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ABSTRACT:  Thermal modelling of permafrost sites requires careful and time-consuming spin-up analyses to 

obtain a stable thermal regime consistent with site conditions. In this study, we investigated the initialization 

temperature and minimum number of spin-up cycles required to stabilize a 50 m deep permafrost profile repre-

senting a site in the western Canadian Arctic. Historical climate data applied using a ground-surface energy 

balance equation was used to drive the model. A metric commonly used to define a stable regime in a nominal 

number of cycles (inter-cycle variation in cumulative energy flux at the surface being less than 5%) was found 

to prematurely indicate stability in each case. In some cases, more than 900 spin-up cycles were required to 

stabilize the thermal regime. Initializing the model at an estimate of mean annual ground temperature can signif-

icantly reduce the number of cycles required. 

 
RÉSUMÉ:  La modélisation thermique de sites avec pergélisol nécessite des analyses de ‘spin-up’ d'obtenir un 

régime thermique stable et compatible avec les conditions d’un site. Dans cette étude, nous avons étudié la tem-

pérature d'initialisation et le nombre minimum de cycles d’analyses ‘spin-up’ nécessaires pour stabiliser un profil 

de pergélisol avec une profondeur de 50 m qui représente un site dans l'ouest de l'Arctique canadien. Les données 

climatiques historiques appliquées à l'aide d'une équation de bilan énergétique sol-surface ont été utilisées pour 

diriger le modèle. Une métrique communément utilisée pour définir un régime stable dans un nombre nominal 

de cycles (la variation inter-cycle du flux d'énergie cumulée à la surface étant moins à 5%) indique prématurément 

la stabilité dans chaque cas. Dans certains cas, plus de 900 cycles d’analyses ‘spin-up’ étaient nécessaires pour 

stabiliser le régime thermique. L'initialisation du modèle à une estimation de la température moyenne annuelle 

du sol peut réduire considérablement le nombre de cycles requis. 
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1 INTRODUCTION 

Geothermal numerical models have become the 

standard for evaluating the thermal response of 

permafrost ground to climatic and anthropogenic 

forcing.  

Spin-up analysis is a technique commonly 

used as part of a geothermal numerical modelling 

exercise to set the initial thermal regime within 

the model domain upon which subsequent anal-

yses are based (e.g. Jafarov et al., 2012; 

Nishimura et al., 2009; O’Neill & Burn, 2017; 

Riseborough et al., 2008). The objective of spin-

up is to establish a stable thermal regime that is 

both representative of observed or anticipated 
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baseline thermal conditions at a select period in 

time; and independent of the initialization tem-

perature(s). 

Prior to spin-up, the model domain is initial-

ized with a geothermal gradient or at some con-

stant temperature, such as 0oC or an estimate of 

the mean annual ground temperature (MAGT). 

These scenarios are conceptualized in Figure 1.  

Typically, one to several years of historical cli-

mate data and/or measured ground-surface tem-

perature data is then applied as a surface bound-

ary condition to drive the model for a specified 

number of repeating cycles. The basal boundary 

condition may be set as a constant temperature or 

as a constant geothermal flux.  

 Spin-up allows the model domain to approach 

equilibrium with climate conditions such that the 

temperature profile or cumulative surficial en-

ergy transfer at a specific time step in the cycle 

remains constant or varies minimally over subse-

quent cycles. It is common to define a stable ther-

mal regime when the inter-cycle variation in the 

cumulative energy flux at the ground surface is 

less than 5%. 

The spin-up duration (number of cycles) re-

quired to establish an acceptable equilibrium de-

pends on the modeled depth, the initialization 

temperature, ground surface conditions (e.g. veg-

etation, snow cover, etc.) and the thermal proper-

ties of soil and rock.  Due to the latent heat effects 

of phase change, ground temperatures in rela-

tively warm permafrost (loosely defined between 

0oC and -4oC) may take significantly longer to re-

spond to climatic forcing than colder permafrost. 

