conductivity of unsaturated porous-media. Water Resour Res 

1976;12:513-22. http://dx.doi.org/10.1029/WR012i003p00513. 

[162] Burdine NT. Relative permeability calculations from pore size distribution data. Trans of the Am Inst of Min 

and Metal Eng 1953;198:71-8.  

[163] Tarnawski VR, Wagner B. On the prediction of hydraulic conductivity of frozen soils. Can Geotech J 

1996;33:176-80. http://dx.doi.org/10.1139/t96-033. 

[164] Black PB. Three functions that model empirically measured unfrozen water content data and predict relative 

hydraulic conductivity. US Cold Regions Research and Engineering Laboratory 1990; CCREL Report 90-5.  

[165] Lundin L. Hydraulic properties in an operational model of frozen soil. Journal of Hydrology 1990;118:289-

310. http://dx.doi.org/10.1016/0022-1694(90)90264-X. 

[166] Stahli M, Jansson PE, Lundin LC. Preferential water flow in a frozen soil - A two-domain model approach. 

Hydrol Process 1996;10:1305-16. http://dx.doi.org/10.1002/(SICI)1099-1085(199610)10:10<1305::AID-

HYP462>3.0.CO;2-F. 

http://dx.doi.org/10.1016/j.coldregions.2012.07.002
http://dx.doi.org/10.1139/t94-062
http://dx.doi.org/10.1029/93WR02676
http://dx.doi.org/10.1002/esp.3290010404
http://dx.doi.org/10.1029/2008WR007012
http://dx.doi.org/10.1029/2010WR009092
http://dx.doi.org/10.1139/t91-102
http://dx.doi.org/10.1029/WR012i003p00513
http://dx.doi.org/10.1139/t96-033
http://dx.doi.org/10.1016/0022-1694(90)90264-X
http://dx.doi.org/10.1002/(SICI)1099-1085(199610)10:10%3c1305::AID-HYP462%3e3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1099-1085(199610)10:10%3c1305::AID-HYP462%3e3.0.CO;2-F


45 

 

[167] Mao L, Wang C, Tabuchia Y. Multiphase model for cold start of polymer electrolyte fuel cells. J Electrochem 

Soc 2007;154:B341-51. http://dx.doi.org/10.1149/1.2430651. 

[168] Kahimba FC, Ranjan RS, Mann DD. Modeling soil temperature, frost depth, and soil moisture redistribution 

in seasonally frozen agricultural soils. Applied Engineering in Agriculture 2009;25:871-82. 

[169] Zhao Y, Nishimura T, Hill R, Miyazaki T. Determining hydraulic conductivity for air-filled porosity in an 

unsaturated frozen soil by the multistep outflow method. Vadose Zone J 2013;12. 

http://dx.doi.org/10.2136/vzj2012.0061. 

[170] Fukuda M, Orhun A, Luthin J. Experimental studies of coupled heat and moisture transfer in soils during 

freezing. Cold Reg Sci Technol 1980;3:223-32. http://dx.doi.org/10.1016/0165-232X(80)90028-2. 

[171] Watanabe K, Kito T, Sakai M, Toride N. Evaluation of hydraulic properties of a frozen soil based on observed 

unfrozen water contents at the freezing front. J Jpn Soc Soil Physics 2010;116:9-18.  

[172] Priesack E, Durner W. Closed-form expression for the multi-modal unsaturated conductivity function. Vadose 

Zone J 2006;5:121-4. http://dx.doi.org/10.2136/vzj2005.0066. 

[173] Watanabe K, Wake T. Hydraulic conductivity in frozen unsaturated soil. In: Kane DL, Hinkel KM, editors. 

Proceedings of the 9th International Conference on Permafrost, Fairbanks, Alaska: University of Alaska; 2008, p. 

1927-1932.  

[174] Fayer MJ, Simmons CS. Modified soil-water retention functions for all matric suctions. Water Resour Res 

1995;31:1233-8. http://dx.doi.org/10.1029/95WR00173. 

[175] Campbell GS. A simple method for determining unsaturated conductivity from moisture retention data. Soil 

Sci 1974;117:311-4.  

[176] Low PF, Hoekstra P, Anderson DM. Some thermodynamic relationships for soils at or below the freezing 

point: Effects of temperature and pressure on unfrozen soil water. Water Resour Res 1968;4:541-4. 

http://dx.doi.org/10.1029/WR004i003p00541. 

[177] Nagare RM, Schincariol RA, Quinton WL, Hayashi M. Effects of freezing on soil temperature, freezing front 

propagation and moisture redistribution in peat: laboratory investigations. Hydrol Earth Syst Sci 2012;16:501-15. 

http://dx.doi.org/10.5194/hess-16-501-2012. 

[178] de Grandpre I, Fortier D, Stephani E. Degradation of permafrost beneath a road embankment enhanced by 

heat advected in groundwater. Can J Earth Sci 2012;49:953-62. http://dx.doi.org/10.1139/E2012-018. 

[179] Hipp T, Etzelmuller B, Farbrot H, Schuler TV, Westermann S. Modelling borehole temperatures in Southern 

Norway - insights into permafrost dynamics during the 20th and 21st century. Cryosphere 2012;6:553-71. 

http://dx.doi.org/10.5194/tcd-6-341-2012. 

[180] Streletskiya DA, Shiklomanova NI, Nelson FE. Spatial variability of permafrost activelayer thickness under 

contemporary and projected climate in Northern Alaska. Polar Geography 2012;35:95-116. 

http://dx.doi.org/10.1080/1088937X.2012.680204. 

 

http://dx.doi.org/10.1149/1.2430651
http://dx.doi.org/10.2136/vzj2012.0061
http://dx.doi.org/10.1016/0165-232X(80)90028-2
http://dx.doi.org/10.2136/vzj2005.0066
http://dx.doi.org/10.1029/95WR00173
http://dx.doi.org/10.1029/WR004i003p00541
http://dx.doi.org/10.5194/hess-16-501-2012
http://dx.doi.org/10.1139/E2012-018
http://dx.doi.org/10.5194/tcd-6-341-2012
http://dx.doi.org/10.1080/1088937X.2012.680204

