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Abstract: Spatial analysis of vegetal cover and 
sediment yield in Tapacurá river catchment based 
on remote sensing and GIS. Mapping and assess-
ment of erosion risk is an important tool for plan-
ning of natural resources management, allowing 
researchers to propose modifi cation in land-use 
properly and implement more sustainable manage-
ment strategies in the long-term. The Tapacurá 
river catchment, located in Pernambuco State, 
Northeastern Brazil, is one of the planning units 
for management of water resources of Recife Me-
tropilitan Region (RMR), and it is divided into 
12 sub-basins. The objective of this study is to 
evaluate the spatial variability of vegetal cover 
and sediment yield in this basin through remote 
sensing and GIS techniques. Maps of the erosivity 
(R), erodibility (K), topographic (LS), cover-mana-
gement (C) and support practice (P) factors were 
derived from the digital elevation model (DEM), 
climate database, and soil and NDVI maps, taking 
into account information available in the litera-
ture. In order to validate the simulation process, 
Sediment Delivery Ratio (SDR) was estimated. 
The obtained NDVI map showed vegetation loss 
during the analyzed period, indicating a distinct 
contrast between loss and gains of vegetation 
index. The vegetation and sediment yield map-
ping showed to be a useful tool for environmental 
monitoring and management, which can provide 
satisfactory results when jointly used. The results 
suggest a mean SDR around 0.9 and estimate the 
sediment yield as 23.98 ton/ha/month.

Key words: satellite images, sediment yield, Tapa-
curá river catchment.

INTRODUCTION

Water erosion is one of the most signi-
fi cant environmental degradation proces-
ses, and is produced of rill and interrill 
erosion. Interrill erosion occurs when soil 
particles are detached by raindrops and 
transported by shallow overland fl ow, 
whereas, rill erosion is the detachment 
and transport of soil particles by concen-
trated fl ow (Beskow et al. 2009). This 
detached soil is then transported and de-
livered as sediment downstream. In areas 
where the erosion process is advanced, 
a reduction of soil productivity can occur 
and the transported sediments, nutrients 
and agrochemicals contaminate and fi ll 
up the water bodies. Soil erosion, which 
directly impacts on the development of 
human society, is the one of important 
problems faced by human being, and thus 
many nations pay attention to the soil 
and water conservation (Bingfang et al. 
2004).

Several physically-based models have 
been developed in order to quantify 
erosion in basins, such as KINEROS2 
(Woolhiser et al. 1990; Smith et al. 1995), 
WEPP (Flanagan and Nearing 1995; 
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Flanagan et al. 2007), LISEM (De Roo 
et al. 1996; De Roo and Jetten 1999), and 
SWAT (Arnold et al. 1998; Gassman et 
al. 2007). 

The aforementioned have the follo-
wing disadvantages: (a) need extensive 
data sets as input and many calibration 
parameters; (b) require either complex 
laboratory analyses or hard and expen-
sive fi eld data collection, which may 
be unfeasible to use in many develop-
ing countries; and (c) in spite of having 
some calibration parameters, the models, 
except SWAT, do not have an optimiza-
tion method embedded in the software 
(Beskow et al. 2009). However, some 
strength points of these models can be 
emphasized: (a) they are physically 
based models, basic processes are incor-
porated in them; and (b) they take into 
account spatial variability of input and 
output, thus better representing the real 
world.

Other models are based on the most 
popular Universal Soil Loss Equation − 
USLE and the RUSLE technology, and 
are most commonly used for soil erosion 
prediction from agricultural lands and 
tested for their use in many agricultural 
watersheds in the world (e.g., Fistikoglu 
and Harmancioglu 2002; Erdogan et al. 
2007; Pandey et al. 2007; Dabral et al. 
2008). The USLE is the most widely used 
empirical erosion model, and estimates 
soil erosion from an area simply as the 
product of empirical coeffi cients, which 
must therefore be accurately evaluated. 

The development of distributed hydro-
logical models has been greatly improved 
with the application of GIS – Geograp-
hic Information Systems technology. In 
Brazil, while several studies on runoff and 
sediment yield simulation have been 

conducted with the combination of dis-
tributed hydrological model and GIS 
(Silva et al. 2007; Silva and Santos 
2007) in recent years, most of these 
investigations are mainly concentrated 
on experimental watersheds. Under such 
a background, this present paper aims to 
explore the suitability of similar model-
ling techniques in large river basins, i.e, 
in the representative basin.

