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ABSTRACT 

Two field studies were conducted to compare the average daily 

evaporation rates from the surfaces of micro-lysimeters. The two 

methods used were the micro-lysimetric method (MLM) and the infrared 

thermometric method (ITM). The MLM uses the daily weight loss of the 

micro-lysimeter to estimate the average daily evaporation rate. The 

ITM involves the midday infrared thermometric measurements of surface 

temperatures of a drying soil and a nearby nonevaporating reference dry 

soil and the average windspeed. For two seven-day experiments, the ITM 

underestimated the cumulative evaporation by about 12% for initially 

wet micro-lysimeters and overestimated it by about 47% for the dry 

micro-lysimeters with respect to the MLM. The correlation coefficient 

for the cumulative evaporations as determined by both methods was 0.98 

for both experiments. 

x 



INTRODUCTION 

Evaporation of water in the natural environment as defined by 

Brustsaert (1982) is the phenomenon by which water is converted from 

the liquid or solid state into vapor. The amount of water loss from 

the earth's surface due to evaporation is considerable. Studies of the 

global water budget conducted by Baumgartner and Reichel (1975) and 

Korzun et al. (1978) show that over 60% of the precipitation over land 

is lost by evaporation. For the continent of North America, these 

researchers found 62% and 55% of precipitation is lost by evaporation, 

respectively. 

Evaporation of water from bare soils is an important considera

tion in the scheduling of many farming operations in both irrigated and 

dry land agriculture (Idso, Reginato, and Jackson 1975). Its rate 

influences decisions as to the time of planting, the type of tillage 

practices, irrigation system design and practices. 

Agricultural lands remain largely bare during the periods of 

fallowing, planting, germination, and early stages of plant growth. A 

considerable amount of water can be lost from the soil surface during 

these early, vulnerable stages of plant growth; thus, adversely affect

ing the growth of seedlings and young plants. Rapid and accurate 

estimation of evaporation can aid in decision making and prevent 

possible adverse effects. 

1 
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For the last couple of decades, there has been an increasing 

interest in the assessment of the evapotranspiration of cultivated 

crops in arid regions. One of the main reasons for the interest is 

the cost of water. The cost of energy requirements to pump water 

continually increases, as does the regional bureaucratic conflicts 

over the rights of water. Therefore, research in the areas of water 

use efficiency and evaporation assessment have also increased. 

There have been many different methods developed to estimate 

evaporation. However, most of these methods estimate evaporation for 

a large area. Rapid determination of evaporation for small areas has 

the advantage of improving the uniformity of water use within an 

irrigated field by detecting differences in evaporation from site to 

site. In turn, this will aid in achieving better germination, reducing 

crop stress, and increasing yield. 

Two methods of assessment of evaporation from a bare soil were 

developed in 1982 and 1983 by Ben-Asher, Matthias, and Warrick (1983) 

and the micro-lysimetric method (MLM) by Boast and Robertson (1982). 

The objectives of this study were (1) to compare average daily evapora

tion rates from the surface of the micro-lysimeters as determined by 

both methods under field conditions and (2) to compare the cumulative 

evaporation for the period of the experiment as determined by these two 

methods and the water balance method. The change in the water storage 

was determined by the gravimetric method. 



LITERATURE REVIEW 

One of the earlier observations of factors influencing the 

evaporation of the soil water was discussed by Hide (1954). Hide 

listed (1) the vapor pressure difference between the layer from which 

water is evaporating and that of the turbulent atmosphere and (2) the 

resistance to vapor flow of the intervening layer as two important 

variables affecting the evaporation rate from a soil. He pointed out 

that for a moist soil surface the resistance to evaporation depends 

principally on the thickness of the laminar layer of air adjacent to 

the soil surface through which the water vapor pressure gradient is 

a straight line function. However, with an increase of turbulence in 

the atmosphere, the vapor pressure gradient is curvilinear. Hide also 

mentioned that, since the soil surface is usually quite rough, the 

thickness of the laminar layer of air will be greater and more variable 

above the soil than above water. 

Hide explained, as the layer of dry soil gets thicker, the 

resistance to vapor flow within this layer soon exceeds that due to 

the laminar layer at the soil surface. This static, resistive layer 

then becomes the dominant layer in reducing the rate of vapor flow 

between the top of the moist soil and the atmosphere. Wind movement 

will not greatly affect the rate of evaporation, since it cannot 

influence the flow of vapor in the static layer. The driving force for 

3 
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evaporation is the water vapor pressure difference between the atmos

phere and the upper layer of the moist soil. 

Hide studied evaporation in the spring by stacking six plastic 

cups of one inch in height with wire screen bottoms in a plastic tubing 

that was inserted into the soil. Rain had fallen before the start of 

the experiment so the soil in each cup was at or near field capacity. 

The cups were frequently weighed. Much moisture loss took place from 

the surface inch during the day, but ceased at night for the first three 

days. The second inch lost as much water during the night as in the 

afternoon, but it gained weight in mid to late morning. Hide explained 

that when the soil in the top cup warms following sunrise, some of the 

vapor diffuses down to the second inch cup and distills. By noon the 

second inch of soil has warmed enough so that it loses moisture to the 

third inch layer. The third inch of soil gains moisture all day and 

loses it throughout the night. During the day, this layer must have 

moisture distilling into it from the layers above more rapidly than it 

is being lost to the layers below. This was explained by the fact that 

the temperature gradient is greater in magnitude near the surface during 

the day than it is farther down in the profile. At night, the tempera

ture gradient is also greater in magnitude near the surface than lower 

down in the profile, but the gradient is in the reverse direction; thus, 

this layer loses more moisture to the above layers than it gains from 

the layers below. The fourth and fifth layers had a slight downward 

trend in the moisture content probably due to the average downward trend 

in surface soil temperature during the spring season. 
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Under constant atmospheric evaporativity, three recognizable 

stages of the soil drying process have been observed (Pearse, Oliver, 

and Newitt 1949). 

(1) An initial, constant rate stage (Stage I) during which the 

external conditions limit and control the evaporation rate rather than 

the properties of the soil profile from the wet soil. 

(2) An intermediate, falling rate stage (Stage II) during 

which evaporation rate decreases'progressively with increasing time. 

During this stage, the evaporation rate is dictated by the rate at 

which the gradually drying soil surface profile can conduct moisture 

to the evaporation zone. 

(3) A slow-rate stage (Stage III) during which water vapor 

transmission upward through the dry surface layer occurs primarily by 

diffusion. This stage may persist much longer than the other two 

stages. 

Covey and Bloodworth (1966), in a laboratory study, found that 

in the falling rate stage of evaporation from soil columns, the evapora

tion rate increased markedly with an increase in evaporativity and it 

decreased markedly with a decrease in the evaporative demand. The 

lower evaporativity was provided by the general laboratory conditions. 

The higher evaporativity was provided by adding radiant energy from an 

incandescent lamp. Two soil columns in insulated boxes were repeatedly 

interchanged between the two evaporative conditions. 
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Covey and Bloodworths' findings contrast with the findings of 

a few others. Philip (1957) reported that the actual evaporation rate 

is independent of the potential evaporation rate in the falling rate 

stage of soil drying. Hi 11 el (1971) expressed that the actual 

evaporation rate is determined either by the atmospheric evaporativity 

or by the soil's own ability to deliver water, whichever is the lesser 

and hence the limiting factor. Gardner and Hi 11 el (1962) reported that 

during the falling-rate period of drying, the evaporative rate was 

found to be nearly independent of the potential evaporation rate. 

Hanks, Gardner, and Fairbourn (1967) reported that when the soil surface 

is warmed by radiation, the tendency toward upward flow of water in 

response to evaporation-induced moisture gradient is countered by the 

effect of a thermal gradient which is to induce flow and distillation 

from warmer to cooler regions. However, they did not mention that with 

an increase in radiation intensity, the counter tendency to upward 

flow will override the additional energy available for greater evapora

tion. 

