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ABSTRACT

Critical water shortage problemswill face SouthAfrica in the
near future. It is extremely important to train future irrigation
managers to apply new technologies to the solution of these
problems. The Soil Water Balance (SWB) irrigation scheduling
computermodel was presented to 4th-year agricultural students
in the soil physics and irrigation courses at the University of Pre-
toria. The SWBmodel is a mechanistic, real time, user-friendly
model, that predicts crop growth and the soil water balance
from available crop management, soil, and weather data. It in-
cludes a stand-alone window in which the FAO (Food and Agri-
cultural Organization) Penman-Monteith grass reference evap-
otranspiration can be calculated (ETo calculator). The objectives
were to assess the effectiveness of a computer application as a
teaching tool, to determine whether a complex integratedmodel
(SWB) is more suitable for educational purposes than a simpler
model (ETo calculator), and to investigate the students� percep-
tion of themodels. The exercise included a lecture where the the-
ory was discussed, and the models were demonstrated making
use of realistic examples. Optional homework exercises were
then assigned andmarked. The average score was 77.1%± 8.0%
for the SWB homework, and 80.8% ± 10.1% for the ETo calcu-
lator. The simpler ETo calculator appeared to be better under-
stood than the more complex SWB. Several technical improve-
ments were suggested by the students. Simple computer models
are recommended for practical exercises at the end of each lec-
turing session. The demonstration of complex models integrat-
ing various lecturing sessions could then be made at the end of
the course.

SOUTHAFRICA is one of the countries where water resources
and supplies have already reached critically low levels,

particularly in the developing rural communities. It is ex-
pected that, in the near future, these supplies will come under
even more stress due to the growth in population and in-
creasing water use per capita. It is therefore of great impor-
tance that the public be aware of the problem and informed
of strategies to save water. The media, private business and
government, as well as educational institutions at all levels,
are currently involved in presenting the problem and possible
solutions to the public.
Agriculture is an important economic activity in the coun-

try and is also the largest consumer of water. Water manage-
ment extension programs may be improved in the future by
providing educational resources to university students. The ef-
ficient management of water resources in agriculture is taught
in several graduate and postgraduate courses at the University
of Pretoria, in theDepartment of Plant Production and Soil Sci-

ence. Particular attention to the problem is given in courses
where students are taught irrigation principles. It is essential
that future irrigation specialists, extension officers, farmers,
and consultants be trained in applying techniques oriented to-
ward more efficient water use.
Managing irrigation water requires a quantitative descrip-

tion of the dynamic, complex soil�plant�atmosphere system.
Themost efficient way to investigate many of theWhat if? op-
tions available to the irrigationmanager is through a computer
model. The use of computers at higher educational institutions
is increasing, particularly since information systems have be-
come widely affordable. Computer tools are effective means
of illustrating principles that are otherwise difficult to con-
ceptualize, in particular because young people find them fa-
miliar and interesting. Furthermore, they give the opportunity
of applying theoretical principles to actual management situ-
ations. Several studies have already been published on the use
of computers as teaching tools (Cassel and Elrick, 1992; Han-
naway et al., 1992; Cross, 1993; Kohut et al., 1993; Robin-
son and Schafer, 1993; Fermanian and Wehner, 1995; Scott
and Smith, 1995). Ferguson and Chapman (1993) reported that
computer applications helped the students to improve their
grades. Michaels (1993) argued that new technologies en-
courage students to approach the problem in a fresh way, as
theymay have developed a pattern for their approach to a term
paper, laboratory report, or class presentation. The use of
computers as a teaching aid can also allow teachers to spend
less time in preparing lectures (Cattle et al., 1995), and dedi-
cate more time to research work.
In this study, the Soil Water Balance (SWB) irrigation

