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ABSTRACT 

As the field of remote sensing continues to grow with the launches of many new 

and complex satellite sensors in the next year, the ability to provide absolute calibration 

of these sensors becomes paramount for the many environmental studies proposed. In 

particular, temporal studies that monitor global changes in atmospheric constituents, 

ocean and terrestrial temperatures, and vegetation require that changes in the sensor itself, 

over the period of the study, be understood so that the data may be corrected. Numerous 

studies have established that satellite sensors change in orbit with respect to preflight 

calibration, in some cases, up to 20% or more over periods of three years. 

This research describes the development of an improved cross-calibration method 

of on-orbit satellite sensor radiometric calibration. The objective of the cross-calibration 

method is to transfer one sensor's calibration to another sensor which is typically 

difficult or expensive to calibrate with other methods. The cross-calibration method is 

relatively inexpensive to apply, and therefore there was a strong incentive to improve the 

application of the method and the understanding of the uncertainties associated with the 

method. The primary effort in this work has been the development of a cross-calibration 

software program which provides the means to easily perform end-to-end cross-

calibrations. The program allows for a multiplicity of sites to be run, provides a search 

mechanism in order to identify calibration sites with particular characLerisiics, and 

contains an extensive error analysis capability. As part of this work, a search for 
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acceptable cross-calibration sites was also performed which would allow a reduction in 

uncertainties of the method. 

Calibrations of five different sensor band pairs using System Pour I'Observation 

de la Terre (SPOT) 3, Landsat Thematic Mapper, and Advanced Very High Resolution 

Radiometer (AVHRR) sensors are performed. Very good results are obtained when the 

results are compared with other more expensive calibration methods, and the calibrations 

yielded uncertainties lower than reported in previous work. 
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1. Introduction 

In recent years, there has been a steady increase in the use of satellite data to 

study and monitor the earth's environment. This trend promises to continue with the 

scheduled launches of Landsat 7, System Pour I'Observation de la Terre (SPOT) 4, and 

the Earth Observing System (EOS) carrying the Advanced Spacebome Thermal Emission 

and Reflection Radiometer (ASTER), Moderate Resolution Imaging Spectrometer 

(MODIS) and Multi-angle Imaging Spectroradiometer (MISR) sensors. Satellites provide 

the unique advantage of allowing observation of the entire earth over a period of days or 

weeks depending on the repeat cycle and resolution of the sensor. This kind of global 

monitoring allows scientists to model the Earth as a system where the atmosphere, 

oceans, and terrestrial components are the dynamic parts of the system. From these 

models, a better understanding of the impacts of human activities and natural 

phenomenon on the Earth system can be achieved. For example, the impact of 

atmospheric aerosols on the radiative budget has been widely studied (Charison et al., 

1992, Coakley et al., 1983). The direct effect of aerosols is to scatter and absorb sunlight, 

the indirect effect is to change cloud albedo (Kaufman and Nakajima, 1993). Aerosol 

sources include natural sources from phytoplankton in the ocean, ash from volcanic 

eruptions, and from sources relating to human activities such as pollution, and biomass 

burning. In order to understand the impact of human activities on global climate, a better 

understanding of the role of aerosols in global cycles is required. It is not known whether 
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an increase in aerosols causes global warming, or whether the induced changes in cloud 

properties may counter-balance the effect or lead to cooling of the environment. Only by 

studying these processes on a global scale with the use of on-orbit sensors, can an 

understanding of this subject be achieved. 

For many types of studies being conducted, it is of paramount importance that 

the satellite data products be accurate and consistent, especially over time periods of 

years. Many studies require a knowledge of the calibration of the sensors utilized, and 

the errors in these calibrations. A sensor calibrated to within ±10% can not be used to 

monitor changes on the order of ±1%. Unfortunately, satellite sensors are not simple to 

calibrate because of their orbital location. They can not be accessed and taken to a 

laboratory to be measured. There is usually a pre-flight calibration performed, and some 

satellites contain on-board calibration for some or all sensor charmels. However, it has 

been showu numerous times that satellite systems change after launch and that the pre-

flight sensor calibration typically becomes invalid after a period of months (Che and 

Price, 1993, Teillet and Holben, 1994, Thome, 1997). In addition, on-board calibrators 

can also change by the same mechanisms that change the satellite sensor (thermal cycling, 

contamination, radiation etc.). To account for these changes, many different methods 

have been developed to calibrate satellite sensors after launch. This dissertation describes 

a cross-calibration method of on-orbit satellite sensor calibration. 
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1.1 Development of Radiometric Calibration of Satellite Sensors 

In the early years of development of earth-viewing satellites, many of the 

applications of satellite data did not require radiometric accuracy. That is, the data were 

instead generally used for qualitative studies such as imaging weather patterns to forecast 

weather, or imaging the ground for many earth resouj-ce and mapping applications (Price, 

1987). The field of radiometric calibration of earth-viewing satellites did not become of 

wide interest until the 1980s. It was at this time that scientists realized the value in 

comparing satellite data that were taken over a period of years or in comparing data from 

different satellite sensors (Price, 1987). To permit these types of comparisons, the digital 

counts recorded by each satellite sensor had to be converted to something physically 

meaningful such as the radiation incident at the satellite instrument (at-satellite radiance) 

or ground reflectance. 

1.2 Applications That Require Calibrated Satellite Data 

Studies that monitor long term global change such as the study of sea surface 

temperatures, aerosols, global vegetation require a knowledge of the calibration of the 

sensors utilized (Parada, 1997, Kaufman and Nakajima, 1993, Vermote et al., 1997). Long 

term monitoring utilizing vegetation index data sets where two channels of a satellite 

sensor are ratioed require the relative changes between channels as well as the changes in 

the individual channels be known as a function of time (Kaufman and Hoiben, 1993). 

Another example can be found in the oceanographic community. In order to investigate 
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global change of the oceans, frequently calibrated remotely sensed ocean color data are 

required (Parada, 1997). If sensor calibration issues are ignored, then it is not possible for 

the researcher to distinguish between changes due to sensor degradation and changes 

attributable to the area of study. 

1.3 Measured Sensor Changes 

Numerous satellite calibration studies have established that the calibration of 

satellite sensors often change in orbit with respect to prcflight calibrations. For example, 

the Advanced Very High Resolution Radiometer (AVHRR) sensors on board the National 

Oceanic and Atmospheric Administration (NO A A) series of satellites have been 

continuously orbiting the earth since 1979. To date there have been nine NOAA satellites 

with the AVHRR sensor. Because no on-board calibrator was designed for the AVHRR 

visible and near-infrared channels, a number of techniques have been developed to 

calibrate the AVHRR instruments while in orbit. These techniques will be described in 

more detail later in Chapter 2. The changes in the AVHRR sensors from preflight 

calibrations have been widely reported by a number of scientists (Brest and Rossow, 

1992, Che and Price, 1993, Teillet and Holben, 1994). An examination of the results 

reveal that despite the expected uncertainties in the different calibration techniques 

employed, a steady decrease in sensor responses of at least 20% have been observed for 

the two channels on NOAA-7, 9, aiid 11 over the first three years of life. 
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Another example can be found with the Landsat series of satellites. The Thematic 

Mapper (TM) sensor contains seven bands overall. The Landsat-5 TM sensor has been 

calibrated while on-orbit since 1984. Over the years, a steady change in satellite 

sensitivity has been observed as displayed in Table 1.1 (from Thome, 1997). Bands 1-5 

and 7 have center wavelengths of roughly 0.49,0.56,0.66,0.83,1.67,2.24 |im. Band 6 is 

centered around 11.5 |im and is not included here since it lies in the far infrared and 

requires entirely different calibration techniques. 

Table 1.1: Landsat Calibration Coefficients DNs Per Unit Radiance 

Date Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 

Preflight 1.555 0.786 1.020 1.082 7.875 14.77 

July 1984 0.734 0.955 1.055 

Oct 1984 1.389 0.732 0.927 1.087 7.024 14.99 
May 1985 0.749 0.942 1.045 
Aug 1985 0.715 0.914 1.121 7.227 15.24 
Nov 1985 1.367 0.716 0.922 1.094 7.506 16.11 

Mar 1987 1.307 0.702 0.891 1.048 7.441 16.18 
Feb 1988 1.304 0.721 0.918 1.059 7.351 16.29 
Aug 1992 0.651 0.883 1.048 7.416 15.45 

Oct 1993 1.281 0.683 0.924 1.094 7.477 15.24 
Oct 1994 1.222 0.653 0.887 1.054 6.811 13.166 

Beyond the two examples discussed in this section, many other studies have 

documented that sensors typically change in orbit, and in order to use the data for 

quantitative studies, the calibration must be regularly monitored and updated (Kaufinan 

and Holben, 1993, Che, 1992). 
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1.3.1 Possible Deterioration Meclianisms Speculated For Some Sensors 

Spacecraft function in a hostile environment of sunlight, charged particles, the 

Earth's residual atmosphere, and their own self-contamination environment. All of these 

environmental factors can and do cause degradation in performance of spacecraft external 

surfaces, including radiators, solar arrays, windows, and other exposed optical elements. 

The challenge in quantifying sensor calibration changes is that scientists usually don't 

know the root cause of the change. What is known is that the responsivity in different 

charmels have changed for some reason, but without being able to observe and measure the 

sensor in a laboratory environment, the reason for change can only be speculated. 

A number of scientists have attempted to model potential change mechanisms in 

earth viewing sensors and determine the feasibility of detecting these changes by an 

appropriate test program. Suits et al. (1988) examined five satellite sensor types 

including AVHRR, TM, and HRV to predict which sensors would be most sensitive to a 

simple spectral shift of the center wavelength when observing a pair of terrain types: 

vegetation and soil. For this study, it was found that bands with the greatest spectral 

shift sensitivity spanned the wavelengths of the near-infrared shoulder of green vegetation 

(0.7 to 1.0 |im) where the reflectance increases rapidly, while the least sensitive bands 

covered wavelengths from 0.6 to 0.7 |im. 

Mekier and Kaufman (1993) exaniined the possible causes of the gradual 

deterioration observed in the AVKRR sensors. The authors suggest that the immediate 
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drop in sensitivity observed shortly after launch was due to either a slight misalignment 

of the optics due to launch loads, or due to contamination depositing on the optics from 

vehicle thrusters. To determine the cause of the gradual deterioration observed in the 

years after launch, the authors examined different components of the sensor system. The 

detector and preamplifier were eliminated fi-om consideration because the dark currents, 

when observing deep space, remained constant with respect to preflight values. Instead 

they assumed that the degradation was either fi-om a deterioration of the scanning mirror 

due to erosion caused by interstellar gas, or a deterioration due to vacuum exposure of the 

interference filters. To test the filter hypothesis, the filters were exposed to a 10"^ Torr 

vacuum and heated to 70 ° C for two months. The results of the test showed no measured 

change in the spectral characteristics of band 1 or 2. A theoretical analysis of the 

interaction of cosmic dust with the scanning mirrors was then made and determined to be 

the likely cause of the deterioration. However, the authors do admit that the same 

deterioration is not observed on NOAA-11 as was on NOAA -7 and -9 and thus it is 

probably reasonable to speculate that some other deterioration mechanism may have been 

responsible. 

1.3.2 Contamination 

One likely cause of sensor degradation could be through self-contamination of 

sensor components. Many reports of degradation due to external contam.ination on 

spacecraft systems have been made, and in some cases those effects have been life-
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limiting or have produced significant degradation to mission or subsystem performance 

(Tribble, 1991, Mauldin, 1982, Tribble, 1996). One very common mechanism for 

deterioration of sensor optical systems is as a result of contaminants outgassing from 

spacecraft materials and the adhesion of thruster materials and molecular films on 

sensitive optical surfaces. 

Molecular contamination is the cumulative build-up of molecules of foreign matter 

such as residues from oils, greases, or chemical residues, and films that arise from the 

outgassing of materials. Even the cleanest spacecraft elements outgas contaminants, 

because the organic materials used for spacecraft construction always contain some 

fraction of volatile chemicals on their surfaces or in the bulk material. Outgassing refers to 

the process of migration and release of volatile chemicals from the surface to the local 

environment. 

Because sensor optical systems collect, measure, and manipulate light, anything that 

absorbs, scatters, or reflects this light will degrade the performance of the system. A 

molecular contamination film on a lens, window, or filter can alter the transmittance of 

that component because the film itself has its own absorptivity and transmissivity. The 

undesirable effects of molecular contamination can be understood by examining how light 

incident on the contaminated surface is affected. The conservation of energy requires that 

the total energy incident (I) on a surface will be equal to the sum of the reflected (R, both 

specular and non-specular, or scattered), transmitted (T), and absorbed energy (A). 
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(1) I = T + R + A 

Normalizing the expression by dividing by the total incident energy, then the 

above equation can be rewritten as the following where t represents the fraction of light 

transmitted, p the fraction of total amount of light reflected and a being the fraction of 

light absorbed. 

(2) 1 = T + p + a 

Figure 1.1 illustrates the different mechanisms affecting incident light of a partially 

transmitting surface with a thin film of contamination. 
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Figure 1.1 Incident (I), reflected (R), absorbed (A), and transmitted (T) energy 
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It is the quantitative performance of sensors that are most affected by the addition 

of a contamination film because of the film's unknown absorption and transmission 

properties. Contamination effects are highly unpredictable and can even vary between 

satellites within the same series because of manufacturing variations. Glass components 

can be particularly vulnerable to molecular contamination because they tend to run colder 

than surrounding structure and hence act as contamination sinks for local contamination. 

Molecular contamination particularly affects the shorter wavelengths from the uhraviolet 

to the blue part of the visible spectrum. Hence, observed sensor degradation in this range 

is likely due to molecular contamination. 

1.3.2.1 Long Duration Exposure Facility (LDEF) Results 

The LDEF was a NASA unmanned free-flying spacecraft that was deployed and 

retrieved by the Space Shuttle and exposed to the low earth orbit environment for nearly 

SL\ years. LDEF provided scientists the unique opportunity to expose materials over a 

long period of time in orbit, and then retxam the samples to the laboratory for analysis. 

Over 10,000 different types of samples were exposed to the space environment during 

this time including many different types of optical components such as narrow band, 

neutral density and broadband filters, coated mirrors, coated and uncoated windows, laser 

parts, detectors materials and so on. Investigators reported a wide range of results 

regarding the effects of the space environment on optical components. Blue (1991), 
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reported that a shift in the central wavelength occurred for all of the narrow band filters 

both exposed directly to the outside environment and those located behind an aluminum 

plate (only exposed to vacuum and thermal cycles). A general reduction in transmission 

of approximately 8% was also observed. Other experimenters reported transmission 

losses of optical components due to the deposition of an organic film found on many 

LDEF experiments. Damage due to micro-meteoroid/orbital debris impacts was also 

observed. Unfortunately, for most satellite sensors that suffer degradation, the specific 

degradation mechanism responsible remains a speculative exercise. 

1.4 Absolute vs Relative Calibration 

Because satellite sensors typically degrade after a period of time in orbit, they 

must be calibrated regularly. There are two general types of calibration which are applied 

to multispectral sensors on a regular basis. The first is relative calibration which assesses 

changes in sensor gain. Individual detectors in an array when exposed to the same 

irradiance level can have different responsivities. To avoid striping noise in the image due 

to different detector responsivities, the detectors must be normalized. Changes can also 

occur between the relative gains of different bands which can affect vegetation index 

results (Kaufinan and Holben, 1993). Therefore, mean responsivity changes of bands 

must be understood as well. Relative calibration is acliieved by long-term monitoring of 

uiiiioiui aieas with stable reflectances such as large desert areas (Staylor, 1990). A 

knovy'ledge of the ground-reflectance values or an atmospheric correction is not required to 
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perform the calibration. Techniques developed to provide relative calibration besides the 

use of uniform ground areas include the use of sun glint over the ocean and the use of 

clouds (Abel, 1991). Further discussion of specific relative calibration methods is 

provided in Chapter 2. 