Tolerance for inter-cycle temperature variation 

is an important consideration in determining the 

duration of a spin-up analysis. Equilibrium may 

not always be reached within a reasonable com-

puting time, and may not always be important as 

in the case where only near-surface soils that re-

spond quickly under the influence of strong ther-

mal forcing are considered (e.g. Lawrence & 

Slater, 2005). In other cases, the response of deep 

pile foundations to incremental warming over a 

50 year design life or estimations of subsurface 

heat storage in General Circulation Models (e.g. 

Stevens et al., 2007) require accurately developed 

thermal conditions at depth. 

In this study, we compare various scenarios for 

initializing the thermal profile prior to spin-up, 

and investigate the number of cycles required to 

stabilize a 50 m deep thermal profile at a rela-

tively warm permafrost site in the western Cana-

dian Arctic. 

In the process, we evaluate the 5% cumulative 

energy flux criteria for determining whether a 

spin-up analysis has obtained sufficient inter-cy-

cle thermal stability for application to transient 

analyses of a deep permafrost site.  

 

 
Figure 1. Initialization temperatures for spin-up anal-

ysis considered in this study included a default of 0oC; 

an estimation of mean annual ground temperature 

(MAGT) at depth-of-zero-annual-amplitude; and a 

steady-state thermal gradient between measured mean 

annual ground-surface temperature (MAGST) and a 

constant geothermal flux applied at the base. 
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2 NUMERICAL MODEL  

Numerical modelling for this study was con-

ducted in the TEMP/W module of the GeoStudio 

2018-R2 commercial software suite developed 

by GeoSlope International Ltd. The module 

solves finite-element equations for conductive 

heat transfer including phase change, and has a 

fully developed Land-Climate-Interaction (LCI) 

boundary condition that employs a ground-sur-

face energy balance equation for thermal flux at 

the ground surface (GEOSLOPE International 

Ltd., 2017). 

2.1 Model site and data 

A site on the Beaufort Sea northwest of Inuvik, 

Northwest Territories was considered representa-

tive of the continuous permafrost zone of the 

western Canadian Arctic and provided the con-

text for a geothermal model for this study.  

Historical weather data available for the site 

provided a Mean Annual Air Temperature 

(MAAT) of - 9.1 0C for the decade of 2001 to 

2010. A single year (2001) of historical weather 

data was compiled for use in the spin-up analyses. 

2001 had the same MAAT of -9.1 oC as the deca-

dal mean. 

Ground temperature measurements at 0.5 m in-

tervals in the upper 5.5 m below grade were also 

available for 2001 from a thermistor cable instal-

lation at the site. The ground temperature data 

was used to estimate the Mean Annual Ground 

Temperature (MAGT) and Mean Annual Ground 

Surface Temperature (MAGST) for initializing 

the model temperature prior to spin-up (Figure 1). 

2.2 Model domain 

A one-dimensional model domain was developed 

to represent geothermal conditions to a depth of 

50 m. The model domain was discretized into 

0.01 m elements in the upper 8 m, followed by 

0.1 m elements between 8 m and 20 m, and 1 m 

elements below 20 m. 

2.3 Geothermal material properties 

The model domain was divided into four strati-

graphic soil layers considered representative of 

typical permafrost ground conditions in the west-

ern contiguous Canadian Arctic. The idealized 

stratigraphy consisted of a thin gravel cover over-

lying partially saturated sands and silts to the full 

model depth.  

To define each soil layer, the density, porosity 

and degree of saturation was estimated, from 

which volumetric water content and the geother-

mal parameters of frozen and unfrozen heat ca-

pacity and thermal conductivity were calculated 

(e.g Andersland & Ladanyi, 2004). Built-in ap-

proximations of soil-freezing characteristic 

curves were applied to each layer based on sim-

plified soil classifications. 