scheduling computer model (Annandale et al., 1996a) was pre-
sented to undergraduate students in the GKD 329 soil physics
and PGW 422 irrigation courses. The objectives were to fa-
miliarize them with the use of computers in problem solving,
as well as to strengthen their understanding of some of the the-
oretical principles explained during the course. The SWB
model integrally describes the soil�plant�atmosphere system
and calculates a large number of soil water balance parame-
ters for the specific input setting. It allows the user to choose
parameter values before calculation and to simulate realistic
scenarios. This should stimulate students to experiment with
the various parameters to determine which have the greatest
effect, and provide problem-solvingmanagement experience,
which will help them in their professional employment. The
development of problem-solving and critical-thinking skills
were reported to be the basic educational needs in agriculture
and natural resource management (Salvador et al., 1995).
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A comprehensive review of agronomic models was pub-
lished by Hanks and Ritchie (1991). Most of these models are
lacking in user-friendliness. One of SWB�s main strengths is
that it is written in a user-friendly Windows 95 format. The
self-explanatory graphics make it easy to apply in practice and
a valuable addition to available educational material. The
SWBmodel is being tested by some irrigation consultants and
farmers in the country. Themodel includes a stand-alone win-
dow where the FAO (Food and Agricultural Organization,
Rome, Italy) Penman-Monteith grass reference evapotran-
spiration (ETo) can be calculated.
The objectives of this study were (i) to assess the effec-

tiveness of a computer application as a teaching tool; (ii) to
determine whether a more complex model that gives an inte-
grated description of a natural process, like SWB, is more suit-
able as a teaching tool than a simple model, like the ETo cal-
culator, which describes only one part of the system; and (iii)
to investigate the students� perception of, and possible rec-
ommendations for improvements in user-friendliness of the
SWB model as a teaching tool.

THEORETICAL OVERVIEWOF THEMODEL

Soil Water Balance Model

The SWBmodel is a mechanistic, daily time step, generic
crop growthmodel. It is based on the improved version of the
soil water balance model described by Campbell and Diaz
(1988). The multilayer soil component of the model ensures
a realistic simulation of water infiltration and crop water up-
take processes. A cascading soil water balance is used after
canopy interception and surface runoff have been considered.
Potential evapotranspiration (PET), adopted from interna-
tionally standardized FAO Penman-Monteith methodology
(Allen et al., 1998), is calculated as a function of daily aver-
age air temperature, vapor pressure deficit, solar radiation, and
wind speed. Potential evapotranspiration is divided into po-
tential evaporation and potential transpiration by calculating
canopy radiant interception from simulated leaf area (Ritchie,
1972). These represent the upper limits of evaporation and
transpiration and the processes will only proceed at these
rates if atmospheric demand is limiting. However, the supply
of water to the soil surface or plant root system may be lim-

iting. This is simulated in the case of soil water evaporation,
by relating evaporation rate to the water content of the surface
soil layer (Campbell and Diaz, 1988). In the case of transpi-
ration, a dimensionless solution to the water potential based
water uptake equation is used (Campbell and Norman, 1998).
This solution has been shown to work extremely well by An-
nandale et al. (1996b). If actual transpiration is less than po-
tential transpiration, the crop experiences stress and leaf area
development is reduced. Crop transpiration is not calculated
for the top soil layer, which is reserved for evaporation.
In SWB, crop dry matter is accumulated in direct propor-

tion to transpiration corrected for vapor pressure deficit (Tan-
ner and Sinclair, 1983). The model also calculates radiation
limited dry matter production (Monteith, 1977), and uses the
lowest dry matter estimate. This dry matter is partitioned to
roots, stems, leaves, and grains or fruits. Partitioning depends
on crop phenology calculated with thermal time andmodified
by water stress. Required crop parameters include thermal
time requirements and assimilate partitioning parameters.
The SWBmodel includes a database of growth parameters for
several commonly cropped species.
Essential input data are planting date, latitude, altitude, rain-

fall and irrigation water amounts, maximum and minimum
daily temperatures, initial water contents of the soil layers, and
two points on the water release curve, usually field capacity
and wilting point. The SWB model uses a crop parameter,
weather, field, water, and soil database, which negates the need
to generate several ASCII files in a text editor to handle each
simulation. Extensive use is made of graphics and several out-
put variables can be graphically displayed. Crop growth vari-
ables and soil water balance components for each day of the
simulation can also be seen in a result table.

