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Abstract

Soil erosion has been seen as a major contributor to the loss of soil fertility
and land degradation in many parts of the world. It is a very sensitive process
for agriculture, since it is linked to the decrease of crops productivity along
the time. Although it occurs in almost all latitudes on the planet, its effect is
particularly severe in tropical climates, mainly due to frequently high rainfall
intensities in those areas. The measurement of soil loss on experimental plots
has provided valuable information for soil conservation plans, and data col-
lected have contributed to deriving methods and equations that can estimate
the extent of soil water erosion occurring under certain conditions. However,
these methods are data hungry, and a solid research framework is needed to
provide the required information to validate and use different models and
equations generated elsewhere, to calculate the rate of erosion in a given
place. Because estimating erosion rates is critical for conservation planning,
the best fit models need to be well chosen and applied according to the local
conditions. This article provides a review of some of the most used models for
soil erosion estimation, with the purpose to provide some guidance to those
involved in these studies.
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1. Introduction

The estimation of the amount of soil that is lost due to water erosion for land use
planning and to adopt soil conservation measures, has been done through dif-
ferent methodologies, of greater or lesser complexity, since the factors that de-
termine erosion to be considered depending on the available data. In a generic
way, one can identify 1) methods of prospecting erosion, which use observation
of visible signs of erosion, 2) methods which use the mapping of factors that de-

termine the risks of erosion, 3) and methods using soil loss models. This is not a

DOI: 10.4236/as.2020.118043 Aug. 5, 2020 667 Agricultural Sciences


https://www.scirp.org/journal/as
https://doi.org/10.4236/as.2020.118043
https://www.scirp.org/
https://doi.org/10.4236/as.2020.118043
http://creativecommons.org/licenses/by/4.0/

A. M. de O. Salumbo

strict division since the boundaries between these methods are not well defined;
there is generally overlap and complementarity between them.

Of the prospecting methods, the use of aerial photography and the mapping of
signs of soil loss are highlighted. Visible signs of soil degradation were mapped
[1], such as the distribution of laminar and furrow erosion, as well as the factors
considered as determining the potential risks of erosion, namely the topography
of the terrain, the soil erodibility, the amount of precipitation and predominant
land use. In England and Wales aerial photographs and field surveys were used
to locate erosion by measuring, where possible, the quantities of soil lost, and
details of land use and cultivation systems were also obtained to identify factors
affecting erosion [2]. Aerial photography was also used in the lowlands of Eng-
land [3] to list erosion fields, having located 477 fields with this problem.

In order to identify and classify sites according to the nature and importance
of erosion risks in river basins located north of Paris, without permanent chan-
nels, where the valley floor is used as agricultural land, an erosion risk assess-
ment was carried out based on the classification of each erosive form, and a mul-
ti-criteria hierarchy for each basin according to the importance of the erosion
forms observed [4]. In Denmark, an erosion risk chart was prepared using a soil
database and morphological maps based on the USLE LS factor (point 2.1) [5],
and in the United States [6] prospected for laminar and furrow erosion in culti-
vated land, pastures, forests, abandoned and urbanized land in Maryland, using
USLE. To the northeast of Alberta, Canada, [7] mapped the risks of potential
water erosion on small plots of land using USLE and aerial photographs, maps
and soil data, having defined six risk classes, from negligible (<6 t-ha™'-year™) to
extreme (>55 t-ha':year™"). The use of photogrammetry, to evaluate the move-
ment of the soil by the concentrated flow in hydrographic basins mined in a
conventional and conservative way, is also mentioned [8].

In some studies, erosion factors (point 2.1) were used to characterize the risks
of soil loss occurrence. Soil erodibility, vegetation cover and land use were
mapped [9] from a survey using aerial photography, in Mérida, Spain, having
classified as part of the “erosion susceptibility” the part of the risk of erosion
caused by factors relatively such as climate, terrain and soil, the remainder of the
risk being determined by the effect of vegetation cover and land management in
a specific situation.

Slope angle and slope length were used to characterize the risk of erosion in
Hungary [10], while for some European countries, such as Belgium, Holland,
Germany, France and the United Kingdom, different indices were used, such as
the EI30 (4.1.2) and Fournier F (4.1.2) to map the risk of erosion [11]. Correla-
tions between annual average precipitation values and the EI30 index were made
[12], and between this and the modified Fournier index, in three locations in
southern Portugal, which allowed obtaining an isoline chart of the latter index.
Based on the transformation of the Fournier index into the EI30 index, a pre-

liminary isoerodent chart was prepared, with the aim of serving as a valuable
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tool for planning soil conservation in that region.

In order to test the validity of USLE for African conditions [13] compared the
values obtained with its application in West Africa with experimental data ob-
tained by the French Overseas Research Office (ORSTOM) and the French Re-
search Institute Applied (GERDAT), having concluded that the equation seemed
to adapt well to most soils cultivated in the region and moderate slopes, particu-
larly in tropical ferralitic and ferruginous soils. A factorial classification method
for erosion mapping was developed in Zimbabwe [14], in which the factors of
erosion—precipitation erosivity, soil erodibility, slope, cover and human influ-
ences—were individually classified and their sum resulted in an erosion risk
category. The Soil Loss Estimator Model for Southern Africa (SLEMSA) (point
2.3), to assess soil losses by laminar erosion and furrows in arable land, resulted
from the classification technique factorial [15] based on the physical systems
climate, soil, topography and culture, and the influences of natural properties
and human intervention were considered within the appropriate system.