2.4 Boundary conditions 

A single year of climate data was used to drive 

the spin-up analyses using the numerical model-

ling software’s Land-Climate Interaction (LCI) 

boundary condition. The climate variables used 

in the surface energy balance equation included 

recorded daily air temperature and wind speed, 

snow cover and conductivity, estimated albedo, 

ground cover (vegetation thickness), and an esti-

mated sinusoidal function of solar radiation based 

on latitude. All climate functions were set to re-

peat after a 365-day cycle. 

The boundary condition at the base of the 

model was assigned as a constant geothermal flux 

of 4.32 kJ/day/m2 (e.g. Burn & Zhang, 2009).  

Material properties and boundary conditions 

were consistent between analyses.   

3 SPIN-UP ANALYSES  

3.1 Initialization Temperatures 

Three different initialization temperature profiles 

were investigated in separate spin-up analyses. 

The three profiles, shown on Figure 1, were as 

follows: 
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 Case 1: initialized at 0 oC (default) 

 Case 2: initialized at -4 oC (~MAGT) 

 Case 3:  initialized with a steady-state ther-

mal gradient developed between -5.6 oC 

(MAGST) at the ground surface and a geo-

thermal flux of 4.32 kJ/day/m2 at the base. 

A rough estimate of MAGT at depth-of-zero-

annual-amplitude was obtained from trumpet 

curve plots of measured ground temperature data 

from thermistors that were deep enough (5.5 m) 

to capture the approach toward the depth of zero 

annual amplitude. The value of (+/-) -4 oC was 

estimated by visually extrapolating the narrowing 

trumpet curve envelope to the apparent depth of 

zero annual amplitude. 

For the gradient profile, MAGST was deter-

mined to be -5.6 oC by averaging the 2001 daily 

temperatures recorded at the ground surface at the 

reference site. The steady-state analysis gener-

ated an equilibrated thermal profile between -5.6 
oC at the surface and -3.5 oC at 50 m depth. 

3.2 Spin-up duration 

Each spin-up analysis was evaluated at three 

specified durations of 70 cycles, 200 cycles and 

500 cycles. In the first analysis (initialized at 0 
oC), the spin-up analysis was also evaluated at 

1000 cycles.  

Since a single year of climate data was used for 

the spin-up analyses a cycle constitutes a single 

year. All spin-up analyses were simulated with 

12-hour time steps with results saved annually on 

January 1.  

4 RESULTS 

Results of the three spin-up analyses are shown 

in Figures 2 through 4. Ground temperature pro-

gression with time is plotted at four depths (5, 10, 

25 and 50 m) in each figure. The results are re-

peated in each figure for three progressively 

longer spin-up durations of a) 70 years, b) 200 

years, and c) 500 or 1000 years.  Temperature 

data corresponds to the modelled ground temper-

atures on January 1 of each year.  

4.1 Case 1: Initialized at 0 oC 

In the case where the model domain was ini-

tialized at 0 oC, temperatures throughout the do-

main appeared to be stabilizing after approxi-

mately 70 spin-up cycles (Figure 2a). 

Furthermore, the prescribed <5% threshold for 

percentage difference in cumulative energy trans-

fer at the surface between cycles was satisfied af-

ter only 12 cycles (Figures 2a and 5). However, 

extending the spin-up duration beyond 70 cycles 

revealed that the thermal regime had not stabi-

lized and in fact only did so after nearly 1000 

years (Figures 2b and c). The near-surface (-5 m) 

temperature stabilizes first, followed in progres-

sion by -10 m, -25 m and -50 m depths. 

This case demonstrates the significant amount 

of time required for the deep 50 m profile to re-

spond to climatic forcing due to substantial latent 

heat effects of phase change when ground tem-

peratures are initialized close to 0 oC. It appears 

that the plotted ground temperatures at 25 m and 

50 m below grade are initially responding (warm-

ing) to the positive geothermal flux at the base, 

before peaking between 50 and 70 cycles and 

cooling back towards 0 oC as the deeper profile 

begins its lagged response to the cold climate in-

fluence at the surface (MAAT = -9.1 oC). It takes 

nearly 700 cycles before the base of the model 

domain re-freezes and another 200+ cycles to sta-

bilize to its final (January 1) temperatures.  

