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ABSTRACT 

14 

Vicarious calibration methods have been developed to calibrate radiometric sensors 

in-flight. One such method, the irradiance-based method, requires the measurement of 

the diffuse-to-global (diffuse-to-total) irradiance ratio. Diffuse/global irradiance 

measurements may also be used to deduce atmospheric descriptors and provide a 

comparison with atmospheric modeling predictions. I describe the design, construction, 

calibration, and application of a spectral diffuse/global irradiance meter that can 

accomplish these objectives in this dissertation. 

I develop general integrating sphere theory, modeling methods, and describe the 

resultant computer model. The model results agreed with theory to better than 1% for 

a simple unbaffled integrating sphere. I applied the model to design an interior baffled 

integrating sphere-based cosine collector. I developed a method of tolerating the thermal 

expansion of Spectralon® and the collector was constructed. Measurements of the 

collector angular response agreed with the model predictions to better than 4% for input 

zenith angles from 0° to 70°. 

The resulting instrument is automated and collects diffuse and global irradiance 

from 300 nm to 1100 nm. It has a nominal 12 nm full-width at half-maximum bandpass 

and has a minimum sampling interval of 1 nm. I estimate the uncertainty of the 

measurements to be 3.2%. The largest contributor to the total uncertainty is the 

measurement uncertainty of the diffuse irradiance at 2.5%. 
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The instrument was used in a field experiment. Optical depths derived from the 

diffuse/global irradiance measurements agreed with those derived from a solar radiometer 

to within 0.008. Diffuse-to-global irradiance measurements made by the instrument were 

compared with an independent method and found to generally agree within 6%. The 

measurements were consistently lower than radiative transfer modeling estimates. Top 

of the atmosphere relative radiances computed from the two independent diffuse-to-global 

irradiance data sets generally agreed to better than the 2.9% uncertainty associated with 

the diffuse/global irradiance meter data set. The relative radiances of the diffuse/global 

data set collected with the insUiiment were within the 4.9% uncertainty estimate of the 

reflectance-based method. 
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The earth's atmosphere plays a significant role in the transfer of electromagnetic 

radiation. In general, the atmosphere absorbs, scatters, and emits radiation as a function 

of the wavelength and polarization of the radiation (Lieu, 1980). Evidence for the 

interaction of radiation and the atmosphere is observable on a daily basis. Some of these 

interactions include the blue color of the atmosphere on a clear day, the variation of the 

color and the brightoess or radiance of the atmosphere near the sun and the horizon, the 

red sky of a beautiful sunset, and the simple observation of light within shadows (Lynch 

and Livingston, 1995). I use the term spectral diffuse irradiance on a surface in reference 

to this shadowed light and define it as that portion of incident power per unit area within 

a specified spectral region that has interacted with the atmosphere, which excludes the 

direct solar irradiance. I define the spectral global irradiance on a surface as the total 

incident power per unit area within a specified spectral region, including the direct solar 

beam. I present, in this dissertation, the design, construction, and calibration of an 

instrument for measuring of the ratio of these two quantities, along with a discussion of 

some applications of the measurements. 

Specialized radiometers which use the sun as a source for characterizing the 

atmosphere have been built for a number of years (Shaw et al., 1973). These instruments 

are generally used to track the sun as it moves across the sky during the course of a day 



17 

and measure the directly transmitted spectral irradiance of the sun as a function of the 

solar zenith angle. Solar radiometers have also been built that record the irradiance as 

described above except that some of the polarization properties of the irradiance are 

measured (Castle, 1985). All of these instruments measure the direct solar irradiance, 

including as little of the diffuse irradiance as possible. The spectral diffuse-to-global 

(diffuse/global) irradiance meter I describe in this work belongs to an altogether different 

class of radiometers, which includes classical pyranometers. These radiometers are 

designed with the express purpose of measuring radiation originating from all directions, 

allowing the retrieval of a different set of atmospheric descriptors than those retrievable 

from solar radiometers. These parameters are helpful in understanding the atmosphere 

in general and the role of tlie atmosphere in satellite and airborne imagery. 

Understanding the role of the atmosphere in the context of global change has 

become increasingly important. The atmosphere contributes significantly to the radiative 

exchange between Earth, the sun, and space, thus controlling to a large extent the global 

temperature of the earth (Liou, 1980, Lenoble, 1993). The aerosol content of the 

atmosphere is one of the key factors in atmospheric radiative transfer (Herman and 

Browning, 1975). The aerosol contributions can be modeled if descriptive parameters 

such as the optical thickness, particle size distribution, single scatter albedo, and index 

of refraction of aerosols are known. It is possible to retrieve these descriptors from a 

knowledge of the diffuse and global irradiance on a spectral basis (Herman et al., 1975). 

Thus the spectral diffuse/global irradiance meter can provide measurements on which 
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atmospheric radiative transfer models depend. In addition, the measurements can be used 

as a check on radiative transfer modeling. The Herman-Browning numerical solution to 

the radiative transfer equation provides estimates of the entire radiance field, or diffuse 

irradiance, for example (Herman and Browning, 1965). Discrepancies between the 

modeled and measured ratios of diffuse irradiance to global irradiance could help refine 

the model, the inputs to the model, or the instrument. 

A number of space-based and aircraft-mounted remote sensing instmments have 

been built and others are either planned or under construction as part of NASA's Mission 

To Planet Earth (MTPE) (Asrar and Dozier, 1994, Slater et al., 1996). These instruments 

will provide data that will allow more informed decisions to be made concerning the use 

of natural and financial resources and to monitor global change. Absolutely calibrated 

imagery is of critical importance in temporal change detection. Other applications 

requiring absolutely calibrated sensors include energy balance relationships and biomass 

estimation. Sensors providing data for these applications have been, or will be, 

calibrated prior to launch or flight and typically have carried, or will carry, on-board 

calibrators as well. The general principle of calibrating instruments in as close to the 

actual operating or data collection mode as possible should be adhered to in these and all 

other calibrations (Wyatt, 1978). It is extremely difficult, if not impossible, to devise a 

pre-flight or on-board calibration experimental setup in which the space environment is 

duplicated, and/or the entire optical system is used. Schott (1988), Abel et al. (1988), 

Hovis et al. (1985), and Slater et al. (1987), have developed alternative in-flight or 
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vicarious calibration methods. These calibrations are of particular importance, as 

compared to preflight laboratory calibrations and on-board calibrations, because the 

calibration is accomplished while the sensor is in the data collection environment and 

mode. Several sensors, such as the Thematic Mapper (TM) on Landsat and the High 

Resolution Visible (HRV) cameras on System Probatoire d'Observation de la Terre 

(SPOT), and the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) carried by an 

ER-2 aircraft have been successfully calibrated using ground-reference methods developed 

by the Remote Sensing Group of the Optical Sciences Center at the University of Arizona 

(Slater et al., 1987, Biggar et al., 1991, Conel et al., 1988). In particular, three methods 

have been developed to date and each has been used to calibrate space and airborne 

sensors. These methods have been termed the reflectance-based, irradiance (improved 

reflectance)-based, and radiance-based methods (Slater et al., 1986, 1987, Biggar and 

Slater, 1990). 

The reflectance-based method relies on the accurate measurement of the surface 

reflectance of the calibration site. It also requires measurements of atmospheric pressure 

and extinction, from which the molecular and aerosol optical depths and aerosol size 

distribution are derived. These parameters along with an estimate of the complex index 

of refraction of the aerosols, are input into a Gauss-Seidel radiative transfer code which 

estimates the reflected radiance field at the top of the atmosphere (Herman and Browning, 

1965). This quantity is then modified to account for gaseous absorption due to water 

vapor, carbon dioxide, and oxygen, depending on the spectral region (Biggar, 1990). The 
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main contribution of the spectral diffuse/global meter in this methodology is the ability 

of the instrument to provide an estimate of the complex index of refraction (Herman et 

al., 1975). 

The irradiance-based method is also referred to as an improved reflectance-based 

method because it uses all of the inputs listed above in the description of the reflectance-

based method. It also requires that the ratio of the diffuse irradiance to the global 

irradiance be measured at the solar illumination and the satellite or aircraft sensor view 

angles, or that the view angle ratio be inferred from an extrapolation of measurements 

made previously during the day. Since this calibration method uses the same inputs as 

required in the reflectance-based method, the two methods are not truly independent. 

