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ABSTRACT 

Revegetation of semi-desert rangeland is dependent on 

rainfall, weather, and soil factors affecting seed 

germination and seedling establishment. To aid in predicting 

seed zone temperature and moisture following rainfall, a 

weather driven one-dimensional computer model was developed 

to simulate the simultaneous flow of heat and water within a 

bare semi-desert soil. The Newton-Raphson method was used to 

solve the surface energy budget equation for surface 

temperature. The coupled soil heat and water flow equations 

were then solved numerically using the weighted average 

finite-difference method to calculate the subsurface 

temperature (Ts) and water content (Ov) profiles. Weather data 

and soil thermal and hydraulIc properties were the only 

required inputs to the model. 

The model was tested using two data sets collected in 

the Altar Valley of Arizona during the summer rainy season of 

1988. Data set 1, collected from calendar day (CD) 198 to 

205, was used to calibrate the model. Calibration tests 

revealed that the model markedly underestimated Ts when 

measured values exceeded 37°C. Underestimation of Ts was 

found to be related to overestimation of latent heat flux. 
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Therefore, the modelled latent heat flux was reduced as a 

linear function of air temperature (Tair ) when Tair > 30 ·C. 

Also, soil thermal conductivity values predicted by the 

de Vries model had to be reduced 80% in order to achieve 

acceptable agreement between measured and modelled Ts' Data 

set 2, from CD 191 to 195, was then used to validate the 

calibrated (modified) model. 

Results obtained with data set 2 indicated that the 

modified model accurately simulated Ts at 0.01 m depth even 

when the measured Ts at that depth exceeded 50 ·C. Simulated 

Ts values for the soil profile were generally within ± 3 ·C 

of the measured values. Results also showed good agreement 

between modelled and measured net radiation flux densities. 

In addition, the modified model predicted surface layer (0 -

0.03 m) moisture content remained wet enough for seed 

germination, Le. 8y > 0.09 m3 m-3 , 

longer than indicated by measured 

values. 

about 24 to 36 hours 

(resistance block) 8y 
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CHAPTER 1 

:Ih"TRODUCT:ION 

Probabilities of rangeland grass seed germination and 

seedling establishment are strongly influenced by the thermal 

and moisture conditions within soil seedbeds following 

rainfall events. Successful grass re-establishment on 

southwestern united states rangelands is dependent on timing 

of rainfall, evaporation rate, soil physical properties, and 

shape of surface features as related to water availability. 

Many Southwestern grasses require at least 3 days of 

available water for seedling survival. Two periods of surface 

soil water availability of 5 to 7 days long separated by a 

dry period of 6 to 33 hours long were associated with 

successful grass seedling emergence (Roundy et al., 1991). 

Soil water was considered to be available for grass seed 

germination and growth when the volumetric water content was 

above 0.09 m3 m-3 (Winkel and Roundy, 1991). 

Revegetation of rangelands in the Southwest is often a 

risky endeavor, since germination of seeds is dependent on 

the amount and the frequency of rain. Germination is also 

dependent on soil characteristics and weather conditions 

(between rainfall events) that affect soil temperature and 

moisture. If soils dry too quickly after rain, seeds may not 
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germinate. If seeds germinate, soil moisture may not be 

adequate to support seedling growth until the next rain. In 

order to predict the likelihood of successful seed 

germination and seedling establishment in rangeland soils, 

there is a need to develop models that can accurately 

simulate temperature and moisture conditions within the seed 

zone following rainfall events. Thus, given a rainfall event, 

a time series of actual or simulated weather data, and soil 

characteristics we would like to be able to predict 

conditions that seeds (and seedlings) are likely to 

experience for extended periods following the rainfall event. 

The model should be physically based such that it can 

adequately account for soil thermal and hydraulic 

characteristics and weather conditions specific to a 

revegetation site. Ideally the model should be reasonably 

simple with as few data requirements as possible. Also, the 

model should be adaptable for use with readily available 

personal computers. 

Over the past two decades several numerical models of 

coupled heat and water flow within soil have been developed 

(e.g. Hammel et al., 1981; Milly, 1982; Lascano and van 

Bavel, 1983; Chung and Horton, 1987). Most of the models have 

been developed to solve a particular problem such as two

dimensional heat and moisture flow within soil beneath a 

layer of mulch (Chung and Horton, 1987). Some models (e.g. 
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Hammel et al., 1981; Lascano and van Bavel, 1983) 

significantly underestimate surface soil temperatures under 

relatively warm conditions, which often occurs in the semi

desert rangelands of the Southwest. Some models do not 

account for heat exchange between the soil and atmosphere 

(i. e. boundary condi tions at the soil. surface are value 

specified). If the models do account for heat exchange, 

neutral atmospheric conditions are often assumed, which 

seldom occurs especially over semi- desert rangelands. Also, 

a few of the relatively complex numerical models available 

have never, apparently, been validated. As such, there is no 

single numerical model available that could be applied 

directly to the problem of simulating temperature and water 

content conditions in the seedzone of bare rangeland soils 

undergoing revegetation. 

Development and application of a heat and water flow 

model to the rangelands of the southwestern United states 

would allow the prediction of the amount and distribution of 

water contents as well as the variations in the temperature 

within the soil profile as a function of soil physical 

properties and meteorological conditions. This would have 

direct utility for selecting appropriate wildland sites for 

natural and artificial revegetation. 

The objectives, therefore, of this study are: 

1. To develop a weather driven one-dimensional computer 
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model (HWFLOW) to simulate coupled heat and water flow in a 

bare rangeland soil. 

2. To run numerical experiments with the HWFLOW model to 

predict soil temperature and water content profiles using i) 

thermal and hydraulic parameters developed for a grassland 

sandy loam soil in the Altar Valley near Tucson, Arizona, and 

ii) weather data collected during the summer of 1988 at a 

grassland site in the Altar Valley. 

3. To statistically evaluate the model by comparing 

predicted and measured soil temperatures and water contents 

for the grassland site. 
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CHAPTER 2 

LITERATURE REVIEW 

Philip and de vries (1957) developed a theory of 

non isothermal moisture flow in liquid and vapor phases. They 

presented a set of partial differential equations describing 

the simultaneous transfer of heat and moisture in soil. 

De Vries (1958) extended this theory to include moisture and 

latent heat storage in the vapor phase, the heat of wetting, 

and the advection of sensible heat by water. 

Cary (1966) presented simple equations to describe 

thermally induced moisture flow near the soil surface which 

arises from transient thermal gradients produced by the 

diurnal temperature cycle. Calculations of the moisture flux 

by Cary (1966) indicated that thermal water transport (i.e. 

liquid and vapor movement in response to temperature 

gradients) should be considered whenever moisture, salt, or 

heat fluxes near the soil surface layer are studied. 

Rose (1968a,b) conducted a 6-day field experiment on a 

loamy sand soil to test the theory of water transport in a 

bare soil for situations where water flux can arise from 

gradients in temperature as well as from gradients in soil 

water suction, temperature, or vapor pressure, and by 

gravi ty • The results indicated that immediately following 
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saturation of the soil, the net vapor flux densities in the 

top 12 cm soil layer were of comparable magnitude to flux 

densities in the liquid phase, even at suctions as low as 200 

cm of water. At suctions greater than 5000 cm of water, 

changes in water content were achieved almost entirely by 

vapor transport. The results indicated also that the liquid 

flux arising directly from temperature gradients was 

unimportant. The direction of vapor flux oscillated in 

response to the diurnal variability of the soil temperature 

gradient. Vapor flux was downward during the day, except 

within a very shallow surface layer where the flux was 

upward. It was upward during the night when the surface was 

cooler than the soil below. 

Sasamori (1970) used the theory by Philip and de Vries 

(1957) to model the coupled transport of heat and moisture in 

soil for his study of the interaction between the earth's 

surface and the atmospheric boundary layer. The model was 

used to simulate a (precipitation-free) period of evaporation 

from the soil and did not include the hysteresis effect. 

Van Bavel and Hillel (1975) presented a dynamic model 

that uses specified initial conditions, thermal and hydraulic 

properties of the soil as well as the radiant and heat 

balance conditions at the soil - atmosphere interface to 

calculate water content and temperature profiles of a bare 

soil. The model simulates the simultaneous flow of heat and 
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moisture in a vertical soil profile. The model accounts for 

the influence of water movement upon the transport of heat, 

but neglects the effect of the temperature field upon water 

movement as all water is presumed to move in the liquid 

phase. Neutral atmospheric conditions were assumed in the 

model. The model predicted that after six days of drying the 

daily evaporation rates from the bare soil declined from an 

initial 11 rom day·1 to 3 rom day·1. During the course of the 6 

day simulation period the model predicted increasingly warmer 

soil temperatures and larger diurnal soil temperature 

variability. 

Schroeder et ale (1978) described a model used to 

simulate two-dimensional transfer of heat and moisture in 

soils. The model includes the effects of the environment and 

subsurface sources and sinks. It also considers irregular 

soil surfaces by using a finite element grid to fit the shape 

of the surface. They concluded that the isothermal soil -

water equation is satisfactory for predicting gross movement 

of the soil moisture, but prediction of the moisture movement 

near the soil surface is more accurately obtained with the 

coupled equations. 

Sophocleous (1979) presented results from a numerical 

model of water and heat flow in an unsaturated-saturated flow 

domain. The influence of coupling the isothermal and thermal 

equations on diurnal subsurface moisture and heat transfer 
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was evaluated by comparing the isothermal and non-isothermal 

transient numerical solutions to the heat and water transport 

problem. The results showed that under wet conditions the 

isothermal model may be used to predict pressure head and 

temperature profiles on a short-term basis. However, for 

long-term simulations under extended drying conditions, the 

coupled model only should be used in studies of seasonal 

influences on water transport. 

Hammel et ale (1981) developed a numerical model to 

investigate the dynamical aspects of heat and water flow in 

the upper soil layers with the emphasis on the effects of 

conventional tillage fallow and no-till on these processes 

and on the seed zone water content. simulations over 15 day 

intervals were used to verify the model with measured 

meteorological variables and soil properties. The results 

showed that the predicted and measured water content 

distributions across the seed zone generally agreed within 

0.01 kg kg-'. Exclusion of thermally induced vapor flow in the 

model gave a predicted evaporative loss higher than when 

thermally induced vapor flow is included. This resulted in 

poorer agreement between measured and simulated soil water 

content distributions. 

Schieldge et ale (1982) simulated the diurnal variations 

of soil temperature and moisture content for a bare 

agricultural field. The simulation pertained to the first 72 
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hours of drying, from saturation, of a sandy clay loam soil. 

The results were compared to field measurements of soil 

temperature and water contents. There was generally good 

agreement between calculated and measured values of soil 

temperature. But modelled water contents did not agree with 

observed diurnal variations evident at depths of 0.04 m or 

more below the surface. 

Milly (1982) used the theory of Philip and de Vries 

(1957) and of de Vries (1958) to formulate a detailed, 

numerical simulation model of moisture and heat flow in 

porous media. The model includes the effects of hysteresis 

and the heat of wetting on the transport processes. A finite 

element method was used to numerically solve the non-linear 

partial differential equations. since neither analytic 

solutions of the entire set of equations nor experimental 

data were available, the numerical model has been subjected 

to a variety of tests for validity. These tests include some 

problems that have analytic solutions. The results showed 

that the computer code performed well in simulating the 

coupled flow equations. 

Lascano and van Bavel (1983) used a model proposed by 

van Bavel and Hillel (1976) to calculate water and 

temperature profiles over 30 days for a bare soil profile. 

The model used the hydraulic characteristics of the soil and 

standard meteorological data as inputs. The calculated 
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profiles were compared to actual measurements made 

periodically over the same period of time. The predicted 

water content values for different soil layers were within 1 

standard deviation of the average measured values. The 

predicted temperature profiles were wi thin 1°C of the measured 

values. The soil surface temperatures were correctly 

predicted in the range of 25 to 37°C and underestimated for 

temperatures above 37 °C. 

Camillo et al. (1983) developed a computer model for the 

upper soil layer (2 m) and lower atmospheric boundary layer 

for use with remotely sensed data. The model included both 

energy and moisture balances, and used the predictor/ 

corrector integrator with an automatically changing time step 

which stabilized the model and increased its efficiency. 

Surface heat and moisture fluxes were computed from standard 

meteorological data. The model was tested using 44 hours of 

continuous weather and soil data from a bare soil site. The 

resul ts indicated that, using daily maximum surface 

temperatures for calibration, the estimated hourly surface 

temperatures agreed with measurements to better than 1 °e. The 

predicted water contents showed diurnal changes at the 

surface 0 to 0.05 m layer. 

Chung and Horton (1987) developed a computer model using 

an alternating direction implicit (ADI) finite difference 

method to study two-dimensional coupled heat and water flow 
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within soil covered partially by a surface mulch. The model 

uses the soil surface energy balance equation to determine 

soil surface boundary conditions for both heat and water 

flow. The model includes the effects of water vapor on heat 

and moisture flow only at the soil surface. Only the heat 

flow part of the ADI method was tested through comparison 

with an analytical solution. The results indicated that large 

spatial variations in temperature and soil water content were 

predicted near the interface of mulch and bare soil surface. 

The soil hydraulic properties have important roles in 

controlling soil surface water content. They did not have 

actual field data for testing the model. 

Horton (1989) developed a method to model two

dimensional heat and water flow in soil as influenced by 

shading from a row crop. An explicit finite-difference method 

was used to predict soil temperature and water content as 

influenced by soil surface evaporation in the absence of 

water uptake by roots. The numerical solution was compared 

with an analytical solution. The heat and water flow in the 

vapor phase as well as the effect of atmospheric stability 

conditions on sensible and latent heat transfer were not 

considered in the model. The results showed that surface and 

subsurface temperatures closely agreed with the analytical 

solution. 

Bach (1992) conducted a laboratory experiment to study 
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the soil water movement in soil columns in response to 

temperature gradients. The results showed that a significant 

effect of the temperature gradient ( 0.5 °c cm- 1) was found at 

an initial water content of 0.15 m3 m-3 • There was no effect 

of temperature gradient on water movement at initial water 

contents of 0.00, 0.049, 0.099, and 0.28 m3 m-3 • Thus, water 

movement in response to temperature gradient was found to be 

relatively unimportant for very wet and very dry soil. 
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CHAPTER 3 

MATERIALS AND METHODS 

In this chapter, the field experimental procedures and 

laboratory measurements carried out for the research will be 

described in detail. 

3.1. Field Experiment 

My modeling study of coupled heat and water flow within 

soil was conducted in conjunction with a revegetation project 

at the Anvil Ranch, about 65 kilometers southwest of Tucson, 

Arizona (Winkel and Roundy, 1991). The location of the 

experimental site is shown in Figure 3.1. The purpose of the 

project was to determine the effects of various types of soil 

surface modifications on emergence and establishment of 

seeded range grasses. In the overall experiment there were 

four surface modification treatments and a control (no 

surface modification). Surface modification treatments 

include the effects of light and heavy cattle trampling, a 

land imprinter, and a chisel plow all applied to 4 blocks in 

a split-plot design. Each replicate soil plot was 6 X 6 m. 

The field part of the project was conducted from 1987 through 

1989. 

The elevation of the site is 1207 meters with a west-
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Figure 3.1. Location of the Anvil Ranch site. 
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east slope of 1 to 3 t. The latitude and longitude of the 

site are 310 N 50/ and 1110 W 25/, respectively. The soil is 

classified (Hendricks, 1992) as a Sonoita sandy loam (fine, 

mixed thermic Ustollic Haplargid). Vegetation near the site 

(Roundy et al., 1991) is Chihuahuan semi-desert grassland 

dominated by mesquite (Prospois juliflora Swartz), snakeweed 

(Gutierrezia sarothrae Pursh) , and native grasses including 

Arizona cottontop (Digitaria California Benth. Henr.), and 

purple three-awn (Aristida purpurea Nutt.). The climate is 

characterized by hot summers and cool winters. Average annual 

precipitation is 328 mm, of which 60-70 % falls as intense 

convective thundershowers between July and November (U.S. 

Department of Commerce, 1987). 

3.1.1. surface Modification Treatments 

Intensive soil temperature and water content 

measurements were collected in three areas. These areas were 

either 1) heavily trampled by cattle, or 2) impacted by a 

mechanical land imprinter (Dixon and Simanton, 1980), and or 

3) left unmodified as a control area. The three soil areas 

selected for detailed temperature and water content 

measurements were maintained free of grasses and weeds by 

periodic herbicide applications. 

The control (area 3) treatment involved no soil surface 

manipulation to a 2 X 5 m plot except for cutting of grasses 
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and weeds prior to the study. Only measured soil temperatures 

and water contents during the summer of 1988 from the control 

treatment were used to validate the computer model. 

3.1.2. Data Aquisition 

Soil temperature, soil water content, and weather data 

were collected at 30 minute intervals from June 28, 1988 (day 

178) to September 25, 1988 (day 269) using 3 Campbell 

Scientific Inc. (CSI, Logan, UT) CR-10 data loggers. Three 

32-channel CSI AM32 relay scanners were used in combination 

with the CR-10 data loggers to record soil and environmental 

data at multiple locations within the three selected study 

areas. A CSI 21X Micrologger was used to record reflected 

shortwave radiation during September, 1988. All data were 

transferred automatically from data logger to cassette tape 

for later laboratory processing. 

3.1.2.1. Soil Temperature Measurements 

Soil temperatures were recorded within each of the 3 

areas. Half-hour mean temperatures were recorded with 30-gage 

type-T thermocouples at depths of 0.01, 0.02, 0.03, 0.04, 

0.09, and 0.13 m below the surface of each area. To 

facilitate temperature measurements at these 6 depths, 

plastic probes (0.002 m i.d. and 0.15 m long) with 6 

thermocouples imbedded in Dow Corning 100 % silicone rubber 



30 

were fabricated. An array of 4 probes was inserted vertically 

into areas 1 and 3. Spacing between probes within an array 

was about 0.25 m. A spatially averaged temperature at each 

depth was obtained by wiring the 4-probe array thermocouples 

at each depth in parallel. In addition, half-hour mean 

temperatures were recorded with 24-gage ~ype-T thermocouples 

at depths of 0.19, 0.30, 0.50, 0.60, and 0.75 m below the 

surface of the control area (area 3). 

3.1.2.2. soil water Measurements 

Soil water content was measured with calibrated Coleman 

fiberglass soil cells (Coleman and Hendrix, 1949). The 0.02 

m wide cells were positioned vertically within the soil. 

Centers of cells were at 0.02, 0.05, 0.09, 0.13, and 0.19 m 

below the surface in the control area. Measurements at each 

depth were replicated at three locations. A calibration 

equation was developed for the Sonoita soil from 17 cells 

inserted in undisturbed soil cores. Gravimetric water content 

of the cores and electrical resistance of the cells were 

measured for two drying cycles (Roundy et al., 1991). 

3.1.2.3. Weather Data 

Standard weather data including air temperature (1.8 m 

height), relative humidity (1.8 m height), solar radiation 

(1.8 m height), net radiation (1.8 m height), wind speed (2.0 
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m height), and precipitation (2.0 m height) were collected 

with a Campbell Scientific Inc. automated weather station at 

the site. Rainfall was measured with a Tipping Bucket Rain 

Gage (Texas Electronic, Inc., TE525, Dallas, TX). Net 

radiation (Radiation Energy Balance System (Fritschen), Q6, 

Seattle, WA) was measured at two locations over the control 

area. The incoming solar radiation was measured with a Licor 

LI 200S pyranometer (LI-COR, Inc., Lincoln, NE). Reflected 

solar radiation was measured using an inverted Epply 

pyranometer (model no. 14710, Providence, R.I.). Air 

temperature and relative humidity were measured by a 207 

Temperature and RH Probe (Phys-Chem Scientific Corp., New 

York, NY). The wind speed was measured by a 014A Met One Wind 

Speed Sensor (Met One, Inc., Grants Pass, OR). The CR 10 

execution interval was one minute and data were averaged over 

a 30 minute period. 

3.1.2.4. Soil Surface Albedo, a 

On September 25, 1988 soil surface albedo (a), defined 

as the ratio of reflected to incoming shortwave radiation, 

was measured as a function of soil water content. In this 

experiment the soil surface was initially saturated with 

water (using a sprinkling can) and surface soil samples (0 to 

0.01 m) were collected at 30-minute intervals for 3 hours. 

The soil samples were oven dried and the gravimetric water 
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content was measured. The computer model did not account for 

any sun angle effects on albedo. The relationship between 

albedo and the volumetric water content is shown in Fig. 3.2. 

Appendix A includes the values used to develop this 

relationship. 

3.2. Laboratory Measurements 

Disturbed and undisturbed soil samples were collected 

from the surface layer (0.0 to 0.20 m) to determine the 

following basic soil physical properties: 

1. bulk density 

2. particle size 

3. saturated hydraulic conductivity 

4. soil moisture characteristic curve 

The values of these properties are required as inputs to 

the simulation model. The disturbed soil samples were air

dried for 24 hours then sieved. The mass of soil particles 

larger than 2 millimeter (gravel) was determined. The gravel 

mass was about 24 % of the total mass (gravel + soil) of the 

disturbed samples. 

3.2.1. Bulk Density 

Undisturbed soil samples were collected using 

cylindrical cores (0.04 m long and 0.052 m i.d.). The cores 

were put in soil sample cans, weighed and then oven dried at 
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105°C for 24 hours and weighed again to determine the dry 

mass of the soil. The average bulk density (Pb) was determined 

and its value is given in Table 3.1. The residual soil water 

content (Or)' defined by van Genuchten (1980) as the soil 

water content at permanent wilting point, was considered to 

be the lowest soil water content obtained after oven drying 

the soil. The average value is also given in Table 3.1. 

3.2.2. Particle Size Analysis 

Particle size for the surface layer was determined by 

the hydrometer method (Day, 1965). Soil sand, silt, clay, and 

gravel fractions are given in Table 3.1. 

3.2.3. Saturated Hydraulic conductivity 

The saturated hydraulic conductivity, Ksat ' was measured 

in four undisturbed soil samples using the constant head 

method as described by Klute and Dirksen (1986). The 

measurements were repeated 3 times for each sample. The 

average (± SO) value for the samples was 1.09 ± .38(10-5 ) 

m s-'. 

