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Freeze/thaw cycles are numerous in agricultural soils of the

Pacific Northwest. Potential loss of soil by erosion is high whenever

a soil thaws from the surface creating a saturated soil overlying an

impermeable frozen layer. Field studies were conducted to investigate

the effect of surface residue on soil freezing. Residue treatments

were: 1) bare surface, B; 2) standing stubble with no straw mulch

between the rows, SSNM; and 3) standing stubble with straw mulch

between the rows, SSM. Water migration to the freezing surface and

freezing depth were partially controlled through the mulch cover which

thermally insulated the soil. The SSM and SSNM treatments reduced the

depth of frost penetration by an average of 35% compared to the B

treatment, even in the absence of snow cover. During one diurnal

freeze/thaw cycle the soil froze to 1.5 cm on the B treatment; the soil

on the SSM treatment did not freeze. Water content of the 0- to 0.5-cm

layer increased from 0.31 at 1800 hours to 0.57 cm3/cm3 at 0600 hours



on the B treatment. On the unfrozen SSM treatment, water content

increased from 0.34 to 0.40 cm3
/cm3 during this same time. Soil heat

and water flux during a 19-hour freezing and thawing cycle was

numerically simulated using finite differences. The model couples the

heat and water flux equations at sub-zero temperatures by the change in

soil ice content. An experimental relationship between unfrozen water

and sub-zero temperature was used to couple the heat and water flow

equations and estimate the change in soil ice content. Field

measurements of soil temperature, water content and frost depth were

used to validate the model. Measured versus simulated soil temperature

at the 1-cm depth resulted in an r 2
= .995. Standard error of the

estimate was .63 °C. Simulated ice and water content of the 0- to 1-cm

soil layer, at the time of maximum frost penetration, was .48 g/g,

which compares to a measured value of .44 g/g. Simulated maximum frost

depth was 2 cm, which compares to a measured depth of 1.5 cm. These

results validate the usefulness of this model in simulation studies and

also support the methods used to obtain the heat and water transport

coefficients for this field soil.
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Simulation and Field Validation of Heat and Water Flow

During Soil Freezing and Thawing

INTRODUCTION

Frozen soil contributes to high rates of soil erosion in the in-

land Pacific Northwest. Winters in this region are characterized by

low temperatures, low intensity precipitation, and transient snow

cover. Soil losses due to erosion can be especially high during heavy

rainfall or rapid snow melt when a thawed soil layer overlies a subsur-

face frozen layer. A frozen soil layer reduces internal drainage and

perches soil water close to the surface thereby increasing water runoff

and soil erosion. Serious soil erosion has occurred even on soils

frozen only 12 cm deep (Zuzel et al., 1982).

Frozen soils play a major role in surface runoff, soil erosion,

and sedimentation in parts of the Pacific Northwest east of the Cascade

Mountains. Recently, Zuzel et al. (1986) quantified the frequency and

severity of soil frost using historical weather records over a 30-year

period. In northcentral Oregon, frozen soil occurred every year and

the soil was frozen an average of 57 days per year. The highest in-

cidence of frozen soil occurred during January followed closely by

February. The number of freeze-thaw cycles other than diurnal cycles

varied from 1 to 7 per year with an average of 3 per year.

Water infiltration rates in frozen soil are determined, to a cer-

tain extent, by the structure of soil frost and the soil water content

at the time of freezing (Storey, 1955; Burt and Williams, 1976).

Various descriptive terms have been used to describe the structure of

soil frost (Trimble et al, 1958). Concrete frost and porous concrete



frost are examples of two frost types important in agricultural soils.

Concrete frost is characterized by a dense formation of many thin ice

lenses. This type of frost often forms in wet silt loam soil and

creates a virtually impermeable layer. Porous concrete frost is a

variation of concrete frost. This type of frost is also hard, like

concrete; however, the ice lenses are discontinuous allowing water to

pass rapidly through the frozen soil by way of surface connected macro-

porosity (Haupt, 1967). Pores within concrete frost are a consequence

of large air-filled macropores that are free of water when freezing

conditions occur.

Tillage and crop residue cover on the ground can have significant

effects on frost formation and water infiltration. Tillage modifies

the amount of crop residue on the surface. Even in the absence of snow

cover, crop residue on the surface can provide thermal insulation of

the soil and reduce the incidence and severity of soil frost. Pikul et

al. (1986) have shown that wheat (Triticum aestivum L) straw left

standing on the surface reduced the depth of frost penetration by an

average of 35 percent compared to a bare surface. Tillage also creates

surface connected macroporosity which allows water to move readily

through the frozen soil. Zuzel and Pikul (1987) measured water in-

filtration in standing stubble and chiseled stubble field plots when

the soil was frozen to a depth of 10 and 13 cm, respectively. Final

infiltration rates for the standing stubble and chiseled stubble plot

were 2 and 14 cm/day, respectively. Zuzel and Pikul attributed the

high infiltration rate in the chiseled stubble plot to surface con-

nected macroporosity. In this case, straw bundles incorporated into
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the soil provided unfrozen macropore channels through the frozen soil

to the unfrozen subsoil.

Crop residue on the surface also provides a barrier to snow

removal by wind. Snow cover thermally insulates the soil and reduces

the penetration of frost. In northern Minnesota, Benoit and Mostaghimi

(1984) have shown that the depth of frost penetration was 35 percent

less in no-till treatments compared to treatments where the crop

residue was removed. Reduction of frost in the no-till treatment was

attributed to snow cover.

Frequent freezing and thawing of loesial silt loam soils may

seriously degrade soil structure. Repeated saturation and subsequent

drying of the soil surface, as occurs during diurnal freeze and thaw

cycles, may accelerate breakdown of soil aggregates (Hinman and Bisal,

1968; Bayer et al., 1972) after which there are increases in surface

crusting and decreases in infiltration (Moore, 1981). A laboratory

study conducted by Formanek et al. (1983) revealed a six-fold decrease

in erosion resistance in a repeatedly frozen and thawed silt loam soil.

So any practice, such as residue management, that decreases the

severity of the diurnal freezing and thawing cycle should also lessen

problems with reduced infiltration and accelerated soil erosion.

Nighttime soil freezing and daytime thawing cycles are numerous in

the Pacific Northwest (Hershfield, 1974), especially in late fall and

again in late winter. Field observations indicate that the diurnal

freezing and thawing cycle encourages evaporation rather than soil

water storage. During the nighttime freezing, water migrates upward to

the freezing front and is held there as ice. During the subsequent
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Water migration from the warm subsoil to the freezing front is

induced by soil temperature gradients in the freezing soil. Unfrozen

water films in the freezing zone and their interaction with soil sur-

faces (Farouki, 1981) develops the driving force responsible for water

flow; the water flows towards the thinner films. The driving force for

water movement during soil freezing can be conceptualized as a capil-

lary sink mechanism. As the surface cools, a small volume of water in

the soil pores freezes. However, all of the water present does not

freeze and ice particles remain separated from the soil fabric by a

thin water film; the thickness of the unfrozen water film is dependent

upon temperature, pore size distribution, solutes in the pore water,

and freezing and thawing history (Anderson and Tice, 19 7 2).

Crystallization has the effect of drying the soil in the region of ice

formation thereby decreasing the matric potential. Water from the wet-

ter subsoil flows upward toward the newly created region of low water

potential. As freezing continues, water is removed from the absorbed

water film, that is, below the ice grain, and the ice particle

thickens. Water is replaced from below and an equilibrium thickness of

water is maintained around the soil particle by continual upwards move-

ment of water molecules.

Soil temperature fluctuations disturb the equilibrium of ice and

water. Thus, soil freezing and water migration can be partially con-

trolled through the modification of surface heat transfer. Crop

residue on the soil surface thermally insulates the soil and reduces

soil freezing (Kohnke and Werkhoven, 1963; Aase and Siddoway, 1980;

Pikul et al., 1986). Tillage and residue management have also been

identified as important parameters for controlling water erosion on
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Pikul et al., 1986). Tillage and residue management have also been

identified as important parameters for controlling water erosion on

agricultural land in northeastern Oregon (Allmaras et al., 1979). A

severe erosion hazard exists when the surface soil is thawed and nearly

saturated with water yet underlain by a frozen soil layer (Zuzel et

al., 1982). However, quantifiable descriptions of frost penetration,

water movement in relation to frost penetration, and associated

micrometeorological measurements are generally not available for the

agricultural land in northeastern Oregon. In addition, little progress

has been made in quantifying various residue management strategies as

they relate to frost penetration and soil and water conservation.

The objective of this thesis was to 1) quantify the effect of

residue management on frost penetration and water migration, as related

to soil freezing, in agricultural soils of the Inland Pacific

Northwest; 2) measure and characterize the heat and mass transport

parameters for a Walla Walla silt loam soil; 3) develop a model that

can simulate heat and mass transport during a diurnal freezing and

thawing cycle using the measured soil heat and mass transport

properties; and 4) validate the heat and mass transport model, for

diurnal freezing and thawing, using field measured values of soil tem-

perature, frost depth, and water content.
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Part 1

MEASUREMENT OF HEAT AND WATER FLOW DURING SOIL FREEZING: FIELD

EXPERIMENTS

INTRODUCTION

In this section, the field experiments conducted to measure heat

and water flow during soil freezing will be described. Measurements

were taken during the winters of 1979-1980 and 1981-1982. Most tech-

niques used to measure various soil and weather parameters were the

same for both years and are described only once. In other cases, the

experience gained during the first winter was used to improve the

field measurement techniques used the second winter. Measurements of

soil temperature, soil water content, and frost depth described in

this section will be used to validate the heat and water flow model

described in Part 4. In addition, certain assumptions made in the

development of the heat and water flow model were based upon the data

collected during the two winter field experiments described in this

section.
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MATERIALS AND METHODS

Plot Preparation

Field studies were conducted from 15 November 1979 to 26 June

1980 at the Pendleton Experiment Station located 15 km northeast of

Pendleton, Oregon. Average annual precipitation at the station is

400 mm, occurring mostly as rain during October through June. Soil

at the site is a Walla Walla silt loam and is a member of the coarse,

silty, mixed mesic family of Typic Haploxerolls. The terrain is

nearly flat with no appreciable slope.

Winter wheat was harvested during August of 1979 leaving a straw

residue of 9 Mg/ha. This residue included standing wheat straw and

chaff on the ground. A 50- by 25-m site was selected in a uniform

stand of stubble 0.35-m tall. Row spacing was 0.30 m. One-half of

the area was burned to free it of all harvest residues. This area

will be called the bare-surface plot. In a second plot, the chaff

and straw mulch between the rows of standing stubble was removed to

expose the soil surface. This area will be called SSNM. The ab-

breviation indicates standing stubble with no mulch between the rows.

These two treatments provided different surface covers and were ex-

pected to have different heat exchange properties.

A second series of field studies was conducted from 8 December

1981 to 11 April 1982 at the Pendleton Experiment Station on the same

field site as those described for the 1979-1980 winter study. Winter

wheat was harvested in August, 1981, leaving a straw residue of 22

Mg/ha. A 40- by 40-m site was selected in a uniform stand of stubble

0.30-m tall. Row spacing was 0.30 m. One-half of the area was

burned to free it of all harvest residue. This area is hereafter
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called the bare-surface plot. In a second plot, the chaff and straw

were redistributed in the standing stubble to produce a uniform

interrow coverage of the soil surface. This area will be indicated

as SSM. This abbreviation indicates standing stubble with mulch be-

tween the rows.

Soil Temperature

Soil temperature during the winters of 1979 and 1981 was

measured with duplicate temperature probes, each of which averaged

the signal from three thermocouples. Sensors were constructed from

three copper-constantan junctions wired in parallel and inserted into

a tube 45-cm long and 0.5 cm in diameter. The tube was made of cel-

lulose acetate butyrate. This material has a low thermal

conductivity compared to the soil. The three thermocouple junctions

located at 20, 32, and 45 cm from the end of the tube were imbedded

in a high thermal conductivity epoxy that protruded from the wall of

the tube at each junction.

Temperature probes were inserted into the soil from the wall of

a trench after a relief hole (smaller diameter than the tubing used

to construct the probe) was drilled using a drilling template to as-

sure an accurate depth. Holes in the upper 20 cm of soil were

staggered to avoid probe placement in one vertical plane. Epoxy at

each junction ensured good thermal contact with the soil. Depths of

thermocouples were 0.25 cm; 1-cm increments from 1 to 5 cm; 2-cm

increments from 7 to 25 cm; 30, 35, 40, 50, and 60 cm. No ther-

mocouple junction was located < 20 cm from the wall of the trench.

Soil temperatures were automatically scanned and recorded at

0.5- or 1-hour intervals depending on the anticipated use of the
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data. For soil heat flux analysis, soil temperatures were recorded

on 0.5-hour intervals and smoothed as a function of time using a

Fourier analysis (Panofsky and Brier, 1968). For characterization of

the soil temperature regime during the course of the study, soil tem-

peratures were recorded hourly and not smoothed.

Bulk Density, Water Content, and Frost Measurements

Soil water content during the winters of 1979 and 1981 in the

surface- to 11.0-cm profile was measured at about 1-hour intervals

during selected days in each field experiment. Gravimetric samples

were a composite of three subsamples taken about 3 m from the

tensiometers. Samples were taken at 1-cm depth increments in the

0.5- to 10.5- cm profile. The surface- to 0.5-cm depths were sampled

using methods described by Reginato (1975). A soil sampling device

described by Pikul et al. (1979) was used to obtain the 1-cm incre-

ment samples. Soil water content in the 10.0- to 40.0-cm profile was

sampled at 5.0-cm increments. Samples in the 40.0- to 60.0-cm

profile were taken at 10.0-cm increments.

Soil frost penetration was visually determined at the time of

gravimetric water sampling. The term soil frost or frozen soil as

used here indicates a discernible mass of soil that has macroscopic

ice crystals. The line of demarcation between unfrozen soil and

frozen soil was determined by the resistance of the soil to cutting.

Soil bulk density (pb) was measured to a depth of 40.0 cm with a

tube sampler in 2.0-cm increments. Field sampling was conducted in

the spring of 1982 when the soil was firmly settled and moist (Fig.

1.1). Three replications of eight composited 2.0-cm segments, for a

total of 24 segments, were taken to describe pb at each 2.0-cm
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increment. Additional details of this sampling technique are

described by Pikul and Allmaras (1986).

Soil Hydraulic Potential Measurements

During the winter of 1979, soil hydraulic potentials, defined as

the sum of the matric and gravitational potentials referenced to the

soil surface, were measured using two ceramic cup tensiometers, 2.0-

cm diameter by 2.5-cm long, inserted vertically to depths of 15.0,

20.0, 25.0, 30.0, 40.0, 50.0, and 60.0 cm. Tubing from the ten-

siometers to the mercury manometer boards was buried approximately

15.0 cm to keep the system from freezing. Degassed, deionized water

was periodically flushed from the tensiometer to the mercury reser-

voir to purge the system of entrapped air. Manometer boards were

enclosed in an insulated shelter. Interior temperature was main-

tained at about 10°C. This tensiometric system remained operative

during freezing weather when soil frost penetration was less than

15.0 cm. However, because of the deep placement of the first cup,

the system was not responsive to water movement near the surface

during diurnal freezing and thawing cycles. This tensiometer system

is not shown.

During the winter of 1981, soil hydraulic potentials were

measured using porous ceramic cup tensiometers connected to mercury

manometers. This tensiometer system is shown in Fig. 1.2. Suitable

frost-free tensiometer depths during diurnal freezing and thawing

cycles were determined from previous field experience.

On each treatment, ceramic cups 1 cm diameter by 3 cm long were

placed at 2, 5, 9, 13, 17, 25, 35, 45, and 60-cm depths. Cups were

inserted into the soil horizontally from the wall of a trench after a
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relief hole was drilled using a drilling template to assure an ac-

curate depth. Each cup was inserted at least 30 cm, measured from

the wall of the trench, into the undisturbed soil. Holes in the up-

per 17 cm of soil were staggered to avoid cup placement in one

vertical plane. With the exception of the cups at 2 and 5 cm, all

tubing was buried below the 9-cm depth.

A coaxial tubing system was used to periodically purge the sys-

tem of entrapped air (Fig. 1.2). A purge of the system was

accomplished by passing degassed, deionized water through valve 2

into the tubing leading to the mercury reservoirs. When the air in

this leg of the tubing system was removed, valve 1 was closed. The

stopper (3) was then removed to provide an exit for the purge water

used in the remaining leg of the system. To complete the flush and

seal the system, valve 2 was closed and valve 1 was opened, and the

stopper was then replaced. This method of purging insured that any

entrapped air in the ceramic cup or lines was removed. A slight

elevation increase in the lines from the cups to the manometer board

(exaggerated in Fig. 1.2) facilitated the purging process.

During selected days, the hydraulic potentials at the ten-

siometers were recorded every hour by photographing the 36-position

mercury manometer board. An external trigger connected to a 1-h cam

was used to activate a 35-mm camera equipped with a databack and

automatic film advance. Mercury heights were then read from the

developed film. At other times, a daily record was maintained. The

camera and manometer boards were enclosed in an insulated shelter

(Fig. 1.2). Interior temperature was maintained at about 10°C.
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Meteorological Measurements

During the winter of 1979, meteorological measurements averaged

over 1-hour intervals were taken on the bare-surface and SSNM

treatments. Reflected and incident solar radiation, in the

wavelength range of 0.285 to 2.800 pm, at 1 m was measured using

inverted and upright Eppley'
/ black and white pyranometers. Net

radiation, the difference between total incoming and total outgoing

radiation flux at 1 m, was measured with Fritscheni
/

miniature net

pyrradiometers. This instrument is sensitive to solar and ter-

restrial radiation in the wavelength range of 0.3 to 60 pm. Air

temperatures at 0.15 and 1.5 m were measured using copper-constantan

thermocouples that that were housed in naturally vented radiation

shields. Wind speed at 1.5 m was measured only over the bare-surface

treatment with a R.M. Young'
/

3-cup anemometer. Relative humidity of

the air at 1.5 m was measured only over the bare-surface treatment

1

with a Weather Measure-
/
recording hygrothermograph.

