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The ability to conduct in-flight, absolute radiometric calibrations of ocean color 

sensors will determine their usefulness in the decade to come. On-board calibration 

systems are often integrated into the overall design of such sensors and have claimed 

uncertainty levels below 5%. Independent means of system calibration are needed to 

confirm that the sensor is accurately calibrated. Vicarious (i.e. ground-referencing) 

methods are an attractive way to conduct this verification. 

This research describes the development of in-flight, absolute radiometric 

calibration methods which reference dark (i.e. low-reflectance) sites. The high 

sensitivity of ocean color sensors results in saturation over bright surfaces. Low-

reflectance targets, such as water bodies, are therefore required for their vicarious 

calibration. Sensitivity analyses of the reflectance-based and radiance-based 

techniques, when applied to a water target, are performed. Uncertainties in 

atmospheric parameters, surface reflectance measurements, and instrument 

characterization are evaluated for calibrations of a representative ocean color sensor. 

For a viewing geometry near the sun glint region, reflectance-based uncertainties range 

between 1.6% and 2.3% for visible and near-IR wavelengths; radiance-based 

uncertainties range between 6.8% and 20.5%. These studies indicate that better 

characterization of aerosol parameters is desired and that radiometer pointing accuracy 

must be improved to make the radiance-based method useful. 
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The uncertainty estimates are evaluated using data from a field campaign at 

Lake Tahoe in June, 1995. This lake is located on the California-Nevada border and 

has optical characteristics similar to oceanic waters. Aircraft-based radiance data and 

surface measurements of water reflectance are used to calibrate visible and near 

infrared bands of the Airborne Visible/InfraRed Imaging Spectrometer (AVIRIS). The 

vicariously-derived calibration coefficients are compared to those obtained from a 

preflight calibration of AVIRIS. The uncertainty of the latter is estimated to be at best 

5%, although in the blue there is evidence to show it is not this low. The reflectance-

based method agreed with the preflight results to within 7.7%, 0.3%, 1.5%, and 0.7%, 

respectively, for the first four Thematic Mapper bands. 

Finally, as a consequence of this research, the testing and refinement of 

radiative transfer codes applicable to oceanic environments is accomplished. These 

modifications lead to an improvement in the prediction of top-of-atmosphere radiances 

over water targets. 
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CHAPTER 1 

INTRODUCnON AND OCEAN COLOR SENSORS 

A number of new satellite sensors are to be launched during the coming decade 

as part of, or in support of, NASA's Mission to Planet Earth (MTPE) (Asrar and 

Dozier, 1994, Slater et al., 1996). These sensors will monitor environmental changes 

on a global scale for both terrestrial and aquatic targets. 

One sensor that is a part of MTPE is the Sea-Viewing Wide Field-of-view 

Sensor (SeaWiFS) (Hooker et al., 1992, Barnes and Holmes, 1993), originally planned 

to be launched in 1993 and now planned for launch in late Spring, 1997. This is a 

prime example of a sensor used to monitor low-reflectance (oceanic) targets. 

SeaWiFS will measure the radiance reflected by the atmosphere-ocean system in eight 

spectral bands whose center wavelengths span the spectral range between 0.412 fom 

and 0.865 jmi. The data obtained will provide the oceanographic community with a 

means of remotely sensing ocean color (i.e. the spectral characteristics of radiance 

leaving the ocean's surface) and investigating factors affecting global change in the 

world's water systems. 

To guarantee that data retrieved from SeaWiFS and other dark-target viewing 

sensors are of quantitative value, in-flight, absolute radiometric calibrations are 

necessary. Such calibrations occur during the useful data collection lifetime of the 

sensor and insure that the recorded digital counts represent the true at-satellite, spectral 
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radiances. Absolute calibration also allows data from multiple sensors to be 

quantitatively compared. 

While a great deal of focus has been given to the problem of accurately 

calibrating land-viewing sensors such as the Landsat Thematic Mapper (TM) (Thome 

et al., 1993) and the Systeme Pour I'Observation de la Terre Haute Resolution Visible 

(SPOT HRV) (Gellman et al., 1993), substantially less effort has been directed to the 

development of techniques for carrying out an absolute radiometric calibration of 

orbiting ocean-viewing sensors. The Remote Sensing Group (RSG) of the Optical 

Sciences Center at the University of Arizona has conducted extensive research in the 

area of ground-referenced calibration of satellite sensors and is conducting similar 

work for SeaWiFS. Calibration of a sensor such as SeaWiFS is different in two 

respects from the TM and HRV examples. First, SeaWiFS is a low-spatial resolution 

sensor. Second, SeaWiFS has been designed to view low-reflectance (open ocean) 

targets. In the past, the group has successfully calibrated low-resolution sensors, 

including the Advanced Very High Resolution Radiometer (AVHRR) (Teillet et al., 

1990, Che et al., 1991). However, this work took place over bright calibration targets. 

Though the RSG has developed multiple in-flight calibration techniques that 

involve the measurement of radiometric data over high-reflectance calibration sites, a 

number of fundamental differences make their direct application to sensors viewing 

dark targets more difficult. These sensors have gains that are designed to amplify the 

small signal coming from low-reflectance objects. High-reflectance targets, which are 
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used as calibration sites for the other satellite instruments listed above, tend to saturate 

ocean color sensor bands during the majority of the year and thereby prohibit 

calibration of these bands. The use of a low-reflectance site, such as a water target, is 

therefore warranted. 

The use of water targets requires the development of a more comprehensive 

algorithm for solving the radiative transfer equation. Modeling of an ocean-

atmosphere environment must account for the specular reflection of the air-water 

interface as well as factors such as the surface's wave-slope distribution, the diffuse 

water and foam reflectances, and the coupling of radiance between water and 

atmosphere. Attention must also be given to the problem of accurately quantifying 

and analyzing the effect of the atmosphere over these targets since it becomes the 

primary contributor to sensor-level radiance. Outside of the sun glint region (i.e. the 

direction of specular reflection from the air-water interface), the surface itself 

contributes a relatively small amount of radiance and therefore appears "dark" to the 

sensor. This is especially true at longer wavelengths. 

1.1 General Characteristics of Ocean Color Sensors 

Currendy, calibrations which reference low-reflectance targets are most 

important for optical systems designed to observe the world's oceans. Among other 

things, the data obtained from these ocean color sensors will afford scientists the 

means to study the seasonal production and distribution of phytoplankton, the effect of 
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the ocean on the earth's carbon cycle, and the dynamics of oceanic current flows and 

mixing (Hooker et al., 1992). Such data have been unavailable to the scientific 

community since the loss of the Nimbus-7 Coastal Zone Color Scanner (CZCS) (Hovis 

et al., 1980) in 1986. 

Ocean color sensors typically have spectral bands covering the visible and 

near-infrared (near-IR) portions of the electromagnetic spectrum. The selection of 

these bands depends on the optical characteristics of the atmosphere, the water, and 

the in-water constituents. Strong atmospheric absorption bands are avoided. Bands at 

blue and green wavelengths help retrieve pigment concentrations. Ratioing algorithms 

that make use of "hinge-points" in the absorption spectra of the pigments are used for 

this purpose (e.g. Aiken et al., 1995, Clark, 1981, Gordon et al., 1988, Duntley et al., 

1974). The longer-wavelength bands are used to characterize aerosols and remove 

their signal contributions from the resulting data (Gordon, 1978, Gordon and Wang, 

1994). These sensors tend to have low spatial resolutions, typically on the order of 1 

km*. This permits nearly daily coverage of the earth's oceans at the expense of not 

resolving information on small-scale spatial variability. Due to the low radiance levels 

over water targets, their design includes high signal sensitivities. This facilitates the 

retrieval of diffuse water reflectances, and biological and sediment constituents. These 

sensitivities often lead to the saturation of bands over even moderate-reflectance 

terrestrial targets. 
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Absolute radiometric uncertainties below 5% have been specified for SeaWiFS 

(McClain et al., 1992). This ocean color sensor contains the design characteristics 

mentioned above. On-board calibration systems have been integrated into the overall 

system design of this, and similar, sensors and have claimed uncertainty levels of 2-

3% (Gordon, 1987). Independent means of system calibration are still desirable to 

confirm that the sensor is accurately calibrated. Vicarious methods are an attractive 

way to conduct this verification. 

1.2 Svnopsis of Remaining Chapters 

This dissertation summarizes the first efforts made at using low-reflectance 

water targets for the purpose of in-flight, absolute calibration of radiometric sensors. 

The modeling of the radiance field upwelled by such targets has been studied and the 

sensitivity of this field to various environmental parameters has been investigated. 

This investigation has resulted in the formulation of calibration uncertainty estimates 

which have been experimentally checked at a chosen calibration site. Lake Tahoe. To 

begin, a review of the general characteristics of ocean color sensors and existing 

methods of vicarious sensor calibration is presented in Chapter 2. This includes a 

synopsis of typical sensor-design features, and the measurement procedure for the 

reflectance-based and radiance-based calibration methods. The application of these 

methods to dark targets is also discussed. Chapter 3 contains a discussion of the 

radiative transfer problem over water targets. Two computational schemes are 



17 

described which numerically solve this transfer problem. Their usefulness for various 

modeling applications are compared and a number of improvements made to them are 

summarized. Contained in Chapter 4 are detailed sensitivity analyses of the transfer 

code used during the vicarious calibration processes. Separate analyses are made for 

the reflectance-based and radiance-based techniques. These analyses are used to 

determine the optimum conditions for which dark-target calibrations should be 

attempted. Experimental verification of the sensitivity studies is summarized in 

Chapter 5. The use of Lake Tahoe as a calibration target for the in-flight calibration 

of AVIRIS is presented in detail. The vicarious calibration results are compared to 

those supplied by the crew responsible for the instrument's characterization at the Jet 

Propulsion Laboratory (JPL). A discussion of the means for calibrating field 

radiometers used during the radiance-based calibration process and the observation of 

spatial nonuniformities in lake reflectance are also given. The dissertation concludes 

with Chapter 6, which summarizes the status of the research to date and suggests 

future direction for the work. 
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IN-FLIGHT VICARIOUS CALIBRATION METHODS 

Radiometric sensors are frequently used to monitor environmental changes on a 

global scale for both terrestrial and aquatic targets. Some of these contain bands 

having high sensitivities - requiring the use of low-reflectance targets to conduct 

vicarious calibrations. Leading this class of sensors are instruments designed to 

collect information over the world's oceans. The focus of the present research has 

been to evaluate the shortcomings of existing in-flight vicarious calibration methods 

for this class of sensor and to determine how to improve/modify these techniques to 

better calibrate them over dark targets. 

2.1 In-flight Vicarious Calibration of Ocean Color Sensors to Date 

One of the earliest attempts made at using vicarious techniques to calibrate 

ocean color sensors was conducted by Hovis et al. (1985). High-altitude radiance 

measurements, made at about 12.5 km above mean sea level (MSL) in the spectral 

region between 0.433 |jm and 0.680 pm, were used to help predict CZCS radiance 

levels. These measured radiances were transferred through the remaining atmosphere 

using aircraft-level pressure readings and assumptions concerning absorption and other 

atmospheric effects. The results verified a suspected degradation in sensor response in 

the blue end of the spectrum (Gordon et al., 1983). The associated cost of this type of 
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calibration makes it unattractive and the lack of knowledge of ozone absorption and 

angular distribution of the radiance field result in inherent method uncertainties. 

Nevertheless, the experiment confirmed a substantial (25%) degradation in response 

for the blue channel from prelaunch characterization. 

Subsequent attempts at vicarious calibration of ocean color sensors have 

foregone the use of in-situ measurements entirely, relying instead on the use of mean 

environmental conditions. Kaufman and Holben (1993) first proposed the use of large 

viewing angles and molecular scatter to characterize the short-wave visible channels of 

AVHRR. The calibration is transferred to the longer wavelength bands by using the 

sun glint signal. This is not entirely satisfactory since separate channels are not 

calibrated independently of each other. In addition, the use of sun glint to transfer the 

calibration may not be possible for certain ocean color sensors since saturation may 

occur in some bands. The reported method uncertainties range from 10% (absolute) at 

0.63 |im to 12% at 0.82 |jm. The largest error source is believed to be the optical 

thickness/depth of the aerosols, but assumes that the atmospheric models (i.e. mean 

conditions) used are valid. 

Vermote et al. (1992) proposed a similar approach which uses molecular scatter 

in the backscatter direction to calibrate short-wavelength channels of the SPOT-1 

HRV. Their method makes use of data from a longer wavelength band to more 

accurately quantify the effects of aerosols and the foam and glint contributions to the 

sensor-level signal. This requires an assumption concerning the relative calibration 
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coefficient between the two bands used and limits the use of the technique to short

wave visible bands. The reported method uncertainties are 4% (absolute) at 0.45 

and 12% at 0.55 jim. Again, longer wavelength bands cannot be calibrated using this 

method and the validity of the atmospheric models used must be assumed due to lack 

of in-situ measurements. 

While all of the above methods provide useful information about the sensor to 

which they are applied, they each have limitations. A method of calibration which is 

robust enough to perform independent calibrations of all sensor bands under conditions 

which will not saturate the channels is desired. In order to keep the associated 

calibration uncertainties low, i.e. approaching the 2-3% level, such a method should 

make use of in-situ environmental measurements to more accurately quantify the 

predictions of sensor-level radiance. 

2.2 Vicarious Calibration Methods Using In-situ Atmospheric Correction 

Vicarious sensor calibration techniques making use of in-sim measurements of 

atmospheric and environmental parameters have been used by the RSG for over ten 

years. The most established are the reflectance-based and radiance-based methods 

(Slater et al., 1987). With these methods, sensors such as the Landsat TM and SPOT 

HRV have been successfully calibrated on numerous occasions (Gellman et al., 1993, 

Thome et al., 1993). These instruments have spectral bands covering the visible 

portion of the spectrum, were designed to view terrestrial targets, and have nadir 
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footprints from 100-900 m^. Desert sites like White Sands Missile Range (WSMR), 

New Mexico (Wheeler et al., 1994) and areas in the Sahara Desert (Kaufman and 

Holben, 1993, Cosnefroy et al., 1996) have been used by the RSG and other 

researchers as calibration targets for these and similar sensors. These sites have 

bright, fairly spectrally-flat reflectances that are spatially and temporally uniform, and 

have low aerosol loading. 

2.2.1 Reflectance-based calibration method 

The reflectance-based calibration method has been used by several scientific 

research groups, including the RSG (Gellman et al., 1993, Thome et al., 1993) and the 

Laboratoire d'Optique Atmospherique (LOA) of the University of Lille, France (Santer 

et al., 1992). The technique uses measurements of reflectance over a calibration site 

at sensor overpass. Solar extinction measurements and meteorological data are used to 

retrieve spectral optical depths and gaseous absorption constituents. These parameters 

are used to characterize the effect of the atmosphere on the top-of-atmosphere (TOA) 

radiance field via suitable radiative transfer codes. The ratio of the computed radiance 

to the digital number (DN) recorded by the sensor becomes the absolute radiometric 

calibration coefficient for a given sensor band. Exoatmospheric solar irradiance is 

therefore the source for this method. Typically, sensors having a small field of view 

(FOV) are calibrated since they require sampling of a smaller area. 
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For the reflectance-based method, the radiative transfer codes play a very 

important role. Atmospheric parameters measured during sensor overpass, along with 

the solar-sensor geometry, are used as code inputs. The incident exoatmospheric 

irradiance is transferred down through the modeled atmosphere and back up in the 

direction of sensor observation. This double-pass through the entire atmosphere results 

in a high degree of sensitivity to the input parameters. Uncertainties in these 

parameters lead to uncertainties in the predicted TOA radiances. 

2.2.2 Radiance-based calibration method 

The radiance-based method is newer than its reflectance-based counterpart. 

Sensors calibrated by RSG personnel using this method include SPOT-2 HRV (Biggar 

et al., 1994) and a helicopter-mounted Daedalus multispectral scanner (Balick et al., 

1991). The technique uses aircraft-based measurements of the spectral radiances 

upwelled from a calibration site at sensor overpass. Solar extinction measurements 

and meteorological data permit the retrieval of optical depths and gaseous absorption 

constituents. These parameters are used to transfer the measured radiances through the 

remaining atmosphere to their TOA values. The ratio of the computed radiance to the 

digital number (DN) recorded by the sensor becomes the absolute radiometiric 

calibration coefficient for a given sensor band. Sensors having low spatial resolutions 

are more easily calibrated with this technique than the reflectance-based method 
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because the aircraft-mounted radiometer is capable of sampling a large area in a 

relatively short period of time. 

The radiative transfer codes play a different role in the radiance-based 

calibration process than in reflectance-based calibrations. For the latter, they are used 

to compute the entire TOA signal; for the former, they are used only to transfer 

aircraft-level radiances to sensor level. Code input uncertainties again lead to changes 

in the TOA radiances but can be expected to be less important, due to the reduced role 

of the codes. As the size of the correction between aircraft-level and TOA decreases, 

these uncertainties produce smaller changes in the TOA radiances. 

2.3 Application of Vicarious Methods to Low-reflectance Targets 

The use of desert calibration sites to calibrate large-FOV radiometric sensors 

having high radiance sensitivities can result in a saturation of sensor bands. Low-

reflectance targets having a high degree of spatial and (ideally) temporal uniformity 

are needed to use the reflectance- and radiance-based methods for such sensors. 

Using low-reflectance targets adds a number of complexities to the problem of 

vicarious calibration. These result largely from the fact that the atmosphere 

contributes a larger portion of the radiance signal present at sensor level. In order to 

achieve the same calibration uncertainty levels, the atmospheric characterization must 

be better than is necessary when using high-reflectance targets. More subtle 

differences also exist for the calibration of ocean color sensors. These sensors 
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typically view clear, case 1 waters (Morel, 1988). Because water has highly 

directional reflectance properties, the problem of properly modeling the radiative 

transfer process is different than for (nearly lambertian) land sites. It is thus 

preferable to conduct vicarious calibrations of ocean color sensors over water targets 

so that the operational conditions of the sensors are more closely reproduced. 

Successful development of vicarious calibration techniques over low-reflectance 

targets will be of great benefit to the worldwide scientific conmiunity. Within the 

next decade alone, numerous new radiometric sensors will be put into orbit and used 

to collect ocean color data. NASA intends to launch several instruments for this 

purpose, including both SeaWiFS and the MODerate Resolution Imaging 

Spectroradiometer (MODIS) (Guenther et al., 1996). In addition, the European Space 

Agency's development of the POLarization and Directionality of the Earth's 

Reflectances (POLDER) sensor (Deschamps et al., 1994) and the MEdium Resolution 

Imaging Spectrometer (MERIS) (Bricaud et al., 1995), and the Japanese Ocean Color 

and Temperature Scanner (OCTS) (Tanii et al., 1991) could all benefit from the 

development of alternative in-flight calibration methods. In addition, the use of dark 

targets will afford the opportunity to conduct studies of calibration linearity for a 

variety of other sensors, including Landsat TM and SPOT HRV. 
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CHAPTER 3 

RADIATIVE TRANSFER COMPUTATIONS 

The subject of general radiative transfer has been explained in numerous 

excellent texts (e.g. Chandrasekhar, 1960, Liou, 1980, LeNoble, 1993). Herein, it is 

necessary only to discuss the application of radiative transfer to the task at hand, 

namely, the modeling of the radiance field for a realistic atmosphere-ocean system 

(e.g. Mobley, 1994). This application results in the need to modify commonly used 

numerical-solution techniques to handle a rough-ocean surface. 

3.1 Radiative Transfer Applied to a Rough-ocean Target 

The solution to the general scalar radiative transfer equation in a plane-parallel, 

horizontally-homogeneous atmosphere for the upwelled radiance field may be written 

1(0^,4)^) = L(0^.(J)^)exp 
^ -T(z.O)^ 

cos 6 
r J/(0 ,(|) )exp 
J Z V V 

^ 'i ^ ^ -c(z,z ) 

T(Z.O) COS0 
dx 

COS0 
(3.1) 

In this expression, represents the radiance at altitude z above the target in the 

viewing direction defined by zenith angle 0^ and azimuth angle (j)v. Lq represents the 

corresponding radiance at surface level. Quantities T(Z,0) and T(Z,Z') are the vertical 

optical depths between the surface and altitude z and between altitudes z and z'. 
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respectively. The spectral dependence of the radiances and optical depths, while not 

written, is implicitly implied. 

