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Abstract 

The Geophysical Institute Permafrost Laboratory model (GIPL) simulates soil temperature dynamics and the depth of seasonal 
freezing and thawing by solving 1D non-linear heat equation with phase change numerically. In this model the process of soil 
freezing/thawing is occurring in accordance with the unfrozen water content curve and soil thermal properties, which are 
specific for each soil layer and for each geographical location. At the present stage of development, the GIPL 2.0 model is 
combined with ArcGIS to facilitate preparation of input parameters and visualization of simulated results in a form of digital 
maps. The future climate scenario was derived from the Massachusetts Institute of Technology MIT-2D climate model output 
for the 21st century. This climate scenario was used as a driving force in GIPL model. Initial results of calculations show that 
by the end of the current century the widespread permafrost degradation could begin everywhere in Alaska southward from the 
Brooks Range. 
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Introduction 

Many components of the Cryosphere, particularly sea ice, 
glaciers and permafrost, react sensitively to climate change. 
Climatic changes and changes in permafrost were reported 
recently from many regions of the Northern Hemisphere 
(Jin et al 2000, Oberman & Mazhitova 2001, Harris & 
Haeberli 2003, Sharkhuu 2003, Romanovsky et al. 2002, 
Marchenko et al. 2007). Significant changes in permafrost 
temperatures were observed in Alaska. Ground temperature 
data from Alaska available for the last 30 years demonstrate 
an increase in permafrost temperatures by 0.5-3°C 
(Osterkamp & Romanovsky 1999, Osterkamp 2005). 
Recent observations show that the warming of permafrost 
has continued into the 21st century in Alaska (Clow & 
Urban 2002, Romanovsky et al. 2002, Romanovsky et al. 
2003). While the increase in permafrost temperature may 
change many of its physical properties, the major threshold 
occurs when permafrost starts to thaw from its top down. 
The thawing and freezing of soils in Arctic and sub-Arctic 
regions is affected by many factors, with air temperature, 
vegetation, snow accumulation, and soil moisture among the 
most significant. To investigate how observed and projected 
changes in these factors influence permafrost dynamics in 
Alaska, we developed a numerical Geophysical Institute 
Permafrost Laboratory (GIPL) model. In this paper we will 
first describe this model. Then we will show how this model 
should be calibrated and validated before it could be used 
for projections of future changes in permafrost as a result of 
changes in climatic and other environmental conditions. 
After validation, the model was used to develop one 
possible scenario of the permafrost dynamics in Alaska 
during the current century.  

 
 

Previous spatial modeling of permafrost 
Recently, there have been a number of experiments to 

simulate soil temperature and permafrost dynamics on 
regional and global scales (Anisimov & Nelson 1997, 
Stendel & Christensen 2002, Sazonova & Romanovsky 
2003, Oelke & Zhang 2004, Lawrence & Slater 2005, 
Zhang et al. 2006, Saito et al. 2007). There are two major 
approaches to spatial modeling of permafrost. One of them 
is to include a permafrost module directly into GCM. The 
second one employs the use of stand-alone equilibrium or 
transient permafrost models. These models are forced by the 
climatic outputs produced by GCMs. There were a few 
examples of simulations and forecasts of permafrost 
dynamics using coupled global climate models (Stendel & 
Christensen 2002, Lawrence & Slater 2005, Nicolsky et al. 
2007, Saito et al. 2007), but some of the modeled results 
generated a significant controversy (Burn & Nelson 2006, 
Delisle 2007). The simplified treatment of subsurface 
thermal processes and problematic settings of the soil 
properties and lower boundary conditions precluded proper 
representation of the future permafrost dynamics in these 
GCMs (Burn & Nelson 2006).  

In this research we used the GIPL-2.0 model, which is a 
numerical simulator of the temporal and spatial transient 
response of permafrost to projected changes in climate.  

