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ABSTRACT 

This thesis describes the first calibration of the Advanced Very High 

Resolution Radiometer (AVHRR) on the NOAA-11 satellite. Two methods were used to 

perform the calibration. Both methods relied on calibrated data from a high resolution 

sensor that passed over the target site at the White Sands Missile Range, New Mexico, on 

November 21, 1988. The first approach required ground reflectance and atmospheric 

optical depth data taken during overpass time. The second method relied on historical 

ground reflectance data and utilized standard atmospheric models. The calibration gains 

varied widely depending on which set of calibration offsets were used, but the agreement 

between the gains computed by the two methods was very close: approximately 1 % in 

channel 1 and 2 % in channel 2. This close agreement indicates that Method 2, which does 

not require the complexity and expense of field work, could be a viable option for future 

calibration efforts. 
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CHAPTER 1 

INTRODUCTION 

The first Advanced Very High Resolution Radiometer (AVHRR) was 

launched into space on the TIROS-N satellite over nine years ago. Originally designed to 

provide the meteorological community with high resolution cloud imagery, the AVHRR 

now supplies data to users with applications as diverse as monitoring global desertification 

(Tucker, 1985) and measuring the variability in sea-surface temperature. Because of the 

increasing number of AVHRR users who require quantitative information, the need for 

accurate radiometric calibration to establish the relationship between image digital counts 

and radiance received by the AVHRR sensor is of great importance. In other cases, an 

absolute calibration is not needed, but is nevertheless the only reliable way to measure the 

change in sensor response with time. Monitoring these variations is vitally important to 

long-term studies of global change. 

This thesis provides the first absolute radiometric calibration of the NOAA-11 

AVHRR. The ground and atmospheric data used in the calibration were collected at the 

Chuck Site, White Sands Missile Range, New Mexico, on November 21, 1988. Two 

methods are described for performing the calibration, both relying on calibrated data from 

a high resolution sensor that passed over the site on the same day as NOAA-11. The first 

method required that ground reflectance and atmospheric optical depth data be taken 

during the AVHRR overpass, while the second relied on historical ground reflectance data 

and standard atmospheric profiles to approximate the conditions on overpass day. Part of 
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this study was devoted to providing a further check on the validity of the second method. 

The importance of this method is that it does not involve field measurements and can be 

conveniently used by other investigators wherever uniform sites of a few square kilometers 

exist. These methods will be discussed in detail in Chapter 2, and the results of the two 

methods and an intercomparison will be presented in Chapter 3. The remainder of this 

chapter is devoted to a summary of AVHRR calibration methods. 

Survey of AVHRR Calibration Methods 

Frouin and Gautier (1987), studied the AVHRR sensor on the NOAA-7 

satellite. Their analysis covered channels 1 and 2 (0.5 /im to 1.1 /im) over the period from 

October 1983 to January 1985. They selected the White Sands National Monument area as 

a calibration target because of the well-known reflectance properties of the surface and the 

relatively low aerosol content in the atmosphere. They acknowledged that a high water 

table keeps tbbbhe low parts of the area permanently wet, modifying the reflectance in 

some areas. Because part of the White Sands Monument area is covered by dunes whose 

shading is difficult to compensate for, solar zenith and sensor nadir angles near the normal 

were favored in the study. 

The radiative transfer model selected by Frouin and Gautier (1987) was taken 

from Tanre (1985), where the radiance at the space-borne sensor is approximated as 

L(M; 0O. 6, <f>) = F(A) EoA cos0o tg (A) (6 0 .  6)  x 
0 

p* (A) (M; eo. e, <f>)/ir ] dA, (1.1) 
where 

L(M) = radiance of the target, M, as measured by the sensor, 

60 = solar zenith angle, 

0 = sensor nadir angle, 
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<l> = relative azimuth between solar and sensor azimuth angles, 

F(A) = filter spectral response, 

EoA = exoatmospheric solar spectral irradiance corrected for the earth-sun 

distance, 

tg (A) = spectral gaseous transmittance for both passes 

p* (A) = apparent reflectance of target M as determined at sensor. 

The illumination and viewing geometry is depicted in Figure 1.1 

The solar spectral irradiance data used in the study were tabulated by Neckel 

and Labs (1984), and corrected for the variation in earth-sun distance that occurs 

throughout the year. The total irradiances in the different channels were obtained by 

multiplying the exoatmospheric solar spectral irradiance by the filter response. To obtain a 

spectral irradiance value, this result was then divided by the integrated filter function. 

The visibility, rather than the optical depth, was used to characterize the atmosphere. This 

value was obtained by observations at a nearby meteorological station, and was used in 

conjunction with a continental aerosol model to represent the conditions at White Sands. 

The spectral reflectance of the White Sands area was determined through 

laboratory measurement for different radiation geometries and for dry and wet conditions. 

At small zenith angles on the order of 15°, a lambertian distribution was observed, while at 

larger zenith angles, a strong specular component emerged, particularly in the case of wet 

sand. Since detailed data on soil moisture at White Sands did not exist, an average 

percentage of surface moisture was approximated from measured data. A yearly average 

value of 17.8 percent for soil moisture was used to characterize the surface throughout the 

study. 
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Figure 1.1 Radiation geometry 
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NOAA-7 AVHRR image data were chosen from among orbit passes obtained 

between October 1983 and January 1985. Like the NOAA-9 satellite, the NOAA-7 pass 

over White Sands occured at approximately 1600 hours. As a result, the solar zenith angles 

were large. Digital counts obtained when the sensor pointed at deep space were recorded 

at the beginning of each scan line. This zero-radiance data set was used later in the 

calibration computations. 

A potential source of error acknowledged by the authors was the use of a low 

visibility estimate. During the study period, the meteorological station reporting this 

parameter consistently used a standard value of 25 km, which was considerably less than 

the 100 km or more often determined by other investigators (Slater, 1987a). Frouin and 

Gautier (1987) determined that this error alone could have resulted in an underestimation 

of the radiances by 2.5 percent. Other prominent sources of error included the soil 

moisture estimate and the resulting surface reflectance values used. 

The results of the calibration were obtained by performing a linear regression 

on pairs of radiances and counts to express the gain coefficient in radiance per unit count. 

The regressions were forced through the space-view data points because of the accuracy in 

the measurement of space radiance. The investigators found a fluctuation in the gain 

values for both AVHRR channels during the study period. This fluctuation is diagrammed 

in Figure 1.2. In channel 1, the fluctuation amounted to 11 percent of the mean gain 

value, while in channel 2, a fluctuation of 15 percent was observed. One explanation for 

these variations is the difference in AVHRR viewing geometry at different observation 

intervals and the method's lack of a correction for it. 
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Figure 1.2 NOAA-7 AVHRR Gains and Offsets as Computed by 

Frouin and Gautier (1987). The dashed lines 

represent pre-flight values. 



Although the sun was always west of the target during AVHRR overpass (which occurred 

at approximately 1600 hours) the satellite could have been either east or west of the site, 

resulting in different illumination and viewing conditions. The AVHRR observation 

direction during the study period was not noted by the authors. Frouin and Gautier (1987) 

also noted a strong correlation between gain values and view nadir angle. As the off-nadir 

view angle increased, the gains decreased. One explanation for this situation is that at high 

off-nadir angles, more shaded areas (dunes) were occupying the instrument field of view, 

but in the radiative transfer model used, these areas were implicitly assumed to be 

illuminated by the sun. 

The method chosen by Frouin and Gautier (1987) has several shortcomings. 

In addition to the problems with the visibility parameter and soil moisture uncertainty 

already discussed, the method relies on a large calibration target over which there are many 

non-uniformities. The spectral reflectances of both wet and dry sand were characterized 

in a laboratory, but the bidirectional reflectance effects of structures such as the dunes 

were not characterized. The authors agreed that their results could be improved by on-site 

ground and atmospheric measurements, both at White Sands and at the Yuma Desert in 

Arizona, which appeared to be a near-homogeneous, suitable calibration target. 

Another method of AVHRR calibration studied by Abel, Smith, Levin, and 

Jacobowitz (1987) involves flying a spectrometer on a U-2 aircraft over a calibration target 

at the same time as the AVHRR overpass. This approach was tested using the NOAA-9 

AVHRR over the White Sands dunes area in August 1985 and October and November, 

1986. A spectrometer with 7-nanometer resolution was equipped with foreoptics that 

provided a nadir footprint of 3-km diameter. The area sampled on the ground included 

the longest linear track along the dunes as well as dark areas beyond the dunes. The 

viewing geometry for this procedure is shown in Figure 1.3. Note that the U-2 flight line 
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was chosen so that the off-nadir viewing angle of the U-2 spectrometer matched that of 

the AVHRR. 