A modified SLEMSA methodology that was used to develop a regional erosion
risk chart for southern Africa was presented, in which the erosion risks were
presented as Erosion Hazard Units (EHU) (Erosion Hazard Units) and not in
estimating the amount of soil lost, in tons per hectare per year [16].

The modeling of erosion processes with physical basis, has been the trend of
evolution of studies on the evaluation of soil losses, for conservation planning
purposes. According to [17] erosion modeling consists of mathematically de-
scribing the removal of soil particles, transport, and deposition on the land sur-
face. Examples of this new approach are several works that are being carried out
with increasing emphasis. [18] worked on modeling the erosion caused by the
impact of rain on the soil, studying the relationship between the thickness of the
water film on it and the size of the water droplets, and [19] tested a model to
predict events of runoff and soil loss to allow the determination of the risk of
erosion, according to the plant’s growth phase and other factors related to time.

Other works of the kind are mentioned by [20], on erosion modeling in wa-
tersheds, [21], modeling rill erosion and [22], who investigated the applicability
of various sediment transport equations under various hydraulic conditions, in-
cluding laminar flow. [23] carried out a mathematical design study to calculate
changes in soil erodibility over time, and [24] developed an erosion model for
Kentucky (USA), called KYERMO (Kentucky Erosion Model), with the aim of
serving as a research tool to isolate the important aspects of the erosion process
linked to the precipitation/runoff relationship.

The CREAMS model (Chemicals Runoff Erosion in Agricultural Management
Systems) is referred to by [25] as basically containing components to simulate
the physical processes that control hydrology, erosion/sediment production and
the movement of chemicals in an agricultural plot. They emphasize that this
model incorporates a large number of variables that are necessary to describe

and estimate soil losses in plots with or without drainage channels. In turn, [26]
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present a runoff model based on the runoff equation modified by the US Soil
Conservation Services (SCS) and a soil moisture assessment process to simulate
the daily, monthly and annual runoff of a small hydrographic basin (<50 ha).

[27] present the WEPP model designed to simulate the transport of sediments
and to estimate the processes of laminar and furrow erosion, with erosion
represented as a function of the intensity of precipitation, cover by waste, cover
by canopy and soil erodibility. Later, an evaluation of the response of this model
to the change of input parameters was made, and it was concluded that the big
difference between the WEPP (Water Erosion Prediction Project) and the
RUSLE (Revised Universal Soil Loss Equation) is that the first estimates the de-
position [28] while the second estimates sediment production.

Based on the argument that models such as USLE (Universal Soil Loss Equa-
tion) or CREAMS cannot be transported to Europe without calibration, [29]
present the European erosion model (EUROSEM) (European Soil Erosion Mod-
el) to support the development of strategies for soil protection. The model cal-
culates soil losses by comparing the flow carrying capacity with the amount of
sediment available for transportation through the removal process, and erosion
can be limited both by the amount of sediment removed and the flow carrying
capacity. It is designed to operate for successive periods of time within a rain,
usually from one to five minutes, and simulates changes in the soil surface dur-
ing the rainy event in terms of microtopographic roughness, water storage on
the soil surface and cohesion of the soil surface material.

Although the physically based models are presented as an alternative to the
empirical ones for estimating soil losses, they are not perfect in describing the
erosive phenomenon. To confirm this, having carried out an investigation work
with the aim of studying the problems of identifying the parameters for the
physically based models of simulation of erosion, [30] concluded that the ma-
thematical models that describe the laminar and rill flow, the removal of sedi-
ments and their transport and deposition are based on simplified assumptions,
which are always an abstraction from reality. Even so, more and more attention
has been placed on improving this type of erosion assessment models. According
to [31] physically based models have the advantage of incorporating the laws of
conservation of mass and energy, as most of them use a particular differential
equation known as the continuity equation which is a statement of the conserva-
tion of matter as it moves through space and time. There is an input of material
to the segment as a result of detachment of soil particles on the segment itself
and an influx of sediment from the slope above. If the material removed can be
transported by the flow there is soil loss, and there is deposition when the

transport capacity of the flow is less than detachment.

2. Erosion Prediction Models in Agricultural Soils

The estimation of soil loss that occurs in some areas, under specific conditions of

action of erosion factors and agricultural land use, can be done using empirical
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models that are described in a summarized way in this text. Among the various
existing methodologies for quantitatively assessing soil erosion, those that best
fit the availability of data in the study areas can be chosen given their adaptabili-
ty to regions with conditions close to those in these study areas. Despite this, the
available data may be insufficient to apply these models according to standar-
dized methods, which can motivate the need to make some adjustments and

adaptations in the process of determining erosion factors.

2.1. Universal Soil Loss Equation (USLE)

USLE is the most widely used method of estimating soil loss by conservationists
in the United States of America, having been adapted for the same purpose in
other countries [32]. According to [33] the USLE is an empirical erosion model
designed to estimate long-term mean soil losses from runoff in field areas, crops
and specific cultivation methods, and which can still be useful for construction
areas and other non-agricultural conditions, but which does not estimate deposi-
tion nor calculate sediment production by erosion in ravines, banks and riverbeds.

The general equation is of the form:
A= RKLSCP 2.1

where, when in metric units:
A = loss of soil (t/ha-year),
R = rain erosivity factor (M].mm/ha-h),
K = factor of soil erodibility (t-h/MJ-mm),
L = slope length factor (dimensionless),
S = slope factor (dimensionless),
C=land cover factor and cultural operations (dimensionless),
P = factor of conservative practices (dimensionless).
In order to obtain the final result of the estimate of soil losses, each erosion

factor is determined according to a specific procedure.