Combination Approaches to Measurements 
of Evaporation 

Fuchs and Tanner (1967) successfully tested a combination 

formula for evaporation that uses the surface temperature measured by 

infrared thermometers against a detailed energy balance and Bowen ratio 

measurements. They assumed that the water vapor, heat, and momentum 

transfer in the atmospheric boundary layer were similar and the 

transfer coefficients could be found from the measurements of wind 
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velocity at a stated height above the surface and the roughness length 

of the surface. In addition, they included the effect of the diabatic 

turbulence described by Sellers (1965) which accounts for the increase 

in eddy transfer processes resulting from atmospheric instability in 

the aerodynamic portion of the combination formula. 

Fuchs and Tanner (1967) also analyzed two simple resistive 

models that attempt to account for the reduction of evaporation due 

to water vapor desaturation of the soil surface. Both models considered 

the presence of a moist soil at a plane underneath the dry surface. 

The first model related the resistance to water vapor transfer within 

the dry layer to the difference between the vapor pressure at the 

surface and the saturation vapor pressure at the boundary between the 

dry and moist layer. The second model analyzed was proposed by Monteith 

(1963) for a vegetal canopy and was applied to bare soils by Covey (1965). 

This second model assumed that the thermal conductivity of the dry layer 

is infinite so that the temperature at the boundary between the dry and 

the moist layer is the same as that at the surface. Thereforethe 

second model related the resistance to vapor transfer within the dry 

layer to the difference between the vapor pressure and the saturation 

vapor pressure at the surface. These two models failed to describe 

correctly the transfer processes through the dry upper layer of the 

soil. They mentioned that the second model proposed by Monteith (1963) 

and Covey (1965) is less reliable than the other model because of the 

additional assumption of infinite thermal conductivity in the dry layer. 

Fuchs and Tanner (1967) explained that the saturation does not occur at 

an apparently sharp boundary between the dry and the moist layers of 
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sand. The water vapor sources in the sand are distributed over a layer 

rather than being concentrated at a well-defined plane, as the models 

assume. 

Van Bavel (1966) modified the combination approach developed 

by Penman (1948) to estimate potential evaporation. Van Bavel revised 

the aerodynamic part of the combination formula drastically to replace 

the empirical wind function proposed by Penman with a wind function 

based upon the standard wind profile theory for adiabatic conditions. 

The modified model was tested against precision weighable lysimeters 

in estimating the potential evaporation from open water, wet bar soil, 

and well watered alfalfa. Van Bavel reported excellent agreement 

between the calculated and the measured values on an hourly and daily 
I 

basis under a variety of circumstances. 

Temperature Approaches to Measurements 
of Evaporation 

Fox (1968) described a technique to determine average daily 

evaporation from stream beds. By subtracting the surface energy balance 

for a nonevaporating dry soil (Equation 1) from the surface energy 

balance for a drying soil (Equation 2), he solved for the latent heat 

flux from the drying soil (Equation 3). 

R„o = K (' + l i  - L0« - "0 
+ Go (1) 

Rnd = K (1 -<xd) + L ' - Ldt - Hd • Gd + Ed (2) 

Ed = K H + V " LdT> + <Ho " Hd> + <G0 " Gd> <3> 
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where Rn, H, 6, and E are the flux densities of net radiation, sensi

ble heat, soil heat, and latent heat, respectively. The subscripts o 

and d denote steady state dry and transient drying soils, respectively. 

The arrows (it ) represent the incoming and outgoing radiation, 

respectively. K and L are the short and long wave radiations, res

pectively. cX is the albedo, and Ais the latent heat of vaporization. 

Fox (1968) assumed that the sum of the terms K (cX - c<|) + 

(G - G^) is small relative to E^. He explained that the additional 

short wave radiation available on the surface of a drying soil can be 

assumed to go into heating the soil. Then Equation 3 becomes 

Ed = <Lof  - Ldf> + <Ho - Hd) <4> 

Substituting the relations 

L = £<x T4 (5) 

H = P CpDh (T " V (6) 

into the right-hand side of Equation (4) becomes 

"o - Hd - -°cpDh ((T0 - V - <Td - V = -°CpDh <To - Td>(7> 

Lo "Ld =CCT(To4 " Td4> =4CcrT3 <To " V <8> 

and Equation (4) becomes 

Ed = (4WT3 
+/OCpDh) (T0 - Td) (9) 

where T is the soil surface temperature (°K), £ is the emissivity of the 

-2 -4 soil, cr is the Stephan-Boltzman constant (Wm K ),yOis the air density. 

Cp is the specific heat of air, T is the average maximum temperatures 

between the dry and the drying soil, TQ and T^ are the maximum daily 
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temperature of a dry and a drying soil, respectively, and is a 

transfer coefficient which is a function of the windspeed and the air 

ground temperature difference. 

Fox (1968) listed the assumption pertaining to as (1) 

is unique meaning H is a constant with height (2) Dh for a wet or a 

dry soil are the same and (3) the nonlinear relationship between 

and the other variable may be ignored. He explained that can be 

regarded as simply a constant of proportionality since loses its 

physical meaning as a transfer coefficient under increasing numbers of 

assumptions. Thus Equation (9) can be rewritten as 

E d = M v T
d )  ( 1 0 )  

where & was named the constant of the prediction and is a function of 

windspeed and the air and dry soil temperature difference. Fox 

reported that this constant must be calculated for each type of soil. 

In a field study conducted in the Rillito Wash near Campbell 

Avenue in Tucson, Az., Fox determined the average daily evaporation 

rates from the difference in the weights of six aluminum pans six 

inches deep and fifteen inches in diameter. During the same time 

period, he collected maximum surface soil temperatures of the pans and 

the daily wind passage by using a maximum thermometer and a totalizing 

anemometer, respectively. Multiple regression was used to arrive at 

an empirical slope, , in the plot of actual evaporation (weight 

measurements) against the predicted evaporation. 

The prediction equation determined for the sand-filled pans was 

then used to estimate evaporation rates from the same pans. The 
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predicted evaporation compared to the actual evaporation determined by 

the difference in the weights of the pans gave a standard error of 0.5 

mm for the 0 - 1.0 mm evaporation range and a standard error of 1.1 mm 

for the 7.0 - 8.0 mm range. 

Fox also tested a clay-loam soil and found that the constant of 

prediction was significantly different than that for wash sand. He 

concluded that this constant must be calculated for each type of soil. 

The thermal inertia theory of remote soil moisture determina

tion by infrared thermometry (Blanchard, Greeley, and Goettelman 

1974; Rosema 1974) was utilized by Idso et al. (1975) to obtain an 

empirical correlation between the ratio of daily totals of actual to 

potential evaporation and the amplitude of the diurnal surface soil 

temperature wave. They also successfully correlated the difference 

between the maximum soil surface temperature and the air temperature 

to the ratio of daily actual evaporation over the daily potential 

evaporation. From the results of the two variations of this technique, 

they suggested that the Stage II of soil drying is not a unique physical 

process, but rather an observational artifact arising from the non-

instantaneous transition of the entire soil surface from the basic 

Stage I of soil drying to the basic Stage III of soil drying, where 

soil water content is the limiting factor. 

A similar study by Reginato et al. (1976) was conducted to 

determine soil water content and evaporation by thermal parameters 

obtained from ground-based and remote measurements. These parameters, 
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daily maximum minus minimum surface soil temperature and daily maximum 

soil minus air temperature, described the relative soil water evapora

tion equally well. They observed good agreement between these tech

niques for measuring surface soil temperature. Measurements were made 

by in situ thermocouples, ground-based infrared radiation thermometer, 

and the thermal infrared band of an airborne multispectral scanner. 

A method was described by Ben-Asher et al. (1983) to assess 

evaporation from a bare soil by infrared thermometry. The method 

described was based on the earlier work done by Fox (1968). Evapora

tion was calculated by measuring daily average windspeed, and midday 

infrared thermometric measurements of surface temperatures of the drying 

soil and a nearby nonevaporating reference dry soil. They expressed the 

latent heat flux for a drying soil as 

where A is the latent heat of vaporization, is the water vapor mass 

flux density at the soil surface. is a coefficient of proportionality 

and is composed of (1) a units conversion factor (360 min/6 h), (2) an 

energy transfer coefficient which includes convective and radiative 

terms for transfer of energy between the soil and the atmosphere and 

(3) and a component which accounts for the periodic manner of evaporation. 