The U-2 spectrometer collected 18 complete spectra during its pass over the 

dunes and adjacent areas. These 18 spectra used in conjunction with the NOAA-9 data 

provided 18 pairs of estimates of the radiance of each channel of the AVHRR integrated 

across the footprint of the U-2 spectrometer. Since the U-2 spectra were taken at a lower 

altitude than the NOAA-9 orbital height, they were adjusted with the LOWTRAN-6 

computer program to their equivalents along the same optical paths at the satellite altitude. 

A surface visibility of 50 km was assumed for use in the LOWTRAN-6 code. The 

radiance spectra at the U-2 altitude and the derived spectra at 100 km altitude were 

matched to the illumination and viewing geometry existing at the time of satellite overpass. 

Their ratio, R, as a function of wavelength was derived. The radiance spectrum collected 

by the aircraft multiplied by the ratio R was equated to the observed spectrum at the 

satellite altitude along the same view vector. An important assumption in this method was 

that these adjusted U-2 spectra are absolutely correct. 
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Therefore, the condition of the AVHRR sensor was expressed as 

Y = M x X (1.2) 

where 

Y = vector of NOAA-9 AVHRR spectral data 

X = vector of adjusted U-2 spectra 

M = constant. 

In the absence of any sensor degradation since launch, the constant M would have the 

value 1, and was therefore used as a measure of the change in sensor sensitivity over time. 

Sources of error in the calibration process included uncertainties in the pre-

flight calibration of the U-2 spectrometer and the uncertainty in the change in 

spectroradiometer calibration from ground level to high altitude. Another source of error 

arose from spatial misregistration of the U-2 and AVHRR data sets in an effort to align 

AVHRR data with those collected along the U-2 track. A major source of uncertainty not 

mentioned by the authors was the difference in spatial resolution between the AVHRR and 

U-2 ground projections. The nadir footprint of the AVHRR sensor is 1.1 km, while that 

of the U-2 instrument is 3 km. Because variations in surface reflectance between the 

White Sands dunes and alkali flats areas can exceed 35%, the direct component of target 

radiance that reaches the satellite and aircraft sensors can vary by this amount. Another 

difference in the signal received by the two sensors is the result of photons scattered 

between surrounding areas and the sensor's upward path. Because the two footprints differ 

in size, this earth-atmosphere interaction will be different in each case. In areas of high 

contrast between light and dark ground targets, this effect could be substantial, but was 
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not accounted for by this calibration method. 

Application of this calibration method to channels 1 and 2 of the NOAA-9 

AVHRR showed that no significant difference occurred in sensitivity 257 days after 

launch, but that degradations of 12 percent and 19 percent for channels 1 and 2, 

respectively, had occurred after 690 days in orbit. This is a surprising result, since other 

observed sensor changes (Hovis, 1985, and Dinguirard et. al., 1988) indicate the most rapid 

decrease in response occurs during the period immediately following launch, as shown in 

Figure 1.4. 

In another calibration method, Kaufman and Holben (1989) investigated the 

use of backscatter from the ocean's surface to calibrate the NOAA-9 AVHRR. They 

worked with historical AVHRR data sets in an effort to develop methods that could be 

applied to data collected in the future. In AVHRR channel 1, they found that the major 

contributor to radiance received at the sensor over an ocean area (reflectance values 

between 2 percent and 9 percent) was molecular scattering. Additional contributors such 

as sub-surface light, reflected sunlight, and aerosol scattering could be accounted for by 

the use of an appropriate radiative transfer program. In channel 2, the contribution of 

molecular scatter to total radiance was much smaller. They proposed to use the molecular 

scatter in channel 1 to obtain an absolute calibration, and then to use the wavelength-

independent glint effects to obtain a relative calibration of channel 2. 

The calibration of channel 1 relied on a prediction of scene radiance from a 

code by Ahmad and Fraser (1982), which was ratioed to the output number of AVHRR 

digital counts. To reduce the effect of high, thin clouds on the AVHRR scenes selected, 

each scene was carefully screened for temperature variations, as these fluctuations could 

indicate the presence of thin cloud layers. The radiances obtained from the AVHRR tape 

were plotted against the code radiances, and the slope of the linear least square fit to the 
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Figure 1.4 Post-launch Degradation in HRV Sensors as a 

Function of Time since Launch. (Dinguirard, 1988). 
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data provided the average ratio of the AVHRR digital counts to the code radiance values. 

This ratio was then used in a series of computations that produced the channel 1 gain in 

radiance per unit count. 

To transfer the calibration from channel 1 to channel 2, the ocean glint was 

characterized. Approximately 87% of the radiance from the glint is due to specular 

reflection. Although the glint depends both on wind speed and wave structure and cannot 

be characterized as accurately as molecular scattering, it is independent of wavelength and 

can be used to determine the relative calibration of channel 1 to channel 2 for a 

reflectance range of ten to thirty percent. The difference in calibration between channels 

1 and 2 was then characterized as a function of the differences in measured and theoretical 

radiances. 

Another calibration method investigated by Kaufman and Holben (1989) 

involved the use of remote Sahara Desert areas as calibration targets. These areas were 

used in a relative calibration to assess the condition of the AVHRR sensor with time. The 

locations chosen were lambertian reflectors whose spectral reflectances changed little with 

time. 

The authors estimated that the error in the calibration of channel 1 using the 

molecular scattering method was 5 percent. This error was due primarily to uncertainties 

in the aerosol optical thickness over the oceans in this channel. The primary source of 

error in channel 2 was uncertainty in the water vapor absorption in this region, for an 

error of 7 percent. The measure of the variation in calibration over the deserts would be 

accurate to within 3 percent between any two consecutive years and would have an error 

of 5 percent over a period greater than two years. The use of the ocean and the desert 

methods provided both an absolute and a relative calibration, and could also be used to 

show possible variation in the spectral response over time. 
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Finally, a method of AVHRR calibration performed by Teillet et. al. (1988) 

utilized the reflectance-based approach for in-flight absolute radiometric calibration 

developed by Slater et. al. (1987b). This approach involved the use of detailed ground and 

atmospheric measurements as inputs to a radiative transfer code which predicted the 

radiance at the satellite sensor. Ground reflectance data were collected at Edwards Air 

Force Base in California over an area corresponding to several contiguous ground 

projections of the instantaneous-field-of-view (IFOV) of a high resolution sensor. This 

area was uniform and at least as great as one AVHRR pixel in extent. 

A summary of the gains in channels 1 and 2 of the NOAA-9 AVHRR 

calculated using the different calibration methods is presented in Table 1.1. 
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Table 1.1 NOAA-9 AVHRR Gains (Counts/watts m_1 sr1 /im~ x) as 
determined by various investigators (B. L. Markham (1989)) 

Date Source Channel 1 Channel 2 

Pre-launch 
(1980) NASA/ITT 1.91 3.04 

Pre-launch 
(1980) NOAA/ITT 1.90 2.98 

Aug. 28, 1985 Arizona/Slater 1.81 2.56 
August 1985 NOAA/Smith 1.92 2.78 
1985 (Average) Scripps/Frouin & 

Gautier 1.72 2.70 
1985 (Aug.-Sept.) GSFC/Kaufman 

& Holben 1.64 2.44 

Nov. 5, 1986 NOAA/Smith 1.67 2.50 
Oct.-Nov. 1986 Scripps/Frouin 

& Gautier 1.61 2.56 
1986 (Aug.-Sept.) GSFC/Kaufman 

& Holben 1.59 2.33 

July 1987 NASA/Whitlock 1.59 2.38 
Nov. 24, 1987 NOAA/Smith 1.64 2.57 
1987 (Aug.-Sept.) GSFC/Kaufman 

& Holben 1.47 2.22 

Feb. 10, 1988 Arizona/Slater 1.40 2.16 
1988 (Aug.-Sept.) Kaufman & Holben 1.41 2.17 
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CHAPTER 2 

CALIBRATION OF THE NOAA-11 AVHRR 

Calibration of the NOAA-11 AVHRR sensor was accomplished with respect to 

the SPOT HRV sensor. SPOT calibration will be briefly reviewed before a detailed 

description of AVHRR calibration is undertaken. 

