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ABSTRACT. The purpose of this work was to develop a hydrological model for the simulation of the
water balance in agricultural areas. The model uses a double exponential equation to represent the rainfall
profile and uses the Green-Ampt-Mein-Larson equation to estimate the soil water infiltration rate. To
evaluate the model, monthly and yearly rainfall and runoff data were obtained from four experimental plots
located at the State University of Santa Catarina, UDESC, in the period from 2003 to 2008. The four
treatments were bare soil (BS), conventional tillage (CT), minimum tillage (MT) and no-tillage (INT). The
simulation was carried out using two synthetic rainfall series, one adjusted on a monthly basis (SAMB) and
the other adjusted on a daily basis (SADB). The parameters for the Green-Amp equation modified by
Mein-Larson (GAML) were adjusted, and the best combination was found to be the replacement of the
saturated hydraulic conductivity (K) by the constant infiltration rate (fr) and the estimation of the wetting
front head pressure as a function of the hydraulic conductivity in the saturation zone (y(Kiw)). There was
not a significant difference between the observed annual mean runoff and the annual mean runoff
estimated by the model.

Keywords: runoft, infiltration, water erosion, hydrological modeling.

Modelo de suporte a avaliagao do impacto do uso e manejo do solo no balan¢o hidrico

RESUMO. O objetivo deste trabalho foi desenvolver um modelo hidrolégico para a simula¢io do balango
hidrico em 4reas agricolas. O modelo utiliza uma funcio dupla-exponencial para representar o perfil de
precipitacio, e a equacio de Green-Ampt modificada por Mein-Larson (GAML) para estimar a taxa de
infiltracio de dgua no solo. Para a avaliacio do modelo foram utilizados dados mensais e anuais de
precipitagio e escoamento superficial obtidos de quatro parcelas experimentais lozalizadas no campus da
Universidade do Estado de Santa Catarina — UDESC, no periodo de 2003 a 2008. Os tratamentos foram o
solo sem cultivo (BS), o preparo convencional (CT), o cultivo minimo (MT) e a semeadura direta (NT). A
simulagio foi realizada com duas séries sintéticas de precipitagio, uma ajustada em base mensal (SAMB) e a
outra ajustada em base didria (SABD). A melhor combinacio de parimetros para o ajuste da equagio
GAML foi a substitui¢io da condutividade hidriulica saturada (K) pela taxa de infiltragio estivel (f), e a
estimativa do potencial matricial na frente de umedecimento em fung¢io da condutividade hidriulica na
zona de saturagio (W(K,)). Nido houve diferenga estatistica significativa entre o escoamento médio annual
observado e o escoamento médio annual estimado pelo modelo.

Palavras-chave: escoamento superficial, infiltragio, erosio hidrica, modelo hidrolégico.

Introduction

The knowledge of the various processes that
compose the hydrological cycle is important for
many reasons, for example, to estimate the water
balance in different soil usage scenarios
(LEGESSE et al., 2003), to support the planning
and  management of  water  resources
(BAIGORRIA; ROMERO, 2007), to study the
soil water erosion (MOHAMMAD; ADAM,
2010) and the soil and water management in

agricultural areas (JI et al., 2007), and to promote
the efficient use of and minimize the conflicts for
the water resources (JIE et al., 2010).

Hydrological models are important analysis tools
because they promote a better understanding of the
hydrological processes; by analyzing the performance
of soil management practices, the models provide
support to decision-making in the implementation of
agricultural systems (BAIGORRIA; ROMERO,
2007; MELLO et al., 2008). The major difficulties in
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the simulation of the water balance are the complex
relationships among the hydrological processes, the
climate and the vegetation dynamics (BOULAIN
et al., 2009), and the various spatial and time scales
that may need to be considered (MAAYAR et al,,
2009).

There are various models that have been developed
to perform hydrological simulations (NOTTER et al.,
2007), but the main limitations include obtaining
reliable data, especially climatic data, and determining
some of the soil properties in specific situations
(MELLO et al., 2008; BORMANN et al., 2007). The
application and the adjustment of these models for the
Brazilian edaphoclimatic conditions have been a great
challenge to the professionals and researchers in the
area.