The land surface variables, such as 
NDVI can be derived directly from sat-
ellite observations (Ma et al. 2004). 
Remote sensing from satellites offers the 
possibility to derive regional distribu-
tions of land surface over heterogeneous 
areas in river basins. Remote sensing data 
provided by satellites area as means of 
obtaining consistent and frequent obser-
vations of spectral refl ectance and emit-
tance of radiation at elements in a patch 
landscape and on global scale (Sellers et 
al. 1990). 

Several methods using remote sensing 
measurements are used to estimate the 
vegetation variables and sediment yield 
in river basins. Thus, the fi nal objective 
of this paper was to evaluate the spatial 
variability of vegetal cover and sediment 
yield in the Tapacurá river catchment, 
located in Pernambuco State, Northeas-
tern Brazil, through remote sensing and 
GIS techniques. 

MATERIAL AND METHODS

Study area description 
This work was accomplished in Tapacurá 
river catchment, located in Capibaribe 
river basin, Pernambuco State, Brazil, be-
tween coordinates 230 000 mE, 270 000 
mE, and 9 090 000 mN, 9 120 000 mN, 
and it has a drainage area around 480 km2 
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(Fig. 1). The Tapacurá river catchment is 
72.6 km long, and has a 480 km2 drainage 
area. It is a tributary of the Capibaribe 
river basin, which is one of the main 
rivers in Pernambuco State. The climate 
is tropical, hot and humid. The annual 
precipitation of the area is around 1200 
mm/year. The maximum daily rainfall in 
the area is 175 mm. The annual average 
temperature is 27°C, with a daily tem-
perature range of 25−32°C.

Soil loss and SDR – sediment yield 
approach

Sediment yield refers to the amount of 
sediment measured at a watershed outlet 
or a point on the waterway. Basically, 
sediment yield is not equal to the upland 
erosion (Fistikoglu and Harmancioglu 
2002). The ratio of sediment delivered at 
a given area in the stream system to the 
gross erosion is the sediment delivery 

     FIGURE 1. Location of Tapacurá river catchment and Capibaripe river basin in Brazil
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ratio for that drainage area. Thus, the 
annual sediment yield of a watershed is 
defi ned as follows:

Y = USLE × SDR (1)

where SDR is the sediment delivery ratio, 
Y is the sediment yield (ton/km²), and 
USLE is the gross erosion per unit area 
above a measuring point. The Universal 
Soil Loss Equation − USLE (Wischmeier 
and Smith 1978) can be used to estimate 
soil loss with emphasis on sheet and rill 
erosion. It does not take sediment depo-
sition into account. The equation can be 
expressed as follows:

A = R × K × LS × C × P (2)

where A is the average annual soil loss 
per unit of area (t/ha/yr), R is the rainfall-
-runoff erosivity factor (MJ⋅mm⋅ha⋅h⋅yr), 
K is the soil erodibility factor (t⋅h⋅MJ⋅mm), 
LS is the topographic factor (dimension-
less), which includes slope length factor 
(dimensionless) and slope steepness 
factor (dimensionless), C is the cover 
management factor (dimensionless), and 
P is the support practice factor (dimen-
sionless).

Sediment delivery ratio (SDR) is 
defi ned as the fraction of gross erosion 
that is transported from a given catch-
ment in a given time interval. Williams 
and Berndt (1977) established a rela-
tionship between the delivery ratio and 
watershed size defi ned as follows:

0.40362,7 oSDR S  (3)

where So is mean slope of course of main 
water.

The validation of simulation pro-
cess was tested on the basis of Sediment 
Delivery Ratio (SDR) calculated accor-

ding to Beskow et al. (2009) and Irvem 
et al. (2007) as follows:

% 100TSSDR
MSL

 (4)

where TS is the transported sediment 
(ton/ha/yr) to basin outlet and MSL is the 
mean soil loss in the basin (ton/ha/yr).

Rainfall-runoff erosivity factor (R)
Erosivity is the potential of a rainfall to 
cause erosion in a given soil with no pro-
tection. The R factor takes into account 
both total precipitation and kinetic energy 
of raindrops that fall onto the soil, and 
is affected by rainfall intensity and rain-
drop size. For estimation of the monthly 
rainfall-runoff erosivity, the equation 
developed by Renard and Freimund 
(1994), which is also known as Fournier 
Index, was applied. This Index has been 
used widely in several studies of soil loss 
and erosivity mapping, e.g., Irvem et al. 
(2007), and Pandey et al. (2007).

Using daily rainfall data from 12 rain-
gauges during the period of January to 
December of 2006, the monthly rainfall 
erosivity of each station was computed 
for each month of all studied years.