SPOT Calibration 

The Haute Resolution Visible (HRV) sensor on the French "Systeme Probatoire 

d'Observation de la Terre" (SPOT) satellite was used to effect a calibration of the NOAA-

11 AVHRR. This satellite passed over the Chuck Site at White Sands Missile Range, New 

Mexico, on November 21, 1988. Calibration of SPOT was accomplished using the 

reflectance-based method described by Slater (1987b), and Begni et. al. (1986), in which 

radiative transfer computations are carried out at ten discrete wavelengths. Ground 

reflectance measurements of a well-characterized site and atmospheric measurements taken 

during the overpass were used along with several other illumination and viewing 

parameters as inputs to the Herman-Browning radiative transfer code (Herman and 

Browning, 1965). The code predictions of radiance at the satellite sensor were then ratioed 

to an average number of image digital counts over the measured ground site that had been 

extracted from a computer-compatible tape. This procedure produced the calibrated 

counts per unit radiance in the three multispectral bands and the panchromatic band. 

Ground reflectance data were collected over an area four SPOT pixels by 



sixteen SPOT pixels which was oriented with the long side parallel to the sensor scan 

direction, or perpendicular to the direction of the satellite ground track. (The ground 

projection of a SPOT pixel at nadir corresponds to an area of 20 x 20 meters.) An 

Exotech radiometer with filters corresponding to the four SPOT bandpasses was suspended 

approximately two meters above the ground by attachment to a backpack frame, and was 

carried over the target area during a brief interval around the overpass time. Reflectance 

factors were obtained in each of the radiometer bands by ratioing the ground 

measurements against those made on a calibrated reflectance standard located at the 

measurement site. Bidirectional reflectance (BRF) data were taken at angles between -45° 

and +45° to nadir using an Exotech radiometer with a 15° field-of-view. The scan plane 

was chosen to be that of the SPOT scan, or approximately east to west over the target. 

Because the SPOT overpass occurred at an angle one degree from nadir, these data were 

not needed to correct the ground reflectance for the SPOT calibration, but were used later 

for the AVHRR calibration. 

Atmospheric optical depth data were obtained using two manually operated 

solar radiometers designed by Dr. John A. Reagan of the University of Arizona (Shaw et. 

al., 1972). These Reagan radiometers collected data in ten spectral bands between 0.37 nm 

and 1.03 nm. A computer-controlled spectroradiometer referred to as the Autotracker 

(Castle, 1985) was also used for atmospheric data collection. The Autotracker utilized 

twelve spectral bands whose central wavelengths range from 0.42 nm to 2.25 /Jm. Data 

obtained from these three instruments were used to generate Langley plots, in which the 

natural logarithm of the voltage received by the radiometer was plotted against the airmass, 

or secant of the solar zenith angle. From the slopes of these lines, the total optical depth 

in each wavelength interval was determined. Figure 2.1 is a Langley Plot for one Reagan 

radiometer wavelength on November 21, 1988. 
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To determine the optical depth due to molecular, or Rayleigh scattering, 

barometric pressure readings for November 21 were obtained. When used in conjunction 

with the columnar number density and the sea-level number density of molecular 

scatterers, the contribution to the total optical depth due to Rayleigh scattering was 

obtained (Elterman, 1968 and Kastner, 1985). When this contribution was subtracted from 

the total optical depth, the contributions due to aerosol, or Mie, scattering and gaseous 

absorption remained. Although the spectroradiometer bandpasses had been chosen to avoid 

regions of significant gaseous absorption, there are nevertheless areas in which absorption 

occurs. In this SPOT calibration, the French radiative transfer code "Simulation of the 

Satellite Signal in the Solar Spectrum" (5S) (Tanre et. al., 1986) was used to obtain the 

gaseous transmittances in all bands. The Herman code predictions were then attenuated by 

these results. 

The final step in the calibration required a SPOT digital image of Chuck Site 

obtained on November 21, 1988. An average number of digital counts over the area was 

obtained in each multispectral band and the panchromatic band. Each number was then 

used to compute the spectral radiance at the SPOT wavelength, which was used in turn to 

compute the gain, or counts per unit radiance, in each SPOT band. A summary of results 

for the bands used in the AVHRR calibration appears in Table 2.1. 

Table 2.1 SPOT HRV-1 Calibration for November 21, 1988 

HRV BAND COUNTS PER UNIT SPECTRAL RADIANCE 

HRV2 0.336 
HRV3 0.506 
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The counts per unit spectral radiance in Table 2.1 were used to link the SPOT 

calibration with the AVHRR calibration. This procedure will be discussed in the following 

section. First, however, a general overview of AVHRR calibration methodology used in 

this thesis and a description of the target selection process will be presented. 

AVHRR CALIBRATION PROCEDURES 

This thesis is based primarily upon methodology described by Teillet et. al. 

(1988), who calibrated the NOAA-9 and NOAA-IO AVHRR sensors using three different 

methods. The reflectance-based approach for which a target at Edwards Air Force Base in 

California was used is not a viable option at Chuck Site due to the variations in reflectance 

that occur over an area with the large dimensions (1.1 km on a side at nadir) of an 

AVHRR pixel. Alternatively, two methods that require calibrated data from a high 

resolution sensor were used. These will be referred to as Method 1 and Method 2 

throughout this thesis. Method 1, which requires ground and atmospheric measurements 

during the AVHRR overpass, is depicted schematically in Figure 2.2. Method 2, which 

utilizes standard atmospheric profiles and historical ground reflectance data, is diagrammed 

in Figure 2.3. With the exception of the BRF data sets, the radiative transfer codes, and 

the code inputs used, the two methods were identical. In both cases, calibrated values 

from HRV bands 2 and 3 were used to calibrate AVHRR channels 1 and 2. A summary 

of spectral bandpasses and spatial resolution is presented in Table 2.2 

Location of Uniform Areas 

The first step in the AVHRR calibration was the selection of areas on the 

ground whose reflectance exhibited little spatial variation. These areas were chosen to be 
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Table 2.2 Spectral and Spatial Resolution for HRV and AVHRR 

SENSOR BAND SPECTRAL PASSBAND(/*m) LINEAR PIXEL DIMENSION 

away from regions having substantial nonuniformity, such as the dunes and mountain 

areas. Further, the desired regions had to be greater than one AVHRR pixel in extent. 

Because the NOAA-11 satellite passed over the site at an angle of 14 degrees off nadir, the 

projected instantaneous field-of-view (IFOV) on the ground was approximately six percent 

greater than the nadir value of 1.21 square kilometers. The SPOT digital image tape was 

searched for areas having a uniform number of digital counts in regions 61 pixels by 59 

lines in area, slightly greater than the IFOV of an AVHRR pixel. This was accomplished 

in two steps. First, a computer program that formed a "variance image" of the region 

under study was run. This program read the original image from a disk file and created 

an output image whose grey level values were proportional to the variance in a user-

specified window. Regions having a high variance value appeared as dark areas in the 

output image, while those with low variance appeared bright. The second step in the 

selection process was performed only on those areas that yielded bright output images. An 

area statistics program that computed means and standard deviations of the grey level 

values in the pre-selected windows was run. Three areas with low standard deviation 

were chosen in both SPOT bands. Two of these were located on the gypsum surface in 

the vicinity of Chuck Site, while the third was in a low-reflectance region approximately 

HRV 2 
HRV 3 
AVHRR 1 
AVHRR 2 

0.590-0.765 
0.740-0.950 
0.566-0.711 
0.704-0.987 

20 m 
20 m 
1.1 km 
1.1 km 
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16 kilometers northwest of the site. Assuming that the optical depth data were considered 

constant over the regions of interest, and that the bidirectional reflectance of the dark 

surface was similar to that of the gypsum, the use of a dark target in the calibration 

process provided a check on the linearity of the sensor response, particularly as it is 

affected by stray light both in the atmosphere (adjacency effect) and within the sensor. 

