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Abstract 

Optimal operation of any air- or spaceborne multispectral imaging system for remote 

sensing applications depends on accurate calibration of the system. Different methods 

and approaches are commonly used for calibration, namely preflight, on-board, and 

vicarious techniques. Regardless of the quality of the preflight calibration, once 

launched, any spaceborne sensor is susceptible to significant changes in its 

performance. Consequently, in order to ensure the best performance of the system, all 

the above-mentioned complementary methods should be used independently to 

determine if systematic errors exist in one or more techniques and, if possible, to 

identify, examine, remove, or account for them in the calibration results. 

 

Several approaches are usually used for vicarious calibration. These are the radiance-, 

irradiance-, and reflectance-based approaches. The latter involves extensive ground 

truth measurements of the surface spectral reflectance and the atmosphere during 

satellite overflight. After applying a radiative transfer code, it is possible to compare the 

sensor’s top-of-atmosphere (TOA) measurements with those conducted independently  

in situ. This absolute calibration method produces a new set of radiometric coefficients 

that can be used instead of those derived during the preflight process. 
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Deserts, and especially dry playas, are preferable regions for implementing vicarious 

calibration. Well-used and documented sites are the White Sands Missile Range, 

Railroad Valley Playa, Lunar Lake, and Roach Lake Playa, all in the southwestern part 

of the United States, and Lake Frome in South Australia. In order to minimize 

calibration uncertainties, sites should be characterized by high reflectance, high 

elevation, high spatial uniformity, minimal seasonal changes and a lambertian surface.  

 

The State of Israel, which has already manufactured, launched, and operated several 

earth observation satellites, is seeking independent calibration sites for small footprint 

sensors. This study explored the Israeli Negev desert by Geographic Information 

System (GIS) analysis in order to locate and characterize potential sites that may be 

used for vicarious calibration. Later on, two chosen sites – Amiaz Plain and Shizafon 

Playa - were characterized by analyzing their spatial uniformity and bidirectional 

reflectance distribution function (BRDF). Results showed that the two sites have 

minimal spatial variations, compared with other sites mentioned in literature. Seasonal 

variations are negligible due to lack of vegetation at these sites. The bidirectional 

reflectance at these sites is typical to lambertian surfaces as reflectance has high 

backscatter towards the sun at low sun elevation, spreading more evenly around nadir as 

sun elevation rises. In a joint venture between the Remote Sensing Lab and the French 

National Center for Space Studies (CNES), validation of the HRVIR1 sensor was made 

over Shizafon Playa site. Overall, the site has proven to be suitable for vicarious 

calibration, as the results of the campaign showed high accordance between the ground 

measurements and the HRVIR1 sensor. However, a few unexplained uncertainties 

remain to be further investigated in the future.  
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1 Introduction  

Satellite optical sensors measure the radiance due to the reflection and scattering of 

input solar irradiance from the ground and atmosphere. Temporal studies require 

knowledge of changes in the average values of the sensor’s response. If this is not 

known, then changes in the sensor’s response are likely to be incorrectly attributed to 

changes in the observed scene (Dinguirard and Slater, 1999). In order to prevent such 

inaccuracies, there is a need to calibrate the sensor. Calibration can be performed at 

various stages in the sensor’s life. While preflight calibration is made in the laboratory, 

post-launch calibration is performed on-board or by vicarious methods that involve 

ground and atmospheric measurements. 

 

1.1 Calibration types 

1.1.1 Preflight calibration  

Preflight measurements necessary to characterize the sensor include the absolute 

radiometric calibration coefficients, the spectral response, and the equalization 

coefficients. The in-band response has to be accurately characterized and the out-of-

band response determined over the detectors spectral response range (Dinguirard and 

Slater, 1999). The absolute calibration coefficients are usually obtained by reference to 

light sources. Such is the case of the AVHRR
1
, SPOT VEGETATION, Landsat, and the 

EOS
2
 instruments (ASTER

3
, MISR

4
, MODIS

5
). These sensors are checked against large 

integrating spheres or hemispheres (Mitchell, 1996; Thome, 1997; 1998; Diner et al., 

1998; Henry and Meygret, 2001). An integrating-sphere source is also used to 

                                                 

1 Advanced Very High Resolution Radiometer 

2 Earth Observing System  

3 Advanced Spaceborne Thermal Emission and Reflection Radiometer 

4 Multiangle Imaging SpectroRadiometer 

5 Moderate Resolution Imaging Spectroradiometer 
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determine the preflight relative calibration coefficients, because it is spatially uniform 

and covers the whole field of view (Dinguirard and Slater, 1999; Slater et al., 2001). 

Some instruments, such as the MERIS solar diffuser and the SPOT fiber-optics system, 

use collimated tungsten sources whose radiance is determined by a calibrated 

spectroradiance-meter. To increase their accuracy and avoid systematic errors, these 

sources are usually inter-calibrated by the sensor itself or by a transfer radiometer 

(Dinguirard and Slater, 1999; Slater et al., 2001). 

 

Integrating spheres or collimators have the advantage that their calibration can be traced 

to standard sources in national standards laboratories. On the other hand, they do not 

calibrate the instrument with radiation of the spectral distribution with which it will be 

used. Actually, it is extremely difficult to establish such a method because it means that 

the calibration coefficients have to be adjusted for every spectral reflectance they 

record. However, it is generally conceded that it is better to use a source distribution 

similar to that of the sun, an approximately 6000-K blackbody source, than an 

approximately 3000-K blackbody lamp (Dinguirard and Slater, 1999). For SeaWiFS, 

the preflight measurements were also performed using the sun as a source, so-called 

Solar-Radiation-Based Calibration (SRBC) (Barnes et al., 2001; Slater, 2001). This 

significantly reduces the problem of dissimilar spectral distributions and mitigates it 

completely in the comparison of results between preflight SRBC and on-orbit reference 

to a solar diffuser (Dinguirard and Slater, 1999).  

 

In addition to the model parameters, spectral response and absolute calibration 

coefficient, it is essential to control the sensitivity to polarization, stray-light effects, the 

sensor linearity, and the Modulation Transfer Function (MTF). The results of these 
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precise preflight measurements can be used in correction algorithms to improve the 

radiometric quality of the final data products (Dinguirard and Slater, 1999).  

 

1.1.2 Post-launch calibration 

During their transport, installation, and operation, sensors can be subjected to 

significant stresses. If these stresses occur between the laboratory calibration and the 

overflight, and if any minute misalignments occur as a result, then it is possible that the 

laboratory calibration (both spectral registration and radiometric coefficients) will not 

be appropriate to data acquired during the overflight (Secker, 2001). Therefore, there is 

a need to calibrate it post-launch. The post-launch calibration can be divided in two 

categories: on-board calibration and vicarious calibration. 

 

1.1.2.1 Onboard calibration  

Onboard calibration is used to obtain frequent checks of sensor calibration in flight. 

Artificial (generally lamp) source or natural sources (the sun / moon) are used. These 

sources are used directly or through optical systems (Dinguirard and Slater, 1999). 

The ideal case is when these sources are viewed like Earth scenes (the light goes 

through all the optics and fills the whole aperture). This is the case for sensors such as 

SeaWiFS, MERIS, MISR and MODIS, which use diffuse solar panels. These panels are 

spectrally flat (white) and nearly lambertian in the solar domain. They are placed just in 

front of the sensor optics during calibration sequences and reflect the sun’s irradiance. 

Nevertheless, these devices are subject to degradation when exposed to the space 

environment and high-energy solar radiation (Dinguirard and Slater, 1999). 

 

Meygret et al. (Dinguirard and Slater, 1999) described the SPOT HRV (1–4) on-board 

calibration procedure. It uses fiber-optics systems that transfer the solar irradiance onto 
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the focal-plane-CCD array via the calibration unit, which also includes a lamp. The 

calibration beam goes through the optics but does not fill the whole aperture. Although 

protected by a shutter and exposed to the sun for only a few minutes each month, it 

proved to be sensitive to radiation. The internal lamps appeared to be very stable and are 

essential to monitor any temporal changes of the absolute calibration coefficient. 

 

The SPOT VEGETATION on-board calibration system consists of a lamp and associated 

optical devices, mounted on a carbon fiber bar which moves in front of the optics. 

About 100 detectors of each of the four cameras are simultaneously lighted. The 

scanning of the entire field of view, obtained by rotating the bar, ensures full coverage 

of the detector array. The in-orbit behavior of the VEGETATION lamp is also used to 

monitor the cameras’ sensitivity. The lamp stability is however validated by comparing 

it with the temporal evolution of the measurements provided by all the other methods 

(Henry and Meygret, 2001). 

 

The primary advantage to the on-board calibrators is that a calibration is performed with 

high-temporal frequency. In the Landsat MSS, for example, the IC (Internal Calibrator) 

provides data after every other scan, while for Landsat TM and ETM+ it is at the end of 

each scan. The partial aperture solar calibrator on ETM+ provides data once per orbit 

and the full-aperture solar calibrator on ETM+ is used at least once per month (Thome, 

2001). The complete calibration of the SPOT VEGETATION is also performed once a 

month and it lasts about 3 minutes (Henry and Meygret, 2001). 

 

One thing that must be kept in mind regarding the on-board calibrators is that they 

cannot provide a calibration that is of higher accuracy than the preflight, laboratory 

calibrations. That is, the accuracy of the in-flight, absolute calibration must be worse 
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than the preflight calibration, since the preflight calibration source is used to calibrate 

the on-board calibrators. This gives good justification for developing a calibration 

approach that is independent of the preflight calibration. In addition, it is possible that 

degradation of an on-board calibration system can occur over long periods of time. This 

degradation is typically difficult to determine without means of an additional 

independent calibration source (Thome, 2001). This independent source is the vicarious 

calibration. 

 

1.1.2.2 Vicarious calibration  

Vicarious calibration provides a method for the absolute calibration of remote sensing 

sensors via reference to accurate spectral measurements made separately from the 

airborne sensor. This is an absolute calibration method that yields a new set of 

radiometric coefficients that can be used to replace those derived in the laboratory 

(Slater et al., 1987; Dinguirard & Slater, 1999; Secker et al., 2001). 

 

In the late 1980’s the Remote Sensing Group (RSG) at the University of Arizona 

developed three vicarious techniques of absolute calibration that rely on in-situ 

measurements. These methods are referred to as irradiance-, radiance-, and reflectance-

based methods (Slater, 1987; Biggar, 1994; Thome, 2001). 

 

The irradiance-based method, uses measurements of the downwelling, global and 

diffuse irradiances to determine the radiance at the top of the atmosphere according to 

the following parameters (Thome et al., 1999): 

• Radiance at the top of the atmosphere for a satellite view angle 

• Sun zenith angle  

• The difference in azimuth between the sun and view direction 
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• Solar irradiance at the top of the atmosphere for the earth-sun distance at the 

time the data are acquired 

• Apparent reflectance that would be measured for the case of a zero-reflectance 

surface 

• Surface reflectance 

• Spherical albedo of the atmosphere, that is, the ratio of the downwelling 

irradiance at the ground for a given set of atmospheric conditions to the reflected 

irradiance for the same conditions 

• Vertical, spectral optical thickness 

• Diffuse-to-global-irradiance ratios with different sun zenith angles 

 

Thome (1999) specifies the equation into which these parameters are entered. 

These quantities are measured in the field at the time of satellite overpass, determined 

from the literature, from the time of overpass, or can be found from radiative transfer 

calculations based on atmospheric parameters derived using the methods described in 

the section on the reflectance-based approach. 

 

In the radiance-based method, the radiometer measurements of the upwelling energy 

from the test site are not ratioed to measurements of a field-reference panel. Rather, the 

field radiometer is absolutely calibrated in the laboratory and the upwelling radiance 

from the test site is determined directly from the measurements. Because no reference-

panel measurements are needed, the radiometer can be flown in an aircraft (up to about 

3 km above sea level) and the radiance can be measured above much of the scattering 

influences of the atmosphere. An atmospheric correction is still performed, but it is 

quite small. In fact, it is possible to make no atmospheric correction, but the results of 

such a method are not as accurate. The advantage is that more remote sites can be used 

and a greater number of calibrations can be performed. An additional advantage to 
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flying the radiometer is that a much larger test site can be measured in a short period of 

time (Thome, 1999). 

 

Theoretically, of all the vicarious calibration methods, the radiance method is the most 

accurate and its uncertainty has been estimated to be 2.8% against 4.9% for the 

reflectance-based (Dinguirard and Slater, 1999). 

 

In the cross calibration method, a well characterized, calibrated, satellite sensor is used 

to determine the surface reflectance of the selected target. This surface reflectance is 

used in a reflectance-based approach to determine the radiance at the entrance aperture 

of the uncalibrated sensor (Thome et al., 1999). The first step is to register data from the 

two sensors. For small-footprint sensors this is done using ground-control points in the 

two images. Large surface features or boundaries are used for large footprint sensors. 

Once the images are registered, a calibration site within the images is selected and the 

average DN of the site for both sensors is found. The DNs for the calibrated sensor are 

converted to radiance using the known calibration coefficients and surface reflectance 

of the target is found using these radiances and an atmospheric correction approach. The 

correction scheme uses radiative transfer code output to derive a relationship between 

surface reflectance and at-sensor radiance (Thome et al., 1999). 

 

The reflectance for the site for the bands of sensor 1 is used to determine the surface 

reflectance of the site for the band of interest of sensor 2. For some targets it is possible 

to assume spectral differences between sensors are negligible, and the reflectance for 

sensor 2 is identical to that of sensor 1. Typically, this is not the case, and it is necessary 

to account for such differences using ground-based data, either current or historical. The 

ground reflectance may also require a correction for BRF effects at this stage due to 
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different viewing angles and solar-angle changes between overpasses for cases when 

the two sensors are not on the same platform. The surface reflectance for the bands of 

sensor 2 is converted to radiance by reversing the atmospheric correction scheme and 

these radiances are compared to the DNs to determine its calibration coefficient (Thome 

et al., 1999). 

 

In the reflectance-based vicarious calibration (RBVC) method, the at-sensor 

radiometric data are calibrated by comparison against accurate ground-based 

measurements taken at the time of sensor overpass, for a target located within the 

overflight area (Slater et al., 1987; Thome et al., 1997). This method has been used to 

calibrate small footprint sensors such as Landsat TM, SPOT HRV, and multiple 

airborne sensors, and it is also suitable for the calibration of ETM+ and ASTER (Thome 

et al., 1999). 

 

The surface reflectance of a small area of the site is found by comparing radiometer 

measurements of the site to those from a diffusely reflecting panel of known reflectance 

calibrated at the lab. Polynomial fits are made to the measured data to calculate the 

reflectance of the field standard for the sun-view geometry and wavelengths for a given 

set of field measurements (Thome et al., 1999). 

 

A spectroradiometer, transported across the entire site, measures the upwelling across 

its spectral range (visible to near-IR). The spectroradiometer collects a number of 

samples along a straight-line path within some fraction of the area, representing pixel of 

the calibrated sensors. Reflectance of the site is determined in each spectral channel by 

comparing measurements of the site to those of the calibrated panel and averaging all of 

the measurements. Sun-angle changes and the bi-directional reflectance of the 
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reflectance panel are taken into account when determining the reflectance. Global 

irradiance data are used to determine the significance of changes in diffuse skylight 

illumination (Thome et al., 1999). 

