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5. Upscaling fractional vegetation cover using 
QuickBird imagery and detailed aerial photographs 
in a semi-arid environment * 

 
 
5.1 Introduction 
 
Semi-arid lands cover 15 percent of the earth’s land surface (Deichmann and Eklundh, 
1991) and are characterized by low and erratic or seasonal rainfall. Vegetation in these 
areas is under stress due to limited availability of water, which results in a heterogeneous 
pattern of bare soil and vegetation patches (Valentin et al., 1999). These vegetation patterns 
are driven by the positive feedback between plant density and infiltration coupled to the 
redistribution of runoff (HilleRisLambers et al., 2001). The heterogeneity of the vegetation 
has important implications for biotic and abiotic processes, e.g. plant dynamics and 
biodiversity (Hutchings et al., 2000), and runoff and soil erosion (Puigdefabregas, 2005). 
 
Several studies showed that vegetation cover and its spatial distribution are the key factor 
controlling overland flow generation (Thornes, 1990; Gutierrez and Hernandez, 1996; 
Quinton et al., 1997; Cerdà, 1998). Bare patches between vegetation function as runoff 
generating areas, which are generally bare rock and crusted areas that are characterised by 
poor soil structure with low infiltration rates. Whereas soils under vegetation have more 
organic matter, improved soil properties and higher infiltration capacity, which makes these 
patches sinks for runoff (Bergkamp, 1998; Cammeraat and Imeson, 1999). A threshold of 
30 percent vegetation cover is already sufficient to decrease soil erosion considerably 
(Francis and Thornes, 1990; Rogers and Schumm, 1991; Quinton et al., 1997). Lesschen et 
al. (2008a) found a strong linear relation between fractional vegetation cover (FVC) and 
several spatial metrics that describe vegetation patterns on abandoned and semi-natural 
fields. Such a strong relationship was also found by Imeson and Prinsen (2004) for 
vegetation patterns of Stipa tenacissima shrublands. This means that FVC is a good proxy 
to describe spatial vegetation structures in landscapes with spotted vegetation patterns and, 
in addition, a good indicator of runoff and erosion risk. Knowledge about the spatial 
distribution and density of vegetation cover at the catchment scale is therefore essential to 
improve runoff and erosion predictions.  
 

                                                 
* Submitted as Lesschen, J.P., Cammeraat, L.H., Seijmonsbergen, A.C. and Hooke, J.M. Upscaling 
fractional vegetation cover using QuickBird imagery and detailed aerial photographs in a semi-arid 
environment. International Journal of Remote Sensing 
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Most studies that estimate vegetation cover from remotely sensed images use a spectral 
mixing model with two endmembers based on the NDVI (Wittich and Hansing, 1995; Baret 
et al., 1995; Carlson and Ripley, 1997; Gutman and Ignatov, 1998). Spectral mixing 
modelling divides each ground resolution element into its constituent materials using 
endmembers which represent the spectral characteristics of the cover types (Gilabert et al., 
2000). Other studies use more complex spectral mixture models with more endmembers to 
estimate vegetation cover (Elmore et al., 2000; Xiao and Moody, 2005). However, most of 
the vegetation indices have been developed in temperate zones, which generally have a 
more homogeneous vegetation cover. Besides, all these studies were based on low or 
medium resolution satellite sensors, e.g. AVHRR, MODIS, and Landsat, while the current 
availability of high-resolution satellites, such as IKONOS and QuickBird, allows for more 
detailed studies of heterogeneous vegetation patterns. Besides, high resolution remote 
sensing data is essential for accurate assessment of erosion hotspots, since the processes 
that control erosion operate at the plot scale. Satellite remote sensing has been frequently 
used for assessment of erosion at the regional scale, but almost all based on low or medium 
resolution satellite images (Vrieling, 2006). Quincey et al. (2007) used a QuickBird image 
for the classification of land cover for erosion modelling in a small Himalayan catchment. 
 
The objective of our study is to evaluate which vegetation index is most suitable for 
upscaling fractional vegetation cover in a semi-arid environment using a high resolution 
QuickBird image. At plot scale we made detailed aerial photographs, which were classified 
into bare and vegetated patches to derive the fractional vegetation cover. For these plots we 
calculated different vegetation indices, which were derived from a QuickBird image. 
Finally, the calculated indices were compared with the observed fractional vegetation cover 
to test which vegetation index had the best fit and is most appropriate to upscale FVC to the 
entire study area.  
 