Soil erodibility factor (K)
The determination of the soil erodibili-
ty factor was based on the soil textures 
which exist in Tapacurá river catchment 
by using the soil map. The soil distribu-
tion in the basin and the K factor values 
are shown in Table 1. 

Topographic factor (LS)
The LS factor is used in the USLE to con-
sider the effect of topography on erosion 
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(Irvem et al. 2007; Erdogan et al. 2007). 
The topographic factor depends on the 
slope steepness factor (S) and slope length 
factor (L) and it is an essential parameter 
to quantify the erosion generated due to 
the infl uence on surface runoff speed. 
There are different approaches found in 
the literature for determining the L factor 
in a grid-based DEM. One of them is 
based on the upslope contributing area 
of each cell, which can be computed 
by the equations described by Desmet 
and Govers (1996) and Winchell et al. 
(2008). 

In this study, a Digital Elevation Model 
(DEM) of Tapacurá river catchment was 
obtained with 90 m of resolution and was 
used to generate a slope map, the slope 
length factor (L) and slope steepness 
factor (S) for each grid cell on the map. 
This technique for estimating the LS 
factor was proposed by Moore and Burch 
(1986), which was also used by Engel 
and Mohtar (2007):

0.4 1.3sin
22.13 0.0896
VLS  (5)

where V is runoff depth times the cell 
size, θ is the slope angle in degrees.

NDVI-derived cover-management (C) 
and support practice (P) factors
The C and P factors are related to the 
land-use and are reduction factors to soil 
erosion vulnerability. These factors rep-
resent the ratio of soil loss from a given 
vegetal cover, support practice, type of 
soil and slope. These are important fac-
tors in USLE, since then represent the 
conditions that can be easily changed 
to reduce erosion. Therefore, it is very 
important to have good knowledge con-
cerning land-use in the basin to generate 
reliable C factor values.

The most common procedure for esti-
mating C factor using the NDVI involves 
the use of regression equation model 
derived from the correlation analysis 
between the C factor values measured 
in the fi eld and a satellite-derived NDVI 
(de Jong et al. 1999; de Asis and Omasa 
2007). The NDVI expresses the differe-
nce between refl ectance in the red and 
near-infrared bands. The Normalized Dif-
ference Vegetation Index − NDVI (Rouse 

TABLE 1. Soil classifi cation on the Tapacurá river catchment and soil erodibility (K) values 

Soil types Area [km2] Area [%]  K factor [t⋅ha⋅h/ha⋅MJ⋅mm]
Acrisols 328.4 68.4 0.00090
Luvisols 43.5 9.1 0.00400
Ferralsols 9.0 1.9 0.02800
Cromic Luvisols 6.2 1.3 0.03200
Fluvisols 20.2 4.2 0.06460
Leptosols 42.5 8.9 0.00002
Regosols 5.2 1.1 0.00060
Planosols 25.0 5.2 0.00970
TOTAL 480.0 100.0 −
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et al. 1973) expresses the difference 
between refl ectances in the red and near-
-infrared bands. It is expressed as:

IV V

IV V

NDVI  (6)

where ρIV is refl ectance in the near-
-infrared band and ρV, is refl ectance in 
the red band, respectively, bands 4 and 
3 of satellite Landsat 5/TM. In this work, 
six land cover classes from fi eld data 
were selected: water, urban area, caatinga, 
sugar-cane, capoeira vegetation, livestock, 
agriculture, rainforest, reforestation, and 
poultry farms. The C factor map was 
developed based on values published in 
several studies carried out in different 
areas of Brazil with the same land-use as 
in this study. The C values for each land 
use of this basin can be found in Table 2. 
The P factor was considered 1.0, due to 
the lack of information and maps about 
this factor.

RESULTS AND DISCUSSION 

The R factor represents the erosivity of 
the climate at a particular location. An 
average annual value of R was determined 
from historical weather records and is 

the average annual sum of the erosivity 
of individual storms. The result, in the 
form of an erosivity map and its distribu-
tion percentage, is shown in Figure 2a. 
In this study, an average annual value of 
R was computed using precipitation data 
for 12 raingauges stations located around 
Tapacurá river catchment. The variation 
of R was represented by an iso-erodent 
map in MJ/ha⋅mm⋅year. The average 
annual R factor value varies from 2,800 
to 5,200 MJ/ha⋅mm⋅year and the mean 
value is 4,000 MJ/ha⋅mm⋅year.

Figure 2b illustrates the soil types and 
spatial distribution of the soil erodibili-
ty K factor when translated into digital 
format. The K values in the study area 
varied from 0.001 to 0.03 and the mean 
value is 0.02 t⋅ha⋅h/MJ⋅ha⋅mm.