For the visible region of the spectrum, the source function, J, in the direction 

0^, and (t)y arises primarily from atmospheric scattering and may be written as 

2ii n 
7,(0,( j)  )=P,(0,( | )  ;e,<j)  )£r(0) + /• f P  ,(0',(J)';0.4' .  (3.2) 
r v v  z j j v v z  s J J z V V z 

0 0 

hi this expression, P represents the atmospheric scattering phase function and E/"" 

represents the transmitted solar irradiance at altitude z'. Both are spectral quantities. 

Over bright reflectance targets, the majority of the sensor-level radiance arises 

from the first term in Equation 3.1, that is, from the surface-leaving radiance 

contribution. As the reflectance of the surface is reduced, this term becomes less and 

less important. For extremely low-reflectance surfaces, the remaining terms (i.e. those 

due to sources within the atmosphere) become the dominant radiance contributors. As 

stated, for visible wavelengths these sources arise almost entirely from atmospheric 

scattering. The correct formulation of the scattering source function therefore 

increases in importance. 

When the low-reflectance target is a water body, the modeling of the surface 

itself becomes more compUcated than for terrestrial targets. This is because the 

reflectance properties of terrestrial surfaces tend to be more diffuse, while water 

targets have a significant specular component. Terrestrial surfaces are often modeled 
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as lambertian reflectors or as having some bidirectional reflectance distribution (e.g. 

Whitlock et al., 1994). For both cases, the reflectance properties are considered to be 

independent of time. In contrast, water targets have reflectance properties which are 

strongly varying as a function of angle near the direction of specular reflection. This 

angular variation is caused by the specular reflection of radiance from the air-water 

interface. An additional reflectance component arises from the radiation which is 

diffusely-reflected by water molecules and particles below the interface. Finally, the 

interface itself is in motion - being constantly perturbed by existing winds. The 

surface actually consists of tiny capillary wave facets whose slopes are effectively 

described by a probability distribution function (Cox and Munk, 1954a-b, Frieden, 

1991). This probabilistic nature means that the reflectance properties of the water 

surface are time-dependent. These properties of water reflectance must be adequately 

accounted for in any radiative transfer code to be used for the in-flight calibration of 

radiometric sensors over water targets. 

3.2 Existing Radiative Transfer Codes 

Various radiative transfer codes have been created to model the atmosphere-

ocean system for the case of a calm (i.e. planar) water surface (e.g. Eraser and Walker, 

1968, Katawar et al., 1973). Such codes are limited in their usefulness to viewing 

directions outside the sun glint region. Codes which account for the probabilistic 

nature of wave-slopes are, to date, relatively new. The code selected for use with the 



current work was developed at the LOA by Deuze et al. (1989). This code, entitled 

Successive Orders of Scattering (SOS) is explained in Section 1 of Appendix A. A 

second code, based on the Simulation of the Satellite Signal in the Solar Spectrum 

(5S), developed by Tanre et al. (1987) of the LOA was employed for certain modeling 

experiments and the computation of gaseous transmittance effects. This code, which 

provides a more approximate solution to the transfer equation, is outlined in Section 2 

of Appendix A. 

3.3 Evaluation and Comparison of Radiative Transfer Codes 

Because such small (2-3%) uncertainties have been specified for the in-flight, 

absolute radiometric calibration of SeaWiFS and other ocean color sensors, the TOA 

radiances must be very accurately modeled. The transfer codes mentioned in Section 

3.2 and described in Appendix A were evaluated and compared to assess their 

usefulness for various modeling tasks. 

3.3.1 Evaluation of radiance field polarization effects 

The effect of the polarization of the radiance field - i.e. the need for solving 

the vector radiative transfer problem as opposed to the simpler scalar problem - was 

investigated using the SOS code. Polarization features are important over the ocean 

due to the effects of molecular scattering and the Fresnel reflectance of the air-sea 

interface. 
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For this study, wavelengths representative of the two extreme SeaWiFS spectral 

bands (0.42 ^m and 0.86 fmi) were used. Corresponding molecular optical depths 

were 0.292 and 0.016, respectively, with associated aerosol optical depths of 0.314 and 

0.135. Solar geometries for both mid-winter = 60°) and mid-summer (B, = 30°) 

conditions were employed along with a wind speed of 5.0 m/s. 

Figure 3.1 shows the errors produced by neglecting polarization. These errors 

are presented as a function of view zenith angle in the principal plane. For the 

shorter-wavelength band, where molecular scattering is more important, the errors are 

greater than the specified SeaWiFS calibration tolerances. Thus, it is clear that 

polarization must be included in the vicarious calibration process. This is different 

from the current approach used over land targets. 
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Figure 3.1. Error in radiative transfer computations due to neglect of polarization 
effects using the Successive Orders of Scattering (SOS) code. Note the large error 
produced for the short wavelength due to the relative importance of molecular (i.e. 
Rayleigh) scatter. 
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3.3.2 Comparison of radiative transfer codes 

A comparison of the revised 5S code to SOS was also carried out. For this 

comparison, a sea-level, clear-water target and a wind speed of 5.0 m/s were used with 

the set of spectral and solar conditions specified above. Investigations of signal 

discrepancies as a function of both view zenith angle and view azimuth angle were 

made. For the zenithal study, the viewing direction was in the principal plane; for the 

azimuthal study, the view zenith angle was set equal to the solar zenith angle. These 

viewing conditions include observation of the specular direction - the viewing 

geometry for which the maximum discrepancy between the two codes was expected. 

This discrepancy is due to the use of an approximation for the aerosol phase function 

in the revised 58 code. 

Log-scale plots of the absolute percent errors between the outputs of the two 

codes are shown in Figures 3.2 and 3.3. As expected, there is a significant 

discrepancy in the sun glint region - with the revised 5S code over-estimating the 

radiance signal. Sizable differences are also observed at large view zenith angles. 

Away from the sun glint region, the discrepancies vary slowly with both azimuth and 

zenith angle and are close to 10%. While the observed discrepancies may seem 

discouraging, two considerations must be kept in perspective: first, ocean color 

sensors do not normally acquire data in either of the two angular "trouble" regions (i.e. 

in the sun glint region and for very large view zenith angles); second, the revised 5S 

code is used primarily for modeling of general trends and to show only the relative 
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Figure 3.2. Comparison of the revised 5S transfer code to the Successive Orders of 
Scattering (SOS) code as a function of view zenith angle in the principal plane for two 
solar conditions. The specular direction is indicated by a vertical line. Negative view 
zenith angles indicate the antispecular side of nadir. 
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advantages and/or disadvantages of certain solar-view geometries. Therefore, a high 

degree of accuracy in the results is not required for most applications. 

3.4 Improvement of the Wave-slope Distribution Model 

The algorithms and atmospheric models used by the SOS and revised 5S codes 

were carefully examined to determine if any improvements could be made. This 

investigation lead to an improved representation of the wave-slope distribution. 

3.4.1 Cox and Munk formulation and default approximation 

The wave-slope distribution, as empirically derived by Cox and Munk (1954a-

b), is a two-dimensional, asymmetric function that is nearly gaussian in form. The 

asymmetry is in the alongwind direction where the slopes are skewed to a nonzero 

value due to the influence of wind on the waves. The waves also contain a degree of 

peakedness. These eccentricities are accounted for by a Gram-Charlier series. The 

complete formulation of the model, which represents a probability density function for 

the wave-slopes, is 

/7(?,T1) = (iTta a)' exp 

+ -!-c iC-6^'^^3) +-c +—c (ti^-6ti^+3) i . 
24 40^^ 4 22^^ ' 24 I 

(3.3) 



35 

In this equation, ^ and t] are the crosswind and upwind (i.e. alongwind) slope 

components, and z^, normalized by the corresponding rms slopes, and a„, 

respectively (i.e. ^ = zja^ and ti = zjaj. Series coefficients c,, and C03 give the 

skewness characteristic of the distribution; coefficients C40 , C22 and give its 

peakedness. The coefficients and rms slopes were determined by regression of data 

collected during measurements of sun glitter patterns on the ocean and were found to 

depend on the wind speed, W, near its surface. The derived rms slope relations are 

= 0.003 + 0.00192fr ± 0.002 
; (3.4) 

a = 0.000 + 0.00316Jr ± 0.004 . U 

The complexity of the two-dimensional, asymmetric Cox and Munk model 

makes it difficult to incorporate it into radiative u-ansfer and atmospheric correction 

algorithms. A simple approximation to this model is made by ignoring the Gram-

Charlier series and using an effective symmetric rms slope component, a (Cox and 

Munk, 1954a, 1955). The form of the associated probability distribution is 

piz ,z ) = (u exp [- (z ^ + z (3.5) 
X y X y 

Here, z, and Zy refer to the wave-slope components in arbitrarily defined orthogonal 

directions - thereby removing any dependence on wind direction. The effectiveness of 

this approximation depends on the selection of o*. The most common choice (e.g. 

Voillier et al., 1980, Deuze et al., 1989, Cracknell, 1993, Gordon, 1994, McClain and 
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Yeh, 1994, Vermote et al., 1995) is the sum of the crosswind and alongwind rms slope 

components of the asymmetric model which, by regression, yields 

= 0.003 + 0.00512fr ± 0.004 . (3.6) 
c u  ̂ ' 

This is the default choice used by the SOS and the revised 55 codes. For very low 

wind speeds, this choice results in a symmetric model which is only half as broad as 

the crosswind component of the asymmetric Cox and Munk model. This leads to an 

overestimation of small wave-slopes and an underestimation of large ones. As wind 

speed increases, the associated distribution becomes wider than the asymmetric model. 

This leads to a reverse situation in which small wave-slopes are underestimated and 

large wave-slopes are overestimated. In addition, this choice of a~ fails to account for 

the skewness and peakedness features of the asymmetric model. 

3.4.2 Determination of an improved svmmetric gaussian model 

A symmetric model which more closely matches the shape of the asymmetric 

Cox and Munk model should improve the radiance predictions from the SOS and 

revised 5S codes. With this in mind, an algorithm based on the minimization of sum-

squared error (SSE) between the asymmetric Cox and Munk model and the synmietric 

gaussian model presented in Equation 3.5 was used to determine the value of that 

would provide the best agreement between the two distributions. The use of SSE 

results in a fit which is insensitive to the sign of errors between the two models and 
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weights larger errors much more strongly. For a given wind speed, the range of wave-

slopes over which the general Cox and Munk model is assumed valid, -2.5 < ^,r\ < 

2.5, is subdivided into a set of evenly spaced grid points. The SSE is computed using 

the error at each grid point to compute an approximate integral. This is carried out for 

two closely spaced values of a so that an approximate derivative, dSSE/da, may be 

formed. The best-fit value is found by bisecting the interval within which this 

derivative changes sign - converging, within some tolerance, to the o at which it 

becomes zero-valued. 

The fitting algorithm was used to compute the best-fit value of a  for wind 

speeds between 0.0 m/s and 20.0 m/s at an interval of 0.1 m/s. For the fitting 

algorithm, 101 x 101 grid points were used with a convergence tolerance of 1.0x10'® 

on a. The raw data are shown in Figure 3.4. Note that these data have a wind speed 

dependence which is nearly bilinear in form. This arises due to assumptions made 

about the increasingly symmetric nature of the asynmieuric model at very low wind 

speeds. The two segments correspond to the low- and high-wind regimes, which are 

demarcated at a wind speed near 2.4 m/s. 
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Figure 3.4. Best-fit rms slope component data for a symmetric gaussian distribution as 
a function of wind speed. Data points are shown at an interval of 0.5 m/s. Note that 
the data are very nearly bilinear, with the demarcation near a wind speed of 2.4 m/s. 
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The absolute difference between the asymmetric Cox and Munk model and 

both the default and best-fit symmetric models, integrated over the range of wave-

slopes for which the asynmietric model is assumed valid (i.e. -2.5 < ^,TI < 2.5), is 

shown as a function of wind speed in Figure 3.5. This difference gives an indication 

of the effectiveness of both symmetric models in substituting for the asymmetric 

distribution. Since each model itself integrates to unity (all are probability density 

functions), models returning an integrated difference below 0.01 may be considered an 

effective substitute for the asymmetric Cox and Munk distribution at a given wind 

speed. The best-fit a* data out-performs the default synunetric model. Its integrated 

difference remains below 0.01 for wind speeds above 5.2 m/s, and never rises above 

0.02 over the entire range of studied wind speeds. The default model difference 

climbs above 0.01 at a wind speed of 11.5 m/s and increases dramatically below 1.5 

m/s. 

Relations between the resulting best-fit data and wind speed were determined 

using bilinear regression. The bilinear approach was chosen to optimize agreement at 

both low and high wind speeds. The resulting relation for parameter a* is 

= 0.00552 + 0.00353 JV [ Wi 2Am/s] ,3 
= 0.00304 + 0.00460 [1Vk2Am/s] . 
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Figure 3.5. The integrated absolute difference between the non-symmetric Cox and 
Munk distribution and both the default and improved symmetric models. Data points 
are shown at intervals of 0.5 m/s. Note the better agreement of the improved model 
over its default counterpart. 
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3.4.3 Results of applying improved symmetric wave-slope model 

Conditions corresponding to Lake Tahoe, Nevada were selected for use in 

comparing the default and best-fit wave-slope models. This is a deep, high-elevation 

lake containing clear, case 1 water. A summary of the pertinent environmental 

conditions for this location is given in Table 3.1. In this table, and for all subsequent 

discussion, n^j^, is the real part of the aerosol refractive index, is the 

imaginary part of the aerosol refractive index, is the aerosol optical depth, 

molecular the molecular optical depth, cOQ is the aerosol single-scatter albedo, y is the 

aerosol Angstrom turbidity coefficient, and is the diffuse reflectance of the water 

body. 

Table 3.1. Summary of environmental conditions at Lake 
Tahoe. 

Wavelength (fun) 0.412 0.865 

Real aerosol index, naj^o. 1.44 1.44 

Imaginary aerosol index, kjjn,so| -0.005 -0.005 

Aerosol optical depth, 0.0796 0.0273 

Molecular optical depth, 0.255 0.013 

Aerosol single scatter albedo, 0.945 0.945 

Angstrom turbidity coefficient, y 1.08 1.08 

Diffuse water reflectance, 0.018 0.000 
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To compare the default symmetric and new bilinear symmetric models, 

wavelengths of 0.412 jun and 0.865 jmi and solar zenith angles of approximately 20° 

and 60° were used along with wind speeds between 0.0 ra/s and 20.0 m/s. The SOS 

code was used for the radiance computations. Principal plane slices of the TO A 

apparent reflectance (c.f. Appendix A, Section A.2), pfor the four cases are shown 

in Figure 3.6 for a wind speed of 5.0 m/s. 

For the plots in Figure 3.6 there is, in general, a pronounced difference 

between the default symmetric and new symmetric models in the sun glint region. For 

observations in the specular direction, the associated differences as a function of wind 

speed are shown in Figure 3.7. The discrepancy between the two models tends to rise 

as wind speed is decreased, though it diminishes and then changes sign in the low-

wind regime. In the high-wind regime, the differences vary between 2-6% and 8-9% 

for the shorter and longer wavelengths, respectively. The values are slightly higher for 

larger solar zenith angles. As wind speed is reduced to 0.0 m/s, the discrepancies 

increase to between 68-75% at 0.412 ^m and to near 83% at 0.865 |im. 
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Figure 3.6. Principal plane slices of the top-of-atmosphere upwelled radiance field 
computed using both the default symmetric and new, bilinear symmetric wave-slope 
models for a wind speed of 5.0 m/s with the Successive Orders of Scattering (SOS) 
transfer code. Negative view zenith angles indicate the antispecular side of nadir. 



44 

10 

5 

Cl- „ Q. 0 

Q. 
CO 

•5 

-10 

0 10 5 15 20 

Windspeed, (m/s) 

g 0.412 um, SZA=20 deg 0.865 um, SZA=20 deg 

_Q- 0.412 um, SZA=60 deg 0.865 um, SZA=60 deg 

Figure 3.7. Discrepancies in top-of-atmosphere upwelled radiances in the specular 
(sun glint) direction between the default symmetric and new, bilinear symmetric wave-
slope models as a function of wind speed. Computations were made using the 
Successive Orders of Scattering (SOS) transfer code. Note that the 0.865 um curves 
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Figure 3.8. Discrepancies in top-of-atmosphere upwelled radiances in the antispecular 
(backscatter) direction between the default symmetric and new, bilinear symmetric 
wave-slope models as a function of wind speed. Computations were made using the 
Successive Orders of Scattering (SOS) transfer code. 
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Outside the center of the sun glint region, the discrepancy drops significantly in 

most cases. The discrepancy for observations in the antlspecular direction is shown as 

a function of wind speed in Figure 3.8, again using the new bilinear model as a 

reference. The discrepancies of the default model become small as wind speed is 

reduced, indicating that this model is adequate for certain solar-view geometries as 

wind speed approaches 0.0 m/s. For the smaller solar zenith angle, the discrepancies 

at 0.865 |im are significant in the presence of high winds (i.e. W i 2.4 m/s). This is 

because the backscattter direction lies within the tall of the sun glint region for this 

case. 

3.5 Additional Code Modifications 

In addition to improving the wave-slope model, other modifications were made 

to the codes which increased the variety of formats in which information about the 

radiance field could be obtained. Changes to the revised 5S code permitted results to 

be output as a function of day-of-year (i.e. solar zenith angle), wavelength, and view 

zenith angle. The SOS code was modified to output results at all intermediate 

atmospheric layer boundaries. Additional programs were written to conduct 

interpolations of the radiance field to arbitrary values of solar zenith angle, view 

zenith angle, and altitude above a target. These modifications were completed with 

the assistance of R. Santer and the use of existing numerical interpolation routines 

(Press et al., 1994). 
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CHAPTER 4 

CALIBRATION METHOD SENSmVITY ANALYSES 

After establishing a set of models with which to work, it is possible to apply 

them to realistic calibration situations. The models can be used to select and 

characterize an appropriate calibration target and to conduct a detailed sensitivity study 

of the reflectance- and radiance-based methods for the site. 

4.1 Site Selection. Characterization, and Modeling Experiments 

For the in-flight vicarious calibration of the SeaWiFS ocean color sensor. Lake 

Tahoe was selected as a possible low-reflectance water calibration site. This is a deep, 

graben fault lake formed through tectonic land movements. It is located on the 

California-Nevada border (39.1° N, 120.0° W) at an elevation of 1.9 km above mean 

sea level. At this elevation, the aerosol loading (arising entirely from continental-type 

particles) is low and horizontal visibilities are correspondingly large. Since aerosol 

radiance contributions constitute one of the largest sources of uncertainty in the 

vicarious calibration process (Biggar et al., 1994), low aerosol loading is a desirable 

feature for any prospective site. Other benefits from the use of this site include its 

size (approximately 19 km by 32 km, which means that approximately 15 SeaWiFS 

pixels fit across the shortest track through the lake's center), the high probability of 

cloud-free conditions, the presence of a high-contrast shore line to facilitate image 
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registration, and the relatively clear water (which minimizes spatial variations in 

reflectance and matches open ocean conditions). A notable disadvantage of this 

location, especially for longer-wavelength bands, is the need to assess adjacency 

effects arising from the vegetation surrounding the lake. 

To evaluate the expected radiance levels upwelled from this site, a series of 

modeling experiments were conducted using the revised 5S transfer code. This code 

was used because it permitted an extensive investigation of a variety of influences to 

be made very rapidly with relatively little effort. These experiments aided in the 

determination of the effects of geometric and atmospheric variables on TOA radiances. 