 
5.2 Methodology 
 
5.2.1 Study area 

The Carcavo basin is located in Southeast Spain about 40 km northwest of the city of 
Murcia, near the town of Cieza (Figure 5.1). It is a small catchment of 30 km2 with altitudes 
ranging between 220 and 850 metres. This region of Spain is one of the driest in Europe 
with an average annual rainfall of 300 mm and a potential evapotranspiration of 900 mm. 
The geology of the area consists of steep Jurassic carbonate mountains with calcareous 
piedmonts, Keuper gypsum marls and basin deposits of Cretaceous and Miocene marls. 
Current land use in the study area consists of barley, olive and almond orchards, vineyards, 
abandoned land, reforested land, shrubland and forest. Just north of the study area irrigated 
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peach orchards are found in the valley of the Segura River. In the 1970s large parts of the 
catchment were planted with pine (Pinus halepensis) within the framework of reforestation 
and soil conservation programs. During the last few decades parts of the non-irrigated 
agriculture have been abandoned and are currently under different stages of secondary 
succession. The semi-natural vegetation on slopes is mainly composed of Rhamno 

lycioidis-Quercetum cocciferae shrubland in upper areas, while Stipa tenacissima and 
dwarf-shrubs communities are dominant in lower areas. All vegetation in the study area, 
except for some forest areas on steep north slopes, is characterised by a heterogeneous 
pattern of bare soil and vegetation patches. 
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Figure 5.1. Location of the Carcavo basin and its land use 

 
5.2.2 Detailed aerial photographs 

To determine FVC of different land uses we used detailed aerial photographs. Conventional 
aerial photographs have resolutions of about 1 metre, which is too coarse to clearly 
distinguish the bare and vegetated patches. Therefore, we used a balloon-mounted camera 
system (Ries and Marzolff, 2003) to make detailed aerial photographs of the vegetation 
cover on each plot. The photos were made in April 2006 with a Canon Digital IXUS 500 
camera attached to a large balloon filled with helium (see also Lesschen et al., 2008a). With 
a radiographic device the camera was activated, which allowed us to take detailed aerial 
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photographs from 30-50 metres above the surface. These images had a spatial resolution of 
1-2 centimetres, which made them suitable for determination of the fractional vegetation 
cover. We selected 20 representative plots with different land uses and different fractions of 
vegetation cover. For each plot we extracted a representative part of 10 by 10 metre from 
the central part of the digital photo, to avoid distortion from the photo margins. All images 
were resized to a pixel resolution of 2 cm. Next, the images were classified into bare and 
vegetated patches. For the classification we examined several default classification methods 
within the remote sensing package ENVI 3.5 (Research Systems, Boulder). The supervised 
maximum likelihood method performed best, since it classified vegetation areas most 
accurately and it was the only method that classified shaded areas correctly. The maximum 
likelihood method assigns each pixel to the class with the highest probability and evaluates 
both the variance and covariance of the spectral response pattern (Lillesand et al., 2004).  
 
5.2.3. QuickBird image processing 

The QuickBird image was taken on 25 June 2006 at 13:21 hours for an area of 9 by 10 km, 
which included the entire Carcavo basin. Because of the date and time of acquisition the 
image was not disturbed by shaded areas. The orthorectified 4 band multi-spectral 
QuickBird image was used for the analysis. This image has a blue (B), green (G), red (R) 
and near-infrared (NIR) band with a resolution of 2.8 metre. The different bands of the 
QuickBird image were converted to satellite reflectance, which is the input for most 
vegetation indices. Therefore, we first calculated the satellite radiance by multiplying the 
QuickBird bands with their absolute radiometric calibration factors and dividing them by 
the effective bandwidth. Next, the satellite reflectance was calculated for each band using 
the following equation: 

 

)cos(

2

SZEsun

dL

⋅

⋅⋅
=

π
ρ      (5.1) 

 
where � is the satellite reflectance (range 0-1), L the satellite radiance (W m-2 ster-1 �m-1), d 
the earth-sun distance in astronomical units (1.016485 for 25 June), Esun the mean solar 
irradiance (W m-2 �m-1) and SZ the sun zenith angle in degrees (Krause, 2005). 
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Table 5.1. Selected vegetation indices and equations to calculate fractional vegetation cover 

Vegetation index Equation Reference 
Ratio Vegetation Index 

R

NIR
RVI =  

Jordan (1969) 

Normalized Difference 
Vegetation Index RNIR

RNIR
NDVI

+

−
=  

Rouse et al. (1973) 
 

Weighted Difference 
Vegetation Index aRNIRWDVI −= , where a is the slope of the soil line 

Clevers (1989) 