ETo Calculator

The SWBmodel uses weather input data to calculate ETo.
This can also be calculated in a separate window (ETo calcu-
lator, Fig. 1), without having to run the full SWBmodel. The
ETo calculator computes ETo using the same procedure used
in SWB. Essential input data are: date, daily maximum (Tmax)
and minimum temperature (Tmin), latitude, hemisphere, and
elevation. In the absence of measured data, solar radiation is
calculated frommaximum andminimum temperature, as well

Fig. 1. Screen printout of example of the Penman-Monteith grass reference evapotranspiration (ETo) calculator.
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as latitude and altitude (Allen, 1995). If wind speed is not
available, the ETo calculator assumes an average wind speed
of 2 m/s (Allen et al., 1998). If wind speed is not measured at
a 2-m height, the measurement height is entered and wind
speed is normalized using the logarithmic vertical profile
function recommended byAllen et al. (1989). If not measured,
the actual vapor pressure (VP) is calculated from measured
minimum (RHmin) and maximum relative humidity (RHmax)
(Allen et al., 1998), and if that is not available, frommeasured
dry bulb (Tdry) and wet bulb temperature (Twet) (Bosen, 1958).
If no atmospheric vapor measurements are available, the ETo
calculator assumes Tmin reaches dew point, and VP is equal
to the saturated VP at Tmin; ETo is calculated by clicking on
the bottom left icon.

Software Applications and Availability

The SWB model is available for use with Windows 95 on
an IBM-PC or compatible computer. The minimum require-
ment is 16MbRAM. The time required to complete a seasonal
simulation is 3 to 5 s on a Pentium 166. The program is sup-
plied in executable code on 3.5-inch disks or CD, with a quick
reference user guide manual making extensive use of graph-
ics. Copies of the program are available through John G. An-
nandale, Dep. of Plant Production and Soil Science, Univ. of
Pretoria, 0001 Pretoria, South Africa (email address:
annan@scientia.up.ac.za). Reproduction and shipping costs
are payable. The SWB irrigation schedulingmodel, including
the ETo calculator, was not specially modified or adapted for
the purpose of classroom presentation.

METHODS

The Soil Water Balance Model
Classroom Demonstration

The theoretical background of SWB was discussed in a
three-period classroom demonstration (each period was 50

min). Particular attention was given to the concept and pro-
cedures describing the atmospheric evaporative demand-soil
water supply limited root water uptake. Students were made
aware that high-frequency irrigations reduce the risk of crop
water stress, but also reduce crop water use efficiency due to
an increase in direct soil water evaporation and less effective
use of rainfall. The effect of crop stress on transpiration and
yield was explained, as well as the dynamics of the soil water
balance components during the growing season.
Classroom demonstrations and the use of examples to

quantify results are excellent tools to inspire andmotivate stu-
dents through direct visual observation (Butters and Ban-
daranayake, 1993). The SWBmodel was demonstrated using
a data projector. The students were shown how to enter input
data, run the model, and see the results both in graphic and
table format. A simulation was done for dryland babala [pearl
millet, Pennisetum glaucum (L.) R. Br., cv. SA Standard]
grown at Bethal (Mpumalanga Province, South Africa). The-
oretical principles were discussed using graphical output. A
printout of the soil water balance graph is shown in Fig. 2. In
the top half of the graph, black histogram bars represent rain-
fall amounts. No irrigations, which are represented with non-
filled histogram bars, are used in this example. In the bottom
half of the graph, the solid line with bold sections represents
the soil water deficit (SWD), and the other line recommended
allowable depletion level (ADL). In Fig. 2, the SWD line is
thin on days when the ratio of actual to potential transpiration
is ³0.95 (atmospheric evaporative demand limited crop water
use), and thicker when this ratio is <0.95 (soil water supply
limited root uptake, and therefore water stress conditions). On
the computer screen, the SWD line appears thin and blue
when the ratio of actual to potential transpiration is ³0.95, and
thick and red when this ratio is <0.95. The ADL is calculated
as a function of root depth, soil physical properties, and crop
water stress tolerance for the particular growth stage. In the
top right corner, the soil water deficit at the end of the simu-
lation is reported. The following information is displayed