3.2.4. soil-Water Characteristic Curve 

The soil water release curve for the experimental site 

was obtained for soil matric potentials ranging from 0 to -

1.5 MPa using three different techniques. For the wet range 
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from 0 to -20 kPa of water potential, a Buchner funnel was 

used with a hanging column. The undisturbed soil samples were 

saturated with a 0.008 M Caz S04 solution and then were 

allowed to drain under -2.5, -5, -10, and -20 kPa potential. 

The water content and the height of the water column were 

determined at each equilibrium stage. For the intermediate 

range from -5 to -50 kPa water potential, Tempe Pressure 

Cells (Soil Moisture Equipment Co.) were used. Disturbed soil 

samples were placed in the cells, saturated and pressure was 

applied. At equilibrium, with no outflow from the sample, 

water content was determined by oven drying. For the dry 

range, measurements at -100, -300, and -1500 kPa potential 

were taken using the pressure chamber. The samples were 

allowed to equilibrate for more than 96 hours and the soil 

water contents were determined gravimetrically. A six-order 

polynomial equation was developed to relate soil water 

potential to the volumetric water content. The resulting 

pressure potential (m) and the volumetric water content 

relationship are shown in Fig. 3.3. 
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Table 3.1. Physical properties of the Sonoita soil. 

Physical property Value 

Bulk density (Mg m-3 ) 1. 61 

Gravel (vol. fraction) 0.149 

Sand (vol. fraction) 0.313 

silt (vol. fraction) 0.106 

Clay (vol. fraction) 0.048 

8 sat (m3 m-3 ) 0.389 

Or (m3 m-3 ) 0.0115 

Ksat 
(m s-1) 1.09 X 10-5 
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CHAPTER 4 

HEAT AND WATER FLOW MODEL 

4.1. Governing Equations 

The partial differential equations governing one-

dimensional simultaneous heat and water flow in a porous media 

under the influence of moisture content and temperature 

gradients can be written (Philip and de Vries, 1957) as: 

4.1.1. Heat Flow Equation 

(1) 

The first term on the right-hand side of the equation is 

the heat flux due to the combined effects of pure conduction 

and vapor distillation in response to a temperature gradient. 

The second term represents the vapor distillation effects 

induced by a moisture gradient. 

In equation (1): 

Cv = volumetric heat capacity of the soil (J m-3 °C-1) 

Ts = soil temperature (oC) 

t = time (s) 

Z = depth (m) 

l = apparent soil thermal conductivity (J m-1 s-1 °C- 1 ) 
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L = latent heat of vaporization of water (J kg"1) which can 

be computed as a function of temperature by: 

L=3.149 (10)6 - 2.37 (10)3 (Ts +273.16) (2) 

Pliq = liquid water density (kg m"3) 

8 = volumetric soil water content (m3 m"3) 

D = isothermal water vapor diffusivity (m2 s"1) 8vap 

4.1.1.1. Volumetric Heat capacity, c y 

The volumetric heat capacity of the soil (J m"3 °C"1) is a 

weighted average of the heat capacities of its components (de 

Vries, 1963), and can be expressed as: 

where: 

Ci = volumetric heat capacity of the ith soil 

constituent 

Xi = volumetric fraction of the ith soil constituent 

N = total number of the distinct components of the 

soil 

(3) 

The typical components of a soil are water, air, quartz 

particles, other minerals (silt and clay), and organic matter. 

The volumetric heat capacities and the thermal conductivities 

suggested by de Vries (1963) are presented in Table 4.1. 

since gravel particles for the experimental site represent 24% 
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by mass of the soil components, its volumetric heat capacity 

and thermal conductivity are also included in Table 4.1. The 

volumetric heat capaci ty as a function of water content 

calculated for the Sonoita soil is illustrated in figure 4.1. 

The figure shows that increasing water contents between 

0.05 and 0.35 causes Cv to increase from 1.4 to 2.7 MJ m-3 °C-1 

4.1.1.2. Soil Thermal Conductivity, A 

The apparent thermal conductivity, A, that contains the 

combined effects of pure conduction and vapor distillation due 

to a temperature gradient is calculated as a weighted average 

of the conductivities of the individual components in the soil 

and is expressed after de Vries (1963) as: 

where: 

N = total number of distinct components of the soil 

Ai = thermal conductivity of the ith constituent 

Xi = volume fraction of the ith consti"tuent 

(4) 

Ki = ratio of the average temperature gradient through 

soil granules to the average temperature gradient of 

the medium as a whole. It depends also on the shape 

and the orientation of the soil particles. For 

spheroidally shaped particles, Ki is calculated as 
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content. 



Ki=(~) [1+( ~i-1)gi]-1+(~) [1+(~i_1)(1-2gi)]-1 (5) 
o a 

where: 

Ao = thermal conductivity of the medium (liquid or air) 

gj = shape factor of the ith constituent. 
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Assuming that the liquid phase is the medium, the value 

of ga (air) is considered a function of moisture content and 

is expressed as (Kimball et al., 1976): 

ga = 0.013 + ( 0.022 + 0.298 ) e, 
ewp E 

(6a) 

e > 8"1' (6b) 

where: 

e = soil porosity 

Bwp = volumetric water content at wilting point (-1.5 MPa) 

ga = 0.035 when air is the continuous medium 

The values of the shape factors for quartz, minerals (silt + 

clay), gravels, and organic matter are given in Table 4.1. 

De Vries (1963) suggested that for values of Bv higher than 

some critical water content (0.03 for coarse soils and 0.05 to 

0.1 for fine soils), liquid water is used as a continuous 

phase and the expression for thermal conductivity becomes: 
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A = Kww8Aw+KawXaAav+KqwXqAq+KMwXMAM+KowXoAo+KgwXgAg 
Kww8 + KawXa + KqwXw + KMwXM + KowXo + KgwXg ( 7 ) 

where: 

Xa = volume fraction of air in the soil (Xa = € - 8) 

The weighting factors Kqw' I).w' Kow' Kaw' and KgW depend on the 

ratio of specific thermal conductivity 'of quartz, minerals 

(silt and clay), organic matter, air, and gravel to that of 

water (Kww=1). At very low water contents, 8 < 8 critical' air is 

considered as the continuous phase and an equivalent 

expression is used, 

In this case the 1.25 is an empirical correction factor 

suggested by de Vries to provide better agreement with the 

experimental data and Kaa =1-

When temperature gradients exist in soils, the apparent 

thermal conductivity of the air-filled pores is composed of a 

part due to normal heat conduction, Aa , and a part due to 

vapor movement, Av. The enhanced thermal conductivity is then 

described (de Vries, 1963) as: 

(9) 

where: 

Aa = conductivity of dry air alone(=2.513 (10-2 ) W m- 1 °e-1) 

Av = conductivity of water vapor which can be given as: 
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Av = h L Datrn V P (10) 

where h is the relative humidity of the air filled pores, 

L is the latent heat of vaporization of water, Datm is the 

molecular diffusion coefficient of water vapor into air, v is 

the mass flow factor, and ~ is the derivative of the saturated 

vapor density with respect to temperature. All these variables 

are defined in detail in the isothermal and thermal water 

vapor diffusivity sections (4.1.2.2 and 4.1.2.4). 

The values of the thermal conductivities and the shape 

factors for the different components of the soil are given in 

Table 4.1. The computed soil thermal conductivities of the 

experimental site as a function of water content and 

temperatures are plotted in figure 4.2. The curves are 

similar, reflecting the rapid increase of the thermal 

conductivities with water content near dryness (8v=O.075). The 

temperature effects decreased with increasing water contents. 

4.1.2. Water Flow Equation 

The water flow equation is expressed by Philip and de 

Vries (1957) as: 

ae_ a [(D +D ) ae+(D +D ) aT]+aK(e,T) (11) 
at - az 6liq 6vap aZ Tliq Tvap aZ aZ 

The terms on the right-hand side of the equation include 

the moisture flux caused by moisture gradients, temperature 

gradients, and gravity, respectively. 
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Table 4.1. Thermal properties of soil constituents1 • 

Soil constituent Cv A g 

J m-3 °c-1 W m- 1 °c-1 

water 4.188 (106 ) 0.574 ..... 
Air 1. 256 (106 ) 0.025+Av text2 

Quartz 1. 926 (106 ) 8.794 0.125 

Other minerals(silt&clay) 1. 926 (106 ) 2.931 0.125 

Gravel 1. 926 (106 ) 6.3393 0.144 

organic matter 2.531 (106 ) 0.025 0.5 

1- (after de Vrles, 1963). 

2- described in section 4.1.2.2 (soil thermal conductivity) 

3- (after Jumikis, 1983). 
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where: 

8 = volumetric soil water content (m3 m-3 ) 

t = time (s) 

Z = depth (m) 

T = temperature (K) 

K (8, T) = unsaturated hydraulic conductivity (m s-1) 

The transport coefficients, DOliq ' DOvap, DTliq , and DTvap for the 

"later flow equation are defined in the following. subsections 

(4.1.2.1 to 4.1.2.4). 

4.1.2.1. Isothermal Liquid water Diffusivity, DOliq 

DOliq = K(e I T) ~t (12) 

where: 

* = soil matric potential (m) 

K(8,T) = unsaturated hydraulic conductivity (m s-1) corrected 

for the temperature effect on soil moisture content 

and is calculated (Milly, 1984b) as: 

K(8,T) = K(8) KT(T) (13) 

K(8) = unsaturated hydraulic conductivity (m s-1) as a 

function of soil water content and is described by 

the empirical equation (van Genuchten, 1980) as: 

K(e) = Ksat; 81/2 [ 1 - ( 1 - 8 11m }m ] 2 (14) 

E = reduced soil moisture content given as: 

8 sat = saturated soil water content (m3 m-3 ) 
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8 r = residual soil water content (m3 m-3 ) 

Ksat = saturated hydraulic conductivity at reference 

temperature (m s-') 
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(15) 

KT(T) = temperature correction factor (Milly, 1984b) given 

by: 

n = kinematic viscosity of water at 20°C reference "0 

temperature, Le. 1.01 (10-5) m2 s-' at 20°C 

To = reference temperature at which the saturated 

hydraulic conductivity was determined (oC) 

(16) 

'7 = kinematic viscosity (m2 SO') at actual temperature T 

The relation between '70 and '7 is given by Campbell (1985): 

_ [ To + 27 3 . 16 ] 6 

11 - 110 T+273.16 
(17) 

The isothermal liquid water diffusivity and the hydraulic 

conductivity calculated for the sonoita sandy loam soil at the 

~nvil Ranch are shown in figures 4.3 and 4.4. Figure 4.3 shows 

that increasing the water content from 0.12 to 0.34 increased 

the Doliq by about 3 orders of magnitude. The values at 50°C 

were twice the values at 10 °C. The hydraulic conductivities 

(Fig. 4.4) increased with increasing water content. The values 
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at 50°C were about 1.5 times larger than the values at 30 °C. 

This effect is due to viscosity. 

4.1.2.2. Isothermal water Vapor Diffusivity, D~~ 

D. =D f(6) v Psat hgMw (~) (m 2 s-1) (18) 
6vap atm P R ( T + 27 3 16) a6 liq s • 

where: 

Datm = molecular diffusion coefficient of water vapor 

into air (m2 s·1). It is a function of soil 

where 

temperature and can be calculated as 

(Kimball et al., 1976): 

5 [ Ts + 273.16 ] 1.75 Datm = 2.29 XIO-
273.16 

Ts = soil surface temperature (oC) 

(19) 

f(O) = porosity and tortuosity factor that represents the 

reduced volume available for vapor diffusion due to 

the soil matrix and the water content. The f(O) 

factor is given by Jackson et ale (1974) as: 

f(6) ='t(e-6) (20 ) 

T = tortuosity factor for diffusion of gases in soils 

(:::::0.67) 

€ = soil porosity 

v = mass flow factor introduced to account for the mass 



flow of water vapor arising from the difference in 

boundary conditions governing the air and vapor 
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components of the diffusion system. It is calculated 

following Kimball et al. (1976) as: 

v = p 

[p_ (h Psat R (Ts +273.16) )] 

Mw 

(21) 

P = atmospheric pressure (Pa) and can be given as a 

function of elevation as (List, 1958): 

p = p ( 288 - 0.0065 Z) 5.256 (22) 
a 288 

Po = atmospheric pressure at sea level (=101325 Pa) 

Z = elevation of the site (m) 

h = relative humidity of the air filled pores. It is 

a function of both soil temperature and water content 

and is calculated according to Edlefson and Anderson 

(1943) as: 

h - e [ IV g Mw 
- xp R(Ts +273.16) 

(23) 

g = acceleration due to gravity (= 9.81 m2 s-') 

Mw = molecular weight of water vapor (= 0.018016 kg mol-') 

R = gas constant of water vapor (= 8.3144 J mol-' K-') 

Psat = saturated vapor density (kg m-3 ) that can be estimated 

from Ts (Kimball et al., 1976) as: 

Pliq = liquid water density (kg m-3 ) and is given by 



Psat: = 103 exp(6.0035 - 4975.9 ) 
Ts +273.16 

Fritschen and Gay (1979) as: 
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(24) 

Figure 4.5 illustrates the isothermal water vapor 

diffusivity (Devap) for the Sonoita sandy loam soil at the 

Anvil Ranch calculated as a function of water content at 

different temperatures. The figure shows that Devap increases 

by about 6 orders of magnitude as volumetric water content 

decreases from 0.35 to 0.05. The Devap values increase rapidly 

with increasing temperature. The values at 50°C are about one 

order of magnitude larger than the values at 10 °C. 

4.1.203. Thermal Liquid water Diffusivity, DTliq 

(26 ) 

DT1iq = K( e I T) 1J1 C. 

where: 

C. = temperature dependence of soil water potential, " at 

fixed soil water content, O. It is computed according 

to the capillary model of moisture retention which is 

given by Miller and Miller (1956) as: 

c, .. = 1~1 = 
'I' ljj aT e 

1 

°liq 

d0 1iq 

dT 
dPliq 

dT 
(27) 
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Figure 4.5. Isothermal water vapor diffusivity as a 
function of water content and temperature. 
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where: 

a l iq = surface tension eN m-') 

Pliq = liquid water density (kg m-3 ) 

For pure, free water at 20°C , C. ~ -1. 7 (10-3 ) °C-, 

(Miller and Miller, 1956). Philip and de Vries (1957) 

suggested a value of -2.09 (10-3 ) °C-, for the same 

coefficient. Jury and Miller (1974) experimentally determined 

C, and gave data suggesting a C, of the order of -10-2 °c-' for 

a wet sand. Taylor and stewart (1960) reported the same value 

(-10-20C-') for a silt loam soil. Milly (1984a) used a value of 

-6 (10-3 ) °c-' for his computations of the moisture and heat 

transfer in a porous media. Bach (1992) found that C. had a 

significant influence on nonisothermal water movement. She 

also found that using the value suggested by Philip and de 

Vries (1957) improved the agreement between simulated and 

measured water content profiles. Therefore, in my model the 

value (-2.09 (10-3 ) °C-') given by Philip and de Vries (1957) was 

used. Figure 4.6 illustrates the calculated thermal liquid 

water diffusivity at different temperatures as a function of 

water content. The figure shows that the DTliq values increase 

by about 3 orders of magnitude as the water content increases 

from 0.08 to 0.32. Also, temperature changes have only a small 

effect on Drliq values. 
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Figure 4.6. Thermal liquid water diffusivity as a function 
of water content and temperature. 
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4.1.2.4. Thermal water Vapor Diffusivity, DTY~ 

(m 2 s -1 0 C-1 ) (28) 

where: 

p = the derivative of saturated vapor density with 

respect to temperature and is calculated by 

Kimball et ale (1976) as: 

p = apsat = Psat [ 4975.9 ] ( kg m -3 0 C-1 ) (29 ) --aT" ( Ts + 27 3.16 ) 2 

C = temperature enhancement factor which was introduced 

by Philip and de Vries (1957) as a necessary 

correction since the average magnitude of the 

temperature gradient in the air filled pores 

exceeds the magnitude of the overall, i.e. 

macroscopic, temperature gradient due to the 

differences in the thermal conductivities among the 

various phases. This thermal gradient ratio is a 

function of temperature and water content. Philip and 

de Vries (1957) values of C range from 1.3 (porosity 

= .7, 8y = 0.1) to 3.2 (porosity =.3, 8y = 0). Milly 

(1984b) suggested the following expression to 

calculate C, 
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( 30) 

where: 

Ki = the ratio of average temperature gradient in the ith 

constituent in the soil to the average temperature of 

the bulk medium 

Ka = the Ki ratio when air is the continuous phase 

Xi = the volumetric fraction of the ith soil constituent 

N = total number of the distinct component of the soil 

Equation 30 is valid for volumetric water contents down 

to the critical water content of each soil, 8 critical=O. 03 for 

coarse texture, 8critical = 0.05 to 0.1 for fine text.ure, as 

defined by de Vries (1963). The calculated thermal water vapor 

diffusivities as a function of water content and temperature 

are plotted in Figure 4.7. This figure shows that DTvap reached 

its maximum value at 8v of 0.07. Also, the figure illustrates 

·that D is sensi ti ve to temperature changes and less Tvap 

sensitive to the water content, except at low water content. 

4.2. Initial and Boundary Conditions 

To solve the nonlinear partial differential water and 

heat flow equations (Eqs. 1 and 11), initial and boundary 

conditions must be described for soil water content and 

temperature throughout the soil profile. 
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Figure 4.7. Thermal water vapor diffusivity as a function 
of water content and temperature. 
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4.2.1. Initial condition 

The initial temperature condition required at the 

beginning of the simulation was arbitrarily chosen to be 31.9 

°C. This value represents the average soil temperatures 

measured from 0.01 m down to 0.5 m depth during the field 

experiment (from June 28 to September 25, 1988). An initial 

water content of 0.07 m3 m-3 (water content at -1.5 MPa) was 

chosen as the ini tial water content since the simulation 

always starts when the soil is dry (just before rain event). 

4.2.2. Boundary Conditions 

In this study, flux type boundary conditions (Neumann 

condition) for water flow was used at the soil/air interface. 

Value-specified boundary conditions (Dirichlet condition) were 

used for heat flow at the soil/air interface and for heat and 

water at the bottom boundary. 

4.2.2.1. Surface Condition for Heat Flow 

A set of temperature dependent equations describing the 

parti tioning of the energy at the soil surface is solved 

implicitly using the Newton-Raphson iterative method (Mason, 

1983) to determine the surface soil temperature, Ts' as the 

only unknown in the equations. The predicted temperature is 

then used as the upper boundary value when solving the heat 

flow equation. 
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The energy balance equation used in calculating Ts at a 

bare soil surface is given as: 

Rn - H - LE - Gs = 0 

where: 

Rn = net radiation (W m-2 ) 

H = sensible heat flux density (W m-2 ) 

LE = latent heat flux density (W m-2 ) 

Gs = soil heat flux density (W m-2 ) 

( 31) 

These components are described in the following sUbsections 

(4.2.2.1.1 to 4.2.2.1.4). 

where 

4.2.2.1.1. The Net Radiation Flux Component, Rn 

Net radiation of the soil surface can be expressed as: 

(W m-2 ) (32) 

Rs = incoming shortwave radiation (W m- 2) (measured and 

used as input value to the model) 

a = soil surface albedo (calculated as a function of soil 

water content) 

e = soil surface emissivity which is calculated as a 

function of soil water content for a loam soil (van 

Bavel and Hillel, 1976) as: 

e = 0.9 + 0.18 a (33) 

Rl = incoming longwave radiation (W m-2) that is given as: 
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(34) 

Ea = atmospheric emissivity calculated (Campbell, 1977) 

as: 
(35) 

Ec = clear sky emissivity estimated by Idso and Jackson 

(1969) as: 

ec =1-0 . 261 exp [- 0 . 000777 (273.16 - ( Tair + 27 3.16) ) 2] (36) 

Cf = mean fractional cloud cover estimated as: 

(37) 

r = the effective daily atmospheric transmissivity for 

shortwave radiation under clear sky (r = 0.7) 

Ra = daily mean extraterrestrial solar radiation flux 

density (W m-2). It is calculated for each day of the 

year (Lee, 1978) as: 

R = ( 443.88) [cosq>cos5 (sincf>-cf> coscf»] 
a 2 

Is 

rs = ratio of actual to annual mean distance between earth 

and sun, calculated (Lee, 1978) as: 

Is=l -0.01667cos (0.01721J) -0.00089sin (0.01721J) (39) 

J = day of the year [J = 1 (Jan-1), J = 365 (Dec-31)] 

~ = latitude of the site (radians) 

o = solar declination (radians), given after Samani and 
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Pessarakli (1986) as: 

l> = -0.0017 -0.4117cos [0.01721 (J+15)] 

-0.042185sin [0.01721 (J+15)] 

+0.00163 cos [0.03442 (J+15) ] 

+0.00208sin [0.03442 (J+15)] (40) 

~ = half day length angle (solar azimuth angle measured 

from sunrise to solar noon), expressed by Lee (1978) 

as: 

~ = cos-1 ( - tanq> tanl» ( 41) 

(J = Stefan-Boltzmann constant «(J = 5.67 X 10-8 W m-2 K- 4) 

Tair = air temperature (oC) measured at screen height (2 m) 

Ts = soil surface temperature (oC) 

4.2.2.1.2. The Sensible Heat Flux component, H 

The sensible heat flux density is formulated as: 

( 42) 

where: 

Pair = air density (kg m-3 ) , approximated as: 

p 
Pair = 287 (Tair +273 .16) (43) 

P = atmospheric pressure (Pa) 
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C
p 

= specific heat of air (Cp= 1010 J kg-' K-') 

r ah = stability corrected aerodynamic resistance (s m-') to 

sensible heat transport and is given as 

(Kustas et al., 1989): 

( s m-1 ) 
(44) 

Z = screen height (m) at which all the meteorological 

measurements were taken 

Zo = soil surface roughness length for momentum (m). A value 

of 0.01 m is used in the simulation model. The same 

value was used by van Bavel and Hillel (1976) for a 

bare loam soil surface and by Hammel et ale (1981) for 

a no-till soil surface 

Z~ = soil surface roughness length for sensible heat (m) 

that can be calculated (Brutsaert 1982; Eq. 5.29) as: 

1 

Zoh = 7 .4 Zo exp ( -2.46 Zo! ) (m) ( 45) 

Equation 45 is used because the simulation site is 

considered to be a bluff-rough surface, defined by Brutsaert 

(1982) as impermeable obstacles with a height that is not 

large as compared to their aspect width normal to the mean 

flow, e.g. a plowed field, rigid vegetation with very large 

leaves. 