 

In addition to the ground measurements, there is also a need to characterize the 

atmosphere over the site. This is done by a solar radiometer. Afterwards, the spectral-

atmospheric optical depths are calculated and used as part of an inversion scheme 

developed to determine ozone optical depth and a Junge aerosol size distribution 

parameter. The size distribution and columnar ozone are used to determine the optical 

depths at 1-nm intervals over the observed spectral scale. Columnar water vapor is 

derived using a modified Langley approach. The retrieved columnar water vapor is used 

as an input for a computer software to determine transmittance for the sun-to-surface-to-

satellite path for 1-nm intervals in the observed spectral scale. In the thermal infrared 

range, the atmospheric measurements concentrate on obtaining profiles of temperature 

and humidity using radiosonde balloons (Thome, 1999; 2001). 

 

All of these results are used as input to a radiative transfer code to predict the top-of-

the-atmosphere radiance. The code output is a radiance value at the top of the 

atmosphere for a measured ground reflectance. This radiance is compared to the average 

digital count from the image, for the ground area measured, to give a calibration 

coefficient in units of counts per unit radiance (Biggar et al., 1994). 

 

In truly operational settings, the accuracy of the vicarious calibration is reduced 

considerably due to several factors: (a) the difficulty inherent in locating a sufficiently 

large and homogeneous target within the overflight path (in fact this may not be 

possible); (b) the practical limitations on the number of ground-based reflectance 
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measurements that can be made to characterize the calibration target, and (c) an 

inability to fully characterize the atmospheric conditions at time of overflight. However, 

provided that there is simultaneous acquisition of field spectra for an area within the 

overflight path, the RBVC method can be used successfully with the additional 

advantage that the calibration is performed at the time of the data acquisition (Secker et 

al., 2001). In order to implement this method, there is a need to find and characterize the 

sites on which the calibration will be made. 

 

1.2 Test sites – characteristics and requirements  

The measurements from which the new coefficients are derived, are dependent upon the 

spatial resolution of the sensor. For sensors with low spatial resolution such as NOAA, 

SeaWiFS, and Meteosat, in-situ ground measurements are inefficient since the 

measured area is minute relatively to the entire imaged area. On the other hand, in high-

resolution sensor such as Landsat, SPOT, and IKONOS, the total coverage area of the 

sensor is relatively small, hence in-situ ground measurements can characterize a 

relatively high percent of the imaged area. Consequently, due to the difference in the 

capabilities of the sensors, there is a difference between sites used for their calibration 

and the procedure of their selection. 

 

1.2.1 Calibration sites for low-resolution sensors  

Vicarious calibration for low spatial resolution sensors is made without ground 

measurements since ground reflectance samples cannot characterize the entire image. 

Instead, the characterization of the calibration sites can be made by analyzing time 

series of images of the selected areas. Kaufman and Holben (1993) made one of the 

earliest attempts to calibrate over oceans and large desert areas, for the calibration of 

the NOAA’s AVHRR visible and near-IR bands. They found that desert areas are 
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preferable to oceans as their precision of calibration is higher and also due to their 

natural spectral reflectance. 

 

Cosnefroy et al. (1996) presented a selection procedure of desert sites in North Africa 

and Saudi Arabia, of size 100 x 100 km
2
. The criteria for the selection of sites was: 

good spatial uniformity and temporal stability at all length and time scales, minimum 

directional variations, minimum cloud cover, and minimum atmospheric variability 

associated with changes of aerosols and water vapor amounts. In order to select the 

sites, 15 images of the area were checked for spatial uniformity. A site was selected 

whenever the relative spatial uniformity associated with its central pixel was found to 

be less than 3%, after the images were cloud screened. Characterization of the selected 

sites was made on a larger database, consisting of 92 Meteosat-4 images acquired over 

a period of 6 months. The researchers found that time averaged spatial uniformity 

ranges from 1% to 2.6% depending on the selected site. The time variability of this 

performance is generally small, the differences between maximum and minimum 

spatial uniformities being less than 1% for 17 sites out of 20. Other elements such as 

cloud cover, precipitation, geomorphology, and temporal stability were checked to 

provide a comprehensive characterization of each site. Knowledge of their 

characteristics enables these areas to perform as calibration sites at any given moment, 

since there is no need to characterize the site during the overpass of the satellite (due to 

the sites’ minimal change over time). 

 

1.2.2 Calibration sites for high-resolution sensors  

For high-resolution sensors, in-situ ground measurements are more useful, in view of 

the fact that these measurements characterize a relatively large area of the entire 
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scanned site. Thome (2001) defined the most important characters of such a site (after 

Scott et al., 1996): 

• A high-reflectance site reduces the impact of errors in determining the radiance 

due to atmospheric scattering. A site reflectance greater than 0.3 ensures that the 

radiance due to reflection of the direct solar irradiance from the surface is the 

dominant contributor to the at-sensor radiance. 

• An elevation of at least 1 km reduces the amount of atmospheric aerosols and the 

errors associated with predicting their characteristics and concentrations. 

• High-spatial uniformity over a large area minimizes the effects of scaling the 

reflectance data to the size of the full test site. The level of uniformity required is 

difficult to quantify other than to say, “the more uniform the better.” 

• Changes with season should be minimal. This implies a site that is free of 

vegetation. Arid regions typically improve the probability of a temporally stable 

site, while at the same time increasing the probability of cloud-free days. 

• The site should be nearly lambertian to decrease uncertainties due to changing 

solar and view geometry. A flat site has the advantage of reducing BRF effects 

and eliminating shadow problems. 

• Spectral uniformity of the site is considered important over as wide a spectral 

region as possible. This simplifies band integrations and decreases the effects of 

spectral mismatch between the ground-based and the sensors of the satellites. 

• Accessibility of the site and distance from the laboratories are also important 

factors. 

• The site should be large enough so that many sensor pixels cover the site; thus, 

many spectra can be averaged to minimize noise in the flight data calibration. 

Regardless of the number of pixels averaged, some noise will remain in the 

average spectrum. The larger the calibration site, the more pixels that can be 
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averaged to reduce that noise level. The noise decreases as the square root of 

the number of pixels averaged. So, for example, averaging 16 pixels results in a 

fixed pattern residual noise of 1/4th of the noise in any one pixel. A 100 pixel 

average reduces the pattern to 1/10th of the pixel noise (Clark et al., 1998). 

 

There is no ideal calibration site that satisfies all of the above conditions (Thome, 2001; 

Clark et al., 1998). The majority of calibrations are made in the Southwestern United 

States (California, Nevada), where there is abundance of potential sites. Among the 

calibrations that were made in this area are the Landsat-TM / ETM+, SPOT-HRV, 

AirMiSR, IKONOS, MTI, AVIRIS and MODIS (Green et al., 1995; Thome et al., 1997; 

1999; Thome, 2001; Abdou et al., 2001; Villa-Aleman et al., 2002). Most of the 

calibrations in this area are made by the Remote Sensing Group of the University of 

Arizona. 

 

Another desert site that has been used for calibration is Lake Frome, Australia. This site 

has been used for the calibration of the Hyperion sensor (Barry et al., 2002). The La 

Crau site in France has been used as a complimentary site for the calibration of the 

SPOT VEGETATION by the Laboratoire d’Optique Atmosphérique of Lille and The 

University of Littoral (Henry and Meygret, 2001). 

 

Clark et al. (1998) have used playas, salt flats, dam faces, dirt or gravel parking lots, 

rock outcrops, sand beaches, building construction sites, rock talus slopes, plowed fields 

(free of vegetation), building roofs, and dry grass fields, in order to measure spectra for 

calibration of very high resolution sensors (AVIRIS, for example), with varying degrees 

of success. Similarly, Secker et al. (2001) conducted calibration measurements over 
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airstrips in Quebec, Canada, for the calibration of the hyperspectral sensors Probe 1 

and casi. 

 

1.3 Calibration in Israel – satellites and sites 

A look at the literature reveals that Israel is one of the few countries that have the 

abilities and knowledge to manufacture and launch satellites. Israel officially entered the 

space age with the lift-off of its first satellite, Ofeq-1, from the locally built Shavit 

launch vehicle on September 19, 1988. The launch was coordinated by the Israel Space 

Agency (ISA), established five years earlier. In April 1990, Ofeq-2 was launched. The 

two satellites reentered the Earth's atmosphere within six months of their launching 

(WWW1, 2003). Ofeq-3 was launched in 1995, and was apparently the first operational 

reconnaissance system, with a payload containing ultraviolet and high-resolution 

imaging sensors (Steinberg, 2001). Ofeq-4 failed to launch in January 1998. The latest 

satellite in the series, Ofeq-5, was launched by a Shavit launcher in May 2002. Circling 

the Earth every hour and a half, Ofeq-5 is a reconnaissance satellite capable of 

delivering color images with resolution of less than a meter. The projected lifetime of 

Ofeq-5 is approximately four years. Meanwhile, the Israel Aircraft Industries (IAI) are 

currently developing the next satellite in the series, Ofeq-6, with an advanced payload 

capable of all-weather operation (WWW1, 2003). 

 

In addition to Ofeq-5, photo images are currently being transmitted by EROS-A (the 

Earth Remote Observation System), a commercial satellite made by (IAI) and launched 

from Siberia on December 5, 2000. The EROS-B satellite is due to be launched in the 

first half of 2004 (WWW1, 2003). 
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Despite the high capabilities of the Israeli satellite program, little research (if any) has 

been done on satellite calibration. Even if the Ofeq and EROS are calibrated, any details 

of such procedures are classified since there are heavy restrictions on publications of 

some of their products and operation procedures (such as calibration). Still, Israel has 

some adequate areas that should be explored for the purpose of vicarious calibration. 

In light of the advances in satellite programs worldwide and the increase of launches in 

the last years (SIA, 2002), there are grounds to believe that demand for vicarious 

calibration of multispectral sensors will rise, creating demand for qualified personnel 

and suitable sites for such calibrations. In the following chapters we will try to find and 

characterize potential sites in Israel, with the intention of facilitating options for 

vicarious calibrations in Israel. 
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2 Locating potential vicarious calibration sites for high-spectral resolution 

sensors in the Israeli Negev Desert by GIS analysis
∗
 

Locating potential vicarious calibration sites is the first step in the calibration process.   

Scott et al. (1996) describe a search algorithm that was used to identify suitable sites for 

vicarious calibration based on Landsat-MSS imagery covering a vast portion of the 

southwest USA drylands (including southern California, Arizona, southern Nevada, and 

southern Utah). This search program mainly focused on locating areas that have large 

spatial extent, spatial uniformity, and high surface reflectance. The search algorithm 

identified many promising sites, however only two of them (Railroad Valley Playa and 

Lunar Lake) were selected for further ground investigation. 

 

The following chapter intends to explore the Israeli Negev desert by Geographic 

Information System (GIS) analysis in order to locate and characterize potential sites that 

may be used for vicarious calibration. The following sections will describe the 

methodology and results of implementing the GIS technique.  

 

2.1 Materials and methods 

The search for potential calibration sites was conducted in accordance with the criteria 

described in section 1.2.2. That is to say, the site should be characterized by high 

spectral reflectance, high elevation, high-spatial uniformity, minimal slope, spectral 

uniformity, minimal seasonal changes, and be readily accessible to the organization that 

                                                 

∗
 Published as: Gilead, U. and Karnieli, A. (2004). Locating potential vicarious calibration sites for high-

spectral resolution sensors in the Negev Desert by GIS analysis. In: Moran, S.A. and Budge, A.M. (Eds.) 

Post Calibration of satellite Sensors, A.A. Balkema Publishers, Leiden, 181-187. 
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will perform the calibration. The site should also be large enough relative to the pixel 

size of the sensor (Clark et al., 1998). 

 

2.1.1 GIS data 

Locating potential sites was performed, for the most part, by GIS techniques, i.e. 

analyzing spatial mapped data and satellite imagery, along with tabular data. This 

facilitated the location procedure by eliminating areas that were not suitable, leaving 

only a small number of appropriate ones. The idea behind this methodology was to save 

time and effort by searching through a vast and remote region while checking a number 

of critical variables such as spectral reflection, temporal stability, size, and elevation. 

Nevertheless, one should keep in mind that as promising as the results may be, there is 

still a need to perform in situ examinations in order to verify the results and appraise the 

site’s suitability at first hand. 

 

The general concept underlying the search for the site was to join information from 

relevant GIS layers, creating one polygonal layer with an inclusive attribute table. The 

variables attributed to each polygon are key parameters considered necessary to 

characterize calibration sites. Building such a layer enables finding ideal sites by 

selecting polygons that have specific parameters. The process was performed with 

ESRI’s ArcInfo 8.1 and ERDAS Imagine 8.7 software. 

 

2.1.2 Study site – the Negev Desert 

The study area is comprised of the southern part of Israel, namely the Negev Desert 

(figure 2.1). The eastern (Jordan) and western (Egypt) borders of this area were 

delineated according to political considerations. The northern border of the Negev is 
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considered to be the 200 mm isohyet line, thought to be the beginning of the dryland 

(Stern et al., 1986).  

Figure  2.1. Mean annual rainfall at the Research area.  

 

The overall size of the study area is 10,000 km
2
. Summer in the Negev is characterized 

by hot (mean annual temperatures of 25°C), dry (relative humidity ranges from 20 to 

50%), and clear days with little day-to-day variations. Rain falls almost exclusively in 

the cool (9°C) winter. Mean annual rainfall decreases gradually from 200 mm at the 

northern boundary to about 25 mm at the southern edge. The number of rainfall days 

per annum varies between 40 in the north to 5 in the south. Since the Negev has a 

relatively small size, the spatial changes in solar radiation are minor. The horizontal 

global total radiation is generally around 2000 kWh/m
2
/year. The highest radiation is in 

June (220-250 kWh/m
2
/year)

 
and the lowest in December (90-115 kWh/m

2
/year) 

(Faiman et al., 2003). The main soils found in the Negev are coarse desert alluvium, 

calcareous serozems, sands, and bare rocks. Perennial vegetation is sparse (less than 

20%) in the northern Negev, and concentrated only along the ephemeral streams in the 

southern part (Danin, 1983). Annual phenology is limited to the spring months 

(Karnieli, 2003). 
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For the purpose of this research, the Negev can be divided into 3 different zones that 

vary mainly in topography, mineral composition, precipitation and radiation levels: 

1. Northwestern Negev. Average elevation ~150 m, precipitation 100-200 mm per 

year, 20-25% cloud cover per year, annual horizontal global total radiation ~1900 

kWh/m
2
/year. The area is comprised of sandy regosol, sand dunes, and arid brown 

soils. 

2. Eastern Negev along the Rift Valley. Elevation ranges between –400 m to sea 

level (increase southwards), precipitation 25-100 mm per year (increase 

northwards), 15-20% cloud cover per year, annual horizontal global radiation 

changes with elevation, between 1900-2100 kWh/m
2
/year. The area is comprised 

of reg soils and coarse desert alluvium. 

3. The central Negev highlands – average elevation 500 m, precipitation ranges from 

0 to 100 mm per year, 15-20% cloud cover per year, annual horizontal global 

radiation ~2100 kWh/m
2
/year. The area is comprised of calcareous serozems 

(higher areas), bare rock, desert lithosols, reg soils, and coarse desert alluvium. 

 

2.1.3 Building the GIS 

The first step in constructing the GIS was to gather input layers that include relevant 

data. All components of the GIS are described in table 2.1 and illustrated in figure 2.2. 