Fig. 2. Printout of soil water balance simulation for babala [pearl millet, Pennisetum glaucum (L.) R. Br., cv. SA Standard] grown at Bethal (South
Africa). Soil water deficit (SWD), allowable depletion level (ADL), and rainfall (black histogram bars) are shown on the graph.
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below the graph: planting date, irrigation system used, crop
simulated, recommended irrigation timing and amount, and
type of model used. Calculated seasonal precipitation, irriga-
tion, transpiration, evaporation, drainage, canopy interception,
runoff, number of stress days, profile water content at field ca-
pacity, and allowable depletion level at the end of the simu-
lation are also shown. The mass balance error (MB error) is
used to check possible numerical errors in the simulation.
There are several reasons why an estimation proceduremay

perform poorly. Insect or herbicide damagemay, for example,
delay canopy development. As this is not accounted for in the
model, a larger canopy and drier profile than actually exists
will be forecast. It is possible to enter measured soil water at
any stage during the season, and the model will bring the sim-
ulation in line. Whenever a correction to the soil water con-
tent is entered, a mass balance error will appear in the soil
water balance graph (Fig. 2).

Several other variables can be graphically displayed. Fig-
ure 3 shows the daily evaporation and transpiration output
graph. Evaporation from the soil surface is the dominant
process in the first part of the season when the crop canopy is
still small. By increasing the canopy cover, crop transpiration
becomes the dominant process. Fluctuations in evaporation
and transpiration depend on atmospheric evaporative demand,
rainfall pattern, and soil water supply. Figure 4 shows water
content at several soil profile depths. Layer depths are indi-
cated in the top right corner of each graph. Field capacity (FC),
permanent wilting point (PWP), and air dry water content
(ADWC) are shown in the top layer graph. Water balance in
the topsoil layer is the most dynamic due to infiltration and
evaporation. Fluctuations in soil water content decrease in
deeper layers, where the root system is less dense.
The use and purpose of SWB was discussed at the end of

the classroom demonstration. The SWB model is a mecha-

Fig. 3. Printout of evaporation and transpiration simulation for babala [pearl millet, Pennisetum glaucum (L.) R. Br., cv. SA Standard] grown at Bethal
(South Africa).
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nistic, and therefore universally valid approach for estimating
crop water use, and has several advantages over more empir-
ical methods often used. Using thermal time to describe crop
development removes the need to use different crop factors for
different planting dates and regions. Splitting evaporation
and transpiration solves the problem of taking irrigation fre-
quency into account. Deficit irrigation strategies, where water
use is supply limited, can also be more accurately described.
The effect of water stress on canopy cover is also taken into
account. User-friendly models can make accurate, high tech-
nology approaches to irrigation scheduling feasible on farm.
This approach can reduce the costs and increase the benefits
of irrigation scheduling. Potential users of the SWBmodel are
not only researchers, but include farmers, irrigation extension
officers, and consultants.

ETo Calculator Classroom Demonstration

The ETo calculator was discussed in a one-period class-
room demonstration with the aid of a data projector. The
equations used to calculate ETo were presented, and a few cal-
culations were made to explain how ETo varies when differ-
ent input data are used.
The applications of the ETo calculator were then discussed.