Currently, the diffuse and global reflected irradiances are measured near the surface by 

suspending a radiometer over a leveled barium sulfate or Spectralon® panel and alternately 

shading the panel with a parasol (Biggar and Slater, 1990). The spectral diffuse/global 

irradiance meter contributes directly in uradiance-based calibrations, providing a more 

controlled method in which to make the measurements. 

The radiance-based method uses a well calibrated radiometer that is flown at a 

reasonable altitude above the calibration site and in the same viewing geometry as the 

sensor to be calibrated (Slater et al., 1996, 1987). The radiance measured by the 

radiometer is then modified to account for the effects of the atmosphere between the 

radiometer and the sensor being calibrated. This correction is smaller than the 

atmospheric correction required in the other two methods and therefore the uncertainty 
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due to the atmosphere is reduced. The uncertainty in the calibration of the radiometer is 

the limiting factor in this method (Biggar et al., 1994). The radiance-based method can 

provide an independent check on the results of the previous two methods, where the 

measurements of the diffuse/global meter are used. 

I refer to the ratio of the diffuse-to-global irradiance instead of the two 

measurements separately because of the inherent accuracy of a ratio of two measurements 

made with the same instrument as opposed to absolute measurements. It is generally 

quite difficult to build a radiometric instrument capable of 1% accuracy in an absolute 

sense while making ratio measurements to the same accuracy is considerably easier 

(Herman et al., 1975). The resulting instrumentation for making diffiise/global irradiance 

measurements is also less demanding in general than the instrumentation required to make 

diffuse-to-direct (diffuse/direct) irradiance ratio measurements. The diffuse measurement 

can be made by occulting the solar disk and the global by providing an unobstructed view 

of the entire hemisphere, allowing the radiation to enter a properly designed collector. 

Certainly, the knowledge of the diffuse/global irradiance implies a knowledge of the 

diffuse/direct irradiance. I expressly designed the instrument described here as a 

diffuse/global irradiance instrument, but I show that it is possible to accurately derive the 

relative direct irradiance if care is taken in making the measurements. 

In addition, the diffuse and global irradiance measurements are intended to 

quantify the amount of diffuse and global irradiance incident on a level portion of the 

earth's surface. The collection optics should therefore collect the radiation in a manner 
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that is consistent with the irradiance at the surface of the earth. This means the optical 

collector should have a cosine zenith angle response (Slater, 1980). Any deviation from 

a cosine response will contribute to the errors associated with the measurements. The true 

response of the collector should be ascertained in order to correct the direct irradiance 

component. The diffuse component cannot be fully corrected however due to the 

unknown distribution of the diffuse-sky radiance. 

Three different types of collectors have been used in the past: reflective panels, 

transmissive diffiisers, and reflective integrating spheres. For reflective panels, the 

bidirectional reflectance is measured, either in the laboratory or in the field, and the 

appropriate factor used to correct the direct irradiance component. The diffuse component 

is collected by shading the panel from the direct solar irradiance. The unknown 

distribution of the diffuse component of irradiance prohibits a complete correction 

however. Biggar (1990) showed that this method of collecting the diffuse/global 

irradiance produces irradiance-based calibration results that are similar to the other two 

methods described above. While certainly functional and simple, the level of 

experimental control inherent in this methodology is not as great as that associated with 

specially designed cosine collectors and solar occultors. 

Transmissive collectors are based on the measurement of light transmitted by a 

scattering medium such as plastic resins or glass. Typically, collectors of this type are 

shielded around the edges by an opaque material and employ an integrating cavity into 

which are placed filtered detectors or other optics designed to convey the light to a 
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remote spectral selection and detection system. This type of collector is effective in the 

visible but performance is degraded at longer wavelengths due to the wavelength 

dependant scattering of the transmissive material. Transmissive collectors also exhibit a 

characteristic polarization response. The source of this sensitivity is the same as that 

observed in Fresnel reflection, namely the passage of the radiation from a medium of one 

index of refraction to a medium having a different index of refraction (Bom and Wolf, 

1989). Transmissive collectors have been shown to be quite accurate over selected 

spectral regions (Huttenhow, 1976, Schotland and Copp, 1982, Harrison et al., 1994). 

They are also generally smaller and less massive than any of the other types of collectors. 

Several reflective collectors based on integrating spheres are described by Budde 

(1964). Integrating spheres inherently produce a uniform output irradiance that is 

proportional to the input irradiance (Boyd, 1983). Aside from the normal entrance and 

exit ports, integrating spheres used as cosine collectors usually employ some type of 

baffling to prohibit first-strike, reflected photons from exiting the exit port. Integrating 

spheres are not only inherently uniform, but are also inherently inefficient. Therefore, the 

sphere is constmcted of, or coated with, some type of diffuse, highly reflective material 

in order to maximize the efficiency. The advantage of an integrating sphere approach, 

as with all reflective optical systems, is the relative independence of wavelength. For this 

reason, the instrument I discuss in the following chapters is based on an integrating sphere 

collector. 
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The major difficulty in designing both integrating-sphere-based and transmissive 

cosine collectors has been the inability to arrive at closed-form or modeled solutions for 

the angular response of the collector. Jacquez and Kuppenheim (1955), Goebel (1967), 

and Finkel (1970) developed closed-form equations for the efficiencies of integrating 

spheres but these solutions depend on the symmetry of the sphere. Analytic solutions for 

spheres including baffling are not available at present. Closed-form solutions for 

transmissive collectors are similarly absent. Thus, the designer has been forced to use the 

"cut and try" method of design in the past. In response to this lack of design tools, I 

developed a model to predict the angular response of integrating spheres and used it to 

design the cosine collector I describe in Chapter 2. 

The obvious challenge with any radiometer designed to measure diffuse light is 

to block the direct solar beam, while blocking as little of the diffuse light as possible. 

This challenge has been addressed by at least two design approaches. The first approach 

uses a thin opaque band (shadow band) which completely blocks the direct solar beam 

from entering any point on the collector entrance aperture, but also blocks a portion of 

the diffuse signal at angles where the solar disk is absent. The advantage of such a 

system is its simplicity. A shadow band system can easily use an equatorial mount, with 

the axis of rotation passing through the center of the apermre. The solar disk is then 

occulted with a single rotation (Harrison et al., 1994). Another approach, which I use 

with the instrument described here, is to shadow the sun with a disk. The disk is sized 

such that the solar disk is totally occulted from any point on the entrance aperture of the 



25 

collector, with the disk being supported with very thin wires. This option shadows a 

comparatively small portion of the diffuse signal. It requires a two axis rotation mount, 

with both axes of rotation passing through the center of the entrance aperture. 

Spectral selection can be accomplished in several ways. Interference filters and 

grating spectrometers are the norms in such instruments. The instrument I describe in the 

following chapters uses a conmiercially available, single-grating spectrometer equipped 

with order sorting filters. The spectrometer covers the 300-nm to 1100-nm spectral range 

with a nominal bandpass of 12 nm. This option has the advantage of being able to collect 

a full spectrum of data, without having to change filters. 

In the chapters that follow, I discuss these topics and some applications of the 

measurements in more detail. In Chapter 2,1 detail the theory of the integrating sphere 

model and the theoretical design of the cosine collector using the model. I present a 

description of the design and construction of the entire instrument in Chapter 3. Chapter 

4 contains a discussion of the characterization of the instrument, including a comparison 

of the angular response predicted by the model with laboratory and field measurements. 

I present applications of the measurements in Chapter 5, including a discussion of the 

results of a recent satellite calibration effort. I draw conclusions from the research and 

development in Chapter 6 and present some suggestions for further work. 
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OPTICAL COLLECTOR MODELING AND DESIGN 
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The collection optics are critically important in all radiometric systems. The 

collection optics required to measure spectral diffuse and global irradiance are quite 

different than those of traditional radiometric systems. A well-defined and uniform field 

of view are the goals in traditional radiometric systems, whereas a cosine angular 

response is the goal when measuring the diffuse and global irradiance (Wyatt, 1991, 

Biggar and Slater, 1993, Crowther, 1996). I presented the reason for desiring such an 

angular response in Chapter 1. I also discussed three optical collector design approaches. 