The digital elevation model (DEM) of the Negev is based on the GSI Digital Terrain 

Model (Hall, 1993). 40 sheets, each consisting of a matrix of 801 × 801 pixels, were 

mosaicsed together. The spatial resolution of the DEM is 25 m while the height 

resolution is 10 m. The DEM was used for slope retrieval, after being converted to slope 

map (a). Later on, since the site should be as flat as possible, all areas with slope higher 

than 0º were excluded. The final product was a binary raster map where 1 = 0º  
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Table  2.1. Input layers of the GIS - details and use. 

 

 

Figure  2.2. Input layers of the GIS - graphic scheme. 

Input Details Use 

DEM 
25 m spatial resolution  
10 m height resolution 
Raster 

Obtain elevation and slope 

Landsat-TM and 
ETM+ images 

Frame 174-39 (South Israel) 
Dates of acquisition: 18 Jan. 1987; 
14 Aug. 1987; 29 Mar. 1995; 21 Sep. 
1995; 6 Apr. 1998; 7 Aug. 1999; 10 
Oct. 1999; 30 Jan. 2000; 21 May 
2000; 27 July 2001  
30 m spatial resolution  

Tasseled cap index was performed in 
order to obtain brightness values 
(represent high reflection) 

Precipitation  
Annual mean precipitation in Israel  
Polygonal vector layer  
100 mm isohyets 

Predicting precipitation amounts at the 
selected site 

Cloud Cover  
Mean yearly cloud cover of the sky 
(%) 

Assess probability of clear days 
throughout the year 

Radiation 
Mean monthly radiation levels 
(kWh/m2/year) 
Polygonal vector layer 

Assess probability of clear days 
throughout the year 

Air-polluting industry 
Air pollution sources  
Polygon point layer 

Knowledge of air polluting industries 
nearby sites 

Roads  
Main roads of Israel 
Line vector layer 

Distance information and accessibility  

Military training zone  
Training zones of the Israeli Army 
Polygonal vector layer 

Identify potential sites which are inside 
military training zones 

Nature reserves 
Nature reserves in Israel 
Polygonal vector layer 

Additional information 
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slope and 0 = no data. Afterwards, the raster map was converted to vector polygons. 

This enables building topology for the slope 0º areas - i.e. size, perimeter and xy 

coordinates for each polygon. An attempt to include more areas, by including all pixels 

with value of slope = 1º, presented similar results with no significant increase in 

polygon size. 

 

A major advantage of converting raster to vector is the better handling of excess 

polygons. This occurs since each pixel with 0º slope can become a polygon. In the 

current research, more than 87,000 polygons were created for a size smaller than 10,000 

km
2
. When not clustered, these polygons are useless since they do not qualify as 

potential sites due to their small size. One of the advantages of working in vector format 

is the possibility of assigning each aggregation of pixels (now polygon) an area 

dimension, whereas in raster format this operation is difficult since pixels maintain the 

value of each single pixel and do not aggregate to one object with area dimension. The 

conversion to vector therefore enables deletion of polygons under a specific size, 

resulting in a smaller file with relevant polygons that may be used as potential sites for 

vicarious calibration. Another advantage of working in vector is that it permits 

integration of polygons that are close to each other and could thus actually be 

considered as one large site. After deleting all polygons smaller than 1 km
2
 (minimum 

size determined for potential calibration site) only 87 polygons remained, creating a 

reduced polygonal layer on which the rest of the analysis was performed. These 

polygons are referred to hereafter as ‘Potential Sites Layer’ (PSL). 
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Figure  2.3. Input layers of the GIS. (a) slope (b) brightness (c) standard deviation (SD) of brightness (d) 

DEM - elevation (e) cloud cover (f) radiation (g) precipitation, roads and factories (h) nature reserves  (i) 

military training zones. 
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The next step was associating the PSL polygons with Tasseled Cap brightness values 

in order to locate sites with high soil reflectance. The Tasseled Cap transformation 

(Crist, 1984) is a vegetation index that is used to disaggregate the amount of soil 

brightness, vegetation, and moisture content in individual pixels. The transformation 

was performed on 5 Landsat TM and 4 Landsat ETM+ images using the appropriate 

Tasseled Cap coefficients of each sensor (Guo et al., 2000, Huang et al., 2002). Later, 

all images were overlaid and mean value of each pixel was calculated to produce one 

brightness image (b). Since the 9 Landsat images were acquired at different months of 

the year, it was possible to assess the temporal brightness dynamics due to seasonal 

changes of vegetation and/or wetness. This was performed by calculating the standard 

deviation from the mean brightness value. As seen in c, the lower the standard 

deviation, the higher the stability of the site. DEM was used to create a mean 

topographical elevation attribute for each PSL polygon (d). 

 

Spatial distribution of meteorological data, such as cloud cover (Stern et al., 1986), 

radiation (Faiman et al., 2003), and precipitation (Survey of Israel, 1995), were 

extracted from different maps. Industrial air-polluting facilities were mapped as points, 

and roads as vector lines (e, f, g). Polygonal vector layers of military training zones and 

nature reserves were obtained and intersected with the PSL, in order to gain additional 

information involving potential restrictions for each potential site (h, i). Finally, the 

accessibility of each site was calculated using a line-vector layer of roads. The 

‘distance’ attribute was calculated from the Remote Sensing Laboratory at Sede Boker 

to the centroid of each potential site. The final product is an inclusive attribute table that 

enabled selecting, by means of a query with desired parameters as input, optimal sites 

out of the 87 sites that initially composed the PSL. 
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2.2 Results 

2.2.1 Program output  

The final step, after completing the construction of the GIS, was to locate potential sites 

for vicarious calibration in the Negev, by performing a query with desired parameters 

on the PSL layer. Doing so revealed, as expected, that no site has ideal characteristics 

that meet all the above-listed requirements. Consequently, the chosen sites are a 

function of the flexibility of the stipulations set in the query. The area with the highest 

brightness values (>1.0) is the Eastern Negev along the Rift Valley, which is rich in 

bright surface minerals. The downside of this area is the low elevation – between 0 to –

380 m. Furthermore, the ‘Dead Sea Works’ industries, located near the Dead Sea, 

produce air pollution that might affect the visibility and atmospheric conditions in this 

region. Elevation-wise, the best potential sites are at the western parts of the examined 

study area, where the highest points reach elevations of over 1000 m. However, these 

potential sites are characterized by relatively low brightness (0.85-0.95). Radiation and 

precipitation do not change dramatically over the entire study area due to its relatively 

small size. Similarly, the distance factor in the Negev is negligible; since every point 

can be reached in less than a 3-hour drive from any other point. In some regions, such as 

along the Rift Valley, one principle wind direction (north to south) is dominant 

throughout the entire year. In other regions, industrial air pollution should be dealt with 

individually in each case since the wind regime changes temporarily. A site within a 

distance of 2 km from a polluting factory can have ‘aerosol-free’ air in a certain month 

at certain hours, while at different times the situation may be reversed. 

In order to reduce the number of potential sites, a brightness threshold was set at 0.95. 

This resulted in 8 potential sites rather than 87. The location and attributes of the 8 sites 

are presented in figure 2.4 and table 2.2. The areas are named after the closest river-bed 
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or in their familiar name in the literature. 3 of the sites may be defined as plains 

(Uvda, Amiaz, and Meyshar) while the other ones are located at river-beds or alluvial 

fans. 

 

Figure  2.4 Location of the sites. The size of the sites is enlarged and does not represent the true size 

compared with the rest of the map. 

 

Table  2.2. Eight sites and their attributes. Organized by size. 

ID Name X (UTM) Y (UTM)
Area 
(km2)

Elevation 
(m) 

Brightness 
value 

Cloud 
cover 

(%) 
Radiation 

Precipitation 
(mm) 

1 Uvda 690603 3317720 6.15 420 1.007 25 180 0-100 

2 Meyshar 687973 3370180 6.00 370 0.961 25 180 0-100 

3 Menukha 702861 3350090 2.09 210 1.012 25 180 0-100 

4 Yahav 713258 3390880 1.44 -70 0.979 25 170 0-100 

5 Amiaz 726143 3440120 1.24 -261 1.063 20 170 0-100 

6 Idan 721859 3417370 1.17 -220 1.013 20 170 0-100 

7 Zofar 707163 3369470 1.10 60 1.015 25 180 0-100 

8 Faran  702961 3362680 1.06 120 0.972 25 180 0-100 

 

ID Name 
Nearest 

factory (km)
Nature 
reserve 

Training 
zone 

STDV of 
brightness 

Coefficient 
of variation 

Distance 
from lab 

(km) 

1 Uvda 72.29 - yes 0.188 18.67% 90 

2 Meyshar 23.17 - yes 0.171 17.79% 60 

3 Menukha 48.15 - yes 0.166 16.40% 40 

4 Yahav 28.22 - no 0.159 16.24% 50 

5 Amiaz 3.84 Judea Desert no 0.206 19.38% 60 

6 Idan 13.94 Judea Desert no 0.193 19.05% 50 

7 Zofar 38.83 - no 0.163 16.06% 40 

8 Faran  39.15 Ashush no 0.167 17.18% 70 

1. Uvda

2. Meyshar

3. Menukha

4. Yahav

5. Amiaz

6. Idan

7. Zofar

8. Faran

1. Uvda

2. Meyshar

3. Menukha

4. Yahav

5. Amiaz

6. Idan

7. Zofar

8. Faran

Road 
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As seen in table 2.2, the 3 largest areas are military training zones, a factor that may 

limit calibration options due to military activity and/or available entrance permits.  

These 8 selected sites should be carefully examined not only by remote sensing 

methods, but also by in situ measurements. Although the PSL and its attributes may be 

comprehensive, there are other factors that may prevent the potential site from being 

used as a vicarious calibration site (e.g. sparse vegetation, surface roughness). 

Examination by spectroscopic methods can spot unknown parameters of the site (e.g. 

soil mineralogy with pronounced absorption features). Therefore, ground verification is 

an essential condition to complete the GIS study. 

 

Of the final 8 sites the most appropriate one appears to be site no. 2 (Meyshar), with a 

size of almost 6 km
2
, elevation of 370 m, and high brightness values of 0.96. It also has 

low cloud cover and high radiation levels. The disadvantage of this site is that it is 

located in a military training zone, which may restrict access and mobility. Sites nos. 4 

and 6 (Yahav, Idan) have high brightness values and are located outside military 

training zones. Their setbacks are low elevation (-220 m and -261 m, respectively) and 

relative proximity to the Dead Sea Works industry (3.84 km and 13.94 km, 

respectively). 

 

Some regions were disqualified due to unsuitable conditions. The Northwestern Negev, 

with relatively low brightness values (0.5-0.75) and medium elevation (~200m), is an 

example of such an area. Furthermore, precipitation levels are higher in the 

Northwestern Negev than in other regions and radiation is lower. All of these conditions 

led to the removal of this region from the potential site list. 
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2.2.2 Field validation 

As mentioned before, remote sensing methods cannot provide a complete 

characterization of the area. Thus, the next step was to verify the results by in-situ 

examination. The following section presents the findings of a two-day verification 

campaign.  

 

Meyshar: as predicted by the GIS method, this large site has high and spectrally flat 

reflectance values, with large bright patches and low vegetation. The site is composed 

of loamy silt, with high percentage of clay and calcium, some sand, gypsum, gravel and 

flint. Yet, the entrance has to be coordinated in advance and may be time limited.  

 

Uvda: the most homogenous area in Uvda is a part of a military base and as a result 

access is impossible. The soil outside the base also has high reflection, but the size of 

the potential area has decreased significantly and annuals were scattered throughout it 

(figure 2.5). The soil substrate is composed of loamy clay with gypsum, and also gravel 

and flint.  

  

Figure  2.5. Uvda – (a) scattered annuals (b) roughness 
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Figure  2.6. Amiaz Plain (a) a general view of Amiaz Plain (b) spectral reflectance of the soil at Amiaz 

Plain (c) Dead Sea Works industries – constant smoke; mostly headed southwards. 

 

Amiaz: the Amiaz Plain is a relatively very large area, with very high and spectrally flat 

reflectance values (figure 2.6a,b). The downsides of this area are its very high 

reflectance which may cause saturation at the sensor, and its low elevation (-261 m) 

which may cause atmospheric errors. Furthermore, its proximity to the Dead Sea makes 

it susceptible to large amounts of water vapor and haze. The Dead Sea Works industry 

(figure 2.6c), located nearby, exhaust smoke constantly. However, it does not appear to 

overcast the plain since the principal direction of the wind is northwest. 

 

Menukha, Faran, Yahav & Zofer: these two areas are found at river-beds with rough 

pebbles. Since the areas are still active at floods they tend to change and vegetation is 

a c

b 
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scattered. The micro-topography, undetectable by the DEM due to its low resolution, 

changes frequently and may affect bidirectional reflectance. 

 

Idan: This site is very close to the Jordanian border. Activities are restricted since it is 

an area suspected of containing mines. 

 

2.3 Conclusions 

The advantage in using GIS analysis for locating potential sites for vicarious calibration 

is the ability to search through large areas and identify suitable areas by intersecting 

various crucial parameters such as reflectance levels and elevation. Furthermore, the 

temporal dynamics of these variables can be checked over time using time series 

techniques. However, this GIS analysis is by no means a replacement for in situ 

measurements; validation of the suitability of sites is also essential. As extensive as the 

GIS characterization may be, one must keep in mind that it provides general results, 

which are dependent on the resolution used in the GIS, and may not provide micro-

characterization of the site. A 25 m resolution DEM as used in this research may not 

detect gullies, rough soils, and other types of micro-morphologies that can affect the 

distribution of incoming radiation. Such is also the case for other parameters, e.g. 

precipitation and radiation values, that should be extracted at site resolution and not by 

regional interpolation. The brightness values for each site are the average of all pixels 

within the site, and do not necessarily reflect a homogenously bright site. Consequently, 

further research should be conducted in order to assess site reflectance homogeneity as 

suggested by Bannari et al. (2002).  

 

Another reason for in situ validation is the potential lack of information concerning land 

use. While some land use maps are easily obtained and inserted in the GIS, it is hard to 
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obtain all possibilities. Generally, the resolution of the GIS input is dependent on the 

spatial resolution of the sensor intended for calibration. For high spatial sensors, the 

higher the resolution used in the raster input, the better the results. However, it should 

be taken into consideration that the higher the ratio between the study area and the 

spatial resolution of input, the more computer power is needed for processing, 

especially when working in vectors. Altogether, the GIS analysis has proven to be a 

useful tool for saving time and efforts by searching through vast and remote regions.
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3 Chosen sites – characteristics and basic description  

The two sites, which were chosen due to their promising potential, are Amiaz Plain and 

Shizafon Playa. The following section presents basic geographic and climatic 

descriptions.  

 

3.1 Amiaz Plain  

Amiaz Plain is located at 31º4′41″N, 35º22′10″E. The total size of the plain, which is a 

part of the ‘Judea Desert Nature Reserve’, is about 6 km
2
. About 1 km

2
 has a 0º slope; 

the rest of the area has slopes ranging up to 10º. The elevation of the site ranges 

between –260 to –270 m below MSL, with mountain ridges on the western and eastern 

edges (-50, -180 m below MSL, respectively). 

 

Climatically, the site is found in an extremely arid area. The mean annual rainfall is 47 

mm with large variations between years. 99% of the rainfall occurs between October 

and April. The probability for more than 50 mm/year
 
is 45%. Cloud cover is about 27% 

from October to May and 4% from June to September. Horizontal global total energy 

ranges between 81 kWh/m
2
 in December to 231 kWh/m

2
 in June. 