If empirical crop factors are known, the ETo calculator can be
easily applied in practice to determine potential daily crop
water use (Doorenbos and Pruitt, 1976) to calculate the soil
water balance. The same potential users of SWB could use the
ETo calculator to schedule irrigations. This method, however,
does not account for irrigation frequency and soil water sup-
ply limitations, and empirical crop factors are often difficult
to obtain.

Fig. 4. Printout of soil water content simulation per layer, for babala [pearl millet, Pennisetum glaucum (L.) R. Br., cv. SA Standard] grown at Bethal
(South Africa). Field capacity (FC), permanent wilting point (PWP), and air dry soil water content (ADWC) are shown on the graph.
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Homework Exercises

Optional homework exercises were assigned for the SWB
model and the ETo calculator. The questions are summarized
in Tables 1 (SWB) and 2 (ETo calculator). Such homework ex-
ercises should stimulate individualized learning (Kolb, 1984),
allowing the students to carry out scenario modeling with no
predetermined outcome (e.g., one simulation data set for ba-
bala grown in Bethal, and variable irrigation input data). The
tasks were then to interpret output results, logically explain a
process, or defend an argument.
Hints for the homework questions were given during the

classroom demonstrations. The students were asked to use the
study material from previous course work. In addition, study
material with a detailed description of SWB was distributed.
The set of equations used in the ETo calculator was also dis-
tributed as study material in written format with references.
Copies of the models were made available on 3.5-inch disks
and in the students� computer room. A quick reference guide
manual making extensive use of graphics was made available
to facilitate familiarization with the models. The students
were given 2 wk to complete the homework and return the an-
swers.

Students� Perception Questionnaire

A questionnaire was also distributed to the students to de-
termine whether the two models, in combination with the
users guide manual, were user-friendly. It was also interest-
ing to see, from the students� point of view, if the computer
exercises helped them to better understand the topics covered
in the courses. The questions for the students� evaluation are
summarized in Table 3. The students were also asked to indi-
cate howmany hours they spent with the homework. The au-
thors were very open to any suggestions or criticism.

RESULTS

Homework Exercises

Thirteen of 21 students returned the homework exercises.
Theseweremarked and the results were statistically processed.
Statistical results obtained for each homework exercise are
summarized in Tables 1 (SWB) and 2 (ETo calculator).
Only one of the questions presented a particular problem

for the students; that was Question 5 of the SWB homework
(Table 1). Many students answered that mass balance error
output is used to verify the correctness of model predictions
and to quantify the error committed by the model. This is one
of the purposes of mass balance calculation, but not the main
reason for updatingmodel simulations with measured data. In
fact, the model is very unlikely to compute a value for a vari-
able that is exactly equal to the measurement. The mass bal-
ance error is primarily used to verify the numerical correct-
ness of themodel. Computer models operated from offices are
not supposed to completely substitute field measurements.
They could, however, facilitate management by making field
visits less frequent.
High scores were achieved by students for the first and sec-

ond ETo calculator homework questions (Table 2). The aver-
age percentage was lower for the third homework question,
which required a detailed explanation of the theory underly-
ing the estimation of solar radiation and VP from available
input data. A low score was observed on average for the
fourth homework question, indicating that students did not
properly comprehend the purpose, as well as the advantages
and disadvantages of empirical and mechanistic models.
Statistical analyses of the homework results were also car-

ried out for each student. None of the students had a score
lower than 60%, which was arbitrarily assumed to be the pass
mark. The lowest score was 63.2% for SWB and 60.6% for

Table 1. Homework questions, points assigned, and students� score for the Soil Water Balance (SWB) model exercise.

Questions Points Avg. score and SD, % Score range, %

Use babala [pearl millet, Pennisetum glaucum (L.) R. Br., cv. SA Standard] planted on 1 Oct. 1996 and the Bethal
weather station (Mpumalanga Province, South Africa) for your seasonal simulation with SWB. Enter irrigation input
data and run a simulation. Once you are able to answer a question, print the soil water balance graph to prove your point.