This challenge is especially true when using the
Green-Ampt equation modified by Mein-Larson,
GAML (MEIN; LARSON, 1973), to estimate the
soil water infiltration. The application of the GAML
equation in its original form is not recommended
because the input parameters do not properly
represent the real field conditions, and the methods
for obtaining the input parameters are not yet
sufficiently reliable (CECILIO et al., 2007).

In the international literature, many works are
dedicated to methods to obtain or adjust the GAML
parameters (BARRY et al., 2005; CHU; MARINO,
2005; FUJIMAKI et al., 2004, GOMEZ et al., 2009;
MA et al, 2010; MOODY et al., 2009). These
adjustments are necessary to take into consideration
the natural changes in the soil and changes induced
by human actions, such as the operations of soil
management and tillage (RISSE et al., 1995).

The aim of this work was to develop and
parameterize a hydrological model for the
simulation of the water balance in agricultural areas.
The GAML equation was parameterized to evaluate
the capacity of the hydrological model to predict the
runoff in agricultural areas.

Material and methods

Pruski et al. (2001) proposed a hydrological
model that enables the estimation of the
components in the water balance in agricultural
areas. The model was based on the following
assumptions: (I) the rainfall reaches the soil surface
only after the canopy interception capacity has been
completed, and (II) the depressional storage capacity
does not vary with time. In this work, carried out
from 2008 to 2010 at the Federal University of
Vigosa, we made a few but significant changes to this
model to improve its simulations capabilities.

Mello et al.

Hydrological model
Rainfall

The first change implemented to the original
model was the replacement of the rainfall profile
based on the IDF (intensity, duration, frequency)
curve by a double exponential function (Figure 1).
The double exponential profile consists of an
increasing exponential from the start of the event up
to the time when the maximum rainfall intensity
occurs, and a decreasing exponential after this point
that describes the behavior of the profile until the
end of the event (NICKS et al., 1995). The function
is expressed by the equation:

ae? 0<t<t,
b= (1)
ce—dt

t, <t <ty

where:

ii = the instantaneous rainfall intensity (mm h™');
t = the time from the start of the rainfall (h); tp =
the time to the peak intensity (h); t¢ = the rainfall
duration (h); a, b, ¢, d = the adjustable parameters
(dimensionless).
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Figure 1. Example of a rainfall profile described by a double
exponential function, where ij is the instantaneous rainfall
intensity, ¢ is the time from the start of the rainfall, ip is the peak
intensity, and fp is the time to the peak intensity.

The total rainfall (P, in mm) that occurs during
the considered event, with the duration ¢4, is

obtained by the equation:

ty tg
pP= faebtdt+ f ce~dt )
0 iy

Soil water infiltration

When the rainfall begins, it is immediately
intercepted by the vegetation canopy. After the
amount of rainfall reaches the amount that can be
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potentially intercepted by the vegetation cover, the
rainfall begins to infiltrate the soil. From this
moment, the infiltration rate (f) is equal to the
instantaneous rainfall intensity (if). This condition is
maintained until the instantaneous rainfall intensity
exceeds the soil infiltration capacity and the
depressional storage at the soil surface starts. The
cumulative infiltration (F, in mm), which occurs
between the end of the canopy interception and the
beginning of the depressional storage, can be
estimated by the equation:

Lips

F= f i de 3)

sy,

where:

tSL. = the duration of the canopy interception
(min.); #DS = the time when the depressional
storage begins (min.).

From the time the depressional storage begins
(tiDS), the infiltration rate is calculated by the
Green-Amp equation modified by Mein-Larson
(GAML):

f=K[1+M )

where:

f = the infiltration rate (mm h™); K = the
saturated hydraulic conductivity (mm h'); 0s = the
saturated water content (cm® cm™); 0/ = the initial
water content (cm’ cm?); yf = the wetting front
(mm); F() = the
infiltration (mm).