Z~ = roughness Reynolds number, formulated by 



Brutsaert (1982) as: 

u. = friction velocity (m s-'), calculated as: 

U. = k u ( In ~ ) -1 

Zo 

k = von Karman's constant (~0.4) 
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( 46) 

(47) 

u = wind speed (m s-') measured at the screen height (z) 

kw = kinematic viscosity of water vapor in air 

(=1. 509 (10-5) m2 s-' at 20°C) 

'm = stability correction factor for momentum 

'h = stability correction factor for sensible heat 

The stability correction factors have different values 

depending on the stability conditions of the atmosphere. 

under neutral conditions: 'm = 'h = 0 

under stable conditions: Choudhury et al. (1986) showed that: 

where: 

"m = "Ph = 
[b- (b 2 -4ac)o.S] 

2a 

a = 1 - 5 RiB 

b 1 Z . 1 Z = n - - 10 R1. n -
Z B Z 

oh 0 

(48 ) 

(48a) 

(48b) 

(48C) 
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and 

RiB = bulk Richardson number calculated as: 

under unstable conditions: The following expressions were used 

to calculate the stability correction factors, 

1J.1m = 2 In [ ( 1 +X) ] +In [ ( 1 +X2 ) ] -2 tan-1 X+2E. 
222 

1 

X = (1 -16 ~ ) "4 

1+X2 
1J.1 h = 2 In ( 2 ) 

(50) 

(50a) 

(SOb) 

(51) 

Equations 50, 50 a, and 51 were suggested by Brutsaert 

(1982). Equation (50 b) was given by Byun (1990). 

4.2.2.1.3. The Latent Heat Flux component, LE 

(52) 

where: 

L = volumetric latent heat of vaporization given as 

(Forsythe, 1964): 

L = 2.4946 (109) - 2.247 (106) Ts (53) 



P = density of moist air (kg m-3 ) air 

Pliq = density of liquid water (kg m-3 ) 

Qs = specific humidity at the surface calculated as: 

(0.622 es) 
Os = 

(P -0.378 es ) 

P = atmospheric pressure (Pa) 
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(54) 

e s = vapor pressure (Pa) at the soil surface given as: 

(55) 

h = relative humidity of the air filled pores of soil 

* e Ts = saturated vapor pressure at surface temperature (Pa) , 

calculated as (Brutsaert, 1982): 

e; =101325 exp (13.3185 Y-l, 976 y2_ .6445 y3_ .1299 y4) (56) 
D 

y = 1- ( 373.16 ) (56a) 
(Ts+273 .16) 

Qair = specific humidity of air, given as: 

Qair = 0.622 eair ) 

P - 0.378 eair 

RH = measured relative humidity of air 

(57) 

(57a) 

e*Tair = saturated vapor pressure (Pa) at air temperature 

ray = stability corrected aerodynamic resistance for water 

vapor (s m- 1), calculated after Brutseart (1982) as: 
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[ ln~ -lJ.1 ] [In 2 -lJ.1 ] 
Zo m Zov v (58) 

Zov = soil surface roughness length for water vapor (m) 

calculated (Brutsaert, 1982) as: 

Zov = 7.4 Zo exp[ -2.25 (zo+)v. ] (59) 

The stability correction factor for latent heat, 'v' is 

assumed equal to 'h for the different stability conditions of 

the atmosphere. 

4.2.2.1.4. The Soil Heat Flux component. Gs 

The soil heat flux density (Gs) at the soil surface is 

determined in finite difference form as (Chung and Horton, 

1987): 

(60) 

where: 

A = soil thermal conductivity (J m-' s-' °c-' ) 

Ts = soil surface temperature (oC) 

T2 = temperature at 0.01 m below the surface (i. e. node 2) 

at previous time step (oC) 

Tsp = soil surface temperature (OC) at previous time step 

Cv = volumetric heat capacity of the soil (J m-3 °C-') 

~Z = space step in the vertical direction (= 0.01 m in this 

model) 
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~t = time step (= 600 s in this model) 

4.2.2.2. Lower condition for Heat Flow 

A value-specified temperature of 31.2 °c at 0.50 m depth 

is the lower boundary condition for heat flow. This value 

represents the average measured temperature at 0.5 m depth 

during the field experiment (June 28 to September 25, 1988). 

At that depth the fluctuation in the measured temperatures 

throughout the experimental period was ± 0.5 °c of the chosen 

value. 

4.2.2.3. Surface Condition for water Flow 

The soil water evaporative rate, E, was predicted from 

solving the surface energy balance equation in conjunction 

with the numerical approximation to the evaporative flux as 

described by Horton (1989). The E is used as the upper 

boundary condition for moisture content when solving the water 

flow equation. The expression used to compute the surface 

water content at a new time step, 01 j +1, is formulated as: 

6{+1 = 
64 . b.Z j ( - ) +6i (--) +PP-E-K(6 T) ] 
b.Z 2b.t ' ( 61) 

where: 

01 j +1 = volumetric soil moisture content at new (j+l) time 

step 
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02 j = volumetric soil water content at previous (j) time step 

at 0.01 m below the surface (i.e. node 2) 

~z = space step in vertical direction (m) 

~t = time step (s) 

pp = precipitation rate (m s-1) 

E = evaporative flux (m s-1) computed, from the energy 

partitioning 

Kja T = unsaturated hydraulic conductivity (m s-1) calculated , 

at the previous time step 

Djce) = soil water diffusivity (m2 s-1) calculated at 

previous time step and described by the empirical 

equation (Van Genuchten, 1980): 

Ks = saturated hydraulic conductivity (m s-1) 

° sat 
= saturated volumetric soil moisture content 

Or = residual volumetric soil moisture content 

m = 1 - ( 1 / n ) 

n '~1= values describing the shape of the soil water 

characteristic curve. These two parameters were 

determined to be 1.38 and 3.0 for n and ~1 using the 

numerical model developed by da Silva (1990). Chung 

and Horton (1987) reported the following values for 

these two parameters. The values for n were 1.38, 

1.5, and 1.54 for clay, loam, and sand, respectively. 



For ~1 the values were 0.43, 1.55, and 3.28 for the 

same soils, respectively. 

4.2.2.4. Lower Condition for water Flow 
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sInce no water content measurements deeper than 0 • 2 

meters were taken, the moisture content at wilting point (8wp 

= 0.07 m3 m-3 ) is used as a value-specified condition for water 

content at the lower boundary (0.50 m) assuming that this 

value will not affect the predicted water content at the area 

of interest in this study (i.e. from surface to 0.20 m depth). 
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CHAPTER 5 

NUMERICAL SOLUTION OF THE HEAT AND WATER FLOW EQUATIONS 

This chapter explains the numerical solution of the one

dimensional coupled heat and water flow equations and the 

features of the numerical HWFLOW model. The weighted average 

finite-difference approximation method (Smith, 1985) is used 

to obtain an approximate solution to the governing partial 

differential equations given in chapter 4. The weighted 

average method is used because it is unconditionally valid, 

i. e. stable and convergent, for all the weighting factor 

values, F, in the range 0.5 ~ F ~ 1 (Smith, 1985). 

The solution space for temperature, T(Z,t), and water 

content, 8(Z,t), consists of N equally spaced layers starting 

at the soil surface (N = 1) down to 0.50 m depth (N = 51). A 

fixed space grid (AZ = 0.01 m), a fixed time step (At = 600 

s), and a weighting factor of F = 0.7 are used. 

5.1. The Heat Flow Equation 

Applying the numerical method to the heat flow equation, 

Eq.1 can be approximated in finite difference form as: 
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where: 

i = depth index (with i = 1 at the soil surface) 

j = time index that indicates the time at which 8 and 

T are determined 

F = weighting factor (= 0.7) 

dt = time increment (= 600 s) 

dZ = space increment (= 0.01 m) 

Ti j+1 = temperature at one time step into the future 

Ti j = temperature at the present time 

8 j
j +1 = volumetric water content at one time step into future 

8 j
j = volumetric water content at the present time 

A = apparent soil thermal conductivity 

Dev = isothermal water vapor diffusivity 

The apparent thermal conductivity and the diffusivity 

between spatial nodes are estimated as geometric means of the 

values assigned to respective nodes as follows: 

(65a) 

(65b) 
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D(Ov) (1-1) = [D COV) w D(OV) (1-1) ] .5 
(65c) 

D - [D D ] .5 
(OV)W - (OV)W (OV) (1+1) 

(65d) 

since the flux-type boundary condition was used for the 

surface node, imaginary nodes are introduced outside the flow 

regime (Lapidus and Pinder, 1982). In order to describe the 

boundary condition at the imaginary node above the surface, 

node (0), the soil heat flux density, Gs ' at node (1) can be 

expressed as: 

( 66) 

where Gs is the soil heat flux density calculated using Eg. 

(60). Re-writing equation (66) in numerical form yields: 

(66a) 

Solving for the temperature at node(O) we get: 

(66b) 

Similarly, to solve for the water content at node(O) , 

the evaporative flux as described by Horton (1989) is used. 

The flux can be expressed as: 

ae 
PP - E = D CO ) ( az) - K (e , T) (67) 

Re-writing the equation in the finite difference form and 
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solving for the water content at node(O) we get: 

ej = ej - (2Az) [E+K(e, T) -pp]j 
o 2 D 1-1 

(e) 
(67a) 

To provide a better agreement between the modelled and 

the measured water contents, a constant value of 3.5 (10-7) m2 

s-1 for Dce) was used to calculate 8 oj for the range of water 

contents 0 .15 ~ 8v ~ 0.2, while a value of 3 (10-8) m2 s-1 was 

used in the range • 07 ~ 8v <0.15. Those Dce) values were 

obtained by trial and error. 

For the bottom imaginary node (N + 1), the values TjN+1= 

TjN for temperature and 8j
N+1 = 8 j

N for the water content are 

used. Using the abbreviations and rearranging the system of 

equations (64), we have 

(68) 

where: 

A = - A. 1 F 1-

B = [Cv (Az) 2 (At) -1 + F (Ai -1 + Ai)] 

C = - Ai F 

° = all the terms on the right-hand side of Eq. (64) 

Equation (68) can be wri tten for each node in the 

solution space giving N equations in the N+2 unknowns. Using 

the boundary conditions reduces the number of unknowns by two 

so that the system of equations can be solved. Equation (68) 

can be written in matrix form as: 



76 

Bl C1 0 Ttl D +F A T j +1 
1 0 0 

A2 B2 C2 Tr
1 

= 
D2 (69) 

". 

0 ... AN BN Tjj+l A j+l DN+ F N TN+l 

The coefficient matrix is symmetric and tridiagonal and 

the set of equations (69) can be solved for the new 

temperature at each node using the Thomas algorithm (e.g. 

Campbell, 1985). 

5.2. The water Flow Equation 

Similar steps will be followed to describe the numerical 

solution of the water flow equation. The implicit finite 

difference approximation of the water flow equation can be 

written as: 

+ A2 ei-l - B2 ei + C3 ei+l 

+ A4 Tl-1 - B4 Tl + C4 Tl+1 

where: 

Al = - F (DC6liq)i -1 + DC6vap)i -1) 



A2 = (1 - F) (DCOI iq)i-1 + DCOvap)i-1) 

A3 = F (DCTl iq)i-1 + D CTvap)i -1 ) 

A4 = (1 - F) (DCTliq)i-1 + DCTvap)i -1) 

B1 = [F(DCOliq)i-1+DCOliq)i+DCOvap)i-1+DCovap)i)+(Az)2/(At)] 

B2 = [(l-F) (DCOliq)i-1+DCOliq)i+DCOvap)i-1+DCOvap)i.)-

(AZ) 2/ (At) ] 

B3 = F [DCTl iq)i -1+DCTl iq)i+DCTVap)i -1+DCTvap)i) 

B4 = (1 - F) [DCTI iq)i-1+DCTl iq)i+DCTvap)i-1+DCTvap)i] 

C1 = F (DCOliq)i + DCOvap)i) 

C2 = (1 - F) (DCOliq)i + DCOvap)i) 

C3 = F (DCTliq)i + DCTvap)i) 

C4 = (1 - F) (DCTliq)i + DCTvap)i) 

K = unsaturated hydraulic conductivity (m s-1) 
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The diffusivities and the hydraulic conductivities 

between spatial nodes were calculated as geometric means as 

previously described for the heat flow equation. 

The set of equations (70) can be written in a matrix 

form as follows: 

B1Cl 

A2B2C2 

a 

". 

a aj
l +1 aj +1 

Dl + F (DOliqo + DOvap) 0 

a~+1 D2 

= (71) 

A N-1 B N-1 CN-1 a~~i DN-1 

AN BN a~+1 DN+ F (DOliQN + Dovap) a~:i 

The tridiagonal system of equations (71) can be solved 

for the water content at each node. 
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5.3. A Summary of the Features of the Model 

The simulation model HWFLOW is used to calculate the 

temperature and water content profiles of a bare soil from 

specified initial conditions, soil properties, and a set of 

time-dependent weather data for the simulation period. The 

model is developed under the following assumptions: 

1- The soil is homogeneous. 

2- The effects of hysteresis is negligible. 

3- The surface runoff is negligible. 

4- No water uptake by plants. 

The following 7 steps describe the iterative solution 

used in the simulation process: 

1- The unknown surface temperature, Ts' is solved 

iteratively assuming first that it is equal to the air 

temperature, Tair , under neutral atmospheric stability. 

2- This surface temperature value is used to calculate 

magnitudes of the surface energy balance components, Rn' H, 

LE, and Gs . 

3- The same Ts value is then used as the upper boundary to 

calculate the subsurface soil temperatures at each node of 

the solution space using the one-dimensional heat flow 

equation. 

4- The surface temperature, the updated subsurface 

temperatures, and the calculated evaporative flux, E, are 

then used to solve for the water content profile within the 
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solution space using the one-dimensional water flow equation. 

5- The solution is obtained when all the terms in the 

left-hand side of the surface energy balance equation, Eq.31, 

sum to a value equal to or less than 1 W m-2 during the 

daytime (0600 to 1800 hr) and 5 W m-2 during the nighttime 

(1800 to 0600 hr). 

6- If the criteria (step 5) for the solution is not met, 

a new surface temperature is then calculated using the 

Newton-Raphson method and the steps 2 through 5 are repeated. 

7- If the calculated surface temperature satisfies the 

criteria (step 5) and is equal to air temperature then the 

required solution is obtained for that time step. If Ts is 

greater or less than Tair then the steps 2 through 5 will be 

repeated using If functions for either unstable or stable 

atmospheric conditions, respectively. 

The HWFLOW model was used to simulate temperature and 

water content profiles. Two data sets were used to validate 

and calibrate the model. Data set one was collected during 

calendar days (CD) 198 (July 19, 1988) to 205 (July 23, 1988) 

during which the initially dry soil received 14.5, 10.2, 

10.7, and 1. 8 rom of rain on days 199, 200, 201, and 202, 

respectively. Data set 1 was used mainly to evaluate the 

accuracy of the uncalibrated model, and to determine what 

modifications were needed in the model. Figure 5.1 

illustrates the variability of the meteorological data used 
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in the simulation period of data set 1. Also, Table 5.1 

represents the nighttime and the daytime averages of the air 

temperatures, relative humidity, wind speed, and rainfall 

during the simulation period (data set 1). 

Data set two was collected from CD 191 (July 8, 1988) to 

195 (July 13, 1988) during which the initially dry soil 

received 14.2 mm of rain on day 191. This data set was used 

to validate the calibrated (modified) model. Figure 5.2 

illustrates the variability of the meteorological data used 

in the simUlation period of data set 2. 

The required inputs for the simUlation model are given 

in Table 5.2. 

The numerical method described in this chapter has been 

coded in QuickBASIC (version 4.0) for the computer execution. 

Three and one-half hours were required to simUlate 7 days 

(data set 1) of output on a 386 computer (25 MHz with a Math 

Coprocessor) • 

A listing of the computer program, an example of input 

data and output simUlation results are included in Appendix 

B. 
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Figure 5.1. Meteorological data (data set 1) used in the 
simulation model. 
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simulation model. 



Table 5.1. Average values of air temperature, relative 
humidity, and wind speed, and rainfall for the 
simulation period (Data Set 1). 

Day Tair RH Wind Rain 
(OC) (%) (m/s) (rom) 

Nighttime (1800-0600 hr) 
198-199 22.45 78.30 2.82 14.22 
199-200 21.84 79.63 2.57 10.16 
200-201 23.06 72.80 2.08 10.41 
201-202 23.57 75.88 2.05 1.78 
202-203 22.93 76.69 1. 31 0 
203-204 27.27 51. 08 2.57 0 
204-205 27.06 53.28 3.34 0 

Daytime (0600-1800 hr) 
199 27.45 57.19 3.29 0 
200 27.87 57.60 1.92 0 
201 27.88 57.77 1. 61 0 
202 28.44 55.93 2.36 0 
203 31.51 35.38 1. 88 0 
204 30.34 49.37 2.73 0 
205 31.89 42.71 2.33 0 
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Table 5.2. Input parameter values used in the simulation 
model. 

Parameter 

Soil properties 

Bulk density, Pb (kg m-3 ) 

Saturated soil water content,Osat (m3 m-3 ) 

Residual soil water content, ° r (m3 m-3 ) 

Water content at wilting point,Owp (m3 m-3 ) 

critical soil water content, Ocr (m3 m-3 ) 

Initial soil water content, ° ini (m3 m-3 ) 

Saturated hydraulic conductivity, Ksat (m s-') 

Sand, XQ (fraction) 

other minerals (silt + clay), XM (fraction) 

Organic matter, Xo (fraction) 

Gravels, XG (fraction) 

Soil surface roughness length, Zo (m) 

van Genuchten parameter, alpha (m-') 

van Genuchten parameter, n (dimensionless) 

Initial soil temperature, Tini (oC) 

Surface emissiv. as a function of water cont. 

Surface albedo as a function of water content 

Soil-water characteristic curve 

Value 

1609.7 

0.389 

0.01147 

0.07 

0.03 

0.07 

1. 1 (10-5) 

0.31293 

0.1493 

0.0 

0.14877 

0.01 

3.0 

1.38 

31.9 

Eq. (33) 

Appendix 

Fig. 3.2 
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Table 5.2. Input parameter values used in the simulation 
model. 

Parameter 

The calculated Ki ratios: 

Kqw · K ratio of quartz, water is medium · 
~ · K ratio of minerals, water is medium · 
Kow · K ratio of organic matter, water is · 

medium 

KgW · K ratio of gravel, water is medium · 
Kqa · K ratio of quartz, air is medium · 
~ · K ratio of minerals, air is medium · 
Koa · K ratio of organic matter, air is · 

medium 

Kga · K ratio of gravel, air is medium · 
Weather inputs 

Screen height of the measuring instruments 

Shortwave solar radiation, Rs (W m- 2 ) 

Air temperature, Tair (oe) 

Relative humidity, RH (fraction) 

Wind speed, U (m s-1) 

precipitation rate, PP (m s-1) 

General inputs 

site's elevation, ELEV (m) 

Incremental time step ~t (s) 

Incremental space step, ~Z (m) 

(m) 

Value 

0.2674 

0.5223 

1. 2608 

0.5395 

0.01623 

0.04697 

0.4541 

0.0418 

2.0 

measured 

measured 

measured 

measured 

measured 

1027 

600 

0.01 

85 
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CHAPTER 6 

RESULTS AND DISCUSSIONS 

simulation over a 7 day interval, day 198 (1800 hr) 

through day 205 (1800 hr), was used to verify the HWFLOW 

model predictions with measured field data (data set 1). The 

results obtained from the simulation run showed that 

predicted soil surface temperatures never exceeded 37.3 °e 

even though measured values exceeded 50 °e. Also, modelled 

subsurface temperatures were ±3 °e different than the measured 

subsurface temperatures. Analysis indicated that the 

calculated latent heat flux densities were overpredicted, 

i.e. LE was about 90 % of the simulated net radiation flux 

density even when the soil was dry at the end of the period. 

The HWFLOW model was modified to permit study of the 

effect of reducing LE and the subsurface soil thermal 

conductivity (below 0.02 m) on the predicted Rn' H, Gs ' TCZ )' 

and 0CZ). In the modified HWFLOW model, evaporation rate was 

made dependent upon air temperature and linearly reduced 

using the following relationships: 

If T <_ 30 °e air then Emod = o. 6 Eun 

If 30 °e < Tair ~ 35 °e then Emod = (3.11 - 0.085 (Tair » Eun 

If Tair > 35 °e then Emod = O. 1 Eun 

where E l'S the unmodified evaporation rate calculated using un 

Eq. 52. 
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The previous relations were obtained by a trial and 

error method that ultimately resulted in good agreement 

between the measured and the predicted temperatures. 

Soil thermal conductivities below 0.02 m depth 

calculated by the de Vries model were reduced by 80 % in 

order to improve agreement between modelled and measured 

temperatures. 

Data set 2, day 191 (1800 hr) through day 195 (1800 hr), 

was used to validate the modified model. 

In the remainder of this chapter I present the 

following: 

1- Simulated Rn' H, LE, and Gs for data set 1 using the 

modified and unmodified HWFLOW model. 

2- Simulated temperatures and water contents for data set 1 

using the modified and unmodified HWFLOW model. 

3- Simulated soil water fluxes due to thermal gradients using 

the modified HWFLOW model. 

4- Simulated Rn for data set 2 using the modified HWFLOW 

model. 

5- Simulated temperatures and water contents for data set 2 

using the modified HWFLOW model. 

6.1. Surface Energy Balance Components (Data Set 1) 

This section presents the measured and modelled net 

radiation flux densities, the other simulated surface fluxes 
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(H, Gs ' LE), and the evaporation rate (E) from data set 1. 

