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Validation of SHA'W Model in Determination of Maximum

Soil Frost Penetration Depth in Typical Arid and
Semi-arid Zones of Iran

A. Khalili ', H. Rahimi ', and Z. Aghashariatmadary'”

ABSTRACT

Simultaneous Heat and Water Model (SHAW) is based on the assimilation rate of
melting and/or freezing of the accumulated snow as well as melting of ice in soil. The main
objective of this study was to evaluate applicability of SHAW Model in determining
maximum depth of frost penetration in soils in some typical climates of Iran. To this end,
the daily data of air temperature, soil temperatures at different depths, duration of bright
sunshine, and air humidity were collected for the period of 1992-2003 for four
meteorological stations of Iran including Shahr-e- Kord, Urumia, Sanandaj, and Yazd.
Then, the maximum soil frost penetration depth (SFPD) for each year in the above
mentioned stations was determined based on both the measured temperatures at different
layers of soil and the calculated values using SHAW Model. Results of the analyses
indicated that there was a significant linear relationship between the observed and the
calculated values of maximum SFPD. The obtained coefficients of linear correlation
between the observed and the calculated values for meteorological stations of Shahr-e-
Kord, Urumia, Sanandaj and Yazd were 0.90, 0.77, 0.84 and 0.94, respectively, all being
significant at one percent level. According to the results, it was concluded that, with the
yearly records of weather parameters and soil conditions, a reliable estimate of the
maximum annual depth of soil frost penetration can be made in similar regions of Iran by
application of SHAW Model.

Keywords: Iran, Finite difference method, Soil frost penetration depth, SHAW model, Soil
freezing potential.

INTRODUCTION

The temperature of soil is dependent on
the temperature of its surrounding
environment such that during cold seasons
of the year, when temperature is below
freezing, possibility of water freezing at
different depths of soil increases. Soil frost
penetration depth indices have many
applications in agriculture and civil and
transportation engineering. Frost penetration
depth has been defined as the depth of soil

layer where temperature reaches below 0 °C.
Soil temperature is normally related to
several factors including topography, solar
radiation, air temperature, moisture content,
texture, and some thermal properties of soil
such as: thermal capacity, specific heat, and
coefficient of thermal conductivity. Frost
penetration depth is a factor that changes
from year to year. In agriculture, the number
of freezing days and its return period is
normally  important, while in civil
engineering, the maximum frost depth is
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needed for many design applications (Khalili
et al.,, 2007). Accurate forecast of soil
freezing events and its depth will be of great
importance in proper management of
resources in cold regions. For example, the
temporal and spatial patterns of changes in
frozen soil of a particular region will allow
the prediction of a potential flooding more
accurately. Furthermore, accurate measure
of the depth of soil freezing in a given
region will allow proper determination of
the depth of building foundations as well as
placement of sensitive conduits such as
water and gas pipes. With measured land
traffic, farmers can also prevent over
compaction of frozen soils. The knowledge
of duration and depth of soil frost
penetration will also allow prediction and
determination of the occupancy of potential
types of microorganisms, insects, plant
species and their related diseases.

In the recent years, many attempts have
been made to develop new methods or
relationships for determination of soils frost
penetration depth. Thomas and Trat (1984)
studied freezing and thawing of soils in two
dimensional models. McKeown et al.(1988)
studied the thermal regime and freezing
process of gravels. McCormick (1993)
investigated the frost action under road
bases.

Assessment of the models which take into
account the relationships involved in soil
physics studies or are used for prediction of
a particular soil quality is of great
importance. To this end, numerous models
have been developed which are based on
simulation of heat and water transfer in
frozen soils subjected to complex climactic
conditions of the winter season. Among
different models proposed for determination
of frost penetration depth in soils,
considering the complex effect of seasonal
factors mentioned above, SHAW Model
offers a more accurate estimation,
particularly in the upper soil layers. With
such successful results, the SHAW Model
has been applied for estimation of depth of
soil frost penetration in several countries
such as the United States (Flerchinger and
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Saxton, 1989) and Canada (Hayhoe, 1994).
In the present study, to validate the positive
results obtained from different geographical
regions of the world, the SHAW Model was
employed for determining maximum depth
of frost penetration in soils of regional
stations of Shahr-e-Kord, Sanandaj, Yazd
and Urumia of Iran.