After the uniform areas had been identified on the SPOT tape, the AVHRR 

tape was searched for corresponding locations. The digital count value of the identified 

AVHRR pixel was used in the final gain computation. Since the NOAA-11 satellite 

followed an ascending orbital path, the AVHRR image was rotated 180 degrees to facilitate 

comparison with the SPOT image. The identification of common features in the two 

images was done by sight. Because the two images differed greatly in resolution, an error 

in the choice of corresponding areas was anticipated. To assess the magnitude of this 

error, area statistics were computed for several locations adjacent to the desired areas in 

the SPOT image. Mean grey level values from adjacent areas were used in the final gain 

computations to determine the effect of an incorrect identification. Table 2.3 summarizes 

the mean grey level values and their standard deviations for the areas selected in HRV 

bands 2 and 3. 

Method 1 Calibration 

Reflectance Factor Determination 

The objective of this phase of the calibration process was to provide ground 

reflectance factors covering an area larger than one AVHRR pixel. Data from radiative 

transfer computations were used to establish a relationship between sensor radiance and 
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Table 2.3 Means and Standard Deviations of Selected Areas in HRV Images 
HRV Band 2 

Gypsum Surface 
Mean Pixel Value Standard Deviation Min. Value Max. Value 

103.1 
103.6 

1.78 
2.28 

94 
96 

109 
112 

Dark Surface 

46.7 2.21 40 55 

HRV Band 3 

Gypsum Surface 
Mean Pixel Value Standard Deviation Min. Value Max. Value 

96.8 
100.4 

1.53 
1.79 

89 
94 

102 
106 

Dark Surface 

49.4 2.21 43 57 

surface reflectance. This surface reflectance was then corrected with the appropriate sun 

angle, BRF, and spectral data to produce reflectances in the AVHRR channels. 

The Herman-Browning radiative transfer code, hereafter referred to as the 

Herman code, computed spectral radiance at the satellite sensor for a given set of ground 

and atmospheric parameters. Herman code computations were done spectrally. Among the 

assumptions used here were a Junge aerosol size distribution, a complex refractive index 

for the aerosols of 1.44-0.005i, and a lambertian target. All these assumptions deserve 

further study, however. For the present work in the White Sands environment, they are 

thought to introduce only small (<3 %) errors in the radiance at the sensor. 
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The azimuthally-dependent results were referenced to the sun's azimuthal 

plane, hence a relative azimuth accounting for the difference between the solar azimuth 

and the sensor azimuth is necessary to run the code. The center wavelengths of SPOT 

bands 2 and 3 of 0.653 nm and 0.840 /an, respectively, were used as Herman code inputs. 

Ground reflectance values of 0.35, 0.45, and 0.55 were used in each band. 

The radiance values computed by the code were normalized to one unit of 

incident exoatmospheric solar irradiance at one astronomical unit earth-sun distance. With 

the exception of the ozone correction, as determined by Biggar (1989), gaseous absorption 

was not modeled in the code. The input parameters used to run the code and the 

normalized radiances output by the computations appear in Table 2.4. 

Table 2.4. Herman Code Results for HRV Overpass, White Sands, 11-21-88 

Solar Zenith Angle: 54.5 deg. Time of Overpass: 17:59:00 (CUT) 
Solar Azimuth Angle: 165 deg. Location: White Sands 
Solar Distance: 0.9876 A.U. Latitude: 32 deg. 55 min. 
Junge Size Distribution: 3.70 Longitude: 106 deg. 22 min. 
Aerosol Size Range: 0.01 to 10 /an Spot Nadir Angle: 1 deg. 
Refractive Index: 1.44 - 0.005i Spot Az. Angle: 280.4 deg. 
Visibility: 130 km Relative Azimuth: 115.4 deg. 
Barometric Pressure: 887.8 mb. 

HRV2 HRV3 

Central Wavelength (/*m) 0.653 0.840 
Bandwidth (/mi) 0.175 0.210 
Mie Optical Depth 0.0192 0.0125 
Rayleigh Optical Depth 0.0425 0.0153 
Ozone Absorption 0.0161 0.0000 

Input Reflectance Normalized Radiances (1 W/m2 at Top of atmosphere) 

0.35 0.0622 0.0646 
0.45 0.0792 0.0828 
0.55 0.0964 0.1010 
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To obtain a ground reflectance value for any normalized radiance, the 

following linear expression relating radiance and reflectance was used: 

where the slope of the line (a) and the offset are constants. This relationship can be 

inverted so that 

When this operation was performed with the data in Table 2.4, the square of 

the correlation coefficient relating the two quantities is in excess of 0.999 in each band. 

To obtain ground reflectance factors corresponding to the digital counts 

acquired from the image tape, the slope, a, of the line and the offset computed during the 

regression process were used. First, however, the digital count value was converted to a 

normalized radiance having the same units as the output of the Herman code. Digital 

counts (DC) were converted to spectral radiance at the SPOT wavelengths according to 

Radiance = (a x Reflectance) + offset. (2.1) 

Reflectance = Radiance - offset 
a 

(2.2) 

L = DC 
A A 1.3m"3 

(2.3) 

where 

DC = digital count value obtained from image tape 

A = SPOT calibration coefficient, in counts per unit radiance 

m = on-board gain for each band, obtained from the leader on the image 

tape. 
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The Herman code output does not include the effects of gaseous transmittance 

and the variation in earth-sun distance that occurs throughout the year. It also assumes an 

incident exoatmospheric solar irradiance of one irradiance unit (watts per square meter or 

milliwatts per square centimeter.) The radiance value above is adjusted accordingly: 

where 

LNA = LA (2.4) 
x-'oA'gas 

LNa = normalized spectral radiance 

D2 = square of the earth-sun distance on calibration date (A.U.) 

EoA = incident exoatmospheric solar spectral irradiance at 1 A.U. 

rgas = ^e gaseous transmittance within the band, excluding 

the ozone contribution, obtained from the 5S code. Input parameters 

used to run the code appear in Table 2.5. 

Table 2.5 5S Code Parameters for SPOT-HRV Overpass, White Sands 

Day of Year: November 21, 1988 
Solar Zenith Angle: 54.5° 
Solar Azimuth Angle: 165° 
SPOT Nadir Angle: 1° 
SPOT Azimuth Angle: 280.4° 
Atmospheric Model: Midlatitude Winter 
Aerosol Model: Continental 
Visibility: 130 km 

The exoatmospheric solar spectral irradiance was calculated from spectral 

irradiance values published by Iqbal (1983). The Iqbal data were weighted with the 

spectral filter function for the band to produce a spectral irradiance value: 
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J, 
oo 

EoA S(A)dA 

E = (2.5) 
* ,00 ' 

0 

S(A)dA 
Jo »0 

where 

EoA = spectral data tabulated by Iqbal 

S(A) = filter function for sensor band. 

The S(A) values used here represent the profile provided by the French space agency, 

CNES. 

With these adjustments, reflectances over a spatial extent greater than one 

AVHRR pixel were obtained. The normalized radiance values and their corresponding 

reflectances for the three areas selected in each band are presented in Table 2.6. 

Table 2.6. Reflectances Obtained from Digital Count Data 

Digital Counts Normalized Radiance Reflectance 

HRV2 
103.1 0.0844 0.479 
103.3 0.0846 0.480 

46.7 0.0382 0.207 
HRY3 

96.8 0.1050 0.569 
100.4 0.1080 0.591 

49.4 0.0533 0.288 



38 

Zenith Angle, Reflectance Factor, and Spectral Response Adjustments 

To produce an AVHRR-corrected reflectance suitable for use in the Herman 

code, three adjustments were made to the value previously computed. First, a correction 

for sun angle was applied, as the SPOT and NOAA-11 overpasses occured at different 

solar zenith angles. Second, a correction for the bidirectional reflectance effects of the 

surface was employed. Since the bidirectional reflectance distribution function (BRDF) is 

a function of the angular distribution of irradiance reaching the surface, different solar 

zenith angles produce different irradiance levels and different BRF effects. Third, the 

difference in spectral characteristics between the HRV band and the corresponding 

AYHRR channel was accounted for. 

The first adjustment is straightforward. Nadir reflectance values acquired in 

HRV bands during the SPOT and NOAA-11 overpasses were ratioed to produce a nadir 

correction factor. These values were obtained using the Exotech radiometer with SPOT 

filters in the manner described previously. Although these data were collected over the 

gypsum surface, their ratio was assumed to be a function of illumination angle and was 

applied to the darker surface as well. 