4.1.1 Determination of "black-out" dates for Lake Tahoe 

The vertically upwelled radiances for the eight SeaWiFS bands were studied as 

a function of observation date. The study was made because it was initially suspected 

that some bands would saturate on certain dates due to the high sensor channel gains. 

Though SeaWiFS was subsequently modified to contain a bilinear gain to help analyze 

the effects of stray light (Barnes et al., 1994), the lower segment of this gain curve 

will acquire the majority of the scientific data. Determination of the dates when 

radiances could exceed the upper end of this lower gain segment therefore remains 

important. 

The diffuse water reflectances used for this smdy, shown in Table 4.1, were 

measured by the Marine Research Group of the University of South Florida (USF). 
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Wind speeds of 5.0 m/s and 10.0 m/s were employed. Curves showing the variation 

in vertically upwelled radiances for bands 1 and 8 are presented in Figure 4.1. 

Table 4.1. Anticipated black out dates for calibrations of SeaWiFS at Lake Tahoe. 
Dates are specified using day-of-year format assuming a standard 365-day year. 

SeaWiFS 
Band 

Central 
Wavelength 

(nm) 

Saturation 
Radiance 

(W m'" sr') 

Diffuse 
Lake 

Reflectance 

Blackout 
Dates 

(W=5 m/s) 

Blackout 
Dates 

(W=10 m/s) 

1 0.412 2.726 0.021 - -

2 0.443 2.650 0.017 - -

3 0.490 2.100 0.015 - -

4 0.510 1.816 0.010 - -

5 0.555 1.488 0.005 - -

6 0.670 0.840 0.000 158 - 187 -

7 0.765 1.200 0.000 163 - 183 -

8 0.865 0.852 0.000 142 - 204 164 - 182 

The corresponding "black-out" dates (i.e. dates for which lower-gain saturation 

occurs) are listed in Table 4.1. Band saturation occurs during mid-summer when the 

solar zenith angle is small. For such dates, the amount of solar irradiance is 

maximized and relatively little is removed by atmospheric scattering and absorption. 

In addition, the region of sun glint moves closer to the (assumed nadir) viewing 

direction. 



These results indicate periods that could pose a problem. The use of the 

approximate transfer code and differences in atmospheric conditions may mean that 

predicted saturation of the longer-wavelength bands will not occur. If the bands do 

saturate, the ability to tilt the SeaWiFS sensor array provides the opportunity to use 

view angles further from the sun glint region during sensor calibrations. However, 

knowledge about whether or not the sensor may need to be tilted must be obtained 

prior to the date of calibration so that the necessary precautions can be taken. For this 

reason, the study of possible saturation dates remains important. This approach is 

quite general and can be used for any target or sensor. 
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Figure 4.1. Vertically upwelled at-satellite band radiances for the SeaWiFS sensor 
observing Lake Tahoe as a function of day-of-year. The revised 5S transfer code was 
used with a horizontal visibility of 50 km and a continental aerosol model for two 
wind speeds. The saturation level for the lower gain segment of a given band is 
indicated by a horizontal line in each plot. 
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4.1.2 Adjacency effect at Lake Tahoe 

Lake Tahoe is a low-reflectance target surrounded by a relatively-bright 

(vegetation) surround, especially in the near-IR. The additional radiance coupled into 

the sensor FOV after reflection from this surround may be sizable. This phenomenon, 

known as the adjacency effect (Kaufman, 1985, Reinersman and Carder, 1995), was 

investigated for the extreme SeaWiFS wavelengths, 0.42 |im and 0.86 jun, and solar 

zenith angles near 30° and 60°. A circular, lambertian reflector having the reflectance 

of clear water and surrounded by vegetation was assumed for this study. The surround 

reflectance corresponds to the revised 5S values for vegetation rather than to actual 

measurements. 

The differences in radiance as a function of lake radius between a 

homogeneous water target and that surrounded by vegetation are shown on log scale in 

Figure 4.2. The adjacency effect is larger for the longer-wavelength band due to the 

relatively small radiance upwelled by the water target and the high reflectance of the 

vegetation surround. The change in apparent reflectance remains between 0.6% and 

0.8% for the minimum Tahoe radius of 9.5 km at 0.42 ^un, but jumps to between 23% 

and 33% at 0.86 (om. 
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Figure 4.2. Adjacency effect for a circular lake surrounded by vegetation. The 
change in vertically upwelled spectral radiance from that of a homogeneous water 
surface is shown as a function of lake radius. The revised 5S transfer code was used 
with a lake elevation of 1.9 km (identical to Lake Tahoe), a horizontal visibility of 50 
km, and a continental aerosol model. 



54 

The revised 5S code uses modeled atmospheric constituents and an 

approximate formulation of the adjacency problem. In addition, adjacency effects can 

be studied only for lambertian ground reflectances which further reduces the 

applicability of the model to the case of a lake environment. For these reasons, it is 

believed that the modeled adjacency effect is an overestimate of reality. 

4.1.3 Additional modeling experiments 

In addition to the saturation-date and adjacency-effect experiments, the effects 

of changes in aerosol composition and horizontal visibilities were studied. 

Fortunately, small changes in these parameters have a negligible effect on the TOA 

radiance field. A notable exception is that the specification of site-level horizontal 

visibility becomes increasingly important for visibilities below 23 km due to the 

increased effect of atmospheric scattering. This situation, however, is not likely to 

occur at Lake Tahoe. 

4.1.4 Summary of Lake Tahoe environmental conditions 

In late June of 1995, a field campaign was made at Lake Tahoe. This 

campaign resulted in a set of experimentally derived conditions for the site. These 

conditions are presented in Table 4.2. The listed parameters correspond to spectral 

inputs of the SOS radiative transfer code for the eight SeaWiFS bands. Additional 

parameters for this site include the real aerosol index n^j^so, = 1.44, the imaginary 
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aerosol index kaerooi = -0.005, the aerosol single scattering albedo C0o= 0.945, and the 

aerosol Angstrom turbidity coefficient y = 1-08. Of these, only y was experimentally 

derived from Lake Tahoe field data. The others are based on work done at other 

locations in the southwestern United States. 

Table 4.2. Lake Tahoe environmental conditions for the eight SeaWiFS bands 
derived from data collected on June 22, 1995. 

Band 
Center 

Wavelength 
(fim) 

Aerosol Optical 
Depth, 

Molecular Optical 
Depth, "C molecular 

Diffuse Water 
Reflectance, 

1 0.412 0.080 0.255 0.018 

2 0.443 0.075 0.190 0.018 

3 0.490 0.063 0.126 0.018 

4 0.510 0.056 0.106 0.014 

5 0.555 0.051 0.075 0.008 

6 0.670 0.037 0.035 0.001 

7 0.765 0.035 0.021 <0.001 

8 0.865 0.027 0.013 <0.001 

4.2 General Approach for Sensitivity Analyses 

To conduct a thorough sensitivity analysis for a given vicarious calibration 

method, it is necessary to account for all environmental and computational parameters 

to which the technique might be sensitive. This includes all inputs to the more 
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accurate SOS transfer code which, in turn, depend on the uncertainties in the 

measurements used to obtain them. Additional sources of error include uncertainties 

in radiative transfer computations, uncertainties in gaseous transmittances, uncertainties 

in radiometer calibration, and pointing uncertainties for field equipment. 

After compiling a list of potential error sources, their effect on the sensor-level 

radiances needs to be determined. This is accomplished by perturbing the value of a 

given parameter about its nominal (i.e. measured or modeled) value by the amount of 

uncertainty in the parameter. Strictly speaking, the individual sources of error are not 

independent of one another. However, it is a difficult problem to determine the 

correlation between various error sources. Instead, it is more practical to evaluate the 

changes in calibration coefficients produced by the uncertainty in each error source. 

An estimate of the overall calibration method uncertainty can then be made by 

computing a root sum-square (RSS) of the individual uncertainties. The resulting 

estimate is representative of the uncertainty for the specific location and equipment 

involved in the calibration process. 

The selection of various conditions for which to conduct the sensitivity study 

have been limited to the set of conditions under which vicarious calibrations will be 

attempted. The eight spectral bands of the SeaWiFS instrument represent typical 

ocean color bands and were therefore selected for use in the study. Since Lake Tahoe 

is a prospective water calibration site, the environmental conditions listed in Section 

4.1 were used as a starting point (i.e. nominal conditions) for the radiative transfer 



57 

code inputs. Solar zenith angles of approximately 20°, 40°, and 60° were selected for 

use with these conditions. These angles span the range of solar conditions throughout 

the year at mid-latitude sites near local noon. (Many ocean color sensors, including 

SeaWiFS, will be placed into sun-synchronous orbits with typical overpass times near 

local solar noon.) Wind speeds of 0.0 m/s, 5.0 m/s, and 10.0 m/s were selected. 

Calibrations will not normally be attempted at higher wind speeds. 

The set of viewing geometries for which sensitivity studies were conducted was 

limited to the principal plane (i.e. the vertical half-plane containing the direct solar 

beam and the surface normal). This plane was selected since it contains the largest 

variation in upwelled radiance levels and many of the most distinctive features of the 

radiance field over a water body. Principal-plane slices of the TOA apparent 

reflectance field over Lake Tahoe are presented in Figure 4.3 for a solar zenith angle 

near 20° and a wind speed of 5.0 m/s. Gaseous absorption is not accounted for in 

these figures. Note the characteristic peak in the sun glint region. This is also the 

direction of forward scatter. The peak in the radiance field becomes sharper at longer 

wavelengths for two reasons. First, the total optical depth is decreased and aerosol 

optical depth becomes relatively more important. Because of this, the specularly 

reflected radiation is scattered less - with this scattering being strongly weighted near 

the forward (i.e. specular) direction. The second reason for the sharper peak is that 

the radiance contribution from diffuse water reflectance is lower due to heightened 

absorption by the water at longer wavelengths. 
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Figure 4.3. Principal plane slices of the top-of-atmosphere (TOA) apparent reflectance 
field over Lake Tahoe. Wavelengths correspond to SeaWiFS bands 1, 5, and 8, 
respectively. The specular direction is indicated by a solid line near 20°. Negative 
view zenith angles imply the antispecular side of nadir. A wind speed of 5 m/s was 
employed. 



59 

4.3 Sensitivity Analysis for Reflectance-based Calibration Method 

For the reflectance-based method, the radiative transfer codes play a very 

important role. Atmospheric parameters measured during sensor overpass, along with 

the solar-sensor geometry, are used as code inputs. The incident exoatmospheric 

irradiance is transferred down through the modeled atmosphere and back up in the 

direction of sensor observation. This double pass through the entire atmosphere results 

in a high-degree of sensitivity to the input parameters. Uncertainties in these 

parameters lead to uncertainties in the TOA radiances. For low-reflectance targets, the 

uncertainties from atmospheric inputs are higher due to the relative importance of 

atmospheric signal contributions. 

For this work, the major sources of uncertainty for the reflectance-based 

method were subdivided into six categories: 1) choice of aerosol complex refractive 

index; 2) aerosol size distribution; 3) measurement of optical depth; 4) computation of 

gaseous absorption; 5) aerosol vertical distribution; and 6) measurement of surface 

reflectance. Each category was investigated. 

The tabulated results presented in this section correspond to the case of a solar 

zenith angle near 20°, a wind speed of 5.0 m/s, and a near-nadir view zenith angle. 

These parameters represent a set of mean conditions expected during field calibrations. 

For the small solar angle used, the viewing geometry lies near the edge of the sun 

glint region. As will be discussed later, the observed uncertainties are significantly 

dependent on viewing geometry so the presented uncertainties in no way represent 
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general method uncertainties. In fact, for viewing geometries well-outside the specular 

region, many of the uncertainties have a wavelength dependence opposite to that stated 

in the discussion which follows. 

4.3.1 Choice of aerosol complex refractive index 

The RSG does not directly measure the aerosol complex refractive index. A 

representative value is selected based on recommendations of others in the field 

(Herman, 1989). For the southwestern United States a standard value is 1.44 - iO.005, 

though values between 1.30 and 1.50 for the real index and between 0.00 and -0.01 for 

the imaginary index have been reported (d'Almeida et al., 1991). Using this range of 

values as a guide, transfer code simulations were run with the other nominal 

conditions. The resulting change in TOA radiances ranges from 0.5% to 1.0% for 

both real and imaginary index variations. The largest changes occur for the shorter-

wavelength bands, due to the importance of surface-related radiance contributions for 

the stated viewing geometry. 

4.3.2 Aerosol size distribution 

Large discrepancies also result from uncertainties in aerosol size distribution 

parameters. The RSG normally employs a Junge size distribution for calibration work. 

Optical extinction data is fit to a power law to retrieve an associated Angstrom 

coefficient (Biggar et al., 1990). A typical standard deviations in this parameter fit is 
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0.5. Using this value as a guide, transfer code simulations were run with the other 

nominal conditions. For the selected viewing geometry, output variations from 0.1 % 

to 0.5% were observed, with the largest changes occurring for the shortest 

wavelengths. 

For any given size distribution, it is necessary to limit the range of particle 

sizes considered. This is due to both the physical nature of realistic aerosol particles 

and the need for computational practicality during the numerical integrations involved 

in computing the associated aerosol phase function. The choice of large particle size 

limit has a negligible influence for most situations, with the possible exception of 

near-specular viewing geometries for long wavelengths. The choice of lower particle 

size limit, = liiijX, where r^ is the smallest spherical particle radius, has a more 

significant impact on the TOA radiances. The exclusion of small particle sizes leads 

to noticeable radiance changes, especially for the shorter-visible bands, due to the 

importance of scattering/absorption effects. Doubling this lower limit from 0^= 0.566 

(corresponding to a particle radius of 0.05 nm at a wavelength of 0.555 jim) to = 

1.132 changes the TOA radiance between 0.2% and 0.4% for the chosen viewing 

geometry. These uncertainties increase dramatically for longer wavelengths outside 

the sun glint region. 

Finally, the Junge model is only an approximation to the true particle size 

distribution. A study of the differences resulting from the use of a Junge model 

compared to the size distribution obtained by inverting spectral optical depths was 
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conducted at WSMR by Hart (1991) of the RSG. It was found that errors as large as 

3.6% could occur on days for which the Junge distribution clearly does not apply, 

though values on the order of 0.2% were more common. While not investigated, these 

errors are expected to be greater over low-reflectance targets due to the greater 

influence of atmospheric scattering. 

4.3.3 Measurement of optical depth 

The high elevation of Lake Tahoe results in low optical depths between site 

and sensor level. The changes in TOA radiances due to measurement uncertainties for 

these parameters are significant for longer wavelengths. The origins of these 

uncertainties have been described elsewhere in the literature (Gellman et al., 1991, 

Biggar et al.. 1993). They arise from uncertainties in the calibration of the solar 

radiometer used to collect extinction data and, in the case of molecular optical depth, 

from uncertainties in atmospheric pressure measurements. For all bands, regardless of 

viewing geometry, the associated TOA radiance changes due to molecular optical 

depth uncertainties remains below the 0.1% level. The change in TOA radiance 

caused by aerosol optical depth uncertainty is only 0.2-0.3% for the chosen viewing 

geometry, but increases to as much as 10% for the longest wavelengths outside the sun 

glint region. 
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4.3.4 Computation of gaseous absoqjtion 

There are two uncertainties due to gaseous absorption. The first is due to 

uncertainty in the columnar amount of the absorber. The second arises from the fact 

that gaseous absorption is modeled as the direct-to-direct attenuation caused by 

constituent gases (Tanre et al., 1987). The changes in TOA radiance due to 

uncertainties in columnar values assuming a direct-to-direct scheme are spectrally 

dependent, but less than 1.0% for all SeaWiFS bands. The largest uncertainty is 1.0% 

for band 5 due to ozone absorption. Water vapor uncertainties (Thome et al., 1992) 

were not estimated. However, the dryness of the atmosphere at Lake Tahoe minimizes 

the needed correction for this absorber - which only effects longer wavelengths. 

Over low-reflectance targets, absorption effects become more convoluted since 

the photons received at sensor level are less likely to have traveled along the direct-to-

direct path. The effect of using the direct-to-direct approach was investigated. A 

radiative transfer code which makes use of a line-by-line, absorption-band-integration 

scheme coupled with atmospheric scattering (Dubuisson, 1996) was used as a 

reference for the computation of coupled scatter-absorption feamres. For a solar 

zenith angle (SZA) of 40° or less and a wind speed of 5.0 m/s, the difference between 

radiances determined from the direct-to-direct scheme and the more accurate coupled 

scatter-absorption approach remain below the 1.5% level for all but band 7, which 

contains a strong oxygen absorption line. These discrepancies increase with SZA due 
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to the increased importance of multiply-scattered radiation. Within the sun glint 

region, the discrepancies are negligible for all bands. 

4.3.5 Aerosol vertical distribution 

Other inputs to the SOS transfer code include the vertical distribution of 

molecules and aerosol particles. The transfer model assumes an exponential fall-off in 

the number of both constituents as a function of altitude. This model is well 

established for the molecules in the atmosphere. An effective model is assumed for 

the aerosols. Variations in the associated effective aerosol vertical scale height (i.e. 

the height at which the number density has dropped to 1/e of its surface value) was 

observed to cause changes less than or equal to 0.1% in the TOA radiance for all 

bands with the chosen viewing geometry. These changes remain below the 0.5% level 

for all bands, regardless of viewing geometry, and are most substantial for the longest 

wavelengths. 

4.3.6 Measurement of surface reflectance 

The measurement of diffuse water reflectance involves a more complicated 

procedure than that necessary for land sites. For the latter, the total signal upwelled 

from the site, V,ot(A.), is ratioed to that upwelled from a reflectance standard, V„j(A.). 

Site reflectance is computed using this ratio and the reflectance of the standard, 

P..d(^). as 
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(4.1) 

For a water target, the upwelled signal due to specular reflectance at the air-water 

interface must be subtracted from the total reflectance. This is accomplished by 

measuring the downwelled signal, Vj,,y(A), in the direction of incidence complementary 

to the upwelled measurement geometry. This value is weighted by the Fresnel 

reflectance of the interface, Pf(A.), and the diffijse water reflectance is computed as 

( V (X) - p a)va)] 
tot F sky 

(4.2) 

The RSG has been able to measure this quantity with a repeatability between 

±0.0001 and ±0.0007 for the visible and near-IR spectral regions. Associated changes 

in TOA radiance remain at or below the 1.1% level for all 8 SeaWiFS bands. An 

alternative to these optical measurements is to collect data about the in-water 

constituents like chlorophyll, detritus matter, and dissolved organic matter. These data 

can be used to predict the water reflectance properties via appropriate radiative transfer 

models. Such models are largely still under development (Chami and Dilligeard, 

1996). Their use is therefore deferred to future calibration experiments. 

A second source of reflectance uncertainty arises from the precision of wind 

speed measurements which are used to determine the wave-slope distribution. Wind 
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speed can be measured to 0.1 m/s. This leads to differences in TOA radiances of less 

than 0.1 % for all bands with the selected viewing conditions, but rise as high as 2% 

for the longest wavelength bands with other geometries. In addition to describing the 

state of waves on the water surface, wind speed also helps define the amount of 

reflectance due to foam. This reflectance, Pf, is taken to have a constant value of 

0.22 in the visible and near-IR and is assumed to be lambertian (Koepke, 1984). The 

fractional amount of foam coverage, Cf, has been determined to be (Koepke, 1984) 

where W is specified in m/s. Coverage remains below the 1% level for wind speeds 

below 10 m/s and is, in practice, ignored for calm conditions. When including foam, 

the expression for diffuse water reflectance is modified to 

Although not strictly valid, this diffuse water reflectance is often assumed to be 

lambertian. Fortunately, the validity of this assumption is maximized for clear waters 

and small solar zenith angles (Morel and Gentili, 1991, 1993). 

= 2.95 A: 10'® (4.3) 

(4.4) 
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4.3.7 Computational accuracy 

A comparison of the inherent accuracy of SOS to other numerical solution 

techniques was made for high-reflectance sites (Moran et al., 1991). This comparison 

showed agreement between the various codes at the 1% level. An analogous 

comparison has not been conducted for water targets since the codes used for the 

previous comparison are not able to model such surfaces. Instead, the 1% level of 

uncertainty has been assumed to hold. 