 
Methods 

GIPL-2.0 Model 
Previous version of this model (GIPL-1.0) is equilibrium, 

spatially distributed, analytical model for computation of 
the active layer thickness and mean annual ground 
temperatures (Sazonova & Romanovsky 2003). The GIPL-
2.0 model simulates soil temperature dynamics and the 
depth of seasonal freezing and thawing by solving 1D non-
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linear heat equation with phase change numerically. In this 
model the process of soil freezing/thawing is occurring in 
accordance with the unfrozen water content curve and soil 
thermal properties, which are specific for each soil layer and 
for each geographical location. Special Enthalpy 
formulation of the energy conservation law makes it 
possible to use a coarse vertical resolution without loss of 
latent heat effects in phase transition zone even in case of 
fast temporally and spatially varying temperature fields. At 
the present stage of development, the GIPL model is 
combined with ArcGIS to facilitate preparation of input 
parameters (climate forcing from observations or from 
Global or Regional Climate Models) and visualization of 
simulated results in a form of digital maps. The input data 
are incorporated into GIS and contains the information on 
geology, soils properties, vegetation, air temperature, and 
snow distribution (Figure 1).  

The soil characterization used in the GIPL-2.0 model is 
based on extensive empirical observations, conducted in 
representative locations that are characteristic for the major 
physiographic units in Alaska. 

The numerical solution of heat transfer is implemented in 
the extended program module, which can be called from the 
GIS environment. GIS allows visualization of input and 
output parameters and their representation in the form of 
digital maps. The new version of GIPL 2.0 simulates soil 
temperature and liquid water content fields for the entire 
spatial domain with daily, monthly and yearly resolution. 
The merge of the new GIPL and the GIS technique provides 
a unique opportunity to analyze spatial features of 
permafrost dynamics with high temporal resolution. 

 

 
 
Figure 1. The GIPL-2.0 model schematic diagram. 

 
Mathematical model 

The basic mathematical model in our approach is the 
Enthalpy formulation of the one-dimensional Stefan 
problem (Alexiades & Solomon 1993, Verdi 1994). We 
used the quasi-linear heat conduction equation, which 
expresses the energy conservation law: 
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C(y, t) is the heat capacity, L is the latent heat, λ(y, τ) is 
thermal conductivity and Θ(y, t) is the volumetric unfrozen 
water content. The Equation (1) is complemented with 
boundary and initial conditions. The computational domain 
0≤Ω≤1000 extended to 1000 m in depth, and time interval 
Ψ is 200 years with initial temporal step of 24 hours.  

Dirichlet’s conditions t(τ) were set at the upper boundary. 
An empirical method of geothermal heat flux estimating 
(Pollack et al. 1993) in each grid point was applied for the 
lower boundary conditions.  
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where g is a geothermal gradient at the lower boundary.  

A fractional step approach (Godunov splitting) was used 
to obtain a finite difference scheme (Marchuk 1975). The 
idea is to divide each time step into two steps. At each step 
along the spatial dimension (in the depth) is treated 
implicitly: 

 

( ) ( )
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

Δ
−

−
Δ
−

×

Δ+Δ
=

Δ
−

+
−

+
+
−

+

++
++

+

+

++

yi

n
i

n
in

i
yi

n
i

n
in

i

iin

n
i

n
i

h
tt

h
tt

hh
tHtH

,

1
1

1
1

2/1
,1

11
11

2/1

1

)2/11

)(
2)()(

λλ

τ
 (4) 

 
where Δhi, y is the spatial steps on the non-uniform grid. 

The resulting system of finite difference equations is non-
linear, and to solve it, the Newton’s method was employed 
at each time step. On the first half step (4) in case when a 
non-zero gradient of temperature exist, we use the 
difference derivative of enthalpy: 

 

⎥
⎦

⎤
⎢
⎣

⎡
−
−

+
−
−

=
∂

∂

+

+

−

−

)(
)()(

)(
)()(5.0)(

1

1

1

1

ii

ii

ii

iii

tt
tHtH

tt
tHtH

t
tH

(5) 

 
The analytical derivative of representation (2) has to be 

used in case of zero-gradient temperature fields. Second half 
step (4) is treated similarly. Thereby, we can employ any 
size spatial steps without any risk to lose any latent heat 
effects within the phase transition zone for the fast 
temporally and spatially varying temperature fields. 

 
Model validation and calibration 

Ground temperature measurements of a very high quality 
(precision generally at 0.01°C) in shallow boreholes were 
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used for initial model validation. More than 15 shallow 
boreholes (1-1.2 m in depth) across Alaska from north to 
south were available for validation (Romanovsky & 
Osterkamp 1997). The temperature measurements in the 
shallow holes performed with vertical spacing of 0.08-0.15 
m. At most of these sites, soil water content and snow depth 
also were recorded. In addition, more than 25 relatively 
deep boreholes from 29 m to 89 m in depth (Osterkamp & 
Romanovsky 1999, Osterkamp 2003) along the same 
transect were available for the model validation in terms of 
permafrost temperature profiles and permafrost thickness. 