Sd = 8.70 (/OCpr
_1 + 4£cr T3) 

T + Tj 
T - o » max d, max 

2 
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ATd max 
1S the difference between the maximum temperatures of the dry 

and the drying surfaces, ^ois the air density, Cp is the specific 

heat of the air, r is the aerodynamic resistance to vapor flow, £ is 

the emissivity of the soil, cris the Stephan-Boltzmann constant, and 

U is the daily average windspeed. 

An experiment to compare lysimeter-measured values of evapora

tion with those estimated on the basis of this method was conducted. 

The results showed an underestimation of evaporation rate in Stage II 

of soil drying and an overestimation in Stage III with respect to the 

lysimeter measurements of evaporation rates. Also the results of the 

experiment showed that the cumulative lysimetric evaporation was higher 

than cumulative evaporation obtained from using the model. 

Micro-lysimeter Approach to Measurement 
of Evaporation 

A new micro-lysimeter method for estimating evaporation from 

bare soils was developed by Boast and Roberston (1982). In this study, 

it was assumed that an infinitely long micro-lysimeter (76 mm in 

diameter) would behave the same as undisturbed soil and that micro-

lysimeters of finite length behave, for a time, as if they were 

infinitely long. In order to know whether micro-lysimeters of one 

length have ceased to behave like infinitely long ones, it must be 

compared with much longer micro-lysimeters. This deviation from the 

infinitely long micro-lysimeter is detected when the cumulative 

evaporation of one length falls behind in value from that of much 

longer ones, assuming uniform wetness in the profile. Under 



evaporativity of conditions ranging from 2 to 9 mmd"^, the deviation 

for micro-lysimeters 70 mm in length was found to be less than 0.5 mm 

for 1 or 2 days, depending on whether the initial soil condition is 

wet or dry, respectively. 



METHODS AND MATERIALS 

Two field studies were conducted at the University of Arizona 

Campus Agricultural Center in Tucson. The first experiment was run 

from November 12, 1983 to November 19, 1983 and the second experiment 

was conducted during the period between May 9, 1984 and May 16, 1984. 

Both experiments were conducted on a coarse loamy over sandy 

skeletal, mixed, thermic typic torriflurent. The area of the study was 

approximately 50 meters south from the Rillito Wash as shown in 

Appendix A. 

Experiment I 

The site chosen was a flat, bare area. The area was drip 

irrigated on November 11 from 1300 till 0940 hour of the next day with 

32 liters of tap water using a 20 liter bucket. The water flowed through 

a tube 6 mm in diameter. The flow rate was controlled by a screw clamp 

on the unattached end of the tube. The water application rate was about 

1.6 liters per hour. Before the irrigation application, the soil water 

content was determined graveimetrically to the depth of 120 cm in 30 cm 

intervals and also at the 15 cm depth. After the completion of the 

irrigation on November 12 between 0940 and 1032 hour, seven micro-

lysimeters were inserted in and about the surface wetted area in a 

pattern as shown in Figure 1. The micro-lysimeters used were steel con

duit (3" EMT) cylinders of 76 mm in diameter, 150 mm in height and 3 mm 

in wall thickness. They were each pushed into the ground by hand. Once 

15 
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N 

^ 70 

o6 

Emitter 

Surface Wetting Pattern at 
Completion of Irrigation. 

Figure 1. The position of seven micro-lysimeters, emitter, and the 
wetting pattern upon the completion of irrigation for 
Experiment I. 

Scale: 1 cm = 22 cm 
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they were pulled out, an isolated, undisturbed core of soil was held 

within the cylinder. The soil at the bottom of the cylinder is trimmed 

off enough to make space available for a tight fitting rubber stopper 

(size no. 14) to seal the bottom of the cylinder. The function of the 

rubber stopper is to prevent water movement into or out of the bottom 

of the micro-lysimeters. The weights of all the seven micro-lysimeters 

were determined every day at about 0800 and 1700 hours using a balance 

(OHAUS, 1 g resolution, Central Scientific Co.). 

A weather station was set up near the study site and measured 

solar radiation (Silicon Pyranometer, Li-Cor, Model LI 200S), net 

radiation at 25 em height (Fritschen Net Radiometer, Micromet Instru

ments), air and wet-bulb temperatures (Hygrometer, Phys-Chem Corp., 

Model PCRC-11), and windspeed at the 2m height (Met-one, Model 014A) 

every 15 minutes every day from 0645 to 1745. The data were recorded 

on a data logger (Campbell Scientific Inc., CR21 micrologger). 

On the last day of the experiment, the soil moisture content 

near the emitter was determined gravimetrically to the depth of approxi

mately 150 em at 30 em intervals and also at the 15 em depth. 

Experiment II 

A flat, uniform, and bare site was selected about 7 meters 

north of the site of Experiment I. It was drip irrigated on May 8 

from 1550 till 0800 hour of the next day with 20 liters of water at the 

rate of approximately 1.2 liters per hour using the same bucket as 

in Experiment I. The longest period of irrigation was during the 
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nighttime to minimize evaporation during infiltration. The rate of 

water application was slow enough that no puddling at the emitter 

site occurred at any time during the irrigation as opposed to Experi

ment I. The wetting pattern at the soil surface following the end of 

the irrigation was nearly a perfect circle of approximately 77 cm in 

diameter with the emitter as the center (Figure 2). Before the 

irrigation application, three gravimetric samples for the determina

tion of the soil water were collected at both the 15 and 3.0 cm depths. 

The same was done on the last day of the experiment except two gravi

metric samples were collected at the same depths, but at two different 

locations. One sample location was at the emitter site and the other 

at the edge of the surface wetted soil, 39 cm away from the emitter. 

Six micro-lysimeters were placed in the ground on May 9 between 

0820 and 0845 hour in an arrangement illustrated in Figure 2. The 

weights of the micro-lysimeters were obtained every day at about 0800 

and 1800 hour. In addition, the surface temperatures of the micro-

lysimeters and a nearby nonevaporating reference micro-lysimeter were 

determined at about 1300 hour. 

Solar radiation, net radiation at 25 cm height, air temperature, 

relative humidity, windspeed at the 2 m height, surface soil tempera

ture and soil temperature at the 10 cm depth at the emitter site, and 

the soil temperature of the dry reference micro-lysimeter at the 10 cm 

depth were measured and recorded every 15 minutes, 25 hours a day, on 

the data logger. The above mentioned soil temperatures were measured 

with thermistors (Campbell Scientific Inc., Model 101). Also, 
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60 

Figure 2. The position of seven micro-lysimeters, emitter, and the 
wetting pattern upon the completion of irrigation for 
Experiment II. 

Scale: 1 cm = 20 cm 
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the daily evaporativity was measured with a weighing evaporation pan 

(Evaporimeter Pan, Bel fort, Inc.) set at the 2 m height. 

On the fourth day of the experiment, two micro-lysimeters 

(#3 and 5 in Figure 2) were placed in the ground. Upon the completion 

of the experiment, the eight micro-lysimeters were brought back to the 

laboratory and oven-dried for about 7 days. Their moisture content at 

the beginning and end of the experiment are given in Appendix B. 



RESULTS 

Experiment I 

Table 1 shows the soil water content before the irrigation and 

at the end of the experiment as determined by the gravimetric method. 

The amount of evaporation for the period of the experiment -was cal

culated from the difference between the amount of irrigation and the 

change in the soil water of the site before the irrigation and at the 

end of the experiment to be 68.5 mm. This suggests that the evapora

tion rate was nearly 10 mm d"^ assuming that the rate remained constant 

for the entire seven days of the experiment. However, this must be 

incorrect because (1) the potential evaporation rate from the Class A 

pan evaporation data averaged about 3 mm d~\ a value substantially 

less than 10 mm d"^ and (2) Micro-lysimeter #5 with the greatest 

cumulative evaporation showed approximately 24 mm of evaporation for 

the entire period of the experiment. Therefore, a substantial amount 

of the irrigation water must have moved away from the s.ite either 

laterally, or vertically downward, or both. 

The environmental conditions for the period of Experiment I 

is summarized in Table 2. The reported data were collected between 

0645 and 1745 hour of the day. The times for the maximum and minimum 

air temperatures, relative humidity, and windspeed are reported in the 

parentheses underneath each value. 