Absolute calibration, alternatively, provides a relationship between sensor digital 

counts and radiance incident on the entrance pupil of the sensor. Anchoring sensor digital 

counts to radiance permits comparison of radiometric data from other sensors and also 

can provide surface property data such as reflectance. There are a number of methods 

that have been developed to provide absolute calibration including the use of standard 

targets where the reflectance is known, molecular scatter over ocean targets, and cloud 

radiance. These methods are discussed in more detail in Chapter 2. 

1.4.1 The Cross-Calibration Method 

The objective of the cross-calibration method is to transfer one sensor's 

calibration to another sensor. In the past, high spatial resolution satellites such as 

Landsat TM and SPOT HRV have been used to calibrate the overlapping spectral bands 

of lower resolution satellites such as AVHRR (Teillet and Slater, 1990 , Che and Price, 

1993). For best results, a large uniform area is imaged simultaneously or nearly so, by the 

two sensors. One approach to cross-calibration converts the reference sensor's digital 

counts to radiance using its known calibration. This radiance is used to compute the 
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surface reflectance using measured or assumed atmospheric conditions and a radiative 

transfer code. The ground reflectance is corrected for spectral mismatches between the 

two sensors, bidirectional reflectance function (BRF) effects due to different viewing 

angles, atmospheric differences between overpasses, and for the solar zenith-angle 

changes between overpass times. The corrected ground reflectance data are converted to 

an at-satellite radiance, and finally to a set of calibration coefficients for each spectral 

band of the lower-resolution-sensor. Errors in this method originate primarily from the 

accuracy to which the reference satellite is calibrated, registration errors between the 

sensor images, and the accuracy of the corrections made to the data to account for the 

differences in the spectral characteristics, and illumination and view angles differences for 

the different overpass times of the two sensors. 

There are several possibilities in using this method, all of which have varying 

degrees of uncertainty. For example, the NASA Earth Observing System AM-1 platform 

scheduled to be launched in 1999, v/ill have a variet}' of sensors that will require in-flight 

radiometric calibration for which a cross-calibration approach holds several advantages. 

Specifically, since the sensors are located on the same platform the uncertainties related to 

different overpass times and BRF effects disappear (with the exception of MISR which 

has multiple cameras looking off nadir). These same advantages can be realized when 

performing a calibration between bands of one sensor provided that the site imaged has 

similar characteristics over the two bands. In general, much of the uncertainty of the 
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cross-calibration method can be reduced by a suitable calibration site that allows for 

misregistration with little penalty, and for which its characteristics are well known to 

allow accurate corrections of data between sensors. The subject of calibration sites is 

discussed in more detail in Chapter 3. 

1.5 Review of Remaining Chapters 

This dissertation summarizes the efforts to substantially improve the cross-

calibration method to provide absolute calibration of a variety of sensors. The 

improvements made over previous work in this area include the development of a cross-

calibration software package written in the programming language IDL (interactive data 

language) which improves the repeatability of the method and broadens its application. 

For example, a graphical user interface makes the package easy to use by allowing the user 

to enter sensor and atmospheric data more easily permitting a larger volume of data to be 

processed. The large volume of processed data also allows for a statistical analysis of the 

calibration data generated. The program can run a multiplicity of sites instead of just one 

that is standard in other efforts. It also can search for the best sites in any image by the 

use of a site searching algorithm that allows the user to determine the desired parameters 

of a site. One of the important features of the program is the error analysis portion that 

facilitates better evaluations of uncertainty in the derived calibration gain coefficients. 

1 nis IS accoiiipiibiicLi oy aiiuwin^ uic lu tmccrtaintics m input paramstcrs 

which the program uses to run hundreds of cases v/here the specified param.eters are 
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varied. This allows the accuracies of the retrieved calibration coefficients to be assessed 

in a fashion that is more rigorous than a simple root-mean-square approach. Given that 

one of the most significant sources of uncertainties can be misregistration between sensor 

images, and that certain types of calibration sites minimize this error, a portion of the 

work for this dissertation was spent in the search of acceptable cross-calibration sites 

and the development of criteria to define what constitutes an acceptable site. 

Summarizing the remaining chapters, Chapter 2 contains a review of basic 

radiative transfer theory and a detailed discussion of the most common techniques 

employed to calibrate on-orbit sensors including the cross-calibration method. Chapter 3 

provides the criteria developed to identify acceptable cross-calibration sites and presents 

the results of a search that was performed for such sites located in the desert southwest. 

Chapter 4 describes the cross-calibration software package which provides the means to 

perform end-to-end cross-calibrations. Chapter 5 discusses the sources of uncertainty in 

the cross-calibration method and presents the results of individually varying the sources 

identified on the test sensor calibration coefficient for three calibration band pairs. 

Chapter 6 presents the results of five cross-calibrations performed using SPOT, Landsat, 

and AVHRR imagery. Chapter 7 provides conclusions and a discussion of recommended 

future work. 
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2. VICARIOUS CALIBRATION METHODS 

2.1 Radiation Transfer Theory 

Before moving on to the different types of calibration methods that have been 

developed to calibrate remote sensing satellites, it is useful to briefly review the radiative 

transfer theory associated with this problem and in particular emphasize areas that are 

important to effectively employing the cross-calibration method. Since the subject of 

general radiative transfer has been covered in numerous books (Schott, 1997, LeNoble, 

1993, Slater, 1980) the review here is brief 

2.1.1 The Sun 

In the visible and short-wave-infrared which is the spectral range of interest for 

the cross-calibration method, the source of radiation collected by a sensor originates from 

the sun. However, before the radiation reaches the sensor, it will be modified by two 

atmospheric processes, gaseous absorption and scattering. There are several paths that 

need to be considered, but first it is useful to discuss the source. 

In the visible and near-infrared for which the cross-calibration method has been 

developed, the sun can be nominally modeled as a blackbody radiator that emits radiation 

at an effective temperature of approximately 5900 °K. Planck's blackbody equation can 

be used to describe approximately the spectral radiant exitance of the sun. 
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(3) M.= ^ 

where C/ = 27chc^ = 3.741 x 10^ (h is Planck's constant) 

Ci = hc/k = 1.439 X 10'' |Lim -K (k is Stefan Boltzman's constant) 

A, = wavelength is micrometers (p-m), r= temperature in Kelvin. 

Narrow absorption lines called Fraimhoffer lines and the temperature variability in 

the sun are some of points of departure from a true blackbody model. Since the sun can 

be modeled approximately as a blackbody source and therefore a Lambertian source, the 

exo-atmospheric irradiance£^ can be determined by multiplying solar spectral radiant 

exitance by the ratio of the area of the solar disk to the square of the earth-sun distance, 

and dividing by %. The solar irradiance does vary with season by a few percent as the 

sun-earth distance changes. 

2.1.2 Atmospheric Absorption 

As solar radiation propagates through the atmosphere, a fraction of it will be 

absorbed by atmospheric gases, primarily ozone (O3), water-vapor (H2O), oxygen (O2), 

carbon dioxide (CO2), and methane (CH4). The gases absorb radiation in the visible and 

iieai' infraicu region through vibration and electronic transitions of the molecules. These 

transitions occur at discrete frequencies although the absorption lines are not purely 
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monochromatic due to colHsional and Doppler broadening. O2, CO2, and CH4 are 

constant and uniformly mixed whereas the amount of H2O and O3 can vary depending on 

the atmospheric conditions. Modeling the atmosphere can be very complicated and 

simply using a line-by-line model to do so can be very time consuming. Instead several 

models have been developed to decrease calculation times by implementing some 

reasonable approximations. These simplifying models are used by the radiative transfer 

code employed by the cross-calibration method and will be discussed more in Chapter 4. 

When implementing the cross-calibration technique with sensors having very 

different spectral bands, atmospheric absorption can be an important factor in the 

accuracy of the calibration. For example, for a calibration between two sensor bands, one 

with a band covering 0.5-0.65 ^m, and tlie other band covering 0.7-1.1 fim, the amount of 

water vapor present in the atmosphere would be a very important quantity because of the 

strong water vapor absorption band around 0.94 microns. If the columnar amount of 

water vapor is uncertain, then the atmospheric correction for the second band will be 

uncertain which would lead to an overall uncertainty in the cross-calibration. Therefore, it 

is useful to refer to the transmittance of the atmosphere when choosing sensor calibration 

pairs and when estimating the likely uncertainties of the calibration. 
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2.1.3 Scattering Processes 

In addition to absorption losses, two different scattering mechanisms can also 

attenuate radiation propagating through the atmosphere. The scattering process is due to 

the interaction of the electro-magnetic energy with molecules and particles in the 

atmosphere that cause a change in the direction and spectral distribution of the solar 

radiation. The scattering by molecules and particles that are much smaller than the 

wavelength of light is approximated by Rayleigh scattering whereas scattering by large 

particles (larger than the wavelength of light) is approximated by Mie scattering. Many 

texts have been written on the complicated subject of scattering (Bohren and Huffinan, 

1983, Lenoble, 1993). 

Rayleigh scattering dominates the blue end of the spectrum. The contribution by 

Rayleigh scattering to total scatter can be determined by accurately measuring the 

barometric pressure which provides the molecular number density (number of molecules 

per unit volume) required for the calculation (Schott, 1997, pg. 80-81). A more difficult 

quantity to determine is the loss due to Mie scattering. Mie scattering is highly 

dependent on the number density, particle size distribution, and types of scatterers 

present (complex index of refraction and shape), all of which are not usually known. 

Instead empirical approximations (for example: Junge power law or log normal 

approximations for size distribution) or standardized models are used to describe the 

aerosol environment which gives rise to uncertainty, the magnitude of which depends on 
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the type of calibration being performed. Unlike Rayleigh scattering, Mie scattering is 

typically less a function of wavelength. For those calibrations that utilize dark targets, 

the contribution to the overall signal from atmospheric scatter will dominate and hence, a 

great deal of uncertainty will be realized because of the difficulty in accurately calculating 

total scatter. 

2.1.4 Signal Components Received by a Satellite Sensor 

There are three significant signal components that reach a sensor in the visible and 

near-infrared portion of the spectrum; 

• the direct unscattered surface reflected portion of the signal 

• the path-scattered signal that never reaches the ground 

• the diffuse downward scattered signal that is reflected by the target 

Direct component 

The direct unscattered ground reflected component is the radiation that arrives at 

the sensor after being diminished by scattering and absorption from two traverses through 

the atmosphere and from reflection off the Earth's surface. The absorption is determined 

by the length of the path through the atmosphere and the wavelength range being 

considered. The total path is the product of the two transmittances, one being the solar 

path which is determined by the solar zenith angle, and the sensor path which is 
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dependent on the sensor view angle. The surface reflectance can be described with one of 

two assiunptions. The first assumption assumes the surface is Lambertian and hence the 

incident irradiance is modified by a geometric factor Ji, a cosine factor dependent on the 

solar angle of incidence, and a diffuse spectral reflectance p(x,y) (Schowengerdt, 1997). 

Many surfaces can be assumed Lambertian if tlie sensor view angle of the two sensors is 

limited to within 20 degrees of surface normal. When a surface carmot be assumed 

Lambertian, then the term p(x,y)/7i: must be replaced with the bidirectional reflectance 

distribution function (BRDF) of the surface. Since the BRDF can be difficult to measure, 

widely varying Math time, and often unavailable, conditions consistent with the use of the 

Lambertian approximation are selected whenever possible. 

Path-scattered component 

The path scattered radiance term is the amount of energy that is back-scattered by 

the atmosphere through molecular and aerosol scattering that then reaches the sensor. 

Especially in the blue end and through the visible, molecular scattering dominates for 

typical calibration sites. Beyond the visible part of the spectrum, aerosol scattering 

begins to dominate and for wavelengths greater than 1.0 iim, molecular scattering can be 

neglected. As mentioned in the previous section, the contribution of the path scattered 

component to the total signal received by the satellite is dependent on the reflectance of 

the surface being viewed. For low reflectance targets, the path radiance component 



dominates, and because of the uncertainty in calculating scatter, this term can contain a lot 

of uncertainty. Figures 2.1 and 2.2 illustrate the relative fraction of path radiance as a 

function of surface reflectance for Landsat TM bands 2 (TM2) and 4 (TM4) for two 

different aerosol models and visibility conditions. As would be expected, the path 

radiance for TM2 is much greater due to the contributions from molecular scattering that 

dominate the blue end of the spectrum. For example, at a reflectance of 0.1, path radiance 

represents 50% of the total radiance for TM2 when using an Urban aerosol model with a 

visibility of 10 km. For TM4, path radiance represents only 20% of the total for the 

same aerosol conditions. A good calibration site should have a surface retlectance of at 

least 0.3 to reduce the path radiance contribution to around 10%. Obviously conditions 

with high aerosol amounts should be avoided. 
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Figure 2.1: Percent of path radiance contained in total radiance for TM band 2 
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Diffuse Component 

The diffuse component is the downward scattered component that illuminates the 

ground and then is reflected to the sensor. This term must be considered part of the 

useful signal which compensates some for the attenuation of the direct solar component. 

Normally a correction factor is included in the diffuse component term to account for 

topographical features that obscure the target. Since cross-calibration sites are chosen to 

be flat and free of such features, this factor will not be included. 

Total At-Satellite Radiance 

The total at-satellite radiance is then the sum of the three major components: 

(4) L,„, = Lf"' + if"" + Lf"'" 

L.MyXe.s.M.'f.)= 
TT 

rmh. n n . I n ^ +L'';;'\x,y,d^,(p^,d„(p,)+p(x,yxe„(p,,e^,%)~^ 
K 

where: p is Lambertian ground reflectance 

Ts and Ty are the solar and sensor view transmission paths after 

absorption and scattering 
X and y denote the location on the ground 

0s and (l)s are the solar zenith and azimuth angles 

0v and <j)v are the sensor view zenith and azimuth angles 

El is the top of the atmosphere spectral solar irradiance corrected for the 

Earth-Sun distance 

is the path radiance 

^down diffuse component 
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There are two other components which can potentially contribute to the total 

signal, but are not included in the above discussion. The first is signal contributed by 

reflected light off adjacent surfaces not in the sensor field of view, but for which a 

fractional amount of the signal is scattered into the sensor FOV. This is known as the 

adjacency effect. The other is as a result of successive scattering between the target 

surface and atmosphere. The radiative transfer code 6S (Second Simulation of the Satellite 

Signal in the Solar Spectrum) that is used in this work does include the successive 

scattering term and can include the adjacency term if the parameters are included in the 

input file. 

2.1.5 Cross-calibration Method Considerations 

By examining the basic radiative transfer equation, several additional observations 

can be made. For the diffuse and especially for the direct components, the spectral 

dependence of the target is of obvious importance. When performing a cross-calibration 

between sensors that have different band characteristics, it is critical to know the spectral 

characteristics of the target surface to have confidence in the calibration. If the target 

reflectance is not constant across the bands in question, then a correction is necessary. 

For calibrations for which the sensor view angles are different, the target surface must be 

characterized well enough to either assume a lambertian case or to perform a correction 

given the target BRDF. Hence, knowledge of the surface reflectance itself is not required, 
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as that is derived from the reference sensor; it is the spectral correction required that is 

important. 

2.2 Summary of Satellite Calibration Methods 

2.2.1 Preflight Calibration 

Typically before a satellite is launched, a detailed preflight calibration program is 

performed to check the sensor subsystem's radiometric response and functionality. This 

preflight calibration is then used as the initial calibration for comparison to later 

calibrations. As has been established in previous sections, depending solely on a preflight 

calibration is not adequate because of the many changes that can occur on orbit. The 

methods used to perform a preflight calibration vaiy. Typically a calibrated, spherical 

integrating source provides an end-to-end, full field, full aperture calibration of a sensor's 

solar reflective channels. With this method the main uncertainty lies in the calibration and 

stability of the source which typically is no better than ±3% (Biggar et al., 1993). 