 

The prevailing wind directions are south (December–February), north (March–May, 

October-November) and northwest (June-September) (Faiman et al., 2003). The site is 

located approximately 4 km northwest of the Dead Sea Works industry; therefore 

aerosol pollution should be taken into account, particularly from December - February. 

The site is within a one-hour drive from the Remote Sensing Laboratory at Sede Boker. 

The plain’s substrate consists of bright clay marls with a considerable amount of 

gypsum and calcium. This formation contributes to its high surface brightness. The 

spectral reflectance of the site is very high throughout the reflective range (350-2500 
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nm) with minimal fluctuations. Satellite image of the site and various climatic 

descriptive data mentioned above are presented in figures 3.1a-e.  

Figures  3.1a-e. Amiaz Plain (a) satellite image of the site and its surroundings (b) mean annual rainfall (c) 

mean monthly rainfall (d) probability for rainfall (e) mean monthly radiation levels.  
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3.2 Shizafon Playa 

Shizafon Playa is located at 35º00′37.78″N and 30º06′52.58″E. The total size of the 

playa, which is surrounded by military training zones, is about 200,000 sq. m (0.2 sq. 

km). Average elevation is 339 m above MSL, with flat dark surface surrounding it. Due 

to its relatively small size Shizafon was not located by the GIS analysis, yet its 

promising characteristics justified its selection as a potential site. 

 

Climatically, the site is found in an extremely arid area. Exact climatic data are hard to 

find since there is no meteorological station in the area. Thus, all data presented here are 

estimations based on nearby stations (Yotvata, Ramon). The mean annual rainfall is 

around 40 mm/year. Horizontal global total energy ranges between 95 kWh/m
2
 in 

December to 245 kWh/m
2
 in June. The prevailing wind directions are north-northwest 

(Faiman et al., 2003). The site is within a one-hour drive from the remote sensing lab at 

Sede Boker. The Playa’s substrate consists of loamy silt with high percentage of clay. 

calcium, gypsum and low percentage of sand. The site is surrounded by undifferentiated 

conglomerate units. The spectral reflectance of the site is very high throughout the 

reflective range (350-2500 nm) with minimal fluctuations. A satellite image of the site 

is presented in figure 3.2. 

Figure  3.2. Shizafon Playa - satellite image of the site and its surroundings.
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4 Site spatial uniformity 

4.1 General  

Knowledge of the spatial uniformity of a calibration site is critical because it determines 

the effect that misregistration errors will have on a calibration (Scott et al., 1996). 

Consequently, evaluation of the spatial uniformity of the site is an essential step in 

calibration. Scientists often address the problems related to the analysis of the temporal 

variability of orbital sensor radiometry. However, although the analysis of the spatial 

uniformity and temporal stability of test site radiometry is fundamental, investigations 

of this problem are uncommon (Bannari et al., 2002).  

 

Many factors effect the site’s optical properties: site surface moisture variations and the 

capture of water in the upper surface layers, the presence of lichens and pebbles of 

different sizes, the presence of vegetation causing spectral variations, variations in the 

topography generating shade effects, the drying of the surface that transforms the 

landscape into squares of various sizes with fissures that trap light, the non-lambertian 

character of the surface increasing bi-directional reflectance effects as well as 

atmospheric instability including temporal variations (Scott et al., 1987; Bannari, 2002). 

Ideally, the variation between different areas in the site should be as low as possible. At 

the site of Railroad Valley playa, Scott et al. (1996) found spatial uniformity of ±2.5% 

over 3x3 km areas and ±1.5% over 2x2 km sites, using SPOT and TM images. Guo et 

al. (Rondeaux et al., 1998) measured the spatial variability of the reflectance of ‘La 

Crau séche’ site, used for the validation of SPOT calibration. These measurements were 

made in the SPOT bands at different scales (from 0.5m to 20m pixels) and were used to 

select the location of the SPOT calibration site as well as to estimate the mean vertical 

reflectance of this site. The study showed that La Crau offered a relatively 

homogeneous surface, and that the variability in the reflectance was mainly due to the 
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contrast between soil and vegetation. It also showed that when the dimension of the 

pixels was increased from 0.5m to 20m, the coefficient of variation decreased, but this 

reduction was relatively small because surface heterogeneities are distributed rather 

uniformly at these different scales, as a consequence of variations in the proportions of 

pebbles and vegetation cover. For pixel sizes larger than 10m, the coefficients of 

variation were stable at around 4% in the SPOT bands. 

 

Teillet et al. (Bannari, 2002) calculated the coefficient of variation at Newell County 

Rangeland in Alberta, Canada, and at Railroad Valley Playa. The results showed that 

the most homogenous areas have a coefficient of variation of about 2.5% and 3%, 

respectively. However, one should bear in mind that these are optimal results, and they 

tend to change within site and between seasons.  

 

Temporal change is also a key parameter, which should also be analyzed as a part of the 

site characterization. As mentioned in section 1.2.2, changes with season should be 

minimal, as this implies that the site is free of vegetation (Scott, 1996). Cosnefroy et al. 

(1996) calculated temporal uniformity for 20 sites in the Saharan desert. The results of 

the time averaged spatial uniformity ranged from 1% to 2.6%, depending on the 

selected site. Villa Aleman et al. (2002) have found temporal variations in emissivity at 

Ivanpah Playa, due to changing quartz absorption. The reflectance differences in the 

NIR between months reached a maximum of 10 reflectance units.  

 

For examining the temporal stability of uniformity at Lunar Lake Playa, Nevada, 

Bannari et al. (2002) calculated the coefficient of temporal variation. This research 

showed variations at the 3 SPOT bands between different seasons and different years. 

The changes between seasons reached 30% in band 1, and 27% in bands 2 and 3. The 
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changes between years have reached 42% in the NIR band. These changes were 

explained by temporal variations due humidification and drying. Another possible factor 

was the redistribution of surface components generated by frequent winds in the region. 

     

4.2 Methodology 

The following sections will try to characterize reflectance, spatial uniformity, and their 

temporal stability at Amiaz Plain and Shizafon Playa by detecting seasonal changes in 

reflectance at certain wavelengths, and examining the coefficient of variation between 

adjacent pixels.  

 

The first stage in the analysis was to build the database by collecting as many images as 

possible of the proposed site.  

• Amiaz Plain – the database included 6 SPOT-2 and 5 SPOT-4 images of frame 

119-288, taken between March 2002 and April 2003 (table 4.1), with spatial resolution 

of 20 m/pixel. All images were radiometrically, atmospherically, and geometrically 

corrected to produce reflectance values in UTM / WGS 84 coordinates. Saturated 

images were corrected according to Karnieli et al. (2004). Later on, the site’s boundaries 

were marked by an area of interest (AOI). The site is located at 35º22′10.98″E and 

31º04′38.00″N. Its total size is 2.54 sq. km. Average elevation is -264 m below mean 

sea level. The site can be divided to 2 parts: the bright patch (0.48 sq. km), and the dark 

patch, namely the rest of the site. Statistical calculations were made on the site as a 

whole and on each patch separately. 

• Shizafon Playa – the database included 3 SPOT-2 and 1 SPOT–4 images (table 

4.1), with spatial resolution of 20 m/pixel, and 1 ETM+ image with spatial resolution of 

30 m/pixel. The ETM+ image was used only for reflectance analysis and not for the 

moving-window based coefficient of variation analysis, since it has different spatial 
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resolution that may cause distortions when comparing with SPOT data due to 

variations in covered area. The images were corrected and an AOI around the site was 

marked as in Amiaz site. The site is located at 35º00′37.78″ N and 30º06′52.58″ E. Its 

total size is 200,00 sq. m (0.2 sq. km). Average elevation is 339 m above mean sea 

level.  

 

Table  4.1. Image database of (a) Amiaz Plain (b) Shizafon Playa. 

 

In order to provide a general picture of the sites’ spatial variation, mean reflectance and 

standard deviation maps and tables of the site were created, using moving windows of 

different sizes (3x3, 5x5, 7x7 pixels, entire site) on the above-mentioned images. In 

addition to obtaining standard deviation and mean reflectance of the site and the patches 

that compose it, crossing between the maps enabled location within the site of patches 

that have high mean reflectance and low standard deviation. Dividing the standard 

deviation of the site by its average produced the coefficient of variation – the most 

common parameter to characterize spatial uniformity of calibration sites.  

 

Calculations where made by extracting pixel data from images into text files and later 

processing it with Excel and Surfer software. 

Amiaz Plain  Shizafon Playa  

Date Sensor Date Sensor 

March 4, 2002 SPOT 2  July 23, 2002 SPOT 2 

July 29, 2002 SPOT 2  August 13, 2002 SPOT 2 

August 19, 2002 SPOT 2  November 15, 2002 SPOT 2 

November 15, 2002 SPOT 2  May 12, 2004 SPOT 4 

December 6, 2002 SPOT 2  January 30, 2000 ETM+ 

February 1, 2003 SPOT 2    

May 2, 2002 SPOT 4    

December 15 2002 SPOT 4    

December 30, 2002 SPOT 4    

January 10, 2003 SPOT 4    

April 29, 2003 SPOT 4    
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4.3 Results and conclusions 

4.3.1 Site reflectance and its temporal variations   

4.3.1.1 Amiaz Plain 

As shown in figure 4.1, reflectance values at Amiaz Plain are high throughout the year, 

with changes between seasons. In the measured wavelengths, reflectance varies from  

0.3 to 0.51 at 0.5-0.59µm, 0.39-0.57 at 0.61-0.68µm, 0.45-0.67 at 0.78-0.89µm,  

and 0.5- ~0.7 at 1.58-1.75µm (estimation, due to lack of SPOT-4/SWIR images). 

Predictably, reflectance values are highest during the summer months (July, August) 

when the soil is dry, and low during the winter when the soil is more humid and 

occasionally wet. The bright patch at the site has higher reflectance of about 0.04 units 

than the dark patch. The downside of the bright patch that its high reflectance may cause 

sensor saturation, as occurred with some of the images used for this analysis. The dark 

patch is larger in size and has high reflectance that can be used for calibration (all 

reflectance data is presented in appendices 1 and 2). 

 

Figure  4.1 Monthly variations in reflectance at Amiaz Plain for SPOT-4 bands. 
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4.3.1.2 Shizafon Playa 

Reflectance values in Shizafon Playa are high, but not as in Amiaz Plain (figure 4.2). In 

the measured wavelengths, reflectance varies from 0.34 to 0.4 at 0.5-0.59µm, 0.48-0.52 at 

0.61-0.68µm, 0.55-0.63 at 0.78-0.89µm, and 0.6-~0.7 at 1.58-1.75µm (estimation, due  

to lack of SPOT-4/SWIR images). Though values in Shizafon Playa appear slightly 

lower than Amiaz Plain, it should be taken into account that the database of Shizafon 

Playa is relatively small, and does not include many wintertime images. As a result, it is 

hard to present an accurate picture of monthly variation, though it can be assumed, 

according to the existing database and the similar climatic and soil conditions, that site 

reflectance at Shizafon Playa changes in a manner similar to reflectance at Amiaz Plain. 

Figure  4.2. Monthly variations in reflectance at Shizafon Playa for SPOT-4 bands. 
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Although the different bands show different results in coefficient of variation, the 

ratio between bands in different months is similar. Consequently, figures in this section 

are presented for one of the bands only (band 3 – NIR) in order to reduce the amount of 

images.  

 

The results obtained show that a small window (3x3) permits the characterization of 

spatial homogeneity variability at the level of the central pixel of the window and limits 

its dependence to only the neighboring pixels without considering others located 

further. When using a large window (7x7) this dependence widens in space (140 m) that 

is too large, and may hide a certain pixel variability, which is of significant, particularly 

in small size sites such as the ones in this research. Consequently, a medium size 

window (5x5) was chosen as the best to express the variability at the site, and all figures 

in this section are of this size. Nevertheless, calculations were performed at all window 

sizes and are presented in appendices 1 and 2.  

 

Compared with sites mentioned in literature (section 4.1), it is noticeable that the 

coefficient of variation in these sites is low – i.e. the spatial variation is minimal. 

However, when comparing to sites as Lunar Lake Playa and Railroad Valley Playa, one 

should keep in mind that Amiaz Plain and Shizafon Playa are relatively small, thus they 

are more likely to have high mean coefficient of variation values, as changes within the 

site will affect its average. 

 

Still, areas with the low coefficient of variation are not necessarily the best areas for 

performing calibration measurements, as the coefficient of variation lacks the ability to 

differentiate between regions within the image that have different reflectance. Since the 

coefficient of variation is based on ratio between standard deviation and mean, as long 
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as this ratio is maintained, the results will be similar. This poses no difficulties if the 

entire area is to be measured, but assuming the measurements should be taken at a 

bright and homogeneous area, there is a need to determine certain threshold that 

overlaps coefficient of variation and reflectance. For example, the threshold could be an 

area that has a reflectance over 0.55 and a coefficient of variation lower than 2%. This 

problem is not acute in Shizafon Playa as the site is small and there are minimal 

variations in reflectance and coefficient of variation. Amiaz Plain, however, should be 

more carefully examined as it has larger variations in both parameters. 

  

4.3.2.1 Amiaz Plain  

The existence of different soils (bright / dark patches) causes also in-site variations in 

coefficient of variation. Figure 4.3 demonstrates the spatial and temporal changes in 

homogeneity at Amiaz Plain for band 3 SPOT (0.78-0.89 µm), at moving windows of 

5x5. At the area of the bright patch (lower left part of the map), the coefficient of 

variation is 2-3% higher compared with the dark area of the site. Seasonal variations in 

the site are clear: in December (figure 4.3a) the variations in spatial homogeneity are 

high throughout the site, while in August (figure 4.3d) most of the site has coefficient of 

variation values of less than 2.5%. The seasonal variations are also depicted in figure 

4.4.  

 

The cause of the seasonal change in coefficient of variation is probably the higher 

humidity levels of the soil at wintertime, which creates large variations between soils 

due to their different spectral properties under changing wetness conditions.  
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Figure  4.3. Coefficient of variation at Amiaz Plain for SPOT band 3. Monthly variations: (a) December 

30 (b) February 1 (c) April 29 (d) August 19. 
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Figure  4.4. Coefficient of variation and its seasonal variations at Amiaz Plain. Although variations 

between December and August are slightly higher, this graph presents the months December and May, 

since for both dates data for band 4 exists. 
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variation and reflectance at different seasons. Figure 4.5 show that while the western 

part of the site has higher reflectance, the eastern side is more homogenous. Seasonal 

variations are clear: in a,b,c  (August)  large parts of the site have high reflectance and 

low coefficient of variation, while in d,e,f (December) the same conditions are harder to 

find as reflectance is much lower and the coefficient of variation is higher.
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Figure  4.5. Integration of reflectance and coefficient of variation for SPOT band 3 at different levels at 

different months: August (a,b,c), December (d,e,f). The areas satisfying the criteria are in red.  
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4.3.2.2 Shizafon Playa 

Due to its small size, Shizafon Playa has no significant variations in neither its spatial 

nor temporal coefficient of variation. In window sizes from 3x3 to 7x7 the coefficient of 

variation did not exceed 3.4% at 0.5-0.59µm, 3.2% at 0.61-0.68µm, 1.7% at 0.78-

0.89µm, 1.3% and at 1.58-1.75µm (only one image available). Figure 4.6 presents the 

coefficient of variation at the site at 3 different months for band 3 SPOT (0.78-

0.89µm/NIR), at moving windows of 5x5. Except small parts at the site’s edges, the 

coefficient of variation does not exceed 3%. 