During the winter of 1981, meteorological measurements averaged

over 0.5-hour intervals were taken on the bare-surface and SSM

treatments. Reflected and incident solar radiation at 1 m was

measured using inverted and upright Eppley black and white

pyranometers. Swisstecol
/ net pyrradiometers were used as single-

sided instruments to measure reflected and incident solar and

terrestrial radiation in the wavelength range of 0.3 to 60 um. The

Swissteco net pyrradiometer can be adapted for use as a single-sided

Reference to a company or trade name is for specific information and

it does not imply approval or recommendation of a product to the ex-

clusion of others that may be suitable.
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instrument by attaching a metal cavity, internally blackened, to one

side of the pyrradiometer in place of the polyethylene hemisphere.

Temperature of the metal cavity is measured with a built-in copper-

constantan thermocouple. Incident or reflected radiation, R, can

then be determined as

R = Ro + E uK
c c

where:

R
o
is the radiometer reading using the instrument's calibrated

sensitivity (W/m
2
),

E
c

is the emissivity of the metal cavity

a is the Stefan-Boltzmann constant (W/m
2
K
4

), and

K
c

is the cavity temperature (K).

Windspeeds were measured on the bare-surface treatment at 1.2,

0.6, and 0.3 m using Climatronicsi
/ fast response 3-cup anemometers.

Fetch in the direction of the prevailing wind was 70 m. Windspeed

was measured on the SSM treatment at 0.6 and 0.3 m. Fetch in the

direction of the prevailing wind was 84 m. Air temperature on the

bare-surface treatment, at 0.6 and 0.3 m, was measured using a 10-

junction, copper-constantan thermopile. A thermopile is a number of

thermocouples wired in series. The output of the thermopile is

proportional to the number of junctions and the temperature dif-

ference between the junctions. Thus, 10 pairs of thermocouples will

produce 10 times the output of 1 pair. Copper-constantan ther-

mocouples give an output voltage of about 40 pV/°C difference between

the junctions. To determine the temperature of one of the junctions,
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the temperature at the other junction must be known. Air temperature

at 0.6 and 0.3 m was determined by reference to measured temperature

at 1.2 m. A similar system was used on the SSM treatment using only

two levels. Temperature at 0.3 m was determined by reference to

measured temperature at 0.6 m. Soil heat flux at 5 mm was determined

using an average of four Morris (Allmaras et al., 1977a) heat flux

plates on each treatment.

Electrical Conductivity Measurements

Electrical conductivity, EC, of the saturation extract was

determined on soil samples collected for gravimetric water

determination. The procedure for EC determination has been described

by Bower and Wilcox (1965). The presence of soluble salts depresses

the freezing point of the soil water. Freezing point depression as

it is related to the soil freezing characteristic will be discussed

in Part 2.
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RESULTS AND DISCUSSION

Soil Temperature, Hydraulic Potential, Electrical Conductivity, and

Water Content During Diurnal Freezing and Thawing Cycles

Surface cooling during the radiation frost (Oke, 1978) of 21 and

22 March 1982 froze the soil to 1.5 cm on the bare-surface plot. By

contrast, the soil did not freeze on the SSM treatment (Fig. 1.3).

These observations are consistent with the mechanism in which the

stubble mulch reduces heat loss from the soil surface and shifts the

plane for energy exchange from the soil surface to near the top of

the mulch (Oke, 1978). As the soil surface froze, water moved

towards the freezing front. Measurement of frost depth and

gravimetric water sampling were conducted hourly from 1800 on 21

March to 1800 on 22 March. On the bare-surface plot, gravimetric

water content of the 0- to 0.5-cm layer increased from 0.27 at 1800

hours on 21 March to 0.50 g/g at 0600 hours on 22 March. Soil

porosity at this depth is 0.57 cm3/cm3 . Gravimetric water samples

include both the water present as ice and unfrozen water. On the SSM

plot, water content increased from 0.30 to 0.35 g/g during the same

time (Fig. 1.3). Cary et al. (1979) reported similar results and

indicated that moisture flow to the freezing front is highly depend-

ent upon soil water content. In their study, the bare site was dry

(0.15 cm3/cm3 ) at the surface and almost no redistribution of water

occurred, even though the soil froze. On the wet, stubble-

covered plot, the soil surface froze and the water content increased

from about 0.30 cm3/cm3 to 0.35 cm3/cm3 .
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The flux of water to the freezing front is a function of both

the potential gradient and the hydraulic conductivity of the soil.

Freezing of water in soil results in a decrease in water potential in

a manner analogous to the drying of soil. In the case of drying,

water is progressively removed from large to small soil pores. A

decrease in soil wetness is associated with a decrease in soil water

potential. In the case of freezing, liquid water is not removed from

the soil, but changed from liquid to solid. Water in the large pores

freezes first (Williams, 1967), resulting in a decrease in soil water

potential. A decrease in soil wetness also results in a decrease in

hydraulic conductivity. Allmaras et al. (1977b) have measured a

hundred-fold decrease in hydraulic conductivity of a Walla Walla silt

loam for a decrease in volumetric water content from 0.34 to 0.24 cm3

/cm3 . Thus, when a relatively dry soil freezes, as in the case of

Cary et al. (1979), soil hydraulic conductivity limits the flux of

water to the freezing front even though large potential gradients may

exist.

Hydraulic potential in the unfrozen soil was responsive to

freezing of the surface during the clear, cold nights of 21 to 25

March. On the bare-surface plot, hydraulic potential at 2 cm during

0100 22 March to 0700 22 March decreased from -9.4 to -16.0 kPa as

water moved out of this layer towards the freezing front. The onset

of surface freezing is designated as 'f' in Fig. 1.4. Hydraulic

potential at 5 and 9 cm (not shown) also decreased, indicating water

movement towards the surface. Hydraulic potential at 2 cm during

early morning on the SSM treatment only decreased from -5.2 to -6.9
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kPa (Fig. 1.4). At the 13-cm depth, there was little change in the

hydraulic potential during diurnal freezing and thawing (Fig. 1.5).

Hydraulic potentials at 2 cm have a symmetric decrease and in-

crease in response to freezing and thawing of the surface (Fig. 1.4,

21 and 22 March). This is especially evident on the bare-surface

plot. At sunrise on 22 March, solar radiation rapidly heated the

bare surface and within 2 hours thawed the frozen layer (Figs. 1.3

and 1.6). Minimum soil temperatures at 0.25 (Fig. 1.6) and 1 cm (not

shown) were -0.5 and 0.0°C, respectively, at 0600. At 0900, tempera-

tures at these same depths were 10.4 and 6.5°C, respectively. Soil

temperatures at 0.25, 2, and 13 cm are shown in Figs. 1.6 and 1.7 for

the bare-surface and SSM treatments, respectively. On the bare sur-

face plot, diurnal soil temperature amplitudes at 2 and 13 cm were

9.6 and 3.2°C, respectively; respective temperature amplitudes on the

SSM plot were 6.8 and 2.2°C. Infiltrating melt water can raise soil

temperatures by transporting sensible heat (MacKay, 1983). In addi-

tion, low moisture potentials in the frozen soil act to pull the melt

water downward (McGaw et al., 1978; Cary and Mayland, 1972).

Tensiometers at 2 cm responded rapidly as the surface melt water

flushed back into this layer. By 1200, hydraulic potentials on the

thawing leg (indicated as 't' in Fig. 1.4) had increased to mag-

nitudes observed at the start of the freezing leg.

Soil water evaporation was greater from the bare-surface plot

than from the SSM plot. Water content of the surface- to 11-cm soil

layer was determined gravimetrically at 1800 hours on 21 March and
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1800 hours on 22 March. Evaporation was taken as the difference in

water content measured on 21 March and 22 March. During the 24-hour

period, the bare-surface plot lost 2.4 mm of water as compared to 0.3

mm from the SSM plot. Hydraulic potentials at 13 cm (Fig. 1.5) and

below (not shown) did not indicate water drainage. Evaporative

periods are labeled as 'e' in Fig. 1.4.

The increase in hydraulic potential at 2 cm starting at about

the time of sunset and lasting until the onset of surface freezing is

a consequence of profile water redistribution as the surface evapora-

tive demand diminished (indicated by 'r' in Fig. 1.4). Jackson

(1973) shows a similar redistribution after sunset in a non-frozen

soil. Hydraulic potentials at 13 cm (Fig. 1.5) exhibit a fairly

uniform soil drying trend with only minor diurnal trends. From 0100

on 19 March to 1200 on 26 March, water loss in the upper 13 cm of

soil was 15 mm and 10 mm for the bare-surface and SSM plots,

respectively.

Soil water movement was also responsive to surface freezing

during other freezing and thawing cycles in 1982. Soil frost depth

was measured and gravimetric water samples were obtained hourly

during 2300 hours March 7 to 1700 hours March 8, 1982 (Fig. 1.8).

The soil froze 0.5-cm deep on the bare-surface treatment, whereas a

discontinuous ice lattice about 0.3-cm thick formed on the surface in

the interrows of the SSM treatment. On the bare-surface treatment,

gravimetric water content increased from 0.27 g/g at 2315 hours on

March 7 to 0.41 g/g at 0645 hours on March 8. On the SSM treatment,

water content increased from 0.28 to 0.33 g/g during the same time

period.



0.5

0.4

0.3

2
0

26

-

Bare surface

/\ SSM
..

.----2 4.,

---

Gravimetric
Water Content

0- to 1-cm depth

Bare surface

1

Frost Depth
8 March 1982

SSM

2-
0000 0400 0800 1200 1600 2000

TIME (hours)

Figure 1.8 Frost depth and gravimetric water content of the 0- to
1-cm soil layer during 8 March 1982. SSM indicates
standing stubble with straw mulch between the rows.



27

During the winter of 1979-1980, soil water content of the

surface- to 3-cm layer was measured during diurnal freezing and thaw-

ing of the soil. Soil frost depth and water content during a

representative freezing and thawing cycle on November 20, 1979, is

shown in Figure 1.9. Earlier, in the section entitled Plot

Preparation, it was indicated that the standing stubble plot for the

winter of 1979-1980 was prepared by removing all of the chaff and

straw between the rows, thereby exposing the soil surface. This

treatment was clled SSNM. In contrast, the standing stubble plot for

the winter of 1981-1982 was prepared by evenly distributing the straw

and chaff over the soil surface. This treatment was called SSM. On

the SSNM treatment, water content increased from 0.28 at 0100 hours

to 0.56 g/g at 0900 hours 20 November 1979. On the bare-surface

treatment, water content increased from 0.30 to 0.52 g/g during the

same time period. There was no difference in frost penetration or

water movement in response to frost formation between the SSNM treat-

ment and the bare-surface treatment. It is difficult to directly

compare the soil and weather conditions during frost development in

November, 1979, and March, 1982; however, it appears that the straw

mulch between the standing wheat straw is important to thermally in-

sulate the soil and reduce frost formation.

Electrical conductivity of the saturation extract was measured

on soil samples obtained for gravimetric water determination during

the freezing and thawing cycle of 16 March 1980 (Fig. 1.10) Frost

depth is not shown for 16 March 1980. There was little change in the

EC of the 0- to 2-cm soil layer, in either the SSNM or bare-surface
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Figure 1.10 Electrical conductivity of the 0- to 2-cm soil layer
during 16 March 1980 when the soil froze during the
night and thawed during the day. SSNM indicates
standing stubble with no straw mulch between the rows.
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treatment, during 16 March 1980. In addition, there was no dif-

ference in the EC of soil samples taken within the top 10 cm of soil.

The importance of soluble salts as related to the freezing of water

will be discussed in Part 2.

Meteorological Measurements During Diurnal Freezing and Thawing

Cycles

Longwave radiation was measured to detect differences in

nighttime cooling of the bare-surface and SSM treatments. Outgoing

longwave radiation for 1800 hours 21 March to 1800 hours 22 March

1982 is shown in Fig. 1.11. There was little difference between the

two treatments during the radiative cooling or heating cycle. These

results suggest that the temperature of the radiative surface of both

treatments was nearly the same. However, the radiative surface of

the SSM treatment is not well defined and may exist as an exchange

layer located within the standing stubble and above the stubble mat

that covers the soil surface. The actual soil surface lies under the

thermal insulation of the mulch layer. Relative to the temperature

of the radiative surface of the stubble mat (Fig. 1.6 and 1.7), the

soil remains warm during the nighttime and cool during the daytime.

Net radiation for 1800 hours 21 March to 1800 hours 22 March is

shown in Fig. 1.12. There is little difference between the bare-

surface and SSM treatments during the nighttime. Net radiation

during the nighttime is only the difference between incident and

reflected terrestrial radiation. During the day, net radiation on

the bare-surface treatment is greater than the SSM treatment. This
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result is expected because the dark color of the bare-surface treat-

ment reflects less shortwave radiation than the light color of the

stubble-covered surface.

Horizontal wind speed over the bare-surface and SSM treatments

was measured to calculate heat and mass transport in the surface

boundary layer. Wind speed at the 0.6-m height for both treatments

is shown in Figure 1.13. At the 0.6-m height, the wind speed over

the standing stubble was less than that measured over the bare

surface. That wind speed near the ground decreases with increasing

surface roughness is consistent with theoretical wind speed profiles

(Campbell, 1977). Aase and Siddoway (1980) report similar results in

a comparison of the microclimate of stubble-covered and bare-surface

treatments. They found that friction velocity, momentum exchange

coefficient, and roughness length increased with increasing stubble

height, thereby increasing turbulent activity which increased sen-

sible heat flux to the atmosphere.

Sensible heat flux was calculated using a generalized profile

gradient equation (Thom, 1975; equation 76). Instability and

stability of air flow near the ground was determined using Thom's Eq.

(70) to calculate the Richardson number, Ri, using temperature and

wind speed at two levels. Stability functions for momentum and heat

exchange were calculated using Thom's equations (77) and (78).

Sensible heat flux to the air calculated between 0.30 m and 0.60 m is

shown in Figure 1.14. During daylight hours, sensible heat flux to

the air was greater from the SSM treatment.

Air temperature at 0.3 m for both the bare-surface and SSM

treatments is shown in Figure 1.15. Air temperature at 0.3 m is

generally colder during the night and warmer during the day over the
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and SSM treatments during 21 and 22 March 1982. SSM
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Figure 1.15 Air temperature at 0.3 m for the bare-surface and SSM
treatments during 21 and 22 March 1982. SSM indicates
standing stubble with straw mulch between the rows.
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SSM treatment compared to the bare-surface treatment. Standing

stubble increases the turbulence of the air above the stubble canopy.

As turbulence increases, transport increases. However, within the

stubble canopy the air is less turbulent than the air outside of the

canopy. During the day, heat emanating from the surface is trapped

within the stubble canopy (Fig. 1.15). This heat warms the still

air. Air temperature at 0.3 m within the stubble was warmer than the

air at 0.3 m over the bare- surface because of the poor air mixing

within the canopy. During the night, transport is further decreased

because of low windspeed (Fig. 1.13). Cold air is not transported

out from the stubble canopy. In addition, there is less soil heat

loss from the SSM treatment during the night (Fig. 1.16) and conse-

quently less heating of the air close to the ground.

Standing stubble, straw, and chaff litter on the surface acts as

an insulating layer to reduce soil heat loss or gain. Therefore,

soil temperature near the surface of the SSM treatment remains higher

during the night and lower during the day compared to the bare-

surface treatment (Figures 1.6 and 1.7). Soil temperature gradients

for the 0.25- to 1.0-cm soil layer are shown in Figure 1.17.

Nighttime temperature gradients were negative, indicating that the

soil temperature at 0.25 cm was lower than the soil temperature at

1.0 cm, and steeper on the bare-surface treatment as compared to the

SSM treatment. During daylight hours, soil temperature gradients on

the bare-surface treatment are generally positive and steeper than

the soil temperature gradients on the SSM treatment. Soil heat flux

at the 0.25-cm depth indicates that the bare-surface treatment loses
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more heat during the night and gains more heat during the day as com-

pared to the SSM treatment (Figure 1.16).

Hydraulic Potential During Extended Periods of Soil Frost

The discussion up to here has centered on daily soil freezing

and thawing cycles. Soil freezing in this case has been associated

with nighttime radiative cooling of the surface. Typically, a thin

layer of soil froze during the night and thawed completely during the

day. Discussion now will focus on soil frost and hydraulic potential

measurements made during freezing weather when the soil remained

frozen for more than one day. The coldest winter temperatures in

northeastern Oregon occur when continental air from cold high pres-

sure systems settle in the Columbia Basin. These systems bring scant

amounts of snow, and often the ground is bare of snow.

Frost penetration and duration were different in the SSNM and

bare-surface treatment during a period of extended freezing weather

in 1980 (Figure 1.18). Soil freezing began on January 17. During

the ensuing period from January 25 to February 1, the average air

temperature dropped to -10.5°C and 5 cm of snow covered the ground.