The land use classes (C values) were 
allocated without considering the seaso-
nal variance (Lee 2004). The NDVI-de-
rived C factor map is shown in Figure 
2c. The C factor values varied from 0 to 
0.8 and the mean value is 0.4. Owing to 
the larger area of agriculture located in 
the hillside, edge of the valley, higher C 
factor values occur in that area as well.

Using Eq. (7), LS factor and its distri-
bution percentage were calculated, which 

TABLE 2. Portion of each land cover type and C factor for the Tapacurá river catchment

Cover-management Area [km2] Area [%]  C factor
Agriculture 197 41 0.54290
Livestock 148 31 0.75000
Reforestation 5 1 0.00020
Rainforest 11 2 0.00010
Capoeira vegetation 6 1 0.35000
Caatinga (native vegetation) 5 1 0.01780
Sugar-cane 56 12 0.00400
Poultry farms 35 7 0.81500
Urban area 9 2 0.00005
Water 9 2 0.00000
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are shown in Figure 2d. The Tapacurá river 
catchment is characterized by decreasing 
elevation values from west to east, with a 
maximum drop of 635 m. The southwest 
and northwest area of the watershed has 
the highest variability in elevation, the 
steepest slopes and, consequently, the 
highest LS values.

Sediment delivery ratio (SDR) and 
determination of soil erosion potential
Determination of sediment delivery ratios, 
SDR, of a specifi c basin requires sedi-
ment data. In the present case, since such 
data were not available for the selected 
watershed, the relationship between SDR 
and watershed area, given in literature by 
Fistikoglu and Harmancioglu (2002) and 

Irvem et al. (2007), is used to roughly 
estimate the SDR values.

Mean SDR value for the Tapacurá 
river catchment was 0.9, which means 
that 10.0% of the soil loss generated in 
the basin was transported to the outlet. 
For the studied period, average sediment 
transport was equal to 0.04 t/ha/yr. Irvem 
et al. (2007) applied the same procedure 
for a basin of 21,000 km2 in Turkey and 
reported values similar to the ones found 
in this present work (varying between 
0.27 and 1.51 ton/ha/yr). Beskow et al. 
(2009) applied the same procedure to 
Grande River Basin, located in Brazil, 
and they obtained a mean SDR of 0.016, 
which means in that case that 1.62% of 
the soil loss generated in the basin was 
transported to the outlet. 

FIGURE 2. (a) Erosivity map, (b) soil map and K Factor, (c) NDVI-C factor map, and (d) map of LS 
factor of the Tapacurá river catchment
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The spatial distributions of the USLE’s 
factors (R, K, C, P and LS) were derived 
from the rainfall database (erosivity), 
and maps of soil type, land use (NDVI-
-derived) and slope, using GIS and 
remote sensing techniques (Fig. 2). Con-
sidering the obtained maps, some impor-
tant aspects associated with the catch-
ment can be identifi ed. The USLE allows 
one to quantify soil loss rates (average 
annual value), in either a lumped or spa-
tially distributed approach.

In this study it should be noted from 
the soil erodibility map that a conside-
rable area of the basin has a K factor 
higher than 0.06 t⋅ha⋅h/MJ⋅ha⋅mm, which 
indicates a high susceptibility to water 
erosion. This natural behavior can be 
explained because major part of the 
catchment contains soils of type Acrisols. 
Analysis of the topographic factor is very 
important in USLE application, since this 
parameter characterizes surface runoff 
speed and, therefore, it is an indicator of 
soil erosion risk in catchment.

The fi ve parameters layers were all 
converted into grid diagrams with 90 m 
× 90 m cell in a uniform coordinate 
system. Then the GIS input layers were 
multiplied, as described by the USLE, to 
estimate annual soil loss on a pixel-by 
pixel basis, and the spatial distributions 
of the soil erosion in the study area was 
obtained (Fig. 3). As it is seen in this fi gu-
re, the southwest part of the basin has more 
erosion productivity than the other parts.

The obtained results showed the sus-
ceptible areas to the erosion process within 
Tapacurá river catchment, and that the 
mean sediment yield could be in the order 
of 25.9 t/ha/yr (in an area of 4 800 ha). 
The results also showed that the computed 
soil losses could be considered as mode-
rate based on the four classes of the basin 
soil loss as proposed by FAO (1967) in 
ton/ha/yr: (a) < 10 = very low, (b) 10–50 
= moderate, (c) 50–200 = high, and (d) 
50–120 = very high.