 

Figure  4.6. Coefficient of variation at Shizafon Playa for SPOT band 3. Monthly variations: May 12 (a), 

August 13 (b), November 15 (c). 

 

Unlike Amiaz Plain, coefficient of variation and reflectance in Shizafon Playa are 
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areas, figure 4.7 shows that when high reflectance is also taken into consideration, the 

central part of the site becomes the ideal area to perform measurements, as in addition to 

its low coefficient of variation it also has higher reflectance than other areas at the site.  

  

 

Figure  4.7. Integration of reflectance and coefficient of variation for SPOT band 3 at different levels at 

different months at Shizafon Playa: May 12 (a), August 19 (b). The areas answering the criteria are in red.
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5  Bidirectional reflectance at the proposed sites 

The bidirectional reflectance distribution function (BRDF) describes the reflectance of a 

target as a function of illumination geometry and viewing geometry, and hence carries 

information about the anisotropy of the surface. It depends on wavelength and is 

determined by the structural and optical properties of the surface, such as shadow-

casting, multiple scattering, mutual shadowing, transmission, reflection, and absorption 

by surface element facet orientation distribution and density. BRDF is needed in remote 

sensing for the correction of view and illumination angle effects (for example in image 

standardization and mosaicing), for deriving albedo, for land cover classification, for 

cloud detection, for atmospheric correction, and other applications (Deering et al., 1990; 

Gatebe et al., 2003). The following chapter will attempt to show the radiative 

characteristics of the calibration sites by presenting their bidirectional reflectance as 

measured by ground measurements. 

 

5.1 Methodology  

5.1.1 Measurements and instruments 

The sites were measured on two different occasions, with different instruments. At 

Amiaz Plain, the hemispherical–directional reflectance features of the surface were 

measured by a five-channel field radiometer CIMEL 313-21 on July 13, 2003. The 

instrument, with a 10º field of view β, records the radiance of a target in the following 

spectral bands: 450, 550, 650, 850, and 1650 nm. The instrument collected the radiance 

data along the solar principal plane (SPP), as well as several other planes situated in 

relation to the sun’s direction at 45º increments of the view horizontal angle. The 

radiance was measured at each plane at 15 view zenith angles (θv) increments from  -70º 

(forward, towards the sun), through the nadir (0º) to +70º (backward, away from the 

sun) at 10º increments ∆θv (figure 5.1a). Additionally, nadir measurements were 
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conducted at the beginning and at the end of each sequence, thus their total number in 

each plane was 17. The instrument, setting up on a goniometric support 2.6 m above the 

target, enabled us to collect the data for a horizontal surface from the circle sample area 

of 0.162 m
2
 for the nadir and from the elliptical area of 1.475 m

2
 for the oblique view at 

the θv equals 70º. The radiometer collected the radiance data automatically, changing 

the horizontal φv and the zenith θv angles, focusing on fragments of the measured 

surfaces that were progressively farther away (figure 5.1b). The radiance measurements 

in one plane consumed 2 min for all the spectral bands. The apparatus measured from 

sunrise (φs =~85º) to the point the sun was at its highest (φs =~9º), resulting in 11 

sequences of data for the site. All reflectance measurements were recorded under clear 

sky conditions. 

Figure  5.1. Description of ground measurements. (a) spatial extent of the measurements made by the 

CIMEL. The sensor is located at the center. 0º – 180º line indicates the solar principal plane. 10º 

increments from 0º (nadir) to 70º indicate sensor viewing steps. (b) increase in measured area with 

increase in viewing angle (from Cierniewski et al., 2004). 
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At Shizafon Playa, measurements were taken on September 9, 2004. The 

methodology was similar to the one practiced in Amiaz Plain (number of samples, 

angles), however the instrument used in Shizafon Playa was an analytical spectrometer 

device (ASD) - a portable field spectrometer, with a 0.35-2.5 µm spectral range, 10 nm 

spectral resolution and a 25º field of view. Each sample taken by the ASD is the average 

of 20 consecutive spectra. Measurements were collected from 80 cm height, with circle 

sample area of 0.098 m
2 

for the nadir and from the elliptical area of 2.77 m
2
 for the 

oblique view at the θv equals 70º. Although the instrument does not shift between angles 

automatically as does the CIMEL device, its advantage is the wide spectral range, which 

provides samples of 2150 different wavelengths rather than 5.  

 

Since the measurements were held in September, the maximum SZA to which the sun 

reached was 25º, thus ground measurements where the sun is at angles closer to nadir 

were not possible. 

 

5.1.2 Data processing 

In order to compare between the data sets and to facilitate presentation and analysis, 

values obtained at all angles measured were divided by the nadir value of the same 

measurement, giving the amount of radiation at an angle relative to the radiation 

measured at nadir. This generates the distribution of the hemispherical–directional 

reflectance function (Cierniewski et al., 2004) of the surfaces in the function of their 

zenith angle view θv and horizontal angle view φv normalized to the nadir viewing  

(hereafter NHDRDF - distributions of the normalized hemispherical– directional 

reflectance function). All data were scanned for errors, mostly occurring from shade 

cast by the sensor itself. For reducing noise and preventing unexpected errors applying a 

second order polynomial equation smoothed the curves for each measurement.  
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5.1.3 Gridding method and graphic presentation 

Beside the two dimensional graphs, the resulted NHDRDF surfaces are presented in the 

form of 3D graphs for several chosen illumination conditions, defined by the solar 

zenith angle φs. Different θv are marked by ‘+’ symbols surrounding the nadir at 10º 

increments spread on the top of the graph. The central point of the distribution describes 

the θv = 0º (the nadir viewing), while the most exterior ‘+’, describes θv = 70º. Each ‘+’ 

indicates a measurement. The position of the planes, expressed by the φv angle is 

marked at the bottom of these graphs. The φv values, 0º and 180º, determine the SPP 

position, where 0º expresses the backscattering viewing with the sun exactly at “the 

back of the sensor”. 

 

Since each measurement was composed of 60 samples, there was a need to interpolate 

the missing data. The gridding method used to create the missing data was triangulation 

with linear interpolation. The algorithm for this gridding method creates triangles by 

drawing lines between data points (figure 5.2). The original points are connected in such 

a way that no triangle edges are intersected by other triangles. The result is a patchwork 

of triangular faces over the extent of the grid. This method is an exact interpolator. Each 

triangle defines a plane over the grid nodes lying within the triangle, with the tilt and  

Figure  5.2. Spatial extent of the measurements. (a) measurement. (b) triangulation between 

measurements. 

a b 
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elevation of the triangle determined by the three original data points defining the 

triangle. All grid nodes within a given triangle are defined by the triangular surface. 

 

5.2 Results 

5.2.1 Amiaz Plain  

The relationship between the radiation detected at nadir and the higher θv‘s varies. This 

relationship becomes stronger at the higher solar zenith angles φs at which the data were 

collected. When the sun is low in the sky (sunrise), there is strong backscattering, 

creating a ‘hotspot’ toward the sensor. The radiation in the hotspot is up to 1.3-1.8 times 

higher than the one at nadir. As the sun elevates, the radiation spreads more evenly, 

with high values at angles close to nadir. Similar results were shown by Cierniewski et 

al. (2004) on nearby soils in the Negev Desert. Figure 5.3 presents the daily variation in 

NHDRDF measured at SPP during the day for 450 nm.  

 

Figure  5.3. Daily variation at Amiaz Plain measured at SPP during the day at 450 nm. 
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The general trend presented above characterized all wavelengths. Nevertheless, minor 

variations occur at different wavelengths. While at high SZA all bands have the same 

trend of strong backscattering relative to nadir (figure 5.4), at low SZAs radiation 

scatters differently at different wavelengths. As shown in figure 5.5, at SZA 9º radiation 

at bands 1, 2, and 5 (850, 650, and 1650 nm, respectively) peaks at low viewing angles 

(around nadir), while at bands 3 and 4 (550 and 450 nm, respectively) radiation 

backscatters and peaks at high viewing angles. 

Figure  5.4. Amiaz Plain NHDRDF of SPP at SZA 77º for 5 bands of the CIMEL instrument 

 

 

Figure  5.5. Amiaz Plain NHDRDF of SPP at SZA 9º for 5 bands of the CIMEL instrument. 
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The figures above represent the NHDRDF only for the SPP, since the BRD of a 

uniform surface such as Amiaz Plain generally shows most variability in the solar 

principal plane as radiation scatters mainly forward and/or backwards (WWW2, 2004). 

However, knowledge of the NHDRDF at other solar planes is necessary in order to 

produce a spherical picture of the ground NHDRDF, which later can be used for 

evaluating reflectance at angles similar to those of the satellite sensor. Figures 5.6a-d 

present a hemispherical view of the measurements at 850 nm during various SZAs. 

These figures were composed of data from 4 solar planes (see section 5.1.3). The 

figures clearly depict that knowledge of the reflectance along the SPP does not 

necessarily provide us with reflectance data of the other planes, as these do not respond 

to the reflectance at the SPP in a predictable manner. For this reason there is a need to 

create a database that includes as many solar planes as possible, to prevent errors that 

may occur from wrong interpolation based solely on the SPP. This database was not 

built from the values measured in the field, but of their predicted value after a 2
nd

 order 

polynomial fit that was performed for smoothing the data and eliminating errors that 

may occur due to shade or movement of the instrument. Smoothing the data acquired at 

the measurements created a polynomial equation (5.1) with a, b, and c coefficients for 

each plane measured.  

y = ax
2
 + bx + c                                         Equation  5.1 

 

Where y is NHDRDF, x is view angle (θv70º = 1, θv60º = 2, etc.). The values obtained in 

the field measurements were put in this equation with their respective a, b, and c 

coefficients to produce a predicted value for 4 solar planes at 5 wavelengths measured 

by the CIMEL instrument. Appendix 3 presents the NHDRDF values for all angles. 

Since due to the polynomial equation θv0º did not necessarily stay at 1, all values were 

normalized to θv0º= 1, for easier interpretation of the data.



 

 

5
5

 

 

 

 

Figure  5.6. Change in NHDRDF relative to change in SZA, at 850 nm (band 5 of CIMEL), smoothed by 2nd polynomial factor. (a) SZA 77º, (b) SZA 51º , (c) SZA 33º, (d) SZA 9º. 
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5.2.2 Shizafon Playa 

At Shizafon Playa the use of the ASD yielded a large variety of results at different 

wavelengths. This enabled comparison with wavelengths parallel to those of the SPOT 

HRVIR bands, i.e. 500-590, 610-680, 780-890, and 1580-1750 nm. These wavelengths 

are also similar to bands 2, 3, 4, and 5 of the Landsat ETM+.  

Figure 5.7 reveals different behavior of the spectral characteristics of the soil from those 

of Amiaz Plain. Although in both sites as SZA decreases the reflected radiation spreads 

more evenly around nadir compared with the reflectance measured in high SZA, at high 

SZA a strong forward scattering occurs as well as backscattering. 

Figure  5.7. Daily variation at Shizafon Playa at SPP during the day for 500-590 nm. 

 

The general trend presented above characterized all wavelengths. Nevertheless, minor 

variations occur at different wavelengths. While at high SZA all bands have the same 

trend of strong forward and backscattering relative to nadir (figure 5.8), at low SZA 

radiation scatters differently at different wavelengths. Figure 5.9 shows how for solar 
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zenith angle 25º the NHDRDF of the IR bands (3,4) is relatively flat at nadir level, 

whereas in the visible bands (1, 2) there is forward and backscattering.  

Figure  5.8. NHDRDF at Shizafon Playa for 4 bands of SPOT HRVIR1 at SZA = 80º. 

 

 

Figure  5.9. NHDRDF at Shizafon Playa for 4 bands of SPOT HRVIR1 at SZA = 25º. 
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Figures 5.10a-d present a spherical view of the differences between short (500-590 

nm) and long (1580-1750 nm) wavelengths at different SZA. 

 

The predicted Shizafon Playa NHDRDF for 4 HRVIR1 bands at 4 solar planes for 7 

different SZAs from 80º to 25º is presented in appendix 4. The table was created by the 

same process specified in section 5.2.1. 

 

5.3 Conclusions  

Soils at both sites demonstrate typical desert bi-directional behavior of outgoing 

radiation with peaks at high SZA and high viewing angles, and variations between 

wavelengths. These variations should be examined before measurements. Ideally, for 

calibration purposes, image acquisition would be in nadir during low SZA. If this was 

the case, bi-directional variations at these two sites were negligible (less than 0.5%). 

However, in some cases the image may be acquired at an oblique view, and / or during 

hours or months when SZA is high (e.g. December when SZA at the sites reaches a 

minimum of ~55º). In such cases the NHDRDF may be up to 5% higher than nadir. 

Therefore, it is best to verify before performing ground measurements that bi-directional 

effects are negligible by measuring the Bi-directional reflectance at time of satellite 

overpass parallel to the sensor’s viewing angle, or with the help of NHDRDF table 

(appendices 3,4). 
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Figure  5.10. Different response at changing wavelengths for high and low SZAs at Shizafon Playa.
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6 Case study: validation of SPOT 4 HRVIR1 data at Shizafon Playa 

6.1 SPOT 4 HRVIR1  

6.1.1 General  

The first Systeme Probatoire Pour l'Observation de la Terre (SPOT) satellite, developed 

by the French National Center for Space Studies (CNES – Centre National d'Etudes 

Spatiales), was launched in early 1986. The second SPOT satellite was launched in 

1990 and the third was launched in 1993. The SPOT 4 was launched on May 24, 1998, 

carrying 2 ‘HRVIR’ (High Resolution Visible Infra Red) imaging instruments, and 

‘VEGETATION’ sensor. The SPOT 5 was launched on May 3, 2002, with an improved 

payload that provides images at 10 m resolution. The HRVIR imaging instrument is 

designed to instantaneously acquire one complete line of pixels at a time covering the 

entire field of view. This is achieved using charged-couple device (CCD) linear array. 

Special optical devices forming a so-called "spectral separator" separate the incoming 

light (from the target area on the ground) into four spectral channels (WWW2, 2004). 

The HRVIR capabilities are specified in table 6.1. 

Table  6.1. HRVIR instrument details. 

HRVIR Band Width 
Spatial 

Resolution 
Radiometric 
resolution 

Band 1 0.50 - 0.59 µm (green) 

Band 2 0.61 - 0.68 µm (red) 

Band 3 0.79 - 0.89 µm (near infra-red)

Band 4 1.58 - 1.73 µm (mid infra-red)

20 meter 8 bit 

Panchromatic 0.61 - 0.68 µm (red) 10 meter 8 bit 

 

The telescope has a field of view of 4°, corresponding to 60 km on the ground covered 

instantaneously by a line of 6000 detectors. Each HRVIR is thus said to offer a "strip 

width" of 60 km, with spatial resolution of 20 m per pixel (WWW2, 2004).  

The HRVIR sensors offer an oblique viewing capability, where the viewing angle being 

adjustable through +/- 27 degrees relative to the vertical. The ground stations can steer 
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each instrument’s strip-selection mirror remotely to view regions of interest not 

vertically below the satellite (off nadir).  

 

The SPOT orbit is polar, circular, sun-synchronous and phased. A polar orbit in 

conjunction with the rotation of the earth around the polar axis, the inclination of the 

orbital plane (98 degrees) allows the satellite to fly over any point of the earth during a 

26 day cycle (WWW2, 2004). The SPOT orbit characteristics are presented in table 6.2. 