On February 2, the snow melted and partial soil thawing during the

day followed by nighttime refreezing occurred through February 6.

Maximum frost penetration during this freezing period was 28 and 20

cm in the bare and SSNM treatments, respectively. Average air tem-

perature for the February 2 to 13 thaw period was 1.2°C. On the SSNM

treatment, the ice lens had decomposed into a soft, poorly defined

layer on February 10, but a hard, well-defined ice lens remained in

the bare treatment until February 14.
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Frost penetrated 8 cm deeper in the bare surface treatment com-

pared to the SSNM treatment during extended freezing weather.

Previously, it was indicated that during diurnal freezing and thaw-

ing cycles there was no measurable difference in frost penetration in

the SSNM and bare-surface treatments. Soil heat flux measurements

provide evidence that the SSNM treatment, during an extended period

of freezing weather, reduced heat loss by 40 percent compared to the

bare-surface treatment. The combined insulation effect of the snow

cover and standing stubble reduced heat loss from the SSNM treatment.

Average soil temperature at the 15-cm depth on January 30 was -1.80

and -0.27 on the bare-surface and SSNM treatments, respectively.

Snow cover can significantly affect frost formation in agricultural

soils (Benoit and Mostaghimi, 1984). Pikul et al. (1986) give fur-

ther details on heat flux measurements during soil freezing and the

influence of tillage and crop residue cover on frost formation.

In 1982, frost penetration was again sensitive to the surface

treatment, but the duration was nearly the same in both surface

treatments (Figure 1.19). One soil freezing event began February 3,

but in contrast to 1980, there was little snow cover during the

freezing period from February 3 to 9. Average air temperature for

the freezing period was -6.3°C. Maximum frost penetration was 21 and

15 cm for the bare and SSM treatments, respectively. Both plots were

completely thawed on February 15; however, the SSM plot thawed

slightly earlier, as evidenced by a decomposed, poorly defined ice

lens on February 14.

That most soil freezing in the Pacific Northwest east of the

Cascade Mountains occurs during January and February has important
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hydrological bearing on overwinter soil water conservation. Average

monthly precipitation, for the past 57 years at the Pendleton

Experiment Station, is shown in Figure 1.20. Precipitation during

the months of September, October, November, and December rewets the

soil to at least 60 cm. To illustrate the pattern of soil wetting

during the winter of 1979-1980, hydraulic potentials at 15, 20, 25,

30, 40, 50, and 60 cm for the bare-surface treatment are shown in

Figures 1.21 and 1.22. A like set of measurements for the SSNM

treatment are shown in Figures 1.23 and 1.24. A comparison of the

hydraulic potentials at 30 cm for the bare and SSNM treatments are

shown in Figure 1.25. There are several important hydrologic fea-

tures of this agricultural soil that are illustrated in Figs. 1.21,

1.22, 1.23, and 1.24. A discussion follows.

Water infiltration rates in frozen soil are determined, to a

certain extent, by the structure of soil frost and the soil water

content at the time of freezing (Storey, 1955; Kane and Stein, 1983).

Soil freezing, in 1980, began on January 17 following 222 mm of

precipitation during 1 September 1979 to 17 January 1980. This

precipitation wetted the bare-surface plot to a hydraulic potential

of -10.9 and -19.2 kPa at the 15- and 30-cm depth, respectively, and

corresponds to a water content of 0.43 and 0.31 cm 3/cm 3 at the 15-

and 30-cm depth, respectively. On the SSNM treatment, hydraulic

potentials at 15 and 30 cm were -9.1 and -19.6 kPa, respectively,

corresponding to a water content of 0.44 and 0.31 cm 3 /cm 3
,

respectively. The timing of precipitation and freezing weather

during this winter predisposed the soil to the formation of concrete



60

50

E
E 40

z
0
P 30

Ili 20
cc
a.

10

AVERAGE MONTHLY
PRECIPITATION

Pendleton Experiment Station
(57 year average) z

1 1

S O N D J FM AMJ
MONTHS

J A

45

Figure 1.20 Average monthly precipitation at the Pendleton Experi-
ment Station (57-year average).
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Figure 1.21 Hydraulic potential at the 15, 20, 25, and 30-cm depths
for the bare-surface treatment during the winter of
1979-1980.
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Figure 1.22 Hydraulic potential at the 30, 40, 50, and 60-cm depths

for the bare-surface treatment during the winter of

1979-1980.
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Figure 1.25 Hydraulic potential at the 30-cm depth for the bare-
surface and SSNM treatment during the winter of 1979-
1980. SSNM indicates standing stubble with no straw
mulch between the rows.
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frost. Concrete frost characteristically forms in wet, unprotected

agricultural soils and is nearly impermeable to water infiltration

(Kane and Stein, 1983; Zuzel and Pikul, 1987).

Long-term soil freezing also induces water flow towards the

freezing front just as nighttime freezing of the soil surface, when

the soil froze to only 2-cm deep. Soil freezing during January and

February 1980 reduced the hydraulic potential, especially on the

bare-surface treatment (Figures 1.22, 1.24, and 1.25). During this

freezing period, water moved from deep, unfrozen soil to the freezing

front to be immobilized as ice. Maximum frost penetration was 28 and

20 cm in the bare and SSNM treatments, respectively. The influence

of surface residue on soil freezing and water migration, as well as

water infiltration in frozen soil at various water contents, are all

important components in the system to be modeled.

Hydraulic potentials at 5 cm (Figure 1.26) for the bare-surface

and SSM treatments illustrate repeated wetting and drying during the

winter of 1981-1982. Repeated saturation and subsequent drying of

the soil surface may accelerate breakdown of soil aggregates (Domby

and Kohnke, 1954; Hinman and Bisal, 1968; Bayer et al., 1972) after

which there are increases in surface crusting and decreases in in-

filtration of water (Moore, 1981). Wetting and drying of the surface

may be the result of water migration during freezing and thawing

cycles or the result of normal precipitation patterns. There is also

evidence that wetting and drying predisposes the soil to erosion by

reducing soil shear strength (Formanek et al., 1983). The severe

drying of both treatments in early February, as evidenced by the

decrease in potential, is a result of soil freezing to at least the
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5-cm depth (Figure 1.19). In the event of deep soil frost, ten-

siometers' lines were flushed with a 20 percent methanol mixture to

avoid frost damage to the ceramic cups (Wendt et al., 1978). After

the frost danger, the lines were purged with water. The hydraulic

potential at 5 cm should not be interpreted as the hydraulic poten-

tial of frozen soil but rather as an indicator that drying has

occurred. Soil drying in this case may be the result of water

migrating out of this layer towards the freezing front or of phase

change of liquid water to solid as the soil froze. Figure 1.26 shows

only the major wetting and drying cycles. Superimposed on these

cycles are also the diurnal wetting and drying cycles (Figure 1.4)

that were discussed earlier.

Over the winter, the soil is subjected to many cycles of freez-

ing and thawing and wetting and drying. It is expected that soil

physical properties, especially near the surface, are continually

changing. However, there has been no research conducted on the Walla

Walla silt loam that describes the change in physical properties over

the winter season. In this study, soil bulk density and hydraulic

properties were determined at one time during the season. The

seasonal change in physical properties of the soil are additional

components to be included in models that predict heat and water flow,

especially during the winter season.

Hydraulic Potential Related to Slowly Permeable Soil Layers

Soil compaction can seriously reduce internal drainage and perch

water near the surface to predispose the soil to the formation of

nearly impermeable frost. Compacted zones in the soil were located

by measuring dry bulk density (Fig. 1.1). Zones that exhibit a high
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bulk density value are compacted and are expected to be slowly perme-

able layers. These layers are often called tillage pans. The

measured saturated hydraulic conductivity in the tillage pan and

below was 1.6 and 34 cm/day, respectively. These measurements are

described in Part 2. Saturated hydraulic conductivity values

foretold that internal drainage would be reduced at the tillage pan

depth. The influence of the tillage pan on the hydraulic potential

in both treatments during wetting and drying can be seen in Figures

1.21 and 1.23, where the potentials at 15 and 20 cm are above the

tillage pan and the potentials at 25 and 30 cm are below the tillage

pan. In general, there is nearly an equal potential gradient below

the tillage pan on both treatments at the 25, 30, 40, 50, and 60-cm

depth, which is in contrast to the hydraulic potentials above the

tillage pan at the 15- and 20-cm depth.

Hydraulic potential measurements during the 1981-1982 winter

provide further field evidence that the tillage pan, located at about

20 cm, restricts internal water movement and perches water near the

surface. Hydraulic potentials for the bare-surface and SSM treat-

ments at 17, 25, and 60-cm depth are shown in Figs. 1.27 and 1.28,

respectively. At the 17-cm depth, near saturated soil conditions

(hydraulic potential < -10 kPa, or matric potential < -8.3 kPa) oc-

curred for at least 53 and 67 days on the bare-surface and SSM

treatments, respectively. A matric potential of -8.3 kPa corresponds

to a water content of 0.44 cm3
/cm3 . In contrast, the soil beneath

the tillage pan, represented by the hydraulic potentials at 25 and 60

cm, remained unsaturated throughout the winter recharge period.



55

Hydraulic properties of compacted soil layers as they influence

the wetting and drying of soil are additional components to be in-

cluded in models that predict water and heat fluxes.
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Figure 1.27 Hydraulic potential at the 17, 25, and 60-cm depths
for the bare-surface treatment during the winter of
1981-1982.
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Figure 1.28 Hydraulic potential at the 17, 25, and 60-cm depths
for the SSM treatment during the winter of 1981-1982.
SSM indicates standing stubble with straw mulch between
the rows.
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CONCLUSION

In Part 1, two field experiments to study heat and water flow

during freezing weather were discussed. These experiments were con-

ducted during the winters of 1979-1980 and 1981-1982 using different

amounts of crop residue to investigate the influence of surface cover

on soil frost formation and water movement during freezing weather.

The stubble plots for the winter of 1979-1980 were prepared by remov-

ing all chaff and straw from the soil surface between the rows. This

treatment was called SSNM. Stubble plots for the winter of 1981-1982

were prepared by uniformly distributing the chaff and straw between

the rows. This treatment was called SSM. Bare-surface plots were

prepared by burning the residue.

Soil Frost and Heat Flux During Diurnal Freezing and Thawing Cycles.

Soil frost and heat flux were measured during daily freezing and

thawing cycles. Measurements were obtained on two different days

during the winter of 1981-1982, and on one day during the winter of

1979-1980. The diurnal freezing and thawing cycle is an event where

the soil freezes during the night and completely thaws during the

day.

Standing stubble with wheat straw and chaff uniformly dis-

tributed between the rows (SSM) reduced the depth of soil frost

during nighttime radiative freezing. Residue thermally insulates the

soil surface to retard soil heat loss during the night; however, heat

gain during the day is reduced. During 21 and 22 March 1982, the SSM

treatment lost 50 percent less soil heat during the freezing hours of

0030 to 0600 as compared to the bare-surface treatment. Heat gain

during the hours of 0630 to 1200 on the SSM treatment was only 15
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percent of the heat gain on the bare-surface treatment. Radiative

cooling of the bare-surface treatment froze the soil to a depth of

1.5 cm. Frost did not form under the protection of the residue-

covered surface.

When chaff and straw were removed from the surface between the

rows of standing stubble (SSNM), frost penetrated to about the same

depth in both the bare-surface and SSNM treatments. During 20

November 1979, the SSNM lost five percent less heat during the freez-

ing hours of 0030 to 0600, as compared to the bare-surface treatment.

Heat gain was nearly the same on both the SSNM and bare-surface

treatments during the daytime. Frost penetrated to about 2.0 cm in

both treatments.

Soil Frost and Heat Flux During Extended Freezing Weather

Soil frost and heat flux were measured during periods of ex-

tended freezing weather in 1980 and 1982. Soil heat flux

measurements helped explain differences in frost penetration and

duration during the freezing and thawing events.

Standing stubble with wheat straw and chaff uniformly dis-

tributed between the rows (SSM) reduced the depth of frost

penetration by nearly 30 percent, compared to the bare-surface

treatment. Soil heat loss was 20 percent less on the SSM treatment,

compared to the bare-surface treatment, during six days in 1982 when

air temperature remained below freezing. During the thawing period,

soil heat gain was 40 percent greater on the bare-surface treatment

compared to the SSM treatment. Greater heat gain on the bare-surface

treatment offset the differences in frost depth and both treatments

thawed the same day.
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Standing stubble with wheat straw and chaff removed from the

surface between the rows (SSNM) also reduced the depth of frost

penetration by nearly 30 percent, compared to the bare-surface

treatment. During 17 days of freezing temperatures in 1980, soil

heat loss was 40 percent less on the SSNM treatment compared to the

bare-surface treatment. During the thawing period, soil heat gain

was 20 percent greater on the bare-surface treatment compared to the

SSNM treatment. Although soil heat gain was greater on the bare-

surface treatment, the SSNM treatment thawed five days before the

bare-surface treatment.

Soil frost measurements, obtained during the winters of 1979 and

1981, demonstrate the importance of surface cover in controlling soil

frost formation. Even in the absence of snow cover, crop residue on

the soil surface can provide thermal insulation of the soil and

reduce the incidence and severity of soil frost. Soil frost is a

liability for soil erosion, especially when a frozen soil layer un-

derlies a thawed soil layer. If frost is in the ground and rainfall

exceeds the infiltration capacity of the soil, then conditions are

prime for accelerated soil erosion. Farming practices that leave

residues on the surface reduce the liability for serious soil erosion

by reducing the depth of frost penetration. This finding is impor-

tant because the coldest winter temperatures in the Columbia Basin

and Plateau of Oregon and Washington often occur when the ground is

bare of snow.
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Evaporation and Water Movement During Diurnal Freezing and Thawing

Cycles

The diurnal freezing and thawing cycle encourages evaporation

rather than soil water storage. During the nighttime, when the soil

is freezing, water migrates upward to the freezing front and is held

there as ice. During the subsequent daytime thaw, near-saturated

conditions are present in the soil at the surface and evaporative

water loss is high.

Freezing of soil water near the surface creates a region of low

water potential. Water moves upward from the wet subsoil to the

surface. During seven consecutive diurnal freeze and thaw cycles in

March, 1982, the soil froze to about 1.5 cm during each night on the

bare-surface treatment, yet did not freeze on the SSM treatment.

When the soil was wet, water moved readily from subsurface layers to

the freezing front. During one six-hour freezing period, water con-

tent increased from 0.27 to 0.50 g/g in the surface- to 0.50-cm soil

layer of the bare-surface treatment.

Soil water evaporation during repeated freezing and thawing

cycles was greater from the bare-surface treatment than from the SSM

treatment. During one 24-hour period, from 1800 21 March to 1800 22

March 1982, the bare-surface and SSM treatments lost 2.4 and 0.3 mm

of water, respectively, from the top 11 cm of soil. Hydraulic poten-

tial gradients provided evidence that water loss from the profile was

by evaporation rather than drainage. During an eight-day period,

starting on 19 March and ending on 26 March 1982, evaporative water

loss in the top 13 cm of soil was 15 and 10 mm for the bare-surface
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and SSM treatments, respectively. These results illustrate the im-

portance of surface cover in: 1) controlling soil frost formation

and consequently upward water movement, and 2) controlling evapora-

tive water loss.

Drainage

Poor internal water drainage may contribute to significant water

migration during freezing weather. Measured hydraulic potentials

above and below the depth of tillage suggests that the tillage pan

slows internal soil water drainage. Water perched above the tillage

pan is more apt to be drawn to the surface during soil freezing than

when the profile is well-drained. This condition is undesirable be-

cause water infiltration rates in frozen soil are determined, to a

certain extent, by the water content at the time of freezing. A wet

soil freezes in a concrete state and is nearly impermeable to water.

From these brief results, tillage practices that create surface- con-

nected macroporosity, which allows water to move readily through the

frozen soil, should also lessen problems with water runoff and

erosion.
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Part 2

EXPERIMENTS FOR THE DETERMINATION OF SOIL THERMAL

AND HYDRAULIC PROPERTIES

INTRODUCTION

Modeling the complex process of simultaneous heat and water

transport in freezing soil requires detailed knowledge of soil physical

properties that control heat and water movement. This knowledge is

often rudimentary. Physical properties of soil vary in both horizontal

and vertical directions and are transient. Dexter et al. (1983) found

a progressive change in macrostructure of tilled soil after different

amounts of cumulative rainfall. A reduction in void continuity can be

expected to change the transport of water and heat. Tillage pans and

naturally occurring morphological soil horizons can be expected to have

physical properties that differ from those of overlying and underlying

soil. Pikul and Allmaras (1986) measured saturated soil hydraulic con-

ductivity at the soil surface, at the depth of the tillage pan, and

below the depth of plowing. Saturated conductivity at the surface was

six times greater than at the tillage pan depth. Field measurements of

soil physical properties are difficult to obtain, and even when

measurements are made, they often do not adequately describe the

natural spatial variability of physical properties found in the field.

Obtaining information on the spatial variation of soil physical

properties is costly and time consuming, but very important in simula-

tion studies. Nielsen et al. (1973) found a 50 percent coefficient of
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variation in hydraulic conductivity values at most depths and locations

studied.