The distribution of average annual soil 
loss for each land use in the Tapacurá 

 FIGURE 3. Spatial distribution of soil loss in the Tapacurá river catchment
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River catchment is presented in Table 
3. It can be observed that the major land 
use in the basin (Agriculture about 45%) 
is predicted to have an average annual 
soil loss around 30 ton/yr which can be 
considered high for these areas. This si-
tuation is due to the high C factor value 
(0.55) present in a large part of the area.

Satellite image interpretation could 
also induce errors due to uncertainties 
associated with the process of land-use 
determination. According to Diaz-Rami-
rez et al. (2008) and Beskow et al. (2009), 
remote sensing techniques are extremely 
relevant, but these may result in an impor-
tant source of error that could affect the 
land cover mapping and its relationship 
with hydrology and sediment transport in 
basins, especially the ones with thousands 
of km2. Thus, the cover-management (C 
factor), applied in the simulation, could 
be a signifi cant source of error.

In addition, the methodology applied 
for the estimation of LS factor, it could 
cause an underprediction of values at 
some points of the catchment due to longer 
slope lengths, such as 50, 100 or 200 m, 

which could result in the soil loss under-
estimate (Desmet and Govers 1996).

CONCLUSIONS

The present research was conducted in 
the Tapacurá river catchment, located 
in northeastern Brazil, in order to assess 
the applicability of the well-known USLE 
model, remote sensing and GIS tech-
niques for estimating soil loss. 

The results showed a mean SDR in 
the order of 0.9 and a sediment yield of 
23.98 ton/ha/month, which shows that 
the soil losses were moderate on appro-
ximately half of the area in the Tapacurá 
river catchment. Thus, it is recommend 
that the land-use should be changed and 
that the supporting practices should be 
implemented in some places within the 
basin in order to reduce the soil loss rates 
to a tolerable level, due to the existence 
of agriculture and livestock land uses 
over great part of the basin.

The results obtained from the present 
study demonstrate the importance of land 
cover for watershed management. The 

TABLE 3. Distribution percentage of land use and statistical characteristics of soil loss

Land use Area 
[km2]

Area
[%]

Soil loss [ton/yr]
Std3 Sum

Min1 Max2 Mean
Agriculture 197 41 0.0000 275.29 30.04 38.45 655 942.06
Livestock 148 31 0.0000 292.87 28.16 40.61 482 767.75
Reforestation 5 1 0.0000 86.59 13.06 16.83 7 953.91
Rainforest 11 2 0.0000 251.05 31.01 45.10 40 381.42
Capoeira vegetation 6 1 0.0000 202.99 20.86 33.28 14 267.68
Caatinga 5 1 0.0000 239.25 62.00 62.25 39 058.27
Sugar-cane 56 12 0.0000 209.05 15.78 23.02 108 598.84
Poutry farms 35 7 0.0000 198.81 18.23 28.56 79 298.66
Urban area 9 2 0.0000 109.14   8.08 12.60 8 920.30
Water 9 2 0.0000 137.87 12.53 17.91 14 612.68

1Minimum, 2Maximum, 3Standard deviation.
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greatest part of the soils in the Tapacurá 
river catchment has mean vulnerability 
to erosion, high slope steepness and high 
rainfall-runoff erosivity factor, varying 
from 2.800 to 5.200 MJ/ha⋅mm⋅year.

The integration of USLE with remote 
sensing and GIS techniques to model the 
potential for soil erosion should to be 
of great relevance for this type of study. 
The results showed that the approach of 
to quickly and simply represent data in 
order to quantitatively determine soil 
loss and predict erosion hazard over large 
area by the USLE in a GIS environment 
the USLE could be considered useful.
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Streszczenie: Analiza przestrzenna ilości sedy-
mentu oraz pokrywy roślinnej w zlewni rzeki Tapa-
cura określona na podstawie zdalnych obserwacji 
oraz analizy GIS. Artykuł przedstawia sposób 
wykorzystania zebranych w terenie danych doty-
czących pokrywy roślinnej oraz ilości sedymentu 
określonego za pomocą zdalnych obserwacji oraz 
analizy GIS w celu monitorowania środowiska 
i zarządzania zlewniami. W pracy wykorzysta-
no metodę USLE-SDR, a także cyfrowy model 
terenu. Badania prowadzono w zlewni rzeki Ta-
pacura w północno-wschodniej Brazylii. Wyniki 
sugerują przyjęcie wartości parametru SDR = 0,9, 
a oszacowana wielkość transportu rumowiska 
wynosi 23,98 t/ha/miesiąc. 
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