2.2.2 Onboard Calibration Systems 

Some sensors have onboard calibration systems as an integral part of the sensor 

design for some or all of the sensor bands. For example, the SPOT HRV sensor 

calibration is performed by a lamp which uniformly illuminates the entire CCD array to 

provide relative calibration, and by a fiber optic array which projects solar irradiance onto 

the detectors of each band to provide an absolute calibration. There are knowu limits to 
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relying on onboard calibrators for absolute calibration. First, as is the case in the SPOT 

HRV, an end-to-end calibration is not performed and hence, the optical components are 

not tested, so any degradation of this part of the system would not be revealed. The 

other problem is that the calibration system itself can suffer the same type of changes as 

the sensor system due to exposure to launch loads and the on-orbit environment. In 

general, for the SPOT HRV on-board calibrator, a stability of ±3% has been reported for 

periods of time on the order of two months (Begni et al., 1986). 

The MODIS sensor has one of the more elaborate on-board calibration systems in 

that four different instruments have been developed for this purpose (Slater et al, 1991). 

A solar diffliser composed of Spectralon® is located beyond the fore-optics to provide 

full aperture, end-to-end calibration. Reflectance changes in the diffuser are expected, so a 

separate instrument known as the Solar Diffuser Stability Monitor has been developed to 

monitor these changes. Even with the elaborate system of onboard calibration, the 

MODIS program still plans to use other methods of calibration including the cross-

calibration technique. 

2.2.3 Summary of Other Calibration Methods 

To overcome the lack of reliable radiometric calibration systems on-orbit, a 

number of different techniques have been developed over the past 15 years. The 

following sections describe in detail some of these techniques and the uncertainties 
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associated with each method. The first section summarizes two basic approaches to 

calibration, the reflectance-based and radiance-based methods. Some of the ways in which 

these two methods are applied are covered in the sections to follow. The final section 

discusses the cross-calibration technique in detail. 

2.2.3.1 Reflectance and Radiance Based Methods 

The reflectance-based method has been used primarily for the in-orbit calibration 

of sensors that have IFOVs of less than 100 m such as the Landsat Thematic Mapper 

(TM) and SPOT HRV sensors (Slater, 1987, Thome, 1993 and Biggar, 1994). This 

method requires an accurate measurement of the reflectance of a selected calibration site 

for each of the spectral bands of the sensor during overpass. The ground radiance data is 

typically collected by measuring the output voltage from a radiometer carried across the 

site during overpass. These data are converted to reflectance by comparing the surface 

measurements to those periodically taken of a reference panel of known reflectancc. In 

addition, the measurement of the spectral extinction optical depths and other atmospheric 

parameters are required. 

A radiative transfer code is used to convert the reflectance measured on the ground 

to an at-satellite radiance corrected for the scattering and absorption induced by the 

atmosphere. The final step in this method is to determine the average digital count of the 

imaged test site for each band, and then compute the calibration coefficients in units of 
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counts per unit radiance. The reflectance-based method is used mostly for the calibration 

of high resolution sensors (with IFOVs of less than 100m) because of the difficulty of 

measuring the reflectance of larger areas in a timely manner. 

One improvement on the standard reflectance-based method of calibration is the 

radiance-based method. For this method a well-calibrated radiometer is flown at an 

altitude of at least 3 km MSL over a selected calibration site. Since most of the 

atmospheric aerosols and water vapor are below the altitude flown, the radiances 

measured are close to the at-satellite radiances. A minimal correction is required to 

account for the atmospheric path from the aircraft altitude to the satellite. The largest 

source of uncertainty is in the calibration of the radiometer used for the measurements. 

The total uncertainties reported for the reflectance-based method for sensor 

bands around 0.5 is listed in Table 2.1 (Biggar, et. al., 1994). A simple root-mean-square 

approach was taken by the authors to determine the uncertainties of the two methods. 
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Table 2.1: Reflectance-Based Method Error Sources 

Source Error (%) Total Error (%) 

Choice of aerosol complex index 2.0 
Choice of aerosol size distribution 3.0 

Optical depth measurement 1.1 
Absorption computations (ozone) 20 

Vertical distribution I.O 
Inherent code accuracy 1.0 1.0 

Non-polarized code 0.1 0.1 
Non-lambertian 1.2 

Ground reflectance measurement 2.0 

Uncertainty in the value of |i s = cos(0s) 0.2 

Total Error (root sum of squares) 4.9 

Both of the reflectance- and radiance-based methods have been used by the 

Remote Sensing Group (RSG) for over ten years to successfully complete numerous 

calibrations of SPOT HRV and Landsat TM sensors (Slater, 1987, Thome, 1993 and 

Biggar, 1994). Uncertainties of ±3.5% for the radiance-based method and ±4.9% for the 

reflectance-based method have been reported (Biggar et al., 1994). 

2.2.3.2 Calibration Using Ocean Targets 

Ocean targets are often used for calibrations that require low radiance targets often 

because the satellite sensors can saturate when viewing high reflectance terrestrial targets 

with high sun angles. There are two sources of radiance that are used in these calibrations. 
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The first is molecular scattering where at view angles of 50°-70°, 70-80% of the radiance 

is due to molecular scattering when the reflectance values lie between 2 and 9% (Kaufinan, 

1993). The amount of molecular scattering depends only on the atmospheric pressure. 

The remaining signal depends on aerosol scattering, imderwater reflectance, and foam 

reflectivity. The other source of radiance is ocean glint, which can account for 87% of the 

radiance. Ocean glint radiance cannot be as accurately predicted as molecular scattering 

because of the dependence on wind speed and wave structure. However, the specular 

reflectance is independent of wavelength which allows a transfer of calibration from one 

band to another. This kind of inter-calibration is only possible for those sensors that 

don't saturate when observing the sun glint signal. 

Koepke (1982) collected ground and atmospheric measurements of ocean targets 

to calibrate the Meteosat satellite. Vermote (1992) and Kaufman and Holben (1993) used 

large viewing angles, molecular scatter, and atmospheric models to calibrate the visible 

channel of SPOT KRV and AVHRR respectively, and then transferred the calibration 

using sun glint to the near-IR bands. Kaufman reported method uncertainties of 10% 

(absolute) in the visible and 12% for the near-IR band. Parada et al. (1996) and Parada 

(1997) performed calibrations using Lake Tahoe as the water target. Unlike large ocean 

areas, large lakes present some additional challenges in that adjacency effects must be 

taken into account and varying water depths and turbidity can effect the uniformity of the 

target. 
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The major uncertainties in using ocean targets are the presence of thin clouds, 

wind speed, and wave structure which all can effect the glint results. Uncertainties in the 

knowledge of aerosol parameters and the validity of the atmospheric models used 

combine to affect the uncertainties in the radiance from scattering. 

2.2.3.3 Use of Clouds as Calibration Targets 

The advantages of using clouds as calibration targets are, the availability of such 

targets, the high reflectance of clouds, and the relatively inexpensive natiu-e of the 

calibration method. Abel (1991) and Justus (1988) used cloud tops in uniform overcast 

conditions and performed ground-based irradiance measurements to determine the 

radiance values of the clouds. This was achieved by using a radiative transfer code and a 

modified delta-Eddington cloud model to compute the cloud-top radiances. The major 

uncertainty of this method was due to the poor knowledge of the BRDF of the cloud tops 

at the time of observation, which resulted in uncertainties greater than 15% in the 

calibration results. 

2.2.3.4 Calibration Using Aircraft-based Sensors 

Using aircraft to carry well calibrated radiometers that measure up-welling 

radiances at high altitude during satellite sensor overpass are the fundamentals of this 

technique. If the radiometer is flown at an altitude above 3 km, most of the atmospheric 

aerosols and water vapor will be below this altitude, and hence only a small atmospheric 
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correction is required between the airborne sensor and the on-orbit sensor (Slater et al., 

1996). In particular, the uncertainty in the size distribution and quantity of aerosols 

present is almost completely removed as this knowledge is not as important with this 

method. Abel et al. (1988) used an ER-2 aircraft to cany a calibrated spectroradiometer 

over the dune areas of White Sands Missile Range (WSMR) at the time of the over

passing NOAA-9 AVHRR sensor. The radiometer was configured to have the same view 

angle as the AVHRR sensor, but did not have the same resolution (3 km vs 1 km for 

AVHRR). The resolution differences lead to uncertainties in the spatial registration of the 

two images. While the WSMR dune areas are homogeneous, there are distinct non

uniform areas on both sides of the flight path which increased the effect of registration 

errors. The other source of uncertainty was in the calibration of the spectroradiometer 

itself Both of these uncertainties were estimated to lead to a ±5% uncertainty in the 

calibration coefficients obtained for this study. 

Further challenges are observed when using aircraft in that there are inherent 

navigational uncertainties that can lead to a variation in the view angle of the calibrated 

sensor. Changes in the instrument environment can also affect the calibration of the 

instrument. For the ER-2 aircraft, the instrument bays have only limited environmental 

control so at an altitude of 70,000 feet, the pressure is held at about 5.5 psia and the 

temperature is held at 0°C. Electronics boxes can be sensitive to pressure changes and 

the performance of the optics can be dependent on temperature and pressure. Since 



sensor calibrations are performed on the ground and typically in ambient conditions, the 

true calibration of the instrument at altitude may not be determined. Slater et al. (1996) 

suggests that if an ultra-stable radiometer can be used where the calibration uncertainty is 

on the order of 1%, then an overall uncertainty of ±3.5% should be achievable. 

2.2.3.5 Calibration Over Desert Areas 

Many relative and absolute calibrations have been performed using desert areas. 

The lack of vegetation, high surface reflectance (greater than 0.3), large size, and number 

of dry cloudless days are some of the characteristics of desert areas that have been 

attractive to investigators. A number of investigators have made use of large desert areas 

in Africa to determine relative calibration of satellite sensors. Stay lor (1990) identified 

large remote areas in Libya and Egypt that had long term stability, high albedos wdth small 

solar zenith angles, and uniformity. By properly screening data for clouds, sand storms, 

temporary nonuniformities due to moisture, and by accounting for view angle changes, a 

68 month data set was compiled to provide relative calibration of the NOAA 6, 7, and 9 

AVHRR sensors. Kaufinan and Holben (1993) also identified uniform areas in the 

Libyan and Egyptian deserts, but instead only a small portion of data was used each year 

in the August and September months to minimize the variation in solar zenith angle. 

Uncertainties in the relative calibration of around ±3% were reported. Brest and Rossow 

(1992) devised a method of collecting data of 28 geographic locations around the world 

that represented nine surface/vegetation classes, of which some included desert areas. By 



using a large amount of measurements and a sophisticated analysis to screen for clouds, 

seasonal variation, and geometric effects, it was presumed that random local fluctuations 

in the surface reflectance and atmospheric conditions could be smoothed out by averaging. 

However, one of the main assumptions of the study was that the global average of Earth's 

surface reflectance and the atmosphere did not change from year to year. 

All of the above relative calibration desert studies were at one point anchored by 

an absolute calibration method. White Sands Missile Range (WSMR) located in south-

central New Mexico at an elevation of approximately 1200 meters has been used many 

times to provide absolute calibration of sensors (Figure 2.3). There are three distinct 

regions that have been used: 1) the alkali flats region which is a large area that is 

composed of primarily salt compounds and gypsum and covered by creosote bushes in 

varying densities (Wheeler et al., 1994); 2) the dunes region which covers 600 km^ along 

the eastern edge of the alkali flats; 3) the Lava Beds which have been used for low 

reflectance calibration work. Because WSMR has been so frequently studied, it is useful 

to examine some of the results as the site exhibits the typical problems that can be found 

in other desert areas. A number of studies have been conducted to establish the angular 

reflection properties of the WSMR alkali flats. Wakaven and Coulson (1972) measured 

angular reflection properties in the laboratory for wet and dry conditions. Since then a 

number of in-situ measurement studies have been conducted, most recently by Wheeler et 

al. (1993). The results of the studies reveal that the surface reflectance and BRDF 
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characteristics are strongly influenced by the amount of surface moisture present. 

Wheeler et al. (1993) reported a range of reflectances from 0.22 to 0.52 from the same 

surface targets depending on the moisture content. Even morning dew effects were 

measurable as well as algae bloom during periods of heavy precipitation. The magnitude 

of the forward-scattering peak was found to be sensitive to soil moisture, but only at 

significant solar zenith angles (Whitlock, 1994). 



Figure 2.3: White Sands Missile Range (WSMR) 
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The dunes of WSMR exhibit the typical problems that can be present when using 

other dune fields. The same type of reflectance variability as with the alkali flats was 

observed as a function of soil moisture, but it is the shadow variations which strongly 

effect the bi-directional reflectance that can make dune targets difficult to use. Different 

correction schemes have been offered by Che and Price (1992) and Staylor and Suttles 

(1986) to remove these directional effects. Cosnefroy et al. (1993) applied the Staylor 

correction scheme to a study of large uniform areas in North Africa with varying success. 

For sites in Egypt and Libya, temporal stability after correction was observed within 1-

2%. When the same model was applied to zones in Mauritania, the results were not 

satisfactory although the variation was hypothesized to be as a result of undetected 

clouds. Che and Price found the Staylor Jind Suttle model inadequate for the WSMR dune 

site because the uniform area was relatively small. Instead a simpler correction factor was 

used where: 

(5) u  =  U x U O / { U  +  U O )  

where: U = cosGy and UO = cosGs for the sensor view and solar angles 

respectively. It was noted that for small view angles, this BRDF correction method was 

acceptable. 

Moderate wind (10 mph) that increases aerosol content can also add to 

uncertainties which makes in-situ atmospheric measurements particularly valuable. In 



summary, even desert areas which, due to the sparseness of vegetation, can be much more 

stable than other target types, large variations in reflectance (due to moisture and 

view/solar-zenith angle) can still be observed which requires that these sites be used with 

consideration of these realities. Uncertainties in using White Sands were reported in 

Section 2.2.3.1. 

2.2.3.6 Cross-calibration Method 

As has already been discussed in Section 1.4.1, the objective of the cross-

calibration method is to transfer one sensor's calibration to another sensor. A generalized 

graphical representation of the method is illustrated in fig. 2.4. A much more detailed 

representation will be presented in Chapter 4 when the details of the cross-calibration 

program are discussed. 

Teillet and Slater (1990) explored two different methods of cross-calibration. 

Both methods employed the SPOT I HRV (channels 2 and 3) as the reference sensor to 

calibrate NOAA 10 AVHRR channels 1 and 2. However, one method used in-situ 

atmospheric and ground measurements, whereas the other relied on the use of 

atmospheric models and historical ground data sets to perform the atmospheric 

corrections. Absolute calibration of the HRV sensor was accomplished by using the 

reflectance-based method. 
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Figure 2.4: The Generalized Cross-calibration Method 

Measurements of ground reflectance were taken of an 80 by 320 meter site located in the 

alkali flats of White Sands with an Exotech radiometer with filters corresponding to the 

HRV bands during overpass. BRF data of the site were also taken at angles between -45 ° 

and +45" witli the scan plane corresponding to the SPOT view angle. In addition to 
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ground reflectance data, atmospheric optical depth data were obtained between 0.37 and 

1.04 |im and barometric pressure data were collected. 

With these data, a SPOT HRV calibration could be performed. The atmospheric 

parameters were used to determine the effect of atmosphere on the top-of-the-

atmosphere radiance using a radiative transfer code. A complete discussion of tlie data 

reduction is given by Biggar et al. (1990). In summary, to obtain the necessary radiative 

transfer code inputs, the total optical depth is determined by creating a Langley plot for 

each band which entails plotting the natural log of the radiometer voltage as a function of 

airmass (inverse cosine of the solar zenith angle). The slope represents the total optical 

depth, if this parameter was constant for the measurement day. The key equation 

describing the contributions from all parameters is: 

(6) In EiX) = In El{X) - m[5Xl) + S,{X) + 5^, (A) + (^)] 

where: E(X,): solar irradiance on the ground 

ElQCy. exoaUnospheric irradiance 

5r(A,); optical depth due to Rayleigh scattering 

6a(X): optical depth due to aerosol scattering 

6O3(X): optical depth due to ozone 

6NO2(A,): optical depth due to NO2 

The next step is to determine the Rayleigh scattering contribution using the 

barometric pressure data as discussed in Section 2.1.3. Once determined, the Rayleigh 

contribution can be subtracted from the total optical depth leaving the contributions from 



53  

gaseous absorption and Mie scattering. An estimate of aerosol scattering is performed by 

selecting two widely separated radiometer wavelengths that contain almost no absorption 

lines. The residual optical depth remaining is then due only to aerosol scattering. The 

primary contributor to atmospheric absorption is from ozone since other absorption 

bands are avoided. The amount is determined by subtracting the aerosol contributions 

that have been estimated. 

