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The GIPL Model for Estimation of Temporal and Spatial Variability of the Active Layer
Thickness and Mean Annual Ground Temperatures.
The Geophysical Institute Permafrost Lab (GIPL) model was developed specifically to assess the
effect of a changing climate on permafrost. The GIPL 1.0 model is a quasi-transitional, spatially
distributed, equilibrium model for calculating the active layer thickness and mean annual ground
temperature. The GIPL-1 model accounts effectively for the effects of snow cover, vegetation,
soil moisture, and soil thermal properties. The GIPL-1 model allows for the calculation of
maximum active layer thickness (ALT) and mean annual ground temperatures (MAGT) at the
bottom of the active layer. Our approach to determine the ALT and MAGT is based on an
approximate analytical solution that includes freezing/thawing processes and provides an
estimation of thermal offset due to the difference in frozen and thawed soil thermal properties
(Kudryavtsev, et al., 1974). It uses the idea of applying the Fourier temperature wave propagation
theory to a medium with phase transitions, such as freezing/thawing ground. Application of this
approach resulted in the discovery of the thermal offset and an understanding of the laws that
govern the dynamics of the ground thermal regime. These discoveries led to an understanding of
the effects that the thermal properties of the ground have upon the MAGTs and ALT, and how
periodically (seasonally) varying climatic parameters affect permafrost dynamics. The output
parameters of this method are given as annual averages. Input and output parameters are listed in
Table 1. The effect of geothermal heat flux is ignored because it is considered to have a minimal
impact on the MAGT and ALT values. For the areas with permafrost, the MAGT is the same as a
mean annual temperature at the permafrost table (upper surface of permafrost). Where permafrost
is absent, the MAGT is the mean annual temperature at the bottom of seasonally frozen layer.
Table 1. Input and output variables.
Input Variables
Notation
Seasonal range of air temperature variations (amplitude)
Aa
Mean annual air temperature
Ta
Snow Water Equivalent
SWE
Height of vegetation cover
Hv
Thermal diffusivity of vegetation in frozen state
Dvf
Thermal diffusivity of vegetation in thawed state
Dvt
Thermal conductivity of frozen soil
Kf
Thermal conductivity of thawed soil
Kth
Volumetric water content
VWC
Volumetric latent heat of ice fusion
334e6
Volumetric heat capacity of snow cover
Csn
Volumetric heat capacity of thawed ground
Cth
Volumetric heat capacity of frozen ground
Cf
Output Variables
Correction to air temperature accounting for snow cover effect, ºC
Correction to air temperature amplitude accounting for snow cover effect, ºC
Correction to air temperature accounting for vegetation cover , ºC
Correction to air temperature amplitude accounting for vegetation cover , ºC
Seasonal range of temperature variations at the ground surface, ºC
Mean annual temperatures at the ground surface, ºC
Snow density, kg/m3
Snow thermal conductivity, W/(m*K)
Thermal offset, ºC
Mean annual soil surface temperature, ºC
Mean annual soil temperature at the bottom of ALT , ºC
Active layer thickness, m

Units
ºC
ºC
m
m
m2/s
m2/s
W/(m*K)
W/(m*K)
Fraction of 1
J/m3
J/m3K
J/m3K
J/m3K
Notation
∆Tsn
∆Asn
∆Tv
∆Av
Ags
Tgs
ρsn
Ksn
∆Tk
MAGST
MAGT
ALT

Mean Annual Ground Temperature at the Bottom of the Active Layer
Throughout the years, simplified analytical solutions for the ALT have been applied for structural
engineering and other practical purposes. Most of these methods have been based on the Stefan
solutions, and they do not yield a good level of accuracy (Romanovsky and Osterkamp, 1997). It
was determined that the best method for computation of the ALT and MAGTs was a modified
version of Kudryavtsev’s approach (Romanovsky and Osterkamp, 1997). This approach is the
core of the GIPL-1 model, which treats the complex system including air, snow cover, surface
vegetation, and active layer, as a set of individual layers with different thermal properties (Figure
1). In the regions of Alaska and East-Siberia that were analyzed, surface vegetation consists of
lichens, grass, and moss (sphagnum or feather mosses) (Feldman et al., 1988; Brown and Kreig,
1983). The upper level of vegetation consisting of trees and shrubs is not considered in the
model. This upper level vegetation affects the thickness and density of the snow cover, along
with the amount of solar radiation reaching the ground surface. The model takes into account
only low-level vegetation (surface vegetation) that is less than 0.5 meter high, because the
information about higher vegetation such as trees and tall shrubs is already incorporated into the
monthly surface air temperature data, which were used as input data in the model.

Figure 1. The GIPL-1 model conceptual diagram (A) and schematic profile of mean annual temperature
through the lower atmosphere, active layer and upper permafrost (B).