21 
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Table 1. Summary of the gravimetric determination of the soil water 
content, at each depth, on a dry-weight basis and a volumetric 
basis.--Values are given for before the irrigation and at the 
end of Experiment I. 

Water Content on Volumetric Bulk Density 
Dry Weight Basis Water Content (g cm"3) 

Depth 
(cm) Before End Before End Before End 

15 0.13 0.15 0.19 0.23 1.45 1.48 

30 0.09 0.16 0.14 0.24 1.54 1.44 

60 0.04 0.06 0.06 0.08 1.42 1.40 

90 0.07 0.06 0.07 0.09 1.62 1.43 

120 0.03 0.03 0.05 0.05 1.57 1 .63 

150 - 0.03 _ _ 0.04 _ _ 1.57 

The data for the Class A Pan Evaporation was obtained from 

the west side of the Campus Agricultural Center. The site of the pan 

was more enclosed by buildings and trees than where the experiment was 

run. 

Daily evaporation from the micro-lysimeters as determined 

by both the micro-lysimetric method (MLM) and the infrared thermometric 

method (ITM) is tabulated in Table 3. All of the micro-lysimeters, 

particularly the ones placed in the wetted region, Micro-lysimeters 1, 

2, 3, and 5, exhibited a decrease in the evaporation rate with increas

ing time by both methods, except Micro-lysimeter #5. Figure 3 

illustrates evaporation rate in mm d"^ as a function of time for Micro-

lysimeter 5. Both methods show maximum evaporation on the third and the 



Table 2. Environmental conditions during the period of Experiment I. Data were collected from 
0645 till 1745 hour of the day. The values within the parentheses represent the hour 
of the day. 

Air Relative 

Solar 
Radiation 

(MJnfV1) 

Temperature 
(°C) 

Humidity 
(%) 

Winds 
(ms~ 

Deed 
) 

Pan Evaporation 

(mm d~^) Date 

Solar 
Radiation 

(MJnfV1) Max. Min. Max. Min. Max. Min. 

Pan Evaporation 

(mm d~^) 

1/12/83 — — 3.6 
(1445) 

1.7 - -

1/13/83 14.5 — — 2.9 
(1515) 

1.7 — 

1/14/83 14.9 22.2 
(1400) 

7.5 
(0700) 

97.6 
(0700) 

24.4 
(1400) 

3.6 
(1145) 

2.0 3.04 

1/15/83 15.1 26.8 
(1500) 

3.7 
(0645) 

98.4 
(0645) 

12.8 
(1515) 

4.7 
(1230) 

2.2 3.33 

1/16/83 14.3 28.7 
(1400) 

5.0 
(0700) 

92.0 
(0700) 

12.9 
(1400) 

3.0 
(1515) 

1.6 2.55 

1/17/83 14.1 26.2 
(1300) 

5.6 
(0715) 

96.7 
(0645) 

13.6 
(1345) 

2.4 
(1430) 

1.4 2.98 

1/18/83 9.8 21.2 
(1245) 

10.8 
(0700) 

84.3 
(0715) 

39.2 
(1400) 

5.8 
(1345) 

3.4 — 

rv> 
CO 



Table 3. Daily evaporation rates as determined by the two methods, MLM and ITM during Experiment I. 

Micro-
Evaporation Rate (mm d"1) 

lysimeter 
no. 1 2 

Days After Irrigation, 
3 4 

MLM/ITM 
5 6 7 

1* 5.1/3.6 3.3/2.8 2.4/2.6 1.5/1.6 2.6/2.5 0.4/2.0 2.6/2.0 

2* 3.1/3.6 2.4/2.3 2.6/2.2 0.7/1.5 2.4/1.9 0.4/1.8 1.1/1.8 

3* 5.1/3.4 2.2/3.5 4.0/3.6 1.8/1.9 3.1/2.2 0.9/1.6 1.5/1.7 

4 0.9/1.5 0.2/1.5 1.1/1.5 0.4/0.8 -0.4/0.6 1.3/1.0 -0.2/0.9 

5* 2.4/3.8 3.8/3.7 4.8/4.5 5.3/4.3 4.2/3.4 4.4/3.2 2.4/2.3 

6 0.2/1.8 0.0/1.5 1.1/0.4 0.9/0.4 -0.2/1.8 0.7/0.8 0.2/0.8 

7 0.4/1.0 0.2/0.6 0.9/0.4 1.1/0.5 0.4/1.3 0.2/0.5 1.3/0.6 

•Placed in the wetted area. 
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Experiment I 

Micro-lysimeter #5 

2 3 4 5 6 

Time (days after irrigation) 

Figure 3. Average daily evaporation rate from the surface of Micro-
lysimeter #5 as a function of time for Experiment I. 
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fourth day, instead of the first day after the irrigation. One 

possible explanation may be that the windiest part of the day, or the 

maximum windspeed for these two days, occurred at about midday, the 

time of maximum solar radiation intercepted by the ground. However, 

the maximum windspeed for the other days occurred late in the after

noon. The solar radiation data indicates that the maximum intercepted 

solar radiation occurred between 1200 and 1245 hour of the day. Also, 

maximum net radiation occurred at about the same time period of the 

day. 

Computed correlation coefficients and regression equations 

for the period of the experiment for each micro-lysimeter is reported 

in Table 4. In the regression equations, ITM was represented on the 

y-axis and MLM on the x-axis. 

Micro-lysimeters (1,2, 3 and 5) placed in the wetted area 

showed a stronger linear relationship for the two methods. A possible 

explanation is given in the discussion section. 

Table. 5 shows the computed correlation coefficients and 

regression equations for daily evaporation rate for the two methods. 

They are calculated for the seven micro-lysimeters each day. The 

results show a good agreement between the two methods, especially 

during the days of high evaporativity. 

The cumulative evaporation for the period of the experiment 

from the surface of each micro-lysimeter as determined by the two 

methods is tabulated in Table 6. The cumulative evaporation as 
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determined by the ITM is nearly 6% less than that measured by the 

MLM for the three of four micro-lysimeters (1, 3, and 5) placed in 

the wetted area. However, the three micro-lysimeters (6, 7 and 4) 

that were placed in the dry region, show that the cumulative 

evaporation measured by the ITM is nearly 47% more than the cumula

tive evaporation measured by the MLM. A possible explanation is given 

in the discussion section. 

Table 4. Computed correlation coefficients and regression equations 
for daily evaporation rate over the period of the experi
ment for each micro-lysimeter as determined by the two 
methods, MLM and ITM. In the regression equations, ITM 
was represented on the y-axis and MLM on the x-axis. 

Micro-lysimeter Regression 
No. r Equation 

1* 0.87 y = 0.4x + 1.4 

2* 0.76 y = 0.5x + 1.3 

3* 0.76 y = 0.5x + 1.3 

4 0.55 y 

X
 

C
O

 o
 

II + 1.0 

5* 0.64 y II
 

o
 

X
 

+ 2.0 

6 -0.88 y =  -1  . 1  X  + 1.5 

7 -0.36 y = -0.3x + 0.9 

•Placed in the wetted area. 
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Table 5. Computed correlation coefficients and regression equations 
for daily evaporation rate for the seven micro-lysimeters 
each day as determined by the two methods, MLM and ITM. In 
the regression equations, ITM was represented on the y-axis 
and MLM on the x-axis. 

Regression 
Date r Equation 

11/12/83 0.82 y = 0.5x + 1.5 

11/13/83 0.87 y = 0.6x + 1.2 

11/14/83 0.96 y = l.Ox - 0.2 

11/15/83 0.93 y = X
 

C
O

 o
 + 0.3 

11/16/83 0.88 y = 0.4x + 1 .2 

11/17/83 0.76 y = 0.5x + 1.0 

11/18/83 0.82 y = 0.7x + 0.7 

Table 6. Cumulative evaporation for the period of the experiment from 
each micro-lysimeter as determined by the two methods, MLM 
and ITM 

Cumulative Evaporation (mm) 
Micro-lysimeter 

No. MLM ITM 

1* 17.9 17.1 

2* 12.7 15.1 

3* 18.6 17.9 

4 3.3 7.8 

5* 27.3 25.2 

6 2.9 7.5 

7 4.5 4.9 
*Placed in the wetted area. 
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Figure 4 shows the cumulative evaporation from each micro-

lysimeter as determined by the two methods graphed against each other. 