This equation for the infiltration rate holds until
the rainfall intensity (ij) becomes equal to the
infiltration rate (f), i.e., until the runoff ends (¢R).
tiDS and #fR are determined using the equation:

suction head cumulative

. ae?t  0<t< t,
k|1 —w(“]‘ 91)] - { )

ce” ¢t <t <t

The cumulative infiltration (F, in mm) is
obtained by the sum of the infiltration that occurs
during the different phases associated with the water
balance and is expressed by the equation:

tips trps ta
F= f i dt + f fdt + fiidt (6)
sy, Lips trps
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where:

tps = the time when depressional storage ends (h).

If the rainfall ends before the total depressional
storage capacity is filled, infiltration will continue to
be expressed by equation 4 until the depressional
storage capacity in the soil is completely filled (7).
In this case, it is necessary to compute the
infiltration that occurred after the end of the rainfall
in equation 6.

Runoff

The runoft begins when the depressional storage
capacity is filled. The runoff rate (¢R, in mm h™) is
expressed by the equation:

gr=4L—f (7)

The total runoff (R, in mm) is obtained by
equation 8. The depressional storage is not
considered in this equation because it is added to the
infiltration.

R=P—5,—F 8)

where:

SL. = the canopy interception (mm).

Equations 7 and 8, used in the runoft calculation,
are the same as those presented by Pruski et al.
(2001). However, there are differences in the
relationships among the water balance components
due the change in the rainfall profile (Figure 2).

Figure 2a presents the components of the
water balance in the soil surface using the IDF-
based rainfall profile (PRUSKI et al., 2001). The
rainfall intensity is at the maximum in the
beginning and continually decreases until the end
of the event.

Figure 2b presents the components of the water
balance at the soil surface using a rainfall profile
based on the double exponential equation proposed
in this work. The rainfall intensity increases until it
reaches its peak and subsequently decreases until the
end of event.

In both cases, the water infiltration starts after
the canopy interception capacity is completely filled.
However, in Figure 2a, the infiltration rate is
constantly decreasing, whereas in Figure 2b it
increases until the rainfall intensity exceeds the soil
infiltration capacity.

The equations for estimating the canopy
interception, depressional storage, percolation and
evapotranspiration were those used in the original
model presented by Pruski et al. (2001).
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Figure 2. Components associated with the water balance in the
soil surface proposed by Pruski et al. (2001), with a rainfall profile
based on the IDF equation (a), and the water balance proposed in
this work, with the rainfall profile based on a double exponential
equation (b). IC = the infiltration capacity, SL = the canopy
interception, DS = the depressional storage, R = the runoff, F =
the infiltration, P = the precipitation.

Model parameterization and evaluation

Experimental data

In the model parameterization, the data were
obtained from four experimental plots located in the
experimental area of the Agriculture and Veterinary
Center — CAV of the State University of Santa
Catarina (Brazil). The soil in the experiment site is
an Inceptisol consisting of 420 g kg_1 of clay, 170 g
ke of sand and 410 g ke’ of silt.

The plots were 22.1 m in length (in the direction
of the slope) by 3.5 m in width, and the mean slope
is 0.1 mm". Each plot was delimited laterally and at
the upper end by galvanized plaques of 2 x 0.2 m
that were stuck in the soil up to 10 cm deep. At the
lower end, a collecting gutter guided the runoff to a
sedimentation tank with capacity of 750 L. This
tank, is connected to a second tank using a Geib-
type divider. With the aid of the divider, only 1/9 of
the exceeding volume of the first tank is transferred
to the second tank.

Mello et al.

The following soil tillage treatments were
applied: bare soil with a plowing + disking
operation (BS), conventional tillage with a plowing
+ two disking operation (CT), minimum tillage
with chiseling + disking operation (MT), and no-
tillage (NT) where the soil did not receive any
preparation. The three last treatments were
cultivated under the rotation of soya, wheat, vetch,
corn, oats and forage turnip. The historical series of
rainfall and runoff used in this study covered the
period from January 2003 to November 2008.

Rainfall synthetic series

The mean annual rainfall registered in the
experimental area, in the period from 2003 to 2008,
was 1182 mm, with a standard deviation of 140 mm.
The lowest annual rainfall observed was 1027 mm in
2006, and the highest was 1352 mm in 2007.