The diffuse reflective panel method, the transmissive method, and the reflective-

integrating-sphere method have each been used successfiilly in the past (Biggar and Slater, 

1990, Huttenhow, 1976, Budde, 1964). Transmissive collectors perform well over die 

visible region (Huttenhow, 1976, Schotiand and Copp, 1982, Harrison et al., 1994). As 

with traditional transmissive optics, then- performance depends on wavelength to a greater 

degree than does the performance of reflective optical systems (Smith, 1990). The optical 

collector I describe here is based on the integrating sphere approach. It is a collector that 

has been optimized so that it can be used from 0.3 jun through 2.5 |im. The present 

experimental work included only the 0.3-^m to 1.1-^m region but tiie modeling is general 

in nature. I believe this to be the first time a computer model has been used to design 

a cosine collector. In this chapter, I discuss the integrating sphere model and the design 
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of the optical collector. Although I applied the model to the design of an integrating-

sphere-based cosine collector, it can be used for any application of integrating spheres. 

2.1 Model Theory 

The model I discuss in this chapter is a Monte Carlo model. As such, it requires 

a reliable random number generator which will produce a sufficient number of 

uncorrected and uniformly distributed numbers in the closed interval 0.0 to 1.0, denoted 

by U(0,1). It also requires a transformation of the U(0,1) distribution into the appropriate 

probability density function (PDF) for the problem at hand. I present the pertinent theory 

on these subjects in the subsequent subsections. 

2.1.1 Random Numbers 

A computerized random number generator that is truly random is a theoretical 

impossibility. It is possible to program random number generators that behave to such 

a degree that the deviation from true randomness is inconsequential to the problem being 

addressed (Press et al., 1988). I include this discussion of random numbers in the hope 

that it may assist other researchers in their efforts to obtain suitable generators. 

I had access to Sun Microsystems computers for the development and running of 

the model. I chose to use the system supplied random number generator randomO 

because of its relatively long repeat period and fast generation time. Sun Microsystems 

(1990) states that random() generates long integers extending from 0 to 2^' - 1 (about 

2.1x10') and the period of randomO is approximately 16x(2^' -1) (about 3.4x10'°), which 

should be adequate for most uses. I approximated the U(0,1) PDF by dividing the output 
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of randomO by 2^' - 1. I constructed histograms of the resulting numbers and found them 

to be distributed evenly on the (0,1) interval. 

However, I found that successive random numbers were correlated and require a 

shuffling routine to destroy this correlation. The shuffling scheme I use in this work fills 

an array of length z - 2 with numbers produced by the random number generator, where 

z is normally 100. I fill a separate storage location with a random number that points to 

the array. On each subsequent number generation, the number in the array location 

determined by the pointer is selected as the random number. This number then becomes 

the new pointer. The number produced by random() is placed into the location from 

which the random number was taken. Thus, a random number is produced only after z 

calls to randomO and on each subsequent call. Press et al. (1988) suggest that shuffling 

the output of the system supplied routine should be adequate provided the routine 

produces uniformly distributed numbers of adequate precision. 

I evaluated the above shuffling routine by computing the reflectance of an air-glass 

interface at normal incidence from Fresnel theory and by Monte Carlo simulation. My 

Monte Carlo reflectance computation compares two successive numbers to determine if 

an incident photon is reflected or transmitted at the boundary and is therefore an excellent 

test of the shuffling algorithm. I discuss specifics on the method of determining photon 

reflection in section 2.1.3. Figure 2.1 illustrates the effectiveness of the shuffling routine. 

The top curve shows results produced without shuffling, while the bottom curve was 

produced with shuffling. The unshuffled reflectance stabilizes about 2.5% higher than the 
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theoretical value as the number of incident photons were increased. The shuffled 

reflectance asymptotically approaches the theoretical value with increasing numbers of 

incident photons. 
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Figure 2.1. Error in modeled reflectance at an air-fiber interface with and without 
shuffling. Computations were done at normal incidence using a fiber index of 
refraction of 1.46. 
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2.1.2 Probability Density Functions 

Monte Carlo simulations require two general conditions to be met to produce 

realistic results. First, the simulated events must represent the observations. That is, they 

must obey the appropriate PDF. Second, the available numbers or events obeying the 

U(0,1) law must be transformed to the appropriate PDF. Frieden (1991) discusses the 

general transformation procedure which reduces to equation 2.1: 

C 

u  =  F { c )  =  J p ^ ( c ' ) d c '  ,  ( 2 - 1 )  
—M 

where a is a number drawn from U(0,1), F(c) is the cumulative probability function, and 

Pc(c) is the PDF of the process to be modeled. I discuss the generation of appropriate 

PDFs and the transformation of the U(0,1) PDF below. 

The direct solar beam uniformly irradiates the surface of the earth within the 

relatively small collector entrance port area of interest in this work. Photons must 

therefore be introduced randomly and uniformly distributed over the entrance port in order 

to simulate the uniform uradiance condition. This requires selecting a set of two 

coordinates for the circular entrance port. Rectangular or polar coordinates may be used 

to specify photon entrance locations, so long as they are randomly and uniformly 

distributed. I present both methods below. 

The rectangular coordinates are easily chosen from the U(0,1) PDF and converted 

to the required range by subtracting 0.5 from each random number and multiplying by 
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2R, where R is the radius of the entrance port. Approximately 21.5% of the photon 

entrance positions chosen using this method will lie outside the entrance port radius and 

must be discarded. 

In order to use each photon, the entrance positions must somehow be constrained 

to lie inside the aperture radius. Choosing the entrance positions in polar coordinates 

guarantees the above condition will be met. The angular coordinate is distributed 

uniformly from 0 to 2K and is easily generated from the random numbers drawn from the 

U(0,1) PDF by multiplying by In. The radial coordinate however, is not uniformly 

distributed. The development of the appropriate PDF for the radial coordinate begins by 

calculating the number of photons entering a circle of radius r. Assuming uniform 

monochromatic irradiance E [WW], the photon flux incident on the ckcle is given in 

equation 2.2: 

Ar(r) = 2^ . (2.2) 
nv 

where h is Planck's constant, v the photon frequency, and N the photon flux. The 

cumulative distribution function can then be written as the ratio of the photon flux 

incident on the circle or aperture out to the arbitrary radius r, divided by the total photon 

flux entering the entire aperture of radius R, as shown in equation 2.3: 



32 

F(r) = . (2.3) 
R} 

Differentiating the cumulative distribution function yields the appropriate PDF given in 

equation 2.4: 

pen = Yt • 

The first step in converting from the available U(0,1) PDF is the integration of p(r) to 

obtain F(r) as shown in equation 2.1. Since I have F(r) already, I can invert it to yield 

the desired transformation fiinction as in equation 2.5: 

r = Ryfu , 

where u represents the random number. The photon motion is more easily described in 

rectilinear coordinates, however. Therefore, I convert the above relations for r and 6 to 

coordinates in x and y as shown in equations 2.6 and 2.7: 

X - RSFUOOSILTTW) , 

y = /2y^sin(2T:w) , 

where u and w are numbers produced by the random number generator. 

I found that both methods produced random and uniform photon entrance 

positions. Even though the second method is the more efficient in terms of using all the 

entrance positions generated, I found no appreciable difference in computation time. I 
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attribute the similarity in computing time to the relatively long time required to compute 

the trigonometric functions in the second method and the inherent generation waste in the 

first method. 

I modeled all surfaces interior to the sphere as lambertian reflectors with a 

characteristic reflectance assigned by the user. Lambertian surfaces follow Lambert's 

cosine law for intensity [W/sr] given in equation 2.8: 

7(0) = /ocos(e) , (2.8) 

where I(Q) is the intensity at angle 0 from the surface normal, and is the intensity 

normal to the surface (Slater, 1980). Directions for photons reflected from these surfaces 

are required to be chosen from PDFs such that equation 2.8 is satisfied. 

Lambert's cosine law is independent of the azimuth angle. Therefore, photons are 

reflected in any azimuth direction with equal probability. The proper azimuthal PDF in 

this case is the uniform distribution firom 0 to 2K. The model generates the azimuthal 

direction from the U(0,I) PDF by simply multiplying the random number by 27t. 

