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ABSTRACT. Results of a climatological study of soil moisture under com crop at Campina
Grande (NE Brazil) are presented in this paper. Daily values of available moisture content during
the crop growing period are evaluated for a period of 25 years. A six zone versatile soil moisture
budget model is used for this purpose and approximately 5, 7.5, 125, 25, 25 and 25% of the
available water capacity (AWC) are attributed to zones one 10 six respectively. Different rool activity
coofficients are assumed for the six zones in different growth stages and the dependence of these
coefficients on moisture content is taken into consideration. The same moisture releasing characteristics
are assumed for all soil zones. On rainy days moisture loss due 1o evapotranspiration is assumed 1o
take place before precipitation. Four AWC values and three corn growing periods between March
and September are considered in this study. A first order Markov chain model is applied to the daily
soil moisture data. Soil moisture averages and probabilities are used to identify the optimum growing
period for com at this siation. The immigation requirements of the crop are briefly discussed.
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1. Introduction

Soil moisture is an important parameter in
agriculture, forestry and hydrology. It plays a significant
role in plant growth, in determining crop yields and
in the soil hydrological balance. Since it is impractical
to measure soil moisture on the time and space scales
required for agroclimatological studies, several models
have been developed for its estimation (Thomthwaite
and Mather 1955, Holmes and Robertson 1959, Baier
and Robertson 1966, De Jong and Shaykewich 1981,
Robertson 1985). The versatile soil moisture budget
(VSMB) originally developed by Baier and Robertson
(1966) takes into consideration the rooting depth of
the crop, root concentration in different spil depths
and the water holding and water release characteristics
of each zone. The changes in root concentraton as the
crop developes towards maturity can be accounted for.

This study reports the soil moisture changes under
corn at Campina Grande (7° 13'S, 35°53'W) a semi-arid
station in Northeast (NE) Brazil. Campina Grande is
situated 130 km from the Atlantic coast and receives
an annual precipitation of 700 mm. Annual potential
evapotranspiration is 1100 mm. The main crops grown
are corn, rice, sugarcane and beans.

2. Methodology

In this study mean decadal (en day periods)
potential evapotranspiration (PE) values derived from
Thornthwaite's procedure (Thornthwaile 1948,
Thornthwaite and Mather 1935) are used 10 oblin
daily PE values and these together with daily
precipitation data are used 1o evaluate daily soil moisture
values for a twenty-five year period. A VSMB model
was used for this purpose. Values of 75, 100, 150
and 200 mm are assigned to the available water capacity
(AWC) of the root zone of the soil which represents
the difference between the ficld capacity and the
permanent wilting point. The soil root depth is divided
into six zones and approximately 5, 7.5, 12.5, 25, 25
and 25% of the AWC are attributed to the zones one
10 six respectvely.

The contribution of each zone to the total actual
evapotranspiration (AE) is evaluated from the following
expression:
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where,

PAE ,) = partial evapotranspiration from the jth
zone on day x
K. = crop coefficient for the jth zone in

i
growth stage i

WS(j 1) = available moisture content of the jth
zone at the end of day (x - 1)

WC; = available moisture capacity of jth zone
PE, = potential evapotranspiration on day x
Z = factor depending on soil dryness

characteristics

A set of 100 values between 0 and 1.0 are assigned
to Z corresponding to 100 values between 0 and 1.0
of WS/WC on the assumption that the ratio AE/PE
remains equal to unity until relative available moisture
content WS/WC decreases to 0.7 and then decreases
linearly with WS/WC. Such an assumption is a
reasonable first approximation for most medium textured
soils.

The K coefficients reflect the root activity al
different depths during different growth stages of the
crop. The comn crop growing period 1s divided into
three principal stages and in each stage diffcrent K
values are assigned to the six zones. When the upper
zones of the soil are dry, relatively more moisture is
removed from the lower zones than when the soil is
uniformly wet. To take this aspect into consideration
the K coefficients for each zone below the first are
increased as a function of the moisture content of the
respectlive upper zones.
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K = adjusted K coelficient for the jth zonc

= available moisture content in the mth zone
WC,, = available moisture capacity of the mith zone
The available moisture content and the moisture

loss from each zone are obtained [rom the following
EXPressions
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Fig. 2. Probability of atleast five consecutive days per decade with wet soil P(5W) in different periods.
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TABLE 1

Estimated soil water content (mm) exceeded at given
probabilities

March-June April-July May-August

Decade Probability (%) Probability (%) Probability (%)

25 50 75 25 50 75 50 75

98 94 B9 98 93 96
122 8 79 85 14 94
131 89 74 96
149 96 80 111
149 19 73
169 105 B84
168 120 87
164 132

9 169 138 189

10 176 145 196

11 182 148 190

12 187 144 187 166

Available water capacity = 200 mm

The sum of AE; , for the six zones gives the
actual evapotranspiration (AE) on day x. The sum of
WS ) for the six zones represents the available
moisture content of the root zone of the soil on day
x if no precipitation occurs on that day. If precipitation
occurs, the values of WS, ,, for some or all the six
zones may increase.

On days with precipitation it is assumed that
moisture loss due to evapolranspiration occurs before
precipitation. Precipitation enters the first zone and if
this zone reaches its moisture holding capacity the
excess water enters the second zone and so on. Excess
waler leaving the sixth zone is considered the water
surplus on that day.