The correlation coefficient, r = 0.98, indicates a strong linear 

relationship between the two methods. 

Gardner (1959) reported a study on the falling-rate stage of 

drying under infinite evaporativity. A solution to the flow equation 

for a semi-infinite soil column was found to indicate that the cumula

tive evaporation is linearly proportional to the square root of time. 

One way of testing the acceptability of these methods is to compute 

the linear association between cumulative evaporation and the square 

root of time. 

Even though the evaporative demand did not stay constant from 

day to day during the period of the experiment and the initial stages 

of drying was dominated by the constant-rate stage, the computation 

of the correlation coefficient between the cumulative evaporation 

0 5 
and the square root of time (d ) for the micro-lysimeters show a 

very strong linearity (Table 7). Both methods show a stronger linear 

association for the micro-lysimeters placed in the wetted area (1, 2, 3, 

and 5) than in the dry area (4, 6, and 7). 

The surface temperatures of the micro-lysimeters and the soil 

in the proximity to each one is given in Table 8. Micro-lysimeter #5, 

the closest to the emitter site, shows the lowest temperatures for its 

surface and the undisturbed soil surrounding it. The increasing order 

for the remainder of the micro-lysimeters is #3, 1, 2, 4, 6, 7, and 8. 
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Figure 4. Graph of the cumulative evaporation for the period of 
Experiment I from each micro-lysimeter as determined by the 
ITM and MLM. 
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Table 7. Correlation coefficients between the cumulative evaporation 
and the square root of time for the micro-lysimeters 
determined for both methods, MLM and ITM. 

Correlation Coefficient (r) 
Micro-lysimeter 

No. MLM ITM 

1* 0.995 0.996 

2* 0.993 0.996 

3* 0.993 0.999 

4 0.937 0.998 

5* 0.993 0.997 

6 0.962 0.976 

7 0.950 0.971 

•Placed in the wetted area. 

The reason why the surfaces of the micro-lysimeters consistently 

showed a lower temperature than the nearby soil each day with a few 

exceptions may be that the highly thermal conductive walls of the 

steel conduit micro-lysimeters transfers some of the stored heat 

downward from the surface to the cooler lower depths. 

The data also supports that the difference in temperature 

between the surface of the micro-lysimeters and the soil surrounding 

them increased as the experiment progressed. This is perhaps due to 

the fact that as the surface soil of the micro-lysimeters progressively 

became drier and, therefore, hotter, the thermal gradient between the 

surface soil and the lower depths increased resulting in greater heat 



Table 8. The surface temperatures of each micro-lysimeter and the soil surrounding it. 

Micro-lysimeter No. 

1 *** 2*** 3*** 4 5*** 6 7 8** 
Temperature (°C) 

Date* Micro-lysimeter/Surrounding 

11/12 24.3/25.7 24.2/26.6 25.1/25.3 31.6/31.7 23.8/25.0 30.7/35.5 33.3/33.5 36.8/34.6 

11/13 26.5/24.8 28.1/28.7 24.1/24.4 30.8/33.1 23.4/24.8 31.0/33.7 33.8/34.0 36.0/34.0 

11/14 25.7/25.6 26.8/27.6 22.5/26.6 29.2/32.2 19.8/22.1 32.6/23.6 32.7/32.5 33.8/33.8 

11/15 27.0/28.1 27.3/29.5 26.1/30.2 29.4/31.1 18.8/25.4 30.8/31.1 30.4/30.6 31.8/30.2 

11/16 27.5/30.8 29.5/31.4 28.7/32.5 34.2/34.4 24.2/29.6 30.1/32.1 31.7/33.3 36.3/34.0 

11/17 27.8/31.1 28.8/32.0 29.2/32.4 31.7/34.2 22.8/30.4 32.4/33.0 33.6/32.1 35.6/34.5 

11/18 25.3/28.3 25.6/29.6 25.8/30.3 27.4/29.3 24.2/27.8 27.6/29.2 28.0/28.3 29.2/30.2 

•year 1983. 
**#8 is the nonevaporating reference dry micro-lysimeter. 
***Placed in the wetted area. 
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transferred to the lower depths. In turn, the surface soil tempera

tures of the micro-lysimeters did not climb as fast as they should have 

if the thermal conductivity of the micro-lysimeter was nearly the same . 

as that of the soil. This difference in thermal conductivity between 

the micro-lysimeters and the soil may have an important implication 

in the result of the estimation of evaporation by the two methods as 

discussed in the discussion section. 

Contrary to the other micro-lysimeters, Micro-lysimeter #8, 

the nonevaporating reference dry micro-lysimeter showed a higher 

temperature than its nearby soil primarily because the surrounding 

soil was losing water to the atmosphere resulting in the cooling of 

the soil surface. 

Experiment II 

The soil water content before the irrigation and at the end 

of the experiment as determined by the gravimetric method are given 

in Tables 9 and 10. Using the water budget approach, the amount of 

evaporation for the period of Experiment II was calculated to be 30.4 mm. 

This amount of evaporation was calculated to be a representative value 

for the wetted area (Appendix C). 

The environmental conditions for the period of Experiment II 

is reported in Table 11. The Class A pan evaporation data were 

obtained from the west side of the Campus Agricultural Center. The 

collective evaporation for May 11 through May 13 was 30.1 mm, but it 
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Table 9. Summary of the gravimetric determination of the soil water 
content on a dry weight basis and volumetric basis before 
irrigation. 

Water Content on Volumetric Bulk 
Depth Dry Weight Basis Water Content Density 
(cm) 

Dry Weight Basis 
(g cm"3) 

15 0.10 0.16 1.53 

30 0.11 0.18 1.60 

Table 10. Summary of gravimetric determination of the soil water 
on a dry weight basis and volumetric basis at the end 
of the experiment. Values are given for the emitter 
site and the edge of the wetted area. 

Water Content on Volumetric Bulk 
Depth Dry Weight Basis Water Content Density 
(cm) (g cm-3) 

Emitter Edge Emitter Edge Emitter Edge 

15 , 0.15 0.14 0.22 0.20 1.46 1.44 

30 0.11 0.09 0.16 0.14 1.51 1.59 

is not reported in Table 11. As it was mentioned before, the site 

of the Class A pan evaporation was more enclosed by buildings and 

trees than where the experiment was run. This may explain the 

higher values for the evaporimeter. Their ratios for day 1 and 2 

and their collective ratio for days 3, 4, and 5 is a consistent 

value suggesting a good agreement between the two potential evaporation 

measurements. 



Table 11. Environmental conditions during the period of the experiment II. The following data 
except the pan evaporation were measured every 15 minutes for seven consecutive days. 
The values within the parentheses represent the hour of the day. 