2.1.1. Rainfall Erosivity
The R factor quantifies the capacity of rainfall to cause the detachment and
transport of soil particles by the action of the impact of water droplets and by
runoff [34], being defined using the product of two characteristics of the rain,
namely kinetic energy (£) and maximum intensity in 30 minutes (I30). Origi-
nally the unit kinetic energy of precipitation is determined by the following equ-
ations [35]:

E=0.119+0.0873log,, I if I <76 mm/h (2.2)

E=0.283 if />76 mm/h (2.3)

[32] justifies the differentiation of these two situations by the fact that some
studies have shown that the average diameter of raindrops does not continue to
increase with intensities above 76.2 mm/h. The total energy of each rainy event

can be obtained by accumulating the kinetic energy of each portion of intensity
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of the event. Knowing the value of 130 from the analysis of the graphical record
of each event, the respective EI30 value can be found and its sum for a period of
one year, corresponds to the erosion index of the USLE. For it to be representa-
tive, it must correspond to the average of a sufficiently long period, at least not
less than 20 years, according to [36].

There are references to several other expressions that make it possible to de-
termine the kinetic energy of precipitation, of which [37] derivative in Africa
stands out, based on the argument that erosion has little significance at low
rainfall intensities, thus deriving the KE index > 25 which is defined as the total
energy of rain that falls at intensities greater than 25 mm/h. The expression that

allows calculating this index has the form:

KE = 29.8—12# (2.4)

where KE is the kinetic energy of rainfall with an intensity greater than 25
mm/h, in ' m™mm~', and 7is its intensity (mm/h). [38] refers to a study, carried
out in northern Nigeria, of correlation between the kinetic energy of KE rainfall,

in ergs-cm™, and the height of rain (R,) in mm, which resulted in the expression:

KE =41.4(R, -120.0)x10’ (2.5)

A modified version of USLE, called MUSLE, was used by [39] to assess ero-
sion and runoff in Hawaii. In this version, the rainfall energy factor, R, is re-

placed by a flow factor taking the equation as follows:
0.56
Y=11.8(0xq,)  KCPLS (2.6)

being:
Y = sediments collected in each individual rain,
Q = flow volume,
g, = peak flow rate of the flow.
The other factors are the same as those at USLE.
There are several other relationships that are also used to estimate the rainfall

erosivity.

2.1.2. Soil Erodibility

The soil erodibility factor is defined by [33] as the rate of soil loss per unit of
erosion index, measured in a standard plot arbitrarily defined as having a length
of 72.6 ft (22.1 m) in which the slope is uniform and 9%, on continuously bare
soil and plowed in the direction of the largest slope. This is a quantitative value
that is determined experimentally [34], and can be estimated according to the
physical, chemical and mineralogical properties of the soil using the soil erodi-
bility nomogram that relates it to five soil parameters: percentage silt and very
fine sand (0.002 - 0.1 mm); percentage of sand (0.1 - 2 mm); percentage of or-
ganic matter; soil structure (classified in 4 classes) and soil permeability (classi-

fied in 6 classes, adopting the lowest value among the profile horizons). This in-
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dex can also be calculated, for soils containing less than 70% of silt and very fine

sand, by the following algebraic expression [33]:

K =2.1M"(107)(12-a)+3.25(b—2)+2.5(c—3)/100 (2.7)

on what:

Kis the erodibility index (t-h/MJ-mm),

M the particle size parameter equivalent to the product of (% slime +% very
fine sand) per (100 -% clay),

athe percentage of organic matter,

b the soil structure class,

cthe permeability class of the soil profile.

These alternatives are of great use when it is intended to estimate the erodibil-
ity of a soil for which this value has not been obtained in erosion plots. As [36]
refer, direct measurements of the K factor require considerable time and equip-

ment and are costly to perform.

2.1.3. Topographic Factor
The LS factor is defined by [33] as the expected rate of soil loss per unit area of a
hillside in a field, in relation to what happens in a standard plot with 22.1 m in
length and 9% slope. It includes the combined effect of the slope length and the
grade of the slope, although these can be assessed individually. [36] define the
slope length as the distance from the point of origin of the runoff to the point
where the slope decreases sufficiently for deposition to occur, or the point at
which the runoff enters a defined channel.

These parameters can be determined by expressions that relate them. [38]

present the following expressions for their estimate:

l m
L= (ZJ (2.8)

being A the length of the slope in meters, m equal to 0.2 if the slope (s) is <1%,
0.3 if 1% < s < 3%,

0.4 if 3.5% <5 <4.5%,
0.5 if 5 >5%.

To determine the value of &

§=3.0(sen(6))" +0.56 if L<4m, (2.9)
S =10.8sen(60)+0.03 if L>4m and S < 9%, (2.10)
S =16.8sen(6)—0.50 if L>4m and S >9%. (2.11)

@ is the angle of inclination of the field or plot (degrees). The LS index can
be calculated by the expression [36]:

LS= (Lj (0.065 +0.0455 +0.00655> ) (2.12)
22.13
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being A the length of the slope in meters and having s and m the same meaning
mentioned above. To determine this index [13] presents another expression with

a similar format:

Ji

LS= —(0.76+ 0.53s + 0.07632) (2.13)
100

where A is the length of the slope in feet. With slopes lower than 1%, results are
significantly different for LS using the two expressions, which does not happen

with svalues above 5%.

2.1.4. Land Cover and Cultural Operations Factor (C)

It corresponds to the ratio between the loss of soil that occurs in plowed land
under certain conditions, and that occurring in continuously plowed and bare
ground [33]. According to [36], this factor integrates the interrelated effects of
soil cover, the sequence of crops, the level of productivity, the length of the plant
growth period, cultural practices, crop residue management, and the precipita-
tion distribution. Its assessment is difficult given the existence of many cultiva-
tion and crop management systems.