Bidirectional reflectance data collected over the gypsum surface during the 

AVHRR overpass were used to further modify the reflectance values. The data were 

collected at nadir angles between -45° and +45° at intervals of 5°. (By convention, a 

negative nadir angle corresponds to a scan beginning from the east.) When the satellite 

and sun were on opposite sides of the site (as was the case for the afternoon AVHRR 

overpass) BRF data corresponding to negative nadir angles were used. These data were 

interpolated to the AVHRR nadir angle of 14°. No BRF data were collected over the 

darker surface. In this study, however, the data collected over the gypsum were used to 
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adjust the dark surface reflectance without further modification. 

The BRF and sun angle factors were multiplied by the HRV reflectances to 

produce corrected HRV reflectances. A spectral adjustment was then made to yield an 

AVHRR reflectance value. The moments method was used to obtain the center 

wavelengths of the AVHRR channels, the equivalent average channel responsivity, and the 

upper and lower wavelength limits (Palmer and Tomasko, 1980) as shown in Figure 2.4. 

The center wavelengths used for HRV bands 2 and 3 and the average 

reflectance values calculated thus far formed two x,y pairs through which a straight line 

was drawn. The slope of the line was 

a = fonm ~ Phrv2 (2 6) 

ACHRV3 " ACHRV2 

By assuming that the center wavelengths of AVHRR channels 1 and 2 were sufficiently 

close to their corresponding wavelengths in the HRV bands, an average reflectance value 

in channel 1 was computed as 

PAVHRRl = a(^cAVHRRl " AcHRV2) + />HRV2 (2-7) 

The factor by which the HRV reflectance was adjusted to produce an 

AVHRR reflectance was then 

f = Pavhrri i (2.8) 

PHRV2 J 

A similar computation was carried out for AVHRR channel 2. 

The spectral correction factor along with the nadir reflectance ratio and the 

BRF correction produced the AVHRR reflectances tabulated in Table 2.7. 
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Table 2.7. Calculated AVHRR Reflectances, Method 1 

Original Corrected for Corrected for 
Reflectance BRF & nadir ratio Spectral Passband 

HRV2 
0.479 0.489 0.483 
0.480 0.490 0.484 
0.207 0.212 0.209 

BRF x Nadir Reflectance Ratio = 1.022 Spectral Shift Factor = 0.9876 

HRV3 
0.569 0.579 0.579 
0.591 0.601 0.601 
0.288 0.293 0.292 

BRF x Nadir Reflectance Ratio = 1.017 Spectral Shift Factor = 0.9993 

Return Pass Through the Atmosphere 

The Herman code was next invoked to predict the radiance at the satellite 

sensor with the corrected ground reflectances. The code was run at the AVHRR 

central wavelengths with illumination and viewing parameters corresponding to the 

conditions during the AVHRR overpass. 

The exoatmospheric solar irradiance in the AVHRR channels was again 

calculated with the Iqbal data. In this case, however, the filter function, S(A), was 

supplied by ITT, who performed the 1981 pre-flight calibration (Markham, 1989). The 

low and high wavelengths over which these functions were integrated were those 

computed by the moments method. 

Gaseous transmittances in the AVHRR bands were computed with the 5S 

code. The aerosol model, atmospheric model, and visibility parameters used as 5S 



inputs were identical to those used for the HRV overpass. The illumination and 

viewing parameters used corresponded to conditions during the NOAA-11 overpass. 

The spectral radiances in the AVHRR channels were computed according to 

LNiE^r, 
(2.9) 

These values were then used to compute the calibrated gains in AVHRR 

channels 1 and 2. A summary of parmeters input to the Herman Code for the return 

pass through the atmosphere appears in Table 2.8. 

computations, replacing the Herman code used in Method 1. This code was developed 

by Tanre et. al. (1986a) at the Laboratoire de Optique Atmospherique, Universite des 

Sciences et Techniques de Lille, France. 5S results approximate closely those obtained 

with more numerically intensive radiative transfer codes such as LOWTRAN 7 (Conel 

et. al., 1988). In addition to the capability of predicting radiance at the satellite sensor, 

the 5S code allows computation of ground reflectance given an apparent reflectance at 

the sensor. Assuming a lambertian target on the ground, this apparent reflectance, px, 

is expressed as 

Method 2 Calibration 

In this calibration method, the SS code was used for all radiative transfer 

(2.10) 

where 

La = spectral radiance at sensor 



Table 2.S. Method 1 Radiances for NOAA-U AYHRR Channels 1 and 2 at 
WSMR 11-21 -88 

Solar Zenith Angle: 56.6 deg. Time of Overpass: 20:14:30 (UT) 
Solar Azimuth Angle: 203.4 deg. Location: White Sands 
Solar Distance: 0.9876 A.U. Latitude: 32 deg. 55 min. 
Junge Size Distribution: 3.70 Longitude: 106 deg. 22 min. 
Aerosol Size Range: 0.01 to 10 fim NOAA Nadir Angle: 14 deg. 
Refractive Index: 1.44 - 0.005i NOAA Az. Angle: 78 deg. 
Calculated Visibility: 130 km Relative Azimuth: 125.4 deg. 
Barometric Pressure: 887.8 mb 

AVHRR AVHRR 
Channel 1 Channel 2 

Central Wavelength (/mi) 0.639 0.846 
Bandwidth (/mi) 0.145 0.283 
Mie Optical Depth 0.0199 0.0124 
Rayleigh Optical Depth 0.0463 0.0149 
Ozone Absorption 0.0202 0.0000 

Gypsum Dark Gypsum Dark 
Surface Surface Surface Surface 

Spectral Reflectance 0.484 0.209 0.590 0.292 
Normalized Code 
Radiance 0.0798 0.0365 0.1030 0.0513 

Exoatmospheric E0 

(w/m2./tm) 1622.0 1622.0 1043.6 1043.6 
Coat Spectral L 
(w/m2.sr./tm) 132.7 60.6 109.7 54.9 

Gaseous Transmittance 
(5S) 0.988 0.988 0.899 0.899 

Final Predicted Radiance 131.1 59.9 98.7 49.4 
(w/m2.sr./tm) 

NOTE: The gypsum surface reflectance and radiance values represent the average 
values for the two gypsum locations chosen. 
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EoX = exoatmospheric solar spectral irradiance 

9 = solar zenith angle during satellite overpass. 

Because the exoatmospheric solar irradiance was obtained with the Iqbal 

values that represent conditions at one astronomical unit, an additional factor to account 

for the earth-sun distance was applied in the expression: 

three targets in each band in accordance with equation 2.3. Although this radiance was 

technically a spectral quantity, it was assumed to be valid for all wavelengths within the 

particular HRV band. (See the Appendix for further discussion of this assumption.) 

Equation 2.11 was applied next, using the EoA value obtained from weighting the 

irradiance data with the filter response, as in equation 2.5. The apparent reflectances 

obtained from equation 2.11 were assumed to be representative of apparent reflectances 

across the HRV bands, and were used to execute 5S in the reverse mode. These 

apparent reflectances are tabulated in Table 2.9. 

The SS code utilizes two methods to obtain ground reflectance given 

apparent reflectance. The first involves evaluating the expression 

* L a P 2  
(2.11) 

The radiance at the sensor in HRV bands 2 and 3 was computed for the 

o( \ )  _ 
* ' [l+y(A)s(A)]' 

(2.13) 
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Table 2.9. Conversion of Digital Counts to Apparent Reflectance 

Solar Zenith Angle: 54.5° 
Cosine Solar Zenith: 0.5807 

HRV2 HRV3 

A = SPOT Calibration Coefficient 0.3364 0.5062 
m = on-board gain 6 5 
E„ 1628.5 1083.0 
DSUN (A.U.) 0.9876 0.9876 
1.3(m"3) 2.197 1.690 

, "®iuN 
Factor = — ——-

A Eocos01.3m~3 
0.00438 0.00569 

HRV2: DC VALUE * 
P 

103.1 0.452 
103.3 0.453 
46.7 0.205 

HRV3: 96.8 0.551 
100.4 0.572 
49.4 0.281 

at 5 nm intervals, and using the results to integrate 

1 
oo 

p(A)S(A)EA DA 

( Jo 

oo 

S(A)Ea dA 

(2.14) 

where S(A) is the filter function for the given sensor band. The values for y(A) in (2.13) 
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are determined from: 

y(A) = / ̂  
Tg(A) rT(A) rT W 

2.15) 

where 

rT(A) = Tt (0* 'A)rt (*v »A)> 

and 

rT = gaseous transmittance 

rt (0B) = downward scattering transmittance at solar zenith angle 0B , 

rt (0y) = upward scattering transmittance at view nadir angle 6y 

pa = intrinsic atmospheric reflectance, 

s = spherical albedo of the earth-atmosphere system. 