The monochromatic flux [W] reflected by a lambertian reflector from a zenith 

angle of 0 to 0 can be found by integrating Lambert's cosine law over the solid angle 

subtended by the cone bordered by the angle 0. This is expressed formally in equation 

2.9: 

271 e 
«&(0) = I I /ocos(0')sin(0')d0'd<l)' , (2-9) 

•'-0 e'-o 
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where <I>C0) is the total monochromatic flux through the cone subtended by the zenith 

angle 0, and 0 is the azimuth angle. The total monochromatic flux reflected into the 

hemisphere is found by letting 0 be 7C/2 in equation 2.9 and yields a value of Jt/g. 

Dividing the flux by Planck's constant and the photon frequency converts the 

monochromatic flux from power units into photon flux. The cumulative probability 

distribution, F(Q), is the ratio of the photon flux reflected through the solid angle bounded 

by 0 to the photon flux reflected into the entire hemisphere and is written in equation 

2.10: 

F(e) = sin^Ce) . (2.10) 

Once again, differentiating F(Q), this time with respect to 0, gives the proper PDF p(Q): 

P(e) = 2sin(6)cos(e) . (2.11) 

The equation necessary to transform the random numbers to this PDF is found by 

applying equation 2.1: 

u = F(0) = sin2(0) , (2.12) 

and inverting it to give: 

0 = arcsm(v/u) . (2.13) 

2.1.3 Photon Reflection 

Ideal integrating spheres function by forcing the incident radiation to undergo 

numerous reflections before detection. This property depolarizes incident light, making 
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collectors based on integrating spheres independent of the incident polarization direction. 

It also allows the model to operate under the assumption that the polarization of each 

photon within the sphere is random. This assumption substantially simplifies the model 

by allowing the polarization to be introduced as a random factor only when the photon 

is incident upon a surface that exhibits Fresnel reflections. For the cosine collector used 

in this work, this is important because an optical fiber is attached to the exit port of the 

sphere. 

The model determines the possibility of a photon being reflected at an air-fiber 

interface by first assigning a polarization angle according to the U(0,27C) PDF. A 

polarization angle of 0° is equivalent to p-polarized light, or light in which the oscillations 

of the electric field are parallel to the plane of incidence. S-polarized light refers to light 

in which the oscillations of the electric field are perpendicular to the plane of incidence 

and corresponds to a polarization angle of 90°. After the assignment of the polarization, 

the model applies the Fresnel equations shown in equations 2.14 and 2.15: 

r = "fcosce,) - n,cos(e,) ^^.14) 

^ njcos(0,) + n,cos(0,) 

^ ^ w,cos(e,) - «,cos(e,) ^2.15) 

^ w,cos(0,) + WjCosCB,) 

to find the p- and s-amplitude-reflectances, respectively. In these equations, n,- and n, 

represent the incident and transmitted indices of refraction, and 0,- and 0, represent the 
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incident and transmitted angles respectively. The model combines the Fresnel reflectances 

as in equation 2.16: 

R = rp^cos^(Bp) + r/sm2(0p) , (2.16) 

to find ±e reflectance R valid at a particular incidence and polarization angle 6^ (Bom 

and Wolf, 1989). Once the reflectance is computed, the model determines the state of the 

incident photon. Random numbers less than or equal to the reflectance mean the photons 

are reflected, and numbers greater than the reflectance mean the photon is transmitted. 

The possibility of reflectance from a diffuse surface is much simpler to evaluate. 

The absence of specular reflection allows the reflection evaluation without concern for 

the polarization or incidence directions. The model simply compares a random number 

drawn from the U(0,1) distribution to the reflectance of the surface. If die random 

number is less than or equal to the surface reflectance, the photon is reflected. If the 

random number is greater than the reflectance, the photon is absorbed. 

2.2 Model Procedure 

The model uses the dimensions of the sphere, entrance port, exit port, the desired 

photon entrance directions, and the number of photons to be introduced at each entrance 

direction as inputs. It assumes a fiber optic is used at the output port and therefore 

requires the user to specify the fiber numerical aperture (NA) and index of refraction (n). 

If spheres without fibers are modeled, an NA of 1 and n of 1 may be specified. In 
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addition, the locations of the entrance and exit ports, and the location and sizes of baffles 

must be fixed prior to running the model. 

Given the specified inputs, the model introduces photons to the entrance port 

according to the theory discussed in section 2.1.2. It calculates the direction cosines 

given the input direction, and describes the motion of the photon using three parametric 

equations in t: 

= XQ + at , (2.17) 

= yo , (2.18) 

Zi = yt , (2.19) 

where the x, y, and z direction cosines are given by a, p, and y, respectively (see Figure 

2.2 for the right-handed coordinate system). The subscripts 0 and 1 refer to the original 

photon location and the location corresponding to the parameter ^, respectively. The 

model uses these equations along with those describing the interior surfaces of the sphere 

to find values of t for which the photon path intersects the surfaces. The solutions for 

t are then substituted into equations 2.17, 2.18, and 2.19, and the intersection points 

found for each interior surface. The model checks the boundaries of each surface to 

determine if the photon intersected with a valid portion of the surface. Intersection points 

outside the surface boundaries, or for which t is negative, are disqualified. The valid 

intersection point which has the smallest value of t is selected as the collision point. 
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The model evaluates photon expiration and reflection scenarios once the collision 

point is known. The first escape scenario is that of photon escape by way of the entrance 

port. If the collision point lies on that portion of the sphere which corresponds to the 

entrance port, the photon is allowed to expire. 

The second photon expiration scenario is that of transmission into the fiber optic 

at the exit port. If the collision point corresponds to the fiber face, the model evaluates 

several other possibilities to determine the fate of the photon. It determines the photon 

polarization, the reflectance of the air-fiber interface for that particular polarization and 

incidence angle, and evaluates the possibility of reflection as described in section 2.1.3. 

In the event of transmission into the fiber, the model compares the incidence angle with 

the maximum acceptance angle specified by the NA of the fiber. If the incidence angle 

is acceptable for transmission, the photon is counted as having been detected, otherwise, 

the photon expires. The event of specular reflection requires the calculation of a new set 

of direction cosines. In this case, the only direction cosine requiring modification is the 

one corresponding to the fiber face normal. This direction cosine is negated. The model 

then repeats the process, beginning with new parametric equations, the point of origin and 

the direction cosines having been calculated as described above. 

The third and final photon expiration scenario is that of absorption by the interior 

surfaces of the sphere. The model evaluates this scenario as described in section 2.1.3. 

In the event of photon reflection, the new direction of travel is calculated from the PDFs 

of a lambertian surface as discussed in section 2.1.2. The direction cosines thus derived 
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correspond to the local coordinate system. The model assumes the local z axis is 

equivalent to the sphere -r direction (which is the outward surface normal), the local y 

axis is equivalent to the sphere (f) direction, and the local x direction corresponds to the 

sphere -0 direction. The sphere axes are constructed such that the z axis passes through 

the center of the entrance port and the x axis passes through the exit port, if one exists, 

at 90° to the z axis. If no defining azimuthal feature exists, then there is no preferred x 

axis direction and the choice is made arbitrarily. The z axis always corresponds to a 

zenith angle of 0°, while the x axis is at a zenith angle of 90°. The local or primed 

coordinates are expressed in terms of the sphere coordinates and the zenith and azimuth 

axes angles, 0^ and (|)„ respectively, in equations 2.20 through 2.22 (Wangness, 1986): 

X = -h = - cos(e^)cos((j)^)* - cos(e^)sm(<|)^)y + sm(0^)£ , (2-20) 

= ^ = - sm(4>^)x + cos(<|)^)j; , (2-21) 

z = -r = - sin(0a;j)cos(4)^)i - sm(0^)sm(<|)^)j? - cos(e^)z . (2-22) 

The local axes angles are determined by finding the surface normal, to which the local 

axes correspond directly as explained above, at the collision point. Knowledge of the 

direction cosines in the local coordinate system and the angles between the local and 

sphere axes enables the model to calculate the direction cosines in the sphere coordinate 

system according to equations 2.23 through 2.25; 
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A A '  A A '  
a = x jc'a + **>'P + x-z'y > (2.23) 

A A ^  A A '  A A ^  
p = yx'a + + yz'y , (2.24) 

A A r  A A '  A A ^  

Y =  z x ' a  +  z - y ' P  +  Z'z'y . (2.25) 

The collision point, or the new origin point, and the direction cosines in the sphere 

coordinates are now known. This allows the model to form new parametric equations 

describing the new motion of the photon, starting the process again. 