4.2  Case 2: Initialized at -4 oC (MAGT) 

In Case 2 (Figure 3) temperatures throughout the 

model domain stabilize much faster than in Case 

1, reaching equilibrium by approximately 200 cy-

cles. The ground temperature at all depths re-

mained below 0 oC throughout the spin-up dura-

tion. Similar to Case 1, the energy transfer 

criterion at the surface (Figure 5) is satisfied after 

only 8 cycles; much earlier than it takes for the 

deeper profile to reach a stable equilibrium.  
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Figure 2. Ground-temperature evolution for different 

spin-up durations of 70, 200 and 1000 cycles; each in-

itialized at a default temperature of 0 oC (Case 1).  

 
Figure 3. Ground-temperature evolution for different 

spin-up durations of 70, 200 and 500 cycles; each in-

itialized at an estimated MAGT of -4 oC (Case 2).  
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Figure 4. Ground-temperature evolution for different 

spin-up durations initialized with a steady-state geo-

thermal gradient developed between MAGST and con-

stant geothermal flux at the base (Case 3).  

It appears that the energy criterion is met 

around the same time that the near-surface (-5 m) 

plotted depth stabilizes, perhaps an indication 

that this criterion is better suited to evaluating 

spin-up for shallow ground models only. 

4.3  Case 3: Initialized Gradient 

Case 3 (Figure 4) results in a similar temperature 

evolution as observed in Case 2. This can be at-

tributed to the similar initialization temperatures 

between the two cases, particularly in the deep 

profile (refer to Figure 1); and their significant 

thermal offset from 0oC. A colder initialization 

temperature at the ground surface does not signif-

icantly increase the required the spin-up duration 

since the near-surface temperatures respond 

quickly to climatic forcing. 

 As in the previous cases, the energy transfer 

criterion is satisfied in a nominal number of cy-

cles, around the time the near-surface tempera-

tures stabilize but much sooner than the lower 

depths of the model domain have stabilized. 

 

 
Figure 5. Percent change in cumulative energy trans-

fer at the ground surface between cycles for each spin-

up case.  

 

The final stabilized temperatures at the four 

tracked depths are summarized in Table 1 and are 

equal for all three spin-up cases. The duration re-

quired to obtain a stable temperature to within 

three decimal places at the base of the model is 

also tabulated. 
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Table 1. End-of-spin-up ground temperatures (oC) at 

select depths, with spin-up duration for obtaining a 

stabilized thermal regime in each case. 

Spin-up: Case 1 
(0oC) 

Case 2 
(-4oC) 

Case 3 
(Grad) 

-5 m -0.94 -0.94 -0.94 

-10 m -3.10 -3.10 -3.10 

-25 m -2.58 -2.58 -2.58 

-50 m -1.50 -1.50 -1.50 

Duration (cycles): 906 192 198 

5 DISCUSSION 

The results illustrate the importance of careful 

spin-up planning when initializing a geothermal 

model. The results of Case 1 demonstrate the po-

tential for prematurely assuming stabilization af-

ter a nominal number of cycles when tempera-

tures approach a temporary maximum or 

minimum as they did around 70 cycles (Figure 

2a).  

In addition, established criteria for determin-

ing thermal stability, such as the percent change 

in cumulative energy transfer at the surface, may 

not apply to deep, relatively warm permafrost 

ground conditions. This criterion is more likely 

suited to modelling exercises evaluating shallow 

soil profiles undergoing seasonal freeze-thaw cy-

cles such as the active layer in permafrost zones 

or the frost penetration depth in temperate zones. 