Researchers have employed a number of strategies to estimate the

heat and mass transport parameters in soil freezing studies. Harlan

(1973) considers the water transmission properties of frozen soil to be

the same as those of unfrozen soil at a similar energy state. Pressure

head-water content and pressure head-hydraulic conductivity functional

relationships are taken from the literature. Results of his heat and

mass transport model are indicative of only the relative magnitude of

freezing-induced soil-water redistribution for varying initial condi-

tions and soil types. Taylor and Luthin (1978) compare diffusivity-

based computations with the closed system laboratory measurements of

Jame and Norum (1976). Soil thermal conductivity and heat capacity

were calculated using de Vries' (1963) model. Soil water diffusivity

of frozen soil was estimated by introducing a factor that adjusted the

unfrozen diffusivity function to frozen soil based upon the amount of

ice present. Jame and Norum (1980) use diffusivity-based heat and mass

flow equations to simulate heat and water flow in unsaturated silica

flour. Unfrozen water content of the frozen medium was determined

using the calorimetric method. Thermal conductivity of the silica

flour was calculated using the methods of de Vries (1963). The soil

water diffusivity function was selected in such a way that it provided

agreement between the numerical simulation and the experimental

observations.

The approach used in this study was to calculate the heat

transport parameters of the field soil using a mechanistic model that

allowed for the presence of ice in soil. The water transmission
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properties were determined on unfrozen soil. It was then assumed that

the water transmission properties for a given liquid water content were

the same in both the frozen and unfrozen soil.



MATERIALS AND METHODS

Soil Thermal Conductivity

66

Heat is transferred in soils mainly by conduction through solid

particles, water, ice, and air, listed in descending order of

importance. Thermal conductivity of soil, A, is influenced by all of

the soil components and the physical properties of the components (de

Vries, 1963). The Walla Walla soil was assumed to be composed of four

components, resulting in the following equation for apparent soil ther-

mal conductivity:

A - [OwAw
sOsAs +k a

0
a
A
av+k f0fXf

]0.004184 (W/cm °C) [2.1]

w
+k

s
0
s
+k

a
0
a
+k

f f

where 0w, 0s, ea, and Of are the volumetric fractions of water, solid,

air, and ice, respectively, each with a thermal conductivity A
w

, A
s'

A
ay'

and A
f'

respectively. The weighting functions; k
s'

k
a'

kf; depend

upon the thermal conductivity and geometry of each component. Water is

assumed to be the continuous medium and has a weighting function, kw,

equal to unity. Water is considered to be the continuous medium for Ow

> 0.10 (de Vries, 1963). The constant 0.004184 converts mcal/cm sec °C

to W/cm °C. Calculated soil conductivity includes an expression for

conduction due to the transport of latent heat in gas-filled pores.

Latent heat transport contributes to heat conduction; thus, the term
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apparent soil thermal conductivity is used. The apparent increase in

heat conduction is that due to heat conduction in dry air, Aa, plus

that due to vapor movement, Av, written as:

A
av

= A
a
+A

v
(meal /cm sec °C) [2.2]

The thermal conductivity of dry air was expressed as an empirical func-

tion of the soil temperature (Kimball et al., 1976) and is given by:

as = 0.0566 + 0.000153 T (meal /cm sec °C) [2.3]

The apparent increase in the thermal conductivity of a gas-filled pore

due to vapor movement was determined (Kimball et al., 1976) by:

dp

A
v

= hL eDaY
dT

o
(meal /cm sec °C) [2.4]

where h = fractional relative humidity of the soil air,

dpo

dT

L = latent heat of vaporization of water (mcal/g),

D
a
= diffusion coefficient for water vapor in air (cm

2
/sec),

Y = mass flow factor which accounts for the mass movement of soil

air due to the unequal diffusion rate of air and water vapor

molecules, and

= saturated water vapor density gradient (g/cm °C).
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Relative humidity was calculated using an empirical equation

developed by Fink and Jackson (1973) and is given by:

h = [1 + (0w/ap
1/B -1/C

(unitless) [2.5]

where a = 0.03579 cm 3 /g, B = -0.241, C = 2.13 for sorption, or a =

0.04328 cm 3/g, B = -0.224, C = 2.62 for desorption of water vapor from

Adelanto loam. The choice of sorption or desorption when the soil was

thawing or freezing was determined by soil temperature. When T < 0.0°C

the soil was considered to be drying.

Latent heat of vaporization of water was calculated as a linear

function of the soil temperature (Kimball et al., 1976) by:

L = 10 3
(595.9 0.548 T) (mcal/g) [2.6]

The diffusion coefficient for water vapor in air as a function of soil

temperature was computed (Dorsey, 1940) using:

D
a

= 0.229 [(T + 273)/273]1.75 (cm
2
/sec) [2.7]

The mass flow factor was calculated (Kimball et al., 1976) using:

Y = P /[P -h po R(T+273)/18.016] (unitless) [2.8]
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where P is the total gas pressure of the soil air taken as the

barometric pressure in mbar, R is the gas constant, and p is the

saturated water vapor density. The saturated water vapor density is

computed as a function of temperature using the relation as written by

Kimball et al. (1976):

p
o

= 10
-6

exp[19.819 4975.9/(T+273)] (g/cm
3

)

and finally dpo/dT from:

dpo

dT
. , \5975.9 p

o
/(T+273) 2

.g/cm
3

°C)

[2.9]

[2.10]

Thermal conductivity of the solid soil components in Equation

[2.1] was determined to be 9.98 mcal/cm sec °C. It is a thermal con-

ductivity weighted according to the percentage weight composition of

quartz, non-quartz mineral, and organic matter in the bulk Walla Walla

silt loam soil (Pikul and Allmaras, 1984).

Thermal conductivity of water, for 0.0°C < T < 100°C, was ex-

pressed as an empirical function of temperature (Kimball et al., 1976)

by:

A
w
= 1.32 + 5.59 x 10 -3

T 2.63 x 10
-5

T
2

(meal /cm sec °C)

[2.11]
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Thermal conductivity of ice, for -10°C < T < 0.0°C, was expressed

as an empirical function of temperature (Van Wijk and de Vries, 1963)

by:

of = 5.35 0.019T (mcal/cm sec °C) [2.12]

In Equation [2.1] the volumetric fractions are defined by:

Os = pb /p
p

0
a

= 1 (ow + es + of)

where p
1),

the particle density, was 2.657 g/cm3
.

The weighting functions k
s'

k
f'

and k
a

, are given by:

2 1

k
s

= A A

3[1+(7
s

-1)g
S

] 3[11-( 2 -1)(1-2gs)
w

2 1

k
f

=
f

A , and

A
3[1+(-- -1)g

s
] 3E14-(-

A

1
-1)(1-2gs)

w w

2 1

k
a

= A
av

A

3[1+(
A

-1)ga] 3E1

w w

[2.13]

[2.14]

[2.15]

[2.16]

[2.17]
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For both soil solids and ice gs is 0.144 (Kimball et al., 1976; Taylor

and Luthin, 1978) and ga was assumed to decrease linearly from 0.333 in

water-saturated soil to 0.105 at a water content of 0.20 cm3 /cm3 .

Below e
w
= 0.20, g

a
was assumed to decrease linearly to a value of

0.015 at oven-dryness (Wierenga et al., 1969).

Further discussion of this methodology and a comparison of calcu-

lated and measured thermal conductivity under field conditions is given

by Pikul and Allmaras (1984).
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Soil Heat Capacity

The volumetric heat capacity, cp, of the soil, air, water, and ice

system (de Vries, 1963) was calculated using:

cp = [0.460m+0.6000+0.450f+Ow] 4.19 J/cm
3

°C [2.18]

where 8
m

is the volumetric fraction of soil mineral matter and 0
o

is

the volumetric fraction of soil organic matter. The constant of 4.19

converts cal/cm3 °C to J/cm 3 °C.

mineral matter is defined by:

Pb
0
m pp

= 0

The volumetric fraction of soil

[2.19]

and the volumetric fraction of soil organic matter is defined by:

=
o p

or (1-Or)

Or P
b [2.20]

The average gravimetric fraction of organic material, Or, in the plow

layer of this Walla Walla silt loam was determined to be 0.02. Organic

material density, p
or'

was 1.3 g/cm3 (de Vries, 1963). Soil organic

carbon determinations were made at the same depths as those described
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for pb sampling (Part 1, Figure 1.1). These methods have been

described by Pikul and Allmaras (1986).
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Soil Water Characteristic Curve

The soil water characteristic curve is the relationship between

soil water matric potential and soil water content. This relationship

is not unique but depends upon the wetting and drying history of the

soil sample. The soil water characteristic curve for soil of the plow

layer of the Walla Walla silt loam was obtained by desorption and is

shown in Figure 2.1. Soil water suction terminology is used in lieu of

matric potential in order to avoid the use of a negative sign in the

calculation of soil water diffusivity, to be discussed later.

The soil water characteristic, shown in Fig. 2.1, was constructed

using published and unpublished sources of data to describe the rela-

tion of soil water suction and soil water content. Soil water suction

at water contents in the range of 0.22 < A < 0.32 cm 3/cm 3 were taken
w

from field studies reported by Allmaras et al. (1982) and Pikul and

Allmaras (1985). Soil water suction in these studies were determined

using tensiometers. Soil water suction at water contents < 0.22

cm 3 /cm 3 were taken from laboratory measurements (Allmar-

unpublished). Soil water suction in this study was determined using

psychrometers on disturbed soil cores. The use of disturbed soil cores

was not considered a serious limitation. Soil moisture retention in

the low potential range is due primarily to adsorption which is corre-

lated with specific surface rather than structure. The Walla Walla

silt loam exhibits a uniform particle size distribution throughout the

top 45 cm of soil. Soil water suction at water contents > 0.18 cm
3/cm3

were taken from laboratory measurements reported by Pikul and Allmaras
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Figure 2.1

.1 .2 .3 .4

VOLUMETRIC WATER CONTENT (cm3/cm3)

.5

Soil water desorption characteristic curve of the
Walla Walla silt loam. Methodology used to obtain
the water suction is indicated by brackets.
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(1986). Soil water suction in this study was determined using pressure

plates on undisturbed soil cores. The suction range for each of these

methods is bracketed in Fig. 2.1.

Soil Hydraulic Conductivity

Saturated hydraulic conductivities (Ksat) of the tillage pan and

subsoil were measured with the double tube method (Bouwer, 1961; 1962).

The tillage pan for this soil is at about the 20-cm depth (Figure 1.1).

The double tube method requires prior knowledge about the permeability

of the soil stratum to be measured. Depth distribution of pb was used

to estimate the hydraulic conductivity at the depth where the measure-

ment was to be made. Ksat of the subsoil was measured at the 30-cm

depth. For these depths of measurement, flow factors (Bouwer, 1961)

were used for a soil underlain by material of much higher conductivity.

All Ksat measurements were corrected to a base temperature of 20°C.

The correction factor was a ratio of the viscosity of water at the tem-

perature of the infiltrating water to the viscosity of water at 20°C.

Four measurements of Ksat were made at the 20- and 30-cm depths.

Saturated hydraulic conductivity of the soil at the surface was

measured using an air entry permeameter (Bouwer, 1966). This method

uses an infiltration cylinder driven into the soil. Both rate of fall

of water level in a reservoir and depth of wetting front were measured.

Depth of the wetting front was measured immediately after a measurement

by excavation of the cylinder. Data were considered acceptable when
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the wetting front was uniform and within the confines of the infiltra-

tion cylinder. Calculated Ksat was adjusted for water temperature. On

each treatment, three measurements of Ksat were made. Average values

of saturated hydraulic conductivity are shown in Table 2.1. These

measurements identified the tillage pan as the most restrictive layer

for water flow.

Table 2.1. Average saturated hydraulic conductivity and standard
deviation, indicated within parenthesis, of the bare-
surface and SSM treatments. Measurements were made during

the spring of 1982.

Treatment Surface Tillage pan Sub-soil

Bare-surface
SSM

40.51(20.49)

53.94(16.20)

cm/sec x 10
5

1.74(.93)
2.43(.58)

20.95(10.65)

Unsaturated hydraulic conductivity was estimated using the

Marshall pore-interaction model (Green and Corey, 1971). This method

obtains hydraulic conductivity from pore-size distribution data.

Computations require the water release characteristic curve and the

experimentally measured hydraulic conductivity value at one point. The

matching point used for this work was Ksat = .00023 cm/sec. Calculated

hydraulic conductivity, using the physical properties of water at

4.0°C, as a function of volumetric water content is shown in Figure
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2.2. Also shown in Figure 2.2 are conductivities measured in the field

at the 30-cm depth (Allmaras, 1982). The soil is considered to be

saturated at a water content of 0.5 cm3/cm3 .

Soil Water Diffusivity

The water flow equation (Part 4) is written in its diffusion form

where the gradient of water content is an index of the water potential

gradient. The form of the equation is analogous to Ficks' law of

diffusion. Water diffusivity, D, is defined as the ratio of hydraulic

conductivity, Kw, to the specific water capacity, C, as:

where

Kw(%)
D(Ow) - (cm sec) [2.21]

C(Ow) =
de

dT
w

(1/cm) [2.22]

and de
w
/dT is the slope of the water content, 0

w
, soil water suction,

T, curve.

The soil water characteristic data shown in Fig. 2.1 were fitted

to a piece-wise cubic polynomial shown as a solid line. Soil water

suction as a function of water content, Ow, was determined by:
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Figure 2.2 Calculated hydraulic conductivity using a matching

Ksat of .00023 cm/sec. Field measured unsaturated
hydraulic conductivity was measured using the modi-

fied instantaneous-profile method as described by

Allmaras et al. (1982).
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T = exp(a
o
+a

1 w
+a

2
6
w
2
+a

3
1020 (cm)

w

where a
o'

a
l'

a2, and a
3
are the polynomial coefficients, and the con-

stant, 1020, converts to cm of water. The slope of the water suction

versus water content curve was determined by:

dT
= 1020 exp(a

o
+a

1
8
w+a 2w

8
2
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3
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3

) (a
1
+2a

2
8
w
+3a

3
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2
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Diffusivity at any particular value of 8w was then obtained as:

D(Ow) = Kw(8w) (81,1)

w
(cm

2
/sec)

where K
w
(6

w
) has the units of cm/sec. The natural logarithm of soil

water diffusivity as a function of water content is shown in Fig .re

2.3.

Unfrozen Water Content of Frozen Soil

When a soil-water system is cooled to temperatures below 0.0°C,

not all of the water freezes. The freezing of water in fine-grained

soils takes place over a range of sub-zero temperatures. The greatest

freezing point depression is thought to occur in water nearest the soil

particles (Williams, 1964b). Anderson and Tice (1972) listed the

primary factors that govern the soil, water, and ice phase composition
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Figure 2.3 Soil water diffusivity for the Walla Walla silt loam.
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as: a) specific surface area, b) temperature, c) overburden pressure,

and d) osmotic potential of the soil water solution. Other factors,

considered to be secondary, were: a) pore geometry of the mineral

grains, b) particle packing geometry, c) surface charge density, and d)

nature of the exchangeable ions. Nensesova and Tsytovich (1963)

listed, in order of importance, temperature, pressure, and specific

surface area. Unfrozen water content, at a given sub-zero temperature,

is defined on a gravimetric basis as the ratio of the mass of unfrozen

water to the mass of dry soil.

Several experimental techniques exist to determine the amount of

unfrozen water at temperatures below 0.0°C. The relationship of un-

frozen water content to sub-zero temperature will be called the soil

freezing characteristic, SFC. Williams (1964a) measured unfrozen water

content of several soils using a calorimeter. Anderson and Tice (1972)

predict unfrozen water content from soil particle surface area

measurements. However, for some soils, notably the Walla Walla silt

loam, surface area does not correlate well with unfrozen water content

(Tice, personal communication). Recently, Tice et al. (1982) have used

nuclear magnetic resonance, NMR, to measure liquid phase water in par-

tially frozen soils. Tice and Oliphant (1984) have further improved

the NMR methodology for use in soils with a high amount of ferromag-

netic particles. The Walla Walla silt loam contains high amounts of

ferromagnetic particles. Anderson et al. (1978) discuss various

methods to obtain unfrozen water content of soils at various freezing

temperatures.
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The generation of negative pore water pressure (or suction) in

freezing, saturated soil has been explained using the generalized

Clapeyron equation (O'Neill, 1983):

(P
w
-7)V

w
PfVf = L

f
(K-K

o
)

K

where P
w

(P
f

) = pressure in the water (ice) phase (dyn/cm
2
),

L = latent heat of fusion (6.01 x 10
10

erg/mol),

V
w

= molar volume of water (18.068 cm3 /mol),

V
f

= molar volume of ice,

K = temperature (K),

K

[2.23]

= freezing point of pure water at atmospheric pressure

(273.15 K), and

= osmotic pressure (dyn/cm
2
).

This equation predicts that as the temperature decreases below K0,

either the ice pressure increases or the water pressure decreases, or

both. When the pressure of ice is not considered and the osmotic pres-

sure is negligible, Equation [2.23] reduces to:

Pw = Lf (K-K
o

)

(dynes/cm2)
V K
w o

[2.24]

This simplified relation between pore water pressure and temperature

below K0 has been used to simulate water redistribution in freezing



84

soil (Kay et al,, 1977). For example, Equation [2.24] predicts a nega-

tive pore water pressure of -1.218 x 10
6
dyn/cm

2
or a suction of 1242

cm of water at a temperature of 273.05 K.

Williams (1967) derived an equation for the pressure of unfrozen

water and freezing temperature in saturated soils based on pore size.

The derivation explicitly demonstrated the effect of the porous struc-

ture in controlling the freezing process. The derived equation is

given, using the notation of Williams, as:

P P = In
Kf w V

L
f

w o

where L
f

[2.25]

= molar latent heat of fusion (6.01 x 10
10

erg/mol),

V
w

= molar volume of water (cm3 /mol),

K = temperature (K), and

K
o

= freezing point of pure water at atmospheric pressure

(273.15 K).