The second approach to compute ground reflectance in the reverse mode 

involves using band-integrated values in the expression 

Teillet et. al.(1989), who investigated both approaches, concluded that the second 

approach was computationally less intensive than the first, and did not depend on p, the 

desired quantity, as did the previous method. Therefore, no iterative procedure was 

required. The second method for calculating ground reflectance given apparent 

reflectance was used in this study. Figure 2.5 shows a schematic diagram and the 

(2.16) 

where 

(2.17) 
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Figure 2.5 Thej) * value used as input to two different methods for 

computing surface reflectance. (Teillet et. al., 1989) 
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corresponding equations for the two methods. A list of input parameters for the use of 

the 5S code in reverse appears in Table 2.10. Table 2.11 summarizes the ground 

reflectances calculated using this method. 

Table 2.10. 5S Code Parameters 
For Inverse Run, HRV Bands 2 and 3 

Day of Year. November 21, 1988 
Solar Zenith Angle: 54.5° 
Solar Azimuth Angle: 165° 
SPOT Nadir Angle: 1° 
SPOT Azimuth angle: 280.4° 
Atmospheric Model: Midlatitude Winter 
Aerosol Model: Continental 
Visibility: 130 km 

Table 2.11. Ground Reflectances Calculated Using SS in Inverse Mode 

* 

P P 
HRV2 0.452 0.505 

0.453 0.506 
0.205 0.218 

HRV3 0.551 0.581 
0.572 0.603 
0.281 0.294 

Zenith Angle, Reflectance Factor, and Spectral Response Adjustments 

The procedure for correcting the HRV reflectances to AVHRR values was 

identical to that used in calibration Method 1. In this situation, however, a different 



BRF data set was used, because Method 2 calibration relies on historical data sets. The 

ratio of nadir reflectance values in corresponding AVHRR and HRV bands was the 

same as that computed in Method 1. Because the SPOT overpass on November 21, 

1988 occured at a comparable solar zenith angle on the opposite side of solar noon, BRF 

data taken during the SPOT overpass were used to correct the ground reflectance. In 

this case, however, BRF data from positive angles (against the scan direction) were 

used. The spectral shift was computed as before. AVHRR reflectances used for the 

return pass through the atmosphere are summarized in Table 2.12. 

Table 2.12. Calculated AVHRR Reflectances, Method 2 

P 
BRF and Nadir Spectral 

Correction Applied Shift Applied 
HRV2 0.505 

0.506 
0.218 

0.514 
0.515 
0.222 

0.508 
0.509 
0.219 

BRF X Nadir Reflectance Ratio = 1.019 
Spectral Shift Factor = 0.9876 

HRV3 0.581 
0.603 
0.294 

0.589 
0.611 
0.298 

0.589 
0.611 
0.297 

BRF X Nadir Reflectance Ratio = 1.013 
Spectral Shift Factor = 0.9993 

Return Pass Through the Atmosphere 

5S was next utilized in the forward mode, computing radiance at the sensor 

given the AVHRR ground reflectances. In this step, the AVHRR spectral response 
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profile provided on a 5 nm grid was used as an input filter function. Illumination and 

viewing parameters corresponding to the time of the AVHRR overpass were used, and 

the aerosol profile and atmospheric model remained the same as those used during the 

reverse execution. 

The use of 5S in the forward mode produced a radiance value that had 

been integrated over the filter function of the band. In other words, 

where pB = cosine of solar zenith angle. To obtain a spectral value, this quantity was 

normalized by the filter function: 

(2.18) 

S(A)dA 

(2.19) 

This spectral radiance was used to compute the calibrated gain value, which 

was then compared to the value obtained in Method 1. A summary of the parameters 

used for the return pass through the atmosphere appears in Table 2.13. 
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Table 2.13. Method 2 Radiances for NOAA-11 
AVHRR Channels 1 and 2 at WSMR 11-21-88 

Solar Zenith Angle: 56.6 deg. Time of Overpass: 20:14:30 (UT) 
Solar Azimuth Angle: 203.4 deg. Location: White Sands 
Solar Distance: 0.9876 A.U. Latitude: 32 deg. 55 min. 
Atmospheric Model: Midlatitude Longitude: 106 deg. 22 min. 

Winter 
Aerosol Model: Continental NO A A Nadir Angle: 14 deg. 
Calculated Visibility: 130 km NOAA Az. Angle: 78 deg. 

Relative Azimuth: 125.4 deg. 

AVHRR AVHRR 
Channel 1 Channel 2 

Central Wavelength (/un) 0.639 0.846 
Bandwidth (/xm) 0.145 0.283 

Gypsum Dark Gypsum Dark 

Spectral Reflectance 0.508 0.219 0.600 0.297 
Code Spectral L 
(W/mi.sr./un) 130.2 59.3 98.2 49.3 

NOTE: The gypsum surface reflectance and radiance values represent the average 
values for the two gypsum locations chosen. 

In this chapter, two different methods for computing spectral radiance in 

the AVHRR channels have been discussed. To complete the calibration, gain values 

utilizing these radiances were computed. Chapter 3 includes a discussion of these gain 

computations, a comparison of the results for the two methods, and an assessment of 

the error involved in these calibration procedures. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Calibration Methods 1 and 2 described in the previous chapter have both 

yielded values for radiance at the sensor given a number of image digital counts. 

Although Methods 1 and 2 utilized different data sets and different radiative transfer 

codes, the final predicted radiances computed in Method 1 for each target in each channel 

were very close to the radiances computed using Method 2. Table 3.1 summarizes these 

results. 

Table 3.1. Method I and Method 2 Results 

AVHRR 
Channel 1 

AVHRR 
Channel 2 

Gypsum Dark Gypsum Dark 

Method 1 Results: 

Predicted Radiance 
(watts/m2.sr./xm) 131.1 59.9 98.7 49.4 

Method 2 Results: 

Predicted Radiance 
(watts/m2.sr./im) 130.2 59.3 98.2 49.3 
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As seen from the table, corresponding radiance values agreed to within 1%. 

These results were surprising in their close agreement. One factor that could have had an 

effect on the radiance values was the use of only one wavelength in channels 1 and 2 as 

input to the Herman code for the Method 1 calibration. Since these channels are wide 

compared to multispectral bands in a higher resolution sensor such as SPOT, the use of 

radiances obtained at one wavelength may not have been representative of the conditions 

within the entire band. In an attempt to assess the magnitude of this effect on the 

calculated radiances, channels 1 and 2 were partitioned into several regions and the 

Herman code was run at several wavelengths within each band. The radiances at each 

wavelength were then weighted and added together to produce the predicted radiance for 

the channel. A complete description of this procedure may be found in the Appendix. 

The results of these computations showed a difference between the calculation of radiance 

using one wavelength and the computation using several wavelengths of less than 1 % in 

channel 1. In channel 2, which is broader than channel 1, this difference was greater, on 

the order of 2%. Because these radiances were deemed to be more accurate than those 

computed using only one wavelength, they were used in subsequent gain computations. 

The final step in the calibration process was the computation of the gain in 

each AVHRR channel. An offset value in digital counts was provided by ITT, who 

performed a pre-flight calibration of the NOAA-11 AVHRR in 1981. The digital count 

values from the AVHRR image tape were used along with the computed radiances in the 

gain computation: 

Gain = (Digital counts - Offset)/(Spectral radiance). (3.1) 
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In both methods, two gain values were computed for each channel. The first 

value used the average of the digital counts obtained over the gypsum area, while the 

second used the value obtained over the dark target. 