4.3.8 Exoatmospheric solar irradiance 

Uncertainties in exoatmospheric solar irradiance also have an effect on the 

resulting calibration coefficient. Associated uncertainties of 1% have been claimed in 

the visible and near-ER (Neckel and Labs, 1984, Iqbal, 1983). If the calibration 

coefficient is defined in terms of absolute radiance, then solar irradiance uncertainties 

must be included. If, however, the coefficient is specified in terms of apparent 

reflectance, then the dependence on absolute values of solar irradiance are removed. 



Table 4.3. TOA radiance uncertainties for the SeaWiFS spectral bands using the reflectance-based method at 
Lake Tahoe. All values are quoted as one sigma percentages. Relative method uncertainties indicate a 
calibration in terms of apparent reflectance rather than to absolute radiance. 

Source Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

Molecular optical depth <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Aerosol optical depth 0.1 O.l O.l O.l 0.1 0.2 0.2 0.3 

Real aerosol index 1.0 1.0 0.9 0.8 0.8 0.7 0.6 0.5 

Imaginary aerosol index 0.9 1.0 0.9 0.9 0.8 0.7 0.7 0.5 

Angstrom coefficient 0.5 0.4 0.3 0.3 0.2 0.1 0.1 0.1 

Aerosol scale height 0.1 0.1 < 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Lower particle size limit ' 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.2 

Diffuse water reflectance 0.5 0.6 <0.1 <0.1 0.9 1.1 < 0.1 < 0.1 

Wind speed <0.1 <0.1 <0.1 <0.1 < 0.1 < 0.1 <0.1 < 0.1 

Gaseous transmittance <0.1 <0.1 0.2 0.5 1.0 0.5 0.9 <0.1 

Numerical precision 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Solar irradiance I.O 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Absolute uncertainty (RSS) 2.1 2.1 2.0 2.0 2.3 2.1 2.0 1.6 

Relative uncertainty (RSS) 1.9 1.9 1.7 1.7 2.1 1.9 1.7 1.3 
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4.3.9 Representative uncertainty table 

An uncertainty table is presented in Table 4.3 for the specified set of solar, 

wind, and viewing conditions. In this case, the largest environment-related 

uncertainties arise from lack of knowledge about the aerosol complex index and, for 

certain bands, both the measurement of diffuse water reflectance and computation of 

gaseous absorption. Error sources which resulted in negligible (near 0.1%) uncertainty 

include the measurement of molecular optical depth, the aerosol vertical scale height, 

and the measurement of wind speed. For this solar-sensor geometry, the overall 

method uncertainties (both absolute and in terms of apparent reflectance) are within 

the desired uncertainty range of 2-3%. 

4.3.10 Dependencies on viewing geometry, solar angle, and wind 

Uncertainty estimates have been compiled for each SeaWiFS band using all 

combinations of viewing direction, solar zenith angle, and wind speed studied. 

Although the complete database of uncertainties is too vast to be presented in its 

entirety, it is sufficient to discuss the observed trends in method uncertainties under 

different solar, wind, and viewing conditions. 

In the previous section, method uncertainties were presented for a near-nadir 

viewing geometry. These uncertainties are, in general, strongly dependent on view 

zenith angle (VZA). The most significant error sources for the reflectance-based and 

radiance-based methods are plotted in Figure 4.4 for SeaWiFS bands 1 and 8 as a 
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function of VZA in the principal plane, for a solar zenith angle near 20° and a wind 

speed of 5.0 m/s. These uncertainties are, in general, inversely related to the mean 

upwelled signal level (compare to Figure 4.3). Outside of the sun glint region, there is 

a marked increase in the uncertainty caused by atmospheric variables - especially 

aerosol optical depth and aerosol complex index of refraction. It is interesting to note 

that the sensitivity to the imaginary part of this index is heightened in the backscatter 

direction (i.e. for a VZA near -20°), where the aerosol phase function has a local 

maximum. Within the sun glint region, most of the uncertainties are reduced. The 

exceptions to this include aerosol optical depth due to its effect on attenuating the 

glitter radiance, and wind speed which also directly impacts the glitter contribution. 

These results seem to favor the use of viewing directions within the sun glint 

direction to perform sensor calibration. It would seem, then, that the uncertainties 

presented in Table 4.3 represent more or less a best case scenario. While this viewing 

geometry does have the advantage of smaller uncertainties, the upwelled radiance may 

be so large that sensor saturation results. In addition, the dominance of the glint 

radiance requires a very accurate model of the wave-slope distribution which is still 

somewhat in doubt, especially for very low wind speeds (Duntley, 1954, Shaw, 1996). 

These problems, in addition to the inability to arbitrarily choose the sensor viewing 

direction, make the use of the sun glint region for calibration purposes dubious at best. 
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Figure 4.4. Reflectance-based method uncertainties produced by constituent error 
sources as a function of view zenith angle in the principal plane for a wind speed of 
5.0 m/s and a solar zenith angle near 20°. 
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The reflectance-based method uncertainties are also dependent to a limited 

extent on both solar and wind conditions, since they help define the sun glint region. 

As solar angle increases, this region shifts to larger view zenith angles. As wind 

speed is increased, the angular width of the sun glint region increases. In general, 

method uncertainties are reduced for higher wind speeds and, assuming a small view 

zenith angle, for smaller solar zenith angles. 

4.4 Sensitivity Analysis for Radiance-based Calibration Method 

As for the reflectance-based method, the SOS code was selected for use with 

radiance-based calibrations over water targets; the 5S code was again employed to 

compute gaseous absorption. These codes play a different role in the radiance-based 

calibration process than in reflectance-based calibrations. For the latter, they are used 

to compute the entire TOA signal; for the former, they are used only to compute the 

correction between aircraft- and sensor-level radiances. Code-input uncertainties again 

lead to changes in the TOA radiances, but these can be expected to be less severe due 

to the reduced role of the computations. As the size of the correction term decreases, 

these uncertainties produce smaller changes in the TOA radiances. 

4.4.1 Method of radiance correction 

Over high-reflectance calibration targets, the correction term applied to the 

aircraft-level radiance is small and the exact correction process is less important than 
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instrumental considerations like the calibration of the field radiometer. For low-

reflectance sites, this process becomes more critical because a sizable portion of the 

TOA radiance is added by the atmosphere remaining above the aircraft. This is 

especially true at short-wave visible wavelengths. Shown in Figure 4.5 are profiles of 

near-nadir spectral radiance as a function of altitude for SeaWiFS bands 1, 5, and 8 

over Lake Tahoe. Shown in Figure 4.6 are similar profiles for band 1 with three 

different viewing geometries: antispecular; near-nadir; and specular. These profiles 

have been scaled relative to their TOA value and generated using the conditions 

presented in Table 4.2 with a SZA near 20° and a wind speed of 5.0 m/s. The 

elevation of Lake Tahoe (1.9 km MSL) and a typical aircraft altitude flown during 

radiance-based calibrations (3.67 km MSL) are indicated in each figure. Note that the 

correction is greater for the shorter-wavelength bands and for viewing geometries 

outside the sun glint region due to the relative importance of atmospheric radiances, 

but that this contribution arises mostly from well-characterized molecular scatter for 

the shorter wavelengths. 
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Figure 4.5. Altitude profiles of vertically upwelled spectral radiance scaled to top-of-
atmosphere (TOA) values. Wavelengths correspond to SeaWiFS bands 1, 5, and 8, 
respectively. The elevation of Lake Tahoe is indicated by a vertical line at 1.9 km; 
aircraft level is similarly indicated at 3.67 km. 
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Figure 4.6. Altitude profiles of spectral radiance scaled to top-of-atmosphere (TOA) 
values for a wavelength of 0.412 |im and three different viewing geometries. The 
elevation of Lake Tahoe is indicated by a vertical line at 1.9 km; aircraft level is 
similarly indicated at 3.67 km. 
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The needed atmospheric correction is made by using the radiative transfer code 

to compute the difference between the sensor-level and aircraft-level radiances. 

Sensor-level radiance is then predicted using the measured, aircraft-level value and the 

modeled correction term - including any residual absorption which arises primarily 

from ozone and molecular gases. The angular disuibution of the aircraft-level 

radiance field is thus taken into account when determining the radiance correction 

term. The resulting expression for TOA radiance becomes 

where is the TOA radiance, is the measured aircraft-level radiance, p 

is the computed TOA apparent reflectance, Tga,™"^ is the direct-path TOA gaseous 

transmittance, is the computed aircraft-level apparent reflectance, is the 

direct-path aircraft-level gaseous transmittance, Esu„ is the normally-incident 

exoatmospheric solar irradiance at mean earth-sun distance, d is the exact earth-sun 

distance given in astronomical units, Ps is the cosine of the solar zenith angle, and 

<Tgj5> is the average gaseous transmittance for the two levels. The final, approximate 

relation may be used for cases in which gaseous absorption is small. 

(4.5) 
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The set of permutations described in Section 4.2 was used for a sensitivity 

study of the radiance-based method using this method of atmospheric correction. The 

principal difference from the reflectance-based study is that, for the radiance-based 

method, it is the stability of the radiance correction term that is important rather than 

the absolute stability of the TOA signal. The absolute calibration of the field 

radiometer is also highly important. Additional sources of error for this method are 

the pointing accuracy and angular FOV of the radiometer. These effects are dependent 

on the radiometer design, the viewing direction, and the solar and wind conditions 

present during the calibration. 

4.4.2 Representative uncertainty table 

A representative uncertainty table is presented in Table 4.4. As for Table 4.3, 

a solar zenith angle near 20°, a wind speed of 5.0 m/s, and a near-nadir viewing 

geomeU7 were chosen. Calibration uncertainties of a field radiometer (Biggar and 

Slater, 1993) having spectral bands similar to those of SeaWiFS have been used. 

The largest uncertainty is the pointing error of the radiometer. As illustrated in 

Figure 4.3, the apparent reflectance (and therefore radiance) field is a strongly varying 

function of angle near the sun glint region, especially for longer wavelengths. As a 

result, the pointing accuracy of the calibrated radiometer becomes critically important 

near the sun glint region. 



Table 4.4. TOA radiance uncertainties for the SeaWiFS spectral bands using the radiance-based method with 
a radiometer mounted in a light aircraft at Lake Tahoe. All values are quoted as one sigma percentages. 

Source Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

Molecular optical depth <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Aerosol optical depth 0.1 0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 

Real aerosol index 0.2 0.2 0.1 0.1 0.1 <0.1 <0.1 <0.1 

Imaginary aerosol index 0.2 0.1 0.1 0.1 0.1 <0.1 <0.1 <0.1 

Angstrom coefficient 0.1 0.1 0.1 0.1 < 0.1 < 0.1 <0.1 <0.1 

Aerosol scale height 0.2 0.1 0.1 0.1 0.1 <0.1 < 0.1 <0.1 

Lower particle size limit 0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Diffuse water reflectance < 0.1 <0.1 <0.1 <0.1 < 0.1 <0.1 <0.1 <0.1 

Wind speed <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Gaseous transmittance <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 

Radiometer calibration 0.2 0.8 1.9 1.1 0.5 0.1 1.4 0.6 

Pointing error (±2°) 6.8 8.4 10.7 11.9 14.1 18.3 19.6 20.5 

Numerical precision 0.4 0.4 0.3 0.2 0.2 0.1 0.1 <0.1 

Solar irradiance 0.4 0.4 0.3 0.2 0.2 0.1 0.1 <0.1 

Absolute uncertainty (RSS) 6.8 8.4 10.9 12.1 14.1 18.3 19.6 20.5 
•>4 



Table 4.5. 1 
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quoted as on 

'OA radiance 
iance-based 
e sigma perc 

uncertainties due to radiometer nadir pointing error for the SeaWiFS spectral bands 
method with a radiometer mounted in a light aircraft at Lake Tahoe. All values are 
entages. 

Pointing 
Uncertainty 

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

±2° 6.8 8.4 10.7 11.9 14.1 18.3 19.6 20.5 

±r  3.3 4.1 5.2 5.8 6.9 8.9 9.6 lO.O 

±o.r 0.3 0.4 0.5 0.6 0.7 0.9 0.9 1.0 
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Shown in Table 4.5 are the TOA radiance uncertainties due to radiometer 

pointing error for three sets of pointing tolerances. For the uncertainty to drop to an 

acceptable level (i.e. < 1%) for the specified viewing geometry, the radiometer must 

be pointable to within ±0.1°. 

4.4.3 Dependencies on viewing geometry, solar angle, and wind 

As for the reflectance-based method, the overall uncertainty of the radiance-

based method is dependent on the solar-sensor geometry. The method uncertainties 

caused by the radiometer pointing uncertainty and the atmospheric correction term are 

presented in Figure 4.7 for SeaWiFS bands 1 and 8 as a function of VZA in the 

principal plane, for a solar zenith angle of 20° and a wind speed of 5.0 m/s. Note the 

difference in dependence of these two sources of uncertainty with viewing angle. The 

atmospheric correction uncertainty is greater at larger viewing angles due to the 

increased importance of the atmosphere remaining above aircraft level. The largest 

contributor to this uncertainty is the lack of knowledge of aerosol vertical scale height 

- a parameter whose uncertainty can most likely be reduced by making radiance 

measurements at multiple altitudes during the calibration process. The pointing 

uncertainty is greatest at the edges of the sun glint region, where the radiance field is 

a strongly varying function of angle (compare to Figure 4.3). 
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Figure 4.7. Radiance-based method uncertainties produced by constituent error 
sources as a function of view zenith angle in the principal plane for a wind speed of 
5.0 m/s and a solar zenith angle near 20°. 
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These results seem to favor the use of viewing directions well-outside the sun 

glint direction to perform sensor calibration. If, however, the pointing uncertainty 

could be reduced, the angular region in which the overall method uncertainty remains 

low would be increased - permitting a greater variety of viewing geometries to be 

used. 

The effects of solar and wind conditions are linked most strongly to their 

associated affect on the pointing uncertainty. Larger sol^ angles result in a shift of 

the angular trouble region to larger view zenith angles - thereby increasing the range 

of viewing angles useful for calibration. Higher wind speeds tend to spread out the 

region of sun glint which, in general, reduces the change in measured radiance for a 

given pointing uncertainty. 

4.5 Use of a Coastal Ocean Calibration Site 

The radiance-based method is very sensitive to the pointing uncertainty of the 

airborne radiometer. Increasing the amount of atmosphere between the site and sensor 

level might serve to reduce this sensitivity by making the upwelled radiance field more 

diffuse with angle. In addition, if an appropriate clear-water, sea-level target could be 

found, the atmospheric path radiance at aircraft level would be higher and thereby 

reduce the uncertainty caused by aerosol scattering above the plane. An ocean site 

should also reduce uncertainties because adjacency effects would be less pronounced 

and the wave-slope model (based on the Cox and Munk model derived for the open 
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ocean) would be more valid. An important disadvantage of using a coastal ocean site 

would be the increased uncertainty in the size distribution and type of aerosols. 

A set of nominal conditions for a representative clear-water, coastal ocean 

target were compiled with the assistance of members from the Marine Research Group 

at the USF based on the results of measurements made in the Florida Keys during the 

Spring of 1996 (Cattrall, 1996). The requirement of clear (i.e. case 1) water is 

necessary to insure that the reflectance properties of the site are fairly uniform over a 

large spatial extent. This is not true, in general, for coastal waters. A summary of 

these conditions is presented in Table 4.6. The listed parameters correspond to 

spectral inputs of the SOS radiative transfer code for the eight SeaWiFS bands. 

Additional parameters for this fictitious site include the real aerosol index n^j^so, = 

1.36, the imaginary aerosol index kaemsoi = -1x10"^, the aerosol single scattering albedo 

a)o= 0.999, and the aerosol Angstrom turbidity coefficient y = 1-09. Of these 

parameters, only y was obtained through measurement. The others are based on 

representative values for oceanic sites. 
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Table 4.6. Coastal ocean environmental conditions for the eight SeaWiFS bands 
derived from data collected in March 1996 in the Florida Keys. 

Band 
Center 

Wavelength 
(^m) 

Aerosol Optical 
Depth, 

Molecular Optical 
Depth, 

Diffuse Water 
Reflectance, 

1 0.412 0.135 0.320 0.025 

2 0.443 0.127 0.235 0.022 

3 0.490 0.115 0.157 0.018 

4 0.510 0.109 0.134 0.015 

5 0.555 0.100 0.094 0.010 

6 0.670 0.081 0.044 0.005 

7 0.765 0.070 0.026 0.004 

8 0.865 0.057 0.016 0.004 

Using this set of conditions, analogous sensitivity studies were conducted using 

the set of permutations and input uncertainties described previously for the two 

vicarious calibration methods at Lake Tahoe. The resulting RSS uncertainties for the 

reflectance-based method are shown in Table 4.7; the corresponding radiance-based 

comparison is shown in Table 4.8. For these comparisons, a near-nadir viewing 

geometry, a solar zenith angle near 20°, and a wind speed of 5.0 m/s were employed. 



Table 4.7. TOA radiance uncertainties for the SeaWiFS spectral bands using the reflectance-based method 
over coastal ocean. All values are quoted as one sigma percentages. Relative method uncertainties indicate a 
calibration in terms of apparent reflectance rather than to absolute radiance. 

Source Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

Molecular optical depth <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Aerosol optical depth 0.2 0.2 0.1 0.1 <0.1 0.1 0.1 0.1 

Real aerosol index 1.2 1.3 1.3 1.4 1.4 1.2 1.0 0.8 

Imaginary aerosol index 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 

Angstrom coefficient 0.7 0.7 0.7 0.6 0.5 0.4 0.4 0.4 

Aerosol scale height 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Lower particle size limit ' 0.6 0.6 0.7 0.7 0.7 0.6 0.5 0.4 

Diffuse water reflectance 0.4 0.5 <0.1 <0.1 <0.1 1.0 <0.1 1.2 

Wind speed <0.1 <0.1 < 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Gaseous transmittance <0.1 <0.1 0.2 0.6 1.0 0.6 1.1 0.3 

Numerical precision 1.0 1.0 1.0 I.O 1.0 1.0 1.0 1.0 

Solar irradiance 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Absolute uncertainty (RSS) 2.1 2.2 2.2 2.3 2.4 2.4 2.2 2.1 

Relative uncertainty (RSS) 1.9 2.0 2.0 2.0 2.2 2.1 2.0 1.9 



Table 4.8. TOA radiance uncertainties for the SeaWiFS spectral bands using the radiance-based method with 
a radiometer mounted in a light aircraft over coastal ocean. All values are quoted as one sigma percentages. 

Source Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

Molecular optical depth <0.1 <0.1 < 0.1 <0.1 < 0.1 <0.1 <0.1 <0.1 

Aerosol optical depth <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Real aerosol index 0.1 0.1 0.1 <0.1 0.1 <0.1 <0.1 <0.1 

Imaginary aerosol index <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Angstrom coefficient 0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Aerosol scale height 0.3 0.2 0.2 <0.1 0.1 0.1 <0.1 <0.1 

Lower particle size limit <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Diffuse water reflectance <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Wind speed <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Gaseous transmittance <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 

Radiometer calibration 0.3 0.9 2.0 1.2 0.5 O.l 1.4 0.6 

Pointing error (±2°) 4.5 6.1 8.4 9.4 11.6 15.5 17.2 18.6 

Numerical precision 0.4 0.3 0.2 0.2 0.2 0.1 0.1 <0.1 

Solar irradiance 0.4 0.3 0.2 0.2 0.2 0.1 0.1 <0.1 

Absolute uncertainty (RSS) 4.5 6.2 8.6 9.5 11.6 15.5 17.3 18.6 
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Comparison of Table 4.7 to Table 4.3 shows that, for the specified conditions, 

the overall uncertainty of the reflectance-based method when used with the coastal 

ocean target increases slightly for the longer-wavelength bands. The added 

atmosphere between target and sensor increases the mean signal level, but this increase 

is mainly the addition of aerosol scattering for the longer wavelengths. This results in 

an increased sensitivity to aerosol parameters and, therefore, to their uncertainties. 