Modelled results were obtained with no modification and with 

modification of the evaporation rate (E) and thermal 

conductivities (A). 

6.1.1. Net Radiation Flux Density, Rn 

The simulation results of the unmodified (RN) un ' 

modified (RN~), and the measured (RN~as) net radiation flux 

densities during the simulation period are illustrated in 

Figure 6.1. Note that in this dissertation subscript "un" 

refers to results obtained with the uncalibrated model. Also, 

subscript "mod" refers to results obtained with the LE and A 

modified. 

The results show that both predicted net radiation flux 

densities were in a good agreement with the measured values. 

Linear regression of modelled versus measured net radiation 

flux densities indicate that RN~ gave slightly better 

agreement than RNun • Coefficients of determination (r2) were 

0.98 and 0.965 for RN~as versus RN~, and RN~as versus RNun ' 

respectively. The slopes were 0.865 and 0.94 and the 

intercepts were 25.15 and 30.07 W m- 2 for RNmeas versus RNmod , 

and RN~as versus RNun ' respectively. The results from the t

tests, described by Neter and Wasserman (1974), at the 5 % 

level showed that slope values were significantly different 
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Figure 6.1. Net radiation flux densities, (a) unmodified, 
(b) modified, and (c) measured net radiation. 
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than 1.0. Also, the intercept values were significantly 

different than o. The data in Table 6.1 represent the daytime 

(0600 - 1800 hr) average of the unmodified and modified 

surface energy balance components. The results indicate that 

the net radiation values calculated using unmodified 

evaporation rate (E~) were on average 8.8 % higher than the 

values using the modified evaporation rate (E~). 

6.1.2. Sensible Heat Flux Density, H 

Figure 6.2 illustrates unmodified (Hun) and modified 

(H~) sensible heat flux densities. The results shown in both 

Figure 6.2 and Table 6.1 indicate that the daytime average 

for H~ values during the wet period (days 199 through 202 

when rain occurred) was 40.9 W m-2 and increased to 69.4 W m-2 

during the drying period (days 203 through 205 when there was 

no rain). The unmodified sensible heat flux values failed to 

show the same trend of increase as drying proceeds since the 

surface energy balance components were dominated by the 

unmodified latent heat flux density. Table 6.2 presents 

modelled sensible, soil, and latent heat flux densities as 

percentages of the modelled RN. The average value of Hmod 

during the wet period (days 199 to 202) was 12.5 % and 

increased to 18.8 % of RNmod during the drying period (days 203 

to 205). The results presented in Tables 6.1 and 6.2 indicate 

that modifying the model has the largest effect on the 



Table 6.1. The daytime (0600 - 1800 hr) average of surface energy balance 
components calculated using Eoo and E~. 

Day Unmodified heat fluxes (W m-2 ) Modified heat fluxes (W m-2 ) 

RNun H"n GS oon LE, ... E 1 ,on RNnvvI HnvvI GSnvvI LEnvvI E1 nvvI 

199 317.5 2.7 19.9 295.1 10.5 303.3 26.9 21.1 255.4 9.1 

200 341.6 17.9 32.3 291.6 10.4 322.3 43.2 36.8 243.1 8.7 

201 345.0 17.1 35.7 292.1 10.4 323.0 45.4 39.6 238.8 8.6 

202 373.9 13.1 30.1 330.5 11.8 348.8 48.2 36.8 263.7 9.55 

203 462.4 10.4 42.4 409.5 14.6 409.3 80.3 68.4 260.9 9.4 

204 327.0 -5.3 16.8 315.6 11.3 299.3 35.1 27.9 236.5 8.5 

205 437.3 -2.5 35.6 404.5 14.5 370.4 92.9 54.4 224.2 8.1 

1- evaporation rate (rom d-1) 

I 

I 

I 

I 

\0 
I-' 
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Figure 6.2. Sensible heat flux densities modelled using 
Eun and Emod • 



Table 6.2. Modelled H, Gs, and LE expressed as percentage 
of modelled RN. Percentages are given for 
simulations made with both unmodified and 
modified E. Day 199 to 202 is the wet period. 
Day 203 to 20S is the dry period. 

Day Calculated fluxes Modified fluxes 

H/RN GS/RN LE/RN H/RN GS/RN LE/RN 

199 1.9 6.3 93.0 8.9 7.0 84.2 

200 S.2 9.4 8S.4 13.4 11.4 7S.4 

201 4.9 10.3 84.6 14.0 13.3 73.9 

202 3.S 8.1 88.4 13.8 10.S 7S.6 

Ave. 3.9 8.S 87.8 12.S 10.3 77.3 

203 2.2 9.2 88.6 19.6 16.7 63.7 

204 -1.6 S.l 96.S 11. 7 9.3 79.0 

20S -2.6 8.1 92.S 2S.1 14.7 60.S 

Ave. -0.6 7.S 92.S 18.8 13.6 67.8 

93 
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sensible heat flux density, which is almost double its value 

from wet to dry period. 

6.1.3. Soil Heat Flux Density, Gs 

Modelled Gs calculated using unmodified (Eun) and 

modified (E~) evaporation rates are shown in Figure 6.3. The 

figure illustrates the effects of the variable weather 

conditions on the diurnal fluctuation of soil heat flux 

densi ty. The GSun and GS~ shifted frequently during the 

daytime hours from positive to negative and vice versa. Table 

6.1 shows that the daytime average values of the modelled 

soil heat flux densities increased as the soil dries. During 

the wet period (days 199 to 202), the average GSun and Gs~ 

values were 29.5 and 33.6 W m-2 , respectively. During the dry 

period (days 203 to 205), these values were increased to 31.6 

and 50.2 W m-2 • These results are in agreement with the 

results reported by van Bavel and Hillel (1975 ; 1976). They 

found that, as drying proceeds, Hand Gs increase 

considerably as the soil surface warms. 

6.1.4. Latent Heat Flux Density, LE, and Evaporation Rate, E 

Simulated latent heat flux densities are illustrated in 

Figure 6.4. The figure shows, as expected, that LEun values 

were always higher than LE~ values. The figure also shows 

that the maximum unmodified latent heat flux density was 658 
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Figure 6.3. Soil heat flux densities calculated using Eun 
and Emod • 
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W m-2 which occurred during the dry period (day 203), while 

the maximum modified latent heat flux density was 502 W m-2 , 

which occurred during the wet period (day 201). The results 

presented in Tables 6. 1 and 6.2 indicate that the LEun 

component of the surface energy balance was dominant 

throughout the 7 day period. The daytime average value of LEun 

during the wet period was 87.8 % of RNun and increased to 92.5 

% during the dry period. The daytime average value of LE~ 

was 77.3 % of RN~ during the wet period and decreased to 67.8 

% during the dry period. The results of Tables 6.1 and 6.2 

show also that while the modelled RN values of day 204 were 

the lowest during the dry period (day 203 to 205), the LE 

percentages were the highest. That was due to strong winds 

that exceeded 2.5 m so'. 

Figure 6.5 illustrates the cumulative evaporation 

calculated using Eun and E~. The figure shows that the 

cumulative evaporation increased rapidly in the last two days 

of the 7 day simulation. The cumulative evaporation values at 

the end of the simulation period were 107.8 and 78.8 rom for 

the Eun and E~, respectively. The results showed also that 

the average unmodified evaporation rate values during the 

nighttime was 19.7 % of the average daily values during the 

wet period (days 199 to 202) and was 19.5 % during the dry 

period (days 203 to 205). The average E~ values during the 

same two periods was 16.8 % and 20.1, respectively. That 
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increase in the evaporation rates was due to the strong wind 

speed and the higher surface temperatures predicted by the 

modified model. These results agreed with those obtained by 

van Bavel and Hillel (1975) who stated that evaporation is 

significant at night when air temperature remains above 

dewpoint and winds are strong. 

6.2. Soil Temperatures (Data Set 1) 

Diurnal variability in simulated soil temperatures (Tun' 

T~) and measured soil temperatures (T~as) at 0.01, 0.09, and 

0.19 m depths are illustrated in Figures 6.6 through 6.8. The 

results from data set 1 in Figure 6.6 indicate that the T~ 

did not exceed 37. 3 °c even at the end of the simulation 

period when the soil surface was dry and the measured soil 

temperatures reached its maximum of 57.3 °C. The T~ versus 

T~as are in general agreement with the results reported by 

Hammel et ale (1981). Their results showed a difference of 

about 15°C between the measured and simulated surface 

temperatures when the measured temperatures were more than 50 

°C. Also, Lascano and van Bavel (1983) found that their 

modelled surface temperatures were accurate within the 25 to 

37°C range. However, their model underestimated surface 

temperatures by 2 to 5 °c in the 37 to 50°C range. The T~ at 

o. 01 m depth were in better agreement with the measured 

temperatures. The better agreement was due to the reduction 
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of LE (i.e. LE~ < LEun) , which increased the sensible and the 

soil heat flux components and increased the predicted soil 

surface temperatures. The slope, the intercept, and the 

coefficients of determination (r2) for the linear regression 

between the modelled and the measured temperatures at the 

0.01, 0.09, and 0.19 m depths are given in Table 6.3. The r2 

at the 0.01 m depth were 0.83 and 0.915 for Tmeas versus Tun and 

Tmeas versus T~ , respectively. Results from t-tests showed 

that the slope values were significantly different than 1.0. 

Also, the intercept of T~ (0.563 °C) was not significantly 

different from 0, while the intercept of Tun (10.1 °C) was 

significantly different than o. 

At 0.09 m depth (Fig. 6.7) the average difference during 

the 7 day period between Tmeas and Tun was 3.25 °c with a 

maximum difference of 11°C on day 205. The average difference 

between Tmeas and T~ at the same depth was 1. 5 °c with a 

maximum difference of 4.5 °c on day 204. Figure 6.7 indicates 

also that about 12 hours simulation are needed for the model 

to correctly predict the soil temperatures at 0.09 m depth. 

This was due to using an initial temperature of 31.9 °c for 

the whole profile instead of using different temperatures 

measured at different depths. The coefficients of 

determination between Tmeas versus Tun and Tmeas versus T~ were 

0.656 and 0.859, respectively. 

At 0.19 m depth (Fig. 6.8) the average difference 
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Table 6.3. Linear regression analysis of measured versus 
modelled soil temperature. 

Depth Regression TmPR ", VS Tlln TrnPR", VS T...-,n 

O.Ol(m) Intercept (OC) 10.090 0.563 
Slope 0.542 0.945 
r2 0.830 0.915 

0.09 (m) Intercept (OC) 7.229 1.612 
Slope 0.662 0.922 
r2 0.656 0.859 

0.19(m) Intercept CC) 14.872 6.411 
Slope 0.419 0.748 
r2 0.135 0.622 
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between the measured and the unmodified temperatures during 

the simulation period was 3.7 °c with a maximum difference of 

7.8 °c on day 204. The average difference between the measured 

and the modified temperatures at the same depth was 1.5 °c and 

a maximum difference of 3.7 °c on day 205. At this depth, 

about 24 hours of simulation were required to correctly model 

soil temperatures. The r2 between Tmeas versus Tun and Tmeas 

versus T~ were 0.135 and 0.622, respectively. The results 

from t-tests showed that the slope and the intercept values 

for both 0.09 and 0.19 m depths were significantly different 

than 0 and 1. These results indicate that simple 1:1 

relationships did not occur between the modelled and the 

measured temperatures at either depth. 

Figures 6.9 and 6.10 illustrate the modelled and the 

measured temperature profiles at the midnight and midday 

hours on day 202. The results shown in these figures indicate 

that the Tun below 0.09 m depth were higher during the daytime 

and lower during the nighttime than Tmeas. Also, the figures 

show that the modified model simulates soil temperatures in 

close agreement with the measured values. The results showed 

that the thermal conductivities, predicted by de Vries' model 

(1963) with shape factors modified according to Kimball et 

ale (1976), were too large to be used in this model. 

Table 6.4 represents the maximum, minimum, and range of 

the unmodified, modified, and measured soil temperatures at 
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Table 6.4. Maximum, minimum, and the range of the modelled and measured 
soil temperatures (OC) at 0.01 m depth. 

Day Tun Tmod T_"" 

max. min. range max. min. range max. min. 

198-199 32.2 20.1 12.1 36.0 19.8 16.2 38.4 21.7 

199-200 35.2 19.8 15.4 40.5 19.8 20.7 39.8 20.3 

200-201 36.4 19.8 16.6 42.5 19.5 23.0 39.0 20.4 

201-202 36.4 21.5 14.9 46.0 21.0 25.0 47.7 21.0 

202-203 36.8 20.9 15.9 52.2 20.2 32.0 51.8 19.8 

203-204 36.1 21.7 14.4 44.7 21.3 23.4 50.6 22.0 

204-205 37.3 21.3 16.0 54.5 21.4 33.1 57.3 23.0 
_._ .. _--

range 

16.7 

19.5 

18.6 

26.7 

32.0 

28.6 

34.3 

..... 
o 
(XI 
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0.01 m depth. The results show an increase in the diurnal 

maximum and minimum temperatures as soil dries. The range of 

diurnal variability of T~ increased from 16.2 on the first 

day of simulation (day 199) to 33.1 °c on the last day of 

simulation (day 205). These results agree with those reported 

by van Bavel and Hillel (1976). Their results indicate that 

the daily surface temperature amplitude on the 10th day of 

simulation was about double the amplitude of the first day. 

6.3. Soil water content and water Flux (Data Set 1) 

6.3.1. Soil water content 

The fluctuations in the unmodified (Bun)' the modified 

(B~), and the measured (B~as) water contents at 0.01 - 0.03, 

0.08 - 0.10, and 0.12 - 0.14 m layers during the simulation 

period are illustrated in Figures 6.11 through 6.13. The 

predicted water contents at the 0.01 - .03 m layer (Fig. 

6.11) were generally higher than the measured water contents. 

The figure shows that after rain events, the average Bun and 

B~ values were about 0.26 to 0.28 m3 m-3 , while the average 

B~as values were 0.15 to 0.17 m3 m-3 • The results indicate that 

given the amount of rainfall (e.g. 10.2 rom on day 199) and 

the hydraulic properties of the Sonoita soil, the modelled By 

following rainfall are more reasonable than the measured By. 

The results show also that on day 203 the measured water 
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contents decreased faster than the modelled water contents. 

The r2 between Bmeas versus Bun and Bmeas versus Bmod at the 0.01 -

0.03 m layer were 0.40 and 0.48, respectively. The poorer 

agreement between the modelled and the measured water 

contents could be due to measurement errors. Gardner (1986) 

indicated that in the wet range, for most porous blocks, the 

resistance change with water content is low and the precision 

of measurements is low. He also stated that the porous blocks 

have not proved satisfactory in sandy soils. Also, schieldge 

et al. (1982) found that the measured and the modelled 

moisture curves show less specific agreement. They indicated 

that soil moisture content is more difficult to measure than 

soil temperature. Therefore, they concluded that measurements 

exhibit more variability, which could be attributed to the 

experimental error. 

The results showed, by the end of the simulation period, 

that the average Bun and Bmod values for the surface 0 - 0.03 

m layer were 0.113 and 0.088 m3 m-3 , respectively. The study 

by Winkel and Roundy (1991) showed that soil water is 

considered to be available for grass seed germination and 

growth when Bv was above 0.09 m3 m-3 • Given the uncertainty in 

the measured Bv ' simulation results indicate that the modified 

model can be used to predict the time interval during which 

soil water will be available for seeds to germinate following 

a rain event. 
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Figures 6.12 and 6.13 show that at lower depths, better 

agreement occurred between the modelled and the measured 

water contents. The results in Fig. 6.13 show that 8meas values 

during days 201 to 204 were higher than the modelled values. 

This could be due to the assumption that soil is homogeneous 

and has one value of Ksat and Pb. At the 0.08 - 0.10 m layer, 

the r2 between 8 meas versus 8 un and 8 meas versus 8 modi were O. 39 

and 0.68, respectively. The same r2 values at 0.12 - 0.14 m 

layer were 0.70 and 0.83, respectively. These results agree 

with those obtained by Schieldge et al., (1982). Their 

resul ts showed that the estimated error in the moisture 

measurements were from 15 to 20 % in the near surface layers 

and less than 10 % in the bottom layers. 

Figures 6.14 and 6.15 show the modelled and the measured 

water content profiles at midday on days 201 (wet period) and 

203 (dry period). The results illustrated in these figures 

indicate that at the intermediate water content (8y=.12 to 

8 y =.15) good agreement between the modelled and the measured 

water contents are obtained. 

Water content profiles on days 201 and 203 were used to 

test the mass conservation of the HWFLOW model. The average 

rate of change in the water during these two days, calculated 

as the average difference between 8y (day 201) and 8y (day 

203) times the depth of change and divided by 2, were 4.75 

and 1.50 rom day·1 for the unmodified and modified models, 
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respectively. While, the average evaporation rates during the 

same two days were 15 and 10 rom day-1 for the unmodified and 

modified models, respectively. The results indicate that the 

HWFLOW model is not mass conservative which could be due to 

overestimation of evaporation rate at the surface. 

The diurnal behavior of the simulated water contents at 

the soil surface and at 0.09 m depth are illustrated in 

Figures 6.16 and 6.17. The results showed that, at the 

surface (Fig. 6.16), 8~ decreased from .151 to .12 or by 20.5 

%. A 11.5 % recovery in 8~ from 0.12 at 1600 hr (day 202) to 

0.134 at 0630 hr (day 203) occurred during the night. The 

same behavior of the diurnal changes continued to the end of 

the simulation period. Diurnal changes in 8un at the surface 

were less than changes in 8~. The larger recovery in 8~ was 

due to the higher temperature gradients simulated by the 

modified model. 

At 0.09 m depth (Fig. 6.17) the results indicate that 

the amplitude of the diurnal change in water contents 

decreased with increasing depth. The figure shows also that 

the recovery in 8un was very small, while a maximum recovery 

of 1 % in 8~ during the daytime hours occurred at that depth. 

The increase in water contents at lower depths during the 

daytime was due to the downward flow of water from the upper 

layers caused by temperature gradients. The modelled water 

contents showed that the diurnal changes in water contents 
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can be observed as deep as 0.20 m. The results obtained by 

Jackson (1973) indicated that soil water content exhibit a 

marked diurnal variation in the surface zone of a field soil. 

The surface dries during the day and partially rewets at 

nights. The results by Schieldge et ale (1982) showed that 

the diurnal effects on water contents appears only in the 

0.02 - 0.05 m layer, but not below that. 

6.3.2. Soil water Flux 

Soil water flux calculated by the modified model for 

days 202 (wet) and 205 (dry) at 0.01 and 0.09 m depths will 

be presented. 

The total soil water flux (~) can be written after 

Philip and de Vries (1957) as: 

CJie = - [ n ( ae) + D (a T) + K(e ,T) ] 
e az T az m 8-1 (72) 

where 

De = isothermal water diffusivity = Del iq + Devap (m2 s·1 ) 

Dr = thermal water diffusivity = DTliq + Drvap (m2 s·1 °c·1 ) 

The geometric means of De' Drr and K(fJ,T) between nodes 

(N) and (N+1) were used to calculate the flux. 

Figures 6.18 through 6.21 illustrate the isothermal, 

thermal, and water flow due to gravity at 0.01 and 0.09 m 

depths on days 201 - 202, and 204 - 205. The downward flow 

was taken as positive. 
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The isothermal water flow at 0.01 m depth (Fig. 6.18, 

days 201-202, and Fig. 6.20, days 204-205) was nearly always 

upward towards the evaporating surface. The flow was downward 

only during the period (2100 to 2300 hr) on day 201 because 

of the rainfall that occurred at the 2000 hr. The simulated 

thermal water flow was upward during the night and downward 

during the daytime due to the temperature gradients. 

At the 0.09 m depth (Figs. 6.19, days 201-202, and Fig. 

6.21, days 204-205), the results showed that the isothermal 

water flow was always downward. The thermal water flux 

fluctuates from negative (upward flow) during the night to 

positive (downward flow) during the day. On days 204 - 205, 

the isothermal flow was very small and most of the flow was 

due to the thermal flow. 

Table 6.5 represents the nighttime (1800 - 0600 hr) and 

daytime (0600 - 1800 hr) average temperature, temperature 

gradient, water content, water content gradient, and the 

percentage of thermal water flux to the total flow at 0.01 

and 0.09 m depths on days 201 - 202 and 204 - 205. The 

results in Table 6.5 indicate that at 0.01 m depth on day 

202, thermal water flux during the night was 32.1 % of the 

total flux and decreased to 10.8 % during the daytime. On day 

205 at the 0.01 m depth, during the daytime, about 50 % of 

the total flow was due to the thermal flux. The temperature 

gradient during the daytime was almost twice its night value. 
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Table 6.5. The nighttime (1800 - 0600 hr) and the daytime (0600 - 1800 hr) average 
temperature, temperature gradient, water content, water content 
gradient, and the percentage of thermal to total water flux at 0.01 
and 0.09 m depths on days 201-202 and days 204-205. All temperatures, 
water contents and fluxes are simulated by the modified model. 

0.01 m depth 0.09 m depth 

(1800- (0600- (1800- (0600-
0600) 1800) 0600) 1800) 

Days 201-202 
Average temperature (OC cm-1) 24.2 33.7 28.4 30.3 
Temperature gradient (AT/AZ) 0.355 t 0.284 '" 0.377 t 0.256 '" 
Average water content (8 cm-') 0.153 0.143 0.151 0.146 
water content gradient(A8/AZ) 6.35X10-6 t 2.65X10-3 t 4.77X10-4 ", 5.53X10-4 ", 

( qtherma l/ qtota l ) % 32.1 t 10.9 '" 28.2 t 13.8 '" 

Days 204-205 
Average temperature (OC cm-') 23.3 41.8 26.8 35.5 
Temperature gradient (AT/AZ) 0.251 t 0.469 '" 0.363 t 0.604 '" 
Average water content (8 cm-') 0.121 0.112 0.132 0.131 
water content gradient(A8/AZ) 8.53X10-3 t 8.48X10-3 t 3.21X10-S", 1.27X10-4 ", 

(qthermal/ qtotal) % 22.1 t 50.1 '" 79.9 t 56.9 '" 

----
t upward flow 
'" downward flow 

I 

I-' 
!\J 
0'1 
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At 0.09 m depth, thermal water flow values were 28 and 

13.9 % of the total flow during the nighttime and the daytime 

on days 201 - 202, respectively. Thermal water flux was 80 % 

during the night and 57 % on days 204-205. 