1. Without stressing the crop, investigate the effect of high and low frequency irrigation on:
a. Soil evaporation 5 85.38 ± 20.61 50�100
b. Crop transpiration 5 74.62 ± 32.25 20�100
c. Water use efficiency 5 81.54 ± 27.97 0�100

2. Why does the red line (stress) sometimes turn blue (unstressed) in the soil water balance graph, even though no
irrigation or precipitation occurs and in fact the soil is drier than when the crop experienced stress? 15 77.69 ± 25.77 20�100

3. What is the effect of crop stress on yield (transpiration)? 8 90.00 ± 22.19 20�100

4. Try to irrigate the crop for maximum yield (transpiration) per unit of applied water (irrigation). Hint: leave room
for rain to maximize effective precipitation and dry out the profile (use stored soil water) without stressing the crop.
Also, the irrigation frequency should be as long as possible to reduce evaporative loss. (Bonus points for student
with highest applied water use efficiency.) 23 (+ 20 bonus) 80.77 ± 2.66 80�90

5. Update soil water content and see what the simulation does. Is a mass balance error displayed, and what is the
purpose of such a correction? 15 43.08 ± 29.45 0�100

6. Print the soil layer water content graphs. How does water content fluctuate in the top and bottom of the soil
profile and why? 8 84.62 ± 15.00 50�100

7. Explain why the pattern of soil evaporation and crop transpiration changes during the growing season. 8 87.69 ± 23.91 20�100

8. Who do you see as the potential users of SWB? Could a high-tech approach to irrigation scheduling be of any
use to small-scale farmers from previously disadvantaged communities? 8 91.54 ±13.50 60�100

Total: 100
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the ETo calculator homework. The highest scores were 90.8%
(SWB) and 94.8% (ETo calculator). The average score was
77.1% ± 8.0% for the SWB homework, and 80.8% ± 10.1%
for the ETo calculator.

Students� Perception Questionnaire

Eight of 13 students who did the homework exercises re-
turned the evaluation questionnaire. The students spent on av-
erage 3.7 h (range 1.5�6 h) working on SWB and 1.5 h (range
1�2 h) on the ETo calculator. The number of hours indicated
that the homework load was not excessive.
The results of the survey are summarized in Table 3. The

perception was generally positive. Both models helped stu-
dents to better understand the topics. The students clearly in-
dicated that the ETo calculator is simpler than SWB. The time
required to run a simulation with SWB (15�20 s on a 486
DX66 computer) appeared to be too longwhen comparedwith
the ETo calculator, which provides immediate feedback. One
student indicated that �modeling exercises should be carried
out at the end of a particular topic in a course in order to fur-
ther the understanding of the subject�. Some students did not
use the model manual. This is not seen as a setback, but indi-
cates that the models are user-friendly and accessible.
The students suggested the introduction of help screens that

could show the user how to measure input parameters re-
quired by the models, and the equations used to calculate
some of the output variables. Other technical suggestions in-
cluded the automatic scaling of output graphs, the output of
water use efficiency for seasonal evaluation of the user�s ir-
rigation scheduling, and the introduction of examples of how
to run simulations for a specific crop. It was also suggested
to include options for planning of irrigations by making use
of historic weather data.