If the soil and the ice are at atmospheric pressure, the difference,

Pf Pw, is equal to the negative pore water pressure. This equation

gives the same results as Equation [2.24].

Equations [2.24] and [2.25] are similar to an equation given by

Schofield (1935) for saturated soils:

11) =
L
f

T

Kog

[2.26]
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(erg/g) (K)

(K)(emisee2)

(gem2/sec2)(1/g) (K)

(K) (cm /sect)

= cm

where i = suction (cm of water),

L
f

= latent heat of fusion (3.336 x 109 ergs/g),

K
o

= freezing temperature of pure water (273.15 K),

g = acceleration of gravity (981 cm/sec
2
), and

T = negative temperature for which 4) is calculated (°C).

Williams (1964b) provides a version of the Schofield equation. For

this work, a negative sign has been included to express p as a positive

suction value. At a temperature of -0.1°C, Equation [2.26] predicts a

suction of 1245 cm of water. This compares to a suction of 1242 cm of

water as predicted by Equations [2.24] and [2.25].

In the development of this equation, Schofield's hypothesis was

that much of the soil water was under reduced pressure, but the ice was

formed under atmospheric pressure. According to Williams (1964b), this

situation probably does occur in soils where the ice phase is in a mass

larger than pore size while the water lies within small pores under the

influence of capillary and other effects.
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Unfrozen water content as a function of temperature was calculated

using the methods of Williams (1964b). An example calculation is given

following the description of the method. This method requires: a)

initial soil water content, b) freezing point depression of the soil

water solution, and c) soil water characteristic. Williams proposed

the hypothesis that as freezing occurred and water is transferred into

ice-lenses, the water remaining in the pores will be under a greater

suction. Suction was predicted from a Schofield-type equation at

freezing temperatures. Unfrozen water content was determined from the

soil water characteristic curve. Temperature was corrected for the

freezing point depression caused by dissolved salts concentrated in the

unfrozen water.

Williams' experimental points of temperature and suction in the

water phase of frozen soils lie under the theoretical curve proposed by

Williams. Koopmans and Miller (1966) suggest an explanation of the

discrepancies observed by Williams. They suggest including an error

factor based on the ratio of the surface tension of air/water to the

surface tension of ice/water
( aw

/a
fw

). This ratio was experimentally

determined by Koopmans and Miller to be about 2.2 for their silt soil.

In the present case, the suction head predicted by [2.26] was multi-

plied by 2.2. Appropriate water content and salt correction was then

determined using the method proposed by Williams (1964b).

Freezing point depression of the soil solution was estimated using

the electrical conductivity, EC, of the saturation extract. Methods to

determine EC were discussed in Part 1. Electrical conductivity was
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converted to osmotic pressure, OP, using an empirical relation

(Jackson, 1958):

OP(bars) = -0.36 EC (mmho/cm) [2.27]

Freezing point depression, AT, was determined using OP and an empirical

relation (Slavik, 1974):

OP = 12.06 AT 0.021 AT
2 [2.28]

Williams corrects the negative temperature (T), used to calculate

the suction head in Equation [2.26], using the freezing point depres-

sion of the soil water solution:

T = T +
AT 8g (initial)

sc
e (swc)

[2.29]

where T
sc

= corrected temperature (°C),

AT = freezing point depression of the soil water

solution (Equation 2.28) (°C),

e
g

(initial) = initial gravimetric water content before freez-

0 (swc)

ing, and

= gravimetric water content obtained from the

soil water characteristic curve using the ten-

sion head calculated from Equation 2.26.
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An example calculation of unfrozen water content at sub-zero tem-

perature is presented here. In practice, this method would be used

over a range of sub-zero temperatures to develop a tabular set of data

that could then be expressed by a mathematical function. For this ex-

ample, the following values are assumed:

EC = 0.523 mmho/cm,

0g, prior to freezing = 0.30 g/g,

P
b

= 1.2 g/cm 3
, and

T = -0.10 °C.

1. Freezing point depression of the soil water solution is calculated,

using Equations [2.27] and [2.28], to be -0.016 °C.

2. Soil water suction at -0.10 °C is calculated, using Equation

[2.26], to be 1245 cm of water. Koopmans and Miller (1966) sug-

gested multiplying the suction predicted by Equation [2.26] by a

correction factor of 2.2, resulting in a suction of 2739 cm of

water.

3. A suction of 2739 cm of water corresponds to a volumetric water

content of 0.155 cm3/cm3 (Fig. 2.1) or a gravimetric water content

of 0.129 g/g.

4. The base temperature of -0.10 °C is then corrected for the freezing

point depression caused by dissolved salts concentrated in the un-

frozen water. This correction is made using Equation [2.29]:

T = -0.10 +
(-0.016)(0.30)

sc 0.129

T
sc

= -0.137 °C
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Figure 2.4

20

Theoretical freezing characteristic curves for the
Walla Walla silt loam at two different soluble salt
concentrations.
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Thus, at a sub-zero temperature of -0.137 °C the corresponding

gravimetric water content is 0.129 g/g.

Unfrozen water content, defined as the ratio of the mass of

unfrozen water to the mass of dry soil, versus sub-zero Tsc for the

Walla Walla silt loam at two different EC values are shown in Figure

2.4. These results were obtained using the methods of Williams (1964b)

and demonstrate the effect of soluble salts on the unfrozen water

content. An EC of 0.54 mmho/cm corresponds to an average EC of the two

treatments shown in Figure 1.10 for March 16, 1980. This EC value also

represents an expected field value of the 0- to 2-cm soil layer follow-

ing 19.3 em of winter precipitation. Soluble salts would be leached

from the surface layer to the subsoil. An EC of 2.0 mmho/cm was

selected because this value represents an expected EC following a

recent application of fertilizer salts. Various soluble salt con-

centrations would result in a family of SFC's as shown in Figure 2.4.

Similar results were obtained by Tice et al. (1984) using NMR to ex-

perimentally determine the effects of soluble salts on the unfrozen

water content of a silt. The difference in unfrozen water content be-

tween any two temperatures gives the latent heat involved in such a

temperature change (Part 4), these curves are therefore a critical ele-

ment in the modeling of heat and water transport.
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1Theoretical and laboratory/
SFC's are compared in Figure 2.5.

Laboratory determination of the SFC was made on the soil samples col-

lected for gravimetric water content measurements. These samples were

collected during March 16, 1980. Two important points can be made con-

cerning the data in Figure 2.5: 1) there is excellent agreement

between the theoretical values and the experimental values during the

cooling leg, and 2) the relation between unfrozen water content and

sub-zero temperature is not a unique and single valued function (Tice

et al., 1981). The SFC can be experimentally determined in two ways:

1) for freezing conditions by cooling an unfrozen soil sample, or 2)

for thawing conditions by warming a frozen soil sample. Both methods

yield a continuous curve, but the curves are generally not identical

(Figure 2.5). Thus, knowing the freezing or thawing history may be an

important consideration in modeling soil heat and water flow in freez-

ing soil (Part 4).

Unfrozen water contents were measured at different soil profile

positions and different initial water contents. Soil freezing charac-

teristics for the 0- to 5-cm and 25- to 60-cm depth are shown in Figure

2.6. There is little difference in the SFC at the two depths shown.

The good agreement was expected because there is little textural,

chemical, or mineralogical stratification in the Walla Walla silt loam.

Soil freezing characteristics at two different water contents (Figure

2.7) indicate that at a given temperature unfrozen water content is

independent of the initial water content.

21/Appreciation is extended to Allen Tice, located at the U.S. Army
Corps of Engineers Cold Regions Research and Engineering Laboratory,
Hanover, N.H., for determining unfrozen water content of the test soil.
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Theoretical and Experimental
Walla Walla Silt Loam
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(EC=0.54 mmho/cm)

N

0

Experimental warming
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Experimental cooling
(30.87% water)

-
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TEMPERATURE (degrees below 0.0 °C)

Figure 2.5

20

Theoretical and experimental freezing characteristic
curves for the Walla Walla silt loam. Experimental
curves were determined using NMR techniques on soil
samples obtained from the field research site.
Theoretical calculations were based on a pre-frozen
water content of 0.31 g/g and a soil water freezing
point depression of - 0.016 °C. (See Footnote 2.1).
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Walla Walla silt loam at the 0- to 5-cm depth and
25- to 60-cm depth. (See Footnote 2.1).
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Part 3

MODEL FOR THE ESTIMATION OF SURFACE

TEMPERATURE AND EVAPORATIVE WATER LOSS

INTRODUCTION

A needed input for the numerical heat and water flow model

described in Part 4 is soil surface temperature and evaporative water

flux as a function of time. This information can be predicted from

weather measurements. In this section, a model to estimate the surface

fluxes of heat and water vapor from simple measurements of humidity,

net radiation, accumulated net radiation since the last rain, air tem-

perature, and wind speed at 2 m is discussed. The model described here

follows that proposed by Berkowicz and Prahm (1982) to estimate sen-

sible heat flux. The model was modified for this study to include an

estimate of surface temperature based on calculated sensible heat flux.

Berkowicz and Prahm developed a procedure for estimation of the

partitioning of net radiation, Qn, between the latent heat flux of

evaporation, 0
le'

sensible heat flux, Qh, and soil heat flux, Qg. The

governing relationship of the surface energy balance for the case when

energy storage is zero is given by:

Qn = Qh Qg Q
le

[3.1]



96

Turbulent fluxes of heat and mass are functions of air tempera-

ture, windspeed, relative humidity, and soil surface conditions. The

relative ease of heat transfer to the air and to the soil changes as

the thermal properties of the soil, namely thermal conductivity and

heat capacity, change with soil water content. Further, the latent

heat of evaporation strongly depends upon soil water content near the

soil surface. Thus, soil surface temperature is intimately linked to

the energy balance and dependent upon the partitioning of Qn into the

three terms on the right-hand side of Equation [3.1].

A key element in the Berkowicz and Prahm model is the relationship

between the surface resistance and meteorological and soil surface

parameters. The resistance of the soil surface depends on the water

content of the soil. As the soil surface dries, surface resistance

increases, and evaporative water loss decreases. For an open water

surface, the resistance is zero. Berkowicz and Prahm developed a sur-

face resistance model to compute sensible heat flux from routine

meteorological data. They found that surface resistance was related to

atmospheric humidity deficit, net radiation, and accumulated net radia-

tion since the last precipitation. Accumulated net radiation

determined the degree of dryness of the soil. Berkowicz and Prahm in-

corporated the important feature of soil drying into their microclimate

model. Thus, as the soil dries less energy is partitioned into the

latent heat of evaporation and more energy is partitioned into sensible

and soil heat flux (Equation [3.1]).

The Berkowicz and Prahm model does not account for energy storage

during soil freezing and thawing. Energy is released when ice forms
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and energy is required to melt ice. This energy is called the latent

heat of solidification and fusion, respectively. The surface energy

balance can be rewritten to include the change in the storage of energy

relating to a volume, or layer, such that:

Energy Input = Energy Output + Energy Storage Change C3.2]

Equation [3.1] is rewritten to include the storage of latent heat as:

AQ,
f
+ Qn = Qh + Qg + Q

le
C3.3]

where the change in energy storage, AQif, is attributed to the change

in ice content of the soil during a time interval. For a given time

interval, At, beginning at time t, the term AQif can be estimated by:

ret+At_ _t
A = LQlf f

j10,000/At

AQ
lf

= (J/g)(g/cm3 )(cm)(cm
2
/m

2
)(1/sec.)

= W/m
2

[3.14]

where L
f

is the latent heat of fusion, p
f

is the density of ice, At is

the time increment, and
of

is the soil ice content, expressed as a

depth of ice. In Equation [3.3] the storage term is positive when ice

is forming, thereby increasing Qn, and negative when ice is melting,

thereby decreasing Q.



98

The change in energy storage, AQif, due to the formation or melt-

ing of ice is difficult to predict from simple meteorological

measurements. Heat transfer to the surface from the site of phase

change in the soil is limited by the soil thermal conductivity. As the

frost front penetrates, the distance between the site of phase change

and surface energy exchange increases. There is not a clear way to

partition the energy of phase change within a soil volume into the

energy of Q
h'

Q
le'

and Q at the surface. Consequently, the methods

used by Berkowicz and Prahm are difficult to apply when AQ
lf

is not

zero.

In this section the Berkowicz and Prahm model for predicting sur-

face temperature and evaporative water loss will be developed. The

objective of this research is to test the models' usefulness for

predicting surface temperature and evaporation for the case when: 1)

the soil is frozen, and 2) the soil is unfrozen. In both case 1 and

case 2 AQ
lf

is assumed to be negligible.
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MODEL

The Berkowicz and Prahm model uses the resistance method of es-

timating the surface fluxes of heat and water vapor. Aerodynamic

resistance is governed by atmospheric turbulence. Surface resistance

is governed by surface conditions. Calculation of the aerodynamic

resistance, r
a

, requires information on wind speed and roughness

lengths. The Monin-Obukhov roughness length requires information on

sensible heat flux. However, sensible heat flux requires information

on r
a

. Thus, an iterative process is used to determine r
a

and ul-

timately sensible heat flux. Surface resistance, rs, is calculated

explicitly. For the calculation of rs the required information is

humidity, net radiation, accumulated net radiation since the last rain,

and temperature.

Berkowicz and Prahm used an iterative procedure to estimate sen-

sible heat flux. The iterative scheme is started by first assuming

stable atmospheric conditions. For stable conditions, the Monin-

Obukhov scale length, L, given by:

L = -Ku* 3 pCp/gkQh [3.5]

is an infinite number thereby reducing the wind profile, which is given

by:

u(z) = (u*/k)[1n((z-d)/zo) tpm((z-d)/L) + Ipm(zo/L)] [3.6]
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to

u(z) = (u*/k)[1n((z-d)/z0)], C3.7]

where u* = friction velocity (m/s),

k = von Karman constant (0.35),

z = screen height (m),

d = displacement height (m),

z
o

= surface roughness (m), and

u(z)= wind speed at screen height (m/s).

Thus, friction velocity can be estimated, for stable atmospheric condi-

tions, from measured windspeed at one height. For stable atmospheric

conditions, the aerodynamic resistance, ra, given by:

r
a

R [1n((z-d)/z0) tpm((z-d)/L) + Ipm(zo/L)]

k
2
u(z)

[ln((z- d) /z0) tph((z-d)/L) +
lh(zo

/L)]

reduces to:

r
a

R [1n((z-d)/z0)]2

k
2
u(z)

where R = 0.74.

[3.8]

[3.9]

A first approximation of sensible heat flux, Qh, is found using the

approximate value of ra. Sensible heat flux is given by:
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= Q
n
(r

a
-Fr

s
) Dq(pCpY-1)/[r

s
+ (1+AY

-1
)r

a
+a(r

a
+r

s
)] [3.10]

where Dq = humidity deficit (mbar),

pCp = volumetric heat capacity of air (J/m3K),

= psychrometric constant equal to 0.649 (mbar/°C),

A = slope of the saturation vapor pressure temperature curve

(mbar/°C), and

a = fraction of sensible heat flux partitioned to soil heat

flux (0.33).

For successive estimates of Q
h
stable atmospheric conditions are

no longer assumed. The Monin-Obukhov scale length is used to determine

stable or unstable conditions. The Monin-Obukhov length, L, is calcu-

lated using Equation [3.5] and the approximate values of u* and Qh.

Dimensionless height, E, is calculated using the approximate value of

L. Dimensionless height is given by:

E = (z-d)/L [3.11]

Generally, the boundary layer was considered unstable for -2 < E < 0

and stable for 0 < E < 0.5. Dimensionless stability correction factors

for wind shear and temperature were determined using [3.11] and:

2 2
rfl ) (x1x )1

= 2 arctan (x + ff/2)

h
= 2 ln(1-11)

2

[3.12]

[3.13]



where:

x = (1_150
1/4

y = (1-9E)
1/2

for E < 0, and

I'm = -4.7 E
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C3.14]

[3.15]

C3.16]

h
= -6.3514 E [3.17]

for C > 0.

In the iteration scheme various terms of the model are recalcu-

lated as follows:

1. u* is calculated using Equation [3.6],

2. L is calculated using Equation [3.5],

3. r
a

is calculated using Equation [3.8],

4. Q
h

is calculated using Equation [3.10],

5. E is calculated using Equation [3.11],

6.
'pm

and tph are calculated using Equations [3.12-3.17], and

7. starting with 1 the successive steps are repeated.

The iteration process is continued until the desired accuracy is

achieved. For the work reported here iteration was continued when the
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absolute difference of successive estimates of Q
h

were greater than 2

W/m
2

.

Soil heat flux, latent heat flux, and exchange surface temperature

were calculated at the completion of the iteration. Soil heat flux,

Q , was determined by:

Qg = a Q

where a = 0.33.

[3.18]

The Penman-Monteith formula was used to find the latent heat flux as:

r

Q =
(Q
n
-Q

g
)Ar

a
Y
-1

+ Lqs(T) pCpY
-1

le

r
s

+ (1+AY
-1

) r
a

C3.19]

An equivalent depth of water was found by dividing by the latent heat

of vaporization.

Finally, exchange surface temperature, T1, was calculated by:

T = T
1 pCpku

r1.1rMz-d)/z0) + [3.20]

(Campbell, 1977). Exchange surface indicates a height at which heat,

vapor, and momentum is exchanged with the atmosphere. The constant, d,

is called the zero plane displacement. It approximates the average

height of heat, vapor, and momentum exchange surface. For a bare,
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smooth surface the average height of the exchange surface, d, is zero.