The determination of factor C for a location depends on how the erosive pre-
cipitation is distributed throughout the year and on the protection that plants,
their residues and cultural practices provide to the soil, mainly during the pe-
riods when the rains are most erosive. [34] refer that Cis determined by several
interactive variables, namely the culture, the residues placed on the surface or
mulch, the residues incorporated in the soil, the mobilizations and the previous
use of the soil.

The methodology for calculating the C value is detailed by [33]), essentially
consisting of the definition of plant growth stages, ranging from soil prepara-
tion, through sowing to harvesting and treatment of crop residues, and know-
ledge of the erosivity distribution over this period. They provide tables and ex-
amples for determining this factor using data from the United States with indi-
vidual cultures and crop rotations, and local data can be used to estimate this

factor according to this procedure.

2.1.5. Factor in Erosion Control Practices (P)
It is defined as the ratio between the erosion that occurs under the use of specific
soil conservation practices and that which occurs under cultivation in the sense
of the greatest [36]. These conservative practices are usually tillage according to
contour lines, cropping in contour lines and terracing, while practices such as
conservative tillage, crop rotations, fertilization, and waste use are important
conservation practices that are included in the crop management factor C.

This factor is normally used as an element to correct erosion that occurs un-
der certain conditions of land use, allowing the selection of the most appropriate
conservation measure to lower soil losses to a level that does not reduce the

productive capacity of the land, being therefore an element applied essentially to
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the planning of agricultural conservation use of the soil. [33] present tables of P
values for different conservative practices, such as crops on contour lines, con-
tour lines and terraces, according to the characteristics of the terrain. A conser-
vationist can select among these conservation practices which ones are most
suitable to apply to a certain field condition in order to bring erosion to a mini-
mum allowable value, considering the crop being grown, the soil and climate in

the location.

2.2. Revised Universal Soil Loss Equation (RUSLE)

The RUSLE is an empirical model that conserves the basic structure of the
USLE, with regard to the main equation, the same being the factors that deter-
mine soil losses through erosion, with the difference that these are calculated
according to different procedures, involving treatment per computer. According
to [40], RUSLE is a powerful tool for planning and conservation, for inventory-
ing erosion rates in vast areas, and for estimating sediment production, which
can become a sediment harvest in watersheds, and can be used on farmland,
pastures, disturbed forests, construction sites, and other areas where runoff oc-
curs as a result of greater rainfall than infiltration.

Regarding the erosivity of precipitation, [41] highlight the main differences of
this model in relation to the USLE, being these: the new trend of the R factor to
reduce its values in flat places of regions with intense rains, since the water re-
tention at the surface when runoff occurs reduces rainfall erosivity; the fact that
part of the calculation of the factor R involves a seasonal distribution to allow
the weighting of the value of the soil erodibility, X; and the coverage factor and
cultural practices to be weighted. For this purpose, files with climate data were
developed for climatically homogeneous areas, called city codes, which integrate
information on the number of days without soil ice formation, monthly precipi-
tation and temperature, and the distribution of rainfall over periods of 15 days.
It should be noted that the program provides space to add data sets provided by
the user, which should allow its easy use in other regions of the world.

To calculate the unit energy of the rain, a new equation is presented [42] of

the form:

e, =0.29[1-0.72exp(-0.057,,) | (2.14)

in which:

e, is the maximum unit energy when the intensity tends to infinity, in MJ-ha™",

I,, the maximum rainfall intensity in mm-h™".

The soil erodibility factor, K, has been updated by integrating equations to
calculate its value for soils with little data, such as lack of information on the
fraction of sand or organic matter, and with a textural composition given by a
classification system different from that used in the USA [34]. It also includes
equations to estimate the K value in conditions not covered by the nomogram,

such as volcanic soils and with a high content of organic matter (Renard et al
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1995).

According to [41], erodibility data from several locations in the world were
reviewed, which allowed the development of an equation that gives an estimate
of the Kvalue as a function of the average diameter of the soil particles. The au-
thors also refer to the consideration of the seasonal variability of erodibility in
RUSLE, by weighting the estimated value of K in proportion to the annual per-
centage of EI in 15-day intervals, with instantaneous estimates of K being made
by equations that relate it to the period without occurrence of ice in the soil and
with the annual value of erosivity. They also note the consideration of the effects
due to stone fragments on and in the soil. Those on the surface are taken as a
mulch in factor C while the fragments incorporated in the soil profile are con-
sidered to adjust the erodibility value, to take into account the effects on runoff.

RUSLE uses three slope length ratios, which are functions of soil susceptibility
to rill erosion in relation to interrill erosion, and a fourth ratio that is specific to
the Northwest Pacific cereal production areas in the USA, and it has a closer re-
lationship to the linear with the degree of the slope than the USLE [43]. Also
mentioned is the ease with which the model can represent the real topography of
a slope segment, which was considered to be uniform, which led to gross errors
in the estimation of the LS factor. In this model, and in your computer program,
complex slopes can be easily represented to give a better approximation to the
topographic effect [41].

To determine the factor of soil cover and cultural operations, C, RUSLE uses a
subfactorial method to calculate soil loss rates (SLRs) as a function of four sub-
factors, according to the formula [41]:

C=PLU-CC-SC-SR (2.15)
being:

PLU the previous land use,

CC the coverage by the culture crown,

SC the degree of coverage of the soil surface,

SR the roughness of the soil surface.