The uncertainties for viewing directions outside the sun glint region also increase for 

this same reason. For comparison, the method uncertainties at Lake Tahoe for the 

same solar and wind conditions and a view zenith angle in the backscatter direction 

result in uncertainties of 3.2%, 6.1%, and 16.8% for SeaWiFS bands 1, 5, and 8, 

respectively. These same conditions result in uncertainties of 4.1%, 10.1%, and 

24.7%, respectively, for the coastal ocean site. 

Comparison of Table 4.8 to Table 4.4 shows that, for the specified conditions, 

the overall radiance-based method uncertainty is slighdy reduced using the coastal 

ocean target. The added atmosphere has the effect of diffusing the upwelled radiance 

field so that it is more slowly varying with angle - thereby reducing the effect of 

radiometer pointing error. Unfortunately, the benefit is not sufficient enough to make 

calibrations within the sun glint region viable using the radiance-based method. 

Comparison of Tables 4.5 and 4.9 show that the required pointing uncertainty for both 

sites must be reduced to the 0.1 % level to reduce pointing-induced radiance 

uncertainties to the 1 % level for all bands. 



Table 4.9. TOA radiance uncertainties due to radiometer pointing error for the SeaWiFS spectral bands using 
the radiance-based method with a radiometer mounted in a light aircraft over a coastal ocean target. All 
values are quoted as one sigma percentages. 

Pointing 
Uncertainty 

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 

±2" 4.5 6.1 1 8.4 9.5 11.6 15.5 17.2 18.6 

±r 2.2 3.0 4.1 4.6 5.6 7.5 8.4 9.1 

±0.1° 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
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The radiance-based uncertainties for viewing directions outside the sun glint 

region also decrease for the oceanic site, though for a quite different reason. At such 

angles, the largest uncertainties are due to aerosol-related parameters. Aircraft level is 

at a higher altitude relative to the oceanic site. As a consequence, a greater percentage 

of the aerosols are located below the plane and do not influence the correction term as 

much. Their influence on the overall method uncertainty is therefore reduced -

especially at the longer wavelengths. For comparison, the method uncertainties at 

Lake Tahoe for the same solar and wind conditions and a view zenith angle in the 

backscatter direction result in uncertainties of 1.4%, 2.4%, and 8.6% for SeaWiFS 

bands 1, 5, and 8, respectively. These same conditions result in uncertainties of 1.1%, 

1.8%, and 4.2%, respectively, for the coastal ocean site. 

The reduced uncertainties for the radiance-based method applied to oceanic 

targets outside the sun glint region must be regarded with caution. The coastal ocean 

atmosphere is normally composed of a mixture of both continental and marine 

aerosols. To use the method over an oceanic target with sufficient confidence in the 

aerosol model, the site should be located far from the nearest landmass. This 

approach has been taken by previous experimenters (Hovis et al., 1985, Kaufman and 

Holben, 1993, Vermote et al., 1992). 
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VICARIOUS CALIBRATIONS OVER A WATER TARGET 

An attempt to experimentally verify the calibration uncertainties obtained from 

the sensitivity studies presented in Chapter 4 was made at Lake Tahoe in late June 

1995. This field campaign was a joint effort between the Remote Sensing Group 

(RSG), the Marine Research Group of the University of South Florida (USF), the 

Naval Research Laboratory (NRL), and the Jet Propulsion Laboratory (JPL). In the 

discussion that follows, including Appendix B, product names and company names 

have been included for the convenience of the reader. Such citations imply no 

endorsement of the product or company by the University of Arizona or any 

researchers associated with the work presented herein. 

5.1 Description of Sensor 

The Airborne Visible/InfraRed Imaging Spectrometer (AVIRIS) was the 

radiometric instrument characterized using vicarious calibration methods at Lake 

Tahoe. This sensor was designed and built at JPL (Vane et al., 1993) and has been 

used previously to acquire image data over oceanic targets (Carder et al., 1993). It is 

an airborne spectroradiometer carried by an ER-2 aircraft at a typical altitude of 20 km 

MSL. The corresponding nadir footprint size is about 400 m^. The instrument 

contains four separate spectrometers covering the spectral range between 0.40 (un and 
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2.45 ^xm, with individual bandwidths of about 0.01 pm. These spectrometers are 

mechanically scanned transverse to the direction of flight. 

Though the availability of the sensor was of primary importance for its use as a 

means of experimentally verifying the calibration uncertainties presented earlier, its 

hyperspectral resolution and high spatial resolution also make it appealing. Various 

spectral bands may be built up from the individual AVIRIS bands. In practice, the 

chosen bands were decided by the characteristics of the radiometer flown during the 

course of the radiance-based calibration. The ability to study the effects of the spatial 

nonuniformity of the water reflectance for larger footprint sensors also makes the 

AVIRIS data useful. 

The instrument is calibrated prior to flight experiments using a spherical 

integrating source characterized by a NIST-traceable irradiance standard. It is to these 

preflight values that the results of the Lake Tahoe calibrations have been compared. 

5.2 Overpass Conditions and Image Registration 

Conditions during the calibration period were very good. The atmosphere was 

very clean (c.f. Table 4.2) and there were virtually no clouds present. Winds were 

calm, averaging around 0.75 m/s throughout the morning. 

Image data were acquired by AVIRIS at approximately 18:19 Universal 

Coordinated Time (UTC). Sorting of the image cube data and determination of the 

research vessel location were accomplished using software routines developed 
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Figure 5.1. AVIRIS image of the northern end of Lake Tahoe acquired on June 22, 
1995. The image corresponds to a wavelength of 0.66 |im. The location of the 
calibration target area is indicated by a small rectangular box. Note the presence of 
both low-reflectance, uniform and high-scatter, nonuniform water. 
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explicitly for these purposes. The viewing geometry for the site (i.e. research vessel 

location) was 0^ = 1.73° and (|)^ = 186.1°; the associated solar geometry was 0, = 

28.43° and (|)s = 125.7°. Image lines were individually corrected for noise and an 

average of 48 pixels was used to compute the mean, dark-corrected, band readings. A 

grayscale slice of the acquired image cube, corresponding to a wavelength of 0.66 ^xm, 

is shown in Figure 5.1. 

5.3 Reflectance-based Vicarious Calibration 

A ten-chaimel solar radiometer built by J. Reagan of the University of Arizona 

was used to collect solar extinction data (e.g. Shaw et al., 1973) throughout the 

morning during which the calibration took place. The resulting data, in conjunction 

with measurements of atmospheric pressure, were used to determine the molecular and 

aerosol optical depths for the site. The data also provided information concerning the 

amount of absorption due to ozone. Measurements of water reflectance were made 

from a research vessel at a predetermined location on the lake. Anemometer 

measurements of wind speed were taken around the time of sensor overpass. 

Measurements of diffuse water reflectance were made using a hand-held 

spectroradiometer designed and built by the group from the USF (Steward, 1996). 

This device is suimnarized in Table 5.1. Due to the relatively calm state of the water, 

foam contributions to the measured reflectance were assumed to be negligible. 
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Table 5.1. Performance specifications and physical dimensions for the SPECTRDC 
spectroradiometer. 

Specifications Description / Explanation 

Detector: 512 element linear array (EG«&:G) 

Diffraction Element: Concave holographic grating 

Spectrometer; 0.1m modified Littrow 

Shutter Mechanism: Electrically activated mechanical shutter for dark current 
measurements 

Integration Time: 0.06 - 2.50 s (automatic) 

Dual Scan Mode: Automatic integration time plus 4x automatic integration 
time 

A-D Conversion: 12-bit 

Clock: Real time 

Sampling: On trigger or timed duty cycle 

Data Storage: 31 scans including dark scan and date/time stamp 

Communication: RS232 serial port with PC-compatible software for data 
transfer 

Field-of-view: 23° full field (adjustable with field stops) 

Spectral Coverage: 0.30 - 0.90 |im (adjustable) 

Spectral Bandwidth: 0.003 |im (fiill width half-maximum) 

Power Requirements: 10.0 - 13.5 VDC, 0.4 A (0.75 A momentary) 

Physical Dimensions: Handheld unit with external power, 
0.22 m X 0.09 m x 0.13 m 
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Calibration coefficients were computed for four wavelengths spanning the 

visible and near-IR portions of the spectrum. These wavelengths correspond to the 

band centers of the radiometer used for the radiance-based calibration. The resulting 

coefficients are presented in Table 5.2. The associated method uncertainties have been 

compiled using sensitivity study results for a similar case: SeaWiFS bands 3, 5, 6, and 

8; SZA = 28.77°; VZA = 2.8°; wind speed = 0.75 m/s. The preflight calibration 

uncertainties are those quoted by JPL (Green, 1997). 

Table 5.2. Results of June 22, 1995 AVIRIS calibrations. Calibration coefficients 
are quoted in units of (W m'^ sr ' jmi"') / DN for Barnes MMR band centers. 
Uncertainties are quoted as one sigma percentages. 

Method 
Band 1 

Coefficient 
(Uncertainty) 

Band 2 
Coefficient 

(Uncertainty) 

Band 3 
Coefficient 

(Uncertainty) 

Band 4 
Coefficient 

(Uncertainty) 

Preflight Calibration 
Method (JPL) 

0.2344 
(5.0) 

0.1785 
(5.0) 

0.1603 
(5.0) 

0.1113 
(5.0) 

Reflectance-based 
Method (RSG) 

0.2525 
(4.0) 

0.1791 
(5.8) 

0.1627 
(11) 

0.1121 
(16) 

Radiance-based 
Method (RSG) 

0.2440 
(6.2) 

0.1768 
(11) 

0.1388 
(24) 

0.0918 
(49) 
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The agreement between the preflight and reflectance-based results is very good. 

The discrepancies of the former from the latter range from 0.3% for band 2 to 7.7% 

for band I. Considerable doubts have been raised as to whether the preflight result for 

band I is accurate (Davis, 1996). The filament-type irradiance standard used has low 

output radiance in this portion of the spectrum which may have resulted in an 

inaccurate calibration at short wavelengths. These results seem to indicate that the 

uncertainty levels of the reflectance-based method are overestimated for this particular 

case (c.f. Table 5.2). Knowledge of aerosol parameters, including optical depth and 

complex index of refraction, are the predominant source of uncertainty for this method 

(c.f. Table 4.3). It is possible that the uncertainty in these parameters are lower for 

this particular case than what has been assumed. However, further refinement of these 

uncertainties will require the improved characterization of the solar radiometer used to 

retrieve optical depths and the development of instrumentation capable of retrieving a 

more accurate value of the complex aerosol index. 

The good experimental agreement of the methods, despite the fact that no 

correction for possible adjacency effects was made, lends support to the belief that 

such effects are much less significant than the modeling results presented in Section 

4.1.2 would seem to indicate. However, such effects will be of greater significance 

for calibrations of spacebome sensors and should not be outright disregarded. 

The close agreement between preflight and reflectance-based results also seems 

encouraging from the standpoint of verifying the new wave-slope distribution model 
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discussed in Section 3.4. For this particular case, the viewing direction was in the tail 

of the specular region. Use of the old (or default) symmetric wave-slope model 

results in discrepancies up to 3.4% from the results obtained using the new model. 

The newer model, in general, provides better agreement with the JPL coefficients. 

While promising, this disagreement is within the method uncertainty and cannot be 

said to constitute a significant difference. Additional studies making use of viewing 

geometries further inside the sun ghnt region are needed to obtain more conclusive 

results. At the very least, the agreement of the preflight and reflectance-based results 

indicate that the symmetric model is an adequate replacement for the asymmetric Cox 

and Munk model under low-wind conditions for the used viewing geometry. 

5.4 Radiance-based Vicarious Calibration 

5.4.1 Description of the calibrated field radiometer 

Measurements of absolute radiance were collected at an altitude of 

approximately 3.9 km MSL using a Barnes Modular Multispectral 8-channel 

Radiometer (MMR) (Robinson et al., 1979). The specifications for this device are 

summarized in Table 5.3. Several attempts were made at properly calibrating the 

MMR. Measurement of the first four band filter transmittances was accomplished 

using a model 750-M-D double-monochrometer spectrometer manufactured by 

Optronic Laboratories, Inc.. The measured transmittances are shown in Figure 5.2 

along with the idealized response of a silicon photovoltaic detector. 
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Table 5.3. Performance specifications and physical dimensions for the Barnes 
Modular Multispectral 8-channel Radiometer (MMR). 

Specifications Description / Explanation 

Electronic Gains: 0.2, 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0 

Thermal Channel Range: -20° to+70° (0to+5VDC) 

Si Detector Stability: 1% for 5° C temperature changes for 20 min periods 
in ambient temperature range from 15° to 35° 

PbS Detector Stability: 2% for 5° C temperature changes for 20 min periods 
in ambient temperature range from 15° to 35° 

Thermal Channel Stability: 0.5° C for a 25° C target in ambient temperature range 
from 15° to 35° 

Linearity: 1% with respect to radiated power 

Field-of-view: 1.1° full width half-maximum (with lenses) 
15° full width half-maximum (without lenses) 

Spectral Coverage: 8 channels with band centers between 0.49 jim and 
11.5 jim 

Output: 0 to +5 VDC, analog scale factor 

Loading: <1 Ma (47 Q output impedance) 

Passbands: Near-IR channels are intemally switchable to either 4 
Hz or 20 Hz. Thermal chaimel is switchable to 1.0 or 
0.15 Hz. 

Ambient Temp. Range: 0° to 60° C 

Instrument Dimensions: 0.23 m X 0.25 m x 0.28 m 

Instrument Weight: 62.3 N 

Power Supply: 12 VDC, 0.4 A 
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Figure 5.2. Measured filter transmittances for the first four bands of the Barnes 
Modular Multispectral 8-channel Radiometer (MMR). 
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Four methods of radiometric calibration were employed. These techniques 

made use of: 1) a filament lamp providing a NIST-traceable standard of spectral 

irradiance (Walker et al., 1987); 2) a spherical integrating source making use of 

multiple lamp sources (Guenther et al., 1990, Leroy et al., 1990); 3) a solar-radiation-

based method making use of directly transmitted solar irradiance (Biggar et al., 1993); 

and 4) vertically downwelled solar radiation arising primarily from molecular 

scattering (Cosnefroy, 1995). The normalized spectra of these four sources are shown 

in Figure 5.3. A detailed discussion of these calibrations is given in Appendix B. 

The resulting radiometric calibration coefficients for the MMR bands and the 

associated uncertainties for the four methods are presented in Table 5.4. The 

laboratory-based coefficients (i.e. those resulting from the use of the NIST-traceable 

filament standard and spherical integrating source) agree with each other to within 

their believed method uncertainties. The results of the remaining two calibrations, 

both of which rely on solar radiation as a source, show poorer agreement with the 

results of the laboratory-based methods. Because the vicarious calibrations also make 

use of solar energy as a source, the coefficients obtained using the sun as a source are 

most applicable to the MMR when it is used in the radiance-based vicarious-

calibration process. For this reason, the solar radiation-based coefficients and 

associated uncertainties have been used with the AVIRIS calibrations. The cause of 

the bias between the laboratory- and solar-based calibration results is still under 

investigation. 
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Figure 5.3. Normalized output spectra of the four sources used to calibrate the Barnes 
Modular Multispectral 8-channel Radiometer (MMR). 
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Table 5.4. Summary of Barnes MMR calibrations. Calibration coefficients are 
quoted in units of (W m'^ sr"' jim*') / DN. Uncertainties are quoted as one sigma 
percentages. 

Source / Method 
Band 1 

Coefficient 
(Uncertainty) 

Band 2 
Coefficient 

(Uncertainty) 

Band 3 
Coefficient 

(Uncertainty) 

Band 4 
Coefficient 

(Uncertainty) 

NIST-traceable 
Filament Standard 

0.01532 
(2.5) 

0.01360 
(2.5) 

0.01564 
(2.4) 

0.02069 
(2.5) 

Spherical Integrating 
Source 

0.01553 
(3.6) 

0.01370 
(0.9) 

0.01543 
(0.5) 

N/A 

Solar-radiation-based 
Calibration 

0.01328 
(3.0) 

0.01096 
(2.9) 

0.01375 
(2.6) 

0.01815 
(2.5) 

Molecular Scatter 
Calibration 

0.01339 
(8.2) 

0.01138 
(9.8) 

0.01324 
(12) 

0.01383 
(16) 

The angular response of the MMR was also investigated. Shown in Figure 5.4 

is a plot of the normalized, angular response for a single channel of the instrument, as 

measured in a laboratory environment. It was observed that the instrument collects 

radiation, non-negligibly, over a full field of close to 10°. This may, in fact, be 

problematic since the upwelled radiance field is such a strongly varying function of 

angle (c.f. Figure 4.3), especially at longer wavelengths. 
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Figure 5.4. Normalized angular responsivity of the Barnes Modular Multispectral 8-
channel Radiometer (MMR). The shown curve corresponds to MMR bzuid 6. 
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5.4.2 Ancillary equipment and calibration results 

The radiometer was mounted in a Cessna-180 airplane having a belly port 

approximately 0.41 m in diameter. The simple mount used was designed and built at 

the Optical Sciences Center of the University of Arizona. This mount is shown in its 

operational configuration in Figure 5.5. Simultaneous-video signal was collected to 

aid in the registration of the collected-radiance data. Three passes were made over the 

research vessel station near the time of AVIRIS overpass following a similar flight 

path. An average of the closest 11 data points to this location were used to compute 

the four calibration coefficients for AVIRIS for each of the three aircraft overpasses. 

The atmospheric and lake reflectance data collected in conjunction with the 

reflectance-based method were used to compute the radiance correction term. 

The average calibration coefficients for AVIRIS, resulting from the radiance-

based procedure, are shown in Table 5.2. The associated method uncertainties have 

been compiled using sensitivity-study results for a similar case: SeaWiFS bands 3, 5, 

6, and 8; SZA = 28.77°; VZA = 2.8°; wind speed = 0.75 m/s. The pointing 

uncertainty was computed for the exact conditions present. The results of the MMR 

solar radiation-based calibration were used to provide the radiometer calibration and its 

uncertainty. 
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Figure 5.5. Aircraft radiometer mount in operational configuration. The mount is 
shown holding a Barnes Modular Multispectral Radiometer (MMR), a custom-built 
multiband radiometer, and a Spectron spectrometer. 
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As seen in Table 5.2, the results of the radiance-based method differ 

significantly from those of the other two calibrations at the longer wavelengths. The 

discrepancies between the laboratory-based coefficients and the radiance-based method 

range from 1.0% in band 2 to 17.5% in band 4. While these discrepancies lie within 

the theoretical uncertainties of the radiance-based method, for the longer-wavelengths 

they are far too large to be considered a successful calibration of the AVIRIS bands 

studied. 

The uncertainty levels are dominated by instrument-related effects, including 

the pointing accuracy and the calibration precision of the airborne calibrated 

radiometer. Shown in Figure 5.6 are representations of the upwelled apparent 

reflectance field for the longest wavelength band as predicted by the SOS transfer 

code. Note the large variation in this field around the sun glint region. The viewing 

direction during the calibration period, as indicated by the cross in the contour plot in 

Figure 5.6b, lies near the steep slope of this curve. These figures show clearly that the 

associated radiance-based method uncertainties will be made acceptable only if the 

pointing error can be sizably reduced (c.f. Table 4.6) or if the method is applied well-

outside of the specular region. 
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Figure 5.6. Representations of the aircraft-level (3.9 km above mean sea level) 
upwelled apparent reflectance field computed using the Successive Orders of 
Scattering (SOS) transfer code for a wavelength of 0.83 [om. The field is presented in 
terms of cartesian coordinates. The specular direction is located near X = 0.5 rad, Y = 
0.0 rad (i.e. 0, = 28°, A(l> = 180°). 
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5.5 Site Uniformity 

Prior to the June 1995 campaign, the issue of site uniformity was not thought 

to be a problem. However, during the course of the experiment, it was discovered that 

regions of nonuniform reflectance existed throughout the surface of the lake. The lake 

appeared as though its surface was covered with some sort of patchy, highly-diffuse 

scattering layer (c.f. Figure 5.1). 