Air Relative 
Solar Net Temperature Humidity Winds peed Pan Evaporation 

Radiation Radiation (°C) % (ms-1) Evaporation Class A 
Date (MJM_2d_l) (MJM'^d-!) Max Min Max Min Max Min Ave (mm d"1) (mm d-1) 

5/9/84 31.2 — 37.1 
(1545) 

11.2 
(0545) 

45.0 
(0545) 

7.9 
(1545) 

2.3 
(1415) 

0.4 
(0145) 

1.2 15. .8 10, .6 

5/10/84 30.6 13.8 38.7 
(1500) 

14.1 
(0545) 

40.6 
(0600) 

7.3 
(1500) 

3.6 
(1645) 

0.5 
(0300) 

1.5 15. .8 10, .2 

5/11/84 31.8 10.6 38.4 
(1415) 

13.1 
(0530) 

30.0 
(615) 

7.4 
(1415) 

3.5 
(1630) 

0.4 
(2045) 

1.5 15, .9 - •  

5/12/84 31.5 9.6 38.0 
(1445) 

16.2 
(0545) 

29.4 
(0545) 

7.6 
(1445) 

3.0 
(1630) 

0.5 
(2000) 

1.6 13, .3 - •  

5/13/84 14.7 4.0 33.5 
(1445) 

20.2 
(0500) 

17.3 
(0445) 

9.6 
(1445) 

5.2 
(1745) 

0.7 
(0715) 

1.9 15, .7 -• 

5/14/84 30.2 11.1 38.6 
(1445) 

16.8 
(0500) 

48.1 
(0515) 

7.4 
(1500) 

4.9 
(2000) 

0.6 
(0415) 

1.8 - •  8 .1 

5/15/84 24.8 9.0 37.8 
(1435) 

17.9 
(0600) 

50.0 
(0600) 

8.4 
(1400) 

6 . 5  
(1515) 

0 . 5  
(0600) 

1 . 9  - •  11 .7 

CO cn 
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Daily evaporation from the surface of the micro-lysimeters as 

determined by both the micro-lysimetric method (MLM) and the infrared 

thermometric method (ITM) is presented in Table 12. All of the micro-

lysimeters, particularly the ones placed in the wetted area, micro-

lysimeters 2, 3, and 4, exhibit a decrease in the evaporation rate 

with increasing time by both the methods. On the fourth day of the 

experiment, two additional micro-lysimeters were placed in the wetted 

area. Micro-lysimeter #7 was placed near the center of the wetted area 

next to Micro-lysimeter #3, and Micro-lysimeter #8 was placed near 

the edge of the wetted area to represent the soil moisture conditions 

for Micro-lysimeters #2 and 4. The evaporation rate for these new 

micro-lysimeters is in good agreement with the micro-lysimeters near 

them. 

For 1 millimeter of evaporation from a unit area in 1 day, 

2.4 x 10 Joules of net solar radiation per unit area per day is 

-P -1 ft -P —1 
required (1 mmm d" = 2.4 x 10 Jnf d" ). Micro-lysimeter #3 had 8.9 mm 

of evaporation during the second day of Experiment II. This is approxi-

-2  -1  
mately equivalent to 21 MJm d . However, the net radiation for this 

day was only 13.8 MJm~^d"^. This additional energy (7.2MJm~^d~^), 52% 

of the net radiation, suggests a great amount of advective energy is 

available in the form of divergence of sensible heat between two 

locations of different evaporation rates. 

Correlation coefficients for daily evaporation were computed 

to assess the strength of the linear relationship between the two 



Table 12. Daily evaporation rates from the micro-lysimeters as determined by the micro-lysimetric 
method (MLM) and the infrared thermometric method (ITM) for Experiment II. 

Evaporation Rate (mm d"^) 
Micro- Days After Irrigation 
lysimeter 

No. 1 2 3 4 5 6 7 
MLM/ITM 

1 1.6/0.5 0.9/1.1 0.2/0.6 0/0.9 0.2/0.6 0.4/1.1 0/0.9 

2* 10.2/5.6 3.6/2.8 2.4/2.2 0.7/1.7 1.3/1.4 1.3/2.4 0.2/1.6 

3* 14.0/6.4 8.9/5.4 2.2/2.5 0.4/2.0 1.3/1.7 0.4/2.2 0.9/1.6 

4* 9.3/5.2 3.6/2.3 1.8/1.4 0.2/0.7 1.3/1.1 1 .3/0.9 0/2.2 

5 0.9/0.5 0.9/0.8 0/0.8 0/0.9 0/1,0 0.2/1.4 0/0.9 

6 1.1/0.3 0.7/0.8 0.2/0.8 0/0.3 0.4/0.3 0.4/0.8 0.2/0.7 

7** - - — — 0.4/0.3 1.3/1.6 0.4/1.5 0.4/1.3 

8** 0.2/0.8 1.3/1.7 0/1.9 0.9/1 .8 

•Placed in the wetted area. 
**Placed in the wetted area on the fourth day of Experiment II. 
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methods. Computed correlation coefficients and regression equations 

for the period of the experiment for each micro-lysimeter is reported 

in Table 13. 

Table 13. Computed correlation coefficients and regression equations 
for daily evaporation rate over the period of the experi
ment for each micro-lysimeter as determined by the two 
methods. In the regression equations, ITM was represented 
on the y-axis and MLM on the x-axis. 

Micro-lysimeter 
No. r Regression Equation 

1 -0.25 y = rO.lx + 0.9 

2* 0.98 y = 1.2x + 1.0 

3* 0.98 y 
= 

0.4x + 1.7 

4* 0.91 y = 0.4x + 0.9 

5 -0.51 y = -0.3x + 1.0 

6 -0.15 y = -O.lx + 0.6 

7** 0.40 y = 0.6x 

e
n
 o

 
+

 

8** 0.29 y = X
 

C
M

 O
 + 1.4 

•Placed in the wetted area. 
**Placed in the wetted area on the fourth day of Experiment II. 

The micro-lysimeters (#2, 3, 4) placed in the wetted area 

showed a very strong linear relationship for the two methods. However, 

the rest showed a very poor linear relationship between the two 

methods. 
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Table 14 shows the computed correlation coefficients and 

regression equations for daily evaporation rate for the two methods. 

They were calculated for all of the micro-lysimeters each day. The 

results show a very good agreement between the two methods for the 

first three days of the experiment. However, a poor agreement 

between the two methods for the remaining days was obtained. 

The cumulative evaporation for the period of the experiment 

from the surface of each micro-lysimeter as determined by the two 

methods is tabulated in Table 15. The cumulative evaporation as 

determined by the ITM is nearly 17% less than that measured by the 

MLM for Micro-lysimeters #2, 3, and 4 placed in the wetted area. 

However, Micro-lysimeters #1, 5, and 6 placed in the dry region show 

that the cumulative evaporation measured by the ITM is nearly 47% 

more than the cumulative evaporation measured by the MLM. The 

correlation coefficient between the cumulative evaporation from each 

micro-lysimeter as obtained from the two methods was calculated to be 

r = 0.98. 

The spatially-averaged rate of evaporation from the wetted 

area was calculated to be 10.6 mm d"^ for May 10 (one day after irriga

tion). This average rate was estimated as follows: First, an assumed 

-2 -1 linear relationship between evaporation rate (E; kg m d ) and radial 

distance (x; m) from the emitter was found. This relationship was 

found by regressing MLM measured E (micro-lysimeters 2, 3, and 4) 

versus lysimeter distance from emitter, with the result that 

E = -21 ( k) + 16; r = -0.996. 
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Table 14. Computed correlation coefficients and regression equations 
for daily evaporation rate for the seven micro-lysimeters 
each day as determined by the two methods. In the regression 
equations, ITM was represented on the y-axis and MM on the 
x-axis. 

Date r Regression Equation 

5/9/84 0.99 y = 0.5x - 0.1 

5/10/84 0.99 y = 0.6x + 0.5 

5/11/84 0.94 y = 0.7x + 0.6 

5/12/84 0.57 y = 1.4x + 0.6 

5/13/84 0.78 y = 0.7x + 0.6 

5/14/84 0.05 y = O.lx + 1.5 

5/15/84 0.34 y = 0.5x + 0.2 

Table 15. Cumulative evaporation for the period of the experiment 
from each micro-lysimeter as determined by the micro-
lysimetric method (MLM) and the infrared thermometric 
method (ITM). The correlation coefficient between the 
two methods is r = 0.99. 

Micro-lysimeter Cumulative Evaporation (mm) 
No. MLM ITM 

1 3.3 5.6 

2* 19.7 17.7 

3* 28.1 21.8 

4* 17.5 14.4 

5 2.0 6.3 

6 3.0 3.9 

7** 2.5 4.7 

3** 2.4 6.2 

•Placed in the wetted area. 
**Placed in the wetted area on the fourth day of Experiment II. 
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Next, this function was integrated over the circular area (radius = 

XQ = .388 m) that was wetted, i.e. 

on May 10. 

The surface temperatures of the micro-lysimeters and the soil 

in the proximity of each one is given in Table 16. As in Experiment I, 

the surfaces of the micro-lysimeters consistently showed a lower 

temperature than the nearby soil each day except in four cases out of 

50 cases. Also, the difference in temperature between the surface of 

the micro-lysimeters and the surface surrounding them increased even 

more as compared to Experiment I, as the experiment progressed. This 

larger gap in temperature may be due to the fact that a stronger 

positive soil heat flux occurred during Experiment II, than I. Although 

Experiment II was conducted about midspring, the climate during this 

period was warmer than average. 