Once the HRV calibration was obtained, a calibration of AVHRR could be 

achieved by transferring the calibration as depicted in figure 2.4 with the differences being 

as follows. The first method used in-situ atmospheric measurements taken on the day of 

overpass, whereas the second method used nominally a continental aerosol model, a 100 

km visibilit>', and a mid-latitude summer profile. The uncertainties reported by Teillet 

for cross-calibration of AVHRRwith HRV with method 1 was ±7% for band 1 and ±8% 

for band 2. The results of the other method were foimd within 2-3% of method 1 with 

iiie largest differences originating from the atmospheric mode! used. The drier sub-arctic 

winter model yielded differences of 2.7% for AVHRR band 1 and 1.6% for band 2. 

Larger differences were observed in band 2 when the tropical atmospheric model was used 

as would be expected because of the added absorption around 0.94 p,m due to the 

increased water vapor. It was also noted that it was essential to make wavelength and 

BRF corrections, or the differences were found to be even greater. One other area of 



54  

significant uncertainty was in the registration of the images given the significant resolution 

differences between the reference sensors and AVHRR sensor used. 

As mentioned previously, the variations in the method mainly lie in whether the 

sensor bands being calibrated are located on the same platform or on different platforms. 

When the sensors are on the same platform, whether in the case of one band being used to 

cross-calibrate a different band within a single satellite sensor, or as will be the case of the 

EOS AM-1 platform, where sensors such as the high resolution ASTER sensor will be 

used to calibrate MODIS and MISR sensors, many of the uncertainties are eliminated 

since overpass times and view angles are identical. There are still uncertainties in the 

registration of the images and spectral differences between the sensor bands which can be 

further complicated if the site spectral reflectance characteristics are not well known. For 

sensors located on different platforms, all of the uncertainties due to potentially different 

atmospheric conditions between overpasses, and site reflectance differences due to 

different solar zenith and sensor view angles, must be taken into account. 

2.2.3.7 Summary of Methods 

Table 2.2 summarizes generally the methods and uncertainties discussed in this 

section. Since there are differences due to the sensor band used, the method of 

determining uncertainty, and many other factors, this table represents only very general 

results. 
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The uncertainty of the cross-calibration method will be no less than the 

uncertainty of the reference sensor gain coefficient which is demonstrated in Chapter 5. 

The significant improvement made to the cross-calibration method in this dissertation is 

the Monte Carlo type simulation that allows the accuracies of the retrieved calibration 

coefficients to be assessed more rigorously than previous work. In particular, because the 

cross-calibration program can vary all parameters simultaneously, the effects of error 

sources that are mutually compensating or reinforcing, will be realized in the results. 

Table 2,2: Summary of calibration methods 

METHOD UNCERTAINTY 
(Calibration Coef.) 

COMMENTS 

Preflight calibration ±3% and greater using standard spherical integrating 

source 

On-board calibrators ±3% depends on calibrator 

Reflectance based method ±4.9% using WSMR 

Radiance based method 
(aircraft-based sensors) 

±3.5%-5% using WSMR, expensive 

Ocean targets ±10-12% no atmospheric measui ements 

Cloud targets ±15% BRDF difficulties 

Desert targets ±3% relative calibration, absolute reported 

in reflectance and radiance based 
methods 

Cross-calibration method ±7-8% sensors on different platforms 
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3. Requirements for Selecting Calibration Sites 

One of the critical areas of the cross-calibration method is locating good calibration 

sites that can reduce uncertainties with the method. As will be described in later sections, 

the definition and characteristics of a suitable cross-calibration site can vary depending on 

the sensor pair that is being examined. A portion of the work for this dissertation was in 

the search for acceptable cross-calibration sites and the development of criteria for 

acceptable sites. Part of the cross-calibration program allows examination of sites and an 

ability to estimate uncertainties with a given site. 

3.1 Summary of site selection criteria 

A search for a suitable cross-calibration site began with identifying several 

important characteristics. In the next few sections, in no particular order, the details and 

justification for these criteria are given. 

3.1.1 High surface reflectance 

"High" surface reflectance reduces the impact of uncertainties in the path 

radiance. As shown in Section 2.1.4, a surface reflectance greater than 0.3 is high enough 

to reduce the effect of the uncertainty in path radiance, unless the aerosol amounts are 

high. 
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3.1.2 Spatial uniformity 

Spatial uniformity minimizes the effects of misregistration. If the site is not 

spatially uniform, the reflectance determined for the site based on the imagery of the 

reference sensor may not correspond well to the reflectance of the "site" in the other 

sensor if they are not perfectly registered. The percentage error in reflectance due to 

misregistration, directly results in the same percentage error in the calculated calibration 

coefficient. Therefore this is one of the most important areas to reduce uncertainty. 

Figure 3.1 shows the correlation between an error in the reflectance and the resulting error 

in the at-satellite radiance. Regardless of whether the reflectance is centered at 0.3 or 0.5, 

the error in radiance is nearly one-to-one with the initial error in reflectance. 

3.1.3 Flat spectral reflectance 

A flat spectral reflectance reduces the uncertainty caused by computing the reflectance in 

a spectral band of the uncalibrated sensor using a non-identical spectral band of the 

reference sensor. It is possible that spectral differences can still be corrected if the site is 

spatially uniform and temporally invariant provided the spectral reflectance is knovm. 

The WSMR alkali flats is an example of a site that is not spectrally flat (see Figure 3.2), 

but because it has been studied over a number of years, the spectral reflectance has been 

well characterized allowing for a spectral correction to be performed. The spectral non-

uniformit)' in the short wave infrared makes it difficult to use for calibrations in that 

region. 
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Figure 3.1: Percentage error in caiibration coef. due to image misregisirauun 
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Figure 3.2: Spectral reflectance for the WSMR alkali flats 

3.1.4 Temporal invariance 

Temporal invariance of surface properties such as surface reflectance, bi

directional reflectance, and shape of the spectral reflectance is desired. Large temporal 

variations of these properties would require measurements of the surface properties every 

time a calibration is performed in order to achieve low uncertainties. This criterion 

requires that a suitable site have little to no vegetation in order to achieve both high 
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reflectance and low temporal variability because, in reality, most calibration sites can 

probably be only expected to be "good" for some part of the year. In the case of WSMR, 

it is considered a good site between the months of October and December because of the 

number of clear sky days and lack of moisture. The peak precipitation period occurs 

from the months of mid-July to mid-September when small lakes form (Wheeler, 1994). 

3.1.5 Lambertian surface 

Ideally, a lambertian surface would eliminate uncertainties due to view angle 

differences between the reference and uncalibrated sensor. However, there are no known 

lambertian surfaces on the order of 1 km (or smaller than that), thus the site should be as 

lambertian as possible to minimize directional reflectance effects. An error in the BRF is 

identical to a percent error in the reflectance. 

3.1.6 High altitude 

High altitude reduces the uncertainties due to aerosols in tv»'o ways. The first is 

that the total aerosol loading is usually reduced. The second is that uncertainties due to 

not knowing the vertical distribution of these aerosols is smaller. For typical calibration 

sites, the second effect is much smaller than the first. 
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3.1.7 Large size 

The site should be large enough that effects due to scattering of light from areas 

outside the target are minimal. That is, the adjacency effect should be small. Since this is 

a function of the target size, reflectances of the target and surround, and atmospheric 

conditions, it is difficult to determine ahead of time how large a target must be. 

3.1.8 Arid region 

Dry regions are preferred for two reasons, lack of rain improves the probability 

that the surface reflectance does not change, and arid regions are less likely to have cloudy 

weather. 

3.1.9 Accessibility 

The site distance to the Remote Sensing Group's laboratory in Tucson, Arizona 

and accessibility via at least gravel roads were considered important. A short distance to 

RSG allows more frequent use of ground crews to evaluate the site for a cross-calibration 

while accessibility allows access with the group's mobile laboratory. If many of the other 

criteria are satisfied, it may not be necessary to have ground crews for all calibrations. 

3.2 Site search results 

A search for a cross-calibration site was initiated by examining USGS (United 

States Geographical Survey) maps (1:100,000 scale) to locate large dry lake beds of the 



62  

desert southwest (southern California, Arizona, southern Nevada, and southern Utah). 

The search was limited to distances that could be driven in fourteen hours from Tucson, 

AZ. Playas were chosen because the topography is generally flat, and they often have 

minimal vegetation. After determining a list of candidates, corresponding Landsat MSS 

images were previewed on GLIS (Global Land Information System available on the 

internet at xglis.cr.usgs.gov) to screen data for clouds. Table 3.1 lists the MSS images 

obtained and the areas of interest examined in each image. 

Landsat 4 and 5 MSS (Multispectral Scanner System) images were chosen for the 

initial preview because of their low cost and "high" spatial resolution. MSS data are only 

six bit data, so the radiometric resolution limited the level to which the sites could be 

studied for the spatial uniformity. However, the initial preview was valuable for 

screening out sites that had higli spatial variability, although this screening was based on 

only one observation. It was cost prohibitive to perform a methodical temporal study of 

each site and given the limitations of the MSS data, it was probably not justified 

regardless of the cost issue. 
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Table 3.1: Calibration Site Candidates 

USGS MAP MSS IMAGE: 
PATH/ROW 

DATE REGIONS OF INTEREST 

Kingman 39/35 9/26/92 Red, Ivanpah, and Mesquite 
Lakes 

Needles 39/36 10/12/92 Bristol, Cadiz, and Danby Lakes 

El Centro 38/37 7/17/92 Yuma Desert 

Richfield 38/33 10/5/92 Sevier Lake 

Kingman, Williams, 
Prescott 

38/36 8/2/92 Laughlin Area 

Death Valley 41/35 9/24/92 Owens Ljike 

Trona 40/36 10/3/92 Mojave Desert, Searles Lake 

Lund 40/33 8/8/92 Lunar Lake, Raiboad Valley 
Playa 

3.3 Site Search Algorithm 

To conduct methodical searches of images for candidate sites, a site search 

program was developed. The program allows the user to search on the basis of size and 

spatial variability. The program essentially looks at the variation in averages of groupings 

of pixels to evaluate the spatial uniformity of the image data. The specific steps in the 

program are detailed m the next section. 

3.3.1 Program Set-up 

The program uses the IFOVs of the sensors to be used to determine a box size. 

The box size is the number of pixels of the reference sensor within a ground-IFOV of the 



uncalibrated sensor. For a'! cases examined to date by our group, this number has been 

greater than 1. For the use of the panchromatic band of SPOT HRV as the reference and 

AVHRR as the uncalibrated sensor, the box size is 100 since the nadir ground-IFOVs are 

10 and 1000 m respectively. 

The program also uses an area size which is defmed to be the spatial extent for 

which a maximum variability is tolerable. For example, to ensure that the site selected has 

minimal variability over a 3 by 3 pixel area of AVHRR, the area size would be 300 by 300 

pixels if the reference sensor were again the panchromatic band of SPOT HRV. 

A maximum and minimum digital count range for the average and a maximum 

digital count for a pixel are also specified by the user. The range for the average digital 

counts is used to limit the search according to reflectance. For instance, a search can be 

performed for all sites with average digital counts which correspond to an apparent 

reflectance between 0.3 and 0.5. Tlie maximum digital count for a pixel is used to prevent 

sites which contain saturated pixels from being used in the averaging. 
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Figure 3.3: Site Search Example 

The program also searches based on the limit of the standard deviation of the 

averages. This is not straightforward because the standard deviations are strongly 

dependent on the spatial resolution of the reference sensor being used. Numerous runs 

have shown that, for instance, that panchromatic data from SPOT HRV are more 

"variable" than the XS bands of SPOT HRV. This can be better understood when one 

realizes the standard deviation of 100 pixels of knage data is typically larger than the 

standard deviation of the average of ten numbers, which are themselves averages of ten 

pixels. 
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3.3.2 Program Operation 

To provide an example of the program operation, let the box size be 100 by 100 

pixels, and the area size be 300 by 300 pixels. The program calculates the mean digital 

count values for nine box values as seen in Figure 3.3, and screens for saturated pixels. 

The maximum and minimum box values for each area size are used to calculate a coarse 

site variation for the particular area of the image. For example, if the box values were 177, 

180.5,175,176, 177,179.5,181,175,178, then the coarse site variation would be 3.3%. 

This first coarse calculation has only sampled the site area in nine places and is done to 

save time. If the site appears acceptable with the coarse examination, then the site is 

reevaluated by calculating all possible box values in the area (excluding rotation). The 

maximum and minimum values for that examination are then saved and used to represent 

the true variation of the potential site. The variation always increases after this 

examination, over the initial inspection, which tends to be very conservative. If the 

second examination still yields an acceptable site, the site location is recorded (in x and y 

position of the image) and provided as part of the program output. After a particular area 

box is fully examined, it is shifted one pixel in the reference image and the process 

continues. 

3.3.3 Site Search Results 

The search algorithm was used first on the MSS images listed in Table 3.2 to 

identify' potential sites. During the evaluation of the MSS images, many promising sites 
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were found. However, it was difficult to make a final decision on such sites without 

higher radiometric resolution images, so some choices had to be made. During the initial 

investigation, the Railroad Valley play a and neighboring Lunar Lake appeared to be 

promising areas (Figure 3.4). In order to view Figure 3.4 correctly, rotate the image 90 

degrees in the clockwise direction. In this orientation. Lunar Lake appears in the lower 

left comer and Railroad Valley Play a appears in the upper right comer. Lunar Lake has 

been previously used by scientists from the Jet Propulsion Laboratory for the calibration 

of data from the Airborne Visible/Infrared Imaging Spectrometer (Vane et al., 1993). This 

work shows Limar Lake to be of high reflectance (greater than 0.5 throughout much of the 

solar-reflective range) and spatially uniform over areas on the order of 0.5 by 0.5 km^ . 

Unfortunately, the site is too small to be used reliably by satellites with footprints greater 

than this because of its small overall size (1.5 x 2 km) and lack of spatial uniformity at 

scales larger than 0.5 km. Hence, the Raikoad Valley site was chosen for further 

examination. 



Figure 3.4: Lunar Lake and Railroad Valley Playa 



69  

3.4 Railroad Valley Play a 

This section discusses the specific characteristics of the Railroad Valley play a and 

how it meets the criteria discussed in Section 3.1. Railroad Valley is located 

approximately 300 miles north of Las Vegas, Nevada and 100 miles east of Tonopah, 

Nevada on US Highway 6. The center coordinates of the playa in decimal degrees are 

approximately 38.5 N, and 115.7 W. The approximate size of the dry lake bed is JO by 

15 km and it stands at an altitude of 1430 m (criteria 6 and 7). Several Landsat TM, 

SPOT HRV, and AVHRR images were obtained of Railroad Valley so that the area could 

be analyzed fiirther (Table 3.2). 

Table 3.2: Railroad Valley images analyzed for spatial uniformity 

SENSOR BANDS DATE 

SP0T2 HRV panchromatic band 7/19/93 

SP0T3 HRV all bands 11/16/95 

LANDSAT MSS all bands 8/8/92 

AVHRR bands 1 and 2 10/13/92 

LANDSAT TM all bands N/A 

AVHRR bands 1 and 2 10/11/94 

The level of uniformity reported by the search code depended on the resolution 

of the image examined. Surveys of all the bands of SPOT, and the first four bands of 

Landsat TM images yielded multiple sites that were uniform to ±2.5% over 3 by 3 km 

areas and ±1,5% over 2 by 2 km sites (criteria 2). Examination of AVHRR images 
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indicated 3 by 3 km areas within Railroad Valley with less than 1% variation between the 

pixels, but subpixel misregistration, which can be significant, cannot be examined with this 

type of image. The temporal invariance (criteria 4) has not been established over a full 

year. However, uniformity studies of images collected from different months and 

different years (see Table 3.3) indicate that the spatial uniformity appears to be 

maintained at least from mid-summer to late fall. 