CONCLUSIONS AND RECOMMENDATIONS

The SWB computer model is a useful tool for providing in-
struction on the soil�plant�atmosphere system to students
with diverse academic backgrounds and career orientations.
The method, which requires only a computer and data pro-
jector, can be easily used in other courses and environments.
It can also be beneficial for model developers to test the user-
friendliness of models. The classroom demonstrations are
easy to set up and can be conducted during the lecture period.
The SWB model can be used for theoretical lessons, as well
as to create homework assignments, provided that questions
and explanations are carefully developed around known top-
ics. Students who have not mastered the topic can be easily
identified and the instructor can provide additional assistance
according to individual needs. Additionally, morematerial can
be covered in a given amount of time compared with tradi-
tional teaching methods.
Although not all students returned their homework, the

computer exercise with SWB and the ETo calculator appeared
to be successful in terms of students� interest, understanding
of the subject, and development of problem-solving skills. For
a proper and independent evaluation of the models as in-
structional tools, however, we recommend assigning the same
homework before and after the demonstration. Alternatively,
two different populations could be evaluated, one making
use of the model and the other not using it.
Results of the homework and the students� evaluation in-

dicated that a simpler computer model describing a portion of
the system was more effective as a teaching tool than a com-
plex mechanistic model. Several simple modules describing
different components of the soil water balance (e.g., runoff,
canopy interception, infiltration, drainage, evaporation, tran-
spiration) could be compiled and presented to the students dur-
ing the course. At the end of the course, a model that integrates
these components could be finally demonstrated to synthesize
the concepts.
Students� suggestions will be used to improve the techni-

cal aspects and functionality of the models, and the method
of presentation. In particular, we recommend carrying out
the practical modeling session immediately after the related
lecture session has been completed. More time should be
dedicated to explain the general principles and purpose of

Table 2. Homework questions, points assigned, and students� score for
the exercise on the Penman-Monteith grass reference evapotranspi-
ration (ETo) calculator.

Avg. score Score
Questions Points and SD, % range, %

Use the ETo calculator with default input values
and answer the following questions:

1. Plot and explain the variation in FAO grass
reference evapotranspiration (ETo) for the
following parameters:

a. Average temperature (from 5 to 35°C) 6 91.54 ± 8.63 80�100
b. VP (from 0.5 to 2 kPa) 6 90.00 ± 9.61 80�100
c. Date (use the first day of each month) 6 91.54 ± 9.48 80�100
d. Latitude (from 0 to 45° S) 6 86.15 ± 7.38 80�100
e. Elevation (from 0 to 2000 m) 6 84.62 ± 6.34 80�100
f. Solar radiation (from 5 to 35 MJ/m2 per day) 6 89.23 ± 7.30 80�100
g. Wind speed (from 1 to 10 m/s) 6 90.00 ± 8.77 80�100
h. Measurement height (from 2 to 10 m) 6 85.38 ± 8.43 70�100

2. How does ETo change by changing hemisphere
from South to North? Is the effect dependent
on day of year? 6 96.15 ± 6.25 80�100

3. Change the difference between maximum and
minimum daily temperature (Tmax and Tmin),
but keep the mean temperature constant. How
and why does ETo vary with and without:

a. Measured solar radiation 15 76.15 ± 21.68 50�100
b. Measured vapor pressure 15 65.38 ± 32.49 0�100

4. Who do you see as the potential users of the
ETo calculator? 16 70.77 ± 23.03 0�90

Total: 100

Table 3. Students� perception questionnaire.

Answers

Questions Positive Indecisive Negative

1. Did you find the Soil Water Balance (SWB)
model easy to use? 4 4 0

2. Did you find the Penman-Monteith grass reference
evapotranspiration (ETo) calculator easy to use? 8 0 0

3. Did the graphics of SWB add to your understanding
of the behavior of the soil�plant�atmosphere
continuum? 7 1 0

4. Did the ETo calculator assist you in understanding
the dynamics of atmospheric evaporative demand? 8 0 0

5. Should user-friendly models like SWB and the
ETo calculator be used as teaching tools? 6 2 0

6. Were the graphics in the manual helpful? 4 1 3�

7. Was the explanatory text of the manual helpful? 2 2 4�

� Not helpful or not used.
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mechanistic and empirical models, and the estimates incor-
porated in the outputs. One or more examples of how to run
simulations for a specific crop should be included in the user
guide manual or online help screens should be compiled.
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