MATERIALS AND METHODS
Description of the SHAW Model

The SHAW Model is used for simulation
of conditions involved in snow melting, and
freezing/thawing of soils. This model was
initially developed by Flerchinger and
Saxton (1988 and 1989) and subsequently
modified by Flerchinger and Pierson (1991).
Based on simulated conditions of winter
season, this model accounts for complicated
factors such as accumulation and melting of
snow, freezing/thawing of soil and
associated factors such as lower moisture
conductivity of frozen soil, effect of soluble
salts on formation of ice, and solute
transport in frozen soil. This model also
takes into account the simulated effects of
water movement in soil, plant canopy, snow
cover, and soil profile in a given region. The
model also can be used for management of
the effect of snow freezing/thawing, runoff,
soil/water temperature, evaporation and
transpiration (Flerchinger and Saxton, 1989;
Flerchinger et al., 1996; Flerchinger, 1991;
Flerchinger and Pierson, 1991; Flerchinger
et al., 1996; Flerchinger et al., 1994; Xu et
al., 1991).

In this model, finite difference approach
has been employed to solve the problem of
water and heat transfer in soil profile. The
relationship used in the SHAW Model is
given in the following equation (Eq.1):
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Where, C, is heat capacity of the soil
which depends on its water and ice contents
(J m?°Chy; p; is density of ice (kg mY);
L f is latent heat of fusion (J kg™);; L, is

latent heat of vaporization of water(J kg™);
0;is volumetric ice content (m’m?); p,,is

density of water vapor (kg m™); k is thermal
conductivity of soil which depends on soil

water content and its state (W m™ °C™"); C I
is heat capacity of liquid water (J m>°C ™);
q; and g, are respective fluxes of liquid

water and water vapor(m s'l); and finally, S
is a source/sink term (W m™). On the left
hand side of Eq. (1), the first term represents
changes in heat content of the soil, the
second term indicates the heat associated
with freezing and thawing of soil water, and
the third term is related to the heat
associated with vaporization and
condensation of the soil water. On the right
hand side, the first term represents heat loss /
gain by thermal conduction, the second term
indicates the heat conducted by thermal
advection attributable to water flow, the
third term shows the latent heat conducted
by water vapor, and the last term is
indicative of the external sources/sinks of
energy such as solar radiation at the soil
surface. The SHAW Model uses an implicit
finite difference method and estimates soil
heat capacity by summing up the heat
capacities of soil components including
water and air (Hayhoe, 1994). This model
calculates the heat capacity of soil
employing a method introduced by De Vries
et al. (1963), which calculates the heat
conductivity of soil with melted ice
compared to the frozen state (Karsten,
1912). This model provides a one-
dimensional-vertical profile through the
surface of snow, ice, vegetation cover,
sediments, etc, to a given depth of the
subsoil based on its physical parameters.
However, the model is flexible enough to
exclude some items as necessary. By using
this, it is possible to consider inter-related
factors such as soil water heat flux and its
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soluble content to assess the process of
freezing/thawing.

The model can also provide hourly and
daily predictions of evaporation,
evapotranspiration, soil freezing depth, snow
depth, runoff, soil temperature profile,
moisture content as well as ice and solute
contents of the soil. Heat and moisture
fluxes in any given soil are governed by the
weather conditions at the surface of the soil
and its conditions in depth. A multi-layer
system in the model is defined as
consecutive layers of vegetation cover,
snow, plants residue and soil, in which each
layer is specified by a node. Model inputs
consist of density and depth of soil, soil
temperature  parameters, soil moisture
content, daily or hourly weather conditions
(air temperature, wind speed, relative
humidity, precipitation and solar radiation),
general site information (such as slope,
aspect, latitude, and surface roughness
parameters), plant canopy, plant residue, and
snow cover (Flerchinger, 2000).