The results indicate that it is important to include the 

thermal effect on water movement when simulating the soil 

water flux. The results agree with those obtained by Cary 

(1966). Cary indicated that thermal water transport (Le. 

liquid and vapor movement in response to temperature 

gradients) should be considered whenever moisture, salt, or 

heat fluxes near the soil surface layer are studied. Also, 

the results agree with those reported by Rose (1968 b). He 

found that the direction of vapor flux oscillated in response 

to the diurnal temperature gradient being upward during the 

night when the surface is cooler than the soil below. 

The experimental results by Bach (1992) showed that a 

significant effect of the temperature gradient on the 

nonisothermal soil water movement did occur mainly at an 

intermediate water content of 0.151 m3 m-3 • My simulated 

resul ts indicate, however, that temperature gradient has 

significant effects on thermal water flux over a relatively 

wide range of water contents (0. 1 to 0.15 m3 m-3 ) for the 

sonoita sandy loam soil at the Anvil Ranch. 
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6.4. Results Obtained with Data set 2 

Simulation over 4 day intervals (data set 2), day 191 

(1800 hr) through day 195 (1800 hr), were used to verify the 

calibrated (modified) model with the measured field data. 

In the following subsections, simulated net radiation 

flux densities, soil temperatures, and water contents are 

presented and compared with measured field data. 

6.4.1. Net Radiation Flux Density, Rn 

The simulation results of the modified (RN~) and the 

measured (RN~8S) net radiation flux densities during the 

simulation period of data set 2 are illustrated in Figure 

6.22. The results show that the RN~ values were in good 

agreement with RN~8S. The r2 values between RN~8S versus RN~ 

was 0.982. The slope and the intercept values were 0.902 and 

43.72 W m-2, respectively. The results from the t-tests at the 

5 % level showed that the slope was significantly different 

than 1. Also, the intercept was significantly different than 

o. 

6.4.2. soil Temperatures 

Diurnal variability in the modelled soil temperatures 

using the modified model (T~) and the measured soil 

temperatures (T~8s) for data set 2 at 0.01, 0.09, and 0.19 m 

depths are illustrated in Figures 6.23 through 6.25. The r2 
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Figure 6.23. Diurnal variability in soil temperatures at 
0.01 m depth for data set 2. 
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Figure 6.24. Diurnal variability in soil temperatures at 
0.09 m depth for data set 2. 
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between Tmeas versus Tmod at the 0.01 m depth was 0.946. The 

slope and the intercept values at the same depth were 1.06 

and -4.64 °C, respectively. Results from t-tests at the 5 % 

level showed that the slope was significantly different than 

1. Also, the intercept was significantly different than O. 

At the 0.09 m depth (Fig. 6.24) the, average difference 

during the 4 day period between Tmeas and Tmod was 3 °c with a 

maximum difference of 5.1 °c occurred on day 195 (0200 hr). 

The r2 between Tmeas versus Tmod was 0.876. The slope and the 

intercept values were 1.14 and -7.1 °c, respectively. Results 

from t-tests showed that the slope and the intercept are 

significantly different than 1 and 0, respectively. 

At the 0.19 m depth (Fig. 6.25) the average difference 

between Tmeas and Tmod during the simulation period of data set 

2 was 2.6 °c with maximum difference of 4.3 °c on day 195 

(0400 hr). The r2 between Tmeas versus Tmod was 0.724. The slope 

and the intercept values at the 0.19 m depth were 1.18 and -

8.2 °c, respectively. The slope and the intercept were 

significantly different than 1 and 0, respectively. 

6.4.3. Soil water content 

The fluctuations in the modified (8mod ) and the measured 

(8meas ) water contents at the 0.01 - 0.03, 0.04 - 0.06, and 

0.08 - 0.10 m layers during the simulation period for data 

set 2 are illustrated in Figures 6.26 through 6.28. The 
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simulation results for data set 2 were similar to those of 

data set 1. The predicted water contents at the 0.01 - 0.03 

m layer were 0.27 m3 m-3 after the dry soil received 14.2 rom 

of rain that occurred between 2100 and 2330 hrs on day 191. 

While, 8meas for the same layer was 0.14 m3 m-3 • The r2 between 

8meas versus 8mod at the 0.01 - 0.03 m layer was 0.43. the slope 

and the intercept values were 0.557 and 0.083 m3 m-3 , 
respectively. The r2 values between 8meas versus 8mod at the 0.04 

- 0.06, and the 0.08 - 0.10 m layers were 0.62 and 0.54, 

respectively. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7 • 1. Summary 

A one-dimensional computer model (HWFLOW) coded in 

QuickBASIC version 4.0 was developed to simulate coupled heat 

and water flow in a bare soil. The model simulates most 

transport processes including the effects of temperature and 

water content gradients on the movement of liquid water and 

water vapor within the soil. It also simulates the effects of 

atmospheric stability correction factors on LE and H in the 

surface energy balance equation. A set of temperature 

dependent equations describing the partitioning of the energy 

at the surface is solved implicitly using the Newton-Raphson 

iterative method to determine the surface soil temperature, 

Ts' as the only unknown in the energy balance equations. The 

predicted surface temperature is then used as the upper 

boundary condition in the soil domain to solve the heat flow 

equation. The coupled heat and water flow equations are 

solved numerically using the weighted average finite

difference method to calculate the temperature and water 

content profiles. 

The results obtained with data set 1 (CD 198 to 205) 

showed that the model markedly underestimates surface (0.01 



139 

m depth) soil temperatures when measured temperatures are 

above 37°C. Also, the simulated subsurface temperatures were 

2 to 3 °c lower during the night and 2 to 3 °c higher during 

the day than the measured subsurface temperatures. To correct 

for the underestimation of temperature at the surface the 

model was modified by linearly reducing the latent heat flux 

component with respect to air temperature when air 

temperature exceeds 30°C. Also, soil thermal conductivity 

below 0.02 m depth was reduced by 80 % in order to achieve 

agreement between measured and modelled subsurface 

temperatures. The results obtained with the modified model 

(and data set 2, CD 191 to 195) showed that the coefficient 

of determination (r2) between the measured and the modified 

net radiation flux densities was 0.98. The results indicated 

also that as drying proceeded the values of sensible and soil 

heat flux densities increased. The results showed that the 

modified model correctly simulates the surface temperatures 

even at values higher than 50°C. The r2 values between the 

measured and the modelled (modified HWFLOW model) 

temperatures at 0.01 m were 0.916 and 0.946 with data sets 1 

and 2, respectively. The simulated subsurface temperatures 

were generally within 1.5 °c (data set 1) and 3.0 °c (data set 

2) of the measured values. 

The predicted water contents in the 0 - 0.03 m layer 

after rain events were about 45 % higher than the measured 
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water contents for about 4 to 6 hours. Over prediction of 

water content could be attributed to measurement errors and 

the uncertainty in calculating soil water diffusivities at 

the imaginary node. Below the surface layer (0 to 0.03 m), 

better agreement was obtained between the modelled (modified 

HWFLOW model) and the measured (resistance blocks) water 

contents. The results showed that the modified model 

predicted surface layer (0 - 0.03 m) By remained wet enough 

for seed germination ,Le. Oy> 0.09 m3 m-3 , about 24 to 36 

hours longer than indicated by the measured surface By. 

The simulation results (data set 1) indicated that the 

water flow due to thermal gradients at 0.01 m depth was about 

11 % of the total water flow at average water content of 

0.148 m3 m-3 and average temperature of 33.7 GC. The thermal 

water flow was about 50 % of the total flow at lower water 

content (By = 0.11 m3 m-3 ) and higher soil temperature (41. 8 

GC) • 

7.2. Conclusions and Recommendations 

The results showed that the modified model can be used 

to predict temperatures and water contents as a function of 

time and depth within a bare semi-desert soil. 

There are several areas in which the model can be 

improved or modified fUrther. Some of these are listed here: 

i) Measurements of the soil hydraulic and thermal 
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conductivities at small increments (e.g. 0.1 m) within the 

soil should be made. Also, further analysis needs to be done 

to determine why the thermal conductivity values used in the 

modified HWFLOW model need to be 80% lower than values 

predicted by the de Vries model. ii) The simulation of 

evaporation rates in desert areas needs to be studied 

carefully, since the results showed that evaporation is very 

important when using the coupled heat and water flow 

equations to predict soil temperatures above 37 °c. iii) 

Further research is needed concerning the radiati~e 

properties of the soil-atmosphere interface, e.g., soil 

surface albedo as a function of water content and sun angle 

for different soil types. Also, the soil surface emissivity 

as a function of water content for different soil types 

should be determined. iv) The assumption that the surface Ts 

equals Tair at Zoh and Zov needs to be examined. If this 

assumption is not valid then laminar layer resistance terms 

that account for molecular conductive and diffusive 

resistances to sensible and latent heat fluxes, respectively, 

near the soil surface should be included in the transport 

equations 42 and 52. v) Measurements of Zo' Zoh' and Zov should 

be input to the HWFLOW model rather than estimated values. 

vi) More work is also needed to accurately calculate water 

content at the soil surface when using the flux type boundary 

conditions. A particular problem is the calculation of the 
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water content at the imaginary node above the soil surface. 

vii) Further work is needed to model humidity at the soil

atmosphere interface. The current modified HWFLOW model 

simulates humidities that are almost always near 100 % at the 

interface even though the soil may be relatively dry. Use of 

the soil resistance concept may be a possible approach to 

provide more reasonable humidity estimates. viii) The effects 

of different time (At) and depth (AZ) increments with respect 

to numerical solution stability needs further testing. ix) 

The processes of surface runoff and soil surface crusting 

should be studied. x) Mass and energy conservation of the 

HWFLOW model should be further evaluated. xi) The heat flow 

and water flow parts of the model need to be validated by 

comparing numerical results with analytical solutions. xii) 

Further work could also incorporate plants and surface mulch 

(litter) in the model. xiii) Also, linking the model to a 

stochastic weather simulator would be a logical next step. 
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ALBEDO 
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ALBEDO 

The values used to develop the relationship between 

albedo and volumetric water content and the regression 

analysis are given in Table A-1. 

Table A-1. Values of albedo and water contents. 

albedo Regression 

0.25167 0.01147 Constant 0.23744 

0.1053 0.2964 std. Err. of Y Est. 0.014932 

0.12336 0.2395 R squared 0.931215 

0.15995 0.1105 No. of Observations 7 

0.18875 0.0811 Degree of Freedom 5 

0.20598 0.0562 X Coefficient - 0.47833 

0.213879 0.0497 std. Err. of Coef. 0.058138 

A fourth-order polynomial equation was developed to 

relate the calculated values of albedo (a) and 8. The 

equation can be given as: 

«=0.26134-0.83336-4.0097 (6)2+38.8643 (6)3_73.6885 (6)4 
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APPENDIX B 

THE HWFLOW SIMULATION MODEL 



DECLARE SUB TRIDIAGMOIST (TS(),TH(),TSP(),TSNT(),TSOT(» 
DECLARE SUB TRIDIAGMOIST (TS(),TH(),TSP(),TSNT(),TSOT(» 
DECLARE SUB PRINTOUT (Z(), TS(), TH(» 
DECLARE SUB STABLE (TS(), TSP(), TH(» 
DECLARE SUB UNSTABLE (TS(), TSP(), TH(» 
DECLARE SUB TRIDIAGTEMP (TS(), TSP(), TH(» 
DECLARE SUB NEUTRAL (TS(), TSP(), TH(» 
DECLARE SUB HFLUX (TS(), TSP(), RAH) 
DECLARE SUB RNFLUX (TS(), TH(» 
DECLARE SUB LEFLUX (TS(), TSP(), TH(), RAW) 
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DECLARE SUB GSFLUX (TS(), TSP(), TH(» 
*********************************************************** 

MODELING COUPLED HEAT AND MOISTURE FLOW WITHIN A BARE 
DESERT SOIL 

*********************************************************** 
A simulation program using Newton - Raphson method to solve 

the surface energy balance equation for soil surface 
temperature and the weighted average implicit finite 
difference method to solve the nonlinear partial differential 
heat and water flow equations for the temperatures and 
moisture contents within the soil profile. 
*********************************************************** 
******************* The Main Program ********************** 
*********************************************************** 
COMMON SHARED ALPHA, CA, CL, CM, CO.M, CQ, CP, CO, CG, DAY, 
COMMON SHARED DELT, DELZ, EUN, EMOD, ELEV, F, FTSN, FTS1, 
COMMON SHARED FTSP, FTSM, FTSUN, FTSS, G, GG, GM, GO, GQ, GS, 
COMMON SHARED H, HR, I, ITER, KSAT, KMW, KOW, KQW, KWA, KMA, 
COMMON SHARED KQA, KOA, KV, LMDA, LMDL, LMDM, LMDO, LMDQ, 
COMMON SHARED LMDG, LATIT, LE, KGW, KGA, M, MAX, MUZERO, MW, 
COMMON SHARED n, P, Pi, POROS, PP, RH, RHOB, RGAS, RAH, RAW, 
COMMON SHARED RN, RS, SIGMA, TIME, TSP, THSAT, THR, THWILT 
COMMON SHARED THINI, TINI, TORTUOS, TAIR, U, XM, XO, XQ, ZO, 
COMMON SHARED THZERO, TSZERO, THCR, XG, ZR 
COMMON SHARED TS(), TSP(), TSURF(), TUNSTABLE(), TSTABLE(), 

COMMON SHARED ISOLIQ(), ISOVAP(), THERMLIQ(), THERMVAP(), 
COMMON SHARED GRAVITY(), QLIQ(), QVAP(), QMOIST(), TH() 

COMMON SHARED TH(), TSNT(), TSOT(), THNM(), Z(),QHEAT() 
MAX = 51 
************************************************************ 
DIM TS(MAX + 1), TH(MAX + 1), TSNT(MAX + 1), 
DIM THNM(MAX + 1), Z(MAX + 1), TSP(MAX + 1), 
DIM TSURF(MAX + 1), TUNSTABLE(MAX + 1), TSTABLE(MAX + 1), 
DIM TSNTNEUT(MAX + 1), TSNTUNST(MAX + 1), TSNTSTAB(MAX + 1), 
DIM ISOLIQ(MAX + 1), ISOVAP(MAX + 1), ISOVAP(MAX + 1) 
DIM THNMNEUT(MAX + 1), THNMUNST(MAX + 1), THNMSTAB(MAX + 1), 
DIM ISOVAP(MAX + 1), QLIQ(MAX + 1) 
DIM THERMLIQ(MAX + 1), THERMVAP(MAX + 1), GRAVITY(MAX + 1), 
DIM QVAP(MAX+1), QMOIST(MAX+1), QHEAT(MAX + 1), TSOT(MAX + 1) 
*********************************************************** 



*OPEN "C:MT191195.DAT" FOR INPUT AS #1 
OPEN "C:MTC.DAT" FOR OUTPUT AS #2 
OPEN "C:MTD.DAT" FOR OUTPUT AS #3 
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************************************************************ 
General Inputs : 
**************** 
ELEV = 1027 'the elevation of the site (m) 
DELT = 600 'the incremental time step (s) 
DELZ = .01 'the incremental space step(m) 
F = .7 'the weighted factor used in the numerical 

'solution 
Soil Hydrological and Thermal Constants: 
***************************************** 

RHOB = 1609.7'soil bulk density kg/mA 3 
POROS = .389 'soil porosity 
XQ = .31293 'vol. fraction of sand in the soil 
XM = .1493 'vol. fraction of other mierals (silt + clay) 
XO = 0 'vol. fraction of organic matter 
XG = .14877 'vol. fraction of gravel 
THSAT = .389 'vol. soil moisture content at saturation 
THR = .01147 'vol. residual soil moisture content 
THCR = .03 'vol. critical soil moisture content 
THWILT = .07 'vol. soil moisture content at wilting point(15 

bars) 
THINI = .07 'vol. initial soil moisture content 
KSAT = .0000109#'saturated hydraulic conductivity (m/s) 
ALPHA = 3 'van Genuchten parameter (rnA-I) 
n = 1.38 'van Genuchten parameter 
ZO = .01 'soil surface roughness length (m) 
TINI = 31.9 'initial soil temperature (C) 
CA = 1256.3 'vol. heat capacity of air (J/mA 3 C) 
CL = 4187600#'vol. heat capacity of liquid water (J/mA 3 C) 
CM = 1926000#'vol. heat capacity of soil minerals (silt and 

clay) (J/mA 3 C) 
CO.M = 2513000#'vol. heat capacity of soil organic matter 

(J/mA 3 C) 
CQ = 1926000#'vol. heat capacity of soil quartz (J/mA 3 C) 
CG = 1926000#'vol. heat capacity of gravels (J/mA 3 C) 
LMDA = .02513'thermal conductivity of dry air (Jim s C) 
LMDL = .5737 'thermal conductivity of liquid water (Jim s C) 
LMDM = 2.93 'thermal conductivity of soil minerals(silt and 

clay) (Jim s C) 
LMDO = .2513 'thermal conductivity of organic matter(J/m s 

C) 
LMDQ = 
LMDG = 
KWW = 
KAA = 
KQW = 
KMW = 

8.79 'thermal 
6.3389'thermal 

1 
1 
.2674 
.5223 

conductivity of quartz (Jim s C) 
conductivity of gravels (Jim s C) 



KOW = 1. 2608 
KGW = .50395 
KWA = .393572 
KQA = .01623 
KMA = .04697 
KOA = .4541 
KGA = .0418 
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GM = .125 'shape factor of soil minerals (silt and clay) 
GO = .5 'shape factor of organic matter 
GQ = .125 'shape factor of quartz 
GG = .144 'shape factor of gravels 
TORTUOS = .67'tortuosity factor of soil 
M = 1 - 1 / n 

Weather Constants: 
****************** 

KV = .4 'von Karmen constant 
Pi = 3.14159 
LATIT = 30.2 'latitude of the site (degrees) 
LATIT = LATIT * 2 * Pi / 360 'latitude of the site (radian) 
SIGMA = 5.67E-08'Stefan-Boltzmann constant J / S W"2 

K"(-4) 
CP = 1010 'specific heat of air J / Kg K 
ZR = 2 'screen height of the measuring instruments M 

Physical Constants: 
******************* 

G = 9.81 'acceleration due to gravity M/S"2 
Pi = 3.14159 
RGAS = 8.3144'gas constant J/mol K 
MW = .018016 'molecular weight of water Kg/mol 
P = 101325 * «(288 - .0065 * ELEV) / 288) " 5.256) 

barometric pressure Pa 
MUZERO = 1. 01E-06 'kinematic viscosity of water at 20 C 

, m"2/s 
************************************************************ 

INPUT #1, DAY, HR, RS, RN, TAIR, RH, U, PP 

o 

IF RH >= 1 THEN RH = .95 
'Initialization: 

TS(l) = TAIR: TH(l) = THINI: TSP = TINI: Z(O) = 0: Z(l) = 

TSP(l) = TINI 
FOR I = 1 TO (MAX - 1) 

Z(I + 1) = Z(I) + DELZ 
TS(I + 1) = TINI 
TH(I + 1) = THINI 
TSP(I + 1) = TS(I + 1) 

NEXT I 
TS(MAX + 1) = TS(MAX): TSP(MAX + 1) = TSP(MAX) 
TH(MAX + 1) = TH(MAX): Z(MAX + 1) = Z(MAX) + DELZ 

IF (HR >= 0 AND HR <= 600) THEN 
CRITERIA = 5 



ELSE 
CRITERIA = 1 

END IF 
IF HR >= 1800 THEN CRITERIA = 5 

'Start simulation 
10 ITER = 0 
20 ITER = ITER + 1 

CALL UNSTABLE(TS(), TSP(), TH(» 
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TUNSTABLE(1) = TSP(1): TUNSTABLE = TS(1): TSNTUNST(1) = 
TSNT(1): THNMUNST(1) = THNM(1) 

FOR I = 1 TO MAX - 1 
TUNSTABLE(I + 1) = TSP(I + 1) 
TSNTUNST(I + 1) = TS(I + 1) 
THNMUNST(I + 1) = TH(I + 1) 
NEXT I 
TUNSTABLE(MAX + 1) = TUNSTABLE(MAX):: TSNTUNST(MAX + 1) = 
TSNTUNST(MAX) 
THNMUNST(MAX + 1) = THNMUNST(MAX) 
HUNST = H: RNUNST = RN: LEUNST = LE: GSUNST = GS 
IF ABS(FTSUN) > CRITERIA THEN 
GOTO 30 
ELSE 
GOTO 40 
END IF 

'Calculate soil surface temperature using the Newton -
Raphson method under unsatble condition. 
30 FTS1 = FTSUN 

TS(1) = TUNSTABLE + .1 
CALL UNSTABLE(TS(), TSP(), TH(» 
FTSP = FTSUN 
TS(1) = TUNSTABLE - .1: TS(2) = TSNTUNST(2) 
TSP(l) = TUNSTABLE(1): TH(1) = THNMUNST(1) 
CALL UNSTABLE(TS(), TSP(), TH(» 
FTSM = FTSUN 
TSNEWUN = TUNSTABLE - (FTS1/ «FTSP - FTSM) / .2» 

'Update surface and subsurface temperatures and moisture 
'contents for the unstable condition. 

TSP(1) = TUNSTABLE(1) 
TS(1) = TSNEWUN 
TH(1) = THNMUNST(1) 
IF TH(1) < .05 GOTO 200 
IF TH(1) > THSAT THEN TH(1) = (THSAT - .01) 

FOR I = 1 TO (MAX - 1) 
TSP(I + 1) = TUNSTABLE(I + 1) 
TS(I + 1) = TSNTUNST(I + 1) 
TH(I + 1) = THNMUNST(I + 1) 
IF TH(I + 1) < .05 THEN GOTO 200 
IF TH(I + 1) > THSAT THEN TH(I + 1) = (THSAT - .01) 

NEXT I 
TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX) 



TH(MAX + 1) = TH(MAX) 
PRINT ITER; TSNTUNST(l); TSNTUNST(2); TSNTUNST(10); 

TSNTUNST(20); TH(l); TH(10); TH(20); HUNST; LEUNST; 
GSUNST; RNUNST; FTS1; DAY; HR 

GOTO 20 
'Check the stability conditions 
40 IF (TS(l) - TAIR) > .03 THEN' UNSTABLE CONDIT. 