The percentage change between the preflight gain and the gain computed by 

these methods is an important figure of merit in assessing the condition of a sensor over 

time. Percentage change values obtained in subsequent calibrations will provide information 

on the rate of degredation in sensor sensitivity. The percentage change from the preflight 

gain value was computed as: 

Percentage Change = ((New gain - Preflight gain)/Preflight) x 100% (3.2) 

A summary of the calibration appears in Table 3.2. 
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Table 3.2. NOAA-U AVHRR Calibration Comparison Using 1981 
Pre-flight Calibration Data 

AVHRR AVHRR 
Channel 1 Channel 2 

Gypsum Dark Gypsum Dark 

Method 1 Results: 
(several wavelengths) 

Predicted Radiance 
(watts/m2.sr./un) 130.7 60.1 100.3 50.3 
Image Digital Counts 273.5 154 277.5 188 
Code Counts/Radiance 2.09 2.56 2.77 3.74 
Preflight Offset 
(Counts) 39.2 39.2 39.8 39.8 

Predicted Code Gain 1.79 1.91 2.37 2.95 
Preflight Gain 
(Count/Radiance) 1 9 1  1.91 3.18 3.18 

Percent Change From 
Preflight -6.28 0.00 -25.47 -7.23 

Method 2 Results: 

Predicted Radiance 
(watts/m2.sr./*m) 130.2 59.3 98.2 49.3 
Image Digital Counts 273.5 154 277.5 188 
Code Counts/Radiance 2.10 2.60 2.83 3.82 
Preflight Offset 
(Counts) 39.2 39.2 39.8 39.8 

Predicted Code Gain 1.80 1.94 2.42 3.01 
Preflight Gain 
(Count/Radiance) 1.91 1.91 3.18 3.18 

Percent Change From 
Preflight -5.76 1.57 -23.9 -5.35 
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The percentage differences in the gains computed using each method over 

each target area are shown in Table 3.3 

Table 3.3 Percentage Differences in Gains, Method 1 to Method 2 

AVHRR Channel 1 AVHRR Channel 2 

Gypsum Dark Gypsum Dark 

Method 1 Gain 1.79 1.91 2.37 2.95 
Method 2 Gain 1.80 1.94 2.42 3.01 
Percentage Difference, 
Method 1 to Method 2 0.56 1.57 2.11 2.03 

The results in Table 3.2 show that trends in the change from the preflight 

calibrated gain values are similar for both methods. In a particular channel, the change 

from preflight gain values was always lower for the dark surface than for the gypsum 

surface. However, the values obtained over the gypsum surface are deemed to be more 

reliable than those obtained over the dark target. No ground truth measurements were 

actually made over the dark area, and the percentage of error inherent in computations 

with lower digital count values is greater than when higher digital count values are used. 

Further, the sensor offset could have changed from the preflight offset value after the 

satellite was launched into space. This effect will be discussed further in Chapter 4. 

Table 3.4 contains the results of computations made with an incorrectly chosen 

digital count value from the original HRV image. As mentioned in Chapter 2, the location 

of corresponding areas on the AVHRR tape relies on visual recognition of areas in the two 

images. The radiances in the table are computed from means of digital counts in areas 

deviating from the correct location by one-half and one AVHRR pixel. For an accurate 

representation of the error, areas were selected on every side of the correct pixel location. 
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Area statistics were taken in each window, and these results were averaged to represent a 

mean pixel value for a distance of one-half pixel or one pixel away. The predicted code 

gains for each area were computed with the channel offsets appearing in Table 3.2. The 

percentage differences from the correct predicted gains relate the gains in Table 3.2 to 

those in Table 3.4. 

Table 3.4 Effect of an Incorrectly Chosen Location On Predicted Code Gain 
for AVHRR Channels 1 and 2 

±1/2 
AVHRR 

Pixel 

±1 
AVHRR 

Pixel 

Gypsum Dark Gypsum Dark 

Channel 1 Results 

Digital Count Value 102.1 48.5 100.3 52.7 

Predicted Radiance 
(watts/m2.sr./un) 131.8 63.8 129.8 69.1 

Predicted Code Gain 
(Counts/Radiance) 1.78 1.80 1.81 1.66 

% Difference from 
Correct Predicted Gain -.56 -5.76 1.12 -13.09 

Channel 2 Results 

Digital Count Value 99.9 50.6 100.8 52.9 

Predicted Radiance 
(watts/m2.sr./xm) 98.7 50.7 99.0 53.0 

Predicted Code Gain 
(Counts/Radiance) 2.41 2.92 2.40 2.80 

% Difference from 
Corrected Predicted Gain 1.69 -1.02 1.27 -5.08 
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As seen from Table 3.4, greater deviations from the correct gain values 

occured for the dark surfaces than for the gypsum surfaces in every case but one (1/2 

pixel in Channel 2). Because the trend was toward a greater error for darker surfaces, 

results obtained using brighter targets were deemed to be more reliable. 

An important point about these percentage changes is that they are valid only 

for particular areas in this image. Any bright, uniform area selected may not have 

surrounding areas whose mean values differ by the same amounts as those in the table. 

Gypsum areas close to the dunes, for example, will produce different error statistics than 

those adjacent to a lava bed or a mountainous region. These statistics are meant to convey 

the general trends in the use of bright and dark areas and the magnitudes of errors to be 

expected if an area is identified incorrectly. 

Another factor affecting the calibration process is the use of preflight gain and 

offset values that may not have been representative of the condition of the sensor before it 

was launched into space. Two preflight calibrations were done for the NOAA-11 

AVHRR. The preflight gain and offset values used in Table 3.2 represent the results of a 

calibration performed in 1981. Another preflight calibration performed in 1988 yielded 

different gain and offset values. The integrating sphere source used for both calibrations 

had different radiances in each case, and it is interesting to compare the calibration results 

using the 1988 values. Table 3.5 shows the results of using the 1988 gain and offset data. 



Table 3.5. NOAA-11 AVHRR Calibration Comparison Using 1988 
Pre-flight Calibration Data 

AVHRR 1 AVHRR2 
Channel 1 Channel 2 

Gypsum Dark Gypsum Dark 

Method 1 Results: 

Predicted Radiance 
(watts/m2.sr./im) 130.7 60.1 100.3 50.3 
Image Digital Counts 273.5 154 277.5 188 
Code Counts/Radiance 2.09 2.56 2.77 3.74 
Preflight Offset 
(Counts) 42.4 42.4 41.7 41.7 

Predicted Code Gain 1.77 1.86 2.35 2.91 
Preflight Gain 
(Count/Radiance) 2.21 2.21 3.64 3.64 

Percent Change From 
Preflight -19.9 -15.8 -35.4 -20.1 

Method 2 Results: 

Predicted Radiance 
(watts/m2.sr./im) 130.2 59.3 98.2 49.3 
Image Digital Counts 273.5 154 277.5 188 
Code Counts/Radiance 2.10 2.60 2.83 3.82 
Preflight Offset 
(Counts) 42.4 42.4 41.7 41.7 

Predicted Code Gain 1.77 1.88 2.40 2.97 
Preflight Gain 
(Count/Radiance) 2.21 2.21 3.64 3.64 

Percent Change From 
Preflight -19.9 -14.9 -34.0 -18.4 
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A glance at Table 3.5 reveals larger changes from preflight values than were 

obtained with the first set of gain and offset data. The gains produced by both methods 

are still close. The changes from preflight values have increased dramatically for both 

targets in both channels. If these results are taken as correct, major changes have occurred 

when the sensor entered the space environment. At this time, one other investigator who 

used the second set of preflight calibration data reports a change from preflight gain of 

approximately 22 % in AVHRR channel 1 and 32 % in AVHRR channel 2 (Holben, 1989). 

Therefore, the results in Table 3.4 may not be out of line with those obtained through 

other calibration methods. 

A final comment on the overall accuracy of the methods is that both Method 

1 and Method 2 relied on a reflectance-based calibration for a high resolution sensor. 

Slater (1988) has analyzed the sources of uncertainty in a reflectance-based calibration, and 

has concluded that the overall uncertainty is 5%. Method 1, which is an extension of the 

reflectance-based approach, adds another 5% to the earlier amount, for a root-sum-square 

uncertainty in Method 1 of about 7%. The percent differences from pre-flight gain in 

Method 1 differ from those in Method 2 by less than 1% in channel 1 and about 2% in 

channel 2. Because Method 1 required ground and atmospheric measurements rather than 

historical data and standardized models, it is likely to be greater in accuracy than Method 

2. Therefore, the uncertainty in Method 2 is on the order of 8%-9%. 
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CHAPTER 4 

SUMMARY 

In this thesis, several methods for calibrating AVHRR sensors have been 

surveyed and compared. Two methods for calibrating the NOAA-11 AVHRR were 

discussed in detail. The first relied on measured ground and atmospheric optical depth 

data, while the second used historical ground reflectance data and standard atmospheric 

profiles. The two methods produced results that were in agreement to within 

approximately 1 % in channel 1 and 2 % in channel 2. At this time, the Method 1 results, 

which required on-site measurements, are deemed to be more accurate than the Method 2 

results, although the good agreement in the results of the two methods indicates that 

Method 2 is a viable option for future calibration studies. 