For stubble, that is 0.35 m in height, d = 0.22 m (Campbell, 1977).

Other calculated inputs to the temperature model were the

volumetric heat capacity of air, pCp, determined as:

pCp = 1.2929(273.13/K)[(735 0.3783qz)/760] 1004.16 C3.21]

where pCp is in J/m 3K, K is Kelvin temperature, 735 is the average

barometric pressure at Pendleton in mm of mercury, and qz is the actual

vapor pressure of air in mm of mercury. Teten's approximation was used

to calculate the vapor pressure of moist air. For T < 0 qz, in mbar,

is given by:

q
z

= 6.1078 exp[21.8746T
d
/(T

d
+ 265.5)]

and for T > 0

q
z

= 6.1078 exp[17.2694T
d
/(T

d
+ 237.3)]

[3.22]

C3.23]

where T
d

is the dewpoint temperature (°C).

In equations [3.10] and [3.19], surface resistance, rs, was calcu-

lated using the methods of Berkowicz and Prahm (1982) and is given by:



r - pCpDq
s YF

where the humidity deficit, Dq, in mbar is:
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[3.224]

Dq = qs(T) qz [3.25]

and the saturated vapor pressure, qs(T), is determined using Teten's

approximation replacing Td by ambient T. The psychrometric constant,

Y, is 0.649 mbar/°C. F is an experimentally determined factor with the

dimensions of an energy flux (W/m2 ) given as a function of accumulated

net radiation, EQ
n'

(Wh/m
2

) as:

F=5

for EQn > 38,877, and

F = 244 exp (EQn/10,000)

for 10,000 < EQn < 38,877, and

F = 90

for EQ
n

< 10,000

[3.26]
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Data from several field experiments provided validation of the

Berkowitz and Prahm model. In Part 1, the Pendleton Experiment Station

field plots during the 1979-1980 and 1981-1982 winters were described.

Two other field experiments are briefly described here as they relate

to the validation of the microclimate model.

Field studies were conducted from 1 August to 1 November 1977 at a

site 30 km north of Heppner, Oregon, on the southern edge of the wheat-

fallow area of the Pacific Northwest (Leggett et al., 1974). Annual

precipitation at nearby weather stations with an elevation of 450 m

ranges from 250 to 300 mm, occurring mostly as rain during October

through June. Field plots were located on a Ritzville silt loam

(Calciorthidic Haploxeroll) approximately 1.5 m deep over basalt on a

two to five percent north slope.

Winter wheat (Triticum aestivum L.) was harvested in August, 1976.

Abnormally low precipitation during the winter of 1976 produced less

than normal soil water recharge. The field plot was therefore ir-

rigated with 150 mm of water in April, 1977, following the usual spring

primary tillage of chiseling. The 12- by 12-m plot was rodweeded on 31

May and again on 20 June 1977 to an approximate depth of 0.05 m. This

sequence of tillages produced a 0.05 m thick soil mulch consisting of a

dry mixture of straw, aggregates, and primary soil particles.

Underlying this soil mulch was a firm and moist soil layer. Typical
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straw yields are 3500 to 4500 kg/ha. Following the tillage sequences,

about 20 percent of this straw remained on the surface.

To characterize weather conditions during the study, meteorologi-

cal measurements were taken at 1-hour intervals. Reflected and

incident shortwave radiation at 2 m was measured using inverted and

upright Eppley radiometers. Net radiation at 2 m was measured using

Micromet net radiometers. Air temperature was measured at 0.15 and 2 m

and wind speed at 2 m. Radiation and windspeed measurements were

averaged over the hour, while air temperature was measured on the hour.

Duplicate tensiometers were installed at depths of 0.20, 0.35, 0.50,

0.65, 0.80, 0.95, 1.05, and 1.2 m. Additional details of the materials

and methods of this field site were described by Pikul et al. (1985).

Field studies were conducted from 9 August to 2 November 1978 at a

site 16 km west of Pendleton, Oregon. Average annual precipitation at

Pendleton, Oregon, is 355 mm, occurring mostly as rain during October

through June. Field plots were located on a Ritzville silt loam ap-

proximately 2 m deep over basalt on a five percent SE slope.

Winter wheat was harvested in August, 1977, leaving a straw

residue of about 8300 kg/ha. Grain stubble was left standing through

the winter. In May, 1978, three 27- by 57-m tillage treatments ad-

jacent to each other were established: 1) no tillage (NT); 2)

moldboard plow, followed by springtooth harrow and rodweeder (P); and

3) stubble flailed and sweep-shank chiseled (SW). The latter treatment

created a uniform mat of stubble that completely covered the soil

surface.

To characterize weather conditions during the study, meteorologi-

cal measurements, averaged over the hour, were taken at 1-hour
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intervals on each treatment. Reflected and incident shortwave radia-

tion at 1 m was measured using inverted and upright Eppley radiometers.

Net radiation at 1 m was measured using Micromet net radiometers. Wind

speed and air temperature were measured at 1.7 m. For selected days

during the study, surface temperature was measured at 0.5-hour inter-

vals using a Telatemp Infrared Thermometer. Duplicate ceramic cup

tensiometers were installed at depths of 0.15, 0.30, 0.45, 0.60, 0.75,

0.90, and 1.05 m on the NT and P treatments.

1977 Field Data

The microclimate model was used to predict exchange surface tem-

perature for 81 days using the meteorological measurements made during

the 1977 summer-fallow experiment. Some of the days during the period

were hot and dry while others were cool and wet. Average daily

predicted exchange surface temperature (Equation [3.20]) was compared

to the daily average soil temperature measured at the 2.5-mm depth

(Fig. 3.1). This comparison only shows trends because soil temperature

at the 2.5-mm depth is generally cooler during the day and warmer

during the night than the temperature at the surface. Average measured

2.5-mm soil temperature regressed with average predicted exchange sur-

face temperature yielded a regression equation having a slope of 1.02,

an intercept of -1.27, and an r
2 = 0.98, which indicates that the ex-

change surface temperature is, on the average of, 1.27°C greater than

the soil temperature at the 2.5-mm depth. Standard error of the es-

timate was 1.29°C.
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Figure 3.1
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Comparison of average daily predicted exchange surface
temperature and measured soil temperature at the 2.5-mm
depth.
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The microclimate model was also used to predict daily evaporation

during August, September, and October, 1977, using meteorological

measurements. Comparisons of measured soil water evaporation and

predicted evaporation were made during 6 time intervals (Table 3.1).

Predicted evaporation compares favorably with the measured evaporation

during both wet and dry periods. Pikul et al. (1985) provide further

details on the methodology used to measure soil water evaporation.

Meteorological measurements made during the 1977 summer-fallow

experiment were used to test the sensitivity of the Berkowicz and Prahm

model to changes in the input variables. Model input variables were

dewpoint temperature, net radiation, accumulated net radiation since

last rain, air temperature, and windspeed. Sensitivity tests on the

model were made using meteorological measurements representative for

hot and dry (August 11, 1977) and cool and moist (August 30, 1977)

weather conditions. Each sensitivity test was conducted by multiplying

only one input variable by 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0.

These multiplication factors will be called test multiples (TM). Model

output was compared at 0200 hours and 1400 hours on August 11 and 30,

1977.
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Table 3.1. Average water content of the soil mulch, rainfall, change
in soil water storage, evaporative loss, and predicted
evaporative loss for six time intervals in 1977.

Average water Soil

Time content in water Predicted

interval soil mulcht Rainfall storaget EvaporationA evaporation

cm3/cm3 mm/day

2 Aug-15 Aug 0.06 0 -0.42 0.42 0.27

15 Aug-31 Aug 0.11 1.12 0.61 0.51 1.171

31 Aug-13 Sep 0.14 0 -0.48 0.48 0.56

13 Sep-3 Oct 0.15 1.43 0.45 0.98 1.14

3 Oct-17 Oct 0.17 0.07 -0.30 0.37 0.25

17 Oct-31 Oct 0.15 0.27 -0.10 0.37 0.49

t Soil mulch was the 0- to 9-cm depth.

t Change in soil water storage computed using measured profile
volumetric water content and calculated water flux past the 55-cm
depth.

A Evaporation = precipitation soil water storage.

1 Seven days of missing meteorological data.

Predicted surface temperature, T1, for dry and moist soil condi-

tions changed linearly for TM's of 2-m air temperature (Figures 3.2a

and 3.2b). For August 11, when the soil was dry, a 0.25-TM change in

2-m air temperature resulted in a 9.4°C change in Tl. Whereas, for

August 30, when the soil was moist, a 0.25-TM change resulted in a

4.5°C change in T1. When the soil is moist, a greater portion of Qn is

partitioned into
le

and, consequently, Q
h

is less (Eq. [3.1]). A

decrease in Q
h
results in a decrease in T

1

(Eq. [3.20]).

Comparatively, an error in the measurement of 2-m air temperature is
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less important in the prediction of T when the soil is wet than when

the soil is dry.

Predicted surface temperature as well as the components on the

right-hand side of Eq. [3.1] changed linearly for TM's of Qn. A 0.25-

TM change in Qn resulted in a 5.5°C and 2.3°C change in T1, when the

soil was dry and moist, respectively (Fig. 3.3a). The partitioning of

Q
n

into Q
le

is shown in Fig. 3.3b where a 0.25 TM change in Q
n

resulted

in a 14.06- and 31.5-W/m
2

change in Q
le

when the soil was dry and wet,

respectively. Comparatively, an error in the measurement of Qn is less

important in the prediction of Qle when the soil is dry than when the

soil is wet. Conversely, an error in the measurement of Qn is less

important in the prediction of T1 when the soil is wet than when the

soil is dry.

Predicted surface temperature was only slightly changed for TM's

of dewpoint temperature (not shown). During the 1977 field study, dew-

point temperature was not measured at the field site, rather National

Weather Service records at Pendleton, Oregon, 70 km NE of Heppner,

Oregon, were used to supplement the field meteorological measurements.

For the semi-arid conditions of Eastern Oregon, large differences in

atmospheric humidity over relatively large distances (70 km) are not

expected. For this test, the error in measuring dewpoint as well as

error in extrapolation of weather records are less important in the

prediction of T
1

compared to other input variables.
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Predicted energy components (Eq. [3.1]) changed only slightly for

TM's of dewpoint temperature when the soil was dry (Fig. 3.4a).

However, when the soil was moist Qh changed inversely to Qie for TM's

of dewpoint temperature (Fig. 3.4b). The atmospheric humidity deficit

(Eq. [3.25]) increases as the difference between saturated vapor pres-

sure and actual vapor pressure increases. The humidity deficit is

necessary in the calculation of Qh (Eq. [3.10]), Qle (Eq. [3.19]), and

r
s

(Eq. [3.24]). Thus, errors in the measurement of the dewpoint tem-

perature are more serious in the prediction of the energy components

when the soil is moist than when the soil is dry.

Predicted exchange surface temperature as well as the components

on the right-hand side of Eq. [3.1] are highly dependent upon TM of

windspeed. Energy flux is shown in Figures 3.5a and 3.5b. Heat and

mass transport to the atmosphere are accomplished by turbulence near

the surface. Transport increases as wind speed and the roughness of

the surface increases. Thus, errors in the measurement of windspeed

are serious in the prediction of energy components and T
1

wh
e
n the soil

is dry or wet.

1978 Field Data

Predicted exchange surface temperature (T
1

), measured soil tem-

perature at the 2.5-mm depth, and surface temperature measured with an

infrared thermometer are compared in Fig. 3.6 during early October,

1978. Comparisons are for the P treatment on the Reese Ranch. The
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Figure 3.4 Predicted energy flux sensitivity to dewpoint tempera-
ture for dry (a) and moist (b) soil conditions.
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Figure 3.5 Predicted energy flux sensitivity to windspeed for
dry (a) and moist (b) soil conditions.
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period of time from 3 October to 6 October 1978 was selected because of

the extreme variation in diurnal temperatures and dry soil surface

conditions. IR surface temperature regressed with T1, for October 4,

yielded a regression equation with a slope of 0.98 and an r2 of 0.97.

Standard error of the estimate was 2.13°C. Measured soil temperature

at the 2.5-mm depth compared with infrared temperature shows that soil

temperature at the 2.5-mm depth is a reasonable estimate of Tl. For

this treatment, the zero plane displacement was zero.

Hourly values of measured soil temperature at the 2.5-mm depth,

T
l'

and surface temperature measured with an infrared thermometer are

shown in Fig. 3.7 for the NT treatment at the Reese Ranch. Clear, warm

days and freezing nights characterize this time period. However, it is

important to note that the soil did not freeze during the night. IR

surface temperature, regressed with Ti for October 31, yielded a

regression equation with a slope of 0.96 and an r
2

of 0.86. Standard

error of the estimate was 2.62°C. In this case, the theoretical plane

for energy exchange is located above the soil surface and below the top

of the standing stubble. For this treatment, the zero plane displace-

ment was 0.22 m.

Measured soil temperature on the NT treatment at the 2.5-mm depth

was cooler during the day and warmer during the night than T1. On this

treatment, wheat straw chaff on the soil surface acts as an insulator

and buffers against rapid and extreme changes in soil temperature.

Energy exchange takes place above the soil surface. The insulation
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effect of the stubble is shown in Fig. 3.7 by comparing predicted T1

and measured soil temperature at the 2.5-mm depth.

1982 Field Data

Exchange soil surface temperature T1 was predicted for the bare-

surface treatment when the soil froze to a depth of 15.0 mm between the

hours of 0100 and 0830. Extrapolated soil surface temperature and T1

are compared for 21 and 22 March 1982 in Fig. 3.8. Measured soil tem-

perature at the 2.5-mm depth and the 10.0-mm depth were used to

extrapolate soil temperature at the surface. Extrapolated soil surface

temperature, regressed with T1, yielded a regression equation with a

slope of 0.87 and an r2 = 0.93, which indicates that there is not a 1:1

relation of T
1

and extrapolated soil surface temperature. Standard

error of the estimate was 2.57°C. By comparison, on March 26, 1982,

when the soil did not freeze (not shown), extrapolated soil surface

temperature, regressed with T1, yielded a regression equation having a

slope of 1.09 and an r
2

= 0.97. Standard error of the estimate was

1.52°C. Predicted Q
le

and Q for 21 and 22 March compare favorably
g

with measured values of Q
le

and Qg (Table 3.2).
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15.0 mm between the hours of 0100 and 0830.



123

Table 3.2. Energy budget, in terms of an equivalent depth of water

(2446 J/cm3 of water), for the bare-surface treatment
during 21 and 22 March 1982.

Measured Predicted

mm of water

Q
n

4.64

Q
h 1.92

Q
le

2.40 2.06

Qg 0.31 0.64

Results in Fig. 3.8 show two important features. Predicted

nighttime surface temperature is several degrees colder than the

measured soil temperature, which suggests that there is a source of

heat that is not being accounted for by the microclimate model. As was

stated earlier the Berkowicz and Prahm model does not account for

energy storage during freezing and thawing. Predicted surface tempera-

ture rises abruptly at sunrise, whereas the rise in measured soil

temperature lags by about one hour. This latter feature suggests a

heat sink that is not being accounted for in the microclimate model.

Both of these features are a consequence of soil freezing and soil

thawing. Predicted soil heat and water flow using the predicted ex-

change surface temperature (Fig. 3.8) as an upper boundary condition

will be shown in Part 4.
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CONCLUSIONS

In Part 3, a model to predict soil surface temperature, T1, and

evaporative water loss were discussed. Data from three different field

research sites were used to compare the predicted values of T1 and Q
-le

with measured values. Sensitivity of the model to variations in cer-

tain input variables was also tested.

A linear regression of T
1

and measured IR surface temperature or

soil temperature was used to compare predicted and measured values.

The lowest value of the standard error of the estimate was obtained

when daily averages of predicted surface temperature were regressed

with measured soil temperature at the 2.5-mm depth on the bare-surface

treatment. This comparison was for the unfrozen soil condition.

Hourly comparisons of T1 and measured temperature, extrapolated to the

surface when the soil froze during the night, yielded the largest stan-

dard error values. This result was expected because the Berkowicz and

Prahm model does not take into account latent heat of solidification or

fusion during soil freezing and thawing.

Predicted Q
le

from bare surface treatments compared favorably to

measured soil water evaporation. During an 81-day simulation, the

standard error of the estimate of daily predicted evaporation was 0.14

mm/day. This test period was characterized by both wet and dry condi-

tions and soil temperatures above freezing. Predicted evaporation

during one day when the soil froze and thawed was 2.1 mm of water,

which compares to a measured value of 2.4 mm of water.
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Part 14

NUMERICAL MODEL FOR HEAT AND MASS TRANSPORT

DURING SOIL FREEZING

INTRODUCTION

Water migration from the warm subsoil to the freezing front is

induced by soil temperature gradients in the freezing soil. Water

potentials in the unfrozen water films in the freezing zone due to in-

teractions between soil surfaces and soil water develop the driving

force responsible for water flow (Farouki, 1981). The water flows

towards the thinner films where the potentials are lowest. As the sur-

face cools, a small volume of water in the soil pores freezes.