 Table  6.2. SPOT orbit characteristics. 

Altitude 822 km 

Inclination (i.e near-polar orbit) 98.7 degrees 

Revolutions per day 14 + 5/26 

Orbital period 101 minutes 

Westward drift between successive ground tracks 2823 km 

Cycle duration 26 days 

Orbital revolutions per cycle 396 

 

6.1.2 SPOT radiometric calibration  

6.1.2.1 Review of methods used for HRVIR1 calibration  

Radiometric calibration is used to assign a physical meaning to the digital value of each 

pixel, by relating it to a reference value called radiance at the top of the atmosphere 

(expressed in W m-2 sr-1 mm-1) by means of an absolute calibration coefficient 

(WWW2, 2004). Since the launch of the first SPOT satellite in 1986, the French space 

agency (CNES) has placed particular emphasis on the development of calibration 

techniques to improve preflight and in-flight radiometric characterization of sensors. 

The experience gained with on-board absolute calibration systems, the difficulty of 

ensuring their stability under conditions in orbit as well as their high cost has led CNES 

to develop complementary vicarious calibration techniques (Henry and Meygret, 2001). 

 

The methods used for the calibration of the HRVIR are (Dinguirard and Slater, 1999; 

Henry and Meygret, 2001):  
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• Calibration over Rayleigh (molecular) scattering - Rayleigh calibration is 

based on the idea that apparent radiance at the top of the atmosphere (TOA) observed 

over a clear ocean, at short wavelengths, mainly comes from atmospheric molecular 

scattering. The aerosol scattering component is added to this along with the surface 

contribution such as foam, in-water reflectance (ocean color) and ocean glint. To reduce 

the influence of these parameters, and thus reduce the error in the radiance estimated for 

the scene, particular viewing conditions are chosen: deep oceans to get clear water, 

large viewing and sun angles to increase the atmospheric path, and viewing in a 

westerly direction to avoid specular reflection. The non-Rayleigh component of the 

scattering is deduced from the signal in the near IR band, where molecular scattering is 

negligible. 

• Calibration over sun glint - the principle is similar to that of the Rayleigh 

scattering method, except that the geometrical viewing is set to observe the sun’s 

reflection over the sea. The sun glint reflectance, greater than 0.2, represents the most 

important part of the signal which means that the errors in the estimation of the other 

contributions (water, aerosols, etc) can be minimized. If there were no atmosphere, the 

sun glint over the sea would not depend on the wavelength as it obeys Fresnel’s laws 

and as the water refraction index almost does not vary in the visible and near infrared 

spectrum. However, the reflected signal strongly depends on the wind speed, and the 

wind speed supplied through meteorological data is not accurate enough for use as a 

standard radiance. Consequently, this method has only been used as an interband 

calibration method. A reference band (from the red band of the VEGETATION sensor), 

assumed to be calibrated, is used to estimate the sun glint reflectance at sea level. The 

atmosphere in the channel to be calibrated is then taken into account to provide the 

TOA radiance. This technique enables calibration of bands 3 (NIR) and 4 (SWIR) of the 

HRVIR. 
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• Onboard calibration - lamp/sun - SPOT satellites have an inner lamp and an 

optical fiber system to observe the sun. This calibration unit is designed to illuminate 

the detection unit by providing light at the entrance to the HRV telescope. One of two 

light sources may be selected: the calibration lamp or the fiber-optic sunlight collector. 

The calibration lamp illuminates all 16 CCD linear arrays of the HRVIR detection unit 

and is used for relative calibration. The fiber-optic sunlight collector illuminates a small 

number of detectors in each spectral band with sunlight gathered from outside the HRV 

instrument at certain periods and is used for absolute, interband, multitamporal 

calibration. 

• Calibration over deserts - it has been shown that some North African deserts 

provide stable and lambertian targets (Cosnefroy et al., 1996). A calibration method 

over these deserts has been developed, based on POLDER measurements. The ground 

bi-directional reflectance of 20 African deserts is estimated using POLDER images 

taken in 1997. Atmospheric corrections applied to these reflectances provided the TOA 

radiance viewed by the HRVIR. This technique is not applicable to the SWIR band. 

• Calibration with in-situ measurements - the radiometry of the SPOT high 

resolution images is regularly compared to measurements over test sites. Both the 

ground reflectance and the atmosphere are characterized simultaneously with the 

satellite pass so as to estimate the observed radiance. These in-situ measurements have 

been performed over White Sands (New Mexico, US) and Railroad Valley (Nevada, 

US). The main site has been set up at La Crau (France). Automatic radiometer and 

sunphotometer are installed in this site with telemetry transmission of the data to CNES 

(Meygret, personal communication).  

 

In summary, the calibration efforts can be divided to: 

Absolute calibration - Rayleigh (for bands1,2) and glitter (bands 3,4).  
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Multitemporal calibration – on-board lamp. 

Validation - sun, calibration over deserts and in-situ measurements. 

 

6.1.2.2 Detection of temporal changes in HRVIR1 performance  

Since its launch, the HRVIR1 has been under permanent monitoring to detect any 

changes in its sensitivity that may cause shifts in the radiometric preflight calibration 

coefficients. For this reason, absolute calibration coefficients were made, based on 

Rayleigh scattering and interband calibration with the red band of the VEGETATION 

sensor, where time from launch and relative degradation of the sensor are being taken 

into consideration (equation 6.1).  

  Ak, (HRVIR1) = a+b*t+c*log(t)     Equation  6.1 

 

where Ak is absolute calibration, t is time in days from launch (t=0 at March 24,1998), 

and a,b,c are obtained from the regression coefficients (table 6.3).  

Table  6.3. Regression coefficients a,b,c for SPOT HRVIR1. 

 Band 1 Band 2 Band 3 Band 4 

a 0.90003988 1.04277914 1.04499951 5.35806106 

b -1.6553E-05 -6.6819E-06 5.8583E-06 -0.0001917 

c -0.02540413 -0.02371064 -0.02370478 0.15257183 

 

The coefficients mentioned above and the time factor produce table 6.4 for the 

estimated Ak coefficients. 

Table  6.4. Estimated Ak coefficients for the 4 HRVIR bands in accordance with time from launch. 

t (days since the launch) Band 1 Band 2 Band 3 Band 4 

1 0.900 1.043 1.045 5.358 

10 0.841 0.988 0.990 5.707 

100 0.781 0.933 0.936 6.042 

1000 0.708 0.872 0.887 6.220 

2000 0.674 0.849 0.877 6.134 

2241 (May 12, 2004) 0.667 0.845 0.875 6.106 

2242 (May 13, 2004) 0.667 0.845 0.875 6.105 

2350 (August 30, 2004) 0.664 0.843 0.875 6.092 

2360 (September 9, 2004) 0.664 0.843 0.875 6.091 
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Considering the wide range of uncertainties (see section 6.4.2) resulting from the 

wide range of validation methods, CNES is attempting to explore new sites for 

additional validation. One of those sites is Shizafon Playa, offered by the Remote 

Sensing Laboratory of the Blaustein Institute for Desert Research. 

 

6.2 Validation at Shizafon Playa 

In order to obtain new calibration coefficients for the HRVIR1 sensor on-board SPOT 

4, a 4-day campaign was held on May 12-13, August 30, and September 9, 2004, at 

Shizafon Playa in the Negev Desert. During the campaign, data of ground radiation and 

atmospheric conditions were collected at time of satellite overpass. 

 

6.2.1 Ground measurements - method and instruments   

The in-situ measurements were held at the most homogenous area of the site (see 

section 4.3.2.2). 

Figure  6.1. Coefficient of variation map of the site. In red: area of measurements. 

 

For the in-situ data collection, a 120x80 m was chosen (figure 6.1). The size and shape 

of the area used for the data collection was a function of available homogenous area and 

satellite pixel size. However, the area had to be of such size that it could be fully 

examined in the time frame of the satellite overpass (approx. 40 minutes), to prevent 

change in atmospheric conditions and directional reflectance caused by changing sun 

angles. 
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In order to conduct the measurements in an organized manner, the selected area 

within the site was marked and divided to 20x20 m segments – similar to pixel size 

(figure 6.2a). During the satellite overpass, samples were collected by an Analytical 

Spectral Device (ASD) - a portable field spectrometer, with a 0.35-2.5 µm spectral 

range, 10 nm spectral resolution, and a 25º field of view. Each sample taken by the ASD 

is the average of 20 consecutive spectra. On each horizontal line (figure 6.2b) 8 samples 

were collected. A sample of white reference was made at the end of each segment. In 

total, 111 samples composed of 2220 spectra were collected. 

 

 

Figure  6.2. Site division for measurements. (a) segmentation of the site (b) the path of data collection.

a b
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6.2.2 Atmospheric measurements - Method and instruments   

Characterization of atmospheric conditions was performed with a Microtops II device, 

providing aerosol optical thickness (AOT) at 500, 675, 870, 936 and 1020 nm, as well 

as the total water vapor (936 nm). A total sky imager consisting of a digital camera 

(operated by a remote control device) and a hemispherical mirror was used to obtain a 

complete coverage of sky conditions at time of satellite overpass (figure 6.3a,b).

Figure  6.3.The total sky imager (a) the instrument  (b) view of the sky at time of satellite overpass on 

May 12, 2004. 

 

6.2.3 Field data processing 

The first step in the field data processing was converting the ground radiance measured 

by the ASD into reflectance units, to examine the reliability of the measurements. 

Comparing between measurements must be performed in reflectance and not in radiance 

values, as reflectance depends on ground conditions that are stable, and not on radiation 

that is changed daily according to sun/earth position. To transform radiance to 

reflectance, each radiance measurement was divided by the white reference radiance 

value made closest to it. Later, all measurements in each wavelength were spatially 

averaged to produce one value per wavelength (figure 6.5).  

 

(a) (b)
a b
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A look at the spectral curve of May 13 reveals an unexplained shift at 958nm. Based 

on the May 12 and September 30 measurements, it became apparent that the 

measurements from 350-958nm dropped. This error was corrected by adding a factor of 

0.009362 reflectance units (equivalent to the shift) for the 350-958 nm part (figure 6.6). 

All data extracted from May 13 was taken from this revision. As seen in figure 6.6, the 

site has relatively high reflectance values throughout the spectral range of the ASD. The 

noisy parts at 1400, 1900, and 2400 nm are due to water absorption in the atmosphere.  

 

Figure  6.4. Reflectance at Shizafon Playa on days of measurements. 

 

After correcting the entire spectrum and obtaining reflectance, the next step was to 

convert the reflectance to TOA radiance. Since data collected at ground level are not 

subjected to atmospheric influences, there was a need to apply the atmospheric 

conditions on the ground measurements to simulate the conditions under which the 

sensor of the satellite performed. To perform this ‘reverse’ correction, data measured at 

time of overpass at the site was put into the 6S software radiative transfer code, which 
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calculates the solar radiation backscatter caused by the atmosphere’s components. 

BRD effects were ignored since their effect in such low viewing and SZAs was 

estimated at the negligible rate of about 0 - 0.4% (see section 5.3).  

 

The inputs for the radiative transfer code (table 6.5) include sensor type, sun zenith 

angle, sun azimuth angle, view zenith angle, view azimuth angle, wavelength range, day 

and month of image acquisition, spatial point for which data is required (lat / long), 

elevation of target (m), water vapor (g/cm
2
), and Aerosol Optical Thickness (AOT) at 

550nm. The last two were measured in-situ as specified in section 6.2.2. Ozone content 

is inserted as well, in cm-atm values (Dobson value/1000) as measured by TOMS  

(Total Ozone Mapping Spectrometer) for the specific date (WWW4, 2004). The 

coefficients were calculated with the ‘Desert Aerosol Model’ that was chosen as the 

best to describe the conditions of the site. 

Table  6.5. Input data for atmospheric correction of ground measurements, May 12-13, August 30, 

September 9, 2004. 

Date May 12, 2004 May 13, 2004 August 30, 2004 September 9, 2004

Sensor 
Field 

spectrometer 
Field 

spectrometer 
Field 

spectrometer  
Field spectrometer 

Time of measurement 
(satellite overpass) 

08:41:40 08:22:21 08:27:17 08:35:05 

Incidence angle (deg.) -20.2 13.1 7.0 -7.2 

Sun azimuth (deg.) 130.5 120.8 131.7 146.5 

Sun elevation (deg.) 72.8 69.7 62.9 61.2 

Sun zenith angle (deg.) 17.2 20.3 27.1 28.8 

Latitude 30.10 30.10 30.10 30.10 

Longitude 35.06 35.06 35.06 35.06 

Water vapor (g/cm
3
) 1.00000 0.80000 1.5600 1.9800 

AOT 550 0.23120 0.23824 0.3073 0.3553 

Ozone (cm-atm) 0.28100 0.26800 0.2680 0.2700 

Wavelengths 

500-590nm 
610-680nm 
780-890nm 

1580-1750nm

500-590nm 
610-680nm 
780-890nm 

1580-1750nm

500-590nm 
 610-680nm 
780-890nm 

1580-1750nm 

500-590nm 
 610-680nm 
780-890nm 

1580-1750nm 
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The outputs of the 6S are 3 coefficients for each band - Xa, Xb and Xc (table 6.6). 

Table  6.6. Output coefficients for atmospheric model.

 

These coefficients are put in the following equations:  

 y = Xa * (Lk) – Xb           Equation  6.2 

acr = y/(1+Xc*y)           Equation  6.3 

 

where y is reflectance values with no atmospheric correction, Lk is the TOA measured 

radiance, and acr is the atmospherically corrected reflectance. Since the acr is already 

known, there is a need to inverse the equations above to find the Lk measured by the 

field spectrometer: 

 y = acr / (1-Xc*acr)        Equation  6.4 

Lk = (y+Xb)/Xa            Equation  6.5 

 

After converting the reflectance to TOA radiance, the last stage is to extract the data 

corresponding to the SPOT bands’ wavelengths, and compare the two instruments. 

 

Date 
May 12, 

2004 
May 13, 

2004 
August 30, 

2004 
September 9, 

2004 

Xa band 1  0.00229 0.00234 0.00253 0.00262 

Xb band 1  0.06362 0.06648 0.07383 0.07842 

Xc band 1  0.12846 0.12961 0.14039 0.14743 

Xa band 2  0.00250 0.00255 0.00276 0.00286 

Xb band 2  0.03786 0.04023 0.04610 0.04989 

Xc band 2  0.09752 0.09885 0.11129 0.11940 

Xa band 3  0.00359 0.00366 0.00400 0.00415 

Xb band 3  0.02136 0.02312 0.02827 0.03159 

Xc band 3  0.07388 0.07530 0.08863 0.09728 

Xa band 4  0.01651 0.01681 0.01814 0.01863 

Xb band 4  0.00929 0.01012 0.01316 0.01517 

Xc band 4  0.04698 0.04815 0.05926 0.06659 
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6.3 HRVIR1 data processing  

6.3.1 Image corrections  

Four images acquired by the SPOT 4 HRVIR1 sensor on the above mentioned dates 

were received from CNES in *.tif format. Each image had 4 spectral bands at 

wavelengths of 0.5-0.59, 0.61-0.68, 0.78-0.89, and 1.58-1.75 µm. The dimensions of the 

images are 251x251 pixels, with pixel size of 20m, i.e. total spatial coverage of 25 km
2
 

(5 km x 5 km). The calibration site is located at the center of the image (figure 6.5). To 

enable processing and analysis with ERDAS IMAGINE software, the images were 

imported to *.img file.  