Soil Adjusted 
Vegetation Index )1( L

LRNIR

RNIR
SAVI +×�

�

�
�
�

�
++

−
= , where L is a soil 

adjustment factor, ranging between 0-1 

Huete (1988) 

Modified Soil 
Adjusted Vegetation 
Index 2 2

)(8)12(12 2

2
RNIRNIRNIR

MSAVI
−−+−+

=  

Qi et al. (1994) 

Visible 
Atmospherically 
Resistant Index BRG

RG
VARI

−+

−
=  

Gitelson et al. 
(2002) 

Canopy gap fraction 6175.0

1 ��
�

�
��
�

�

−

−
−=

∞

∞

NDVINDVI

NDVINDVI
FVC

S
Baret , where 

NDVI� is the NDVI for complete vegetation cover and 
NDVIS the NDVI for bare soil 

Baret et al. (1995) 

Fractional vegetation 
cover 

2

��
�

�
��
�

�

−

−
=

∞ S

S
Carlson NDVINDVI

NDVINDVI
FVC   

Carlson and Ripley 
(1997) 

Green vegetation 
fraction 

S

S
Gutman NDVINDVI

NDVINDVI
FVC

−

−
=

∞

 
Gutman and 
Ignatov (1998) 

Scaled Difference 
Vegetation Index )(

)(

SSVV

SS

RNIRRNIR

RNIRRNIR
SDVI

−−−

−−−
=  , where S denotes 

the reflectance of bare soil and V the reflectance of 
complete vegetation cover 

Jiang et al. (2006) 

 
The locations of the selected plots were digitised on the QuickBird image in ArcGIS, using 
the pan-sharpened image. This image had a higher resolution (0.7 m), which made it 
possible to accurately identify the locations of the plots. For each plot the average 
reflectance of each band was calculated using a rectangular neighbourhood function of four 
grid cells. We selected six vegetation indices and four fractional vegetation cover equations 
(Table 5.1) to link FVC of the plots to the QuickBird image. The selection of the vegetation 
indices was based on the three categories as distinguished by Rondeaux et al. (1996): 
intrinsic indices, soil-line related indices and atmospheric-corrected indices. We selected 
the well-known and often used vegetation indices of each category. In addition, we applied 
a stepwise linear regression analysis using the four spectral bands of the QuickBird image. 
To compare how well each index related to the observed FVC we used linear regression. 
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5.2.4. Vegetation indices 

The Ratio Vegetation Index (RVI) of Jordan (1969) is the simplest index, expressed as the 
ratio between the near-infrared and red reflectance. The most well know vegetation index is 
the Normalized Difference Vegetation Index (NDVI), which is the ratio between the 
difference and sum of the near-infrared and red reflectance (Rouse et al., 1973). The 
Weighted Difference Vegetation Index (WDVI) corrects for the soil background by 
multiplying the red reflectance with the slope of the soil line (Clevers, 1989). The Soil 
Adjusted Vegetation Index (SAVI) is similar to the NDVI, but uses an adjustment factor L 
to correct for the soil background. The value of L ranges from 0, for very high vegetation 
cover, to 1 for very low vegetation cover. For our study we used an L-value of 0.5, 
suggested for intermediate vegetation densities (Huete, 1988). The MSAVI2 is a modified 
version of the SAVI, for which no vegetation density dependent constant is required (Qi et 
al., 1994). The last vegetation index is the Visible Atmospherically Resistant Index 
(VARI), which is less sensitive to atmospheric effects, since only the bands in the visible 
spectrum are used (Gitelson et al., 2002). 
 
The fractional vegetation cover equations from Baret et al. (1995), Carlson and Ripley 
(1997) and Gutman and Ignatov (1998) are similar and all based on the ratio of differences 
between observed NDVI values and NDVI values for bare soil and complete vegetation 
cover. The last equation is the Scaled Difference Vegetation Index (SDVI), which is in 
value the same as FVC, and is a scale invariant index (Jiang et al., 2006). For these last 
equations information about the spectral properties of bare soil and complete vegetation 
cover is required. Therefore we selected 30 points on bare soil scattered over the catchment 
and 30 points on irrigated peach orchards, which represent the densest vegetation in the 
area. For these points the reflectances were derived from the QuickBird image and the 
NDVI values were calculated. 
 