It is necessary to better understand this phenomenon because misregistration of 

the aircraft and satellite data becomes increasingly important as homogeneity 

decreases. Because of this, a spatial uniformity experiment was conducted on June 23, 

1995 using aircraft-based sampling of the upwelled radiance over Lake Tahoe with the 

MMR airborne at an altitude of approximately 3.65 km MSL (1.75 km above the lake 

surface). The first seven MMR bands, which encompass the spectral range from 0.45 

|im to 2.35 |im, were used in this study. A summary of these bands is given in Table 

5.5. 
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Table 5.5. Summary of the first seven MMR spectral bands. 

BAND 

Central 
Wavelength 

[jim] 

Inferior 
Wavelength 

[^m] 

Superior 
Wavelength 

[jmi] 

Bandwidth 
(FWHM) 

[^un] 

1 0.49 0.45 0.52 0.07 

2 0.56 0.52 0.60 0.08 

3 0.66 0.63 0.69 0.06 

4 0.83 0.76 0.90 0.14 

5 1.23 1.15 1.30 0.15 

6 1.65 1.55 1.75 0.20 

7 2.22 2.08 2.35 0.27 

Data collection took place between 18:00 and 19:00 UTC. The data were 

collected in a pseudo-raster fashion over the surface of the lake with the radiometer 

pointed vertically downward. An exact flight-path, shown both in three-dimensions 

and projected onto the lake surface, is shown in Figure 5.7. This flight path has been 

reconstructed from the actual GPS signal recorded by the aircraft during the course of 

the experiment. In all, five passes were made over the lake, running along north-south 

tracks. Due to equipment failure, only the first four passes produced useful 

information. The final pass was over the shallow western part of the lake where 

bottom features are clearly visible. This portion of the lake is unsuitable for 

calibration purposes and is not of great interest. 
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Figure 5.7. Flight path of Cessna-180 aircraft during uniformity experiment at Lake 
Tahoe on June 23, 1995. The three-dimensional path, determined from in-situ GPS 
data, is projected omo lake level (1.9 km above mean sea level). Flight direction is 
indicated by small arrows on this projection. Note the set of North-South tracks made 
over the lake. 
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Several corrections were made to the resulting radiance data. First, the 

average dark levels were subtracted from each of the recorded signal voltages. 

Following this, a correction for the gain factor used in each band was made. The 

calibration coefficients for each band, determined using a solar-radiation-based 

calibration, were used to convert the corrected signal voltages to radiances. Thus, 

1 L = — 
" A 

n 

y _ 

G 
n 

(5.1) 

where L„ represents the total upwelled radiance in band n, represents the calibration 

coefficient in units of volts/radiance, V„ represents the recorded voltage in band n, 

represents the associated dark voltage in band n, and G„ represents the gain 

setting used for band n. 

To retrieve the lake reflectance values from the upwelled radiances, a number 

of atmospheric corrections were made to the data. Atmospheric path radiance was 

calculated for the associated solar-sensor geometry for several times throughout the 

data collection period. (The less accurate 5S code was used rather than the SOS code 

due to the large number of transfer computations which were required and the need to 

compute band-average gaseous transmittances for the MMR. A typical lake surface 

and continental aerosols were assumed for these computations.) The path radiances 

due to the atmosphere alone were also calculated and subtracted from the total 

upwelled radiance in the corresponding band. Following this atmospheric correction. 
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the lake-level apparent reflectance, p was calculated using 

p = ic 
^ laht 

L -
fi n 

E 
n 

(5.2) 

where L„ represents the total radiance in band n, Ln"*™" represents the atmospheric 

contribution to upwelled radiance in band n, and E„ is the total downwelled irradiance 

at the lake surface. This final quantity was again calculated using the revised 5S 

transfer code. 

Ideally, at least one more correction should be made. There is a relatively 

significant contribution to the upwelled radiance due to specular reflection of the 

vertically downwelled radiance back in the direction of the radiometer. Small 

increases in this downward radiance occurred during the measurement period due to a 

change in solar zenith angle. This had the effect of biasing later measurements to a 

slightly higher reflectance level. By subtracting the specularly reflected radiance 

component, this bias may be removed and the diffuse reflectance may be found. 

Unfortunately, the present version of the revised 5S code is unable to model the 

downwelled radiance field. The desired correction therefore could not be made. 

The resulting average reflectances and standard deviations for each band are 

given in Table 5.6. This table contains the results for the individual passes made over 

the lake surface, and for the lake overall. An immediately obvious result of this study 

is the relatively large variation in reflectance. The associated uncertainties (computed 



as the standard deviation divided by the mean) range from 0.24 in band 1 (pass #1) to 

1.00 in band 4 (pass #4). It should be noted that areas of unquestionably deviant 

reflectance, for example those near the lake shore, were not included in the 

computations of lake reflectance statistics. 

Table 5.6. Spatial uniformity statistics for retrieved lake reflectance. 

MMR 
Band 

Pass #1 
mean 
(std) 

Pass #2 
mean 
(std) 

Pass #3 
mean 
(std) 

Pass #4 
mean 
(std) 

Overall 
mean 
(std) 

I 0.0297 
(0.0071) 

0.0355 
(0.0104) 

0.0343 
(0.0130) 

0.0432 
(0.0192) 

0.0354 
(0.0138) 

2 0.0209 
(0.0068) 

0.0285 
(0.0110) 

0.0254 
(0.0122) 

0.0434 
(0.0228) 

0.0292 
(0.0165) 

3 0.0139 
(0.0072) 

0.0176 
(0.0104) 

0.0188 
(0.0128) 

0.0316 
(0.0231) 

0.0203 
(0.0159) 

4 0.0136 
(0.0070) 

0.0169 
(0.0108) 

0.0183 
(0.0125) 

0.0322 
(0.0322) 

0.0201 
(0.0172) 

5 0.0138 
(0.0076) 

0.0215 
(0.0129) 

0.0193 
(0.0142) 

0.0342 
(0.0251) 

0.0217 
(0.0174) 

6 0.0145 
(0.0076) 

0.0194 
(0.0116) 

0.0205 
(0.0142) 

0.0359 
(0.0272) 

0.0223 
(0.0184) 

7 0.0139 
(0.0072) 

0.0214 
(0.0114) 

0.0193 
(0.0131) 

0.0387 
(0.0263) 

0.0231 
(0.0184) 
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The retrieved reflectances for pass #2 are shown in Figure 5.8 for bands 1, 2, 

and 4. The variations in reflectance are spatially consistent between the different 

bands. This confirms that the variations are actual changes in surface reflectance 

rather than from instrument noise, since the noise in each channel is independent of 

the others. 

Band reflectance spectra computed for a lake region in which normal water 

reflectances were observed are shown in Figure 5.9a. Reflectance spectra computed 

for a lake region in which the heightened scatter was present are shown in Figure 

5.9b. The spectra of the uniform region are strongly weighted toward shorter 

wavelengths. The spectra taken from the region having a high degree of scatter are 

quite flat. This implies that the radiance reflected from the lake surface is nearly 

independent of wavelength, appearing white to the eye. 
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Figure 5.8. Retrieved reflectance for Lake Tahoe. The data correspond to Pass #2 
(longitude = 120.02° N) over the lake during the June 23, 1995 uniformity experiment. 
The results for three MMR bands, which encompass the visible and near-infrared 
portions of the spectrum, are presented. 
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Figure 5.9. Retrieved reflectance spectra for Lake Tahoe produced by performing a 
simplistic atmospheric correction to data collected during the June 23, 1995 uniformity 
experiment. Note the increase in reflectance for the high-scatter water relative to the 
clear water, and the flatness of the high-scatter spectra. 
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Another trend, which is apparent both from the summarized reflectance 

statistics and the graphed reflectance spectra, is that the average reflectance in each 

band tends to increase with each pass over the lake. This may be due to the actual 

lake reflectance, but it seems more likely that the trend is due to the change in solar 

zenith angle as a function of time. For each successive pass, the solar zenith 

decreased as solar noon approached. The scatter on the lake surface had the effect of 

diffusely reflecting the direct, solar radiation into a range of directions - in essence, 

decreasing the specular nature of the lake reflectance. As the sun approached solar 

noon, two effects combined to cause the observed increase in reflectance: (1) the 

specular component of lake reflectance (which was not able to be removed) increased 

as the sun neared zenith; (2) the amount of incident solar radiation diffusely reflected 

toward the radiometer by the scattering film on the lake surface increased as the sun 

moved closer to zenith due to a residual directional nature of the diffusing effect. 

One can get a general feel for the striated nature of the heightened-scatter 

"layer" on the surface of the lake by viewing Figure 5.1. In this figure, regions of 

both uniform reflectance and heightened-scatter can be seen. Note the general string

like nature of the regions of heightened scatter. 

Explanations for the presence of the heightened-scatter region on the lake 

surface have thus far been varied. The general consensus is that there is a thin, 

organic slick either on or just below the lake surface. Measurements made on June 

29, 1995 by members of the Tahoe Research Group of the University of California at 
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Davis indicated the presence of unusually large numbers of animal planters known as 

rotifers in the lake at that time (Richards, 1995). B. Richards, the field leader of this 

group, has pointed out that if there was also a period of very calm weather prior to the 

measurements, surface slicks of organic by-products of phytoplankton (or zooplankton) 

growth could accumulate in "wind rows" or areas of current convergence and therefore 

produce striated lines of differing reflectance. This hypothesis seems to be the 

likeliest explanation for the phenomenon, but has yet to be confirmed with in-water 

measurements taken in a region known to contain the high-scatter water. This 

information was collected during a more recent expedition to the lake, in July, 1996. 

Though the data have not been processed, results are anticipated in the near future. 

This experiment indicates the importance of properly assessing the spatial 

uniformity of the target used in this type of work. The unexpected scatter from the 

surface of Lake Tahoe will be a problem if the lake is continued to be used as a low-

reflectance calibration target. This is especially true for calibrations of large footprint 

sensors which will most likely undersample the nonuniform reflectance features. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

To date, the results of the dark target calibration research have shown that the 

use of water targets to calibrate radiometric sensors can result in meaningful sensor 

characterization. In particular, the reflectance-based method experimentally shows a 

great deal of promise toward meeting the desired 2-3% uncertainty levels for ocean 

color sensors. As discussed in Section 5.3, experimental agreement at or below the 

1.5% level was observed between the preflight and reflectance-based calibrations for 

most of the studied bands. In this chapter, a review of the most salient results of this 

research is given along with recommendations for the future direction of the work. 

6.1 Progress to Date 

The primary effort made to date has been to establish a set of tools with which 

to conduct in-flight, absolute calibrations of radiometric sensors over low-reflectance 

targets using vicarious methods and to determine the optimum conditions for which 

these calibrations should be attempted. Toward this end, several tasks have been 

accomplished. 

The first of these tasks was the establishment and evaluation of various 

radiative transfer codes which properly model the atmosphere-ocean environment. 

These codes, developed largely by members of the Laboratoire d'Optique 
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Atmospherique at the University of Lille, France, have been individually evaluated and 

compared. As part of this dissertation research, improvements and modifications have 

been made to these codes which make them more amenable to the problem of sensor 

calibration. These changes include the development of a more-accurate wave-slope 

distribution model and the adaptation of existing algorithms to conduct radiance field 

interpolations as a fiinction of both altitude and viewing angle for the SOS transfer 

code. In addition, the problem of properly modeling a rough-ocean surface has been 

implemented and tested for a revised version of the 5S code. 

Second, a thorough analysis of existing vicarious calibration methods applied to 

water targets was made. These analyses aided in the determination of the optimum 

conditions under which to attempt dark-target calibrations and the weaknesses of the 

calibration methods studied. Among other things, these studies resulted in a better 

understanding of the quantitative uncertainties due to a variety of code inputs, 

including a complete evaluation of the effects of decoupling scattering and absorption 

effects. Chief among these sources of uncertainty were seen to be aerosol-related 

parameters as well as, for the radiance-based calibration, the pointing accuracy of the 

airborne radiometer. A summary of the optimum conditions for the use of the 

reflectance- and radiance-based methods over a water target is presented in tabular 

form as Table 6.1. 
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Table 6.1. Optimum conditions for the use of the reflectance- and radiance-based 
calibration methods over a water target. 

Reflectance-based Method Radiance-based Method 

Short-wave visible 
wavelengths 

High-elevation target 

Viewing direction not 
critical 

High-elevation target 

Viewing direction well-
outside sun glint region 

Long-wave visible and 
near-IR wavelengths 

High-elevation target 

Viewing direction near 
sun glint region 

Sea-level target 

Viewing direction well-
outside sun glint region 

Experimental verification of these uncertainty estimates was made during a 

field campaign at Lake Tahoe on June 22, 1995. Calibrations of AVIRIS were 

attempted using both the reflectance-based and radiance-based calibration methods. 

The results of these efforts show that the reflectance-based method provided 

calibration accuracies better than the believed method uncertainties (c.f. Table 4.3 and 

5.2), but that substantial improvement in radiometer pointing accuracy must be made 

to make the radiance-based method viable when calibrating long-wavelength bands 

using view angles within the region of sun glint (c.f. Tables 4.4 and 5.2). This 

experimental work also afforded the opportunity to characterize the typical reflectance 

properties and environmental conditions at Lake Tahoe. 

Finally, in association with the radiance-based calibration method, a number of 

different calibrations were used to characterize the radiometer used in the radiance-
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based approach. These efforts provided one of the first comparisons of several 

different methods of field radiometer calibration. Both NIST-traceable irradiance 

standards and solar radiation were used as calibration sources. The results are 

different enough to suggest that the use of solar-based techniques is more appropriate 

than using laboratory-based methods for field radiometer calibrations. 

6.2 Issues Remaining to be Explored 

The structure of the Successive Orders of Scattering (SOS) radiative transfer 

code is such that the fully asymmetric Cox and Munk wave-slope distribution could be 

implemented to compute the direct-to-direct component of specular radiance 

contributions. This "glitter" component is the largest part of the specularly-reflected 

radiance. However, even this asymmetric model may be invalid for low wind speeds: 

at such wind speeds, only the crosswind roughness remains which is not realistic since 

there is essentially no alongwind direction. This feature of the asymmetric Cox and 

Munk model is still a matter of debate (Duntley, 1954, Shaw, 1996). Additional 

experimental studies of surface waves for such conditions are needed to refine the 

model before it can be confidently implemented in SOS. 

Based on the results of the sensitivity analyses and observations of the 

conditions present at Lake Tahoe, two related field experiments were designed and 

carried out in July, 1996. When reduced, the data from these experiments are 

expected to provide further information about the usefulness of Lake Tahoe as a 



122 

calibration site and the possibility to further reduce the uncertainties due to aerosol-

related parameters. 

The first of these experiments involved the coUection of data for a calibration 

of AVHRR-I4 over Lake Tahoe. This sensor has a relatively-large FOV and therefore 

provides a good test case as to whether future calibrations of similar sensors will be 

useful at Lake Tahoe. In particular, this experiment will aid in the determination of 

the extent to which the surface nonuniformities affect large-FOV-sensor calibrations. 

To date, the imagery has not been received and die field data remains in a 

preprocessed form. 

The second experiment was centered around the possible retrieval of the 

effective aerosol vertical scale height. As seen in Sections 4.4.3, this parameter 

becomes a significant source of uncertainty for the radiance-based calibration method 

for longer-wavelength bands and viewing directions outside the sun glint region. 

Measurements of upwelled radiance were made at several altitudes over the lake with 

a vertically mounted airborne radiometer. The use of a modified version of the SOS 

transfer code will permit the inversion of these radiances to determine the effective 

aerosol scale height for a given altitude. It is hoped that analysis of the retrieved scale 

heights will permit a refinement of the uncertainties in this parameter - thereby 

reducing the overall radiance-based method uncertainty. 

In addition to these experiments, in-water samples were collected from a region 

of the lake containing the high-scatter phenomenon. These samples will hopefully 
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provide more information about the underlying cause of this phenomenon and aid in 

modeling its effect on the calibration of large-FOV sensors at Lake Tahoe. 

Another avenue open to exploration is the investigation of whether or not 

certain environmental parameters need to be measured in order to provide useful 

calibrations. In particular, the relative importance of the correction term when using 

the radiance-based method tends to decrease with wavelength. Therefore, increasing 

the amount of uncertainty in the parameters used to compute this term may not 

detrimentally increase the overall radiance-based uncertainty - at least for longer-

wavelength bands. In addition, because Lake Tahoe is a relatively clear-water site, it 

may be possible in certain situations to simply model the diffuse water reflectance 

based on typical chlorophyll amounts. A good example is the case of large view 

zenith angles, since surface contributions to sensor-level radiance are minimized in 

such cases. This will not be possible, however, until the high-scatter phenomenon on 

the lake surface has been fiarther studied. 

6.3 Development of New Instrumentation 

One of the most important results of the current research was the identification 

of the parameters contributing the largest sources of uncertainty to the vicarious 

calibration processes. In order to further reduce the associated uncertainties, the 

development of new instrumentation is required. 
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One of the largest error sources in the reflectance-based calibration method, 

especially for viewing angles outside the sun glint region, is the uncertainty in the 

aerosol complex index of refraction. Better knowledge of both the real and imaginary 

components of this index will come through the development of a diffuse-to-global 

irradiance meter (Biggar and Slater, 1990). This device determines the relative 

contribution of scattered radiation to target-level irradiance - thereby providing further 

knowledge of aerosol properties, including the complex index. This parameter is 

currently only estimated. In-situ measurements should provide better knowledge of its 

value and result in improved method uncertainties. 

There is also a need for an improvement in the measurement of the aerosol 

particle size distribution and, relatedly, the aerosol phase fiinction. This may come 

through the continued development of a solar aureole camera (Grotbeck et al., 1993, 

Grotbeck and Santer, 1993). This device measures the nearly-forward scattered 

radiation around the directly-incident solar beam. These measurements provide better 

knowledge of the number of large particles - thereby better classifying the aerosol size 

distribution. 

Based on the results of the sensitivity study of the radiance-based method, it is 

clear that a high-precision, high-accuracy radiometer mount is required for the aircraft. 

The effect of various amounts of pointing uncertainty are shown in Tables 4.6 and 

4.10 for the case study presented in Sections 4.3 and 4.4 (i.e. SZA = 21.35°, VZA = 

2.8°, and wind speed = 5.0 m/s). By reducing the pointing uncertainty from the 
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assumed value of ±2° to ±1°, the associated errors reduce almost linearly. Reduction 

to ±0.1°, which is extremely costly and difficult, results in a tolerable contribution to 

the overall uncertainty from this error source. For an arbitrary viewing geometry to be 

useful in the radiance-based calibration process, this tight tolerance is a necessary 

requirement. Otherwise, the method is limited to viewing geometries lying well-

outside the specular region. 

Associated with the development of new mounting equipment is the need for a 

more appropriate radiometer to collect upwelled radiances. Such a device should have 

similar design features to the ocean color sensors to be calibrated using the radiance-

based technique. These features include narrow bandpasses, small angular FOVs, and 

high radiance sensitivities. 
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DESCRIPTION OF RADIATIVE TRANSFER CODES 

A. 1 Successive Orders of Scattering 

The successive orders of scattering (SOS) method of solving the vector transfer 

equation developed by Deuze et al. (1989) computes multiple scattering radiance 

contributions. The vector radiative transfer equation for the upwelled radiance field is 

numerically solved for an atmosphere composed of molecules and spherical aerosol 

particles. This transfer equation is decomposed into a Fourier series as a function of 

azimuth for each of 24 view zenith angles (VZAs). Each VZA has an associated 

transfer equation which is solved separately. The model divides a plane-parallel, 

horizontally-homogeneous atmosphere into 26 layers of equal optical depth. 

Successive orders of scattering are introduced until the resulting radiance field 

converges or until the maximum scattering order (2(X)) is reached. 