Research Data

In the present study, meteorological data
during 1992-2003 period as well as soil
parameters were collected for Sharekord,
Urumia, and Sanandaj stations as
representatives of semi-arid zones and Yazd
station as representative of arid zones of
Iran. The collected data included air
temperature, relative humidity, wind speed,
and solar radiation, which had been recorded
daily at Greenwich times of 3:00, 9:00 and
15:00. Soil temperatures were collected for
standard depths of 50, 100, 200, 300, 500
and 1000 mm, for all the four stations as
shown on the map of Iran in Figurel.

Shahr-e-kord meteorological Station is
located at 32" 20 N latitude and 50 51 E
longitude, at an elevation of 2061m above
the sea level (a.s.l.). The aridity index of this
region is 14.6 and its climate is considered
as semi-arid cold according to the De
Marton's System. In this classification, the
Aridity Index, Ai, is a function of mean
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Figurel. Locations of the selected meteorological stations on the map of Iran.

annual temperature T(°C) and yearly

average precipitation P (mm) as defined

below:
P

T+10 @

According to the Soil and Water Research
Institute of Iran, the surface and subsurface
soil textures of this station are fine and very
fine respectively, as indicated in Table 1.

Urumia Meteorological Station is located
at 37 32 N and 450, 50 E, at an elevation of
1315m (a.s.l.). Based on the De Marton's
classification system, this region is classified
as semi-arid with an aridity index of 16.0.
Based on the existing soil investigation
reports, the texture of the surface soil is
medium and, in deeper layers, is very fine as
shown in Table 1.

Sanandaj Meteorological Station is located
at 35: 20 N and 47°, 00 E, with an elevation
of 1373. m (a.s.l.). Aridity index for this
region is 19.1 and is classified as semi-arid
cold climate according to the De Martonne's

Al =
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system. Soil texture for Sanandaj Station is
given in Table (1).

Yazd Meteorological Station is located at
31 54 N and 54 24 E, with an elevation of
1230 m (a.s.l.). Its aridity index is 1.2 and
represents a typical extra arid climate region
of Iran. Soil textures at different depths of
this region are shown in Table 1.

Calculation Method

Maximum depth of frost penetration in
soil for all four stations were determined
using both the SHAW Model and direct
measurement methods for the period of
1992-2003. Input data for the SHAW
Model, including weather parameters and
soil temperatures and textures at different
depths, were tabulated in the model's format
and the maximum depth of frost penetration
was calculated. Meanwhile, the maximum
depth of frost penetration was estimated
from the linear interpolation of hourly soil
temperature between the standard recording
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Table 1. Summary of soil texture * and the important climatic parameters of the studied stations.

Station Shahr-e-kord ~ Urumia Sanandaj Yazd

Absolute Minimum Temperature (°C)  -32 -22.8 -31 -16

Absolute Maximum Temperature (°C) 42 38 44 45.6

Mean Daily Temperature (°C) 11.8 11.5 14.2 19.3

Average Annual Precipitation (mm) 319 345 462.6 61.5

Average Daily Relative Humidity (%) 46 60 47 32

Number of Freezing Days 124 110 92 52

Annual Average of Sunny Days 3144 2817 2860 3213

Number of Completely Cloudy Days 37.2 63 59 35

Soil Texture 0-20 cm Sz:lty Clay Loam  Sandy Loam Loam Sandy Loam
20-50 cm Silty Clay Sandy Loam Clay Loam Sandy Loam

*Source: Soil and Water Research Institute of Iran.

times and depths to obtain the depth of
freezing level i. e. depth of 0 °C. The results
of calculations for maximum SFPD of the
four stations based on the above mentioned
methods are given in Table 2. In addition,
the plot of maximum SFPD obtained from
the SHAW Model versus the corresponding
measured values is presented in Figure 2.