 
5.3. Results 
 
For the 20 classified images the FVC ranged from 0.01 for almost bare soil to 0.73 for a 
plot with riparian vegetation. The FVC for almond fields ranged from 0.08 to 0.22, for 
abandoned fields from 0.32 to 0.49, for shrublands from 0.33 to 0.57 and for reforested 
plots from 0.46 to 0.63. Examples of the plots and their classified images and FVC are 
shown in Figure 5.2. Besides the calculation of the vegetation indices, we also applied a 
stepwise linear regression using the reflectance of the four QuickBird bands, which resulted 
in the following regression model: 
 
 641.069.981.9 +×−×= RGFVC    (5.2) 
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 Almond orchard Abandoned land Shrubland Reforested land 

    

    
FVC = 0.13 FVC = 0.34 FVC = 0.52 FVC = 0.56 

Figure 5.2. Examples of detailed aerial photos of different land uses with their classified images and 
FVC 

 
The results of the comparison of the observed fractional vegetation cover and vegetation 
indices, based on linear regression, are presented in Table 5.2. The regression based on the 
reflectance of the QuickBird bands had the best fit with a R2 of 0.91. The VARI, which is 
also based on bands in the visible spectrum, had still a good fit with a R2 of 0.78. The RVI, 
NDVI, FVCBaret and FVCGutman had reasonable fits with R2 around 0.68. All other indices 
had only a weak or even no relation with the observed FVC with R2 below 0.5. Although 
the equations that calculate the fractional vegetation cover directly had reasonable fits with 
the observed FVC, the absolute values were much lower than the observed FVC, especially 
for the plots with high vegetation cover. The mean difference between the observed FVC 
and calculated FVCBaret, FVCCarlson and FVCGutman was respectively 0.29, 0.35 and 0.25. 
 
Using the regression equation based on the green and red band, which had the highest R2, 
we created a map of the fractional vegetation cover for the entire study area (Figure 5.3). 
The map clearly shows that the forest areas, which are mainly located on north slopes, have 
an FVC of more than 0.7, while most agricultural lands have a FVC between 0.0 and 0.3. 
To check the FVC map we also looked at which percentage of all pixels was outside the 0-1 
range. Of all pixels 4.2 percent had FVC values below zero, which were locations with very 
strong soil brightness. However, all these locations were bare soil, mainly from recently 
ploughed fields, which were therefore reclassified to zero vegetation cover. Only 0.065 
percent of all pixels had FVC values above one, however, all these pixels where located at 
sites with open water, which caused the atypical reflectance.  
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Table 5.2. Relationship between observed and predicted FVC (n=20) 

Index Regression equation R2 P value 

RVI FVC = 1.26 × RVI - 1.38 0.66 0.000 

NDVI FVC = 3.93 × NDVI - 0.268 0.69 0.000 

WDVI FVC = 6.06 × WDVI + 0.0701 0.16 0.085 

SAVI0.5 FVC = 5.45 × SAVI - 0.239 0.31 0.011 

SAVI0.8 FVC = 4.93 × SAVI - 0.132 0.19 0.054 

MSAVI2 FVC = 4.57 × MSAVI2 - 0.0864 0.16 0.078 

VARI FVC = 3.01 × VARI + 0.762 0.78 0.000 

FVCBaret FVC = 3.61 × FVCBaret + 0.0973 0.68 0.000 

FVCCarlson FVC = 6.11 × FVCCarlson + 0.253 0.49 0.001 

FVCGutman FVC = 2.40 × FVCGutman + 0.0857 0.69 0.000 

SDVI FVC = -0.215 × SDVI + 0.370 0.00 0.777 

FVCregression FVC = 9.81 × G - 9.69 × R + 0.641 0.91 0.000 
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Figure 5.3. Predicted FVC map for the Carcavo basin 
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5.4. Discussion 
 
We found that a simple regression model based on the green and red reflectance had the 
best fit with observed FVC, which makes this regression model the most suitable vegetation 
index for upscaling FVC. Our results showed that vegetation indices based on the 
difference between the NIR and red reflectance, such as the WDVI and SDVI, had the 
lowest correlation with vegetation cover, while VARI and our regression model, which are 
based on bands in the visible spectra, had the highest correlation with vegetation cover.  
 