In areas where vegetation reaches a certain balance, such as in natural pastures
and scrub, these parameters are barely changeable over time, resulting in a small
variation in the calculated rate of soil loss, which leads to the option of calculat-
ing a value single SLR for the whole year, while on cultivated land, or on pas-
tures where the soil is mobilized, these parameters vary throughout the year, so
the SLR values must be calculated in order to take into account the variations
over the year. year or rotation [34]. It is also considered that these factors remain
constant for a period of 15 days, for which it is proposed to calculate the SLR for
RUSLE.

A fifth factor for determining SLR, namely the soil moisture subfactor used in
the US Pacific Northwest cereal production areas, (SM), is introduced in the ex-

pression (2.15) [34] [43]. According to [41] the factor of the degree of coverage
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of the soil surface has the greatest effect on erosion, with RUSLE having a value
of 1.0 minus the percentage of bare soil, which reflects the addition of dead mat-
ter in the form of rock and stone to conventional dead plant matter. [43] state
that one of the reasons for RUSLE’s subfactorial approach is to accommodate
applications in which SLR values are not available, such as cultures that are not
represented in the computer program.

As at USLE, at RUSLE the values of factor P are the least accurate and gener-
ally represent the general effects of conservation practices. According to [41] ex-
tensive data, both in the field and in the model, were analyzed to reevaluate the
effect of the crop according to the level curves, and the results were interpreted
to provide factor values for this practice as a function of the ridge height, level
furrows, and climate erosivity. The new values for the factor P due to the terrac-
ing take into account the slope along the terrace, while considering a wider range
of culture conditions in bands than that considered in the USLE. It should be
added that in RULSE values of factor P were also developed, which reflect con-

servation practices in pastures.

2.3. Soil Loss Estimation Model for Southern Africa (SLEMSA)

This methodology is considered to be particularly appropriate for countries that,
although urgently in need of measures to combat erosion, have resource limita-
tions to support the expenditure of research programs, and was designed to es-
timate the average annual soil loss due to sheet erosion that occurs on arable
land between two adjacent ridges [44]. It results from research studies carried
out in southern African countries, mainly Zimbabwe, and South Africa, and was
initially developed for the first country.

The structure of the model is represented in Figure 1, which shows that it is

basically composed of four components, namely the physical systems, the control

PHYSICAL CROP CLIMATE SOIL TOPOGRAPHY
SYSTEMS ‘
CONTROL Energy Rainfall Soil Slope Slope
VARIABLES Interc‘eption Energy Erodibility Steepness Length
I E F S L
SUBMODELS Crop Soil Loss
Ratio| C from bare K TOp}ggr.aphy X
soil t/ha/y atio
MAIN Estimated
MODEL Soil Loss Z =KCX
t/ha/y

Figure 1. Diagram of the structure of the model for estimating soil loss for Southern
Africa (SLEMSA) [44].
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variables, the sub-models and the main model, each of them treated separately.
The model considers that erosion depends on four physical systems that are
culture, climate, soil and topography, each of which is defined by a control vari-
able. The variable that defines the crop influence on erosion is the percentage of
rain energy intercepted, the climate is defined by the energy of precipitation, the
soil by its erodibility index and the topography by the degree of slope or inclina-
tion of the land and the length of the land hillside.

[44] considers that for this model any practice that has an influence on soil
properties, such as tillage or other treatment, is taken into account in the soil
system and any other factor related to culture is integrated into the culture sys-
tem, arguing that this approach differs in concept from USLE in that tillage and
cultivation are both part of the factor of cultures and cultural practices, C. This
differentiation is discussed by [45] for whom the basic approach of the SLEMSA
model is very similar in concept to USLE.

Each of the referred parameters can be determined using expressions that re-
late them to their control variables. The final result is the main parameter 7,
which represents the loss of arable soil and results from the product between
submodels Cb, K and X. Figure 2 shows how the model relates the variable soil
loss in an uncovered surface and in fallow, X, with precipitation energy, £,, and
soil erodibility, .

The expression that translates the relationship between these factors takes the

form:

K =exp((0.4681+0.7663F ) In E, +2.884 —8.1209F ). (2.16)

S S =
L/ v S =
=
S S A

Rainfall Energy (E) x 10° Joules/m’

Figure 2. Relationship between erosion in bare and fallow soil (K) with the energy of rainfall (£,) and soil erodibility (£). From

[44].
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The energy intercepted by the vegetation cover (in%) is related to the dimen-
sionless variable crop ratio (C,) by the shape that is represented in Figure 3. G,
represents the vegetation cover condition of natural crops and pastures and C,,
applies to dense and mulch pastures. The expressions corresponding to each of

these parameters are as follows:

C, =™ when i <50% (2.17)
C,; =(2.3-0.01i)/30 when i >50% (2.18)
C,, =) when i >50% (2.19)

The way in which the rate of soil loss (X) varies according to the degree of the
slope and the length of the slope is shown in Figure 4. The expression that lists

these parameters is as follows:

X =2 (0.76+0.53S+0.076S2 ) /25.65 (2.20)

where A is the length of the slope in meters and S'the degree of the slope in (%).
The figure refers to slopes greater than 4%. For values below this, the relation
shown in Figure 5 applies, in which Equation (2.19) is equally valid.