CALL PRINTOUT(Z(), TS(), TH(» 
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ELSEIF (TS(l) - TAIR) >= .01 AND (TS(l) - TAIR) <= .03 
THEN 'NEUTRAL CONDITION 

GOTO 50 
ELSE 
GOTO 70 ' STABLE CONDITION 
END IF 
GOTO 100 

'Calculate the surface energy balance equation and update 
soil 'temperature and moisture profiles under the neutral 
'condition. 
50 CALL NEUTRAL(TS(), TSP(), TH(» 

TSURF(l) = TSP(l): TSURF = TS(l): TSNTNEUT(l) = TSNT(l): 
THNMNEUT(l) = THNM(l) 
FOR I = 1 TO MAX - 1 
TSURF(I + 1) = TSP(I + 1) 
TSNTNEUT(I + 1) = TS(I + 1) 
THNMNEUT(I + 1) = TH(I + 1) 
NEXT I 
TSURF(MAX + 1) = TSURF(MAX): TSNTNEUT(MAX + 1) = 

TSNTNEUT(MAX) 
THNMNEUT(MAX + 1) = THNMNEUT(MAX) 
HNEUT = H: RNEUT = RN: LENEUT = LE: GSNEUT = GS 
IF ABS(FTSN) > CRITERIA THEN 
GOTO 60 
ELSE 
CALL PRINTOUT(Z(), TS(), TH(» 
END IF 
GOTO 100 

'Calculate a new soil surface temperature using Neuton -
'Raphson method under neutral condition 

60 FTS1 = FTSN 
TS(l) = TSURF + .1 
CALL NEUTRAL(TS(), TSP(), TH(» 
FTSP = FTSN 
TS(l) = TSURF - .1: TS(2) = TSNTNEUT(2) 
TSP(l) = TSURF(l): TH(l) = THNMNEUT(l) 
CALL NEUTRAL(TS(), TSP(), TH(» 
FTSM = FTSN 
TSNEW = TSURF - (FTS1/ «FTSP - FTSM) / .2» 

'Update surface and subsurface temperatures and moisture 
'contents for neutral condition 

TSP(l) = TSURF(l) 



TS(l) = TSNEW 
TH(l) = THNMNEUT(l) 
IF TH(l) < .05 THEN GOTO 200 
IF TH(l) > THSAT THEN TH(l) = (THSAT - .01) 
FOR I = 1 TO (MAX - 1) 
TSP(I + 1) = TSURF(I + 1) 
TS(I + 1) = TSNTNEUT(I + 1) 
TH(I + 1) = THNMNEUT(I + 1) 
IF TH(I + 1) < .05 THEN GOTO 200 
IF TH(I + 1) > THSAT THEN TH(I + 1) = (THSAT - .01) 
NEXT I 
TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX) 
TH(MAX + 1) = TH(MAX) 
PRINT ITERi TSNTNEUT(l)i TSNTNEUT(2)i TH(l) i HNEUTi 

LENEUTi GSNEUTi RNEUTi FTS1i DAYi HR 
ITER = ITER + 1 
GO TO 50 
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'Calculate the surface energy balance equation and update 
soil 'temperature and moisture profiles under stable 
condition. 
70 CALL STABLE(TS(), TSP(), TH(» 

TSTABLE(l) = TSP(l): TSTABLE = TS(l): TSNTSTAB(l) = 
TSNT(l): THNMSTAB(l) = THNM(l) 

FOR I = 1 TO MAX - 1 
TSTABLE(I + 1) = TSP(I + 1) 
TSNTSTAB(I + 1) = TS(I + 1) 
THNMSTAB(I + 1) = TH(I + 1) 
NEXT I 
TSTABLE(MAX + 1) = TSTABLE(MAX): TSNTSTAB(MAX + 1) = 

TSNTSTAB(MAX) 
THNMSTAB(MAX + 1) = THNMSTAB(MAX) 
HSTABLE = H: RNSTABLE = RN: LESTABLE = LE: GSTABLE = GS 
IF ABS(FTSS) > CRITERIA THEN 
GOTO 80 
ELSE 
CALL PRINTOUT(Z(), TS(), TH(» 
END IF 
GOTO 100 

, Calculate a new soil surface temperature using Newton -
'Raphson method under stable condition. 
80 FTS1 = FTSS 

TS(l) = TSTABLE + .1 
CALL STABLE(TS(), TSP(), TH(» 
FTSP = FTSS 
TS(l) = TSTABLE - .1: TS(2) = TSNTSTAB(2) 
TSP(l) = TSTABLE(l): TH(l) = THNMSTAB(l) 
CALL STABLE(TS(), TSP(), TH(» 
FTSM = FTSS 
TSNEWS = TSTABLE - (FTS1 I «FTSP - FTSM) I .2» 

'Update surface and subsurface temperatures moisture contents 



'for stable condition. 
TSP(l) = TSTABLE(l) 
TS(l) = TSNEWS 
TH(l) = THNMSTAB(l) 
IF TH(l) < .05 THEN GO TO 200 
IF TH(l) > THSAT THEN TH(l) = (THSAT - .01) 
FOR I = 1 TO (MAX - 1) 
TSP(I + 1) = TSTABLE(I + 1) 
TS(I + 1) = TSNTSTAB(I + 1) 
TH(I + 1) = THNMSTAB(I + 1) 
IF TH(I + 1) < .05 THEN GOTO 200 
IF TH(I + 1) > THSAT THEN TH(I + 1) = (THSAT - .01) 
NEXT I 
TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX) 
TH(MAX + 1) = TH(MAX) 

152 

PRINT ITER; TSNTSTAB(l); TSNTSTAB(2); TSNTSTAB(10); 
TSNTSTAB(20); TH(l); TH(10); TH(20); HSTABLE; LESTABLE; 
GSTABLE; RNSTABLE; FTS1; DAY; HR 

ITER = ITER + 1 
GOTO 70 

'start a new simulating time. 
100 IF EOF(l) THEN 200 

INPUT #1, DAY, HR, RS, RN, TAIR, RH, U, PP 
IF RH > 1 THEN RH = .95 
GOTO 10 

200 CLOSE #1 
CLOSE #2 
CLOSE #3 
END 

************************************************************ 

SUB GSFLUX (TS(), TSP(), TH(» 
'This subprogram calculates the soil heat flux density 

'component for the soil surface energy balance equation. 
'Calculate the volumetric heat capacity of the soil: 

XAGS = POROS - TH(l) 
CVGS = CL * TH(l) + CA * XAGS + CM * XM + CQ * XQ + CO 

* XO + CG * XG 
'Calculate 

LMDA 
DATMGS 
AGS 

the soil thermal conductivity: 
= .02513 
= .0000229 * «(TS(l) + 273.16) / 273.16) A 1.75) 
= 61.66 - 1832.126 * TH(l) + 22524.45 * (TH(l) A 

2) 
A 4) 
A 6) 

- 140527.6 * (TH(l) A 3) + 466504.8 * (TH(l) 
- 784028# * (TH(l) A 5) + 522315# * (TH(l) 

PSIGS = -EXP(AGS) 
RHAGS = EXP(PSIGS * G * MW / (RGAS * (TS(l) + 273.16») 
RHOSATGS = 1000 * EXP(6.0035 - 4975.9 / (TS(l) + 273.16» 
LGS = 3149000# - 2370# * (TS(l) + 273.16) 
NUGS = P / (P - (RHAGS * RHOSATGS * RGAS * (TS(l) + 



273.16) / MW» 
BETAGS = RHOSATGS * (4975.9 / (TS(l) + 273.16) A 2) 
LMDVGS = DATMGS * NUGS * RHAGS * LGS * BE TAGS 
LMDAVGS = LMDA + LMDVGS 

'The shape factors,G's: 
IF TH(l) >= THWILT THEN 
GAGS = .035 + (.298 * TH(l) / POROS) 
ELSEIF (TH(l) < THWILT) AND (TH(l) >= THCR) THEN 
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GAGS =.013 + «.022 / THWILT) + (.298 / POROS» * 
TH(l) 

ELSE 
GAGS = .035 'oven dry 
END IF 

'The ratioes of specific thermal conductivity,K's: 
'Liquid as a continuous medium. 

KAWGS = (2 / 3) / (1 + «LMDAVGS / LMDL) - 1) * GAGS) 
+ (1 / 3) / (1 + «LMDAVGS / LMDL) - 1) * (1 
- 2 * GAGS» 

IF TH(l) > THCR THEN 
LMDGS = «TH(l) * LMDL) + (KAWGS * XAGS * LMDAVGS) + (KQW 

* XQ * LMDQ) + (KMW * XM * LMDM) + (KOW * XO * 
LMDO) + (KGW * XG * LMDG» / «KAWGS * XAGS) + 

(KQW * XQ) + (KMW * XM) + (KOW * XO) + (TH(l» 
+ (KGW * XG» 

ELSE 
LMDGS = 1.25 * «KWA * TH(l) * LMDL) + (XAGS * LMDA) + 

(KQA * XQ * LMDQ) + (KMA * XM * LMDM) + (KOA * 
XO * LMDO) + (KGA * XG * LMDG» / «KWA * TH(l» 
+ (KQA * XQ) + (KMA * XM) + (KOA * XO) + (XAGS) 
+ (KGA * XG» 

END IF 
'The soil heat flux density is calculated as: 

GS = (LMDGS * (TS(l) - TS(2» / DELZ) + (CVGS * (TS(l) 
- TSP(l» * DELZ / (2 * DELT» 

'Calculating the temperature at node zero: 
TSZERO = TS(2) + (GS / LMDGS) * (2 * DELZ) 
IF TSZERO < (.95 * TS(2» THEN TSZERO = (.95 * TS(2» 

END SUB 
************************************************************* 

SUB HFLUX (TS(), TSP(), RAH) 
'This subprogram calculates the sensible heat flux density 
component 
'for the surface energy balance equation. 

RHOAIR = P / (287 * (TAIR + 273.16» 
H = RHOAIR * CP * (TS(l) - TAIR) / RAH 

END SUB 
*********************************************************** 
*** 
SUB LEFLUX (TS(), TSP(), TH(), RAW) 
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'This subprogram calculates the latent heat flux component 
for 'the surface energy balance equation. 

LLE = 2.4946E+09 - 2247000 * TS(l) 
ALE = 61.66 - 1832.126 * TH(l) + 22524.45 * (TH(l) A 2) 

- 140527.6 * (TH(l) A 3) + 466504.8 * (TH(l) A 4) 
- 784028# * (TH(l) A 5) + 522315# * (TH(l) A 6) 

PSILE = -EXP(ALE) 
RHOAIR= P / (287 * (TAIR + 273.16» 
RHALE = EXP(PSILE * G * MW / (RGAS * (TS(l) + 273.16») 
VS = 1 - (373.16 / (TS(l) + 273.16» 
SATVAPRESS = 101325 * EXP(13.3185 * VS - 1.976 * (VS A 2) 

- .6445 * (VS A 3) - .1299 * (VS A 4» 
SFCVAPRESS = RHALE * SATVAPRESS 
QSFC = .622 * SFCVAPRESS / (P - .378 * SFCVAPRESS) 
VTAIR = 1 - (373.16 / (TAIR + 273.16» 
SATVAPRESSAIR = 101325 * EXP(13.3185 * VTAIR - 1.976 * 

(VTAIR A 2) - .6445 * (VTAIR A 3) - .1299 
* (VTAIR A 4» 

VAPRESSAIR = RH * SATVAPRESSAIR 
QAIR = .622 * VAPRESSAIR / (P - .378 * VAPRESSAIR) 
RHOLE = 999.895 + .050692 * TS(l) - .007278 * (TS(l) 

A 2) + .000031 * (TS(l) A 3) 
EUN = RHOAIR * (QSFC - QAIR) / (RHOLE' * RAW) 
IF TAIR <= 30 THEN 

EMOD = EUN * .6 
ELSEIF (TAIR > 30 AND TAIR <= 35) THEN 

EMOD = (3.11 - .085 * (TAIR» * EUN 
ELSEIF TAIR > 35 THEN 

EMOD = EUN * .1 
END IF 
IF EMOD < 0 THEN EMOD = 0 
LE = LLE * EMOD 

'Calculating the water content at node zero: 
THREDUC# = (TH(l) - THR) / (THSAT - THR) 

IF PP > 0 THEN 
DWATER# = «1 - M) * KSAT / (ALPHA * M * (THSAT - THR») 

* (THREDUC# A (.5 - (1 / M») * «(1 - THREDUC# 
A (1 / M» A (-M» + (1 - THREDUC# A (1 / M» 

M - 2) 
ELSEIF (TH(l) > .2) THEN 

DWATER# = ({1 - M) * KSAT / (ALPHA * M * (THSAT - THR») 
* (THREDUC# A (.5 - (1 / M») * «(1 - THREDUC# 
A (1 / M» A (-M» + (1 - THREDUC# A (1 / M» 

M - 2) 
ELSEIF (TH(l) >= .15 AND TH(l) <= .2) THEN 

DWATER# = .000000374# 
ELSEIF TH(l) <= .07 THEN 

DWATER# = .0000003033# 
ELSE 

DWATER# = .00000005# 
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END IF 
KTH# = KSAT * (THREDUC# A .5) * «1 - (1 - THREDUC# A 

(1 / M» A M) A 2) 
MU# = MUZERO * «293.16 / (TS(l) + 273.16» A 6) 
KTEM# = MUZERO / MU# 
KCOND# = KTH# * KTEM# 
THZERO = TH(2)-«E+KCOND#-PP)/DWATER#)*(2*DELZ) 
IF THZERO < 0 THEN THZERO = (.9 * TH(l» 
IF (THZERO < .05 AND TH(l) >= .056) THEN THZERO = (.9 * 

TH(l» 
IF THZERO < .05 THEN END 
IF THZERO > THSAT THEN THZERO = (THSAT - .01) 

END SUB 
*********************************************************** 
*** 

SUB RNFLUX (TS(), TH(» 
'This subprogram calculates the net radition flux density 

component of the surface energy balance equation. 
'The longwave radiation,RL : 

EMCLEAR = 1 - .261 * EXP(-.000777 * «273.16 - (TAIR + 

RE = 
RRATIO = 
DEC = 

* 
X = 
PHi = 
RA = 
CF = 
EMATM = 

RL = 
ALBEDO = 
IF ALBEDO 
EMSOIL = 
RN 

«TS(l) 
END SUB 

273.16» A 2» 
.7 
1 - .01667 * COS(.01721 * DAY) - .00089 * 
SIN(.01721 * DAY) 

-.0017 - .4117 * COS(.01721 * (DAY + 15» -
.042185 * SIN(.01721 * (DAY + 15» + .00163 * 
COS(.03442 * (DAY + 15» + .00208 * SIN(.03442 

(DAY + 15» 
-TAN (LATIT) * TAN (DEC) 
-ATN(X / SQR(-X * X + 1» + (Pi / 2) 
(443.88 / (RRATIO A 2» * (COS (LATIT) * COS(DEC) 
* (SIN(PHi) - PHi * COS(PHi») 
1 - (RS / (RE * RA» 
EM CLEAR + CF * (1 - EMCLEAR - (8 / (TAIR + 
273.16») 

EMATM * SIGMA * «TAIR + 273.16) A 4) 
.26134 - .83333 * TH(l) - 4.0097 * (TH(l) A 2) + 
38.8643 * (TH(l) A 3) - 73.6885 * (TH(l) A 4) 
< .08 THEN ALBEDO = .08 
.9 + .18 * TH(l) 
= (1 - ALBEDO) * RS + EMSOIL * (RL - SIGMA * 

+ 273.16) A 4» 

*********************************************************** 
*** 

SUB NEUTRAL (TS(), TSP(), TH(» 
'This sUbprogram calculates the surface energy balance 

equation under neutral condition. 



USTAR = KV * U / (LOG{ZR / ZO» 
NUR = 1.602E-05 
ZOP = USTAR * ZO / NUR 
ZOH = ZO * 7.4 * EXP{-2.46 * (ZOP A .25» 
RAH = LOG(ZR / ZO) * LOG{ZR / ZOH) / (KV A 2 * U) 
ZOW = ZO * 7.4 * EXP(-2.25 * (ZOP A .25» 
RAW = LOG{ZR / ZO) * LOG{ZR / ZOW) / (KV A 2 * U) 
CALL LEFLUX(TS{), TSP{), TH(), RAW) 
CALL GSFLUX(TS{), TSP(), TH{» 
CALL TRIDIAGTEMP{TS{), TSP(), TH{» 
CALL TRIDIAGMOIST{TS{), TH(), TSP{), TSNT(), TSOT{» 
FOR I = 1 TO MAX 
TSP{I) = TS{I) 
TS{I) = TSNT{I) 
TH{I) = THNM{I) 
IF TH(I) < .05 THEN END 
NEXT I 
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TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX): TH(MAX + 1) 
= TH(MAX) 
USTAR = KV * U / (LOG{ZR / ZO» 
NUR = 1.602E-05 
ZOP = USTAR * ZO / NUR 
ZOH = ZO * 7.4 * EXP{-2.46 * (ZOP A .25» 
RAH = LOG(ZR / ZO) * LOG{ZR / ZOH) / (KV A 2 * U) 
ZOW = ZO * 7.4 * EXP(-2.25 * (ZOP A .25» 
RAW = LOG{ZR / ZO) * LOG{ZR / ZOW) / (KV A 2 * U) 
CALL HFLUX(TS(), TSP{), RAH) 
CALL RNFLUX{TS{), TH{» 
CALL LEFLUX(TS{), TSP{), TH{), RAW) 
CALL GSFLUX(TS{), TSP{), TH(» 
FTSN = RN - H - LE - GS 

END SUB 
*********************************************************** 
*** 

SUB STABLE (TS(), TSP(), TH(» 
'This subprograqm calculates the soil surface energy balance 
equation and updates the surface and subsurface temperatures 
and moisture contents under the stable weather conditions. 

'The Bulk Richrdson Number: 
RI = -G * ({ZR - ZO) / (U A 2» * (TS(1) - TAIR) / (.5 

US TAR 
NUR 
ZOP 
ZOH 
B 
A 
C 
PSIM 

* ((TS(1) + 273.16) + (TAIR + 273.16») 
= KV * U / (LOG{ZR / ZO» 
= 1.602E-05 
= USTAR * ZO / NUR 
= ZO * 7.4 * EXP{-2.46 * (ZOP A .25» 
= LOG{ZR / ZOH) - 10 * RI * LOG(ZR / ZO) 
= 1 - 5 * RI 
= -5 * RI * «LOG{ZR / ZO» A 2) 
= {B - ({B A 2 - 4 * A * C) A .5» / (2 * A) 



1) 
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PSIH = PSIM 
RAH = (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOH) - PSIH) / 

ZOW 
PSIW 
RAW 

(KV " 2 * U) 
= ZO * 7.4 * EXP(-2.25 * (ZOP " .25» 
= PSIM 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOW) - PSIW) / 

(KV " 2 * U) 
CALL LEFLUX(TS(), TSP() , TH(), RAW) 
CALL GSFLUX(TS(), TSP(), TH(» 
CALL TRIDIAGTEMP(TS(), TSP(), TH(» 
CALL TRIDIAGMOIST(TS(), TH(), TSP(), ,TSNT(), TSOT(» 
FOR I = 1 TO MAX 
TSP(I) = TS(I) 
TS(I) = TSNT(I) 
TH(I) = THNM(I) 
IF TH(I) < .05 THEN END 
NEXT I 
TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX): TH(MAX + 

= TH(MAX): THP(MAX + 1) = THP(MAX) 
RI 

US TAR 
NUR 
ZOP 
ZOH 
B 
A 
C 
PSIM 
PSIH 
RAH 

ZOW 
PSIW 
RAW 

= -G * «ZR - ZO) / (U " 2» * (TS(l) - TAIR) / (.5 
* «TS(l) + 273.16) + (TAIR + 273.16») 

= KV * U / (LOG(ZR / ZO» 
= 1. 602E-05 
= USTAR * ZO / NUR 
= ZO * 7.4 * EXP(-2.46 * (ZOP" .25» 
= LOG(ZR / ZOH) - 10 * RI * LOG(ZR / ZO) 
= 1 - 5 * RI 
= -5 * RI * «LOG(ZR / ZO» " 2) 
= (B - «B " 2 - 4 * A * C) " .5» / (2 * A) 
= PSIM 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOH) - PSIH) / 

(KV " 2 * U) 
= ZO * 7.4 * EXP(-2.25 * (ZOP A .25» 
= PSIM 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOW) - PSIW) / 

(KV A 2 * U) 
CALL HFLUX(TS(), TSP(), RAH) 
CALL RNFLUX(TS(), TH(» 
CALL LEFLUX(TS(), TSP(), TH(), RAW) 
CALL GSFLUX(TS(), TSP() , TH(» 
FTSS = RN - H - LE - GS 

END SUB 
*********************************************************** 
*** 

SUB UNSTABLE (TS(), TSP(), TH(» 
'This subprograqm calculates the soil surface energy balance 
'equation and updates the surface and subsurface temperatures 
, and moisture contents under the unstable weather 
conditions. 
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'The Bulk Richrdson Number: 

1) 

RI = -G * «ZR - ZO) / (U A 2» * (TS(l) - TAIR) / (.5 
* «TS(l) + 273.16) + (TAIR + 273.16») 

ZET = 
IF ZET > 
Y = 
PSIM = 

(ZR / (ZR - ZO» * LOG(ZR / ZO) * RI 
.0624961 THEN ZET = .0624961 
(1 - 16 * ZET) A .25 
2 * LOG«(l + Y) / 2» + LOG«(l + Y A 2) / 2» 

PSIH 
NUR 
US TAR 
ZOP 
ZOH 
RAH 

2 * ATN(Y) + pi / 2 
= 2 * LOG«l + Y A 2) / 2) 
= 1.602E-05 
= KV * U / (LOG(ZR / ZO» 
= USTAR * ZO / NUR 
= ZO * 7.4 * EXP(-2.46 * (ZOP A .25» 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOH) - PSIH) / 

(KV A 2 * U) 
ZOW = ZO * 7.4 * EXP(-2.25 * (ZOP A .25» 
PSIW = PSIH 
RAW = (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOW) - PSIW) / 

(KV A 2 * U) 
CALL LEFLUX(TS(), TSP(), TH(), RAW) 
CALL GSFLUX(TS(), TSP(), TH(» 
CALL TRIDIAGTEMP(TS(), TSP(), TH(» 
CALL TRIDIAGMOIST(TS(), TH(), TSP(), TSNT(), TSOT(» 

FOR I = 1 TO MAX 
TSP(I) = TS(I) 
TS(I) = TSNT(I) 
TH(I) = THNM(I) 
IF TH(I) < .05 THEN END 

NEXT I 
TSP(MAX + 1) = TSP(MAX): TS(MAX + 1) = TS(MAX): TH(MAX + 

= TH(MAX) 
RI = -G * «ZR - ZO) / (U A 2» * (TS(l) - TAIR) / (.5 

* «TS(l) + 273.16) + (TAIR + 273.16») 
ZET = 
IF ZET > 
Y = 
PSIM = 

(ZR / (ZR - ZO» * LOG(ZR / ZO) * RI 
.0624961 THEN ZET = .0624961 
(1 - 16 * ZET) A .25 
2 * LOG«(l + Y) / 2» + LOG«(l + Y A 2) / 2» 

PSIH 
NUR 
USTAR 
ZOP 
ZOH 
RAH 

ZOW 
PSIW 
RAW 

2 * ATN(Y) + pi / 2 
= 2 * LOG«l + Y A 2) / 2) 
= 1.602E-05 
= KV * U / (LOG(ZR / ZO» 
= USTAR * ZO / NUR 
= ZO * 7.4 * EXP(-2.46 * (ZOP A .25» 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOH) - PSIH) / 

(KV A 2 * U) 
= ZO * 7.4 * EXP(-2.25 * (ZOP A .25» 
= PSIH 
= (LOG(ZR / ZO) - PSIM) * (LOG(ZR / ZOW) - PSIW) / 

(KV A 2 * U) 
CALL HFLUX(TS(), TSP(), RAH) 



CALL RNFLUX(TS(), TH(» 
CALL LEFLUX(TS(), TSP(), TH(), RAW) 
CALL GSFLUX(TS(), TSP(), TH(» 
FTSUN = RN - H - LE - GS 

END SUB 
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*********************************************************** 
*** 

SUB TRIDIAGTEMP (TS(), TSP(), TH(» 
'This subprogram updates the temperatures within the soil 
'profile using Thomas algorithim to solve the tridiagonal 
'matrix of the heat flow equation. 