Different earth’s materials have varying thermal 
properties. The soil thermal conductivity and heat capacity 
vary within the different soil layers as well as during the 
thawing/freezing cycles and depend on the unfrozen water 
content that is a certain function of temperature. The 
method of obtaining these properties is based on numerical 
solution for a coefficient inverse problem and on 
minimization locally the misfit between measured and 
modeled temperatures by changing thermal properties along 
the direction of the steepest descent. The method used and 
its limitations are described in more detail elsewhere 
(Nicolsky et al., in review). 

There are two basic approaches to the calibration of 
modeled permafrost temperatures against the observed data, 
which can be distinguished by their use of temporal or 
spatial relationships. With the temporal approach, the 
quality of the modeling series is assessed by time series 
regression against measured data. The quantitative 
relationship between simulated and measured data is then 
determined for a ‘‘calibration’’ period with some 
instrumental data withheld to assess the veracity of the 
relationship with independent data. Figure 2 illustrates the 
results of the model calibration for the specific site West 
Dock (70° 22’ 28.08’’ N, 148° 33’ 7.8’’ W). 

 

 
 
Figure 2. Example of the temporal model calibration for specific 
site. 
 

In the spatial approach, assemblages of the observed data 
from a number of different geographic locations with 
different landscape settings determine the quality of the 

modeling results. To achieve geographic correspondence 
between the scale of observation and modeling we utilized a 
regional-scale permafrost characterization based on 
observations obtained from representative locations. 
Additional comparison of model-produced ground 
temperatures, active layer thickness and spatial permafrost 
distribution with measured ground temperatures at the 
Alaskan sites shows a good agreement. 
 
Input data set 

In order to assess possible changes in the permafrost 
thermal state and the active layer depth, the GIPL-2.0 model 
was implemented for the entire Alaskan permafrost domain 
for the 1900-2100 time interval. For this study we used an 
input data set with grid boxes size 0.5°×0.5°. Input 
parameters to the model are spatial datasets of mean 
monthly air temperature and snow water equivalent (SWE), 
prescribed soil thermal properties and water content, which 
are specific for each soil layer and for each geographical 
location. Initial distribution of temperature with depth was 
derived from the borehole temperature measurements 
obtained in Alaska by different researchers during the last 
several decades (Brewer 1958, Lachenbruch & Marshall 
1986, Osterkamp & Romanovsky 1999, Clow & Urban 
2002, Osterkamp 2003, Osterkamp 2005). As a climate 
forcing we used two data sets. For the period of 1900-2000 
climatic conditions, the CRU2 data set with 0.5°×0.5° 
latitude/longitude resolution (Mitchell and Jones 2005) was 
used. The future climate scenario was derived from the 
MIT-2D integrated global system model (IGSM) developed 
at the Massachusetts Institute of Technology (MIT), which 
is a two dimensional (zonally averaged) atmospheric model 
coupled with a diffusive ocean model that simulates the 
surface climate over the land and ocean for 23 latitudinal 
bands globally (Sokolov & Stone, 1998). Snow data for the 
entire simulated period 1900-2100 were derived from the 
terrestrial ecosystem model (TEM) (Euskirchen et al 2006). 
We used the MIT-2D output for the 21st century with a 
doubling gradual increase of atmospheric CO2 concentration 
by the end of current century that corresponds to the IPCC 
SRES emission scenario A1B.  
 

Result and discussion  
We compared ground temperatures at the depths of 2 m, 

5 m, and 20 m for three snapshots of 2000, 2050 and 2100 
(Figure 3). If compared with present-day conditions, the 
greatest changes in temperatures for the 2050 and 2100 will 
occur at 2 m depth (Figure 3 A, B, C). Results of calculation 
show that by the end of the current century, the mean annual 
ground temperatures (MAGT) at 2 m depth could be above 
0°C everywhere southward of sixty-sixth latitude except for 
the small patches at the high altitudes of the Alaska Range 
and Wrangell Mountains (Figure 3C). The area of about 
850,000 km2 (about of 57% of total area of Alaska) will be 
involved in the widespread permafrost degradation and 
could contain both areas with completely disappeared 
permafrost and the areas where thawing of permafrost is 
still ongoing. It should be noted that by the term of ‘thawing 
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permafrost’ we understand a situation when the permafrost 
table is lowered down and a residual thawed layer (‘talik’) 
between the seasonally frozen layer and permafrost table 
continuously exists throughout the year.  