[16] presents two regression equations that relate the seasonal average energy

of precipitation with its annual average, according to the type of rain dominant
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Figure 3. Relationship between the energy intercepted by the vegetation cover and the
sub-model of the soil loss rate (C,). From [44].
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Figure 5. Relationship between the sub-model of the soil loss rate (K), the length and degree of the terrain
slope, for slopes less than 4%. From [44].

in a given location. Figure 6 represents this relationship that the model inte-
grates as an alternative to determine the control variable seasonal average energy

of precipitation (£,), whose equations are as follows:

E, =18.846xP, (2.21)
E,, =17.368xP, (2.22)

where P, represents the average annual rainfall in mm. The first expression ap-

plies to conditions of occurrence of torrential rains, the second most appropriate
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Figure 6. Relationship between the annual average rainfall and the seasonal average of ener-
gy of rainfall for two types of rain. From [16].

for conditions of areas with drizzle and light rain. Both expressions were ob-
tained for conditions in Zimbabwe. According to [44], this model offers a means
to make decisions based on limited resources and was designed to protect arable

land from the effect of erosion.

2.4. Some Physically Based Models

The limitations of empirical models in erosion prediction have stimulated an in-
crease in research, in the sense of developing physically based models that are
capable of estimating soil losses for a greater number of situations and for short-
er periods of time, in contrast to the average values that are provided by the em-
pirical models. Among the various methodologies of this kind that have been
disseminated, as a result of several research works developed in different parts of

the world, we present briefly some models of this nature.
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2.4.1. The EPIC Model

This computer model, called the Erosion/Productivity Impact Calculator, was
developed to determine the relationship between soil erosion and productivity in
the United States, and continuously simulates the processes associated with ero-
sion on a daily scale, using easily available data [46]. It addresses nine main as-
pects, namely hydrology, climate, erosion, nutrients, plant growth, soil temper-
ature, crops, control of the plant environment, and the economy. The model ap-
plies to small basins, approximately 1 ha, in which the soils and the form of use
are considered homogeneous, despite being able to consider variations in soil
depth and can divide the profile up to a maximum of 10 horizons.

The hydrological component of the model considers the parameters of runoff,
which integrates the runoff volume—determined in function of the daily amounts
of rainfall, using a modification of the runoff number (CN) technique of the Soil
Conservation Services (SCS) of the United States Department of Agriculture—and
the peak flow rate based on a modification of the Rational Formula. The percola-
tion uses the technique of directing the storage to simulate the movement of water
through the horizons of the profile, and the lateral subsurface movement is calcu-
lated simultaneously with the percolation. Evapotranspiration, which in the
model is calculated using two estimation methods—Priestley-Taylor and Pen-
man—, includes the determination of potential evapotranspiration and evapora-
tion of plants and soil. The hydrological component also includes the melting of
snow, which depends on daily temperatures and is treated in the same way as
rain to determine the volume of runoff, percolation, and the dynamics of the
water table, with the model being able to lower or raise its level between maxi-
mum and minimum depth input values from the surface.

The climatic component of the model integrates rainfall, air temperature and
solar radiation. Since the rainfall component is a first-order Markov chain mod-
el, the input data must include the monthly probabilities of rainfall, so informa-
tion on whether or not rainfall occurred last day. For air temperature and solar
radiation, a model is used that simulates these parameters that are mutually cor-
related with rainfall. For the wind, the average daily speed and its direction are
considered as variables. For relative humidity, daily average values are simulated
from monthly averages, using a triangular distribution, and these values are ad-
justed to consider the effects of wet and dry days.

The water erosion component integrates rainfall and runoff, simulating the
erosion caused by these and by irrigation, using three equations that are the
USLE and two of its modified versions. To estimate the erosion caused by fur-
row irrigation, MUSLE is used. For wind erosion an equation is used that de-
pends on an index of soil erodibility, a climatic factor, a ridges roughness factor,
the length of the field in the prevailing wind direction, and the amount of vege-
tation cover.

The factors that integrate the nutrient component of the model are nitrogen,

represented by the loss of nitrates by runoff, which is estimated considering only
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the topsoil of only 10 mm in thickness, with the total amount of water leaving
this layer equal to the sum of the flow of the subsurface lateral movement of the
water and the percolation. The washing of nitrogen in the form of nitrates, its
transport by evaporation of water from the soil, the transport of organic nitro-
gen by sediments, denitrification, mineralization, its immobilization, and the ni-
trogen added by precipitation, are other variables that are included in this com-
ponent. Also included here is the soluble phosphorus that is dragged in the ru-
noff water (taking into account that this nutrient is more associated with the se-
diment phase and it is with them that it is transported) its mineralization, im-
mobilization, and its cycle in the soil.

The average daily temperature in the center of each soil layer is simulated for
use in nutrient circulation and hydrology. There is a unique model to simulate
the growth of various crops, both annual and perennial from the date of sowing
until harvest. In this model, the parameters of potential growth, water use, nu-
trient absorption, namely the need, supply and fixation of nitrogen and phos-
phorus are considered. Constraints to plant growth are also estimated by assess-
ing potential biomass, whose parameters considered are the lack of water, tem-
perature, nutrients and aeration, and root growth. Water use, cultural perfor-
mance and winter dormancy are other determinants of plant growth.

The crop component is designed to mix nutrients and crop residues in the
crop layer, simulate the change in real density, lay the residues on the soil sur-
face, with functions that simulate the height of ridges and surface roughness.
The control of the plant environment is another component of the model that
integrates drainage, irrigation, fertilization, liming, the use of pesticides, and the
construction of pits. The economic component is represented by an inventory of
the crop and an accounting subsystem that would inventory the production and
marketing costs of the crops.

[47] consider that the EPIC is a physically based model capable of simulating
realistically and simultaneously erosion processes using easily available data; si-
mulate the processes as they can occur for hundreds of years, if necessary, since
erosion can occur relatively slowly; it is applicable to a wide range of soils, cli-
mates and crops in the United States; and it is efficient in computer use, conve-
nient and able to assess the effects of management changes on soil erosion and

productivity.