The steps I describe above are repeated until the fate of each input photon has 

been determined at each input angle. The model theory and procedure are general in 

nature. They apply to any type of sphere, so long as the geometry is mathematically 

describable. The process is computationally intensive but, in the following section, I will 

show it to give reasonable results. 

I evaluated three different sphere designs using the model. Each design used a 

10.16-cm diameter sphere with a 2.54-cm diameter entrance port and a 0.254-cm diameter 

exit port. The exit port was filled by a fiber optic cable with an index of refraction of 

1.46 and NA of 0.28 (half-field view angle of 16.26°). I assumed a reflectance of 0.99 

for interior surfaces and held the number of photons introduced through the entrance port 

of the sphere constant for each input angle. This constant photon flux is equivalent to an 

increase in photon irradiance [photons/m^] by l/cos(0), where 0 is the zenith angle. Such 

2.3 Candidate Sphere Designs and Model Results 
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an increase in photon irradiance should result in a constant zenith angle response for a 

true cosine collector. I traced several photons by hand to verify the model prior to 

evaluating each design. I present the designs tested and the model results in the 

subsections that follow. 

2.3.1 Design 1: Unbaffled Sphere 

The entrance port of this sphere design was located at the top, perpendicular to the 

z axis. The exit port was positioned 90° to the entrance port, perpendicular to the x axis, 

as shown in Figure 2.2. I ran the sphere model at input zenith angles of 0° through 80° 

in increments of 10° and azimuth angles of 0° through 345° in 15° increments, except the 

0° zenith angle where I used only one azimuth angle. I introduced a total of 10® photons 

through the entrance port at each angular combination. 

The number of photons entering the fiber optic cable is graphed as a function of 

azimuth angle in Figures 2.3,2.4, and 2.5. The output of the sphere is relatively constant, 

disregarding the random nature of the output, at zenith angles of 10°, 20°, and 30° as 

shown in Figure 2.3. The output becomes highly nonuniform at zenith angles of 40° and 

50° as can be seen in Figure 2.4. This is because the design allows the fiber an 

unobstructed view of the opposite side of the sphere along the x axis. In fact, the NA of 

the fiber constrains each photon entering the fiber to have originated from precisely that 

area of the sphere. Photons entering the entrance port and colliding with the sphere wall 

opposite the fiber have a much higher probability of entering the fiber than those photons 

colliding with other portions of the sphere on the first collision. The response uniformity 
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Figure 2.2. Unbaffled integrating sphere with a fiber optic cable attached to the exit 
port, with the entrance and exit port centers corresponding to the z and x axes, 
respectively. 

returned at greater zenith angles as shown in Figure 2.5. The magnitude of this 

asynmietric azimuthal behavior disqualifies this sphere as a cosine collector. It does, 

however, provide an opportunity to compare the model with theoretical predictions. 

I estimated the photon flux entering the fiber optic cable of the unbaffled 

integrating sphere using equation 2.26: 

9 
' ' 'AM ^ 
1-p 1 -

f ep (2.26) 
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Figure 2.3. Photons entering the fiber optic cable of the unbaffled integrating sphere 
as a function of azimuth angle at zenith angles of 10°, 20°, and 30°. 10® photons 
entered the sphere at each input angle. 
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Figure 2.4. Photons entering the fiber optic cable of the unbaffled integrating sphere 
as a function of azimuth angle at zenith angles of 40°, 50°, and 60°. 10® photons 
entered the sphere at each input angle. 
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Figure 2^. Bhotons entering the fiber optic cable of the unbaffled integrating sphere 
as a function of azimuth angle at zenith angles of 70° and 80°. 10® photons entered 
the sphere at each input angle. 

where <I>py is the photon flux entering fiber, p is the sphere wall reflectance (0.99), <Pp,p 

is the photon flux passing through the entrance port (10®), is the fiber cross-sectional 

area (0.507 cm^), NA is the fiber numerical aperture (0.28), R is the fiber face reflectance 

(estimated as the Fresnel reflectance at normal incidence 0.035), A, is the sphere surface 

area (324.29 cm^), and A^ is the area (5.067 cm^) of the entrance port (Carr, 1989). This 

calculation yields an estimated photon output flux of 456.5 photons. Equation 2.26 

assumes the photons strike a perfectly diffijsely reflecting sphere wall but assumes no 

directionality to the input photon stream. In order to compare the model output with the 

theory above, I removed the directionality associated with the model photons by averaging 

over all input directions. Carrying out the average, I found that the model estimated a 
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count of 455.4 photons entering the fiber, with a standard deviation of 37.9 photons, and 

the relative error between the model and theoretical results is only -0.24%. 

2.3.2 Design 2: Side Baffled Sphere 

The dimensions and features of this sphere design are basically the same as the 

design discussed in section 2.3.1 as can be seen in Figure 2.6. The only difference 

between the two spheres is the baffle attached to the side of this sphere. Once again, I 

ran the sphere model at zenith angles of 0° through 80° in increments of 10° and azimuth 

angles of 0° through 345° in 15° increments. I used a single azimuth angle of 0° at a 

zenith angle of 0° and 10® photons at each angle. 

Figures 2.7, 2.8, and 2.9 show the model results for the side-baffled integrating 

sphere as a function of azimuth angle at each zenith angle. The sphere output is 

relatively constant at a zenith angles of 10° and 20° but the number of output photons 

begins to drop at a zenith angle of 30° and azimuth angles around 180°. The drop in 

sphere response is even more pronounced at zenith angles of 40°, 50°, and 60° and an 

azimuth angle of 180°. The reason for the decreased sphere response at these angles is 

readily seen by considering the position of the baffle in Figure 2.6. The baffle is 

positioned such that photons entering the sphere at the mid-zenith angles and near 180° 

in azimuth collide directly with the baffle. From these collision points, the entrance port 
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Figure 2.6. Side baffled integrating sphere with a fiber optic cable attached to the 
exit port. The entrance and exit port centers correspond to the z and x axes, 
respectively. 

is a large escape aperture. An accounting of the number of photons exiting the sphere 

by way of the exit port reveals that this is exactly the reason for the drop in sphere 

response as shown for zenith angles of 40° and 50° in Figure 2.10. When the photon 

stream collides with the sphere wall first, the uniformity in response returns. This is 

evidenced by the uniformity of response at the larger zenith angles shown in Figure 2.9. 

Closed-form equations do not exist for baffled integrating spheres. Therefore, I made no 

comparisons with theoretical predictions for sphere throughput. I decided not to use a 

side-baffled sphere because of the nonuniform azimuthal response. 
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Figure 2.7. Photons entering the fiber optic cable of the side baffled integrating 
sphere as a function of azimuth angle at zenith angles of 10°, 20°, and 30°. 10^ 
photons entered the sphere at each input angle. 
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Figure 2.8. Photons entering the fiber optic cable of the side baffled integrating 
sphere as a function of azimuth angle at zenith angles of 40°, 50°, and 60°. 10^ 
photons entered the sphere at each input angle. 
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Figure 2.9. Photons entering the fiber optic cable of the side baffled integrating 
sphere as a function of azimuth angle at zenith angles of 70° and 80°. lO'' photons 
entered the sphere at each input angle. 
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Figure 2.10. Photons exiting the entrance port of the side baffled integrating sphere 
as a function of azimuth angle at zenith angles of 40° and 50°. 10'^ photons entered 
the sphere at each input angle. 
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2.3.2 Design 3: Conicallv Baffled Sphere 

The previous two sphere designs indicated no sphere will have a uniform azimuth 

response unless azimuthal symmetry exists within the sphere. In addition, the entrance 

port should not subtend a large solid angle from photon first-collision points. A conical 

baffle, with the exit port located at the bottom and entrance port located at the top of the 

sphere, satisfies the azimuthal symmetry requirement. The conical baffle can substantially 

reduce the probability that a photon will exit the sphere by way of the entrance port by 

using a steep cone angle. The cone angle is minimized by positioning the bottom of the 

cone near the bottom of the sphere and the cone top near the entrance port. This baffle 

geometry is unsuitable however. The short space between the cone bottom and the fiber 

attached to the exit port permits very few photons to enter the fiber. Thus, placing the 

cone base near the center of the sphere permits an adequate number of photons to enter 

the fiber while maintaining a relatively steep cone angle. 