To represent the rainfall registered in the
historical series, the weather generator ClimaBR
(ZANETTI et al., 2006) was used. Two synthetic
series of rainfall were generated, each with a
duration of 6 years.

Initially, a series adjusted on a monthly basis
(SAMB) was generated, where the monthly rainfall
was adjusted to be equal to the monthly rainfall
observed in the historical series.

After composing the SAMB, a daily adjustment
was carried out such that both the synthetic and
historical series had the same calendar days with rain
and the same total rainfall on each day, generating a
series adjusted on a daily basis (SADB). In the
SADB, it was not possible to adjust the total
duration of each rainfall event.

Therefore, the basic difference between the two
series is that in the SAMB, the distribution of the
rainy days during the month is not required to be
equal to the historical series, while in the SADB,
both the monthly and the daily rainfall values are
identical to those of the historical series.

Management and vegetation cover

The leaf area index (LAI), the random roughness
(RR) and the crop coefficient (K¢) were selected
according to the recommendations found in the
literature for cultivations using the rotation system
for different soil tillages (ALBERTS et al., 1995;
ALLEN et al., 2006).

Soil

Four combinations of methods to determine the
saturated hydraulic conductivity (K) and the wetting
front head pressure (yf) were investigated.

Combinations 1 and 2 were obtained from Cecilio
etal. (2007).
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Combination 1

- The hydraulic conductivity in the saturated
zone (Kw) is equal to the saturated hydraulic
conductivity (K, in mm h™):

Ky, =K 9)

- The wetting front head pressure (yf, in mm) is
obtained from the soil porosity and texture, as
suggested by Risse et al. (1995):

¥, =0.01e* (10)
here,

x = 6.531—7.326¢ + 15.8C% + 3.809¢*>
+ 3.44SC — 4.989S¢p + 16.15%¢p> + 16C2p? 11
—13.65% — 34.8C%¢p — 7.9952%¢

where:
¢ = the soil porosity (cm’ cm™), C = the clay
fraction (kg kg ), and S = the sand fraction (kg kg ).

Combination 2

- The saturated hydraulic conductivity (K) is
replaced with the hydraulic conductivity in the
saturation zone (Ki), which is equal to the constant
infiltration rate (fz, in mm h™"), as proposed by Silva
and Kato (1998):

Ky = fc (12)

The wetting front head pressure is obtained
using equation 10.

Combination 3

- The saturated hydraulic conductivity (K) is
replaced by the hydraulic conductivity in the
saturation zone (Kyp, in mm h™), which is obtained
as a function of the soil clay fraction (C, in kg kg™),
as suggested by Alberts et al. (1995):

K,, = 0.0066¢2*4C (13)

- The wetting front head pressure (yf, in mm) is
obtained from the hydraulic conductivity in the
saturated zone (Kw, in mm h™), as proposed by
Rawls et al. (1996):

Y, = 49.03(K,, +0.02)704932 (14)

Combination 4

- The saturated hydraulic conductivity (K) is
replaced by the hydraulic conductivity in the
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saturation zone (Kw), which is equal to the
constant infiltration rate (f¢), as in equation 12.

- The wetting front head pressure (yf) is
obtained from equation 14.

The saturated hydraulic conductivity (K) was
defined to be 18 mm h', using the data obtained
from Costa et al. (2006). According to the
recommendation from Bertol et al. (2001), the
constant infiltration rate (f) for the no-tillage
treatment in the experimental area is approximately
16.7 mm h™. For the conventional tillage (CT) and
minimum tillage (MT) treatments, the infiltration
rate was reduced to half of the f¢, and for the bare
soil (BS) treatment, the infiltration rate was reduced
to one-third of the f.

Analysis of the results

The results of the model parameterization were
evaluated by comparing the observed and estimated
annual averages using Student’s t-test. To verify if
the  model  presents  overestimation  or
underestimation tendencies, we analyzed the
cocefficients of the regression equations between the
observed and estimated values (monthly and
annual). The adjustment of the equations was
analyzed using the coefficient of determination ().