The software is operated in a series of separate steps. Prior to the transfer code 

calculations, the aerosol scattering parameters are computed as a fianction of size 

parameter, a = 2nr/X, for a given complex refiractive index, naj^so, + ik^jn^o,, where r 

is the spherical radius of the particle and X is the wavelength of the radiation. A 

particle size distribution is then assumed for the aerosols, with log-normal or Junge 

distributions being most common. After integration over this distribution, the 

scattering matrix terms are separated into Legendre functions and polynomials. This 
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decomposition allows expansion of the general vector transfer equation into a set of 

simplified transfer equations - one for each term in the (eventual) Fourier series 

representation of the radiance field. This series is computed as a function of azimuth 

relative to the sun given by A(J) = (j)^ - (l)s. 

At this stage, the computation of the primary atmospheric scattering, arising 

solely from the unpolarized incident beam, is carried out. The molecular and aerosol 

optical depths are used with their associated phase matrices and single scatter albedos 

to determine this and all subsequent scattering effects. 

To account for the multiple interactions of the atmosphere-ocean system, the 

Fresnel reflection matrix of the ocean surface is separated into a Legendre function 

representation and subsequently expanded into a Fourier-series representation as a 

function of relative azimuth. The wave-slope probabilities for the rough-ocean surface 

are computed for a given wind speed using the symmetric gaussian model of Cox and 

Munk (1954a, 1955). The resulting surface reflectance distribution is then expanded 

into a Fourier series (again, as a function of relative azimuth) and is combined with 

the Fresnel-reflection-matrix series to yield the complete boundary condition in Fourier 

series representation. 

The boundary conditions are then combined with the primary scattering results 

to compute the multiple-scattering contributions. In the end, a set of Stokes vectors 

exists for each Fourier-series term. These vectors depend on solar zenith angle, 0^ (or 

^i^=cos05), and are a function of view zenith angle, 0v (or n^=cos0^). After these 
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vectors have been computed, the direct-to-direct (i.e. sun glint) component of the 

radiance field is added. This contribution is not included in the Fourier series 

computation because it is highly directional and would require a very large number of 

expansion terms - unnecessarily increasing the computation time. The resulting 

radiance field expression is 

In this expression, {L^"} represent the Fourier series coefficients of the diffuse 

reflectance field computed by the transfer code up to convergence order N, 6 o.„ is a 

Kronecker delta function, and represents the (unattenuated) glint component of 

radiance. 

The organizational steps required to implement the successive orders software 

are presented in Figure A.l. This method, in principle, is not as computationally 

efficient as other techniques of solving the radiative transfer equation - e.g. the 

Herman and Browning (1965) code employed by the RSG. However, the similarity 

between the reflection and scattering matrices facilitates the inclusion of the rough-

ocean boundary condition into the exisiting code architecture with minimal increase in 

complexity or run time. 

N 
L (0,A4);0) = V (2-6 )L"(0 ;0 )cos(/iA(|)) 

Z V S - 0^ Z V s 
(A.1) 
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Figure A.l. Computational steps involved in the Successive Orders of Scattering 
(SOS) radiative transfer code. The solid lines represent calculations carried out while 
the dashed lines represent inputs at the appropriate steps. 
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A.2 Revised Simulation of the Satellite Signal in the Solar Spectrum 

The software entitled The Simulation of the Satellite Signal in the Solar 

Spectrum (5S) has been documented by Tanre et al. (1987). This code solves the 

radiative transfer equation by utilizing analytical approximations to compute both the 

scattering and absorption effects of the atmosphere. The top-of-atmosphere (TOA) 

radiance is decomposed into a number of components: 1) the directly-transmitted solar 

radiation reflected by the ground/target; 2) the solar radiation scattered by the 

atmosphere; 3) the diffuse skylight reflected by the target; 4) the directly-transmitted 

solar radiation reflected by ground outside of the target area and scattered into the 

viewing direction; 5) multiple interactions between the surface and atmosphere. 

The advantages of the 5S code include computational efficiency (which 

enhances the ability to rapidly perform band integrated calculations), the ability to 

model the adjacency effect for lambertian ground reflectances, and the ability to 

compute the effects of gaseous absorption by assuming a simplified direct-to-direct 

path. Disadvantages include its numerical approximations, and its ability to model 

only the TOA radiance over a lambertian, sea-level target. 

The 5S code is intended to be used primarily as a method by which to model 

various environmental situations and observe their effects on the satellite signal. Since 

the code uses approximations, there is some inherent error in the computation of the 

signal. However, because the code is very fast to run, it provides a good method by 
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which to study numerous permutations in spectral bands and environmental conditions 

for a given satellite geometry. 

In order to use 5S to study TOA radiance for a rough-ocean-atmosphere 

environment, a revised version has been developed. This updated code uses the same 

computational approximations mentioned previously. The target elevation is no longer 

restricted to the top of the atmosphere, but is allowed to be altered to a known 

elevation above sea level - involving a recalculation of the gaseous absorber vertical 

profiles. The molecular anisotropy factor has been updated in accordance with recent 

studies (Teillet, 1990). Existing satellite-geometry subroutines, originally developed 

for AVHRR and POLDER, have been adapted for the SeaWiFS platform and spectral 

response specifications. This includes the ability of the SeaWiFS sensor to tilt by 

discrete angles of ±20° (Roger and Vermote, 1991). The generalized-elevation and 

AVHRR-based revisions were completed primarily by P. Teillet and R. Santer. All 

other revisions were completed by the author. 

In addition to the standard (i.e. lambertian) target option, the code has been 

revised to include a rough-ocean option that accounts for an additional four signal 

components that are necessary to account for the various interactions between the 

atmosphere and a rough-ocean surface (Parada and Santer, 1993). Some of the 

original five signal components also required revision to account for the features of the 

new surface. Each of the nine components is briefly described here in terms of 

apparent reflectance, p'. Apparent reflectance is the ratio of the TOA radiance, L™^ 
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to the incident solar irradiance divided by t z  sr (i.e. the projected solid angle of a 

henaisphere). 

Here, EQ""" represents the normally incident exoatmospheric irradiance at the mean 

earth-sun distance, and d represents the true earth-sun distance in units of AU. Both 

p' and are spectral and directional quantities. 

The first signal component involves the intrinsic atmospheric path radiance. 

Both the molecular and aerosol coefficients are involved in this term. The apparent 

reflectance of a molecular-only atmosphere due to single scattering over a perfectly 

absorbing surface can be approximated as 

P (A.2) 

T P (0) 
m m 

(A.3) P Im 4^i^ 
S V 

where Tn, is the molecular optical depth, ?„,(©) is the molecular phase function, and 

the molecular single-scatter albedo is assumed to be unity. The equivalent 

approximation for an aerosol-only atmosphere is 
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where is the aerosol optical depth, Pa(0) is the aerosol phase function, and co ^ is 

the aerosol single-scatter albedo. For both quantities, 0 refers to the scattering angle. 

This formulation is identical to the original 5S code. 

The second signal component represents the directly transmitted radiation 

reflected by the ocean surface into the viewing direction. This is also referred to as 

the "sun glint" signal. It includes the bidirectional reflectance of the ocean surface, 

Pg, which involves the wave-slope distribution for a given wind speed. The complete 

term is 

The next three terms represent the signal due to primary and secondary 

coupling between the atmosphere and rough-ocean surface. Component 3 represents 

singly-scattered radiation that is reflected by the ocean surface and is directly 

transmitted through the atmosphere into the viewing direction. This involves the 

Fresnel reflection coefficient for the viewing direction, r(0v). To first order, it is 

(A.5) 

(A.6) 

Here, the rough-ocean surface is approximated as being planar. This simplification 

assumes the reflectance at an angle 0^ is representative of the actual signal. This is 
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permissible because the downwelled radiance is smoothly varying. Therefore, the 

scattering angle simplifies to © = 0, - 0,. The fourth component represents directly-

transmitted radiation that is reflected in an arbitrary direction and singly-scattered by 

the atmosphere into the viewing direction. This term is identical to the last, with the 

appropriate reversal in the order of scattering and direct pass through the atmosphere. 

To first order, it is 

f T P (0) + T P(e)o) ' 
p. -rce; (A.7) 

Here, Oj takes the place 0^ held in term 3 (following similar arguments), and again 0 

= 0s - 0^. Component 5 represents singly-scattered radiation that is reflected in an 

arbitrary direction and is again singly-scattered by the atmosphere into the viewing 

direction. Since the radiation incident at the ocean surface is diffuse, a weighted 

integration of the Fresnel reflectance over all possible incidence angles is required. 

This results in a mean value of (r(0)) = 0.065, where the weighting is with projected 

solid angle. This value is attenuated by two diffuse transmittances, td(0s) and t/O^), 

for the solar and view paths respectively. The resulting term is 

p • = f (0 ) <r(0)> ne ) . (A.8) J  U S  a  V  

Component 6 represents the desired ocean color signal (i.e. the diffuse water 

reflectance) and is assumed to be lambertian. The reflected radiation, p^, is weighted 
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by the total (both direct and diffuse) transmittance of radiation through the 

atmosphere. The resulting effective reflectance is 

p; = (A.9) 

where T(|i,) and T(|i^) are the total transmittance weighting functions for the solar and 

view directions, respectively, which take into account both diffuse and direct 

attenuation. 

The seventh component represents the foam and white cap contributions and is 

also assumed to be lambertian. The contribution of this term to the overall signal 

depends on the percentage of the surface covered by foam, Cf, and on the foam 

reflectance, Pf, which is considered to be spectrally flat for visible and near-IR 

wavelengths. The resulting term is 

Term 8 represents the multiple-scatter coupling between the directly incident 

radiation and ocean. Some of the radiance upwelled after its initial reflection from 

this surface is subsequently scattered back toward it. Accounting for total 

transmittance, the portion which is backscattered is 

p/ = 7Xti;C . (A.10) 

T + T 

^/(Qpexp -
m a (A.11) 
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Consecutive backscatterings toward the ocean lead to a series of terms which 

converges geometrically. The resulting combined term is 

pg» = jir(0pexp 

/ \ T + r 
m a 

(i-TO) f 
1-p s 

(A.12) 

Here, represents the total surface reflectance - including mean Fresnel reflectance, 

diffuse water reflectance, and foam reflectance (properly weighted by percent 

coverage). The parameter s represents the spherical albedo which accounts for the 

portion of diffuse radiation backscattered toward the ocean surface. 

The ninth signal component represents the multiple-scatter coupling between 

the diffusely incident radiation and ocean. As for component 8, multiple, consecutive 

scatterings lead to a geometrical progression. Once again, the total transmittance is 

taken into account - with the first application being completely diffuse. This term 

differs from the previous case in that the initial reflection is approximated as being 

lambertian, due to the diffiise nature of the incident radiation. As a result, r(0s) is 

replaced by the total reflection coefficient, p^. The resulting signal term is given by 

p, 

/ 2 ^ 

1-p S 
0 

n\i) (A.13) 

Since the incident radiation for this component is diffuse, the spherical albedo is also 

applied to scattering after the first reflection. 



137 

The ability of the revised 5S code to decompose the signal into these nine 

components greatly aids the investigation of their relative importance. Three example 

decompositions of apparent reflectance are shown in Table A.l. For these examples, a 

wavelength of 0.42 ^im was used with a visibility of 23 km and molecular and aerosol 

optical depths = 0.292 and = 0.314. The solar zenith angle was approximately 

30° and the wind speed was 5.0 m/s. Results are for the principal plane using 

specular, nadir, and antispecular (i.e. backscatter) views. The atmospheric path 

radiance (term 1) and the diffuse water reflectance (term 6) are nearly isotropic and 

represent major contributions to the signal. This implies that after an appropriate 

atmospheric correction the ocean color signal may be recovered. The direct sun glint 

component (term 2) is highly dependent on the viewing geometry - decreasing as the 

view direction moves farther away from the specular direction. Since this glint term 

arises from the Fresnel reflectance of the surface, this trend makes perfect sense. A 

similar trend is apparent in the simply-coupled components (terms 3, 4, and 5). This 

is due both to the specular nature of the surface reflectance and the strong, forward 

peak of the aerosol scattering. The remaining components (terms 7, 8, and 9) 

represent the multiple scattering components and are comparatively small - indicating 

that complex scattering contributions are relatively unimportant in certain situations. 



Table A.l. Examples of signal decomposition using the revised 5S radiative transfer code. 

Pn' term 1 term 2 term 3 term 4 term 5 term 6 term 7 term 8 term 9 

specular l.le-01 6.0e-02 2.4e-02 2.4e-02 5.6e-03 2.6e-02 1.2e-04 1.9e-04 1.7e-03 

nadir 1.3e-01 6.2e-03 4.5e-03 4.3e-03 5.2e-03 2.7e-02 1.2e-04 2.0e-04 1.8e-03 

antispecular 1.8e-01 2.6e-06 1.9e-03 1.9e-03 5.5e-03 2.6e-02 1.2e-04 1.9e-04 1.7e-03 



APPENDIX B 

139 

DESCRIPTION OF FIELD RADIOMETER CALIBRATIONS 

The levels of radiometric uncertainty to which airborne and spacebome sensors 

have been required to be calibrated have continually decreased. Uncertainties below 

5% have been specified for some of the sensors to be launched as part or in support of 

NASA's Mission To Planet Earth (MTPE) program (McClain et al., 1992, Gordon, 

1987). These small uncertainties, in turn, require that field radiometers used during 

vicarious calibrations of the sensors be well-characterized. To this end, existing 

methods of absolute, radiometric calibration must be evaluated to judge their reliability 

and appropriateness for use with field instruments. Useful techniques must not only 

provide high precision and repeatability of results, but insure that these results are 

appropriate for the conditions in which the instrument will be used. Furthermore, 

multiple, independent methods of calibration are desirable to insure that biases do not 

exist in the calibration procedure. This appendix describes the calibration of the field 

radiometer used for the work presented in Chapter 5. Four distinct calibration 

techniques are employed. 

The multiband field radiometer used here has relatively wide (> 0.2 ^m) 

spectral bandwidths. For such devices, the problem of radiometric calibration becomes 

more complicated. The calibration coefficient for a given channel, C^, is related to the 

recorded signal/voltage, V„, and the effective band-averaged radiance, <L^, by 



C = —— 
n <L > 
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(B.1) 

For an instrument channel, n, having a wide bandwidth, the expression for 

recorded signal must be expanded into an integral expression over wavelength 

involvmg the input source radiance, L(A.), the spectral selectivity of the channel, T„(A), 

and the responsivity of the detector element, Rn(A,), as 

a» 

V  =  [ R  ( k ) T  ( k )  L ( k )  d X  . (B.2) 
ft J ft ft 

0 

This expression assumes that dark- and gain-related corrections have been made to the 

signal. The effective band-averaged radiance can be similarly expanded as 

f R ( k ) T  (X) L C k ) d k  
J ft ft 

< L >  =  . (B.3) 
ft 

f R  i k ) T i k ) d k  
J ft ft 
0 

From equations B.2 and B.3, it is apparent that the spectral distribution of the source 

has an impact on the resulting calibration coefficient a given instrument channel. 

Wideband channels will, in general, record different signal levels when used with 

different sources. For this reason, it is always preferable to calibrate an instrument as 
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close to the operational conditions as possible. For narrowband channels, this 

complication is greatly reduced but should never, in principal, be overlooked. 

When a radiometer is used in the field, it records a signal that originated from 

solar radiation. It can therefore be argued that solar radiation is the appropriate source 

for use in calibrating the instrument. Due to the complexities involved in 

characterizing this radiation, including accounting for the effects of atmospheric 

scattering and absorption, this is rarely done. Instead, incandescent filament lamps are 

commonly used as calibration sources, either as stand-alone irradiance standards or in 

combination with panels or spherical-integrating cavities composed of a reflectance-

standard material. The output-radiance spectra of such assemblies can be quite 

different than that of solar radiation. 

This appendix presents calibration results for the visible and near-infrared 

(near-IR) channels of a multiband radiometer. Two of the four calibration techniques 

used involve incandescent sources: I) a filament standard of spectral irradiance used 

in combination with a reflectance standard; and 2) a spherical integrating cavity 

illuminated by multiple filaments. The remaining two techniques use solar radiation 

as a source: 1) solar irradiance directly-transmitted through the atmosphere; and 2) 

vertically-downwelled sky radiance arising primarily from the molecular scattering of 

incident solar irradiance. 

The instrument calibrated is the Barnes Modular Multispectral 8-channel 

Radiometer (MMR) (Robinson et al., 1979) described in Section 5.4.1. This device 
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has eight channels covering the spectral range between 0.49 urn and 11.45 fun. 

Calibrations were attempted only for channels 1-4, which have silicon detector 

elements. Spectral selectivity is provided by interference filters which result in full-

width-half-maximum (FWHM) bandwidths between 0.06 (im and 0.14 pm. A 

summary of these channels is presented in Table 5.3. 

B.l Calibrations Using Incandescent Sources 

Two distinct calibration techniques involving incandescent sources were used 

for the MMR. The first, referred to here as a lamp-based calibration, entails the 

collection of radiance from a reflectance standard illuminated by a NIST-traceable 

standard of spectral irradiance. The second technique uses the radiance exiting a 

spherical-integrating source (SIS) illuminated by multiple filament lamps. This 

method is referred to here as a SIS-based calibration. 

B.1.1 Lamp-based calibration 

For this calibration technique, a NIST-traceable, spectral-irradiance standard 

(i.e. lamp) is used as the source. A reflectance standard having known bidirectional-

reflectance properties is placed perpendicular to this source at a distance of 0.5 m. 

The radiometer is oriented at an oblique angle to this standard a short distance away. 

The associated input source radiance is given by L(X) = E(A.)BRDF(A,), where E(X) is 
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the source spectral irradiance and BRDF(X) is the bidirectional reflectance of the 

standard. 

Lamp-based calibrations were performed at the RSG facility in Tucson, 

Arizona on June 12 and June 28, 1995. The irradiance source used was a lOOO-W 

(FEL) quartz-halogen tungsten-coiled-coil filament lamp (Model FEL-C) obtained from 

Optronic Laboratories, Inc.. Values of irradiance were supplied at 43 wavelengths in 

the spectral range spanning from 0.25 ^un to 2.5 |jm. The reflectance standard used 

was an aluminum panel coated with barium sulfate (BaS04) paint. Absolute-

transmittance data for each channel, T„(A.), measured using a model 750-M-D double-

monochrometer spectrometer manufactured by Optronic Laboratories, Inc., were used 

to compute effective band-averaged irradiance. 

The values of spectral irradiance provided by the manufacturer for the filament 

source were assessed using two sets of measurements. The first set was acquired from 

the third SeaWiFS Intercalibration Round Robin Experiment (SIRREX-3) (Mueller et 

al., 1996) conducted in September, 1993. This experiment measured the spectral 

irradiance of a number of spectral irradiance sources, including the filament used in 

the present study, at an interval of 0.005 (im for the spectral range between 0.380 fim 

and 1.000 (om. The second assessment was made from measurements taken at the 

RSG in March, 1995. This experiment involved the use of a high-precision, 

narrowband radiometer (Biggar and Slater, 1993) designed by S. Biggar of the RSG. 

This instrument measures the spectral irradiance in seven narrow spectral bands. 
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approximately 0.015 [im in width, between 0.41 |im and 0.87 nm. The results of these 

two experiments indicated that the lamp was within 2% of the manufacturer values 

which is within the uncertainty of the validation methods. The provided irradiance 

values were fit using an algorithm detailed by the National Bureau of Standards (NBS) 

(Walker et al., 1987) in order to obtain band-averaged spectral irradiances for the 

studied MMR channels. Radiances were computed by weighting these irradiances by 

the band-center bidirectional reflectance of the reflectance standard. 

An analysis of the lamp-based method uncertainty has been conducted by 

members of the RSG (Biggar et al., 1994). A summary of the findings is presented in 

Table B.l. Uncertainties in lamp calibration were estimated from the source 

specifications. An overall uncertainty estimate has been made using a simple root 

sum-squared (RSS) computation for the individual contributions. The method 

uncertainty for the studied channels is approximately 2.5% and is dominated by the 

uncertainty in reflectance standard characterization. 