I modeled several conically baffled integrating spheres. The base of each cone 

was spherically shaped with the center of curvature coincident with the center of the fiber 

face. I located the center of each spherically shaped base at the center of the integrating 

sphere. The 3.23-cm bottom diameter of all baffles filled the fiber NA to prevent first 

strike photons from entering the fiber. I varied the conical baffle heights in 0.64-cm steps 

from 4.45 cm down to 2.54 cm. A cross-sectional view of the sphere design with a 3.81-

cm cone height is shown in Figure 2.11. 
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Each sphere exhibited a symmetric azimuth response as expected. The 4.45-cm 

conically baffled sphere response was typical of all spheres and is graphed as a function 

of azimuth angle at zenith angles of 30° and 60° in Figure 2.12. The uniformity of 

response with zenith angle varied slightly with baffle height as shown in Figure 2.13. I 

found the 3.81-cm baffle height sphere to have a slightly more uniform response and 

selected it as the collector to be fabricated. Figure 2.14 shows the results of a more 

extensive zenith angle test I performed on the 3.81-cm baffle height sphere, normalized 

to the result at 45°. The error in response, also shown in Figure 2.14, is likewise 

normalized to the 45° result. This same information is listed at zenith angle increments 

of 5° in Table 2.1. 

I found the maximum modeled error of the 3.81-cm baffled sphere to be -4.3% 

at normal incidence. The response remains low out to 15°. Photons entering the sphere 

in this zenith angle range usually encounter the baffle on the first collision. The conical 

surface normal is inclined upward and photons are therefore preferentially reflected 

upward, after which they must return to areas below the surface of the cone in order to 

enter the fiber. The rise in response at zenith angles near 30° can also be explained by 

the internal baffle geometry. Photons passing through the entrance port at these angles 

strike the sphere below the baffle base. These photons have a higher probability of being 

reflected onto the bottom of the cone, which is the area from which all photons must 

originate to enter the fiber. The baffle prevents photons entering at large zenith angles 
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Figure 2.11. Conically baffled integrating sphere with a fiber optic cable attached to 
the exit port. The entrance and exit port centers correspond to positions along the + 
and - z axes, respectively. The cone height is 3.81 cnn. 
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Figure 2.12. Azimuth response of the 4.45-cm high conically baffled integrating 
sphere at zenith angles of 30° and 60°. 10® photons entered the sphere at each input 
angle. 



52 

700 

600 U 
£ 500 
so 
•c 400 u 

w 300 
c 
I 200 
£ 

100 

0 
0 10 20 30 40 50 60 70 80 90 

Zenith Angle [Deg] 

-»_1.75in -^1.50 in 1.25 in • l.OOin 

Figure 2.13. Zenith angle responses of conically baffled integrating spheres. Baffle 
heights were 4.45 cm, 3.81 cm, 3.18 cm, and 2.54 cm. The output corresponds to 10® 
input photons at each angle. 
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Figure 2.14. Normalized zenith angle response and error in response for the 3.81-cm 
high conically baffled sphere. AH normalizations are relative to the 45° result. 10^ 
input photons were used at each angle. 



Table 2.1. Model results for the 3.81-cni high conically baffled 
integrating sphere with 10^ photons input at each angle. Normalizations 
were done relative to the 45° result. 

Zenith 
Angle 
[Deg] 

Output 
Photons 

[Photons] 

Normalized 
Sphere 

Response 

Normalized 
Error 
[%] 

0 4233 0.9566 -4.34 

5 4283 0.9679 -3.21 

10 4364 0.9862 -1.38 

15 4429 1.0009 +0.09 

20 4546 1.0273 +2.73 

25 4587 1.0366 +3.66 

30 4604 1.0405 +4.05 

35 4603 1.0402 +4.02 

40 4476 1.0115 + 1.15 

45 4425 1.0000 +0.00 

50 4384 0.9907 -0.93 

55 4387 0.9914 -0.86 

60 4393 0.9927 -0.72 

65 4386 0.9911 -0.88 

70 4384 0.9907 -0.93 

75 4363 0.9860 -1.40 

80 4344 0.9817 -1.83 
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from entering the fiber after the first collision, thus the drop in response at the large 

zenith angles. This design prevents any photon from entering the fiber without 

undergoing at least two reflections. The multiple reflections contribute to the uniformity 

of response and also to the sphere efficiency (0.044%). In general, a tradeoff exists 

between response uniformity and efficiency. This modeled sphere design offers good 

response uniformity with an acceptable efficiency, considering the solar source for which 

it was intended. 



CHAPTER 3 

INSTRUMENT DESIGN AND CONSTRUCTION 
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I have divided the spectral diffuse/global irradiance meter into four major 

subsystems. These subsystems are the optical collector, the occultor and mount, the 

spectrometer, and the control software. Each subsystem presented unique design and 

construction challenges. I discuss these challenges and the approaches I took to meet 

them in this chapter. 

3.1 Optical Collector 

The theoretical optical collector design is, in most basic terms, a conically baffled 

integrating sphere with the entrance port located at the top of the sphere and the exit port 

at the bottom of the sphere. Attached to the exit port is a fiber optic cable, the NA of 

which is entirely filled by the base of the cone. I arrived at the theoretical sphere design 

of Figure 2.11 by applying the sphere model to test sphere design concepts and baffle 

geometry as I discussed in Chapter 2. Implementing this design presented challenges that 

are not readily apparent in Figure 2.11. I discuss some of the design issues associated 

with the construction of the sphere in the following subsections. 



3.1.1 Sphere Material 

Several coatings and materials approximate lambertian characteristics to varying 

degrees of accuracy. Pressed Halon®, a powdered polytetrafluoroethylene (PTFE)-based 

material, is the standard of diffuse reflectance. It approximates a lambertian material 

quite well but is questionable for implementation in spheres used in the field because of 

the powdered form, which is more prone to flake than solid materials (Weidner and Hsia, 

1981). Aigoflon® is a similar material and has similar limitations (Spyak and Lansard, 

1996). Coatings that could be applied to a spherical cavity to form an integrating sphere 

include barium sulfate and magnesium oxide, with barium sulfate being the more common 

of the two (Budde, 1964). Jackson et al. (1992) performed bidirectional reflectance tests 

of barium sulfate panels and found that achieving repeatable results was difficult, even 

when detailed instructions for preparing the samples were carefully followed. Coatings 

also tend to chip, flake, or otherwise degrade when exposed to harsh experimental 

conditions commonly encountered in remote sensing work. Spectralon® is a sintered 

PTFE-based material that also approximates a lambertian material fairly well. It is highly 

reflective over an extendended wavelength range and can also be machined, cleaned, and 

is generally weather-resistant (Bruegge et al., 1993). A graph of the diffuse hemispherical 

reflectance of Spectralon® is shown in Figure 3.1 (Springsteen, 1994). Because of these 

favorable properties, I chose to make the sphere from Spectralon®. 
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Figure 3.1. Diffuse hemispherical reflectance of Spectralon* as a function of 
wavelength. 

Spectralon® has some specific mechanical properties that must be considered 

however. Several of these properties are listed in Table 3.1 (Springsteen, 1994). Special 

note should be taken of the large thermal coefficient of expansion. It is approximately 

4.7 times that of 2024 aluminum, which is 22.9x10"^ ni/m-°C (Yoder, 1993). In addition, 

Spectralon® readily absorbs non-polar solvents, grease, and oils (Springsteen, 1994). I 

found that minute traces of contaminants, such as oxidation residue from metal fasteners, 

are easily observed even when they are a few hundredths of an inch below the surface. 

Therefore, extreme caution must be taken to maintain a clean work space, tools, and parts 
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Table 3.1. Physical properties of Spectralon®. 

Density 1.25-1.5 g/cm^ 

Water Permeability <0.001% 

Hardness 20-30 Shore D 

Thermal Stability Decomposes at >400°C 

Thermal Coefficient of Expansion 10"^ ta/m-'C 

when handling Spectralon®. All tools and parts used in this work were thoroughly 

cleaned with acetone and then alcohol and allowed to air-dry after each cleaning prior to 

use. 