However, all of the water present does not freeze and ice particles

remain separated from the soil fabric by a thin water film. The thick-

ness of the unfrozen water film depends upon temperature, pore size

distribution, solutes in the pore water, and freezing and thawing his-

tory (Anderson and Tice, 1972). Crystallization has the effect of

drying the soil in the region of ice formation thereby decreasing the

matric potential. Water from the wetter subsoil flows upward toward

the newly created region of low water potential. As freezing con-

tinues, water is removed from the absorbed water film; that is, below

the ice grain, and the ice particle thickens. Water is replaced from

below and an equilibrium thickness of water is maintained around the

soil particle by continual upwards movement of water molecules.
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The movement of water and the formation of ice lenses in freezing

soil have been generally modelled using three modelling approaches

(Smith, 1985). The first of these models, called the capillary model,

has been used by Penner (1959) and Holden et al. (1981) to model the

development of ice lenses. Williams (1967) has shown that the pressure

in the water phase (Pw) falls below atmospheric pressure as the tem-

perature decreases in a freezing soil (Equation 2.25, Part 2). The ice

pressure (P
f

) is assumed to be equal to atmospheric pressure, and the

difference, P
f

P
w'

is equal to the negative pore water pressure.

Everett (1961) provides an equation for the pressure difference across

an ice/water interface, for small ice crystals in their own melt, as:

Pf Pw = 2a
fw

/r
fw

where a
fw

r
fw

= ice/water interfacial surface tension

(33.1 dynes/cm),

= ice/water interfacial curvature (cm), and

Pf Pw = pressure difference across the ice water

interface (dyn/cm2).

[14.1]

Combining [2.25] and [4.1] provides a relationship between freezing

temperature and rfw:



rfw =
2

afw
V
w

L In K
f

K
0

where V
w = molar volume of water (18.068 cm

3
/mol),

L
f = molar latent heat of fusion (6.01 x 10

10
erg/mol),

K = temperature below the freezing point (K), and

K
o = freezing point of water (273.15K).
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[14.2]

Equations [4.1] and [4.2] provide the important features of the capil-

lary model. Radius of curvature, r
fw' at freezing temperature, K, is

calculated using Equation [4.2]. Water in pores larger than the calcu-

lated r
fw is frozen while water in smaller pores remains unfrozen.

Suction at the frost line is calculated using Equation [4.1].

A second class of model is referred to as the hydrodynamic model.

This model will be discussed further in the next subsection. Briefly,

the hydrodynamic models attempt to solve heat and moisture flow equa-

tions in the freezing soil where coupled transfer and phase change

takes place (Harlan, 1973; Taylor and Luthin, 1978; Jame and Norum

1980). Under unsaturated conditions, water flow is driven by both the

gradient in unfrozen water content and an appropriate soil water sink,

or source, term that is based on the rate of change of ice content

within the freezing soil. An experimental or derived relationship of

unfrozen water content to sub-zero temperature is used to couple the



128

heat and water flow equations. Heat capacity, thermal conductivity,

and water diffusivity are allowed to vary throughout the soil according

to conditions. Use of the hydrodynamic model for the prediction of

heat and mass transport during soil freezing has largely been confined

to laboratory experiments.

A third class of models, presented by Miller and Koslow (1980) and

further refined by O'Neill and Miller (1985), is generally termed the

secondary frost heave model. This model further develops the

hydrodynamic model to include stress conditions and overburden pres-

sures, and is considered the most detailed current frost heave model

(O'Neill, 1983) yet intractably complex (Gilpin, 1980). Smith (1985)

concludes that neither the hydrodynamic model nor the secondary frost

heave model can be applied in the field because of information require-

ments and natural variability in soils.

In this section, a numerical model for coupled heat and mass

transport in freezing soil will be developed. The model follows the

hydrodynamic approach proposed by Jame and Norum (1980) who succeeded

in simulating heat and mass flow during a laboratory experiment involv-

ing freezing of an unsaturated porous medium. The objective of this

research is to simulate heat and mass transport in a field soil during

freezing of the soil.
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MATHEMATICAL MODEL

The energy balance for a thin layer of soil where there is phase

change between liquid and ice is written, according to Fuchs et al.

(1978), as:

30
f3T

(A

9T Tr\

clj3t L'fPf at 3x 'A 3x s'14%,

(i) (ii) (iii) (iv)

where x = position coordinate (cm),

A = apparent soil thermal conductivity (W/cm°C),

T = temperature (°C),

cp = volumetric specific heat (J/cm 3
°C),

t = time (sec),

L
f
= latent heat of fusion (333.943 J/g),

p
f

= density of ice (g/cm3 ),

of = volumetric ice fraction (cm 3
/cm 3

),

C
w

= specific heat of water (J/cm 3 °C), and

J
w

= liquid water flux (cm/sec).

[14.3]

Term (i) in Equation [4.3] represents the rate change in energy of the

soil layer associated with a change in temperature; (ii) is a sink or

source that is based on the rate change of ice within the freezing

soil; (iii) is soil heat flux by conduction; and (iv) represents the
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transport of energy due to convection. The convection term is included

to show that energy in a soil layer can change due to the flux of water

entering the layer at a different temperature than when it leaves the

layer. Nixon (1975) and Taylor and Luthin (1976) have shown that the

conduction term (iii) is two to three orders of magnitude greater than

the convective term (iv). For this work the contribution of convection

is omitted, resulting in the following heat transfer equation:

3T
30

f aT\

cPat -fPf at ax " ax/ [4.14]

Soil thermal conductivity, A, includes an equivalent component for

thermal vapor transport. Calculation of A was discussed in Part 2.

Equation [4.3] does not include the transfer of latent heat by vapor

movement induced by moisture gradients (Philip, 1957). Fuchs et al.

(1978) demonstrated that heat transported in the vapor phase in a

frozen soil is insignificant. However, in a dry, unfrozen soil Hadas

(1977) found that existing theory did not adequately predict heat

transport due to latent heat release by vapor diffusion and condensa-

tion at certain times during the day.

The simplifying assumptions made in the use of Equation [4.4] are:

(a) heat transport by the movement of water is negligible, (b) heat

transport by the movement of vapor is negligible, (c) the temperature

distribution is smooth and continuous with respect to time and space,

(d) the local fluid and solid temperatures are equal, and (e) heat flow

is in one space dimension.
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The mass balance for a thin layer of non-freezing soil is written,

according to Philip (1957), as:

30 a 30w a aT 3Kw

at ax (DI ax + 3x (DT ax) ax
[14.5]

For freezing soil, a sink or source term for water is also included

(Jame and Norum, 1980) to give the following equation:

a
6

p 3e 3 3e a 3T 3Kw
f

+ = (D +
at p at 3x I ax ax (DT

1

(iii) (iv) (v)

[14.6]

where D
I

(D + D
V

) isothermal moisture diffusivity, where D and DV

are the isothermal liquid and isothermal vapor dif-

fusivities, respectively (cm
2
/sec),

D
T

= (D
T1

+ D
Tv

) thermal moisture diffusivity, where D
Tl

and DT
v

are the thermal liquid and thermal vapor diffusivities,

respectively (cm
2
/sec °C),

K
w

= unsaturated hydraulic conductivity (cm/sec),

e
w

= volumetric water content (cm 3/cm3 ),

p
f

= density of ice (0.917 g/cm3), and

p
1

= density of water (1.0 g/cm 3
).
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Term (i) in Equation [4.6] is the rate change of the soil volumetric

water content; (ii) is the water sink or source term, whereby water is

added or removed from storage based on the rate change of ice in the

freezing soil; (iii) is the flux of water into and out of the soil

layer due to the water content gradient, which is an index of the driv-

ing force for water flux; (iv) is the flux of water into and out of the

soil layer due to the temperature gradient; and (v) is the flux of

water into and out of the layer due to gravity.

Thermal moisture transport, term iv in Equation [4.6], is the

water transport through the soil solely due to temperature gradients.

Water flows in both the liquid and vapor phases from warm to cool soil.

Flow in the vapor phase is proportional to the thermal vapor dif-

fusivity, while flow in the liquid phase is proportional to the thermal

liquid diffusivity. The major contribution to the total water flux

under non-isothermal conditions and intermediate water content is from

thermal vapor diffusion. Rose (1963) provides estimates of the ex-

pected transport of liquid and vapor at various water contents for non-

frozen soil. In general, thermal vapor transport is low and thermal

liquid transport is high when the soil air relative humidity is near

100 percent. In contrast, thermal vapor transport is high and thermal

liquid transport is low at humidities of 60 to 99 percent. Jury and

Miller (1974) measured the transport coefficients for moisture flow in

soil, and they provide criteria for deciding when thermal transport of

water can be neglected in moist soils. Thermal transport should be

included in seasonal studies of water movement. Daily studies should

include thermal transport when steep temperature gradients are present.

In their studies, a temperature gradient of 2°C/cm noticeably altered
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the water content profile compared to the isothermal case. In a

simulation study, Milly (1984) generally found that the thermal liquid

component of the total water flux was smaller than one percent.

Neglecting thermal vapor diffusion, however, gave rise to serious er-

rors in four-day simulations of evaporation from hot and dry field

locations.

Isothermal moisture transport, Term iii in Equation [4.6], is the

water transport through the soil due solely to the water content

gradient. Water flows, in both the liquid and the vapor phases, from

moist to dry soil. Flow in the vapor phase is proportional to the

isothermal vapor diffusivity, while flow in the liquid phase is propor-

tional to the isothermal liquid diffusivity. The main contribution to

the total water flux under isothermal conditions, and high water con-

tents, is from isothermal liquid diffusivity. In Part 2, isothermal

liquid diffusivity was called soil water diffusivity. Rose (1963)

provides estimates of the expected isothermal water transport at

various water contents. In general, isothermal vapor transport is low

and isothermal liquid transport is high when the soil air relative

humidity is near 100 percent. Isothermal liquid flow is at a maximum

in saturated soil. In contrast, isothermal vapor transport is high and

isothermal liquid transport is low at humidities of 60 to 99 percent.

Several research studies have identified that isothermal vapor dif-

fusivity is the dominant mechanism for water flux in dry soils (de

Vries, 1958; Jackson, 1964; and Milly, 1984). It has also been recog-

nized that the water transport mechanisms in thin soil layers near the

surface may be vastly different. Schieldge et al. (1982) found that

isothermal vapor diffusivity was the dominant transport component in
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the 0- to 4-cm soil layer. Below the 4-cm depth, where Ow > 0.11

cm3/cm3 , isothermal liquid diffusivity was the dominant transport

mechanism.

A complete mathematical treatment of moisture flow in the presence

of temperature gradients is complex. Most research on coupled heat and

water flow has centered on either the model of Philip and de Vries

(1957), which is shown in Equation [4.5], or the Cary and Taylor (1962a

and 1962b) model. The Cary and Taylor model uses irreversible ther-

modynamics and is not shown. Jury and Letey (1979) have reconciled

Cary and Taylor's methods with the methods of Philip and de Vries.

Many of the advances in coupled heat and water flow research using the

Philip and de Vries' theory have been made for the case when the soil

is not frozen. Detailed research on thermal and isothermal moisture

movement in frozen soil has not been conducted to the same extent as

research on thermal and isothermal moisture movement in unfrozen soil.

The complexity of simulating moisture movement in frozen soil has

led to contradictory conclusions. For example, Fuchs et al. (1978)

concluded that vapor phase transport phenomena in a frozen soil is of

negligible magnitude. In contrast, Outcalt (1979) states that vapor

diffusion is a significant process in wet soil in the vicinity of the

freezing plane. Outcalt further states that vapor diffusion must be

included in models that attempt to simulate water flow over long time

periods. Nakano et al. (1984) found that transport of water in the

vapor phase is significant even at 20 percent water content. Other

researchers have chosen to simplify the water flow problem by neglect-

ing
DT1,

D
Tv'

and D
v

in Equation [4.6] (Harlan, 1973; Taylor and
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Luthin, 1978; Jame and Norum, 1980; Holden et al., 1981; Hromadka and

Guymon, 1981). For example, Cary et al. (1979) simulated water and

salt movement in frozen soil assuming that vapor diffusion was negli-

gible. They generally found good agreement between field observations

and predicted water flow for a 30-day simulation.

From the research that has been conducted on water flow in both

frozen and unfrozen soil, some tentative conclusions can be reached:

1) the isothermal liquid model provides satisfactory results for daily

simulations when the soil is moist and extreme temperature gradients do

not exist, and 2) long-term simulations, on the order of months, should

include both thermal and isothermal liquid and vapor transport.

In this thesis, a simplified model for water flow will be used.

This model neglects: 1) thermal liquid flow, 2) thermal vapor flow, 3)

isothermal vapor flow, 4) gravitational flow, and 5) osmotic gradients.

In addition, the following assumptions are made: 1) Darcy's law applies

to water in partially frozen, unsaturated soil, 2) the water dif-

fusivity functional relationship to liquid water content, D(ew),

applies to partially frozen, unsaturated soil, and 3) water flow is in

the vertical direction only. With these simplifications, Equation

[4.6] reduces to:

ae
w

p
f

ae
f a

ae

3t 73 t -57c [D(ew)-5X21-4]
1

[4.7]

Beyond the simplified heat and water flow equations ([4.4] and

[4.7]), certain constraints were placed on the model. The volume frac-

tion of ice and water was not allowed to exceed the pore volume of the
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soil at a given node. This constraint simplified the numeric model

because the node system did not expand and contract. Where frost heav-

ing is important the node system must be able to expand upon freezing

and contract upon thawing. In practice, during a freezing cycle, ice

in excess of the pore volume was assigned to the next deeper node.

During the thawing cycle, ice melted at both the top and the bottom of

the frozen soil layer.

At temperatures below freezing, the heat and water flow equations

given by [4.4] and [4.7] are linked by the change in volumetric ice

content with time, 30f/3t. The change in volumetric ice content can be

estimated indirectly from the temperature and the soil freezing charac-

teristic, SFC, which defines the relationship of unfrozen gravimetric

water, 8 , to sub-zero temperature (Fig. 2.5). Volumetric water, 0
w

,

is related to 0g by the relationship:

0
w

=
g

[4.8]

3where p
b

is the soil bulk density, g/cm . The numeric procedure that

estimates 38
f
/3t is described in the next subsection.
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NUMERICAL SOLUTION

Solution to [4.4] and [4.7] was obtained numerically using a

Crank-Nicholson finite difference scheme. The following boundary con-

ditions were used for the heat flow solution:

T
1

= F
1

(t) x = 0.0 cm t > 0

T
30

= F
30

(t) x = 17.0 cm t > 0

where T
1

and T
30

are specified temperatures at nodes 1 and 30 which are

at the soil surface and 17.0-cm depth, respectively. T
1

and T
30

are

functions of time F
1

(t) and F30(t), respectively.

Initial conditions were:

T = F(x) 0 < x < 17.0 cm t = 0

ae
f

= 0.0 0 < x < 17.0 cm t = 0

where F(x) indicates a relation of T and position.

The one-dimensional space domain was subdivided using 0.1-cm space

increments near the soil surface, expanding to 2.0-cm increments at the

17.0-cm depth. A constant time increment of 20 sec was used during the

simulations. The Crank-Nicholson finite difference scheme for [4.4],

with the provision for variable time steps, is given, following Jame

and Norum (1980), as:



138

Ax1 Ti x =0.0cm T1 =Specified temperature

a2,I32,Y2,Af2,Ax2 T2
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x=0.1cm

x=0.2cm

T28 x =13.0cm

28 unknowns

a29213292Y29111f29Ax29 T29 x =15.0cm

Ax30 T30 x =17.0cm T30 =Specified temperature

Figure 4.1 Schematic for deriving the finite difference equations
for heat flow. Specified temperatures are at T1 and
T30.

A1, C1,

A2, C2, Ax2, Af2

A29, C29, Ax29, Af29

A30, C30, Ax30

Figure 4.2

ow°

ew

ew2

ew3

ew28

ew29

ew30

ew3i

fictitious node to simulate zero flux

x =0.0cm

x =0.1cm

x =0.2cm

30 unknowns

x 13.0cm

x =15.0cm

x =17.0cm

fictitious node to simulate zero flux

Schematic for deriving the finite difference equations
for water flow. Fictitious nodes at Gwo and en/ are
used to simulate zero flux at the boundaries.
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[4.9]

Subscript i and superscript n denote space and time, respectively.

Finite difference equations for [4.9] were derived using the

schematic shown in Figure 4.1. The equation for i=2, using the known

boundary temperatures and rearranging to place all of the knowns on the

right-hand side, is:

[-a(2)-a(2)-Y(2)]T(2) n+1+ a(2)T(3)n+1=

-(3(2)T(1 )n+l-a(2)T(1)n4a(2)+a(2)-Y(2)]T(2)n-a(2)T(3)n-LfpfAf(2)
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and for i=29 the equation is

B(29)T(28)11+14-a(29)-8(29)-Y(29)]T(29)n+1 =

-8(29)T(28)n+[a(29)+13(29)-Y(29)]T(29)n-a(29)T(30)n+l-a(29)T(30)n

-L
f
p
f
Af(29)

All of the intermediate equations have the same general notation as

[4.9]. The resulting system of 28 equations and 28 unknown T's formed

a tridiagonal matrix which was solved using the Thomas algorithm (Wang

and Anderson, 1982).

Boundary conditions for the water flow solution were specified as

zero flux at the top and the bottom of the column during both freezing

and thawing. The zero flux boundary condition implied a closed system

where the driving force (30w/3x) for water flow at the top and bottom

of the column was zero:

ae
w

ax

ae
w

ax

=0 x = 0.0 cm t > 0

=0 x =17.0 cm t > 0
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Initial conditions were specified as:

w
= G(x) 0 < x < 1 7 . 0 cm t = 0_ _

ae
f

- 0.0 0 < x < 17.0 cm t = 0
at

where G(x) describes the relation of Ow and depth.