The reason for the low fit of the DVI based vegetation indices is illustrated in Figure 5.4, 
which shows the red and NIR reflectances of randomly selected pixels from the QuickBird 
image for different land uses. Normally a low vegetation cover would be expected for 
points near the soil line, while points with dense vegetation cover should have high NIR 
reflectance and low red reflectance (Jiang et al., 2006). However, this is not the case for the 
semi-arid landscape of the Carcavo basin under the conditions when the QuickBird image 
was taken. Barley fields still show the expected spectral signature, with high red and NIR 
reflectances near the soil line, since these fields were already harvested before the 
acquisition date of the QuickBird image. Peach orchards also show the typical spectra with 
high NIR reflectance and low red reflectance, however, forest has low red and NIR 
reflectance, while both land uses have a similar dense vegetation cover. Differences in plant 
physiology and morphology, which affect the spectral behaviour, are the most likely 
explanation. Vegetation of arid and semi-arid areas is usually adapted to survive high 
temperature and low water availability, e.g. small leaves, changed leaf angle, wax coatings 
and reduced photosynthetic activity (Calvão and Palmeirim, 2004). These adaptations 
influence its detectability by remote sensing techniques, due to lack of a strong red edge, 
reduced leaf absorption in the visible spectra, and strong wax absorptions (Okin et al., 
2001). The forest and shrubland vegetation of the Carcavo basin is adapted to these dry 
conditions, whereas peach is irrigated and therefore not physiological adapted. Sandholt et 
al. (2002) also found that NDVI values may vary depending on water limitation, which can 
lead to underestimation of FVC. Vegetation cover in semi-arid areas appears to be more 
related to differences in intensity of the reflectance than to differences between the spectral 
bands. Vegetation indices based on the difference between the NIR and red reflectance, like 
the NDVI, are therefore not the most appropriate indices for FVC determination in semi-
arid environments.  
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Figure 5.4. Plot of the red and NIR reflectance for different land uses 

 
Other studies also describe the atypical behaviour of the NIR reflectance under semi-arid 
conditions. Xiao and Moody (2005) found a differences between the spectra of green 
woody vegetation and green grass cover, particularly in the near-infrared (NIR) 
wavelength. Hurcom et al. (1996) determined spectral response curves for different species 
in semi-arid environments. These curves were very similar in the visible spectra, but the 
reflectance varied more in the NIR, which was attributed to wax coatings of some species, 
which increased the NIR reflectance. In addition, Gitelson et al. (2002) found that the 
reflectance of wheat fields in the NIR at the midseason decreased, which can be a limiting 
factor in the use of that spectral region for vegetation cover estimation.  
 
In our study the relationship between vegetation cover and most vegetation indices was 
linear. However, in literature no consistent relationship is found, since several studies find 
linear and others non-linear relationships between vegetation indices and vegetation cover 
(Xiao and Moody, 2005). This discrepancy is probably related to different ranges of FVC in 
the various studies, since NDVI becomes non-linear above a certain level of FVC, due to an 
increase of the leaf area index of the vegetation (Carlson and Ripley, 1997). However, in 
semi-arid environments a linear relationship between FVC and vegetation indices can be 
presumed, because of low vegetation cover. 
 
Another issue is the presence of biological soil crusts in semi-arid areas, which are formed 
by mosses, lichens and algae. In our study we did not include the biological soil crusts as 
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separate class, but classified them as bare areas, despite the fact that the spectral reflectance 
of these microphytes under certain conditions can be similar to those of higher plants 
(Karnieli et al., 1996), which could lead to misinterpretation of the vegetation cover. 
However, the different spectral reflectance only occurs when the soil crusts are wet, 
whereas the spectral reflectance under dry conditions is similar to those of bare soil. Since 
our QuickBird image was acquired during a dry period, we think that the biological soil 
crusts did not affect our vegetation cover estimates. 
 
The obtained FVC map is very useful for the assessment of erosion risk. Combining the 
before mentioned threshold of 30% vegetation cover with a simple erosion model, which 
takes topography, geology and land use into account, enables a quick identification of the 
erosion hotspots within a catchment. In addition, the high resolution of the QuickBird 
image enables identification of areas with high erosion risk at the scale at which the erosion 
processes occur. Conservation practices such as revegetation can then be directly applied at 
locations with high erosion risk and low vegetation cover. Besides erosion risk assessment 
FVC maps are also valuable for other purposes, e.g. monitoring of changes in vegetation 
cover as indicator for desertification (Schlesinger et al., 1990; Pickup et al., 1993; Kefi et 
al., 2007), or as input for vegetation-climate models (Betts et al., 1997; Pitman, 2003). 
 
 
5.5. Conclusion 
 
Our study showed that the relationship between FVC and vegetation indices in a semi-arid 
environment with heterogeneous vegetation patterns differed strongly. A simple regression 
of the green and red reflectance appeared to be the best equation to upscale FVC in our 
study area. However, other indices had lower fits with observed FVC, especially the DVI 
based indices. The use of vegetation indices for determination of FVC in semi-arid areas 
without taking any calibration into account is therefore a very risky approach. Calibration 
based on local field data, e.g. from detailed aerial photographs or vegetation cover 
estimates from georeferenced plots, remains therefore essential for correct estimates of 
fractional vegetation cover. 
 
 