 

Figure  6.5. HRVIR1 image of Shizafon Playa. (a) the raw image. (b) Shizafon Playa and the AOI in 

which the measurements were made. 

 

For converting digital numbers (DN) values to radiance, there is a need to divide the 

DN by the physical gain A, which corresponds to the product Ak*Gmk, where Ak is the 

absolute calibration coefficient for the day of image acquisition from table 6.4, and Gmk 

is the constant for m (gain coefficient), given in the header file. For the images of May 

12-13, and September 9, 2004, gain numbers are 2, 1, 2 and 1 for bands XS1, XS2, XS3 

and XS4, respectively. For the image of August 30, 2004, gain number is 2 for all 

bands. The constant that represents Gmk is taken from table 6.7. 

a b
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Table  6.7. Constants for each gain number at different bands. 

Gain number (m) Band 1 Band 2 Band 3 Band 4 

1 0.6670 0.6670 0.6690 0.6670 

2 1.0000 1.0000 1.0000 1.0000 

 

The numerical level in the image is a linear function of the input radiance (Lk): 

                      Xk = Ak*Gmk*Lk                      Equation  6.6 

 

Where Xk is the DN. To obtain the TOA radiance (Lk) the equation can be written: 

    Lk = Xk / (Ak*Gmk)                    Equation  6.7 

 

Finally, each band is divided by its A to produce a 4-band top-of-atmosphere radiance 

image. If a dynamic stretch is applied to the image, the offset (B) should be added to the 

equation above. Since this is not the case here, the offset is zero and thus ignored.  

 

6.3.2 Data extraction 

After converting DN to radiance values, mean radiance of the Shizafon Playa was 

extracted, using an area of interest polygon (AOI). The AOI dimensions and spatial 

position were equivalent to the area in which the field measurements were held (120x80 

m, 24 pixels), to create maximum accordance between examined data from the satellite 

and the field measurements. 

 

6.4 Results and conclusions  

6.4.1 Error budget 

In order to evaluate the results, it is important to assess the potential error of the 

measurements. Errors may result from a wide variety of sources such as reference panel 

calibration (~2%), optical depth measurements (~1.1%) and other atmospheric and 
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ground related characterizations (~1.8%) (Dinguirard and Slater, 1999). Since those 

errors could not be assessed with the existing instruments, the only error calculated was 

the deviation of the measurements from their average, presented in table 6.8 in values of 

coefficient of variation. 

Table  6.8. Estimation of error due to spatial variance for ASD and HRVIR1. 

ASD Band 1 Band 2 Band 3 Band 4 

May12 2.87% 2.20% 1.95% 2.00% 

May 13 2.07% 1.50% 1.31% 1.35% 

August 30 2.40% 2.06% 1.93% 2.17% 

September 9 1.55% 1.19% 1.06% 1.43% 

Mean error 2.22% 1.74% 1.56% 1.74% 

HRVIR1 Band 1 Band 2 Band 3 Band 4 

May12 1.10% 0.88% 0.86% 0.64% 

May 13 0.51% 0.48% 0.48% 0.87% 

August 30 0.35% 0.41% 0.48% 0.86% 

September 9 0.73% 0.62% 0.80% 0.93% 

Mean error 0.67% 0.60% 0.66% 0.82% 

 

The error was calculated by dividing the standard deviation of all measurements for 

each day by their average, to produce coefficient of variation values. 

 

As expected, the error of the ASD is higher than the one of the HRVIR1, since the 

calculation includes more than 100 sample that were taken on each day, compared with 

24 sample (pixels) representing the site on the HRVIR1 image. The low variance in the 

image can also be attributed to the low radiometric resolution (relative to the ASD).  

 

6.4.2 ASD vs. HRVIR1 images 

Radiance values obtained from the images and the measurements are presented 

numerically in tables 6.8 and 6.9, and graphically in figures 6.6-6.11. Comparison 

between instruments reviled the ASD yielded cross band ratios that are very stable and 

very close to the HRVIR1 cross band ratios. However, variations in measurement 
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between the instruments are high (4-16%), except for band 4 where variation is low 

(<4%). 

For all other bands ASD measurements are higher at bands 1, 2, and 3. It is apparent 

that the HRVIR1 sensor is less sensitive for bands 1-3 than the ASD. Unfortunately, it is 

impossible to determine which one of the instruments is inaccurate. Furthermore, a look 

at tables 6.9 and 6.10 shows that the ratio between the instruments fluctuates 

inconsistently between days with no apparent trend that could show to what level the 

HRVIR1 sensor is less sensitive than the ASD. 

 

Table  6.9. Final results for radiance at both instruments for all measurements. 

May 12 Radiance ASD (W.m-2.sr-1.µm-1) Radiance HRVIR1 (W.m-2.sr-1.µm-1)

Band 1 214.79 184.16 

Band 2 241.83 212.14 

Band 3 177.36 157.76 

Band 4 38.84 37.31 

May 13 Radiance ASD (W.m-2.sr-1.µm-1) Radiance HRVIR1 (W.m-2.sr-1.µm-1)

Band 1 212.37 193.70 

Band 2 239.43 217.39 

Band 3 175.69 161.33 

Band 4 39.16 39.61 

August 30 Radiance ASD (W.m-2.sr-1.µm-1) Radiance HRVIR1 (W.m-2.sr-1.µm-1)

Band 1 187.87 180.55 

Band 2 213.63 202.27 

Band 3 156.35 147.05 

Band 4 34.89 35.82 

September 9 Radiance ASD (W.m-2.sr-1.µm-1) Radiance HRVIR1 (W.m-2.sr-1.µm-1)

Band 1 190.90 167.56 

Band 2 217.07 190.10 

Band 3 157.64 138.19 

Band 4 35.48 34.80 

 

Table  6.10. ASD relative to HRVIR1 (in percentage) for the four measurements.  

Date Band 1 Band 2 Band 3 Band 4 

May 12 16.6% 14.0% 12.4% 4.1% 

May 13 9.6% 10.1% 8.9% -1.1% 

August 30 4.1% 5.6% 6.3% -2.6% 

September 9 13.9% 14.2% 14.1% 2.0% 
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Figure  6.6. ASD measurements and their variation between the measurements at different HRVIR1 bands. 

 

 

Figure  6.7. HRVIR1 data extracted from image and its variation between the measurements at different 

HRVIR1 bands.
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Figure  6.8. ASD vs. HRVIR1 for May 12, 2004. 

 

 

Figure  6.9. ASD vs. HRVIR1 for May 13, 2004. 
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Figure  6.10. ASD vs. HRVIR1 for August 30, 2004. 

 

 

Figure  6.11. ASD vs. HRVIR1 for September 9, 2004. 
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6.4.3 Shizafon Playa campaign as part of the entire validation effort 

To compare between HRVIR1 Ak long-term trend line and other calibration methods, 

the ASD radiance was converted to Ak values, by replacing HRVIR1 radiance with 

ASD radiance and reversing equation 6.6:  

          Ak = Xk HRVIR1 / (Lk,ASD* Gmk)                              Equation  6.8 

 

Figures 6.12 – 6.15 compare ASD Ak values against Ak values obtained by other 

calibration methods. The figures show differences between methods, where the most 

noticeable shift is between the estimated Ak and the lamp. This shift emphasizes the 

need for a vicarious calibration method such as calibration with in-situ measurements. 

The solar measurements are inconsistent. In band 1 they resemble the lamp, in band 2 

they are closer to the estimated Ak, in band 3 they appear to be significantly low and in 

band 4 significantly high. Comparison with desert sites and in-situ measurements 

reveals consistency on the macro-scale, where most of the POLDER measurements are 

higher than the estimated Ak by approximately 0.025 Ak units, and the VGT1 

measurements are lower by approximately 0.025 Ak units. Although these 

measurements have noticeable errors on certain days, it is possible to find a logarithmic 

trend in their behavior, similarly to the Ak and lamp trends. 

 

 

 

 

 

 

 

 

 

 

 

 



Uri Gilead: Potential Sites for Vicarious Calibration of Multi-spectral satellite sensors 

 

79

 

 

 

Figure  6.12. Results for absolute calibration of HRVIR1 band 1 by various methods. 

 

 

 

 

Figure  6.13. Results for absolute calibration of HRVIR1 band 2 by various methods.
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Figure  6.14. Results for absolute calibration of HRVIR1 band 3 by various methods. 

 

 

Figure  6.15. Results for absolute calibration of HRVIR1 band 4 by various methods. 
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Compared with the Ak trend line, the values obtained by the ASD are low for all 

bands except band 4. In bands 1 and 2 the ASD yielded results similar to those of the 

lamp, which might raise the question of whether the lamp is degrading. In band 1 the 

validation made by VEGETATION confirms this trend as well.  

 

The variety of results obtained by the different methods used by CNES shows the 

complexity involved in determining the adjustments required to achieve an accurate 

gain. As for the Shizafon Playa campaign mentioned above, the only decisive 

conclusions that can be inferred is that the ASD is less sensitive than the HRVIR1. 

However, the data collected could be used later for comparison as a part of a larger 

scale effort at Shizafon Playa in the future. 

 



Uri Gilead: Potential Sites for Vicarious Calibration of Multi-spectral satellite sensors 

 

82

7 Summary and conclusions 

The primary objective of this research was to locate and characterize a suitable site for 

radiometric calibration of multi-spectral satellite sensors in the Negev Desert. 

 

Locating potential sites was performed by a GIS-based technique, where information 

from relevant GIS layers created a polygonal layer with an inclusive attribute table. 

Building such a layer enabled location of ideal sites by selecting polygons that have 

specific parameters. Later on, in-situ validation of the results was made, in order to 

examine each site. The most suitable site located by the GIS was Amiaz Plain, near 

the Dead Sea. Shizafon Playa, which was not located by the GIS due to its relatively 

small size, was also chosen for further examination as it had promising characteristics.  

 

The spatial homogeneity and its temporal variation were examined using an image 

dataset composed of images from different months. Moving windows of pixels of 

different sizes (3x3, 5x5, 7x7) generated coefficient of variation values for each site, 

indicating the variation between neighboring pixels. Temporal variation was 

examined by comparing coefficient of variation at different months of the year. 

 

The spectral characteristics of each site were measured in-situ by field spectrometers 

measuring at different viewing angles and different angles relative to the sun, in order 

to produce a hemispherical view of the soil’s reflectance, and determine if bi-

directional effects are significant for the sites. 
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In addition to the characterization, validation of the SPOT-4 HRVIR1 sensor 

radiometric properties was performed at Shizafon Playa. The campaign included 4 

days of field measurements parallel to satellite overpass.  

 

The main results and conclusions of the research are as follows: 

• GIS analysis can locate potential sites for vicarious calibration with the ability to 

search through large areas and identify suitable areas by intersecting various crucial 

parameters such as reflectance levels and elevation.  

 

• In-situ validation of the suitability of sites is essential, as the GIS analysis 

provides general results which are limited by resolution and may lack information 

concerning land use.  

 

• Both Amiaz Plain and Shizafon Playa have high spatial homogeneity (under 3%), 

particularly during the summer months. Amiaz Plain experiences seasonal changes in 

coefficient of variation, probably due to the higher humidity levels of the soil at 

wintertime. Shizafon Playa is temporally stable due to its small size.  

 

• Soils at both sites demonstrate typical flat desert soil bi-directional behavior of 

outgoing radiation with peaks at high SZA and high viewing angles, and variations 

between wavelengths. Since most of the calibration efforts are performed when the 

SZA and viewing angles are low, bi-directional effects may be ignored in most cases. 

If the SZA and / or view angle is high, use of the NHDRDF tables or in-situ 

NHDRDF measurements during satellite overpass should be performed in order to 

eliminate potential errors. 
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• At validation efforts performed at Shizafon Playa, the ASD yielded cross band 

ratios that are very stable and very close to the HRVIR1 cross band ratios. However, 

variations in measurement between the instruments are high (4-16%), except for band 

4 where variation is low (<4%). 

 

• ASD measurements are higher at bands 1, 2, and 3. It is apparent that the HRVIR1 

sensor is less sensitive than the ASD at these bands. It is impossible to determine 

which of the instruments is inaccurate. The ratio between the instruments fluctuates 

inconsistently between days with no apparent trend that could show to what level the 

HRVIR1 sensor is less sensitive than the ASD. 

 

• The large range of results demonstrates the importance of performing as many 

validations as possible, preferably at different sites and different methods, in order to 

establish a well-based method to create up-to-date physical gains to match the 

sensor’s performance. 
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9 Appendices  

Appendix 1. Amiaz Plain reflectance, standard deviation and coefficient of variation data, 

as extracted from 11 SPOT images for the entire site, the bright patch and the dark patch. 

 
Reflectance at Amiaz Plain          

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.407 0.383 0.390 0.399 0.442 0.494 0.511 0.396 0.398 0.300 0.312 

Band 2 Red 0.504 0.440 0.478 0.495 0.550 0.574 0.594 0.505 0.455 0.416 0.394 

Band 3 NIR 0.567 0.513 0.537 0.568 0.625 0.628 0.676 0.579 0.522 0.475 0.455 

Band 4 SWIR 0.634 NA NA 0.596 0.646 NA NA NA NA 0.508 0.500 

             

Standard deviation and coefficient of variation for window size of 3x3 pixels 

Standard deviation of reflectance at Amiaz Plain site       

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.013 0.013 0.012 0.012 0.011 0.009 0.009 0.010 0.012 0.014 0.014 

Band 2 Red 0.014 0.013 0.013 0.012 0.012 0.009 0.007 0.014 0.011 0.014 0.015 

Band 3 NIR 0.015 0.014 0.013 0.012 0.012 0.008 0.010 0.011 0.012 0.015 0.016 

Band 4 SWIR 0.014 NA NA 0.011 0.010 NA NA NA NA 0.015 0.016 

             

Coefficient of variation at site          

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 3.08% 3.50% 3.19% 2.94% 2.51% 1.83% 1.85% 2.61% 2.91% 4.70% 4.36% 

Band 2 Red 2.82% 2.94% 2.77% 2.46% 2.24% 1.53% 1.26% 2.78% 2.51% 3.38% 3.87% 

Band 3 NIR 2.64% 2.73% 2.39% 2.20% 1.91% 1.29% 1.44% 1.93% 2.39% 3.16% 3.57% 

Band 4 SWIR 2.23% NA NA 1.84% 1.52% NA NA NA NA 3.00% 3.22% 

             

Standard deviation of reflectance at Amiaz Plain bright patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.018 0.019 0.019 0.018 0.019 0.016 0.017 0.016 0.018 0.021 0.020 

Band 2 Red 0.020 0.019 0.019 0.019 0.021 0.015 0.013 0.022 0.018 0.020 0.022 

Band 3 NIR 0.022 0.021 0.019 0.019 0.020 0.014 0.017 0.017 0.020 0.022 0.024 

Band 4 SWIR 0.021 NA NA 0.016 0.016 NA NA NA NA 0.023 0.024 

             

Coefficient of variation at bright patch         

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 3.97% 4.59% 4.23% 4.20% 3.92% 2.95% 3.11% 3.73% 4.11% 6.17% 5.51% 

Band 2 Red 3.72% 3.99% 3.64% 3.59% 3.47% 2.49% 2.07% 3.84% 3.61% 4.38% 4.98% 

Band 3 NIR 3.60% 3.81% 3.30% 3.21% 3.00% 2.13% 2.45% 2.68% 3.62% 4.32% 4.78% 

Band 4 SWIR 3.22% NA NA 2.63% 2.47% NA NA NA NA 4.36% 4.54% 

             