The Crank-Nicholson finite difference scheme for [4.7] is given,

following Jame and Norum (1980), as:

where

CO
n+1

+(-A-C-1)(3
n+1

+AO
n+1

w,1-1 w,1 w,i+1

P
f-CO

n
. +(A+C-1)O

n
-A0

n
+ Af.

w,1-1
.

wo.. +1 p
1

(Dn+1

n+1 n n n+1

A= i+1 D i Di+1+ Di)At (unitless), and

4(Ax.+Ax. )Ax.
1 1+1 1+1

(D
n+1

+ D
n+1

+ Dn + D n )Atn+1C= i i-1 i
D.

(unitless).

4(Ax.+Ax.
1+1

)Ax.

[4.10]

Finite difference equations for [4.10] were derived using the

schematic shown in Figure 4.2. Reflective nodes (Taylor and Luthin,
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1978) at the top and bottom of the column were used to estimate the

zero flux condition. These nodes have also been termed fictitious or

imaginary (Gerald and Wheatley, 1984; Wang and Anderson, 1982). For

the case when zero flux is specified at x=0.0 cm:

36w
flux = -D o

3x

aew

'

By writing the driving force, as a central difference quotient the
3x

fictitious nodes can be eliminated at the top and the bottom of the

soil column.

e
w

6

-D3x
1

[ w'2 14,O1 = 0
2tx

x=0

Solving for 6 gives:
w,0

e
w,0 w,2

and also implies, from the functional relationship of D(614), that:

D
0

= D
2



A similar analysis can be made at x = 17.0 cm giving:

and

e
w,31 01,4,29

D31 = D29
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The finite difference equation for i=1, using the known boundary fluxes

and rearranging to place all of the known quantities on the right-hand

side of the equation, is:

[-A(1)-C(1)- ]e
w
(1)n+1-F[A(1)+C(1)]e

w
(2)n+1=

[A(1)+C(1)-1 ]ew(1)n-q-A(1)-c(1)]ew(2)n

and for i = 30

[A(30)+C(30)]ew(29)11+1+ [-A(30)-C(30)-1]814(30)n+1=

PA(30)-C(30)]014(29)n+ [A(30)+C(30)-1]ew(30)n

All of the intermediate equations have the same general notation as

[14.10]. Sink or source terms are present at Nodes 2 through 29 and
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correspond to those written for the temperature solution (Fig. 4.1).

The resulting system of 30 equations and 30 unknowns formed a

tridiagonal matrix which was solved using the Thomas algorithm.

The finite difference form of the heat flow equation given by

[4.9] was solved treating only T as an unknown at t+At. However, upon

inspection of [4.9] A, cp, and Lf are also unknowns at time t +Lt.

Further, it can also be shown that A, cp, and Af are all functions of T

resulting in a non-linear system. Fortunately, both A and cp are

weakly temperature dependent (Part 2) and during the small time steps

it is assumed that an = A
n+1

and cp
n
= op

n+1
. In the case of Af, it

n
cannot be assumed that of = Of

+1
. The approach used to evaluate Af

(30
f
/at) will be discussed later.

The finite difference form of the water flow equation given by

[4.10] was also solved treating only Ow as an unknown at t +Lt.

However, water diffusivity, D, is unknown at time t+At and, in contrast

to A and cp, D is strongly dependent upon Ow (Figure 2.3). Small time

and space steps were used in an attempt to linearize the water flow

solution.

The critical element of this model lies in the estimation proce-

dure of the sink/source term for heat and water flow. Previous

investigators have employed different strategies for estimation of Of.

Harlan (1973) indicates that an optimization procedure must be incor-

porated into the computational scheme and that a solution must be

iterated between the heat transfer equation and the mass transfer

equation. Unfortunately, Harlan does not provide any details of his
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procedure. Taylor and Luthin (1978) use a coefficient whose magnitude

is adjusted between time steps so that the calculated water content

agrees with that given by the soil water freezing characteristic.

Taylor and Luthin report results with no iteration between the heat and

water flow equation. Jame and Norum (1980) make a first estimate of Af

by the heat transfer equation using the apparent soil heat capacity.

Apparent soil heat capacity differs from soil heat capacity in that the

apparent soil heat capacity includes the latent heat of fusion. They

indicate that iteration was then carried out between the heat and water

flow equation. No information is provided on the criteria used to stop

the iteration. The procedure used to estimate Af in this thesis is

different from the methods reported in the literature.

The change in ice content, Af, in Equations [4.9 and 4.10] was

estimated using the following procedure. The flow diagram (Fig. 4.3)

shows where the estimation procedure fits into the overall heat and

water flow model. The only variable that is allowed to change during

this estimation procedure is Af. That is, the tridiagonal coefficient

matrices set up using Equations [4.9 and 4.10] remain unchanged during

the estimation of Af. Similarly, the components in the right-hand

sides of Equations [4.9 and 4.10] remain unchanged with the exception

of Af. When the time step is advanced, the coefficient matrices and

the right-hand sides of Equations [4.9 and 4.10] are updated using cur-

rent temperatures, water contents, and transport properties. During a

time step (Fig. 4.3):

1. Af = 0

2. Solve for T at time t + At using Equation [4.9] and Af = 0.
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3. UGW (Fig. 2.5) is determined as a function of temperature.

P4. Af = (OLDUGW UGW) --12, where OLDUGW is the unfrozen
P
f

gravimetric water content at the node at time t, and UGW is

the anticipated unfrozen gravimetric water content at the node

at time t + At. The change in unfrozen gravimetric water con-

tent from time t to t + At is assumed to be a consequence of

water freezing. When ice is forming, Af is positive and when

ice is melting, Af is negative.

5. Af' = Af/At.

6. Solve for T at time t + At using Equation [4.9] and Af'.

7. Solve for 6w at time t + At using Equation [4.10] and Af'.

8. Temperature (Fig. 2.5) is determined as a function of

T(6 g). Recall that 6w = Og pb.

9. The average temperature using T and T (6 ) at time t + At is

obtained as: T
av

= [T + T(0 )]/2.

10. UGW' (Fig. 2.5) is determined as a function of Tay.

P
b

11. Af = (OLDUGW UGW')
7)7"

12. Af" = Af/At.

13. Solve for T at time t + At using Equation [4.9] and Af".

14. Solve for e
w

at time t + At using Equation [4.10] and Af".

15. Calculate the volumetric fractions of air, water, and ice.

16. Advance the time by At.

17. Calculate the heat and water transport properties.
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Figure 4.3 Flow diagram for the heat and water flux simulation.
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RESULTS AND DISCUSSION

Heat and mass flow for 21 and 22 March 1982, when the soil froze

to a depth of 1.5 cm between the hours of 0100 and 0830 in the bare-

surface treatment, was simulated for a closed system using Equations

[4.9] and [4.10]. Measured soil surface temperatures (Fig. 3.9)

provided upper boundary temperatures, T1 = Fl(t). This simulation will

be called Test 1. The time step was held constant at 20 sec because of

the rapidly changing soil water contents both during the freezing cycle

and thawing cycle. Grid points were spaced at 0.1-cm increments from 0

to 1 cm; 0.2-cm increments from 1.2 to 2.0 cm; 0.5-cm increments from

2.5 to 5.0 cm; 1.0-cm increments from 6.0 to 9.0 cm; and 2.0-cm incre-

ments from 11 to 17 cm. Small space increments were used near the

surface where the soil was freezing to better estimate the fluxes of

heat and water during both freezing and thawing.

Simulated soil temperatures for the bare-surface treatment during

21 and 22 March 1982 are shown in Fig. 4.4. The penetration of the

predicted diurnal temperature wave follows that shown for the measured

soil temperature in Fig. 1.6. Maximum predicted soil temperature at

1.0, 2.0, 9.0, and 11.0 cm occurred at 13.5, 13.5, 15.7, and 16.3

hours, respectively. By comparison, maximum measured soil temperature

at these same depths occurred at 14.0, 14.0, 16.3, and 17.0 hours,

respectively. Comparisons of predicted and measured soil temperature

at 1.0 and 2.0 cm are shown in Fig's. 4.5 and 4.6, respectively.

Measured soil temperature regressed with predicted soil temperature at

the 1.0-cm depth yielded a regression equation with a slope of 1.07 and
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ment during 21 and 22 March 1982 at the 0.5, 1.0, 2.0,
3.0, 5.0, 9.0 and 13.0-cm depths. Measured tempera-
tures at the surface and 17.0-cm depth are also shown.
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Comparison of predicted and measured soil temperature
at the 1.0-cm depth for the bare-surface treatment
during 21 and 22 March 1982.
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at the 2.0-cm depth for the bare-surface treatment
during 21 and 22 March 1982.
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an r
2

= 0.995. Standard error of the estimate was 0.63°C. Regression

analysis at the 2.0-cm depth yielded a regression equation with a slope

of 1.06 and an r
2

= 0.997. Standard error of the estimate was 0.49°C.

Simulated gravimetric water content, 8g, in soil layers 1.0-cm

thick compared favorably with measured 8g for the 21 and 22 March

simulation. Measured 8g, shown in Fig. 1.3, contains both solid and

liquid water and is expressed on a gravimetric basis. Simulated 8g

also contains both liquid and solid and is expressed on a gravimetric

basis. Simulated 8g in the top 4.0 cm of soil are shown in Fig. 4.7.

A comparison of simulated and measured gravimetric water for the 0- to

1.0-cm soil layer is shown in Fig. 4.8. There are some discrepancies

between the measured and simulated values. Measured 8g exhibits a dis-

tinct peak at 0600 hours. This is in sharp contrast to the plateau-

shaped curve of the simulated 8g. Recall, from Part 1, that 8g was

measured in the field at about 1-hour intervals. It is thought that

the distinct peak in measured 8 is an artifact of the sampling

frequency. More frequent measurements would have given a curve having

a shape similar to the predicted 8g. Simulated 8g increases sharply at

about 0130 hours and rises to a plateau of about 0.49 gig. This in-

crease is consistent with the predicted temperatures which are

generally colder than the measured values at these same hours (Fig.

4.5). The relationship of sub-zero temperature to unfrozen gravimetric

water content was shown in Fig. 2.5. Predicted sub-zero temperatures

are used to estimate the change in ice content hf. The strength of the
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sink/source term in the water flow equation [4.6] is established by Af.

A large decrease in sub-zero soil temperature during a time step

results in a large sink term, and, consequently, a large increase in ef

at the node. In contrast, measured e increases at a slower rate to a
g

maximum of 0.45 g/g at 0600 hours. Both simulated and measured

gravimetric water content decrease sharply at about 0700 hours when the

ice, 8
f,

melts and water, 8 drains back to deeper soil depths.

Soil ice content, 8
f'

was decreased or increased depending on the

sign of Of. The sum of Of and 01.1, expressed on a gravimetric basis,

increased during freezing and decreased during thawing (Fig. 4.8). The

water component, 6
w'

at various soil depths is shown in Fig. 4.9.

Water flows in response to water content gradients and sink or source

terms. Liquid water was added to storage or removed from storage based

on the rate of change of ice in the soil. During the freezing cycle,

w
decreased as liquid water was removed and stored as ice. During the

thawing cycle, Ow increased as ice was removed from storage and added

back into the system as liquid water. The sudden increase in 8w in the

top 2 cm, at about 0800 hours, is a consequence of rapid soil warming

(Fig. 4.4), thereby melting ice to decrease 8
f
and increase 0

w
.

Gradual increases in e
w

after 0800 hours at depths greater than 2 cm

are a consequence of water draining from previously frozen layers

backed into the lower soil profile.

A closed system does not allow water to enter or exit at the

boundaries. For this closed system simulation, the final water content
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of the 0- to 17-cm profile was 5.4699 cm, which compares to a starting

value of 5.5286 cm. This difference represents an error of 1.06 per-

cent, which suggests that the numeric method and the bookkeeping of ice

and water are generally accurate.

Predicted soil frost for the bare-surface treatment during the 21

and 22 March simulation compared favorably with the measured soil frost

(Fig. 4.10). Predicted frost was estimated from the simulated soil

temperature (Fig. 4.4). The soil was considered frozen when the tem-

perature at a node was less than or equal to 0.0°C. Freezing point

depression of the soil water solution was estimated to be -0.016°C

(Part 2). Predicted frost depth was about 0.5 cm deeper than the

measured soil frost depth; however, the duration of predicted frozen

soil differed by less than 0.5 hours from the measured time of complete

soil thawing.

A second heat and water flow simulation was conducted using

predicted exchange surface temperatures as specified upper boundary

temperatures. This simulation will be called Test 2. Recall, from

Part 3, that predicted exchange surface temperature, during the

nighttime, was nearly 3.0°C colder than the measured soil surface

temperatures. Measured soil surface temperatures were used for upper

boundary temperatures in Test 1. A comparison of measured and

predicted surface temperature was shown in Fig. 3.9. In Test 2 the

soil froze to a depth of 3 cm as compared to a measured frost depth of

1.5 cm. Associated with the cold surface temperatures and accelerated

soil freezing was a corresponding increase in simulated 0g in the top 3
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cm of soil (Table 4.1). Temperature and Ow profiles at 0630 hours are

shown in Table 4.2.
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Table 4.1. Comparison of predicted and measured gravimetric water plus
ice content at 0630 hours on 22 March 1982. Test 1 was
conducted using measured soil temperatures as upper bound-
ary conditions. Test 2 was conducted using predicted
exchange surface temperatures (Part 3) as upper boundary
conditions.

Depth
increment Test 1 Test 2 Measured

CM gravimetric water g/g

0-1 0.48 0.47 0.44
1-2 0.38 0.44 0.23
2-3 0.21 0.29 0.24
3-4 0.22 0.14 0.25
4-5 0.22 0.18 0.26

Table 4.2. Comparison of predicted and measured soil temperature and
water content at 0630 hours on 22 March 1982. Test 1 was
conducted using measured soil temperatures as upper bound-
ary conditions. Test 2 was conducted using predicted
exchange surface temperatures (Part 3) as upper boundary
conditions.

Depth Test 1 Test 2 Measured Test 1 Test 2 Measured

cm temperature °C 0
w

cm3/cm3

0.0 -0.4 -2.19 -0.14 0.25 0.07

0.5 -0.26 -1.74 0.25 0.07
1.0 -0.24 -1.38 0.0 0.26 0.09

2.0 -0.04 -0.74 0.4 0.27 0.15
3.0 0.31 0.22 0.8 0.28 0.15 0.32
4.0 0.65 0.60 1.3 0.28 0.21 0.32
5.0 0.99 0.95 1.8 0.29 0.23 0.32
7.0 1.67 1.62 2.0 0.30 0.25 0.31

9.0 2.34 2.28 2.6 0.30 0.26 0.31

11.0 2.96 2.90 3.2 0.31 0.27 0.31

13.0 3.53 3.48 3.9 0.31 0.28 0.31

15.0 4.04 4.01 4.5 0.31 0.28 0.31

17.0 4.50 4.50 4.5 0.31 0.28 0.31
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CONCLUSIONS

A heat and water flow model was developed to simulate the freezing

of soil during nighttime radiation frost. When the soil freezes, water

migrates from moist subsoil layers to the freezing front, thereby in-

creasing the water content of the freezing layer. The modeling

approach used here has generally been termed a hydrodynamic approach.

This approach has been successful in laboratory experiments; however,

few experiments have been conducted to test the model's usefulness un-

der field conditions.

The frost model was developed using a number of simplifications

and assumptions. In the water flow model, it was assumed that water

flux could be adequately described using the isothermal liquid dif-

fusivity model and water sink or source terms that were based on the

rate change of ice content within the freezing soil. Likewise, it was

assumed that heat flux could be adequately described by conduction and

heat sink or source terms based on the rate change of ice content

within the freezing soil. The relationship of unfrozen water content

and sub-zero temperature provided a means to link the heat and water

flow equations. A new method was used to estimate the strength of the

sink/source term for heat and water flow. This procedure was a two-

step method. The first step estimated heat flow using no sinks or

sources of heat. The second step improved on the heat and water flow

solution by including a sink or source that was estimated from the

results of the first step.

Results from the heat and water flow model compared favorably with

field-measured values of soil temperature, frost depth, and water

content. Field observations were made during a 24-hour period when the
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soil froze during the night and thawed during the day. Currently, the

model is driven by specified soil temperature at the upper and lower

boundaries. Zero water flux is specified at the upper and lower bound-

aries. The usefulness of this model can be improved by expanding the

model to be driven by easily measured weather variables.

Transport of heat and water in the vapor phase were not included

in this model. Further development should include vapor flux com-

ponents and tests to consider the importance of vapor flux over short-

and long-term freezing events.

Sinks and sources of heat were estimated using a two-step proce-

dure. Further developments using this modelling approach need to

include a new optimization procedure that allows a fast iterative solu-

tion of the heat and water flow equations.

Procedures used to evaluate the heat and water flow transport

coefficients appear to be satisfactory as evidenced by the good agree-

ment of the measured values of temperature and water content compared

to the simulated values. Soil heat capacity and thermal conductivity

were calculated using mechanistic models that included ice in the

system. Soil water diffusivity, as a function of water content, was

determined on unfrozen soil. It was then assumed that the diffusivity

functional relationship applied to water in partially frozen soil.

Additional research needs to be conducted on methods to calculate

isothermal and thermal liquid and vapor diffusivities of frozen soil.

Heat and water flow models, such as the one presented here, could then

be used to further evaluate the transport coefficients over a wide

range of soil conditions and for various time intervals.
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