2.4.2. The WEPP Model

It is a physically based model designed to estimate water erosion on slopes. The
Water Erosion Prediction Project (WEPP) was started in 1985 with the aim of
developing a new generation of technology for use in planning soil and water
conservation [48]. According to [27] WEPP uses a permanent regime sediment
continuity equation to predict the laminar and rill processes, based on the fun-
damentals of infiltration, surface runoff, plant growth, waste decomposition,

hydraulics, plowing, management, soil consolidation, and mechanics of erosion.
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This computer model estimates liquid removal and deposition, and uses the
concept that rill removal and transport rates are a function of the portion of
transport capacity that is filled by sediment. The sediment transport from the
laminar runoff areas is considered to be proportional to the square of the rain
intensity, with the proportionality constant being the soil erodibility parameter,
while the removal of sediments from the furrows is considered to be zero when
the rupture occurs at a point less than the critical limit of soil rupture.

It integrates a hydrological component that calculates the variables of the peak
flow rate, its effective duration and the effective intensity of the precipitation,
thus generating information on the rainfall turning points and the flow hydro-
graphs. The rupture stress of the flow or its ability to remove in the rills, its
width, depth and spacing, and the relationship with the sediment load, reflected
in its sediment transport capacity are also part of this component.

Erosion calculations are performed by solving dimensionless equations fol-
lowed by resizing the final solution [27]. The model includes four erosion para-
meters, all dimensionless, one for laminar erosion, two for rill erosion and one
for deposition. The parameters that characterize the removal in furrows are the
erodibility of its base, the hydraulic rupture of the soil base determined under
standard conditions, and the effect that the residues buried in the soil have in the
production of sediments. The laminar erosion parameter integrates soil erodibil-
ity, the effective intensity of rainfall, the effect of the canopy, the effect of the
surface cover, the spacing of the rills, and their calculated width. The rate of de-
position of the particles, which is calculated according to an effective diameter
and specific weight at the point of removal, using standard drag ratios, defines
the deposition parameter.

[49] considers that the WEPP model predicts out-of-place erosion rates, in-
cluding sediment harvesting in the slope profile and its enrichment rate, as well
as on-site erosion rates, such as removal rates and deposition. [28] distinguish
two forms of the model, one being the single rainfall version, which includes the
hydrological and erosion models, and the erosion model independent of the hy-
drology model, while [17] refer to the WEPP model for hydrographic basins,
which is composed of four components, namely the slope, the channel, the re-

servoir and the irrigation.

2.4.3. The CREAMS Model
This model is called Chemicals, Flow and Erosion in Agricultural Management
Systems (CREAMS) and is a model designed to compensate for USLE’s inability
to contemplate erosion by concentrated flow or sediment deposition, and for not
including variables that adequately describe complex slopes or drainage channels
[25].

It fundamentally integrates components to simulate the physical processes
that control hydrological processes, erosion and sediment production, and the

movement of chemicals in an individual plot. The hydrological component of
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the model uses daily rainfall data and the United States Soil Conservation Ser-
vices (SCS) runoff process to calculate runoff. The model also has a user manual
with basic data on climate, soils and crops. In addition to these, data on the plot
area, the average slope of the land, the average depth of the root system of the
crop, the porosity of the soil, the average monthly temperatures, solar radiation
and the leaf area index are also part of this component.

The parameters that are included in the component of erosion and sediment
production are the plot area, detailed slope profiles, channel data, data on soils,
crops, management systems, rates of soil loss, the depth of erodible soil, the
phases of the crop, and the control of channel exits. This component contains
routines for estimating laminar and groove erosion in areas of runoff, channel
erosion in concentrated runoff areas, and liquid deposition in temporary reser-
voirs. Its user manual also contains data on soil loss rates and Manning rough-
ness coefficients.

According to [50], the erosion/sedimentation component uses the results of
the hydrological component to calculate erosion and sedimentation caused by
runoff, and channel and reservoir runoff, with the runoff erosion element being
calculated by a modified USLE. To calculate erosion, a removal ratio based on
the rupture stress of the flow in the channel is used, and the Yalin equation to
calculate the transport capacity of the flow sediments, with the sedimentation
being calculated according to the falling speed of the different dimensions of the
particles.

The CREAMS model is able to consider specific characteristics of the site and
estimate deposition and erosion in concentrated runoff, and hence its potential
to estimate reductions in soil losses motivated by practices such as the installa-
tion of drainage channels [25]. In addition, it is capable of simulating erosion
processes on complex slopes, thus predicting where erosion and deposition will
occur, as well as its effects on the distribution of sediments by size, and estimat-

ing soil loss by rainfall or by month.

2.4.4. The EUROSEM Model

The European Soil Erosion Model (EUROSEM) was developed to support the
design of policies for soil protection [29]. It aims to be able to estimate the risks
of erosion, to be applicable to the scales of the plot and the watershed, to deter-
mine the distribution of solutes from the earth’s surface to aquatic bodies, to
provide credible estimates of erosion and concentration of solutes for compari-
son with acceptable standards, operate on a unique event basis, and be useful as
a design tool for selecting soil protection measures.

Its base of operation consists of taking the current and estimated rainfall and
runoff as input data, and dealing with the interception of rainfall by plant cover,
the removal of soil particles by the impact of raindrops, the removal by runoff,
concentrated or diffuse, and transport capacity. Soil loss is calculated by com-

paring the flow carrying capacity with the supply of sediment made available for
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transportation through the removal process, and erosion can be limited either by
the amount of sediment removed or the flow carrying capacity. If the transport
capacity is less than the supply of removed sediment, deposition occurs.