9 = 2lf X 

9 = 0  X = 0  

= 5 kg d"1 4- TT (.388)2 

=10.6 kg m~^d~^ 

=10.6 mm d ^ 

The calculated value of 10.6 mm d" is in very good agreement 

with the evaporation rate of 10.2 mm d'^measured with the Class A pan 



Table 16. The surface temperatures of each micro-lysimeter and the soil surrounding it. 

Date 

0* 
Micro-lysimeter No. 

2** 3** 4** 5 

Temperature (°C) 
Micro-lysimeter/Surrounding 

r *** 8 *** 

5/9/84 59.5 57.5/60.1 36.2/35.1 32.7/34.6 38.0/36.7 57.4/61.1 58.3/60.6 

5/10/84 57.9 54.1/57.5 47.8/50.2 38.3/40.2 49.5/51.2 55.0/58.2 55.2/57.6 

5/11/84 57.9 56.0/60.0 50.4/54.4 49.3/50.8 53.2/56.3 55.2/61.1 55.3/59.3 

5/12/84 46.9 43.7/47.5 40.8/45.8 39.9/41.4 42.0/46.1 43.3/48.0 46.0/47.2 46.0/45.8 44.1/44.4 

5/13/84 58.4 55.5/61.5 54.3/57.8 53.0/51.5 54.8/59.1 56.6/61.9 57.5/61.0 53.5/60.2 53.3/57.7 

5/14/84 60.2 56.0/62.4 52.8/62.3 53.5/54.2 54.9/60.6 56.7/61.0 57.7/60.9 55.6/60.8 54.3/58.7 

5/15/84 53.8 51.0/55.8 48.6/55.0 48.7/51.8 50.1/55.0 51.0/55.6 51.5/57.3 49.8/54.8 48.0/55.3 

*Micro-lysimeter #0 is the nonevaporating reference dry micro-lysimeter. 
**Placed in the wetted area. 
***Placed in the wetted area on the fourth day of Experiment II. 



DISCUSSION 

From the surface temperature data for the surfaces of the 

micro-lysimeters and their surrounding soil for Experiments I and 

II, it was concluded that the walls of the micro-lysimeters transfer 

an appreciable amount of heat downward to lower depths resulting in 

lower surface temperatures for the micro-lysimeters than the soil 

surrounding them. Also, the difference in the surface temperature of 

the micro-lysimeters and their surrounding soil increased as the soil 

became drier. 

The difference in the thermal conductivity between the walls 

of the micro-lysimeters and the soil has an important implication in 

the result of the estimation of evaporation by the two methods. In 

the early stage of soil drying, the effect of the micro-lysimeter 

walls is at its minimum in the estimation of evaporation from the 

nearby undisturbed soil by the MLM. However, as the soil surface 

becomes drier, the effect of the micro-lysimeter walls is to reduce 

evaporation from the surface because some of the heat that would have 

been available for evaporation is unavailable by having been trans

ferred down to lower depths. As a result, the MLM would show an 

evaporation rate progressively lower than the undisturbed surrounding 

soil as the surface soil dries. 

To summarize, the MLM is a good method of estimating evapora

tion from an undisturbed soil during the early stage of soil drying, 
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but it grossly underestimates during the later stages of drying when 

metal micro-lysimeters are used. This problem may be corrected 

entirely by choosing a micro-lysimeter made of a material with a thermal 

conductivity close to or lower than that of the dry soil, perhaps glass 

or plastic. The thermal conductivity of soil is not a constant value, 

but changes with changes in the soil water content. For example, the 

thermal conductivity of a moist loam soil is approximately nine times 

greater than that of a dry loam soil according to Nakshabandi and 

Kohuke (1965). 

The effect of the micro-lysimeter walls on the ITM is, however, 

a little more complex. The surface temperature of the nonevaporating 

reference dry micro-lysimeter is lower than the nonevaporating undis

turbed soil due to higher thermal conductivity of the micro-lysimeter 

walls with respect to soil. The surface temperature of a drying 

micro-lysimeter at saturation is not much lower, if any, than the 

saturated surrounding soil. However, as the surface of the saturated 

micro-lysimeter progressively becomes drier, the surface temperature 

of the micro-lysimeter will progressively become lower than the 

surrounding soil. As a result, the ITM will underestimate evaporation 

in the early stage of drying and will overestimate during the later 

stages of drying when metallic micro-lysimeters are used. 

In the early stage of drying the MLM is a fairly accurate 

method of estimating evaporation whereas the ITM underestimates 

slightly. During the later stages of drying, the MLM underestimates 

evaporation whereas the ITM overestimates. 
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When comparing the two methods as in Experiments I and II, it 

is not surprising that (1) the cumulative evaporation for the micro-

lysimeters placed in the wetted regions were much closer between the 

two methods than the micro-lysimeters placed in the dry areas (2) the 

coefficients, of correlation for the micro-lysimeters on a daily basis 

were much closer to unity during the first few days than the later 

days of the experiment. 

Average daily windspeed is a crucial factor of consideration 

in estimating evaporation in the ITM. However, the data indicates 

that the windspeed during the period of optimal solar and net radia

tion may be of more importance than the average daily windspeed in 

the estimation of evaporation. For example, high windspeed during 

early morning, the time when net radiation is nearly zero and relative 

humidity is near its maximum value, will enhance evaporation perhaps 

just a little more than if the windspeed was zero. By the same token, 

high windspeed during midday will greatly enhance evaporation, 

perhaps several times that if the windspeed was zero. Unless the 

average daily windspeed is representative of the period of high solar 

and net radiation, the ITM will underestimate or overestimate depending 

on the prevailing conditions. The greater the difference between the 

average daily windspeed and the windspeed during the period of high 

solar and net radiation, the greater the error in the estimation of 

evaporation rate will be made by the ITM. 



SUMMARY AND CONCLUSIONS 

Summary 

The objective of this study was to compare the average daily 

evaporation rate from the surfaces of micro-lysimeters as determined 

by the micro-lysimetric method (MLM) and the infrared thermometric 

method (ITM). Two field experiments were conducted, one in the 

winter of 1983 and the other in the spring of 1984. 

Several steel conduit micro-lysimeters of 76 mm in diameter 

and 150 mm in height were installed in and about a flat, smooth, 

undisturbed area irrigated by a single point emitter. The evaporation 

rates were determined by daily weight measurements of the micro-lysi

meters, and the daily midday surface temperatures of the micro-lysi

meters and a nonevaporating reference dry micro-lysimeter and the 

average daily windspeed. 

Conclusions 

In Experiments I and II, the correlation coefficients for the 

micro-lysimeters on a daily basis between the two methods were much 

closer to unity during the first few days than the later days of the 

experiments. Also, the cumulative evaporation for the micro-lysimeters 

placed in the wetted region were much closer between the two methods 

than the micro-lysimeters placed in the dry areas. The correlation 

coefficients for the micro-lysimeters placed in the wetted areas 

sh.owed a stronger linear relationship between the two methods. 



From the surface temperature data for the surfaces of the 

micro-lysimeters and their surrounding soil, it was hypothesized that 

the walls of the micro-lysimeters transfer progressively more heat 

downward to lower depths as the soil dries resulting in lower surface 

temperatures for the micro-lysimeters than the soil surrounding them. 

Provided that this hypothesis is true, this problem may be eliminated 

by choosing a micro-lysimeter made of a material with a thermal 

conductivity equal to, or lower than, the dry soil. 

Some advantages associated with the MLM are as listed: 

(1) It is a-very direct method of measuring evaporation. 

(2) It can provide average^evaporation rate several•times a day. 

by increasing the frequency of weighing the micro-lysimeter. 

(3) It as. a very accurate method.of estimating evaporation dur

ing the early stages of soil drying. However, Its accuracy decreases 

during the late stages of soil drying since a systematic and/or an 

experimental error will result in greater error percentage than during 

the early stage of soil drying. 