Several trips have now been made to Railroad Valley in the last year to examine 

the area and collect BRF and reflectance data. An area located at 38.47 N and 115.65 W 

near an oil facility has been selected for further study. The location was chosen because 

of its proximity to accessible roads (criteria 9), and for its total lack of vegetation (criteria 

8). Although an arid region, the area does appear susceptible to problems with contrails 

from passing aircraft traffic. 

Preliminary measurements of the playa do indicate that it does meet the high 

surface reflectance requirement in that it is above 0.3 (criteria 1). Data taken by both JPL 

and RSG also indicate that it is spectrally fairly flat from 0.6 to 2.0 )xm (figure 3.5). 
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Figure 3.5: Spectral reflectance of site on the Railroad Valley Playa 

3.5 BRF Characteristics of Railroad Valley 

The bi-directional reflectance characteristics of a test site are important for the 

calibration of satellite sensors as mentioned earlier. Significant errors can be introduced 

when incorrect angular reflectance values are used. The most critical measurement is the 
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bi-directional reflectance factor at satellite view angles. For cross calibration of two 

satellite sensors, a correction factor relating the angular reflectance of one satellite view 

angle to the other is required. The ideal test site, a lambertian surface, would result in a 

correction factor of unity. If the surface deviates from a lambertian surface, calibration 

errors result. To reduce these errors, measured angular reflectance values need to be used. 

Some observations and sampling of the bi-directional reflectance distribution fimction of 

the Raihoad Valley site have been made, but not enough data have been taken to 

definitively characterize the playa. Based on these preliminary results, it can be 

concluded that there is a significant non-lambertian effect for the site at the few sun angles 

that have been sampled. There appears to be less variation in reflectance factor as the sun 

altitude increases. Since there are many factors that affect the angular reflectance, further 

investigation is needed. 
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4. Development of a Cross-Calibration Program 

This chapter describes the details of the cross-calibration program developed to 

perform end-to-end cross-calibrations. The first section describes the general approach 

taken in developing the program. The next few sections describe segments of the program 

and the important assumptions made during development. The details of the 6S radiative 

transfer program are discussed in section 4.7. The final section then describes some of the 

results of the formal testing conducted to demonstrate program functionality. 

4.1 Program Development Approach 

The objectives in developing the cross-calibration program were; 

• to develop a flexible and user-friendly program 

• to allow for a multiplicity of sites to be run at one time 

• to provide a site specification function that would identify calibration sites with 

specific characteristics 

• to perform a detailed error analysis of each calibration 

• to develop a program that could function with different computer operating systems 

To ensure a flexible and user-friendly program, the cross-calibration program is 

written in the interactive data language (IDL) developed by the company Research 
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Systems Incorporated (RSI). The IDL language was selected because it is used commonly 

by the remote sensing community, it offers a library of powerful macros, supports a 

range of computer operating systems (several different UNIX operating systems, 

Windows 95 and NT etc.) and because of the ease in which graphical user interfaces 

(GUIs) can be developed. The program was primarily developed on a Silicon Graphics 

Inc. (SGI) Indigo 2.0 computer running the UNIX IRIX operating system (version 6.2). 

The program, however, has subsequently been operated on a Sun machine ruiming the 

UNIX based Solaris operating system (version 2.5.1). Since one of the important 

objectives in developing the program was to ensure that the program was flexible and 

user-friendly, a GUI style program was adopted. To allow for expansion and changes, 

the program is composed of a series of modules, many of which can be run separately 

outside the program. The error analysis portion of the program is discussed in Chapter 5. 

4.2 Program Elements 

The program consists of four different parts (graphically shown in Fig. 4.1). The 

first part of the program gathers information about the sensors and performs a registration 

between two images. For reference, the calibrated sensor is referred to as the reference 

sensor, the uncalibrated sensor as the test sensor in the program. The images used 

typically have a detector normalization performed, no radiometric correction, but may 

have been rcsamplcd via a nearest-neighbor approximation to geometrically orientate one 

image with respect to the other. This may involve rotating and/or slightly warping the 
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image using specific ground control points (GCPs) in each image and using nearest-

neighbor resampling (as described by Gustafson-Bold and Thome, 1996). The user may 

select a sensor band filter function if available in the radiative transfer program 6S, or a 

rectangle function with a 100% transmittance spanning a specified band. A future 

enhancement to the program will allow the user to input a user provided filter fiinction. 

The registration specifics will be discussed in the next section. 

Gain Coef. 
Calculation 

Site 
Selection 

Error 
Analysis 

Input and 
Registration 

Figure 4.1: Basic Program Modules 

The site selection part of the program allows the user to specify the type of 

calibration site to locate. The specifics of the site selection will be discussed in section 

4.4. The next part of the program calculates the nominal gain coefficients without any 

corrections to the data for spectral differences in the bands or other effects. It is in this 

portion of the program that the 6S radiative transfer program is used. The details of the 

6S program, are discussed in section 4.7. The final part of the program is the error 

analysis portion which allows the user to specify errors for all important parameters. 
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The program randomly varies the input parameters selected to determine the range of 

values that the test sensor calibration coefficient falls between for each site . As 

mentioned, the error analysis module will be discussed in Chapter 5. Further details and 

images of some of the GUIs are presented in Appendix A. 

4.3 Input Module 

The input module collects information from the user about the reference and test 

satellite images that will comprise the cross-calibration. The user must select the two 

images, input the image dimensions, and specify the sensor type and band information. 

The two images are displayed to ensure the user did not input the wrong image 

dimensions. Currently the program supports the following sensors: 

• LANDSAT Thematic Mapper (four bands) 

• SPOT HRVl (four bands) 

• SPOT HRV2 (four bands) 

• NO A A 11 -14 A VHRR (two bands) 

• MODIS (7 bands) 

• MAS (7 bands) 
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Place holders have been added for SEAWiFS, AVIRIS, MISR, and ASTER bands 

so that they may be entered at a later time. Directory paths and a root name for all 

output files are also specified by the user in this module (See figure A. 1 in Appendix A). 

4.4 Image Registration Module 

Image registration is accomplished by displaying the reference and test sensor 

images side by side and allowing the user to select one GCP in each image that represent 

the same areas (see figure A.2 in Appendix A). The user is then required to input an 

error in the x and y directions associated with the selection of the GCP. For images with 

veiy similar resolutions, the GCP selection is straight-forward and an error range of 40 

meters (corresponding to a couple pixels) might be entered. Images with large resolution 

differences can be more challenging to visually match, and errors in the selection may be 

several kilometers. The registration accuracy with low resolution images (on the order of 

one km) can be improved if geolocation data are available which allow the user to know 

the latitude and longitude of specific pixels. In this way, a user can select a specific pixel 

of a known site in the two images. 

Image registration is performed by maximizing the correlation between the images 

by using the IDL library function CORRELATE. The range error value is used to define 

the range of areas in the larger image that will be searched to find the maximum correlation. 

For exeimple, an error range of 40 meters will result in a search that shifts the images with 



78 

respect to each other by 40 meters in all directions (±x and ±y axes). For images that are 

rotated with respect to each other, it is better to limit the error and therefore the search 

area because of the rotation. Only the area where the GCPs were selected is likely to be 

accurately matched, especially if the GCP selections are known to be accurate. That is, 

the edges of the image will likely be poorly matched because of the rotation and a poor 

correlation result is also likely. The poor correlation value is not a problem as long as the 

user understands the limitations of the registration. Following the correlation, the 

program redisplays the two images side by side and allows the user to visually check the 

correlation (see figure A.3 m Appendix A). The user can select points in the reference 

image and the resulting points are displayed in the test image along with the coordinates 

and DC (digital count) values of the points selected. If the points appear to match badly, 

the user can elect to depart the program and repeat the correlation with different error 

values or GCPs. In practice, it was found useful to rotate and warp images prior to 

entering the cross-calibration program in order to improve the correlation during the 

registration procedure. This can be done using standard image processing software such 

as ERDAS Imagine. 

For images that have different IFOVs, a universal pixel size is selected by the user 

which is used to convert the images into arrays of values that have values that are 

spatially equivalent. For example, given a SPOT HRV and AVHRR image, a universal 

pixel size of 500 meters might be selected. In this case each 1 km AVHRR pixel will be 
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split into four pixels each with a value equal to the 1 km pixel value. For the SPOT 

image, blocks of pixels 25x25 in size will be averaged to make up one pixel in the image to 

be correlated. Once these above conversions are accomplished, the correlation is 

performed. Follov^ng the correlation, tliese converted image arrays are discarded and not 

used for any other part of the program. 

4.5 Site Selection 

After registering the reference and test images, the program enters the site 

specification module (see figure A.4 in Appendix A). In this module the user specifies 

the characteristics of the calibration sites that will be searched for in the reference image 

and used for the calibration. The user enters values for the following parameters: 

• Minimum digital count 

• Maximum digital count 

• Saturation digital count 

• Registration error 

• Shift value 

• Maximum percent variation 

• Maximum number of sites 
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The maximum and minimum digital count limitations allow the user to search for 

bright or dark targets, or targets in a narrow regime where similar spectral characteristics 

might be assumed. Sites with saturated pixels can be avoided with the saturation DC 

limit. The registration error specifies the size of the calibration site and the registration 

error permitted in the original correlation while still ensuring the test pixel is located 

somewhere in the calibration site. The maximum percent variation limits the variation 

that can be present in the site. For example, assume a LANDSAT TM band two 

reference image and a SPOT HRV band one test image are being used in a calibration. A 

registration error of 60 meters would result in a calibration site that was 150 x 150 meters 

in size. A specific HRV pixel would be registered with the center TM pixel of the site. If 

a maximum variation of 1% was selected, the maximum and minimum digital count values 

within the TM site could not vary by more than 1%. The shift value entered specifies 

how many tim.es the potential calibration site will be sampled when determining the 

variation of the site. The shift value is only used for those calibrations that have sensors 

with significantly different IFOVs (instantaneous fields of view). For large calibration 

images, it is not desirable to sample every possible site value in the image. For example, 

assume an AVHRR (one km pixel size) test image, a HRV (20 m pixel size) reference 

image, and a three km by three km calibration site specification (one km registration 

error). It would be possible to sample a 1 km area in the calibration site (50 x 50 HRV 

pixels) and then shift the sampled area by 20 meters and calculate another value. To limit 
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computation time, a shift value is specified. In this way, the user can specify that the 

potential site be sampled every 500 meters, for example. This would result in 16 one km^ 

areas being evaluated within the nine km^ site instead of 10,000 one km^ areas if no shift 

value was selected. 

Upon completion of the initial site selection identification, the user may view the 

coordinates, DC values, and site variations of the sites identified. A module can be called 

that will display the reference and test images and mark the locations of the calibration 

sites on the images (examples in Chapter 6). This allows the user to easily see where the 

calibration sites are located and the number of calibration sites in one area. Separate to the 

cross-calibration task, the suitability of new sites can be evaluated with this program. 

4.6 Initial Calibration 

After the calibration sites are identified, a preliminary calibration is performed. 

To perform the initial calibration, the following information is collected (see figure A.7 ir 

Appendix A): 

• Reference satellite gain coefficient 

• Reference satellite on-board gain value (if applicable) 

• Reference satellite offset value 

• Test satellite on-board gain value 
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• Test satellite offset value 

• All inputs required for 6S including sensor and solar view, atmospheric and aerosol 

parameters 

The details of the inputs required for 6S are described in Section 4.7. To provide 

an initial estimate of the test sensor gain coefficient for each site, a set of reference sensor 

digital counts are run at 20 DC intervals and range from the minimum to the maximum 

reference sensor DC values found in the calibration site data. A linear expression is then 

determined to equate reference satellite digital numbers (DN), which accounts for any on

board gain value, and atmospherically corrected reflectance. A second linear expression is 

then determined to equate the ground reflectance and the radiance at the test sensor. Once 

these expressions are derived, an initial estimate of all test sensor gain coefficients can be 

derived that vary in the third decimal place to a standard calculation that does not use 

linear interpolation. This method is computationally much faster than running 6S twice 

for each individual site. The initial gain estimate for each site is not used later in the 

program, it is only provided at this point for the user to make a quick evaluation of the 

calibration sites identified. 

4.7 Details of the 6S Radiative Transfer Code 

The cross-calibration program calls the radiative transfer code Second Simulation 

of the Satellite Signal in the Solar Spsctmm (6S) to solve the sun-target-sensor problem 
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between 0.25 and 4.0 micrometers. The program was selected because it uses analytical 

approximations in calculating atmospheric and scattering effects which allows for rapid 

computations. It also performs band integrated calculations which was desired to account 

for sensor responses and target spectral reflectances. 6S is an improved version of its 

predecessor 5S which has been used by the remote sensing community for a number of 

years. 

The cross-calibration program does not use all of the capabilities available in 6S so 

this section will only describe those features that are used. The input parameters required 

for the program include: 

• sun and sensor view angles 

• atmospheric model information 

= aerosol model information (type and concentration) 

= sensor spectral information (wavelength range and filter function) 

• ground reflectance (spectral variation) 

Table 4.1 gives a summary of the 6S code characteristics which v^ll be discussed in 

this section. Much of the following information is based on information found in the 6S 

User Guide. 
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Table 4.1: 6S Characteristics 

Geometric conditions accounts for sun and view angles 

Solar spectrum spectrum divided into spectral intervals of 10 cm"' width 
Atmospheric profile atmospheric conditions as a function of altitude (34 levels) 

Absorption O2, CO2, HjO, O3, N2O, CO, and CH4 
use Goody and Malkmus statistical band models 

spectral resolution 10 cm"' 
Aerosol model (type) obtain the phase function, extinction and scattering coef, 

and asymmetry factor by using tabulated values performed 
at 10 wavelengths and 83 phase angles 

Spectral bands spectral integration uses 2.5 nm steps for sensor bands 
Ground reflectance spectral integration uses 2.5 nm steps 

Atmospheric reflectance uses scalar successive order of scattering method 

4.7.1 Atmospheric Absorption 

Six standard atmospheric models, one user-defined atmosphere, and a no 

atmosphere option are among the selections possible in the cross-calibration program. 

Table 4.2 lists the models available in the program £ind the ozone and water vapor values 

prescribed for each model. 

Table 4.2: Atmospheric Models 

Model water vapor (grams/cm^) ozone (cm-atm) 

No absorption N/A N/A 

Tropical 4.120 0.247 

Midlatitude Summer 2.930 0.319 

Midlatitude Winter 0.853 0.395 

Subarctic Summer 2.100 0.480 

Subarctic Whiter 0.419 0.480 

US Standard 62 1.420 0.344 
T T T-\ .r: ] 
USCL UdCi UCIiilCU itco** 
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The temperature and pressure profiles as a function of altitude (split into 34 

layers) for each model are shown in the Appendix of the 6S manual. To minimize 

computation times, two random band models are used to calculate gaseous transmittance 

over a given wavelength interval. The Goody model approximates water vapor 

transmittances and the Malkmus model approximates O2 , CO2, O3 , N2O, and CH4 

transmittances. Steps of 10 cm'' are used for the computations. 

4.7.2 Aerosol Models 

Four standard aerosol models, one user defined option, and a no aerosol option are the 

selections available in the cross-calibration program. The specific models are: 

• No aerosols 

• Continental model 

• Maritime model 

• Urban model 

• Shettle (desert) model 

• User defined 

Optical scattering parameters including the extinction and scattering coefficients, 

phase function, asymmetry factor and the single scattering albedo are computed at ten 

wavelengths and 83 phase angles for the model selected or defined. Each model (except 
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Shettle) is a mixture of the following four basic components which define the size 

distributions and refractive indices (World Meteorological Organization, 1983): 

• dust-like component 

• oceanic component 

• soot component 

• water-soluble component 

Table 4.3 shows the specific mixtures of these components. 