According to calculations, the modern extent of the area 
with MAGT at 5 m depth above 0°C is about 125,000 km2. 
The model-produced ground temperatures with positive 
MAGT at 5 m depth could occupy approximately 659,000 
km2 (about of 45% of total area of Alaska) by the end of the 
current century and could extend into the Interior of Alaska 
(Figure 3F).  

While the permafrost temperatures at 20 m depth could 
change significantly within a range of negative 

temperatures, the area with MAGT above 0°C at 20 m depth 
will not expand too much even by 2100 (Figure 3 G, H, I). 
The difference between these areas in 2000 and in 2100 
does not exceed 100,000 km2 (Figure 3 G, I). Changes in 
permafrost temperatures will be much more pronounced 
within the areas with colder permafrost in comparison with 
areas where the permafrost temperature is presently close to 
0°C. Also, it will not increase significantly in the areas of 
peat lands with a sufficiently deep organic layer. Projected 
changes in area of MAGT above 0°C at the different depths 
and for the different time accordingly MIT-2D climate 
change scenario presented in Table 1. 

 
 

 
 

Figure 3. Projected mean annual ground temperatures at 2 m (A, B, C), 5 m (D, E, F), and 20 m (G, H, I) depths on 2000 (A, D, G), 2050 (B, 
E, H), and 2100 (C, F, I) using climate forcing from MIT-2D output for the 21st century. 
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Figure 4. Projected active layer thickness and extent of thawing permafrost area in 2000 (A), 2050 (B), and 2100 (C) using climate forcing 
from MIT-2D output for the 21st century. 
 
Table 2 presents the statistics of modeled MAGT variables for the 
three snapshots obtained from 34,434 grid cells within the entire 
Alaskan domain. While the mean value and sums of MAGT at the 
depths of 2 m and 5 m turned to above 0°C by the end of current 
century, the same characteristics for 20 m depth remain below 0°C 
(Table 2). 
 
Table 1. Areas of simulated MAGT above 0°C at the different 
depths and for the different time (thousands km2/percent of total 
area of Alaska).  

Depth 2000 2050 2100 
2 m 138.8/9.4 410.3/27.8 850.5/57.6 
5 m 126.7/8.6 280.2/18.9 658.9/44.6 
20 m 103.2/6.7 133.5/9.03 196.4/13.3 
 

Table 2. Statistics of modeled MAGT variables within the entire 
calculated Alaskan spatial domain (34,434 grid cells).  

Statistics 2000 2050 2100 
2 m Depth    
Min -12.52 -8.74 -5.44 
Max 4.72 7.30 11.62 
Mean -4.32 -1.47 1.58 
5 m Depth    
Min -8.45 -6.62 -5.43 
Max 3.71 5.00 10.46 
Mean -3.69 -1.68 0.54 
20 m Depth    
Min -9.86 -7.74 -5.38 
Max 4.85 6.46 8.53 
Mean -3.32 -1.86 -0.62 
Statistics on active layer thickness (ALT) also has shown 

significant response to scenario of climate change. The 
simulated mean values of ALT for the whole Alaskan 
permafrost domain are 0.78 m, 1.33 m and 2.4 m for 2000, 
2050, and 2100 accordingly.  

The area of thawing permafrost (permafrost table located 
deeper than 3 m) also increased according to our model 
from 65,000 km2 in 2000 to 240,000 km2 by 2050 and to 
720,000 km2 by 2100 (Figure 4). 

 
Conclusions 

According to the future climate scenario derived from the 
MIT-2D climate model and TEM output for the 21st century, 
a widespread permafrost degradation could be observed 
everywhere in Alaska southward from the Brooks Range by 

the end of the current century. It means that the permafrost 
table in this region will be lowered down to 3-10 m in 
depth, and some small and thin patches of permafrost at the 
southernmost regions of Alaska could disappear completely. 
Nevertheless, permafrost thicker than 15-20 m in depth 
could still survive deeper than 10-15 m even in the regions 
with widespread long-term thawing of permafrost. In the 
regions with ice-rich permafrost, the thawing processes will 
extended for a long time, especially in the regions with 
undisturbed surfaces. Modeling results shows the Alaskan 
North Slope will be not experiencing a substantial 
widespread permafrost thawing and degradation during the 
present century. 
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