The disadvantages of this method are as follows: 

(1) The sealed lower boundary of the micro-lysimeter will 

influence evaporation sometime after use. Micro-lysimeters underestimate 

evaporation rate after a few days of use. The greater the height of the 

micro-lysimeter, the later this occurs. 

(2) The weighing of the micro-lysimeter may be difficult and 

inaccurate under windy field conditions. 

(3) it is a'vfery labor-intensive method. 
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The advantages of the ITM are listed as: 

(1) It is simple. 

(2) It can be used by remote sensing. 

(3) No soil disturbance takes place. 

The disadvantages associated with the ITM are as follows: 

(1) It must have a nonevaporating reference dry soil nearby 

where evaporation is being measured. Thus, during rainy days its use 

is impractical. 

(2) It requires an instantaneous measure of evaporation which 

may or may not represent the true value, depending on the daily con

ditions. 

(3) The temperature measurements of soil surfaces by an infra

red thermometer may be difficult and inaccurate under windy conditions. 

(4) The assumption that the difference in the soil heat flux 

and the albedo of a nonevaporating dry soil and drying soil is negli

gible in the calculation of the evaporation rate may not be true at 

every stage of soil drying. 



APPENDIX A: 

A MAP OF A SECTION OF THE CAMPUS AGRICULTURAL CENTER 
WITH THE SITE OF THE EXPERIMENT MARKED 

North 

Rillito P>iver 
Channel 

/ 

Study Site 

Campbell Avenue \ 
Roger Road 

\ 
Boundary 
of Farm 
East of 
Campbel1 
Avenue 



APPENDIX B: 

GRAVIMETRICALLY DETERMINED MOISTURE CONTENTS OF 
MICRO-LYSIMETERS AT THE BEGINNING AND END OF EXPERIMENT II 

Micro-lysimeter Water Content on 
No. Dry Weight Basis 

Beginning End 

1 0.07 0.06 

2 0.21 0.11 

3 0.30 0.15 

4 0.19 0.10 

5 0.07 0.06 

6 0.07 0.05 
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APPENDIX C: 

CALCULATION OF CUMULATIVE EVAPORATION FROM THE 
WETTED AREA OVER THE PERIOD OF EXPERIMENT II 

Since the wetting at the surface followed a symmetrical 

circular pattern of 77.6 cm in diameter it is reasonable to assume 

that the wetting pattern in the soil was also a symmetrical hemi

sphere. 

A = TT (38.8)2 = 4.73 x 103 cm2 

V = |tf(38.8)3 = 1.22 x 105 cm3 

1.22 x 105 x 1.52 -£ t = 1.85 x 105 g of soil 
cm"3 3 

A M h g =AwMS0-ji = (-13 - .10) (1.8 x 10^) = 5.6 x 103 g of water 

E = I - Mh 0 = 20.0 - 5.6 = 14.4 

14.4 x 103 m 10 mm 1 cm3 „ 
E = o— o x x = 30.4 mm 

4.73 x 103 cnr 1 cm 1 m 

A = exposed surface area of the wetted soil. 

V = volume of the wetted soil. 

Aw = the change in the soil water content on the dry 

weight basis before the irrigation and at the seventh 

day of the experiment. 

A M h o = the change in the mass of water content before the 

irrigation and at the seventh day of the experiment. 

M„ = the dry weight of the wetted soil. 
soil J 3 
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APPENDIX C—Continued 

I = the volume of the water applied during the irrigation. 

E = the cumulative evaporation over the seven day period of 

the experiment from the wetted area. 



REFERENCES 

Baumgartner, A. and Reichel, E. 1975. The world water balance, 
Elsevier Publ. Com., Amesterdam. 

Ben-Asher, J., A.D. Matthias, and A.W. Warrick. 1983. Assessment of 
evaporation from bare soil by infrared thermometry. Soil Sci. 
Soc. Am. J. 47: 198-191. 

Blanchard, M.B., Greeley, R., and Goettelman, R. 1974. Use of visible, 
near infrared, and thermal infrared remote sensing to study soil 
moisture, NASA TM X-62, 343. 

Boast, C.W., and T.M. Robertson. 1982. A "micro-lysimeter" method for 
determining evaporation from bare soil: description and 
laboratory evaluation. Soil Sci. Soc. Am. J. 46: 689-696. 

Brustsaert, W.H. 1982. Evaporation into the atmosphere. Reidel 
Publ. Co., Holland. 

Covey, W.G. 1965. Studies on the drying of bare ground. Texas A & M 
University, Ph.D. dissertation, University Micro-film Inc., 
Ann Arbor, Mich. 

Covey, W.G., and M.E. Bloodworth. 1966. Evaporativity and the second 
stage of drying of soil. J. Appl. Meteor. 5, 364-365. 

Fox, M.J. 1968. A technique to determine evaporation from dry stream 
beds. J. Appl. Meteor. 7: 697-701. 

Fuchs, M., and Tanner, C.B. 1967. Evaporation from a drying soil. 
J. Appl. Meteor. 6, 852-857. 

Gardner, W.R. 1959. Solutions to the flow equation for the drying of 
soils and other porous media. Soil Sci. Soc. Amer. Proc. 
23, 183-187. 

Gardner, W.R., and D.I. Hi 11 el. 1962. The relation of external 
evaporative conditions to the drying of soils. J. Geophys. Res. 
67, 4319-4325. 

Hanks, R.J., Gardner, H.R., and Fairbourn, M.L. 1967. Evaporation of 
water from soils as determined by drying with wind or radiation. 
Soil Sci. Soc. Amer. Proc. 31, 593-598. 

Hide, J.C. 1954. Observations of factors influencing the evaporation 
of soil moisture. Soil Sci. Soc. Proc. 234-238. 

53 



54 

Hillel, D.I. 1971. Soil and water: physical principles and processes. 
Academic Press, New York. 

Idso, S.B., R.J. Reginato, and R.D. Jackson. 1975. Assessing bare 
soil evaporation via surface temperature measurements. In 
Proc. of Hydrology and Water Resources in Arizona and the 
Southwest, 5: 199-205. 

Korzun, V.I. (Editor-in-Chief), Sokolov, A.A., Budyko, M.I., Voskres-
ensky, K.P., Kalinin, G.P., Konoplyantsev, A.A., Korotkevic'h, 
E.S., Kuzin, P.S., Lvovich M.I. 1978. World water balance 
and water resources of the earth, U.S.S.R. National Committee 
for the International Hydrological Decade, U.N.E.S.C.O. Press, 
Paris. 

Monteith, J.L. 1963. Gas exchange in plant communities: Environmental 
Control of Plant Growth. New York and London, Academic Press, 
95-112. 

Nakshabandi, G.A., and H. Kohuke. 1965. Thermal conductivity and 
diffusivity of soils as related to moisture tension and the 
physical properties. Agr. Met. 2: 271-279. 

Pearse, J.F., Oliver, T.R., and Newitt, D.M., 1949. The mechanism of 
the drying of solids: part I. The forces giving rise to 
movement of water in granular beds during drying. Trans. Inst. 
Chem. Eng. 27, 1-8. 

Penman, H.L. 1948. Natural evaporation from open water, bare soil 
and grass, Proc. Roy. Soc. A193, 120-145. 

Philip, J.R. 1957. Evaporation, and moisture and heat fields in the 
soil. J. Meteor. 14, 354-366. 

Reginato, R.J., S.B. Idso, J.F. Vedder, R.D. Jackson, M.B. Blanchard, 
and R. Gottelman. 1976. Soil water content and evaporation 
determined by thermal parameters obtained from ground-based 
and remote measurements. J. Geophys. Res. 81: 1617-1620. 

Rosema, A. 1974. Simulation of the thermal behavior of bare soils 
for remote sensing purposes. In heat and mass transfer in 
the biosphere, Vol. I. Transfer processes in the environment 
of plants, D.A. deVries, ed. Scripta Pub. Co., Washington, 
D.C. 

Sellers, W.D. 1965. Physical climatology. The University of Chicago 
Press, Chicago. 

Van Bavel, C.H.M. 1966. Potential Evaporation: The combination con
cept and its experimental verification. Water Resour. Res. 
2: 455-467. 