The interception of rainfall is one of the parameters of the model that begins
with the knowledge of the height of rainfall that occurs in each space of time,
from which its volume and intensity are calculated. The amount of precipitation
that reaches the surface of the soil depends on the nature of the vegetation cover
and the degree of protection given to the soil. The condition of the soil surface is
defined by its roughness, expressed by a rate of roughness that is the ratio of the
distance of the straight line between two points by the actual distance measured
over all microtopographic irregularities.

Information on the generation of runoff for the model can be obtained
through measured values or as a result of an appropriate hydrological model.
The model separates the flow into two components, one being the depression
and the other on the remaining surface. The removal of soil by the impact of
raindrops is considered in terms of direct fall and runoff from the leaves of the
canopy, and the removal by runoff is modeled as a function of the breaking
speed of the particles above a critical value for their movement, which depends
on the cohesion of the soil at the saturation point. The flow’s carrying capacity
to move the removed particles is modeled as a function of the current force, and
soil loss, liquid erosion and deposition are calculated by comparing the availabil-
ity of removed material for transportation and the carrying capacity of the flow.

EUROSEM is considered to be different from most erosion models in its
treatment of soil and vegetation, in which soil erodibility is represented as a dy-
namic property through the use of an index of resistance to rupture and remov-
al, which varies with the cohesion of the structure of the soil surface, taking into
account the effect of tillage on the soil through changes in the real density and
surface roughness, as the vegetation is modeled through its effects on the volume
and energy of the precipitation that reaches the surface of the soil, infiltration,

and the roughness given to runoff.

2.4.5. KYERMO and ANSWERS Models
The KYERMO model, the Kentucky Erosion Model, was developed with the
purpose of serving as an investigation tool to isolate important sub-processes
within the global erosion process [24]. The objectives proposed are to be a gen-
eral structure for erosion and to facilitate additional research, to model the
process of erosion by rills and to estimate the global collection of sediments and
changes in the middle sections of the rills, on geometric surfaces carefully con-
trolled on slopes accentuated, as a first step to model the erosion process on a
stochastic surface.

Its main structure uses a conceptual model for the erosion process in which
the parcel is divided into portions of slope and furrow basins in each of them,

with the rates of transport and sediment removal calculated in individual fur-
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rows. The main program and the support routines have four components: flow
generation, flow targeting, sediment generation and sediment targeting. It con-
sists of 37 subroutines and functions and is written in Microsoft FORTRAN,
which is a subset of the standard ANSI FORTRAN 77 and can be run on other
computers with minor modifications.

ANSWERS, translated as Areal Nonpoint Source Watershed Environmental
Response Simulation, is a physically based model that simulates the flow and
transport of sediments at the watershed scale, applicable to basins with an area
of up to 100 km? although its informatized version can only support 1700 cells,
its practical limit being 17 km® when 1 ha cells are used [51].

This model simulates excess rainfall, the orientation of laminar and rill flow,
subsurface drainage, and the removal and transport of sediment. Excessive rain-
fall is obtained by the difference between precipitation and the sum of intercep-
tion, retention and infiltration. The surface flow is directed from cell to cell us-
ing the continuity equation in conjunction with the Manning equation, the part
of the flow that is directed from one cell to the adjacent downstream calculated
according to the direction of the slope of the cell, and the concentrated flow cal-
culated by the continuity and Manning equations, considering all channels as
having a rectangular section.

The rate of sediment removal by precipitation is calculated according to the
parameters of the crops and cultural practices, conservative practices and soil
erodibility of the USLE, considering the area of the place where precipitation or
runoff occurs, the intensity of precipitation and the rate flow per unit width. The
model assumes that the deposited sediments are again bound to other surface
particles and therefore must be removed again to be available for surface runoff,

and that the channels are not erodible.

3. Conclusions

The present work consists of a review of methods for estimating soil loss due to
water erosion, in order to provide useful information on the options that exist in
this field. Although in some cases only a brief reference is made to the different
methods, the outline of which is much more complete, the usefulness of this ex-
ercise lies in providing different options that can be used, so that one can have a
perspective on the meaning of water erosion that occurs under certain condi-
tions. Since soil loss is a process that contributes to land degradation and loss of
productivity, its importance is not only environmental, but also has a so-
cio-economic character, hence the usefulness of perception as accurately as
possible about its extent and meaning, with a view to its control through better
planning of land use.

The choice of the best method to be used in a given context depends on sever-
al factors, including the availability of the data that are necessary for the applica-
tion of the model to be used. The Universal Soil Loss Equation is at the origin of

the various models that have been developed, which evolved from this empirical

DOI: 10.4236/as.2020.118043

687 Agricultural Sciences


https://doi.org/10.4236/as.2020.118043

A. M. de O. Salumbo

equation for those who use the law of conservation of mass, considered as phys-
ically based. While empirical methods work according to the “black box” prin-
ciple, which does not provide an exact understanding of the interactions that
occur between erosion factors, the physically based models try to function as a
“white box”, trying to express transparently the erosion process, in which all the
acting mechanisms are visible, since the removal of soil particles, their transport
and deposition, when the flow speed decreases.

In any of the cases, that is, whatever the option for the model to be used, the
important thing is that it be validated for the place under study, according to the
existing data. For this reason, the availability of data is fundamental for the ap-
plication of the models, which can only be guaranteed by a sound support of re-
search in several matters. In any case, it will be up to the researcher to choose to
use the available data so that he can obtain the result as close to reality as possi-
ble, when there is a need to produce essential information for planning. This
study thus intends to be a contribution to stimulate research on soil conserva-
tion, especially in realities where it is fundamental for protection of the envi-

ronment and for the economy.
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