DIM CVT#(MAX+1), XAT#(MAX+1), LMDT#(MAX+1), 
DTHVAPORT#(MAX+1) 

DIM A2#(MAX+1), B2#(MAX+1), C2#(MAX+1), D2#(MAX+1), 
DIM AT#(MAX+1), BT#(MAX+1), PSIT#(MAX+1), DATMT#(MAX+1), 
DIM RHAT#(MAX+1), RHOSATT#(MAX+1), RHOLT#(MAX+1), 

NUT # (MAX+1) 
DIM PSITHETAT#(MAX+1), DMVAPORT#(MAX+1), LMDTEMP#(MAX+1) 
DIM BETAT#(MAX+1), LMDVT#(MAX+1), LMDAVT#(MAX+1) 
DIM GAT # (MAX+1), KAWT#(MAX+1), LT#(MAX+1), FTHT#(MAX + 1) 

'Initializing some values: 
TSOT(O) = TSZERO: TSNT(O) = TSZERO: TSNT(l) = TS(l): TH(O) 
= THZERO 
TSOT(l) = TSP(l) 
FOR I = 1 TO (MAX - 1) 
TSOT(I + 1) = TS(I + 1) 
NEXT I 
TSOT(MAX + 1) = TSOT(MAX): TSNT(MAX) = 31.2: TSNT(MAX + 1) 
= TSNT(MAX) 

'calculating the diffusivity and the thermal conductivity for 
'node zero : 

AT# = 61.66 - 1832.126 * THZERO + 22524.45 * (THZEROA2) 
- 140527.6 * (THZERO A 3) + 466504.8 * (THZEROA4) 
- 784028# * (THZEROA5) + 522315# * (THZEROA6) 

PSIT# = -EXP(AT#) 
BT# = -1832.126 + 45048.9 * THZERO - 421582.8 * (THZERO 

A2) + 1866019# * (THZERO A 3) - 3920140# * 
(THZERO A4) + 3133890# * (THZERO A 5) 

DATMT# = .0000229 * «(TSZERO + 273.16) / 273.16) A 1.75) 
FTHT# = TORTUOS * (POROS - THZERO) 
RHAT# = EXP(PSIT# * G * MW / (RGAS * (TSZERO + 273.16») 
RHOSATT# = 1000 * EXP(6.0035 - 4975.9 / (TSZERO + 273.16» 
RHOLT# = 999.895 + .050692 * TSZERO - .007278 * (TSZERO A 

2) + .000031 * (TSZERO A 3) 
NUT# = P / (P - (RHAT# * RHOSATT# * RGAS * (TSZERO + 

273.16) / MW» 
PSITHETAT# = PSIT# * BT# 
DMVAPORT#(O) = DATMT# * FTHT# * NUT# * RHAT# * RHOSATT# * 

G * MW * PSITHETAT# / (RGAS * (TSZERO + 



273.16) * RHOLT#) 
XAT# = POROS - THZERO 
LT# = 3149000# - 2370# * (TSZERO + 273.16) 
BETAT# = RHOSATT# * (4975.9 / (TSZERO + 273.16) " 2) 
LMDVT# = DATMT# * NUT# * RHAT# * LT# * BETAT# 
LMDAVT#= LMDA + LMDVT# 
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'The shape factor,GA's: 
IF THZERO >= THWILT THEN 
GAT # = .035 + (.298 * THZERO / POROS) 
ELSEIF (THZERO < THWILT) AND (THZERO >= THCR) THEN 
GAT # =.013 + «.022 / THWILT) + (.298 / POROS» * 

THZERO 
ELSE 
GAT # = .035 'oven dry 
END IF 

'The ratioes of specific thermal conductivity,K's: 
'Liquid as a continuous medium. 

KAWT# = (2 / 3) / (1 + «LMDAVT# / LMDL) - 1) * GAT#) + 
(1 / 3) / (1 + «LMDAVT# / LMDL) - 1) * (1 - 2 
* GAT#» 

IF THZERO > THCR THEN 
LMDT#(O) = «THZERO * LMDL) + (KAWT# * XAT# * LMDAVT#) + 

(KQW * XQ * LMDQ) + (KMW * XM * LMDM) + (KOW 
* XO * LMDO) + (KGW * XG * LMDG» / «KAWT# * 

XAT#) + (KQW * XQ) + (KMW * XM) + (KOW * XO) 
+ (THZERO) + (KGW * XG» 

+ 
* 
XO) 

ELSE 
LMDT#(O) = 1.25 * «KWA * THZERO * LMDL) + (XAT# * LMDA) 

(KQA * XQ * LMDQ) + (KMA * XM * LMDM) + (KOA 
XO * LMDO) + (KGA * XG * LMDG» / «KWA * 
THZERO) + (KQA * XQ) + (KMA * XM) + (KOA * 

+ (XAT#) + (KGA * XG» 
END IF 
CVT# = CL * THZERO + CA * XAT# + CM * XM + CQ * XQ + CO 

* XO + CG * XG 
'Calculating the diffusivity and the thermal conductivity for 
'nodes (1 to max): 

FOR I = 1 TO MAX 
AT#(I) = 61.66 - 1832.126 * TH(I) + 22524.45 * (TH(I)"2) 

- 140527.6 * (TH(I)"3) + 466504.8 * (TH(I)"4) 
- 784028# * (TH(I)"5) + 522315# * (TH(I)"6) 

PSIT#(I) = -EXP(AT#(I» 
BT#(I) = -1832.126 + 45048.9 * TH(I) - 421582.8 * (TH(I) 

"2) + 1866019# * (TH(I)"3) - 3920140# * 
(TH ( I) "4) + 3133890 # * (TH ( I) " 5 ) 

DATMT#(I)= .0000229 * «(TSOT(I)+273.16)/273.16)"1.75) 
FTHT#(I) = TORTUOS * (POROS - TH(I» 
RHAT#(I) = EXP(PSIT#(I) * G * MW / (RGAS * (TSOT(I) + 

273.16») 
RHOSATT#(I) = 1000 * EXP(6.0035 - 4975.9 / (TSOT(I) + 



273.16» 
RHOLT#(I) = 999.895 + .050692 * TSOT(I) - .007278 * 

(TSOT(I)~2) + .000031 * (TSOT(I)~3) 
NUT # (I) = P / (P - (RHAT#(I) * RHOSATT#(I) * RGAS * 

(TSOT(I) + 273.16) / MW» 
PS ITHETAT # (I) = PSIT#(I) * BT#(I) 
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DMVAPORT#(I) = DATMT#(I) * FTHT#(I) * NUT#(I) * RHAT#(I) 
* RHOSATT#(I) * G * MW * PSITHETAT#(I) / 
(RGAS * (TSOT(I) + 273.16) * RHOLT#(I» 

XAT#(I) = POROS - TH(I) 
LT#(I) = 3149000# - 2370# * (TSOT(I) + 273.16) 
BETAT#(I) = RHOSATT#(I) * (4975.9 / (TSOT(I) + 273.16) ~ 

2) 
LMDVT# (I) = DATMT# (I) * NUT# (I) * RHAT# (I) * LT# (I) * 

BETAT# (I) 
LMDAVT#(I)= LMDA + LMDVT#(I) 

'The shape factor,GA's: 
IF TH(I) >= THWILT THEN 

GAT#(I) = .035 + (.298 * TH(I) / POROS) 
ELSEIF (TH(I) < THWILT) AND (TH(I) >= THCR) THEN 

GAT # (I) =.013+«.022/THWILT)+(.298/POROS»*TH(I) 
ELSE 

GAT # (I) = .035 'oven dry 
END IF 

'The ratioes of specific thermal conductivity,K's: 
'Liquid as a continuous medium. 

KAWT#(I) = (2 / 3) / (1 + «LMDAVT#(I) / LMDL) - 1) * 
GAT#(I» + (1/ 3) / (1 + «LMDAVT#(I) / LMDL) 
- 1) * (1 - 2 * GAT#(I») 

IF TH(I) > THCR THEN 
LMDT#(I) = «TH(I) * LMDL) + (KAWT#(I) * XAT#(I) * 

LMDAVT#(I» + (KQW * XQ * LMDQ) + (KMW * XM * 
LMDM) + (KOW * XO * LMDO) + (KGW * XG * LMDG» 
/ «KAWT#(I) * XAT#(I» + (KQW * XQ) + (KMW * 
XM) + (KOW * XO) + (TH(I» + (KGW * XG» 

ELSE 
LMDT#(I) = 1.25 * «KWA * TH(I) * LMDL) + (XAT#(I) * LMDA) 

+ (KQA * XQ * LMDQ) + (KMA * XM * LMDM) + (KOA 
* XO * LMDO) + (KGA * XG * LMDG» / «KWA * 

TH(I» + (KQA * XQ) + (KMA * XM) + (KOA * XO) 
+ (XAT#(I» + (KGA * XG» 

END IF 
IF I >= 3 THEN LMDT#(I) = .2 * LMDT#(I) 
CVT#(I) = CL * TH(I) + CA * XAT#(I) + CM * XM + CQ * XQ + 

co * XO + CG * XG 
NEXT I 
LMDT#(MAX + 1) = LMDT#(MAX): DMVAPORT#(MAX + 1) = 

DMVAPORT# (MAX) 
'Calculating the temperature profile using Thomas algorithim: 

FOR I = 1 TO MAX 



1) 
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LMDTEMP#(I) = (LMDT#(I) * LMDT#(I + 1» A .5 
LMDTEMP#(I - 1) = (LMDT#(I) * LMDT#(I - 1» A .5 
DTHVAPORT#(I) = (DMVAPORT#(I) * DMVAPORT#(I + 1» A .5 
DTHVAPORT#(I - 1) = (DMVAPORT#(I) * DMVAPORT#(I - 1» A .5 
C2#(I) = -F * LMDTEMP#(I): A2#(I + 1) = C2#(I) 
B2#(I) = (CVT#(I) * (DELZ A 2) / DELT) + F * (LMDTEMP#(I) 

+ LMDTEMP#(I - 1» 
D2#(I) = LMDTEMP#(I - 1) * (1 - F) * TSOT(I - 1) - (-(DELZ 

A 2) * CVT#(I) / DELT + (1 - F) * (LMDTEMP#(I -

- F) 
(DTHVAPORT#(I 
(DTHVAPORT# ( _ 

+ LMDTEMP#(I») * TSOT(I) + LMDTEMP#(I) * (1 
* TSOT(I + 1) - LT#(I) * RHOLT#(I) * 

- 1) * F * TH ( I - 1) -

- F) 
1» 

NEXT I 

I) + DTHVAPORT#(I - 1» * F * TH(I) + 
DTHVAPORT#(I) * F * TH(I + 1» - LT#(I) * 

RHOLT#(I) * (DTHVAPORT#(I - 1) * (1 - F) * TH(I 
1) - (DTHVAPORT#(I) + DTHVAPORT#(I - 1» * (1 

* TH(I) + DTHVAPORT#(I) * (1 - F) * TH(I + 

D2#(1) = D2#(1) + LMDTEMP#(O) * TSNT(O) * F 
D2#(MAX) = D2#(MAX) + LMDTEMP#(MAX) * TSNT(MAX + 1) * F 
FOR I = 1 TO MAX - 1 
C2#(I) = C2#(I) / B2#(I) 
D2#(I) = D2#(I) / B2#(I) 
B2#(I + 1) = B2#(I + 1) - A2#(I + 1) * C2#(I) 
D2#(I + 1) = D2#(I + 1) - A2#(I + 1) * D2#(I) 
NEXT I 
TSNT(MAX) = 31.2 
FOR I = MAX - 1 TO 1 STEP -1 
TSNT(I) = D2#(I) - C2#(I) * TSNT(I + 1) 
NEXT I 
TSNT(MAX + 1) = TSNT(MAX) 

END SUB 
************************************************************* 
SUB TRIDIAGMOIST (TS(), TH(), TSP(), TSNT(), TSOT(» 
'This subprogram updates moisture contents within the soil 
'profile as affected by soil temperature using Thomas 
'algorithim to solve the tridiagonal matrix of the water 

flow 'equation. 
DIM AM#(MAX), PSIM#(MAX), BM#(MAX), DATM#(MAX), FTHM#(MAX), 
DIM RHOSATM# (MAX), RHOLM# (MAX), NUM# (MAX), PSITHETAM# (MAX) , 
DIM BETAM# (MAX), XAM# (MAX) , RHAM# (MAX), LM# (MAX) 
DIM LMDVM# (MAX), LMDAVM# (MAX), GAM# (MAX), KAWM# (MAX) , 

DIM ZETAM#(MAX), LMD#(MAX+1),KCONDUCT#(MAX+1),D1#(MAX+1) 
DIM THREDUCEDM# (MAX) , KTHETAM# (MAX) , MUM# (MAX) , KTEMPM# (MAX) 
DIM TSOM(MAX + 1), TSNM(MAX + 1), KCONDUCTM#(MAX + 1), 

DIM DTHLIQUIDM# (MAX+1) , A1# (MAX+1) , B1# (MAX+1), C1# (MAX+1) , 
DIM DTHVAPORM#(MAX+1), DTLIQUIDM#(MAX+1), DTVAPORM#(MAX+1) 
DIM DMLIQUID#(MAX+1), DMVAPOR#(MAX+1), DTSLIQUID#(MAX+1) 
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DIM DTSVAPOR#(MAX + 1), DTHLIQ#(MAX + 1), DTHVAP#(MAX + 1), 
DIM DTVAP#(MAX+1),DTLIQ#(MAX+1),ZETAM#(MAX), LMD#(MAX+1) 

'Initializing some values: 
TSOM(O) = TSZERO: TSOM(l) = TSOT(l): TSNM(O) = TSZERO: 

TSNM(l) = TSNT(l): THNM(O) = THZERO: TH(O) = THZERO 
FOR I = 1 TO (MAX - 1) 
TSOM(I + 1) = TSOT(I + 1) 
TSNM(I + 1) = TSNT(I + 1) 
NEXT I 
THNM(MAX) = .07: THNM(MAX + 1) = THNM(MAX) 
TSOM(MAX + 1) = TSOM(MAX): TSNM(MAX + 1) = TSNM(MAX) 

'Calculating diffusivities and thermal conductivities for 
node 'zero: 

AM# = 61.66 - 1832.126 * THZERO + 22524.45 * (THZERO A 
2) - 140527.6 * (THZERO A 3) + 466504.8 * (THZERO 
A4) - 784028# * (THZEROA5) + 522315# * (THZEROA6) 

PSIM# = -EXP(AM#) 
BM# = -1832.126 + 45048.9 * THZERO - 421582.8 * (THZERO 

A 2) + 1866019# * (THZERO A 3) - 3920140# * 
(THZERO A 4) + 3133890# * (THZERO A 5) 

DATM# = .0000229 * «(TSZERO + 273.16) / 273.16) A 1.75) 
FTHM# = TORTUOS * (POROS - THZERO) 
RHAM# = EXP(PSIM# * G * MW / (RGAS * (TSZERO + 273.16») 
RHOSATM# = 1000 * EXP(6.0035 - 4975.9 / (TSZERO + 273.16» 
RHOLM# = 999.895 + .050692 * TSZERO - .007278 * (TSZERO A 

2) + .000031 * (TSZERO A 3) 
NUM# = P / (P - (RHAM# * RHOSATM# * RGAS * (TSZERO + 

273.16) / MW» 
PSITHETAM# = PSIM# * BM# 
LMDA = .02513 
LM# = 3149000# - 2370# * (TSZERO + 273.16) 
BETAM# = RHOSATM# * (4975.9 / (TSZERO + 273.16) A 2) 
LMDVM# = DATM# * NUM# * RHAM# * LM# * BETAM# 
LMDAVM#= LMDA + LMDVM# 
XAM# = POROS - THZERO 

'The shape factors,G's: 
IF THZERO >= THWILT THEN 
GAM # = .035 + (.298 * THZERO / POROS) 
ELSEIF (THZERO < THWILT) AND (THZERO >= THCR) THEN 
GAM # =.013 + «.022 / THWILT) + (.298 / POROS» * 

THZERO 
ELSE 
GAM # = .035 'oven dry 
END IF 
KAWM# = (2 / 3) / (1 + «LMDAVM# / LMDL) - 1) * GAM#) + 

(1 / 3) / (1 + «LMDAVM# / LMDL) - 1) * (1 - 2 
* GAM#» 

ZETAM# = KAWM# / «KAWM# * XAM#) + (KQW * XQ) + (KMW * XM) 
+ (KOW * XO) + (THZERO) + (KGW * XG» 

IF THZERO > THCR THEN 
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LMD#(O) = 

XO 
XAM#) + 

«THZERO * LMDL) + (KAWM# * XAM# * LMDAVM#) + 
(KQW * XQ * LMDQ) + (KMW * XM * LMDM) + (KOW * 

* LMDO) + (KGW * XG * LMDG» / «KAWM# * 
(KQW * XQ) + (KMW * XM) + (KOW * XO) + 
+ (KGW * XG» (THZERO) 

ELSE 
LMD#(O) 

XO 
(KQA * 
+ (KGA * 

= 1.25 * «KWA * THZERO * LMDL) + (XAM# * LMDA) + 
(KQA * XQ * LMDQ) + (KMA * XM * LMDM) + (KOA * 

* LMDO) + (KGA * XG» / «KWA * THZERO) + 
XQ) + (KMA * XM) + (KOA * XO) + (XAM#) 

XG» 
END IF 
THREDUCEDM# 
KTHETAM# 

= (THZERO - THR) / (THSAT - THR) 
= KSAT * (THREDUCEDM# A .5) * «1 - (1 -

THREDUCEDM# A (1 / M» A M) A 2) 
MUM # = MUZERO * «293.16 / (TSZERO + 273.16» A 6) 
KTEMPM# = MUZERO / MUM# 
CPSI = -.00209 
KCONDUCT#(O)= KTHETAM# * KTEMPM# 
DMVAPOR#(O) = DATM# * FTHM# * NUM# * RHAM# * RHOSATM# * G 

* MW * PSITHETAM# / (RGAS * (TSZERO + 
273.16) * RHOLM#) 

DMLIQUID#(O)= KCONDUCT#(O) * PSITHETAM# 
DTSLIQUID#(O)= KCONDUCT#(O) * PSIM# * CPSI 
DTSVAPOR#(O) = DATM# * FTHM# * NUM# * RHAM# * BETAM# * 

ZETAM# / RHOLM# 
IF (THZERO >= .1 AND THZERO < .125) THEN 

DMLIQUID#(O) = 1E-09 
ELSEIF THZERO < .1 THEN 

DMLIQUID#(O) = 8E-10 
END IF 
IF THZERO < .08 THEN 

DTSLIQUID#(O) = 1E-13 
END IF 

'Calculating the moisture content at the surface node: 
THREDUCE# = (TH(l) - THR) / (THSAT - THR) 
DWATER# = «1 - M) * KSAT / (ALPHA * M * (THSAT - THR») 

* (THREDUCE# A (.5 - (1 / M») * « (1 -
THREDUCE# A (1/ M» A (-M» + (1 - THREDUCE# 

A (1 / M» /\ M - 2) 
KTH# = KSAT * (THREDUCE# /\ .5) * «1 - (1 - THREDUCE# 

A (1 / M» A M) /\ 2) 
MU# = MUZERO * «293.16 / (TS(l) + 273.16» A 6) 
KTEM# = MUZERO / MU# 
KCOND# = KTH# * KTEM# 
THNM(l) = «DWATER# * TH(2) / DELZ + TH(l) * DELZ / (2 