Table 4.3: Aerosol Models (volume percentages) 

dust water-soluble oceanic soot 

Continental 0.70 0.29 0.00 0.01 

Urban 0.17 0.61 0.00 0.22 

Maritime 0.00 0.05 0.95 0.00 

Each component is associated with a volume concentration and particle number 

density. The extinction cross section and aerosol optical depth at ^ = 550 nm are 

calculated firom the vertical distribution of the particle density. 

(7) K"\Z) = <T55oX lO-^xN(z) 

The extinction cross-section (asso ) at A, = 550 nm is taken to be 0.056032 as 

defined by McClatchey (1971) and an index of refraction of 1.50 is assumed. 



4.7.3 Atmospheric Reflectance 

The successive order of scattering method is used to compute atmospheric 

reflectance divided into three reflectance terms: rayleigh, aerosol, and mixed Rayleigh-

aerosol. The atmosphere is decomposed into equal optical depth layers by computing the 

proportion of aerosol and molecules in each layer and assuming an exponential 

distribution. The successive order of scattering solves the equation of radiative transfer 

numerically by first calculating the primary scattering radiation (accounting for only one 

scatter event) and then calculating the higher order scattering events, the number which 

depends on the number of atmospheric layers calculated. 

4.8 Software Test Program 

To develop confidence in the operation of the program, a comprehensive test 

program was conducted on the cross-calibration software. To verify the correlation 

routine, identical images were entered for tlie reference and test sensors and a correlation 

value of one was achieved as would be expected. At many different instances, pixel by 

pixel checks were performed to ensure the site selection portion of the program was 

operating correctly. End-to-end operation of the program using identical images and a 

gain coefficient of one does yield a corresponding gain coefficient close to one, to three 

decimal places. The slight variation is due to the operation of the 6S radiative transfer 

code. The operation of the SIXS input module to the 6S radiative transfer program has 

been checked by manually creating the same input files and comparing the results found 
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by the cross-calibration program. Further details of the testing performed on the error 

analysis portion of the program are described in Section 5.3. 
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5. Error Analysis of the Cross-Calibration Method 

5.1 Sources of Uncertainty 

The sources of uncertainty in the cross-calibration method can be compiled into three 

categories: 

• Errors in the reference satellite gain coefficient 

• Errors in atmospheric correction (reference sensor-to-ground and ground-to-test 

sensor) 

• Errors in ground reflectance 

5.2 LANDSAT 5 TM and SPOTS HRV1 Example 

To determine the resulting uncertainties due to the different error sources, 

calibration runs were performed with the cross-calibration program using a LANDSAT 5 

TM image as the reference satellite and a SPO1-3 HRV1 image, information about the 

two images are provided in Table 5.1. 
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Table 5.1: Sensor Information for Landsat and SPOT HRV Calibration Pairs 

Reference Image Test Image 

Sensor name Landsat 5 TM SPOT 3 HRVl 
Overpass date Oct. 8, 1994 Oct. 9, 1994 
Overpass Time (UTC) 16:55:15 17:58:36 
Filter function type 
(uniform, 6S default) 

6S default 6S default 

Wavelength ranges for sensor 
bands 

TM2: 0.50-0.65 
TM3: 0.58-0.74 
TM4: 0.73-0.95 

XSl: 0.47-0.65 
XS2: 0.59-0.73 
XS3: 0.74-0.94 

Image Size (x by y pixels) 501 )y 501 300 by 300 
Solar zenith and azimuth Zen; 47.9 Az: 138.8 Zen: 41.3 Az: 159.4 
Sensor zenith and azimuth Zen: 1.0 Az: 285.0 Zen: 2.3 Az: 284.0 
Atmospheric Model User Defined User Defined 

Ozone (cm-atm), 
water vapor (gm/cm2) 

03: 0.215 H20: 1.644 03: 0.220 H20: 1.042 

Aerosol Model Continental Continental 
Visibility (km) or aerosol @ 
550 mn 

Vis.: N/A 550: 0.0498 Vis.: N/A 550: 0.0386 

Calibration Site Name and 
Elevation 

White Sands Missile Range, Elevation: 1197 meters 

As can be seen from the band information, the calibration band pairs are TM2-

XSl (Landsat band 2 and SPOT band I), TM3-XS2 (Landsat band 3 and SPOT band 2), 

and TM4-XS3 (Landsat band 4 and SPOT band 3). These band pairs will be referenced 

in a number of the following sections to determine the impacts of different error sources 

on the resulting test sensor gain coefficient and the sensitivity of the errors to the band 

considered. The gain coefficient values used and referenced are listed in Table 5.2. The 

reflectance based method values were determined from measurements taken on the sensor 
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overpass days. The CNES (Centre National d'Etudes Spatiales) values are the values 

provided by the commercial operator of the SPOT satellite. 

Table 5.2: Calibration Coefficients for Landsat and HRV bands 

TM2 TM3 TM4 XSl XS2 XS3 

RSG Reflectance 
Based Method 

0.651 0.885 1.048 0.813 1.00 0.894 

Onboard Gain Values — — — 0.77 0.59 1.0 

CNES for 6/20/94 — — — 0.802 1.008 0.867 

CNES for 12/20/94 — — — 0.784 0.990 0.860 

5.2.1 Error in the Reference Satellite Gain Coefficient 

The calibration provided by the cross-calibration method will be no better than the 

uncertainty of the absolute calibration of the reference sensor. As is displayed in Table 

5.3, the uncertainty in the reference sensor gain coefficient directly correlates to nominally 

the same uncertainty in the test sensor gain coefficient. The left column shows the 

nominal value derived for the test gain coefficient, given the nominal value for reference 

satellite gain coefficient. The right column summarizes the percent difference in the 

resulting test sensor gairi coefficient when maximum and minimum values are calculated. 

The particular reference sensor gain coefficients were derived by a calibration performed 

using the radiance based method which has a ±5% error (Biggar et al. 1994). 
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Table 5.3: Results of a ±5% uncertainty in the gain coef. for the reference sensor 

Nominal test gain Maximum gain coef in Minimum gain Percent error 
coef. in counts/radiance counts/rad. coef. in counts/rad. in gain coef 

(ref. coef.) (ref coef + 5%) (ref. coef - 5%) to nominal 
value 

TM2-XSi 0.802 0.842 0.761 ±5% 
(0.651) (0.684) (0.619) 

TM3-XS2 1.014 1.016 0.963 ±5% 
(0.885) (0.929) (0.841) 

TM4-XS3 0.887 0.931 0.844 ±5% 
(1.048) (1.101) (0.996) 

5.2.2 Uncertainties in Atmospheric Correction 

The uncertainties in the atmospheric correction for the two paths can vary greatly 

depending on the knowledge of the atmospheric parameters during the time of overpass. 

For a calibration in which in-situ measurements were taken during the overpass, the 

uncertainties are reduced in comparison to a calibration where standard models are used 

instead. Nominally, the uncertainties for a calibration conducted using RSG 

instrumentation are summarized in Table 5.4 (Biggar et al. 1994 and personnel 

communication with K. Thome). Table 5.5 summarizes the errors for uncertainties in 

water vapor, ozone, and optical depth (at 550 nm) if the maximum uncertainties are 

applied to the first atmospheric correction (reference sensor-to-ground), but not to the 

second atmospheric correction for the three sensor calibration pairs. To obtain the values 

in Table 5.5, the maximum and minimum values for each parameter were calculated and 

then entered as an input to determine the corresponding test sensor gain value. Tlie 

columns labeled Max and Min present the gain coefficients found when inputting the 
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maximum and minimum parameter values (example; H2O value +20%). The percent 

differences reported are the differences found between the nominal gain value found for 

the example sites used, and the maximum and minimum values found by varying the 

parameters to the full extent of the uncertainty. The nominal values for each parameter 

are given in parenthesis in the left hand column. The nominal reflectance for the sites 

used for each band pair was approximately 0.5. Differences in calculated gain coefficient 

values of <0.003 from the nominal gain coefficient value, are considered insignificant due 

to the uncertainties intrinsic to the 6S code. For this reason, a small difference of <0.003 

is listed as no change. A dark site example is given in Table 5.9. 

Table 5.4: Nominal Uncertainties for RSG Reflectance Based Calibration Method 

Parameter Percent Error 

H2O +20 

O3 ±20 

Aerosol Optical Depth ±50 
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Table 5.5: Uncertainties in H2O, O3, and Optical Depth (Bright Sites) 

TM2-XS1 
(nominal gain: 0.802) 

TM3-XS2 
(nominal gain: 1.014) 

TM4-XS3 
(nominal gain: 0.887) 

Max Min % Max Min % Max Min % 

H2O ±20% 
(nom. 1.644) 

0.800 0.802 0 1.013 1.015 0 0.882 0.893 0.6 

H20±75% 
(nom. 1.644) 

0.799 0.805 <0.5 1.009 1.0195 0.5 0.870 0.915 + 1.9 
-3.2 

03+20% 
(nom. 0.215) 

0.792 0.810 I 1.007 1.0195 0.6 0.887 0.887 0 

03±50% 0.781 0.824 2.6 0.998 1.029 1.6 0.887 0.887 0 
Op. Depth ±50% 
(nom. 0.0498) 

0.796 0.807 0.6 1.007 1.019 0.5 0.882 0.893 0.5 

A TM2-XS1 cross-calibration would be sensitive to large errors in ozone amounts 

and to a lesser extent optical depth errors. A TM3-XS2 calibration has little sensitivity 

to the nominal errors described in Table 5.4. A TM4-XS3 calibration is insensitive to 

nominal error described in Table 5.4, but would be sensitive to large errors in H2O 

amounts. As mentioned, the atmospheric errors were only applied to the reference-

sensor-to-ground atmospheric correction. If the errors were applied to both atmospheric 

corrections, the errors couid manifest as complimentary or off-setting errors which 

supports the approach taken to determine uncertainties in a calibration by simultaneously 

varying all parameters. 

It is desirable that some cross-calibrations not always depend on the availability 

of in-situ atmospheric measurements during sensor overpass. Instead it would be useful 

to use standard atmospheric models for some calibrations. Tables 5.6., 5.7. and 5.8 

summarize the results of replacing atmospheric measurements for both sensors with 



standard atmospheric and aerosol models. For each band pair, a site was chosen to 

conduct the analysis and the nominal gain coefficient value found for the site, when using 

the measured atmospheric data, is presented in parentheses at the top of the table. The 

nominal reflectance of the sites used for each band pair was approximately 0.5 and 

therefore the table provides bright site examples. Calculations for dark site examples are 

given in Tables 5.9, 5.10, and 5.11. Atmospheric and aerosol models are applied to both 

sensor atmospheric corrections and resulting gain coefficients are compared to the nominal 

gain value for that sensor pair. The percentage columns indicate the difference between 

the nominal values and the values found for the particular model used. 

Table 5.6: Use of atmospheric models for both atmospheric corrections (bright sites) 

Atmospheric Model TM2-XS1 TM3-XS2 TM4-XS3 
Gain values Gain values Gain values 

(Nom. Gain: 0.802) (Nom. Gain: 1.014) (Nom. Gain: 0.880) 

Gain % Gain % Gain % 
Tropical 0.796 0.7 1.015 0 0.888 0.9 

Mid-latitude Summer 0.794 1 1.020 0.6 0.889 1.0 
Mid-latitude Winter n "70-1 \J .  / y J 1.2 ! .025 1.1 0.892 1.4 
Subarctic Summer 0.793 1.2 1.021 0.8 0.890 1.1 
Subarctic Winter 0.789 1.6 1.028 1.4 0.894 1.6 
US Standard 62 0.795 1 1.020 0.7 0.891 1.3 
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Table 5.7: Aerosol models for both atmo. corrections for bright sites (Vis. = 100km) 

Aerosol Model TM2-XS1 TM3-XS2 TM4-XS3 
Visibility = 100 km Gain values Gain values Gain values 

(Nom. Gain: 0.802) (Nom. Gain: 1.014) (Nom. Gain: 0.880) 

Gain % Gain % Gain % 

Continental 0.803 0 1.016 0 0.880 0 
Maritime 0.802 0 1.014 0 0.881 0 

Urban 0.805 0 1.014 0 0.880 0 
Shettle 0.802 0 1.014 0 0.880 0 

Table 5.8: Aerosol models for both atmo. corrections for bright sites (Vis. = 10 km) 

Aerosol Model TM2-XS1 TM3-XS2 TM4-XS3 
Visibility = 10 km Gain values Gain values Gain values 

(Nom. Gain: 0.802) (Nom. Gain: 1.014) (Nom. Gain: 0.880) 

Gain % Gain % Gain % 

Continental 0.799 0 1.007 0.6 0.874 0.7 
Maritime 0.797 0.6 1.006 0.8 0.872 0.8 

Urban 0.803 0 1.006 0.8 0.870 l . I  
Shettle 0.798 0 1.007 0.7 0.873 0.8 

From Table 5.6 it is clear that the atmospheric model selection effects for bright 

targets results is t>'pically no more than one percent except for the subarctic winter model 

which affects the results slightly more. None of the calibration pairs are particularly 

sensitive to the aerosol model selected especially if the visibility is large. The negligible 

results for the most part can be attributed to the double pass through the atmosphere 

where errors tend to compensate. The analysis presented in this section only applies to 

calibration pairs with particular band characteristics and for a moderately bright site. 
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Results for a dark site are provided in Tables 5.9, 5.10, 5.II, and 5.12. For these 

examples, a simulated dark site was created with a nominal reflectance of 0.09 because 

there were no dark areas within the TM or HRV images. All the same atmospheric 

parameters were used from the two overpass days. 

Table 5.9: Uncertainties in H2O, O3, and Optical Depth (daik site examples) 

TM2-XS1 
(nominal gain: 0.542) 

TM3-XS2 
(nominal gain: 1.056) 

TM4-XS3 
(nominal gain: 0.813) 

Max Min % Max Min % Max Min % 

H2O ±20% 
(nom. 1.644) 

0.542 0.542 0 1.056 1.056 0 0.806 0.813 +0 
-0.8 

H2O ±75% 
(nom. 1.644) 

0.537 0.542 +0 
-0.9 

1.056 1.056 0 0.798 0.838 +3.1 
-1.8 

03±20% 
(nom. 0.215) 

0.533 0.546 +0.7 
-1.7 

1.045 1.067 ±1.0 0.813 0.813 0 

03±50% 0.529 0.555 ±2.4 1.045 1.078 +2.0 
-1.0 

0.813 0.813 0 

Op. Depth 
±50% 

(nom. 0.0498) 

0.546 0.537 +0.7 
-0.9 

1.067 1.045 ±1.0 0.813 0.806 +0 
-0.8 

Table 5.10: Use of atmospheric models for both atmo. corrections (dark sites) 

Atmospheric Model TM2-XS1 
Gain values 

(Nom. Gain: 0.542) 

TM3-XS2 
Gain values 

(Nom. Gain: 1.056) 

TM4-XS3 
Gain values 

(Nom. Gain: 0.813) 

Atmospheric Model 

Gain % Gain % Gain % 
Tropical 0.536 1.1 1.056 0 0.815 0.2 

Mid-latitude Summer 0.538 0.7 1.058 0.2 0.819 0.7 
Mid-latitude Winter 0.533 1.7 1.070 1.3 0.819 0.7 
Subarctic Summer 0.537 0.9 1.063 0.7 0.820 0.9 
Subarctic Winter 0.534 1.5 1.077 2.0 0.820 0.9 
US Standard 62 0.536 1.1 1.060 0.3 0.819 0.7 
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Table 5.11; Aerosol models for both atmo. corrections for dark sites (Vis. = lOOkm) 

Aerosol Model TM2-XS1 TM3-XS2 TM4-XS3 
Visibility = 100 km Gain values Gain values Gain values 

(Nom. Gain: 0.542) (Nom. Gain: 1.056) (Nom. Gain: 0.813) 

Gain % Gain % Gain % 

Continental 0.539 0.5 1.054 0.2 0.810 0.4 
Maritime 0.535 1.3 1.052 0.4 0.803 1.2 

Urban 0.540 0.4 1.051 0.5 0.806 0.9 
Shettle 0.539 0.5 1.057 0 0.807 0.7 

Table 5.12: Aerosol models for both atmo. corrections for dark sites (Vis. = 10 km) 

Aerosol Model 
Visibility = 10 km 

TM2-XS1 
Gain values 

(Nom. Gain: 0.542) 

TM3-XS2 
Gain values 

(Nom. Gain: 1.056) 

TM4-XS3 
Gain values 

(Nom. Gain: 0.813) 

Aerosol Model 
Visibility = 10 km 

Gain % Gain % Gain % 

Continental 0.542 0 1.063 0.7 0.811 0.2 
Maritime 0.536 0.7 1.046 0.9 0.799 1.7 

Urban 0.543 0.2 1.052 0.4 0.803 1.2 
Shettle 0.546 0.7 1.066 0.9 0.817 0.5 

Table 5.9 indicates that for dark sites, uncertainties in atmospheric parameters 

have a more dramatic effect on the resulting test sensor gain coefficients calculated. For 

TM2-XS1 band pair, uncertainties in ozone and optical depth can lead to errors of more 

than 1-2% or about twice as much as found with the bright site examples. The TM3-XS2 

example shows about twice as much error results from the same uncertainties in ozone 

and optical depth compared to the bright site example. TM4-XS3 is somewhat more 

sensitive to uncertainties in Il20 and optical depth than the bright site example. 
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Table 5.10 shows that the effects of the atmospheric model selection for dark 

targets is typically no more than 1% and not much different from the bright site example. 