Snow cover plays an important role in heat exchange processes between the surface of the
ground and the atmosphere. The warming effect of the snow cover has been calculated using
approximate formulas derived by A. Lachenbruch (1959) and V. Romanovsky (1987), which
incorporate ground properties, vegetation cover, and their respective effect on heat turnovers
through the snow. Heat turnovers are defined as the quantity of incident heat (during the heating
period), or out-going heat (during the cooling period) throughout the media over a given time
t2

interval (usually half year increments). Thus, the heat turnover is Q = ∫ q (t )dt , where t1 and t2
t1

are the times when the regime changes from ground heating to ground cooling, or from cooling to
heating periods, and q(t) is the heat flux through the ground surface as a function of time.
The GIPL-1 model takes into account only conductive heat transfer through the surface
vegetation (lichens, moss, and grasses). The rate of heat turnover between the ground and
atmosphere has been shown to have a strong dependence on vegetation cover. In summer,
surface vegetation prevents solar radiation from penetrating into the ground and warming it. In
wintertime, surface vegetation acts as an insulator and keeps heat in the ground.
The seasonal freezing and thawing cycles cause changes in the thermal properties of soils
within the active layer. Typically, this effect leads to a decrease in MAGTs with depth within the
active layer. The thermal offset is defined as the difference between the mean annual
temperature MAGT at the bottom of the active layer and the mean annual temperature at the
ground surface (Kudryavtsev et al., 1974; Goodrich, 1978; Burn & Smith, 1988). The thermal
offset depends on soil moisture content and thermal properties, and has the most pronounced
effect within a peat layer (Marchenko & Romanovsky, 2007). The analytical equation to estimate
the thermal offset was given by Kudryavtsev (1981) (no derivation was published), and was
formally derived by V. Romanovsky (Romanovsky & Osterkamp, 1995).
The approach to simulate MAGT in the GIPL-1 model is the consecutive layer-by-layer
introduction of thermal effects of snow, ground surface vegetation, and the soils within the active
layer on mean annual temperatures and seasonal amplitudes at each considered level (snow
surface, vegetation surface, and ground and permafrost table). However, this scheme is not totally
additive because the estimation of the impact of each new layer already includes the thermal
effects of all layers above it. Moreover, in this approach, the thermal effect of snow reflects the
thermal properties and temperature field dynamics in the subsurface layers through the heat
turnover estimation. As a result, this approach takes into account some negative and positive
feedbacks between designated layers in the “atmosphere-permafrost” system.
The Active Layer Thickness.
Calculation of the ALT is the final step in the GIPL-1 model (Romanovsky and Osterkamp
1997). The formula was derived for homogeneous ground, but in actuality, even if the soil
properties are the same throughout the active layer, the moisture content or mode of heat flow
may vary significantly. This can make the active layer inhomogeneous with regard to its thermal
properties. Also, the model does not take into account unfrozen water, which can exist in the
frozen active layer even at temperatures below zero Celsius, and has a significant effect on the
ground’s thermal properties (Williams, 1964; Williams & Smith, 1989). The assumption of a
periodically steady state temperature regime seems to be a good approximation when applied to
the annual temperature cycle, which varies from year to year (Romanovsky & Osterkamp, 1997).
Considering the advantages along with the shortcomings, the GIPL-1 model appears to give a
good representation of the coupling between permafrost and the atmosphere. When applied to
long-term (decadal and longer time scale) averages, this approach shows an accuracy of +0.20.4ºC for the mean annual ground temperatures and +0.1 – 0.3 m for the active layer thickness
calculations (Sazonova & Romanovsky, 2003). The relative errors do not exceed 32% for the
ALT calculations, but typically they are between 10 and 25%. The differences in 0.2-0.4°C
between calculated and measured mean annual ground temperatures were obtained for the longterm multi-year average estimations.

The Input Dataset
At the present stage of
development, the GIPL1 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
(Figure 2).
In order to assess
possible changes in the
permafrost thermal state
and the active layer
thickness, the GIPL-1.3
Figure 2. The GIS merged GIPL-1 schematic diagram
model was implemented
for the entire Alaskan
permafrost domain. For this study we used an input data set with 2 x 2 km spatial resolution.
Input parameters to the model are spatial datasets of mean monthly air temperature and
precipitation, prescribed vegetation, soil thermal properties, and water content, which are specific
for each vegetation and soil class and geographical location (Figure 3). The Scenarios Network
for Alaska Planning (SNAP) data set was used for climate forcing (<http://www.snap.uaf.edu/>).
SNAP data were derived from the five IPCC Global Circulation Models that performed the best
in Alaska and other northern regions: ECHAM5, GFLD21, MIROC, HADLEY and CCCMA.
These five were selected based on how closely model outputs matched climate station data for
temperature, precipitation, and sea level pressure for the recent past. A composite of all five
model outputs for the A1B emissions scenario (a mid-range scenario defined by the IPCC) was
used in these particular permafrost dynamics calculations.

Figure 3. 2 by 2 km spatial resolution datasets of
mean monthly air temperature (A), precipitation
(B), 26 classes of soil thermal properties and soil
moisture content (C), 12 vegetation classes (D),
and resulting modeled map of ground
temperatures at 1 m depth and permafrost
distribution averaged for 2000-2009 (E).
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