In each year the computations are carried out for
the four month corn growing period for the four AWC
values assumed. Three corn growing periods, March-
June, April-July and May-August are considercd in
this study. Approximately 80% of the annual
precipitation at Campina Grande is received during the
months March to August.

Each month is divided into three decades, the last

decade having 8, 9, 10 or 11 days depending on the
month. Based on the daily soil moisture data for 25
years mean decadal available moisture contents are
obtained. A first order Markov chain model is applied
to the daily soil moisture data and the initial and
conditional probabiliies of dry and wet days are
computed. The critical moisture content separating a
wet day from a dry day is taken to be half the AWC
assumed. For each decade during the growing period
the probability of occurrence of five consecutive wet
days, P (5 W) is evaluated using the above probabilities.

The soil moisture model described above is also
used to evaluate the irrigation needs for corn crop at
Campina Grande. The computations for available water
capacities of 100 and 200 mm are repeated with the
modification that each time the available moisture
content decreases to a predetermined value the moisture
content on that day is replaced with that corresponding
1o 95% of the AWC. In practical terms this means
that each time the soil moisture is depleted 1o a
preselected value, irrigation is applied to bring it back
to a safe level. This part of the study is carried out
assuming three critical moisture levels (55, 70 and
85% of the AWC). The number of irrigation applications
during the four month growing period and the mean
interval between irrigations are obtained for each year
of the study period and from these mean values for
the 25-year period are derived.

3. Results and discussion

Mean decadal values of available moisture content
are evaluated for different growing periods for the four
AWC values considered (Fig. 1). An inleresting feature
noticed is that in general the available moisture content
as a fraction of AWC decreases with an increase in
AWC value from 75 to 200 mm. During the period
May-August available moisture content was almost
always more than 50% of the AWC for all the four
AWC values even though the climatic water balance
based on Thornthwaite’s procedure (Thornthwaite 1948,
Thornthwaite and Mather 1955) shows large water
deficiency during the months August and September.
Based on mean decadal values of available moisture
content the period May-August is found to be the most
suitable for the growth of corn crop at this station.

The probability of occurrence of five consecutive
wet days, P (5 W), are evaluated for each of the twelve
decades in successive four month periods (Fig. 2). The
results once again indicate that the period May-August
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TABLE 2
Irrigation requirements for corn crop at Campina Grande
Available Limiting  Number of Mean Number of days with Irrigation Water
waler soil irrigations interval available soil need surplus
capacity moisture between moisture content (mm) (mmy)
(mm) value irrigations
(mm) (days)
85-90 mm  90-95 mm 95-100 mm
100 85 12 11 33 42 47 120 192
170-180 mm 180-190 mm 190-200 mm
200 170 4 41 26 46 50 80 146

is the best of three growing periods considered. The
same conclusion is arrived at on the basis of the
available moisture content exceeded at different
probability levels (Table 1).

Decadal values of AE for the months May-August
during the 25-year period for different AWC values
are compared with corresponding PE values. During
May and June AE is considerably less than PE, while
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during July and August AE is almost always greater
than PE, the ratio between the two parameters varying
between 1.0 and 1.2. The sum of the K coefficients
for the six soil zones is more than unity during July
and August and the moisture content of the upper soil
zones is quite high and hence AE exceeds PE in these
months.

Irrigation requirements are evaluated for the period
May-August assuming two values of AWC (100 and
200 mm) and three critical moisture levels (55, 70
and 85% AWC).

It is found that to maintain similar moisture
conditions in the soil more irrigation water is necessary
in the case of AWCq, than for AWC,y,. Similar
result was obtained by De Jong (1985). A summary
of the results for the 85% moisture level is given in
Table 2.

According to Yao (1974), for the optimum growth
of corn crop, the available moisture content should be
maintained above 85% of the AWC. The results of
the present study-suggest that even during the optimum
growing period for con at Campina Grande (May-
August) significant amount of supplementary irrigation
is necessary. In the case of AWCy, the total water
received by the crop (precipitation plus irrigation) is
more and the moisture holding capacity of the root
zone less than in the case of AWC,, and hence water
surplus for AWC,, is more than for AWC,y,.

Denmead and Shaw (1962) found a linear
relationship between WS/AWC and AE/PE in a comn
field under conditions of high PE rates. Several
researchers have found a linear relationship in their
experiments under a variety of climates and crop and
soil conditions (Gardner and Ehlig 1963, Smith 1959).
Assumption of such a relationship between WS/AWC
and AE/PE in the present model requires the use of
Z =1 for all values of WS/AWC.

Calculations of available moisture content during
the period March . to June for AWC,s, are repeated
with this modification and the mean decadal values
of available moisture content obtained are compared
with those based on the use of Z values mentioned
earlier (Fig. 3). The two corresponding relationships
between AE/PE and WS/AWC are also included in
Fig. 3. The difference between the two curves
representing mean values for 25 years are significant
and differences in individual years are quite pronounced.
Much controversy surrounds the relationship between
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WS/AWC and AE/PE (Robertson 1977). Comparison
of the results obtained from the use of various
relationships between the two parameters proposed in
the past (Veihmeyer 1956, Richards and Richards 1957,
Slatyer 1956, Fitzpatrick et al. 1967, Gardner 1960)
with measured soil moisture data is necessary for the
proper use of soil moisture models.
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