Unlike the bright site examples, the dark site examples are more sensitive to replacement 

of optical depth measurements with aerosol models. This type of result would be 

expected given that the aerosol optical depth measured at WSMR was very low and 

resulted in a calculated visibility of 153 km. Since the path radiance composes more than 

50% of the total at-sensor radiance for low reflectances, a greater effect is observed. In 

general, however, it appears reasonable to use atmospheric models when no in-situ 

measurements are available. 

5.2.3 Errors in Ground Reflectance 

Errors in ground reflectance can manifest in the following three ways: 

1. Image misregistration 

2. Spectral differences 

3. BRF differences 

Image misregistration was discussed in Section 3.1 and it was shown that an error 

in reflectance results in nearly the same error in radiance and therefore the resulting test 

sensor gain coefficient. Hence, regardless of the origin of error in reflectance, the effect in 

the calculated gaiii coefficient is the same. As discusscd in Section 3.1, the effects of 

image misregistration can be reduced by using uniform calibration sites that are larger than 
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what the maximum misregistration believed possible. Examples of site selection will be 

given in Chapter 6. 

The spectral differences of a site can be important when performing a cross-

calibration between sensors with non-identical spectral bands as was discussed in Section 

3.1.3. Table 5.13 shows the spectral correction required lo tlie predicted reference sensor 

ground reflectance for four different sites where spectral measurements have been 

performed. The correction factors were calculated using the cross-calibration program 

which has spectral fimctions for each of the sites listed. For a given site, reflectance 

values in 2.5 nm steps that range over the sensor band are supplied to a 6S input file. The 

program 6S then calculates a band integrated reflectance which is used to determine 

radiance. The nadir correction factor compares the band integrated reflectance values of 

the reference and test sensors and determines the multiplicative factor that must be 

applied to the reference sensor reflectance value. 

Table 5.13: Spectral Correction Required for Band Pairs For Four Sites 

TM2-XS1 TM3-XS2 TM4-XS3 

WSMR 0.9587 0.9849 1.168 

Railroad Valley 0.9375 0.9687 1.000 

Lunar Lake 0.9194 0.9753 1.386 

Ivanpah Playa 0.8929 0.9659 1.388 

A spectral correction is simplified if ihe site lias a flat spectral reficctancc over a 

wide range of wavelengths. 
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Reflectance differences as a flmction of sun angle and sensor view angle can pose a 

significant challenge to using sites where no BRF information are known. The error can 

be minimized by choosing overpass days where the sensor view angle is near nadir, but 

sun angle differences between two sensors are inevitable if the overpass times are hours 

apart. The errors can be minimized fiirther if BRP data are available and can be added in 

as a reflectance correction factor. The cross-calibration program does allow for a BRF 

correction. 

5.3 Error Analysis in the Cross-Calibration Program 

The error analysis portion of the cross-calibration program allows all of the following 

parameters to be varied individually or simultaneously in a calibration run by amounts the 

user specifies. The GUI for this module is shown in Appendix A, figure A.8. The 

parameters that can be varied are; 

• Water vapor for the reference sensor atmospheric correction 

• Water vapor for the test sensor atmospheric correction 

• Ozone for the reference sensor atmospheric correction 

• Ozone for the test sensor atmospheric correction 

• Optical depth or visibilit)' for reference sensor atmo.snheric correction 

• Optical depth or visibility for the test sensor atmospheric correction 
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• Reference sensor gain coefficient 

• Nadir correction factor 

• BRF correction factor 

• Atmospheric model for the reference sensor 

• Atmospheric model for the test sensor 

• Aerosol model for the reference sensor 

• Aerosol model for the test sensor 

• Registration accuracy 

The atmospheric and aerosol models can be set to randomly select a model for each 

iteration to allow the user to demonstrate in some cases that the choice of these models 

are irrelevant. The registration accuracy allows the user to specify that the program vary 

the reference sensor digital count between values ranging within the first standard 

deviation to the average of the site or within two standard deviations of the calibration 

site. For example, a specific calibration site may have an average digital count value of 

115.2 and a standard deviation of 0.84. Therefore, for the purposes of the error analysis, 

the starting reference sensor digital count can be randomly selected from values that range 

between 114.4 and 116 if the user specifies one standard deviation, or between 113.5 and 
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the site are typically between the range determined by two standard deviations (see A.5 

and A.6 of the Appendix). 

All parameters other than the registration error are randomly varied assuming a 

rectangle function. That is, for a given uncertainty, there is an equal probability for any 

number within error range specified. An IDL provided random number generator was 

used to generate random numbers between 0 and 1. 

The final part of the module requires the user to specify the sites to be run in the 

error analysis and the number of runs. In practice, 30 runs were found sufficient for the 

random number generator to generate values that balanced around the nominal input value 

to better than 1%. Table 5.14 shows the results of 1000 individual runs performed with 

most of the parameters available. 
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Table 5.14: Program Test Results For Error Analysis (1000 runs) 

Parameter 
(nominal value) 

Avg. Value Max value Min Value Max possible Min possible 

Ref. Ozone 
(0.215) 

0.215 0.258 0.172 0.258 0.172 

Ref. H20 (1.644) 1.646 1.971 1.316 1.973 1.315 

Ref. Optical Depth 
(0.0498) 

0.050 0.0745 0.0249 0.0747 0.0249 

Tst. Ozone (0.220) 0.220 0.264 0.176 0.264 0.176 

Tst. H20 (1.042) 1.042 1.250 0.836 1.250 0.834 

Tst. Optical Depth 
(0.0386) 

0.0380 0.0579 0.0193 0.0579 0.0193 

Reference Sensor 
Gain Coef (0.6512) 

0.6518 0.684 0.619 0.6838 0.6186 
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6. Results Using the Cross-Calibration Method 

This chapter discusses the results of cross-calibrations performed on five sensor 

band pairs using the program. Section 6.1 will discuss the results of the cross-calibration 

between Landsat and SPOT sensors that have been described in Chapter 5. Section 6.2 

will present the uncertainties derived from the cross-calibration of Landsat and SPOT 

sensors. Section 6.3 presents the results and uncertainties of a cross- calibration between 

SPOT and AVHRR sensors. 

6.1 Landsat and SPOT Cross-Calibration Results 

The specific characteristics of the three Landsat and SPOT band pairs that were 

used for this cross-calibration are listed in Table 5.1. 

6.1.1 Landsat Band 2 and SPOT Band 1 

To begin, the program the TM2 and XSl images were selected as the reference and 

test sensors respectively. The XSl image had been rotated 4 degrees and warped using a 

nearest neighbor approximation as described by Gustafson-Bold 1996. The XSl image 

covered a six by six km area around the WSMR Chuck site used by RSG which is located 

at a latitude of 32.919° N and a longitude of 106.351° W. A registration of the images 

yielded a correlation value of 0.91. A close evaluation of the registration quality of the 
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two images showed that the registration over the image was within a TM pixel or two at 

most. The calibration site specification entered is listed in Table 6.1. 

Table 6.1: Site specification input values 

Maximum DC (test sensor) 222 

Minimum DC (test sensor) 22 

Saturation 255 

Registration error (meters) 60 

Maximum variation (%) 1.7 

The specification states that the program shall exclude sites that have a test pixel 

value lower than 22 DC and higher than 222 DC, or sites that have any saturated pixels 

which are defined as pixels with values of 255 DC. No sites were eliminated because of 

these DC specifications. The 60 meter registration specifies sites in the reference image 

shall be 150 by 150 meters in size and will have a variation no greater than 1.7% between 

the minimum and maximum DC values within the site. A total of 28 sites were found 

with this specification. A calibration site is defined as a site where a test pixel is 

registered with the center pixel of an identified calibration site in the reference image. 

Because the reference sensor has a 30 m IFOV (instantaneous field of view) and the test 

sensor has a 20 m IFOV, it is common for the program to find more than one test pixel 

registered with an identified calibration site. Therefore, when 28 sites have been 

identified, there may only be 10 separate calibration areas. When the maximum variation 

was increased to 2%, a total of 344 sites were identified. Following the site specification, 

an initial determination of the test sensor calibration coefficient is made. This was 
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achieved by entering a reference sensor calibration coefficient value of 0.6512 (from Table 

5.2), an on-board gain for the test sensor of 0.77, and then all of the atmospheric, aerosol, 

and site specifications for the two sensors using the Sixs module. The test sensor gain 

coefficient is then calculated for each site with the nominal inputs as described in Section 

4.6. The resulting gain coefficient values given the nominal inputs are then presented to 

the user. Because of the linear interpolation, the values vary a little in the third decimal 

place. For example, for this run, an average gain value of 0.7988 was calculated with a 

standard deviation (stdev) of 0.0184. The data was then run in a later part of the program 

where a linear interpolation is not used and an average gain value for the 28 sites of 0.7991 

was obtained with a stdev of 0.0187. Hence, the values are very close and well within the 

accuracy of the calibration. After the initial gain coefficient values for each calibration site 

were calculated, a plot of the results can be viewed. Figure 6.1 displays the screen output 

from the cross-calibration program of the resulting test sensor gain as a function of test 

sensor DC. The center line indicates the 0.799 average test sensor gain coefficient value 

for all of the sites, and the upper and lower lines indicate the standard deviation of the 

average value. It can seen in the figure that despite the variation in the calculated gain 

coefficient for the individual sites that the average value is in very good agreement with 

reported values in Table 5.2. 

To learn how the results would change with different site specifications, two more 

runs are presented. The calibration site specifications were changed from Table 6.1 by 
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the maximum variation permitted. A run with a maximum variation of 2% was run and a 

total of 344 sites were identified the results of which are shown in Figures 6.2 and 6.3. 

Figure 6.2 shows a table of values that show the coordinates of the calibration site in the 

test sensor image (xpix_t and ypix_t), the test sensor DC value (DCTEST), the 

coordinates of the calibration site in the reference sensor image (xpix r and ypix_r), the 

reference sensor corrected average DN for the site (Cor. DN), the percent DC variation of 

the site (percent), the original reference sensor DC average (DCAVG), and the standard 

deviation of the reference sensor DC for the site (stdev). An average test sensor gain 

value of 0.800 was obtained with a stdev of 0.0142. Figure 6.4 shows the results of 

specifying a maximum variation of 10%, the first 2000 sites found are shown. An average 

value of 0.799 was found with a stdev of 0.020. Hence, all of the runs produced gain 

coefficients close to the values listed in Table 6.1 without any type of spectral or other 

type of correction. This subject will be discussed more later. The error analysis for this 

calibration will be presented in section 6.1.4. 
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I I CAUBRAVON RUN RESULTS 

Figure 6.1: Test sensor gain coefficient vs test sensor DC 
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SFF DATA 

Figure 6.2: Data from TM2XS1 run with 2% variation 



Figure 6.3: Test sensor gain coef. vs test sensor DC (site variation of 2%) 
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CAimmnoN run rfsui fs 

Figure 6.4: Test sensor gain coef. vs test sensor DC (site variation of 10%) 
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6.1.2 Landsat Band 3 and SPOT Band 2 

A cross-calibration of TM3 and XS2 yielded similar results to those described in 

Section 6.1.1. A site specification to that described in Table 6.1 was used with the 

exception that a 2% variation was entered. With a 1.7% variation only five sites were 

identified where a 2% variation yielded 64 sites. An average test sensor gain value of 

1.005 was obtained with a stdev of 0.0145. The results are shown in Figure 6.5. 

6.1.3 Landsat Band 4 and SPOT Band 3 

A site specification to that described in Table 6.1 was used for the calibration of 

TM4 and XS3 and 419 sites were identified. Figure 6.6 shows the 6 km by 6 km site used 

for all of the calibrations and the locations of the 419 sites. An average test sensor gain 

value of 0.897 was obtained with a stdev of 0.0145. The results are shown in Figure 6.7. 
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Figure 6.5; Test sensor gain coef. vs test sensor DC (TM3XS2) 
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SEE SITES iN COLOR 

Figure 6.6: The WSMR site with the 419 sites identifled for the TM4XS3 
calibration 
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AW«BWAGW? 

Figure 6.7: Test sensor gain coefTicient values vs test sensor DCs 



6.2 Error Analysis for the Landsat-SPOT Cross-calibration 

An error analysis was run on two of the sites (chosen randomly) for each 

calibration pair to determine the range of test sensor gain coefficient values that could be 

expected with the worst case uncertainties listed in Table 6.2. 

Table 6.2; Worst case uncertainties 

Parameter Percent Error 

H2O for ref. Sensor ±20 

O3 for ref. Sensor ±20 

Optical Depth for ref sensor ±50 

H2O for tst. Sensor ±20 

O3 for tst. Sensor ±20 

Optical Depth for tst. sensor ±50 

Reference sensor gain coef. ±5 

Registration ±2 stdev 

Table 6.3 shows the results of 30 runs with the TM2-XS1 pair with the above 

uncertainties. It should be noted that each iteration requires two runs of the radiative 

transfer program 6S. The nominal value is the value that is obtained by the program with 

nominal inputs (without linear interpolation). As would be expected, the average is the 

same with respect to the nominal value as was discussed in Section 5.3. The average and 

standard deviation values are useful to examine when comparing this analysis with other 

analyses using a basic root-mean-square approach. Hov/ever, to obtain an understanding 
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of the expected worse case, it is useful to look at the range of values that are possible 

given the input errors. 

Table 6.4 shows the results of 200 runs of TM2-XS1 pair with the same 

uncertainties applied. As would be expected, the total range of values increases with the 

larger number of runs. Table 6.6 shows the results with less conservative uncertainties 

applied as shown in Table 6.5. Tables 6.7 -6.10 show the uncertainty results for band 

pairs TM3-XS2 and TM4-XS3 using 30 and 200 runs. 

Table 6.3: Results for TM2XS1 (30 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef Avg. 

Coef stdev Min. Coef Value Max coef 
Value 

Percent 
variation 

Site #7 0.818 0.817 0.0278 0.774 0.865 +5.8% 
-5.2% 

Site #8 0.787 0.781 0.0261 0.741 0.833 +6.7 
-5.1% 

Table 6.4; Results for TM2XS1 (200 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef Avg. 

Coef stdev Min. Coef Value Ma.x coef 
Value 

Percent 
variation 

Site #7 0.818 0.817 0.0253 0.764 0.882 +7.9% 
-6.5% 

Site n 0.787 0.788 0.0244 0.728 0.835 +6.0% 
-7.6% 



Table 6.5: Less conservative uncertainties 

Parameter Percent Error 

H2O for ref Sensor ±10 

O3 for ref. Sensor ±10 

Optical Depth for ref. sensor ±20 

H2O for tst. Sensor ±10 

O3 for tst. Sensor ±10 

Optical Depth for tst. sensor ±20 

Reference sensor gain coef. ±3.5 

Registration ±1 stdev 

Table 6.6: Less Conservative Run for TM2XS1 (200 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef. Avg. 