A summary of the lamp-based method results for both June dates is presented 

in Table B.2. Mean coefficients have been computed using a simple average of the 

resulting coefficients. 



145 

Table B.l. Lamp-based method calibration uncertainties, 
one-sigma percentages. 

All values are quoted as 

Source Band 1 Band 2 Band 3 Band 4 

Panel calibration 2.0 2.0 2.0 2.0 

Lamp calibration 
Scale uncertainty 1.2 1.1 1.0 1.2 
Transfer uncertainty 0.6 0.5 0.4 0.5 

Lamp positioning 0.3 0.3 0.3 0.3 

Lamp current stability 0.5 0.5 0.5 0.5 

Voltage measurement error 0.5 0.5 0.5 0.5 

Root sum-squared (RSS) 2.5 2.5 2.4 2.5 

Table B.2. Lamp-based method calibration results for June, 1995. The calibration 
coefficients are quoted in units of volt W'm* sr |im. 

Date Gain c, Q C3 C4 

June 12 2.0 0.01519 0.01346 0.01540 0.02022 

3.0 0.01532 0.01353 0.01551 0.02013 

5.0 0.01545 0.01365 0.01562 

June 28 1.5 0.02097 

2.0 0.01516 0.01358 0.01542 0.02099 

3.0 0.01532 0.01364 0.01549 0.02115 

5.0 0.01545 0.01375 0.01578 

Mean 0.01532 0.01360 0.01564 0.02069 
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B.1.2 SIS-based calibration 

For this calibration technique, a 1.02-m-diameter spherical-integrating cavity 

coated with a BaSOj-based paint and manufactured by Labsphere was used to provide 

a source of spectral radiance. Lamps oriented around the inside of the sphere's exit 

port generate this radiance. Since the number of lamps in operation can be altered, 

calibrations can be performed at numerous radiance levels. The MMR is placed a 

short distance (less than 0.5 m) from the port when collecting data. 

SIS-based calibrations were performed at the RSG facility in Tucson, Arizona 

on October 3, 1996. A series of output levels were used to characterize the MMR. 

Radiances output by the sphere were determined using a high-precision, narrowband 

radiometer (Biggar and Slater, 1993). Due to lack of longer-wavelength data, only 

MMR bands 1-3 were calibrated using this method. Associated uncertainties in these 

radiances were between 0.1% and 3.6%, based on calibration uncertainty of the high-

precision radiometer. An associated uncertainty sunmiary is shown in Table B.3. As 

for the lamp-based calibrations, absolute transmittance data were used in computations 

of effective band-averaged irradiance. 

A summary of the SIS-based method results is presented in Table B.4. Three 

distinct output levels were used. Mean coefficients have been computed using a 

simple average of the resulting coefficients. 
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Table B.3. SIS-based method calibration uncertainties, 
one-sigma percentages. 

All values are quoted as 

Source Band I Band 2 Band 3 

Precision radiometer calibration 3.6 0.8 0.1 

Voltage measurement error 0.5 0.5 0.5 

Root sum-squared (RSS) 3.6 0.9 0.5 

Table B.4. SIS-based method calibration results for October, 1996. The calibration 
coefficients are quoted in units of volt W"' sr jim. 

# Lamps Gain c, Q C3 

2 0.2 0.01368 0.01540 
0.5 0.01552 0.01368 0.01537 
1.0 0.01551 0.01371 0.01538 

6 0.2 0.01373 0.01550 
0.5 0.01557 0.01374 
l.O 0.01555 

10 0.2 0.01367 0.01550 
0.5 0.01549 

Mean 0.01553 0.01370 0.01543 
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B.2 Calibrarions Using Solar Radiation 

Two distinct calibration techniques involving solar radiation as a source were 

used for the MMR. The first, referred to herein as a solar-radiation-based calibration 

(SRBC), entails the collection of radiance from a reflectance standard illuminated by 

solar irradiance that is directly-transmitted through the atmosphere. The second 

technique entails the collection of vertically-downwelled sky radiance which arises 

primarily from molecular scatter of incident solar irradiance. This method is referred 

to herein as a scatter-based calibration. 

B.2.1 SRBC 

Though relatively new, this calibration technique has been used to calibrate 

field radiometers (Biggar, 1996) and satellite sensors prior to launch (Biggar et al., 

1993). The solar irradiance that is directly-transmitted through the atmosphere is used 

as the source. A reflectance standard of known bidirectional-reflectance properties is 

oriented parallel to the local horizon. The radiometer is positioned a short distance 

above this standard and directed vertically-downward. Similar to the lamp-based 

method, die input source radiance is given by L(A.) = Esu„(A,)BRDF(A), where Esun(A,) 

is the directly-transmitted solar irradiance. 

During the calibration process. The exoatmospheric irradiance is corrected for 

atmospheric attenuation and source terms determined from measurements of optical 

extinction (Biggar et al., 1990), water vapor (Thome et al., 1992) and ozone 
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absorption, and related meteorological parameters such as atmospheric pressure. The 

effects of absorption from nonvolatile molecular gases are computed using a suitable 

radiative transfer code containing models of constituent atmospheric gases (Tanre et 

al., 1987). The signal/voltage arising from the global irradiance (directly-transmitted 

and downwelling diffuse sky irradiance) and, separately, only the diffusely-incident 

irradiance are measured for a given channel. Subtraction of the diffuse contribution, 

Y^diffuse^ from the global, signal yields the voltage arising from the directly-

transmitted solar irradiance on the panel so that V„ = 

A SRBC was performed at Truckee Airport, Nevada on June 22, 1995. Optical 

extinction measurements were made using a manually-operated 10-channel radiometer 

(Shaw et al., 1973). The reflectance standard used was an aluminum panel coated 

with BaSOj paint. During the data-collection period, the mean solar zenith angle was 

33.2° and the mean atmospheric pressure was 820 mb. Unlike the incandescent-based 

calibrations, the effective, band-averaged radiances were determined using 

monochromatic values of transmitted solar irradiance and the band-center wavelengths. 
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Table B.5. Solar radiation-based calibration (SRBC) method uncertainties. All 
values are quoted as one-sigma percentages. 

Source Band 1 Band 2 Band 3 Band 4 

Panel calibration 2.0 2.0 2.0 2.0 

Source calibration 
Exoatmospheric irradiance 1.0 1.0 1.0 1.0 
Radiometer intercept error 2.0 1.5 1.1 1.0 
Gaseous transmittance value <0.1 0.9 0.5 <0.1 
Blocked forward scatter <0.1 <0.1 <0.1 <0.1 

Angular measurements <0.1 <0.1 <0.1 <0.1 

Voltage measurement error 0.5 0.5 0.5 0.5 

Root sum-squared (RSS) 3.0 2.9 2.6 2.5 

Table B.6. Solar radiation-based calibration (SRBC) results for June, 1995. The 
calibration coefficients are quoted in units of volt W"' m' sr jmi. 

Q. C3 Q 

0.01328 0.01096 0.01375 0.01815 
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Rudimentary uncertainty analyses for the SRBC method have been carried out 

by members of the RSG. The uncertainties in source irradiance are difficult to 

quantify since, in general, these depend on multiple environmental factors. A 

qualitative discussion of them and means for minimizing them may be found in the 

literature (Biggar et al., 1993). A representative set of uncertainties, tailored to 

correspond to the MMR, is presented in Table B.5. The overall method uncertainties 

vary between 2.5% and 3.0% for MMR bands 1-4. A summary of the SRBC results is 

presented in Table B.6. The reported coefficients are the average of three 

measurement sets. 

B.2.2 Scatter-based calibration 

Vertically-downwelled sky radiance is used as the source for this technique. 

This radiance arises from atmospheric scattering - the majority of which, especially at 

higher elevations, is due to molecules in the atmosphere. The radiometer is oriented 

parallel to the local horizon and directed vertically-upward. 

As for the SRBC, measurements of optical extinction, water vapor and ozone 

absorption, and related meteorological parameters such as atmospheric pressure are 

made during the calibration period. These are used in conjunction with radiative 

transfer codes (Deuze et al., 1989, Tanre et al., 1987) to predict normalized values of 

vertically-downwelled monochromatic radiance. These values are made absolute after 

weighting them by exoatmospheric, spectral irradiance. By means of multiple transfer 
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code runs, an effective source spectrum may be built up so that the exact relation for 

computing effective band spectral radiance may be used. 

Scatter-based calibrations were performed on Mount Lenmion, Arizona on 

October 20 and 21, 1995. The data were collected at an approximate elevation of 

2,800 m above mean sea level to reduce the radiance contributions from aerosol 

scattering. Measurements of optical extinction were made with the same 10-channel 

radiometer used for the SRBC. A second set of extinction measurements was obtained 

using a solar radiometer designed and built by B. Schmid of the University of Bern. 

As for the SRBC, monochromatic transfer code runs were made at the effective band-

centers. These wavelengths were found using the moments normalization method. 

Hyperspectral computations were later employed to verify the use of this 

simplification. The resulting calibration coefficients were found to agree within the 

overall method uncertainty. 

Scatter-based calibration is a relatively new technique (Cosnefroy, 1995). A 

sensitivity analysis has not been previously developed for it. Such an analysis 

involves varying the inputs to the radiative transfer codes that are used to compute the 

corresponding, downwelled radiances. This is accomplished by perturbing the values 

of these inputs by the uncertainties in their measurement. 

Because the technique depends on the amount of incident solar radiation 

scattered into the viewing direction, the method uncertainty is sensitive to solar zenith 

angle. The largest constituent uncertainties arising from transfer code inputs for MMR 
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band 1 are presented as a function of solar zenith angle in Figure B.I. For small solar 

zenith angles, the vertically-upward view direction is close to the aerosol forward 

scatter peak. As a result, uncertainties in aerosol-related parameters such as aerosol 

optical depth, real refractive index, and Angstrom turbidity coefficient (i.e. particle 

size distribution) are the limiting sources of uncertainty. For moderate values of solar 

zenith angle, the uncertainty in ground reflectance, arising from the nonuniformity of 

the mountain foliage, becomes the limiting uncertainty. This is due to the relatively-

significant signal contribution from ground-coupled radiances. 

The overall method uncertainty decreases as solar zenith angle increases. 

However, for large solar zenith angles the plane-parallel, horizontally-homogeneous 

model of the atmosphere used by the radiative transfer codes introduces inaccuracies 

into the results. Care should be taken to avoid using the method with solar zeniths 

greater than 15° (Herman et al., 1994). The uncertainty summary presented in Table 

B.7 has been created for a solar zenith angle of 65.9°. This angle is representative of 

the solar conditions present during the data collection period in October, 1995. From 

this table, it is clear that the method is not very useful for longer-wavelength bands 

due to the large uncertainties caused by aerosol-related transfer code inputs and low 

contribution of molecular scattering. 
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H Aerosol optical depth ^ Lower particle size limit ^ Imaginary aerosol index 

Real aerosol index Angstrom coefficient Ground reflectance 

Figure B.l. Scatter-based calibration uncertainties due to constituent radiative transfer 
code inputs. The predominant sources of error are shown here as a function of solar 
zenith angle. A vertically-upward viewing geometry is assumed. 
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Table B.7. Scatter-based calibration method uncertainties. The results correspond 
to a solar zenith angle of 65.9° All values are quoted as one-sigma percentages. 

Source Band 1 Band 2 Band 3 Band 4 

Radiative transfer code inputs 
Aerosol parameters 

optical depth 2.9 4.8 7.2 11.5 
real index 2.4 3.8 5.7 9.0 
imaginary index 0.7 0.9 1.2 2.0 
lower particle size limit 0.2 0.4 0.6 1.4 
Angstrom coefficient 1.4 2.2 3.2 5.0 
vertical distribution <0.1 < 0.1 <0.1 0.1 

Molecular optical depth 0.2 0.1 0.1 0.1 
Ground reflectance 7.1 7.0 7.0 4.9 
Computational accuracy 1.0 1.0 1.0 1.0 

Absorption computations <0.1 0.9 0.5 <0.1 

Angular measurements 0.4 0.4 0.4 0.4 

Voltage measurement error 0.5 0.5 0.5 0.5 

Root sum-squared (RSS) 8.2 9.8 12.1 16.4 

A summary of the scatter-based method results for both October dates are 

presented in Table B.8. The mean solar zenith angle during the measurement period is 

included for each trial. Mean coefficients have been computed using a weighted sum 

of individual trial results. 

< C >  =  E  C ( 0 ) f r ( 0 )  .  ( B . 4 )  
n  r r r  # 1 5  n  s  trials 
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Table B.8. Scatter-based calibration results for October, I99S. Calibration coefficients, C, are quoted in units 
of volt W"' sr (un. Method incertainties for a gi> 'en trial, ojC0J, are ( quoted as one-sigma percentages. 

c. Q c, C4 
Date 0. [a,(ejl [Oj(0J] [03(6^1 [O4(0J1 

October 20 70.0° 0.01381 0.01180 0.01379 0.01491 
[7.3] [8.6] [10.6] [14.6] 

October 20 67.7" 0.01389 O.OI 190 0.01416 0.01477 
[7.9] [9.3] [11.4] [15.6] 

October 20 64.9° 0.01370 0.01168 0.01379 0.01411 
[8.5] [10.1] [12.5] [17.0] 

October 20 61.8° 0.01344 0.01135 0.01325 0.01340 
[9.2] [11.0] [13.7] [18.3] 

October 20 59.3° 0.01324 0.01107 0.01280 0.01309 
[9.7] [11.7] [14.8] [19.9] 

October 20 57.2° 0.01353 0.01140 0.01321 0.01337 
[10.1] [12.6] [16.0] [21.5] 

October 21 78.4° 0.01354 0.01147 0.01366 0.01498 
[5.0] [5.9] [7.4] [11.2] 

October 21 75.9° 0.01347 0.01137 0.01363 0.01456 
[5.7] [6.8] [8.3] [I2.I] 

October 21 73.0° 0.01342 0.01129 0.01338 0.01416 
[6.5] [7.7] [9.4] [13.3] 

October 21 70.1° 0.01343 0.01137 0.01336 0.01377 
[7.3] [8.6] [10.5] [14.5] 

October 21 67.4° 0.01338 0.01131 0.01330 0.01347 
[7.9] [9.4] [11.6] [15.7] 

October 21 64.6° 0.01313 0.01125 0.01270 0.01353 
[8.6] [10.2] [12.7] [17.1] 

October 21 62.2° 0.01306 0.01114 0.01267 0.01327 
[9.1] [10.9] [13.6] [18.4] 

October 21 60.4° 0.01311 0.01128 0.01272 0.01322 
[9.5] [11.5] [14.5] [19.4] 

October 21 59.4° 0.01301 0.01115 0.01262 0.01317 
[9.7] [11.8] [14.9] [20.0] 

October 21 57.4° 0.01312 0.01116 0.01266 0.01313 
[10.1] [12.5] [15.9] [21.3] 

Mean c aefficient 0.01339 0.01138 0.01324 0.01383 
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The chosen weighting factor, W„(0J, is related to the method uncertainty for a given 

solar zenith angle and channel, a„(0s), by 

100 - a (0) 

^ ' £ [100 - a (0 )] • 
trials " 

B.3 Comparison of Calibration Results 

The resulting mean calibration coefficients for MMR bands 1-4 from all four 

calibration methods, presented in Table 5.4, are included here as Table B.9. The 

results of the incandescent-based calibrations show agreement with each other between 

0.7% and 1.4%. The results of the solar-based calibrations agree between 0.4% and 

13.5%, becoming poorer at longer wavelengths. The large discrepancy in the longest-

wavelength band is not surprising due to the uncertainty of the scatter-based method 

for such cases. Comparisons between source-types show that there is a distinct 

difference in results. 
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Table B.9. Summary of Barnes MMR calibrations. Calibration coefficients are 
quoted in units of (W m'^ sr ' fmi ') / DN. Uncertainties are quoted as one sigma 
percentages. 

Source / Method 
Band 1 

Coefficient 
(Uncertainty) 

Band 2 
Coefficient 

(Uncertainty) 

Band 3 
Coefficient 

(Uncertainty) 

Band 4 
Coefficient 

(Uncertainty) 

NIST-traceable 
Filament Standard 

0.01532 
(2.5) 

0.01360 
(2.5) 

0.01564 
(2.4) 

0.02069 
(2.5) 

Spherical Integrating 
Source 

0.01553 
(3.6) 

0.01370 
(0.9) 

0.01543 
(0.5) 

N/A 

S olar-radiation-based 
Calibration 

0.01328 
(3.0) 

0.01096 
(2.9) 

0.01375 
(2.6) 

0.01815 
(2.5) 

Molecular Scatter 
Calibration 

0.01339 
(8.2) 

0.01138 
(9.8) 

0.01324 
(12) 

0.01383 
(16) 

The bias between incandescent-source-derived coefficients and solar-radiation-

derived coefficients may be explained, in part, by the output spectra of the sources. 

Shown in Figure B.2, which is identical to Figure 5.3, are normalized output spectra 

for the four sources used in this study. The filament sources have gradually varying 

spectra similar to blackbodies which peak in the infrared; the directly-transmitted solar 

radiation has the general characteristics of a blackbody which peaks within the visible 

region of the spectrum, but contains a more jagged structure due to solar- and 

atmospheric-absorption features; the scatter-based spectrum is close in form to that 

produced by a pure molecular atmosphere, which has a wavelength dependence of 
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Wavelength, (micrometers) 

a Filament Lamp ^ Spherical Integrating Source 

— Solar Radiance Scattered Irradiance 

Figure B.2. Normalized output spectra of the four sources used to calibrate the Barnes 
Modular Multispectral 8-chaimel Radiometer (MMR). 



160 

For a wideband radiometer, differences in the spectral distribution of the source across 

the channel passband may result in significant differences in the energy collected by 

the instrument. Methods involving sources which have similar spectra may be 

expected to return calibration coefficients which agree more closely with one another. 

This was observed to be the case: the incandescent-based results are in much closer 

agreement than the solar-based techniques, whose spectra are not as similar as those of 

the filaments. In addition, better agreement between methods may be expected for 

channels in which the source distribution is slowly-varying with wavelength. In such 

cases, the relative differences in spectral distribution of the source across the channel 

bandpass are reduced. Unfortunately, the large inaccuracies in the scatter-based 

method at long wavelengths (where both solar sources are smooth) masks this effect. 

The spectral distribution of source output is only one factor which may cause 

discrepancies in results between calibration methods. In addition, both the spectral 

features of the passband of a given charmel and the spectral responsivity of the 

detector material will influence the resultant coefficients. Shown in Figure B.3, which 

is identical to Figure 5.2, are the filter transmittances of the first four MMR bands. 

Included with these spectra is the responsivity of an ideal photovoltaic detector, which 

has a linear dependence with wavelength (Dereniak and Crowe, 1984). The variability 

of these factors across the channel bandpass heightens sensitivity to the spectral 

distribution of the source used in instrument calibrations. 
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. Filter Transmittance Detector Responsivity 

Figure B.3. Measured filter transmittances for the first four MMR bands along with 
detector responsivity. Detector responsivity corresponds to that of an ideal 
photovoltaic device. The associated relation is R(X) = 0.808X (A/W), with 
wavelength specified in units of micrometers. 
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Because the results of the various calibration methods did not closely match 

one another, it was necessary to decide which set coefficients to use with the radiance-

based calibration of AVIRIS. Vicarious calibrations make use of solar radiation as a 

source. Therefore, the coefficients obtained from solar-based calibrations are most 

applicable for the MMR when it is used in the radiance-based calibration process. The 

solar-radiation-based calibration (SRBC) method uncertainties, which are near 2.5% 

for the first four MMR bands, are significantly smaller than the corresponding scatter-

based method uncertainties. For this reason, the SRBC coefficients and associated 

uncertainties have been used with the radiance-based AVIRIS calibrations detailed in 

Chapter 5. 
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