Tests conducted to ascertain the machinability of Spectralon® indicated that it 

machines more like Teflon® than metals. It is easily compressed, but machinability is 

acceptable if a very sharp tool is used. Dry torque tests determined the holding strength 

of various stainless steel machine screw thread inserts imbedded in Spectralon®. I show 

the results of the tests in Table 3.2. 

3.1.2 Knife-Edge 

Spectralon® is a low-strength material as indicated by the tests above. I found that 

it does not have the strength or durability to be machined to, or maintain, a knife-edge. 

The minimum maintainable edge thickness was estimated to be 0.127 cm based on the 

machining tests I described above. Therefore, an alternative material had to be used for 

the knife-edge. I chose to use 2024 aluminum for its strength and ability to be machined 
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Table 3.2. Failure torques for various stainless steel threaded insert and 
machine screw combinations in Spectralon®. 

Machine Insert Insert Failure 
Screw Outside Length Torque 
Size Thread [cm] [N-m] 

4-40 0.150-40 0.953 0.07 

6-32 0.190-32 0.953 0.18 

10-24 0.250-24 0.953 0.28 

1/4-20 0.320-20 0.953 0.64 

1/4-20 0.320-20 1.270 0.68 

1/4-20 0.320-20 1.905 1.13 

to a sharp edge. Stainless steel (416) also offers these advantages but has a smaller 

thermal coefficient of expansion of 9.9x10"^ m/m-°C (Yoder, 1993). I chose 2024 

aluminum over 416 stainless steel because it more closely matches the thermal coefficient 

of expansion of Spectralon®. I had three knife-edge plates made and the top sides 

machined down 0.025 cm except for a 3.56-cm diameter area concentric with the entrance 

port. This assured no part of the top plate would be above the entrance port aperture. 

Each entire plate was clear anodized and the top white powder coated except for the 

0.025-cm raised area. 

The spherical annulus corresponding to the top of the integrating sphere was 

treated differently on each of the three top-plates. One knife-edge annulus was polished 

and clear anodized, the second was roughened by bead-blasting with 0.025-cm diameter 



60 

glass beads and clear anodized, and the third was clear anodized and subsequently coated 

with Duraflect®, a weather-resistant diffuse reflective coating (Labsphere, 1994). I 

measured the sphere angular response in the laboratory with each of these three top-plates. 

As a light source, I used a 15.24-cm internal diameter integrating sphere with a 5.08-cm 

diameter exit port and an internal 125-W halogen bulb. I aligned this uniform source to 

a 15.24-cm diameter F/4 off-axis parabolic collimator and adjusted it to give a half-angle 

beam divergence of approximately 1.2°, corresponding to a 2.54-cm diameter hole at the 

focus of the collimator. I used this large beam divergence in order to obtain a signal 

large enough to produce reliable measurements. Normalized plots of the sphere angular 

responses are shown for a wavelength of 670 nm in Figures 3.2 and 3.3. The 

normalization in Figures 3.2 and 3.3 is with respect to the measurements at 45°. The 670 

nm curves are typical of all wavelengths. The results indicated that die Duraflect® knife-

edge performed better than the other two options. The aluminum edges had sharper but 

lower angular cut-offs, and decreased the overall sphere throughput by approximately 

25%. 

The model results are also plotted in Figures 3.2 and 3.3. As shown in these 

figures, the model results agree quite well with the measured sphere response. I found 

the maximum deviation between the measured Duraflect® knife-edge response and the 

model to be 4.0% out to 70°. The difference increases at large zenith angles (to 13% at 
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Figure 3.2. Normalized sphere response as a function of zenith angle for the model 
and polished aluminum, roughened aluminum, and Duraflect* knife-edges. 
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Figure 3.3. Magnified view of the normalized sphere response as a function of zenith 
angle for the model and polished aluminum, roughened aluminum, and Duraflect® 
knife-edges. 
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a zenith angle of 80°) however. The model assumptions of a lambertian reflector and 

infinitely sharp knife-edge are poorer approximations at these large angles. The 

agreement between the model and measurements is remarkable over the rest of the 

angular range. The agreement in the data shows that the model can be used successfully 

to design integrating spheres. I discuss the comparison in greater detail in Chapter 4. 

3.1.3 Sphere Construction 

The sphere was supplied by Labsphere, Inc. in two large blocks, with a 10.16-cm 

diameter hemisphere machined into each of the blocks. One hemisphere had a 2.54-cm 

diameter aperture at its top, the other had a 0.445-cm diameter aperture at its bottom. I 

had the two blocks turned to 15.24-cm diameter cylinders and three stainless steel pins 

imbedded in them for precision alignment. Six 1/4-20 stainless steel machine screws and 

threaded inserts were placed into opposite cylinders. These screws were torqued to 0.226 

N-m, just enough to maintain constant contact between the two hemispheres. The screws 

do not provide compressive force once the entire sphere is assembled, they simply keep 

the two halves in contact to facilitate final assembly. Extreme caution should be 

exercised when torquing screws in Spectralon® as threads can be stripped very easily. 

The conical baffle was constructed from two pieces of Spectralon®. A 1/4-20 

stainless steel threaded insert was placed in the top piece and exterior threads were 

carefully cut into a Spectralon® peg protruding from the cone base. This allowed the two 

pieces to be threaded together. Three 0.102-cm diameter stainless steel rods spaced 120° 

apart were bent to position the cone base precisely at the center of the sphere and silver 
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soldered to a stainless steel ring machined to slip around the Spectralon® threaded screw 

in the base. Three grooves were cut in the top piece of the cone to acconimodate the 

support rods, and the base carefully threaded into the cone top. I tested the support rods 

and ring for strength and vibration at approximately five times the actual cone weight of 

15 g and found them to be adequate. 

My use of the aluminum top-plate as the knife-edge required that I provide a 

method for centering it with the Spectralon® cylinder and maintain constant contact with 

it over the temperature range 0 °C to 45 °C. To do so, I had a centering ring cut in the 

top-plate concentric with the knife-edge entrance port. The top of the assembled 

Spectralon® cylinder was machined with a corresponding raised ring which is inserted into 

the top-plate as a means of centering during assembly. The top of the raised portion does 

not contact the aluminum top-plate however. In fact, I designed the top-plate such that 

no pressure can be exerted on the portion of the Spectralon® cylinder directly above the 

spherical cavity. Applying pressure to that part of the sphere could cause a gradual 

caving-in at the top of the sphere. I designed the top-plate and Spectralon® cylinder such 

that all contact pressure occurs between radii of 5.08 cm and 7.62 cm. 

The sphere is encompassed, except for a small hole in the bottom plate, by a 

protective canister or housing constructed from 2024 aluminum. I had a Poron® (a 

cellular urethane foam) washer placed between the bottom of the housing and the fiber 

optic holder, which I had attached directly to the bottom of the Spectralon® cylinder. The 

Poron® is slightly compressed when the sphere and housing are fully assembled and 
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maintains constant pressure between the Spectralon® cylinder and the top-plate. This also 

allows the Spectralon® to expand or contract relative to the housing without adversely 

affecting the aperture or the sphere. Like the top-plate, I had the sides of the housing 

clear anodized and the outside of the aluminum housing white powder coated. This white 

powder coating is an important part of the thermal control for the Spectralon® inside the 

housing. I made no quantitative measurement of the temperature inside the canister 

because of the danger of contaminating or otherwise damaging the sphere. The outside 

of the canister was noticeably cooler than other aluminum parts, which were black 

anodized, however. A 0.015-cm space was left between the inside of the aluminum 

canister and the Spectralon® cylinder to allow for thermal expansion. The bottom of the 

housing was clear anodized only. It is the only part of the sphere/canister combination 

that bolts directly to the mount. 

The fiber optic holder incorporates a 7.62-cm diameter plate which directly 

contacts the bottom of the Spectralon® cylinder. I torqued the six 10-24 screws threaded 

into stainless steel imbedded in the Spectralon® to 0.141 N-m. Because the fiber optic 

holder is in constant contact with the Spectralon®, it maintains the fiber face within 

±0.005 cm of the bottom of the sphere in spite of thermal expansion or contraction. 