* DELT) + PP - EMOD - KCOND#» / (DWATER# / 
DELZ + DELZ / (2 * DELT» 

IF THNM(l) > THSAT THEN THNM(l) = (THSAT - .01) 
'Calculating diffusivities and thermal conductivities for 
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'nodes 1 to max : 
FOR I = 1 TO MAX 
AM#(I) = 61.66 - 1832.126*TH(I)+22524.45 * (TH(I)A 

PSIM#{I) 

2) - 140527.6 * (TH(I)A3)+466504.8 * (TH(I) 
A4)-784028# * (TH{I)A5)+522315# * (TH{I)A6) 

= -EXP{AM#{I» 
BM#{I) 

(TH{I) 
3920140# * 
/\ 5) 

= -1832.126 + 45048.9 * TH (I) - 421582.8 * 
A 2) + 1866019# * (TH{I) A 3) -

(TH{I) A 4) + 3133890# * (TH{I) 

DATM#(I) = • 0000229* « (TSOM{I) + 273.16) / 273.16) A 
1. 75) 

2) 

FTHM#(I) = TORTUOS * (POROS - TH{I» 
RHAM#(I) = EXP{PSIM#{I)*G*MW/(RGAS * (TSOM(I) + 273.16») 
RHOSATM#{I) = 1000*EXP(6.0035-4975.9 / (TSOM(I) + 273.16» 
RHOLM#(I) = 999.895 + .050692 * TSOM(I) - .007278 * 

(TSOM{I) A 2) + .000031 * (TSOM(I) A 3) 
NUM#{I) = P / (P - (RHAM#(I) * RHOSATM#(I) * RGAS * 

(TSOM(I) + 273.16) / MW» 
PSITHETAM#{I) = PSIM#(I) * BM#{I) 
LMDA = .02513 
LM#(I) = 3149000# - 2370# * (TSOM(I) + 273.16) 
BETAM#(I) = RHOSATM#(I) * (4975.9 / (TSOM(I) + 273.16) A 

LMDVM#(I) = DATM#{I) * NUM#(I) * RHAM#(I) * LM#(I) * 
BETAM#(I) 

LMDAVM# (I) = LMOA + LMOVM# (I) 
XAM#{I) = POROS - TH(I) 

'The shape factors,G's: 
IF TH(I) >= THWILT THEN 
GAM # (I) = .035 + (.298 * TH(I) / POROS) 
ELSEIF (TH(I) < THWILT) ANO (TH(I) >= THCR) THEN 
GAM # (I) = .013+{{.022/THWILT) + (.298 / POROS» * TH(I) 
ELSE 
GAM # (I) 
END IF 
KAWM# (I) 

LMOL) 
ZETAM#(I) 

XG) 
IF TH(I) 
LMD#{I) 

* LMOG) ) 
+ (KMW * 
* XG» 

ELSE 

= .035 'oven dry 

= (2 / 3) / {1 + ((LMDAVM#(I) / LMDL) - 1) * 
GAM# (I» + (1 / 3) / (1 + «LMDAVM# (I) / 

- 1) * (1 - 2 * GAM# (I) ) ) 
= KAWM#(I) / «KAWM#(I) * XAM#(I» + (KQW * XQ) 

+(KMW * XM) + (KOW * XO) + (TH(I» + KGW * 

> THCR THEN 
= «TH(I) * LMOL) + (KAWM#(I) * XAM#(I) * 

LMOAVM#(I» + (KQW * XQ * LMOQ) + (KMW * XM 
LMOM) + (KOW * XO * LMOO) + (KGW * XG * 

/ «KAWM#(I) * XAM#(I» + (KQW * XQ) 
XM) + (KOW * XO) + (TH(I» + (KGW 
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166 

({KWA * TH{I) * LMDL) + (XAM#{I) * 

LMDM) 
+ (KQA * XQ * LMDQ) + {KMA * XM * 

+ (KOA * XO * LMDO) + {KGA * XG * 
({KWA * TH{I» + (KQA * XQ) + 

(KOA * XO) + (XAM#{I» + (KGA 
LMDG» / 
(KMA * XM) + 
* XG» 

END IF 
THREDUCEDM#{I) = (TH{I) - THR) / (THSAT - THR) 
KTHETAM#{I) = KSAT * (THREDUCEDM#{I) A .5) * {(1 - (1 -

THREDUCEDM#(I) A (1 / M» A M) A 2) 
MUM # (I) = MUZERO * «293.16 / (TSOM(I) + 273.16» A 6) 
KTEMPM#(I) = MUZERO / MUM#(I) 
CPSI = -.00209 
KCONDUCT#(I)= KTHETAM#(I) * KTEMPM#(I) 
DMVAPOR#(I) = DATM#(I) * FTHM#(I) * NUM#(I) * RHAM#(I) * 

RHOSATM# (I) * G * MW * PSITHETAM# (I) / 
(RGAS * (TSOM(I) + 273.16) * RHOLM#(I» 

DMLIQUID#(I)= KCONDUCT#(I) * PSITHETAM#(I) 
DTSLIQUID#(I)= KCONDUCT#{I) * PSIM#{I) * CPSI 
DTSVAPOR#{I) = DATM#(I) * FTHM#(I) * NUM#(I) * RHAM#(I) * 

BETAM#{I) * ZETAM#(I) / RHOLM#{I) 
IF (TH(I) >= .1 AND TH(I) < .125) THEN 

DMLIQUID#{I) = 1E-09 
ELSEIF TH(I) < .1 THEN 

DMLIQUID#(I) = 8E-10 
END IF 
IF TH(I) < .08 THEN 

DTSLIQUID#(I) = 1E-13 
END IF 
NEXT I 
DMLIQUID#{MAX + 1) = DMLIQUID#(MAX): DMVAPOR#(MAX + 1) = 

DMVAPOR# (MAX) 
DTSLIQUID#(MAX + 1) = DTSLIQUID#(MAX): DTSVAPOR#(MAX + 1) 
= DTSVAPOR# (MAX) 
KCONDUCT#(MAX + 1) = KCONDUCT#(MAX) 

'Calculating the moisture content profile using Thomas 
'algorithim: 

.5 

FOR I = 1 TO MAX 
DTHLIQUIDM#(I) = (DMLIQUID#(I + 1) * DMLIQUID#(I» A .5 
DTHLIQUIDM#(I - 1) = (DMLIQUID#(I) * DMLIQUID#(I - 1» A 

DTHVAPORM#(I) = (DMVAPOR#(I + 1) * DMVAPOR#(I» A .5 
DTHVAPORM#(I - 1) = (DMVAPOR#(I) * DMVAPOR#(I - 1» A .5 
DTLIQUIDM#(I) = (DTSLIQUID#(I + 1) * DTSLIQUID#(I» A .5 
DTLIQUIDM#(I - 1) = (DTSLIQUID#(I)*DTSLIQUID#(I - l»A .5 
DTVAPORM#{I) = (DTSVAPOR#{I + 1) * DTSVAPOR#{I» A .5 
DTVAPORM#{I - 1) = (DTSVAPOR#{I) * DTSVAPOR#(I - l»A .5 
KCONDUCTM#{I) = (KCONDUCT#{I) * KCONDUCT#(I + 1» A .5 
KCONDUCTM#(I - 1) = (KCONDUCT#{I) * KCONDUCT#(I - 1» A .5 
C1#{I) =-F*{DTHLIQUIDM#(I)+DTHVAPORM#{I»: A1#(I+1)= 



167 

C1#(I) 
B1#(I) = F * (DTHLIQUIDM#(I) + DTHLIQUIDM#(I - 1) + 

DTHVAPORM#(I) + DTHVAPORM#(I - 1» + (DELZ 
/ 

D1#(I) 
F) 

DELT 
= (DTHLIQUIDM#(I - 1) 

* TH(I 

/\ 2) 

DTHLIQUIDM# (I -

+ DTHVAPORM#(I - 1» * (1 -
- 1) - «DTHLIQUIDM#(I) + 

1) + DTHVAPORM# (I) + 
DTHVAPORM#(I - 1» * (1 - F) 
DELT) * TH(I) + (DTHLIQUIDM#(I) + 
* (1 - F) * TH(I + 1) + _ 

- ( DELZ /\ 2 ) / 
DTHVAPORM# (I) ) 

1) 

(DTLIQUIDM#(I - 1) + DTVAPORM#(I - 1» * F * 
TSNM(I - 1) - (DTLIQUIDM#(I) + DTLIQUIDM#(I - 1) 

+ DTVAPORM#(I) + DTVAPORM#(I - 1» * F * TSNM(I) 
+ (DTLIQUIDM#(I) + DTVAPORM#(I» * F * TSNM(I + 

+ (DTLIQUIDM#(I - 1) + DTVAPORM#(I - 1» * (1 
- F) 
DTLIQUIDM#(I - 1) 

* TSOM(I - 1) - (DTLIQUIDM# (I) + 
+ DTVAPORM#(I) + DTVAPORM#(I 

TSOM(I) + (DTLIQUIDM#(I) + 
* TSOM(I + 1) + DELZ * 

KCONDUCTM#(I - 1» 

- 1» * (1 - F) * 
DTVAPORM#(I» * (1 - F) 
.5 * (KCONDUCTM#(I + 1) -

NEXT I 
D1#(1) = D1#(1) + (DTHLIQUIDM#(O) + DTHVAPORM#(O» * 

THNM(O) * F 
D1#(MAX)= D1#(MAX) + (DTHLIQUIDM#(MAX) + DTHVAPORM#(MAX» 

* THNM(MAX + 1) * F 
FOR I = 1 TO MAX - 1 
C1#(I) = C1#(I) / B1#(I) 
D1#(I) = D1#(I) / B1#(I) 
B1#(I + 1) = B1#(I + 1) - A1#(I + 1) * C1#(I) 
D1#(I + 1) = D1#(I + 1) - A1#(I + 1) * D1#(I) 
NEXT I 
THNM(MAX) = .07 
FOR I = MAX - 1 TO 1 STEP -1 
THNM(I) = D1#(I) - C1#(I) * THNM(I + 1) 
IF THNM(I) > THSAT THEN THNM(I) = (THSAT - .01) 
NEXT I 
THNM(MAX + 1) = THNM(MAX) 

'Calculating water and heat flow components. 
FOR I = 1 TO MAX 
ISOLIQ(I) = -(DTHLIQUIDM#(I)*(THNM(I+1)-THNM(I» / DELZ) 
ISOVAP(I) = -(DTHVAPORM#(I)*(THNM(I+1)-THNM(I» / DELZ) 
THERMLIQ(I) = -(DTLIQUIDM#(I)*(TSNM(I+1)-TSNM(I» / DELZ) 
THERMVAP(I) = -(DTVAPORM#(I) * (TSNM(I+1)-TSNM(I»/DELZ) 
GRAVITY (I) = KCONDUCTM#(I) 
QLIQ(I) = ISOLIQ(I) + THERMLIQ(I) + GRAVITY(I) 
QVAP(I) = ISOVAP(I) + THERMVAP(I) 
QMOIST(I)= QLIQ(I) + QVAP(I) 
QHEAT(I) = LMD#(I) * (TSNM(I) - TSNM(I - 1» / DELZ + 

RHOLM#(I) * LM#(I) * DTHVAP#(I) * (THNM(I) -
THNM(I + 1» / DELZ 
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NEXT I 
END SUB 
************************************************************ 

SUB PRINTOUT (Z(), TS(), TH(» 
'This subprogram is used to print the calculated output 
values to a disk file. 

PRINT #2, "JULIAN DAY"; DAY; "HOUR"; HR; 
IF (TS(l) - TAIR) >= .01 AND (TS(l) - TAIR) <= .03 THEN 
PRINT #2, " THE WEATHER CONDITION IS NEUTRAL" 
ELSEIF (TS(l) - TAIR) > .03 THEN 
PRINT #2, " THE WEATHER CONDITION IS UNSTABLE" 
ELSE 
PRINT #2, " THE WEATHER CONDITION IS STABLE" 
END IF 
PRINT #2, 

PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 

#2, 
#2, 
#2, 
#2, 
#2, 
#2, 
#2, 

TAB(5); "RN(W/m"2)"; TAB(15); " H(W/m"2)"; 
TAB(25); "GS(W/m"2)"; 

TAB(35); "LE(W/m"2)"; TAB(45); "E. RATE (m/s) " 
TAB(5); USING "###.#### "; RN; 
TAB(15); USING "###.####"; H; 
TAB(25); USING "####.#### "; GS; 
TAB(35); USING "###.#### "; LE; 
TAB(45); USING "##.###"""" "; EMOD 
TAB(5); "Z(m)"; TAB(15); "Tprof"; TAB(25); 

"THETA" 
TO MAX 
TAB(S); USING ".## "; Z(I); 
TAB(lS); USING "##.###"; TS(I); 
TAB(2S); USING ".####"; THNM(I) 

DAY; HR 

FOR I = 1 
PRINT #2, 
PRINT #2, 
PRINT #2, 
NEXT I 
PRINT #3, 
PRINT #3, TAB(l); "Z(m)"; TAB(S); "Tprof"; TAB(12); "TH"; 

TAB(16); "ISOLIQ"; 
PRINT #3, 

PRINT #3, 

TAB(2S); "ISOVAP"; TAB(34); "GRAVITY"; TAB(43); 
"THERML"; TAB(S2); "THERMV" 

TAB(70); "QVAP"'; TAB(70); "QMOIST" 
P R I N T # 3 , 

,,-----------------------------------------------------------" 
FOR I = 1 TO MAX 
PRINT #3, TAB(l); USING ".## "; Z(I); 
PRINT #3, TAB(S); USING "##.##"; TS(I); 
PRINT #3, TAB(12); USING ".###"; TH(I); 
PRINT #3, TAB(16); USING "#.##"""""; ISOLIQ(I); 
PRINT #3, TAB(2S); USING "#.##"""" ; ISOVAP(I); 
PRINT #3, TAB(34); USING "#.##"""" ; GRAVITY(I); 
PRINT #3, TAB(43); USING "#.##"""" THERMLIQ(I); 
PRINT #3, TAB(S2); USING "#.##"""" ; THERMVAP(I) 
PRINT #3, TAB(61); USING "#.##"""" QHEAT(I); 
PRINT #3, TAB(70); USING "#. ##"""" ; QVAP(I); 
PRINT #3, TAB(72); USING "#.##"""" QMOIST(I); 



169 

NEXT I 
END SUB 
************************************************************ 

Example of the input data file 

day hr Rs Rn Tair RH Wind Rainfall 
W m-2 W m-2 °c m s-1 m s-1 

198 1800 23 -25 32.42 0.2422 3.500 0 
198 1810 15.667 -25.33 30.59 0.3415 3.585 0 
198 1820 8.3333 -25.67 28.76 0.4408 3.669 0 
198 1830 1 -26 26.93 0.5401 3.754 3.39E-06 

Example of the output data 

JULIAN DAY 198 HOUR 1800 THE WEATHER CONDITION IS STABLE 
RN(W/mA2) H(W/mA2) GS(W/mA2) LE(W/mA2) E. RATE (m/s) 

32.2670 -40.5328 -57.4037 129.4240 5.320E-08 
Z(m) Tprof THETA 
.00 27.508 .0699 
.01 27.803 .0702 
.02 28.258 .0703 
.03 29.079 .0698 
.04 29.752 .0698 
.05 30.296 .0699 
.06 30.726 .0699 
.07 31.059 .0699 
.08 31.309 .0700 
.09 31.494 .0700 
.10 31.626 .0700 
.11 31.719 .0700 
.12 31.783 .0700 
.13 31.825 .0700 
.14 31.853 .0700 
.15 31.871 .0700 
.16 31.883 .0700 
.17 31.890 .0700 
.18 31.894 .0700 
.19 31.897 .0700 
.20 31.898 .0700 
.21 31.899 .0700 
.22 31.899 .0700 
.23 31.900 .0700 
.24 31.900 .0700 
.25 31.900 .0700 
.26 31.900 .0700 
.27 31.900 .0700 
.28 31.900 .0700 
.29 31.899 .0700 



.30 31.899 .0700 

.31 31.898 .0700 

.32 31.897 .0700 

.33 31.896 .0700 

.34 31.893 .0700 

.35 31.889 .0700 

.36 31.884 .0700 

.37 31.876 .0700 

.38 31.865 .0700 

.39 31.851 .0700 

.40 31.831 .0700 

.41 31.804 .0700 

.42 31.771 .0700 

.43 31.729 .0700 

.44 31.678 .0700 

.45 31.617 .0700 

.46 31.547 .0700 

.47 31.469 .0700 

.48 31.384 .0700 

.49 31.293 .0700 

.50 31.200 .0700 
JULIAN DAY 198 HOUR 1810 THE WEATHER CONDITION IS STABLE 

RN(W/mA2) H(W/mA2) GS(W/mA2) LE(W/mA2) E. RATE (m/s) 
23.6754 -37.3897 -84.8612 147.7833 6.068E-08 

Z(m) Tprof THETA 
.00 26.236 .0699 
.01 26.680 .0703 
.02 27.231 .0704 
.03 28.265 .0698 
.04 29.091 .0698 
.05 29.744 .0698 
.06 30.262 .0699 
.07 30.669 .0699 
.08 30.988 .0699 
.09 31.233 .0699 
.10 31.420 .0700 
.11 31.560 .0700 
.12 31.663 .0700 
.13 31.737 .0700 
.14 31.790 .0700 
.15 31.827 .0700 
.16 31.852 .0700 
.17 31.869 .0700 
.18 31.880 .0700 
.19 31.888 .0700 
.20 31.892 .0700 
.21 31.895 .0700 
.22 31.897 .0700 
.23 31.898 .0700 
.24 31.899 .0700 
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.25 31.899 .0700 

.26 31.899 .0700 

.27 31.899 .0700 

.28 31.899 .0700 

.29 31.898 .0700 

.30 31.897 .0700 

.31 31.896 .0700 

.32 31.893 .0700 

.33 31.890 .0700 

.34 31.886 .0700 

.35 31.880 .0700 

.36 31.871 .0700 

.37 31.860 .0700 

.38 31.845 .0700 

.39 31.826 .0700 

.40 31.802 .0700 

.41 31.771 .0700 

.42 31.735 .0700 

.43 31.690 .0700 

.44 31.639 .0700 

.45 31.580 .0700 

.46 31.514 .0700 

.47 31.441 .0700 

.48 31.364 .0700 

.49 31.283 .0700 

.50 31.200 .0700 
JULIAN DAY 198 HOUR 1820 THE WEATHER CONDITION IS STABLE 

RN(W/mA2) H(W/mA2) GS(W/mA2) LE(W/mA2) E. RATE (m/s) 
17.3981 -36.9561 -74.7103 125.7448 5.155E-08 

Z(m) Tprof THETA 
.00 24.590 .0699 
.01 24.988 .0704 
.02 25.617 .0707 
.03 26.807 .0697 
.04 27.811 .0697 
.05 28.647 .0698 
.06 29.336 .0698 
.07 29.897 .0698 
.08 30.348 .0699 
.09 30.709 .0699 
.10 30.994 .0699 
.11 31.218 .0699 
.12 31.391 .0700 
.13 31.525 .0700 
.14 31.626 .0700 
.15 31.702 .0700 
.16 31.759 .0700 
.17 31.800 .0700 
.18 31.830 .0700 
.19 31.852 .0700 
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.20 31.867 .0700 

.21 31.878 .0700 

.22 31.885 .0700 

.23 31.890 .0700 

.24 31.893 .0700 

.25 31.895 .0700 

.26 31.895 .0700 

.27 31.895 .0700 

.28 31.895 .0700 

.29 31.893 .0700 

.30 31.891 .0700 

.31 31.888 .0700 

.32 31.884 .0700 

.33 31.878 .0700 

.34 31.870 .0700 

.35 31.860 .0700 

.36 31.847 .0700 

.37 31.831 .0700 

.38 31.811 .0700 

.39 31.787 .0700 

.40 31.759 .0700 

.41 31.725 .0700 

.42 31.686 .0700 

.43 31.641 .0700 

.44 31.591 .0700 

.45 31.535 .0700 

.46 31.475 .0700 

.47 31.410 .0700 

.48 31.342 .0700 

.49 31.271 .0700 

.50 31.200 .0700 
JULIAN DAY 198 HOUR 1830 THE WEATHER CONDITION IS STABLE 

RN(W/mA2) H(W/mA2) GS(W/mA2) LE(W/mA2) E. RATE (m/s) 
9.1107 -31.9773 -61.3907 98.1970 4.021E-08 

Z(m) Tprof THETA 
.00 23.460 .3679 
.01 23.686 .3282 
.02 24.130 .1479 
.03 25.175 .0705 
.04 26.171 .0697 
.05 27.061 .0697 
.06 27.844 .0697 
.07 28.529 .0698 
.08 29.121 .0698 
.09 29.627 .0698 
.10 30.057 .0699 
.11 30.417 .0699 
.12 30.716 .0699 
.13 30.963 .0699 
.14 31.164 .0699 
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.15 31. 326 .0700 

.16 31. 456 .0700 

.17 31. 559 .0700 

.18 31. 640 .0700 

.19 31. 703 .0700 

.20 31. 752 .0700 

.21 31. 789 .0700 

.22 31. 817 .0700 

.23 31. 838 .0700 

.24 31. 852 .0700 

.25 31. 863 .0700 

.26 31. 869 .0700 

.27 31.873 .0700 

.28 31. 874 .0700 

.29 31. 873 .0700 

.30 31.869 .0700 

.31 31. 864 .0700 

.32 31. 856 .0700 

.33 31. 847 .0700 

.34 31. 834 .0700 

.35 31. 819 .0700 

.36 31. 802 .0700 

.37 31. 781 .0700 

.38 31. 756 .0700 

.39 31. 728 .0700 

.40 31. 697 .0700 

.41 31. 661 .0700 

.42 31. 622 .0700 

.43 31. 579 .0700 

.44 31. 533 .0700 

.45 31.483 .0700 

.46 31. 430 .0700 

.47 31. 375 .0700 

.48 31. 318 .0700 

.49 31. 259 .0700 

.50 31.200 .0700 
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