Both calibration approaches discussed in this thesis require the accurate 

identification of corresponding areas in images with very different spatial resolution. The 

identification procedure is currently implemented through visual recognition, and could 

result in significant error if an area is identified incorrectly. A more accurate solution to 

the identification problem would utilize a computer algorithm to implement a cross-

correlation between the two images. In this approach, corresponding geographical features 

could be recognized as peaks in the statistical output of the correlation. This procedure 

could be implemented using a numerical algorithm for the mathematical computation and 

an expert system for the pattern recognition. 

A significant point brought out by this thesis is that several different gain 
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values can be computed for each AVHRR channel depending on which set of offsets are 

used. Table 4.1 lists the offsets and gains for the NOAA-11 AVHRR in channels 1 and 2. 

The offsets were determined on different dates under varying circumstances. The 

differences between the offsets for the two pre-flight calibrations are 8.2 % and 4.8 % for 

channels 1 and 2, respectively, which indicates that the offsets are not stable with time. 

The in-flight offset, obtained in November, 1988, is lower for the two channels than the 

offset determined in the 1988 pre-flight calibration. The two-radiance linear fit in Table 

4.1 was obtained by plotting digital counts versus radiance for the two target areas in each 

channel and then drawing a straight line through the points to obtain the offset, or zero-

radiance digital count value. The offsets produced in this manner are significantly higher 

than those obtained through any of the other approaches. If these offsets are taken as 

correct, the change from pre-flight gain values is 42 % in each channel, a greater 

degradation than any other obtained with a different pair of offsets. In both the pre-flight 

cases and the in-flight case, there are major differences between the gains for bright and 

dark targets in a particular AVHRR channel. This fact implies that the system is non

linear in relating radiances to digital counts. 
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Table 4.1 Comparison of AVHRR Offsets and Gains 

AVHRR Channel 1 

1981 Preflight 1988 Preflight In-flight 
Two-radiance 
linear fit 

Offset 
(counts) 39.2 42.4 40.0 52.4 

Gypsum Dark Gypsum Dark Gypsum Dark Gypsum Dark 

Gain 
(counts/ 
radiance) 1.79 1.91 1.77 1.86 1.79 1.90 1.69 1.69 

AVHRR Channel 2 

1981 Preflight 1988 Preflight In-flight 
Two-radiance 
linear fit 

Offset 
(counts) 39.8 41.7 40.0 94.2 

Gypsum Dark Gypsum Dark Gypsum Dark Gypsum Dark 

Gain 
(counts/ 
radiance) 2.38 2.90 2.36 2.38 2.38 2.90 1.84 1.84 

The question arising from the data in Table 4.1 is: should the offsets in the 

first three columns be considered correct, or are the correct offsets those in column four, 

which yield equal gains for bright and dark targets? An answer to the question can be 

found in the manner in which the offset is determined in the different cases. In the pre-

flight calibration, an integrating sphere source is used. This configuration does not 

introduce much stray light into the system. The geometry employed here certainly does 
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not match the actual viewing geometry, in which the sensor views the illuminated earth-

atmosphere system from space, and a 3 sr cone of radiant flux is incident at the entrance 

pupil of the sensor. Any scattering of this out-of-field light by the scan mirror or internal 

mounting fixtures and baffles could significantly increase the image surface irradiance 

when the sensor views a dark target. The offset listed in the third column, and obtained 

from an in-flight calibration, results from the sensor view of deep space, a zero-radiance 

target. In this case, there is no possibility of significant stray light entering the system, 

which explains why the offset is lower than for the 1988 pre-flight calibration. The 

results for the offsets in the fourth column can be explained by the presence of stray light. 

The greatest stray light contribution is probably from the sensor itself, but a contribution 

could also be due to the presence of the atmospheric adjacency effect. The stray light 

explanation for the change in calibration coefficients, although plausible in other respects, 

does not explain why the offset in channel 2 has changed much more than the offset for 

channel 1. It is hoped that future calibrations of the sensor using lower reflectance targets 

will provide the answer to this question. 
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This appendix presents a review of the method used to obtain spectral 

radiance in AVHRR channels 1 and 2 using results obtained at several wavelengths. 

The Herman code outputs a normalized radiance value assuming unity 

irradiance incident at the top of the atmosphere. This normalized value becomes a spectral 

radiance value when it is multiplied by the irradiance term in Equation 2.5. That 

irradiance value is calculated according to: 

I 
oo 

EoA S(A)dA 

E x  = . A.l 
A ,oo 

0 

S(A)dA 
Jo 

Because the AVHRR channels, particularly channel 2, have wide spectral 

widths, one radiance value may not be representative of the conditions in a particular 

channel. As a result, each channel was divided into intervals, and representative 

wavelengths were chosen in these intervals. The Herman code was run for three 

wavelengths in channel 1 and four wavelengths in channel 2. Figure A.l shows the 

spectral responses of the filters in each channel and the intervals into which the channel 

was divided. 

Because of the non-uniform shape of the channel profiles, each Herman code 

radiance value was weighted by the ratio of the area of the interval to the total area under 

the curve. In region A, for example, the weighting factor was: 
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EoX S(A)dA 
A 

Factor = A.2 

EoA S(A)dX 
A+B+C 

Similar weighting factors were applied to the other regions. The weighted 

spectral irradiance in region A was then: 

where the EoA values were obtained from Iqbal (1983). The spectral radiance was then 

computed as the spectral irradiance multiplied by the normalized Herman code value. The 

spectral radiance in the channel was then computed as the sum of the individual spectral 

radiances. Table A.l shows the Herman code normalized radiances, the spectral 

irradiances, and the weighting factors for all points used in the computation. The 

radiances in Channel 2 are revised values and differ only slightly from the radiances 

presented in Chapter 3. However, they represent a departure from the computation of 

radiance at one wavelength by 1.2 over the gypsum surface, and 3.4 over the dark area, 

indicating that radiance computation using multiple wavelengths provides a noticeable 

improvement over the single wavelength computation. Figure A.2. shows the spectral 

irradiance x filter function for each channel. 

x A.4. 

S(A)dA 
A+B+C 



Table A.l Spectral Radiance Computation by Wavelength 
AVHRR Channel 1 

Normalized 
Wavelength Radiance 
(am) 

Spectral 
Irradiance 
(W/m2./xm) 

Weighting 
Factor 

Spectral 
Radiance 
(W/m2.sr.jum) 

Gypsum Surface 
0.58 
0.63 
0.69 

0.077 
0.079 
0.082 

1786.1 
1652.8 
1458.4 

0.241 
0.449 
0.311 

34.05 
60.05 
38.28 

Dark Surface 
0.58 
0.63 
0.69 

0.036 
0.036 
0.037 

1786.1 
1652.8 
1458.4 

0.241 
0.449 
0.311 

15.98 
27.56 
17.26 

Gaseous Transmittance from 5S = 0.988 

Earth-Sun Distance = 0.9876 A.U. 
Final Predicted Radiance = 130.7 W/m2.sr./un (gypsum) 
Final Predicted Radiance = 60.1 W/m2.sr./xm (dark) 

AVHRR Channel 2 
Gypsum Surface 

0.75 
0.81 
0.87 
0.95 

0.102 
0.101 
0.095 
0.103 

1278.0 
1103.7 
963.2 
794.1 

0.309 
0.267 
0.233 
0.192 

37.06 
27.45 
20.92 
14.42 

Dark Surface 
0.75 
0.81 
0.87 
0.95 

0.051 
0.051 
0.051 
0.051 

1278.0 
1103.7 
963.2 
794.1 

0.309 
0.267 
0.233 
0.192 

18.63 
13.96 
11.34 
7.18 

Gaseous Transmittance from 5S = 0.899 (across the band) 
Gaseous Transmittance for Region 3 only = 0.963 

Earth-Sun Distance = 0.9876 A.U. 
Final Predicted Radiance = 99.9 W/m2.sr./un (gypsum) 
Final Predicted Radiance = 51.1 W/m2.sr./im (dark) 
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Figure A.l. Filter Responses for NOAA-11 AVHRR 
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SPECTRAL IRRADIANCE X FILTER RESPONSE 
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