Results and discussion
Model parameterization
Combination 4 (equations 12 and 14) resulted in

the best GAML parameterization. The values of f

and yf obtained with this combination are presented
in Table 1.

Table 1. Values of the constant infiltration rate (f), the wetting
front head pressure (y) and the saturated hydraulic conductivity
(K) used for the model evaluation.

Soil tillage f (mmh") g, (mm) K(mmh")
Bare soil (BS) 55 65.0 18.0
Conventional tillage (CT) 8.4 53.0 18.0
Minimu tillage (MT) 8.4 53.0 18.0
No-tillage (NT) 16.7 38.0 18.0
Monthly runoff values

Figure 3 presents the scatter plots for the
observed and estimated values of the monthly runoft
using the series adjusted on a monthly basis
(SAMB). In this figure, the monthly values from the
period from 2003 to 2008 were grouped in a single
diagram for each type of soil tillage.

The intercepts of the regression equations in
Figure 3 show that the model had a tendency of
overestimating the monthly runoff values in the
months during which low magnitude events
occurred. The highest intercept was observed in
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the bare soil treatment, (BS, 14.4), and the lowest
in the no-tillage treatment (NT, 5.68). The
intercepts were similar in the conventional tillage
(CT, 7.24) and in the minimum tillage (MT,
7.55) treatments.

The lowest angular coefficients were observed
in conventional tillage (CT, 0.35) and minimum
tillage (MT, 0.33) treatments, and these values
indicate the tendency to underestimate the runoff
in the months during which the largest events
occur. Although the no-tillage (NT) treatment
was where the lowest * occurred (0.27), it was
also where the angular coefticient was closest to 1
and the intercept was closest to zero, among all
the treatments.

Figure 4 presents the regression equations for
the observed and estimated monthly runoft values
using the series adjusted on a daily basis (SADB),
in the period from 2003 to 2008. In this figure,
the monthly values for all the years were grouped
in a single diagram for each type of soil tillage.

200

9 =0.47z +14.4

2 __ 4
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% Kot o BS
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100 150 200
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40 80 120 160

Measured (mm)
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In comparison with the SAMB results (Figure 3), it
can be observed that the utilization of the SADB
(Figure 4) resulted in modifications to the regression
coefficients, and increased the coefficients of
determination in all types of soil tillage. The intercepts
became smaller, and the angular coefficients became
closer to 1, indicating an improvement in the
estimation of the monthly runoft.

For the bare soil (BS) treatment, the #* value
increased from 0.55 using the SAMB to 0.66 using the
SADB. For the no-tillage (NT) treatment, the increase
was from 0.27 to 0.55. The highest increase occurred in
the no-tillage (NT) treatment, due to the prevalence of
observed values of lower magnitude. With the use of
the SADB, there appeared to be an increase in the
overestimation of the runoff, causing the slope of the
line to increase and the value of the intercept to
decrease. This difference may also have favored the
lower dispersion of the values around the regression
line (Figure 4).
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Figure 3. Regression between the observed and estimated monthly runoff values with the SAMB (series adjusted on a monthly basis) for
the bare soil (BS), conventional tillage (CT), minimum tillage (MT) and no-tillage (NT) treatments. The period was from 2003 to 2008.

Months with rainfall equal to zero were not considered.
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Figure 4. Regression between the observed and estimated monthly runoft values with the SADB (series adjusted on a daily basis) for the
bare soil (BS), conventional tillage (CT), minimum tillage (MT) and no-tillage (NT) treatments. The period was from 2003 to 2008.

Months with rainfall equal to zero were not considered.

This increase in the overestimation of the
runoff also occurred in the other soil tillages.
However, the overestimation of the smallest
monthly runoff events was partially compensated
for by the underestimation of the largest events.

The differences observed in the regression
coefficients or in the /* values between the SADB
(Figure 3) and the SAMB (Figure 4) can be
explained by the differences between the two
synthetic rainfall series.

The two synthetic series had monthly rainfall
values equal to those observed in the historical
series, but the SAMB (series adjusted on a
monthly basis) did not produce the
distribution of rainy days or the same total daily
rainfall that was observed in the historical series.
However, the SADB (series adjusted on a daily
basis) was identical to the historical series, with

same

respect to both the number of rainy days and the
total daily rainfall.