Alternative criteria to define thermal stability 

in deep permafrost profiles are needed. Jafarov 

and others (2012) used a spin-up criterion that de-

fined a stable thermal regime when maximum in-

ter-cycle temperature differences at all levels in 

the domain dropped below 0.01oC. However, this 

criterion was also satisfied after only 70 to 80 cy-

cles in all three cases evaluated in this study.  

A more refined alternative may be when inter-

cycle temperature change at all depths is less than 

1/1000th of a degree for 10 or more consecutive 

cycles. This approach was used to establish the 

minimum spin-up duration presented in Table 1. 

 An approximate but reasonably accurate esti-

mation of the MAGT at depth-of-zero-annual-

amplitude can also greatly reduce the number of 

spin-up cycles required to obtain a stable thermal 

regime, particularly compared to a default initial-

ization temperature of 0 oC.  

In this study, an estimate of MAGT at depth-

of-zero-annual-amplitude was obtained from 

trumpet curve plots of ground temperature data 

that were deep enough to capture the approach to 

the depth of zero annual amplitude. Alternatively, 

an initial estimate of MAGT may be taken from 

the Permafrost Map of Canada (Heginbottom, 

1995) or from published relationships with 

MAAT (e.g. Smith & Burgess, 2000); however 

the latter are now generally considered too unre-

liable for practical use (Canadian Standards 

Association, 2010). 

The actual MAGT at depth-of-zero-annual-

amplitude associated with the 2001 climate forc-

ing appears to be in the range of -2 to -3 oC (Table 

1) based on the expectation that the depth of zero-

annual amplitude occurs somewhere between 10 

to 20 m below grade (Andersland & Ladanyi, 

2004).  This is warmer than the utilized value of 

-4 oC estimated from trumpet curve plots of 

ground temperature measurements in the top 5.5 

m at site. There are a few reasons for this. First is 

that the annual temperature spread recorded in the 

deepest thermistor encompasses the actual and 

estimated values and a visual extrapolation 

within this range is inherently prone to some er-

ror. Secondly, the 2001 measured data may carry 

a lingering thermal ‘hangover’ from previously 
colder years, especially in the deeper thermistor 

beads.     

Initializing the model with a thermal profile 

that varied with depth added unnecessarily com-

plexity without reducing the required spin-up du-

ration. As an alternative to the gradient developed 

in this study, the actual MAGT gradient for a 

given year or years may reduce the necessary 

spin-up duration, but recorded ground tempera-

ture data of sufficient depth is rarely available to 

generate the MAGT gradient. 

 Since near-surface temperatures will respond 

quickly to climate-forcing at the surface, it is rec-
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ommended to initiate the thermal model at a rea-

sonable estimate of MAGT at greater depth, such 

as depth-of-zero-annual-amplitude, prior to spin-

up. 

Once a representative, stable thermal regime 

has been established, further transient analyses 

may be conducted that apply additional thermal 

boundary conditions such as heat input or extrac-

tion from proposed infrastructure, or long-term 

climate warming. These subsequent analyses can 

be conducted with certainty that observed 

changes to the thermal profile are independent of 

the initial conditions. 

6 CONCLUSIONS 

A series of spin-up analyses were developed to 

test the influence of initialization temperature on 

the number of cycles required to obtain a stable 

thermal regime within a model domain represent-

ing a typical permafrost profile in the western Ca-

nadian Arctic.  

Results indicated that initializing the model 

domain with a reasonable estimate of the mean 

annual ground temperature (MAGT) provided 

the greatest reduction in required spin-up dura-

tion to obtain thermal stability. Furthermore, a 

surface energy transfer criterion commonly used 

to determine when a spin-up model is sufficiently 

stable appeared not to apply when deep ground 

profiles at relatively warm permafrost sites are 

modelled.   

The results of this study illustrate the im-

portance of a well-developed spin-up model, par-

ticularly when the thermal evolution of deep per-

mafrost is of interest in further transient analyses.   
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