RESULTS AND DISCUSSION

As Figure 2 shows, there is a good
agreement between the values of soil frost
penetration depths calculated by the SHAW
Model and those directly measured. The
diagram in Figure 2 suggests a linear
correlation between the observed and

calculated values of SFPD.

Compared to the data of Sanandaj and
Urumia, the data from Shahr-e-kord and
Yazd Stations show a closer correlation i.e.
higher regression coefficient, between the
observed and the calculated values using the
SHAW Model. The correlation coefficients
for Shar-e-kord, Yazd, Sanandaj and Urumia
Stations are 0.90, 0.94, 0.84, and 0.77,
respectively (Figure 2).

The plot for Urumia Station indicates that
in some statistical years the maximum depth
of frost penetration calculated by the SHAW
Model is constant, however, the observed
values for the corresponding statistical years
are variable and do not follow a similar
trend (refer to Table 2 for years 1995-96,
1996-97, and 1997-98, and the plot in Figure

Table 2. Soil frost penetration depths (mm) for different stations calculated by the SHAW Model and their
corresponding observed values for the reported period.
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Period Shahr-e-kord Yazd Urumia Sanandaj
ZSHAW Z observe ZSHAW Z observe ZSHAW Z observe ZSHAW Z observe

1992-1993 330 346 100 143 344 393 189 175
1993-1994 193 186 19 75 165 100 83 100
1994-1995 151 170 90 117 70 12.1 12.6 155
1995-1996 470 350 135 200 276 200 155 137
1996-1997 211 200 00 00 276 350 183 216
1997-1998 418 366 80 110 277 278 207 170
1998-1999 170 128 77 108 60 140 40 61
1999-2000 207 160 89 87 169 21.7 209 15.2
2000-2001 270 169 112 121 274 230 178 125
2001-2002 172 166 9 00 275 291 173 110
2002-2003 285 207 00 00 328 274 22 00

MBE +3.90 -2.30 -0.73 +1.49

1189


https://dorl.net/dor/20.1001.1.16807073.2012.14.5.19.7
https://jast.modares.ac.ir/article-23-11731-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-28 |

[ DOR: 20.1001.1.16807073.2012.14.5.19.7 ]

Khalili et al.

Shahrekord

35 | Zopsere = 0.7423Zgpa + 2.8427 o
30 | R=09

Zobserve(CM)
n
o

Zshaw(cm)

Sanandaj

Zgpaone = 0.7579Z,.,, +1.9535

Shaw

R=0.84 °

Zgpserve(Cm)

Urumia

40 Zopsere = 0771424,

R=0.77
35 .

+4.413

.
.

.

.

Zgpserve(Cm)

0 10 20 30 40 50
Zsnaw(cm)

Yazd
25

Zosone = 1.2519Z, ., + 0.6446

no ] R=0.94 .

&
L

Zgpserve(Cm)

o
L

Zshaw(cm)

Figure 2. Correlation between calculated (Z shaw) and observed (Z observ) values of
maximum SFPD at the studied stations.

2). This disparity is most likely due to
changes in environmental conditions that
may have affected the observed values,
although they are not included in the
calculations using the SHAW Model.
Comparison of Mean Bias Error for each
station showed that this model overestimated
frost penetration depth for Shahr-e-kord
(MBE=+3.9 cm) and Sanandaj (MBE=+1.49
cm) Stations and underestimated in Yazd
(MBE=-2.3 cm) and Urumia (MBE=-
0.73cm) stations. Finally, considering Table
2 and the plots for the studied stations, it is
concluded that there is a highly significant
linear correlation between the observed and
their corresponding calculated values using
the SHAW Model. The calculated
coefficients of linear correlation between the
observed and calculated values for the
regional stations of Shahr-e-Kord, Urumia,
Sanandaj and Yazd Stations are 0.90, 0.77,
0.84 and 0.94, respectively, all of which are
significant at one percent level. Therefore,
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based on the findings of this research, it is
concluded that the calculated values
obtained using the SHAW Model present an
acceptable estimation of maximum depth of
frost penetration in the studied regions.
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