Figure 5 shows the differences between the two
synthetic series, and represents the distribution of
rainfall observed in the historical series and the
distribution obtained with the synthetic rainfall series
for September 2004. Only one month was selected at
random to simplify the visualization in the graphic.

The rainfall recorded in the experimental area
during this month was equal to 289.8 mm. Both the
total rainfall obtained with the SAMB and the SADB
were equal to the rainfall recorded in the historical
series. However, Figure 5 shows that with the use of
the SAMB, the rainfall was more evenly distributed
along September, with a small predominance of
larger events during the first 10 days of the month.

The SADB coincided exactly with the distribution
observed in the historical series, presenting a lower
number of rainy days, and consequently, higher
concentrations of the total precipitation during those
days. As shown in Figure 5, five events of large
magnitude occurred in September, and they were
responsible for 90% of the total monthly rainfall.
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In the SADB, the rainy days and the total daily
rainfall coincided with the historical series; thus, the
monthly runoftf estimation was better than the
estimation performed with the SAMB.
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Figure 5. Distribution of the daily rainfall for September 2004
and the distribution obtained with the synthetic series SAMB
(series adjusted on a monthly basis) and SADB (series adjusted on
a daily basis).

Mean annual runoff

Figure 6 presents the mean annual runoff
measured and estimated through the model with the
utilization of the SAMB and the SADB for the
different types of soil tillage.
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Figure 6. Observed and estimated annual runoff with the SAMB
(series adjusted on a monthly basis) and the SADB (series
adjusted on a daily basis), in bare soil (BS), conventional tillage
(CT), minimum tillage (MT) and no-tillage (NT) treatments.
Averages of 6 years and confidence intervals (CI) associated with
95% probability are shown.

As expected, the confidence intervals for the
means are broad, due to the large standard deviation
that typically occurs in works related to water and
soil losses. With the exception of the no-tillage
treatment, the confidence intervals were higher for
the measured averages than the estimated averages.

Mello et al.

The mean annual runoff measured was 24, 48
and 35% higher than the mean annual runoff
estimated with the SAMB for the bare soil (BS),
conventional tillage (CT) and minimum tillage
(MT) treatments, respectively, and 22, 41 and 31%
higher than the mean annual runoff estimated with
the SADB for the same types of soil tillage. In the
no-tillage (NT) treatment, the estimated average
runoff with SAMB and with SADB was 53 and 67%
higher, respectively, than the observed annual
average runoft.

However, the deviations presented in Figure 6
were not sufficient to confirm that significant
differences existed between the observed and
estimated average annual runoff or between the
estimated average runoff determined with the use of
the SAMB and SADB.

This result confirms the pre-assumption that the
use of a synthetic rainfall series for a long simulation
period must adequately represent the behavior of the
historical series and, consequently, that the average
of the results from the synthetic series must be
similar to the observed averages. In other words, for
long simulation periods, the SAMB may be
sufficient to provide an adequate estimation of the
annual runoff average.

For short simulation periods, it may be
interesting to adopt a synthetic rainfall series in
which the distribution of the rainy days and the total
daily rainfall are closest to the actual series.

Conclusion

The combination of parameters of the Green-
Ampt equation modified by Mein-Larson (GAML)
that resulted in the best runoft simulation was
replacing the saturated hydraulic conductivity (K) by
the constant infiltration rate (f), as suggested by
Silva and Kato (1998), and obtaining the wetting
front head pressure (yf) from the hydraulic
conductivity of the soil, as suggested by Rawls et al.
(1996).

The model overestimated the monthly mean
runoff for the months during which the smallest
events occurred, and underestimated the monthly
mean runoff for the months during which the
largest events occurred.

The model underestimated the annual mean
runoft for the bare soil (BS), conventional tillage
(CT), and minimum tillage (MT) treatments, and
overestimated the annual mean runoff for the no-
tillage (INT) treatment.

There was not a significant difference between
the annual mean runoff observed and the annual
mean runoff estimated by the model.
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