Coef stdev Min. Coef 
Value 

Max coef 
Value 

Percent 
variation 

Site #7 0.818 0.818 0.016 0.784 0.852 +4.1% 
-4.2% 

Site #8 0.787 0.784 0.016 0.752 0.814 +3.8% 
-4.1% 

Table 6.7: Results for TM3XS2 (30 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef. Avg. 

Coef stdev Min. Coef 
Value 

Max coef 
Value 

Percent 
variation 

Site #12 1.033 1.033 0.031 0.989 1.091 +5.6 
-4.2 

Site #13 1.024 1.032 0.029 0.973 1.088 +5.4 
-5.7 
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Table 6.8: Results for TM3XS2 (200 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef. Avg. 

Coef stdev Min. Coef. 
Value 

Max coef. 
Value 

Percent 
variation 

Site #12 1.033 1.031 0.030 0.973 1.102 +6.8 
-5.6 

Site #13 1.024 1.022 0.030 0.956 1.086 +6.2 
-6.5 

Table 6.9: Results for TM4XS3 (30 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef Avg. 

Coef stdev Min. Coef. 
Value 

Max coef 
Value 

Percent 
variation 

Site #10 0.886 0.890 0.030 0.833 0.929 +4.3 
-6.4 

Site #11 0.901 0.902 0.024 0.854 0.942 +4.4 
-5.3 

Table 6.10: Results for TM4XS3 (200 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef Avg. 

Coef stdev Min. Coef. 
Value 

Max coef 
Value 

Percent 
variation 

Site #10 0.886 0.888 0.028 0.831 0.941 +5.9 
-6.5 

Site #11 0 oni <J .y V/ k 0.901 0.026 0.850 0.963 +6.9 
-5.7 

Table 6.11 shows what the expected uncertainty would be if a simple root-mean-

square (RMS) approach is used to determine uncertainty. The uncertainties in gain 

coefficient are derived from Table 5.5, the 2 stdev registration error is that of site #7 

which was ±0.8%. The one-sigma uncertainty calculated for TM2-XS1 in Table 6.4 is 

3.0% using the standard deviation. Table 6,11 yields an uncertainty of 5.3%. By varying 
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all parameters simultaneously in the program, some significant compensating factors 

between parameters are realized. For this particular case, an RMS approach has seriously 

over estimated the uncertainty in the calibration. 

Table 6.11: Root-mean-square analysis of uncertainties for TM2-XS1 

Parameter Percent Error OOvCi taitiir AAA vJmIU 
(%) 

H2O for ref Sensor ±20 0 

O3 for ref. Sensor ±20 1 

Optical Depth for ref sensor ±50 0.6 

H2O for tst. Sensor ±20 0 

O3 for tst. Sensor ±20 1 

Optical Depth for tst. sensor ±50 0.6 

Reference sensor gain coef ±5 5 

Registration ±2 stdev 0.8 

Total 5.3 

6.3 Calibration of SPOT HRV and AVHRR Sensors 

This section presents the results of a cross-calibration performed with SPOT 

HRV bands 2 and 3 and AVHRR bands 1 and 2 using Raikoad Valley (RRV) playa 

discussed in Chapter 3. The specific characteristics of the two SPOT HRV/AVHRR 

band pairs that were used for this cross-calibration are listed in Table 6.12. The 

atmospheric data were measured at RRV during the two overpass days. This calibration 

represents the first use of RRV as a calibration site and hence, the playa has not been 

characterized to the extent of WSMR. 
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Table 6.12: Sensor Information for SPOT HRV and AVHRR Calibration Pairs 

Reference Image Test Image 

Sensor name SPOT 3 HRVl NOAA-14 AVHRR 
Overpass date November 16, 1995 November 15, 1995 
Overpass Time (UTC) 18:48:50 20:57:20 
Filter function type (uniform, 
6S default) 

6S default 6S default 

Wavelength ranges for sensor 
bands 

XS2; 0.59-0.73 
XS3: 0.74-0.94 

AVHRRl: 0.55-0.75 
AVHRR2: 0.7-1.1 

Image Size (x by y pixels) 1835 x2137 60 by 54 
Solar zenith and azimuth Zen: 58.0 Az: 169.1 Zen: 60.8 Az: 204.5 
Sensor zenith and azimuth Zen: 8.09 Az: 233.0 Zen: 6.78 Az: 130.6 
Atmospheric Model User Defined User Defined 

Ozone (cm-atm), water vapor 
(gm/cm2) 

03: 0.188 H20: 0.77 03: 0.197 H20; 0.49 

Aerosol Model Continental Continental 
Visibility (km) or aerosol @ 
550 nm 

Vis.: N/A 550: 0.025 Vis.: N/A 550: 0.0174 

Calibration Site Name and 
Elevation 

Railroad Valley Playa, Elevation: 1435 meters 

6.3.1 Calibration Coefficients for AVHRR 

The standard radiometric calibration coefficients used in the cross-calibration 

program are of the form: 

( D C - D C J  
(8) L  =  

g 

where L is radiance in units of W/m^-sr-|im, DC is the sensor digital count, DCQ is the 

digital count offset determined by viewing deep space, and g is the gain coefficient in 

counts/radiance. 
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The National Oceanic and Atmospheric Administration (NOAA) provide AVHRR 

calibration coefficients in a different format which required translation to the format used 

by the cross-calibration program. The NOAA calibration coefficients for the 10 bit data 

are defined in terms of an effective normalized albedo in percent albedo per count (G) and 

an intercept value in percent albedo (I). 

(9) I = G(DC - DCo) 

(10) = i = 
' g lOOl 

F is the in-band solar irradiance in W/m2 and w is the equivalent width of the band 

in |im. The values reported for the date of the AVHRR overpass are as in Table 6.13. 

Table 6.13: NOAA Provided Calibration Coefficients 

G (%albedo/count) I (%albedo) W(^m) F(W/m') 

Channel i 0.1115 -4.5715 0.136 001 40 

Channel 2 0.1337 -5.4817 0.245 252.29 

Table 6.14 shows the conversion to gain coefficients in counts/radiance, the 

AVHRR DC offset values, and the SPOT HRV coefficients reported by CNES for the 

dates listed. 
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Table 6.14: Calibration Coefficients for AVHRR and SP0T3 HRVl bands 

AVHRRl AVHRR2 XS2 XS3 

NOAA reported gains 

(counts/radiance) 

1.73 2.23 — — 

NOAA reported offsets 41 41 — — 

CNES for 6/20/95 
(counts/radiance) 

— — 0.978 0.857 

CNES for 12/20/95 
(coimts/radiance) 

— — 0.968 0.854 

On-board gain values — — 1.0 1.69 

6.3.2 Calibration of AVHRR 1 with HRVl XS2 

To begin the program the XS2 and AVHRR 1 images were selected as the reference 

and test sensors respectively. The XS2 image had been rotated by 12 degrees clockwise 

to match the AVHRR image. The rotation was accomplished using a simple IDL 

program, but ERDAS Imagine was used to check the quality of the rotation. The 

AVHRR imagery were purchased with a georectification applied to the images using a 

nearest neighbor resampling. Hence, latitude and longi^ade values for individual pixels 

could be determined. The site used during the field campaign was at 38° 28.55' N by 

115° 38.91' W. In ERDAS Imagine, the specific pbcel values were identified in each site 

and were selected as the GCPs in the registration portion of the cross-calibration program. 

Initially, a registration error of one km was selected, with a shift value of 500 m (hence 

the site was sampled 25 times to determine the variation), and a maximum variation of 

10%. A total of 44 sites were found as shown in Figures 6.8 (the west portion of the 
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image) and 6.9 (the center portion of RRV). Figure 6.10 displays the resulting test sensor 

gain coefficient as a flmction of test sensor DC. The center line indicates the initial gain 

coefficient average of 1.46. However, it is readily apparent that there is a significant 

difference in the calculated gain coefficients for sites with DC values near 115 and those 

with values near 170. Further examination revealed that the dark sites to the west of RRV 

account for most of the sites identified with DCs of 115. These dark sites are located on 

the side of neighboring hills that surround RRV. Because the sites are not flat, a BRF 

correction would likely be required, but for which no data are available to make such a 

correction. The sites to the north of RRV were also found to have significantly different 

gain coefficients to those of sites on the playa. A second run was made that limited the 

search to sites located on the playa, allowed for a variation of 15%, and with DC values 

of 175 or higher. A test sensor gain average of 1.61 with a stdev error of 0.036 were 

found with these input parameters. 
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Figure 6.8: Sites identifled in the western part of Railroad Valley in AVHRRl image 



Figure 6.9: Sites identifled in center portion of Railroad Valley image for AVHRRl 
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Figure 6.10: Test sensor gain coefficient vs test sensor DC for XS2-AVHRR1 
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6.3.3 Calibration of AVHRR 2 with HRVl XS3 

Sites restricted to RRV playa with a registration error of 1000 m with no greater 

variation than 15%, using a shift value of 500 m, were specified to calibrate AVHRR2 

using XS3. A total of 24 sites were found and an initial gain average of 2.42 was obtained 

as shown in Figure 6. i 1. 

6.3.4 Error analysis for HRV and AVHRR cross-calibrations 

Tables 6.15 and 6.16 show the results of the error analysis performed for each 

calibration pair using the same parameter variations as listed in Table 6.2. 

Table 6.15: Results for XS2 and AVHRRl (30 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef. Avg. 

Coef. stdev Min. Coef. 
Value 

Max coef. 
Value 

Percent 
variation 

Site #3 1.61 1.60 0.0806 1.46 1.767 +10 
-8.75 

Table 6.16: Results for XS3 and AVHRR2 (30 runs) 

Nominal Value 
(before error 

analysis) 

Final Gain 
Coef. Avg. 

Coef. stdev Min. Coef. 
Value 

Max coef. 
Value 

Percent 
variation 

Site #5 2.41 2.38 0.081 2.20 2.61 +9.7 
-7.5 

Site #6 2.40 2.38 0.079 2.22 2.54 +6.7 

Che and Price (1993) reported that NOAA AVHRR calibration coefficients for 

the visible and near-infrared channels are no more accurate than ±10%. The gain 
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coefficients derived for the two bands are well within the uncertainty of the NO A A 

reported values listed in Table 6.14. The main sources of uncertainty reported by Che 

and Price (1993) were uncertainty in the atmospheric profiles (±2%), uncertainties in 

aerosol optical depth (±1%), image registration errors (±1%), temporal surface reflectance 

variations (±4%). A total error of "on the order of ±7%. 

The uncertainty calculated vdth the cross-calibration program indicates errors of a 

maximum of ±10?^. The registration error for the particular sites (±6.5%) selected are 

partly responsible for the reported error. More importantly, it is clear that there are 

significant spectral differences between sites that can result in different estimates of the 

test sensor gain coefficient. The BRF characteristics of RRV are still being characterized 

and were not included in the error analysis. The RRV site appears to be a promising site, 

but more work is required to understand, in particular, the spectral and BRF 

characteristics. 
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Figure 6.11: Test sensor gain coefficient vs test sensor DC for XS3-AVHRR2 
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7. Conclusions and Recommendations For Future Work 

The cross-calibration method has been used by a number of different researchers 

to determine the cahbration of sensors that typically are difficult to calibrate by other 

methods. Because the method is relatively inexpensive to apply, there is a strong 

incentive to improve the application of the method and the understanding of the 

uncertainties associated with the method. 

7.7 Summary 

The primary effort made in this dissertation has been the development of the 

cross-calibration program which serves as a tool to easily conduct cross-calibration 

between many different sensors and to accurately assess the uncertainties using the cross-

calibration method. Previously, the method has been awkward and time consuming to 

apply, and the knowledge of the uncertainties was mainly based on performing a simple 

root-mean-square of the identified errors. In contrast, the cross-calibration program 

developed allows for any compensating or reinforcing effects of the different error sources 

to be realized in the final results. 

Due to the analysis of errors associated with the cross-calibration method, one of 

critical areas identified was the importance of the cross-calibration site used for the 

calibration. Errors in calculated reflectance due to BRP and spectral differences between 

sensors, or due to errors in registration were found to be the most important error sources 
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to accounted for, and for which data were often unavailable to do so. Using calibration 

sites that are completely uncharacterized is unrealistic if a reliable calibration is to be 

obtained. To this end, a site search was performed to find acceptable cross-calibration 

sites. Since the definition of what is an acceptable calibration site varies with the sensor 

pairs being utilized, a number of calibration sites are desirable. For example, the WSMR 

site is extremely good for calibration of sensors m tlie visible and near infrared, but is less 

desirable for calibrations beyond the near-injfrared because of the nonuniform spectral 

characteristics in that region. Railroad Valley is not as bright as WSMR, but is spectrally 

flatter in the SWIR than is WSMR. However, because the site has only been studied for a 

short time, there is still uncertainties in using the site reliably. 

Uncertainties of individual error sources were examined and it was found that at 

least for the sensor pairs examined, that measured atmospheric parameters could be 

replaced with atmospheric model values with an increase of only ±1% error in the fmal 

results. The ability to perfomi cross-calibrations without in-situ measurements being 

available is highly desirable given the cost of obtaining these measurements. 

Calibrations of five different sensor band pairs were performed. Extremely good 

results were obtained with the calibration of HRV bands 1, 2 and 3 with TM bands 2, 3, 

and 4. The test sensor gain coefficients calculated were identical to those calculated using 

the reflectance-based approach. The error analysis performed of the calibrations 

performed yielded uncertainties of nominally ±6.5% as compared with the ±5% nominal 
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error reported for the reflectance based approach. It was of further great interest that the 

calibration of the three sensors varied little with the uniformity of the sites within certain 

limits. It is not quite clear whether this is as a result of the use of the WSMR site, or 

whether there is some other reason. Further study is required. 

Calibration of AVHRR bands 1 and 2 with HRV bands 2 and 3 yielded results 

within the reported uncertainties of the calibration coefficients reported by NO A A. 

Evidence of spectral variation and BRF differences wdthin the RRV scene was seen which 

were shown to potentially lead to significant uncertainties in the calibration. Further 

characterization of the playa is required before it can be used reliably. 

7.2 Recommendations for Future Work 

Because of the ease in which the cross-calibration program can be used, it is 

recommended that a comprehensive study be initiated that examines archived images at 

RSG where data are available in which a cross-calibration can be performed and compared 

with values achieved with the reflectance-based method. This kind of examination would 

provide a temporal history of different sites and provide insight into the variations in 

uncertainty that can be seen from calibration to calibration. Eventually, with this kind of 

understanding, the cross-calibration method could eventually be confidently applied with 

no in-situ measurements required. 
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An examination of the MODIS, ASTER, and MISR sensors for use as calibration 

pairs is recommended. The program can be modified to include MISR and ASTER bands. 

This work would provide the information required to initiate cross-calibrations of the 

sensors once the EOS platform is launched. Because the sensors are located on the same 

platform, almost all error sources discussed in previous chapters would be eliminated. 

Only spectral issues remain which can be explored vdth the cross-calibration program. 
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Appendix A: Details of the Cross-Calibration Program 

The following sections display some of the cross-calibration program graphical user 

interfaces that are referred to in the text of the dissertation. They are: 

• A.l; Input Module 
• A.l: Registration GUI 
• A.3: Findsite Module 
• A.4: Site Specification Module 
• A.5; Site Review and Selection 1 
• A.6: Site Review and Selection 2 
• A.7; Calibration Input Module 
• A.8: Module to Collect Data For 6S Program 
• A. 9: Error Analysis Module 
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A.l: Input Module 
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A.2: Registration GUI 



A.3: Findsite Module 
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A.4: Site Specification Module 
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A.5: Site Review and Selection 1 
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A.6 Site Review and Selection 2 
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A.7: Calibration Input Module 
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A.8: Module to Collect Data For 6S Program 
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A.9: Error Analysis Module 
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