Standard deviation of reflectance at Amiaz Plain Dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.011 0.012 0.011 0.010 0.009 0.008 0.008 0.009 0.010 0.013 0.012 

Band 2 Red 0.013 0.012 0.012 0.011 0.011 0.007 0.006 0.012 0.010 0.013 0.014 

Band 3 NIR 0.014 0.013 0.011 0.011 0.010 0.007 0.008 0.010 0.011 0.014 0.015 

Band 4 SWIR 0.013 NA NA 0.010 0.008 NA NA NA NA 0.014 0.014 

             

Coefficient of variation at dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 2.87% 3.26% 2.95% 2.64% 2.18% 1.57% 1.58% 2.35% 2.64% 4.37% 4.08% 

Band 2 Red 2.62% 2.71% 2.57% 2.20% 1.96% 1.31% 1.09% 2.53% 2.27% 3.16% 3.60% 

Band 3 NIR 2.42% 2.48% 2.18% 1.97% 1.66% 1.11% 1.22% 1.71% 2.12% 2.91% 3.28% 

Band 4 SWIR 2.02% NA NA 1.65% 1.31% NA NA NA NA 2.70% 2.90% 
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Standard deviation and coefficient of variation for window size of 5x5 pixels 

Standard deviation of reflectance at Amiaz Plain 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.016 0.017 0.016 0.015 0.014 0.012 0.012 0.013 0.015 0.017 0.017 

Band 2 Red 0.018 0.017 0.017 0.015 0.016 0.012 0.010 0.018 0.015 0.017 0.019 

Band 3 NIR 0.019 0.018 0.016 0.016 0.015 0.011 0.013 0.014 0.016 0.018 0.020 

Band 4 SWIR 0.018 NA NA 0.013 0.012 NA NA NA NA 0.019 0.020 

             

Coefficient of variation at site          

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 3.8% 4.4% 4.0% 3.7% 3.2% 2.4% 2.4% 3.3% 3.7% 5.8% 5.4% 

Band 2 Red 3.5% 3.8% 3.5% 3.1% 2.8% 2.0% 1.7% 3.6% 3.2% 4.2% 4.8% 

Band 3 NIR 3.3% 3.4% 3.0% 2.8% 2.4% 1.7% 1.9% 2.5% 3.0% 3.9% 4.4% 

Band 4 SWIR 2.8% NA NA 2.2% 1.9% NA NA NA NA 3.7% 3.9% 

             

Standard deviation of reflectance at Amiaz Plain bright patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.022 0.024 0.024 0.022 0.024 0.021 0.022 0.021 0.022 0.026 0.024 

Band 2 Red 0.025 0.024 0.024 0.024 0.026 0.020 0.017 0.028 0.022 0.025 0.027 

Band 3 NIR 0.027 0.026 0.024 0.024 0.026 0.019 0.023 0.022 0.025 0.027 0.029 

Band 4 SWIR 0.026 NA NA 0.019 0.021 NA NA NA NA 0.028 0.029 

             

Coefficient of variation at bright patch         

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 5.0% 5.8% 5.4% 5.2% 5.1% 3.9% 4.0% 4.8% 5.1% 7.6% 6.9% 

Band 2 Red 4.6% 5.1% 4.6% 4.4% 4.5% 3.3% 3.4% 5.0% 4.5% 5.4% 6.2% 

Band 3 NIR 4.5% 4.8% 4.2% 3.9% 3.9% 2.8% 3.2% 4.3% 4.5% 5.3% 5.9% 

Band 4 SWIR 4.0% NA NA 3.2% 3.1% NA NA NA NA 5.3% 5.5% 

             

Standard deviation of reflectance at Amiaz Plain Dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.014 0.015 0.014 0.013 0.012 0.010 0.010 0.012 0.013 0.016 0.015 

Band 2 Red 0.016 0.015 0.015 0.014 0.013 0.010 0.008 0.016 0.013 0.016 0.017 

Band 3 NIR 0.017 0.016 0.014 0.014 0.013 0.009 0.011 0.012 0.014 0.017 0.018 

Band 4 SWIR 0.016 NA NA 0.012 0.010 NA NA NA NA 0.017 0.018 

             

Coefficient of variation at dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 3.6% 4.1% 3.7% 3.3% 2.8% 2.1% 2.1% 3.0% 3.3% 5.4% 5.0% 

Band 2 Red 3.2% 3.5% 3.2% 2.8% 2.5% 1.7% 1.7% 3.3% 2.9% 3.9% 4.4% 

Band 3 NIR 3.0% 3.1% 2.7% 2.5% 2.1% 1.5% 1.6% 2.7% 2.7% 3.6% 4.0% 

Band 4 SWIR 2.5% NA NA 2.0% 1.6% NA NA NA NA 3.3% 3.6% 

             

Standard deviation and coefficient of variation for window size of 7x7 pixels 

Standard deviation of reflectance at Amiaz Plain 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.018 0.019 0.018 0.017 0.016 0.014 0.015 0.015 0.017 0.020 0.019 

Band 2 Red 0.020 0.019 0.019 0.018 0.018 0.014 0.012 0.021 0.017 0.020 0.021 

Band 3 NIR 0.021 0.020 0.019 0.018 0.018 0.013 0.015 0.017 0.018 0.021 0.023 

Band 4 SWIR 0.020 NA NA 0.015 0.014 NA NA NA NA 0.021 0.022 
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Coefficient of variation at site 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 4.4% 5.1% 4.6% 4.2% 3.7% 2.9% 2.9% 3.9% 4.2% 6.6% 6.1% 

Band 2 Red 4.0% 4.3% 4.0% 3.6% 3.3% 2.4% 2.0% 4.2% 3.7% 4.7% 5.4% 

Band 3 NIR 3.7% 4.0% 3.5% 3.2% 2.8% 2.0% 2.2% 2.9% 3.5% 4.4% 5.0% 

Band 4 SWIR 3.1% NA NA 2.5% 2.2% NA NA NA NA 4.1% 4.4% 

site average 4.0% 4.4% 4.0% 3.6% 3.3% 2.4% 2.4% 3.6% 3.8% 5.2% 5.5% 

             

Standard deviation of reflectance at Amiaz Plain bright patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.025 0.028 0.027 0.025 0.028 0.024 0.025 0.024 0.025 0.029 0.027 

Band 2 Red 0.029 0.028 0.028 0.026 0.030 0.023 0.020 0.033 0.025 0.028 0.031 

Band 3 NIR 0.031 0.030 0.028 0.027 0.030 0.022 0.026 0.026 0.028 0.030 0.033 

Band 4 SWIR 0.030 NA NA 0.022 0.024 NA NA NA NA 0.031 0.032 

             

Coefficient of variation at bright patch         

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 5.7% 6.6% 6.2% 5.8% 5.9% 4.5% 4.7% 5.5% 5.8% 8.6% 7.7% 

Band 2 Red 5.7% 6.3% 5.9% 5.4% 5.5% 4.1% 3.3% 6.5% 5.6% 6.7% 7.7% 

Band 3 NIR 5.1% 5.5% 4.8% 4.4% 4.5% 3.3% 3.7% 4.4% 5.0% 6.0% 6.6% 

Band 4 SWIR 4.5% NA NA 3.5% 3.5% NA NA NA NA 5.8% 6.1% 

             

Standard deviation of reflectance at Amiaz Plain Dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.016 0.018 0.016 0.015 0.014 0.012 0.012 0.013 0.015 0.018 0.017 

Band 2 Red 0.018 0.017 0.017 0.016 0.015 0.012 0.010 0.019 0.015 0.018 0.019 

Band 3 NIR 0.019 0.018 0.017 0.016 0.015 0.011 0.013 0.015 0.016 0.019 0.020 

Band 4 SWIR 0.018 NA NA 0.013 0.012 NA NA NA NA 0.019 0.020 

             

Coefficient of variation at dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 4.1% 4.7% 4.2% 3.8% 3.2% 2.5% 2.5% 3.5% 3.8% 6.1% 5.7% 

Band 2 Red 3.7% 4.0% 3.7% 3.2% 2.8% 2.1% 1.6% 3.8% 3.4% 4.4% 5.0% 

Band 3 NIR 3.4% 3.6% 3.2% 2.8% 2.4% 1.7% 1.9% 2.6% 3.1% 4.0% 4.5% 

Band 4 SWIR 2.8% NA NA 2.3% 1.9% NA NA NA NA 3.7% 4.0% 

             

Standard deviation and coefficient of variation for site (no window) 

Standard deviation of reflectance at Amiaz Plain 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.036 0.039 0.040 0.034 0.035 0.036 0.036 0.033 0.034 0.036 0.037 

Band 2 Red 0.041 0.041 0.043 0.036 0.039 0.035 0.035 0.034 0.035 0.037 0.041 

Band 3 NIR 0.042 0.042 0.041 0.035 0.037 0.032 0.037 0.035 0.035 0.037 0.042 

Band 4 SWIR 0.037 NA NA 0.025 0.027 NA NA NA NA 0.035 0.037 

             

Coefficient of variation at site          

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 8.8% 10.2% 10.3% 8.6% 7.8% 7.3% 7.1% 8.3% 8.4% 12.0% 11.8% 

Band 2 Red 8.1% 9.3% 8.9% 7.3% 7.1% 6.1% 6.6% 7.4% 7.7% 8.8% 10.3% 

Band 3 NIR 7.5% 8.3% 7.7% 6.1% 5.9% 5.2% 5.5% 6.1% 6.7% 7.9% 9.2% 

Band 4 SWIR 5.8% NA NA 4.2% 4.2% NA NA NA NA 6.9% 7.4% 

             

Standard deviation of reflectance at Amiaz Plain bright patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.037 0.040 0.039 0.040 0.043 0.035 0.039 0.034 0.038 0.042 0.038 

Band 2 Red 0.043 0.042 0.041 0.041 0.045 0.034 0.031 0.047 0.039 0.040 0.042 

Band 3 NIR 0.046 0.045 0.042 0.042 0.045 0.031 0.040 0.037 0.042 0.044 0.046 

Band 4 SWIR 0.046 NA NA 0.031 0.037 NA NA NA NA 0.045 0.046 
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Coefficient of variation at bright patch         

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 8.3% 9.5% 8.8% 9.2% 8.9% 6.5% 7.1% 7.9% 8.8% 12.4% 10.6% 

Band 2 Red 7.8% 8.7% 7.8% 7.8% 7.6% 5.5% 6.3% 6.6% 8.0% 8.8% 9.6% 

Band 3 NIR 7.5% 8.2% 7.2% 7.0% 6.7% 4.7% 5.6% 5.9% 7.7% 8.6% 9.2% 

Band 4 SWIR 7.0% NA NA 5.0% 5.5% NA NA NA NA 8.6% 8.7% 

             

Standard deviation of reflectance at Amiaz Plain Dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 0.030 0.033 0.031 0.028 0.028 0.030 0.031 0.025 0.028 0.029 0.029 

Band 2 Red 0.034 0.035 0.033 0.029 0.031 0.029 0.024 0.038 0.030 0.029 0.032 

Band 3 NIR 0.035 0.037 0.032 0.028 0.029 0.027 0.032 0.027 0.029 0.030 0.034 

Band 4 SWIR 0.031 NA NA 0.022 0.022 NA NA NA NA 0.030 0.032 

             

Coefficient of variation at dark patch 

Band Wλ Jan. 10 Feb. 1 March 4 April 29 May 21 July 29 August 19 Nov. 15 Dec. 6 Dec. 15 Dec. 30

Band 1 Green 7.4% 8.9% 8.1% 7.0% 6.4% 6.1% 6.1% 6.6% 7.1% 9.9% 9.5% 

Band 2 Red 6.9% 8.2% 7.1% 6.0% 5.8% 5.1% 5.2% 5.4% 6.6% 7.1% 8.3% 

Band 3 NIR 6.3% 7.3% 6.1% 5.0% 4.8% 4.3% 4.7% 4.7% 5.6% 6.4% 7.5% 

Band 4 SWIR 4.9% NA NA 3.7% 3.4% NA NA NA NA 6.0% 6.4% 
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Appendix 2. Shizafon Playa reflectance, standard deviation and coefficient of 

variation data, as extracted from 4 SPOT images. 

 

Reflectance at Shizafon Playa site  

Band Wλ January 30 May 12 July 23 August 13 November 15 

Band 1 Green 0.337 0.349 0.370 0.401 0.367 

Band 2 Red 0.450 0.486 0.499 0.521 0.489 

Band 3 NIR 0.526 0.554 0.589 0.638 0.574 

Band 4 SWIR 0.549 0.597 NA NA NA 

       

Standard deviation and coefficient of variation for window size of 3x3 pixels 

Standard deviation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 0.005 0.005 0.005 0.007  

Band 2 Red 0.006 0.005 0.005 0.009  

Band 3 NIR 0.006 0.006 0.006 0.008  

Band 4 SWIR 0.005 NA NA NA  

       

Coefficient of variation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 1.46% 1.42% 1.37% 1.90%  

Band 2 Red 1.31% 1.10% 0.88% 1.79%  

Band 3 NIR 1.04% 1.03% 1.01% 1.45%  

Band 4 SWIR 0.84% NA NA NA  

       

Standard deviation and coefficient of variation for window size of 5x5 pixels 

Standard deviation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 0.007 0.007 0.008 0.010  

Band 2 Red 0.009 0.008 0.007 0.013  

Band 3 NIR 0.008 0.008 0.009 0.008  

Band 4 SWIR 0.007 NA NA NA  

       

Coefficient of variation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 2.03% 1.99% 1.96% 2.81%  

Band 2 Red 1.76% 1.52% 1.26% 2.63%  
Band 3 NIR 1.43% 1.43% 1.42% 1.42%  

Band 4 SWIR 1.13% NA NA NA  

       
       

Standard deviation and coefficient of variation for window size of 7x7 pixels 

Standard deviation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 0.008 0.009 0.009 0.013  

Band 2 Red 0.010 0.009 0.008 0.016  

Band 3 NIR 0.009 0.010 0.011 0.009  

Band 4 SWIR 0.008 NA NA NA  
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Coefficient of variation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 2.43% 2.36% 2.34% 3.43%  

Band 2 Red 2.08% 1.79% 1.49% 3.20%  

Band 3 NIR 1.70% 1.69% 1.68% 1.58%  

Band 4 SWIR 1.30% NA NA NA  

       

Standard deviation and coefficient of variation for site (no window) 

Standard deviation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 0.012 0.013 0.015 0.018  

Band 2 Red 0.014 0.013 0.013 0.022  

Band 3 NIR 0.013 0.017 0.021 0.021  

Band 4 SWIR 0.010 NA NA NA  

       

Coefficient of variation       

Band Wλ May 12 July 23 August 13 November 15  

Band 1 Green 3.54% 3.61% 3.67% 4.83%  

Band 2 Red 2.85% 2.69% 2.52% 4.46%  

Band 3 NIR 2.33% 2.80% 3.26% 3.60%  

Band 4 SWIR 1.64% NA NA NA  
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Appendix 3. The predicted Amiaz Plain NHDRDF for 5 CIMEL bands at 4 solar 

planes for 9 different SZAs from 77º to 9º. 
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Appendix 4. The predicted Shizafon Playa NHDRDF for 4 HRVIR1 bands at 4 solar 

planes for 7 different SZAs from 80º to 25º. 
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