Thus, I have fixed the entrance port, conical baffle, sphere, and fiber optic at their 

appropriate positions even though the Spectralon® is dimensionally unstable due to 

temperature variations. I show as-built drawings of the sphere in Figures 3.4 and 3.5. 
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3.2 Solar Occultor and Mount 

My goal in designing the solar occultor and mount was to accurately and 

repeatably block the direct solar irradiance and block as little of the surrounding diffuse 

light as possible. I designed both manual and automated versions of the instrument to 

permit it to be used in all types of environments and conditions. The same occultor is 

used with both versions. The two mounts are quite similar, differing only in that the 

automated mount uses motors and stages and is sized accordingly. Both mounts are 

altitude-azimuth mounts, with the centers of rotation coincident with the center of the 

entrance port. I describe the design and construction of the occultor and mount in the 

following subsections. 

3.2.1 Solar Occultor 

As I alluded to in Chapter 1, two basic alternatives are available for blocking the 

direct solar irradiance. The first method uses a thin metal band, the width of which is 

sized to completely block the sun. Harrison et al. (1994) designed a diffuse/global 

irradiance meter using this type of occultor. The other option uses a disk sized to 

completely block the direct solar irradiance. For any given collector, the disk method will 

block less diffuse light than the band method. I chose to use the disk method in my 

instrument. 
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Figure 3.4. Drawing of the conically baffled integrating sphere machined from 
Spectralon®. 
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The occulting disk size is constrained by the size of the entrance aperture, the 

subtended angle of the sun, the pointing accuracy, and the disk-aperture distance. I tested 

various combinations of steel rods supporting 2.54-cm diameter disks and came to the 

conclusion that the disk-aperture distance could be about 30.48 cm without excessive 

vibration. At this distance, the disk diameter has to be 2.807 cm to totally block the sun 

from the aperture, assuming a 2.54-cm diameter aperture and a full-angle of 0.5° 

subtended by the sun. I estimated my ability to align the system to be about 0.1° under 

field conditions and the accuracy of the pointing mechanism to be about 0.1° as well. 

Using these numbers, I calculated the disk diameter to be 3.017 cm, which I rounded up 

to 3.050 cm. The disk is held at the 30.48-cm distance by 5 (4 in the manual version) 

high-carbon steel rods, each of which is put into bending stress to minimize vibrations. 

The deflection and/or deviation from straighmess in the rods is less than 0.254 cm at this 

distance. Minor deflections in the rods is irrelevant since the entire occulting mechanism 

is rotated to the proper alignment. 

3.2.2 Mount 

In order to produce a smooth non-binding elevation rotation about the aperture, 

I designed a rotation bracket opposite the occultor. This rotation bracket and occultor 

assembly is held by a 5.08-cm diameter rotation motor/stage on one side and two high 

quality sealed ball bearings on the other side in the automated version. In the manual 

version, both sides are held by 5.08-cm diameter slip bearing hubs. I minimized the light 

blocked by the rotation bracket by designing it such that most of the 2024 aluminum arms 
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are below the aperture plane. The only portion above the aperture plane is a small 

semicircular section which allows the occultor to rotate to a 0° zenith angle without 

contacting the sphere support column. I had the rotation bracket light-weighted, and used 

two brass counterweights to counterbalance the entire rotation assembly. The final 

elevation rotation assembly requires a torque of about 0.05 N-m to initiate rotation. I 

tested the elevation motor/stage and found it capable of producing 0.85 N-m. Thus, the 

elevation rotation is not a problem with either the automated or manual versions. The 

elevation rotation assembly is held rigidly in position by an azimuth rotation yoke 

constructed of 0.953 cm 6061 aluminum. 

I designed the instrument so that the sphere and fiber optic remain stationary. 

This is important because repeated twisting of the fiber will eventually degrade its 

transmittance. Therefore, the sphere does not attach directly to the azimuth rotation yoke. 

It is held in position by a 416 stainless steel column which passes through the center of 

either the 10.16-cm diameter azimuth motor/stage or slip bearing and is clamped rigidly 

to the instrument base. The bottom of the motor/stage or slip bearing also bolts to the 

instrument base, with the azimuth rotation assembly being bolted to the top. The 

motor/stage has a carrying capacity of 5 kg at a distance of 5.08 cm from the center of 

rotation. I weighed the azimuth yoke assembly and found it to weigh 4.54 kg, with the 

center of gravity 0.94 cm from the center of rotation. 

I designed the instrument base to facilitate alignment and leveling and to provide 

a solid platform from which the instrument could operate. It is composed of the column 
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clamp, two 1.905-cm thick 6061 aluminum leveling plates, and a brass-aluminum slip 

bearing and mount plate. I had location pins imbedded in the mount plate in order to 

repeatably position the rotation axis of the azimuth motor/stage or slip bearing coincident 

with that of the entrance aperture. Leveling is accomplished with a set of three 1/4-20 

machine screws in a push-pull arrangement. I sized the aluminum leveling plates so that 

deformation caused by induced stress from the leveling screws would be negligible. In 

practice, I have found that I can usually level the instrument within 0.03° in about ten 

minutes. Once the instrument has been leveled, azimuthal alignment is easily 

accomplished. The azimuthal rotation motor/stage, yoke, elevation rotation assembly, and 

sphere are turned to any desired position by loosening four lock-down screws, rotating 

the brass-aluminum slip bearing, and retightening the lock-down screws. The light-

weighted azimuthal rotation yoke uprights carry an alignment scope in addition to the 

motor/stage and elevation rotation assembly in the automated version. The scope can be 

used to align the instrument azimuthally prior to sunrise if an accurate North direction is 

known, otherwise, the system can be aligned using the sun after sunrise. No azimuthal 

alignment is necessary in the manual version since the occultor is manually aligned just 

before each measurement is taken. A drawing of the assembled instrument is shown in 

Figure 3.6. All parts described above are fastened to an adjustable-height tripod. 
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Figure 3.6. Drawing of the assembled optical collector and mount. 
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3.3 Spectrometer 

I chose to use a spectrometer as the optical detection instrument rather than a 

series of filters and a radiometer. A spectrometer allows the user to select any 

wavelength of interest without the difficulty of procuring and installing additional filters. 

The primary spectral region of concern in this instrument is the 300-nm to 1100-nm 

region, covered by silicon detectors. I evaluated a number of silicon photodiode or CCD 

detector based spectrometers and decided to use the LI-1800 spectrometer made by LI-

COR, Inc. I based that decision on the reliability reports of users of the various 

spectrometers. The LI-1800 is not the fastest nor most sensitive spectrometer on the 

market but it is reliable, and I judged reliability to be the most important factor in a field 

instrument. 

The LI-1800 is a mechanically scanned, single silicon-detector based spectrometer. 

It is configured to sample the 300-nm to 1100-nm region every 10 nm with a 12-nm 

bandpass. The user can easily select an optional 1-, 2-, or 5-nm sampling interval, 

although selecting these finer sampling intervals requires more time to scan. The LI-1800 

is described in the literature, so I will not repeat the descriptions here (Cannon, 1986, 

Ahem et al., 1991, LI-COR, 1989). I will describe some problems associated with the 

instrument and how I addressed them. 

Like many devices based on silicon photodiodes, the responsivity of the LI-1800 

is temperature sensitive. Sze (1981) discusses the principal reason behind this common 

problem. Elevated temperatures extend the lifetimes of electron-hole pairs created deep 



within the diode. This allows more carriers to be separated, increasing the effective 

responsivity. Because longer wavelengths penetrate further into the diode, the 

temperature sensitivity is wavelength dependent and is less significant in the 400-nm to 

950-nm range (LI-COR, 1989). Data collected at wavelengths outside this region should 

be collected under stabilized temperature conditions and/or be temperature compensated. 

I provided a means of temperature compensation and discuss it in Chapter 4. I also 

provided a means of stabilizing the temperature. My method of temperature stabilization 

attempts to stabilize the temperature of the entire spectrometer except for the fiber optic 

input cable. This is important because some of the electronic circuitry within the LI-1800 

may also be temperature sensitive (Wurm, 1996). I put the LI-1800 inside an ice chest 

which has a thermoelectric module that can be operated in either heating or cooling 

modes. I also epoxied a Platinum Resistance Thermometer (PRT) near the detector, 

which I read-out using a Fluke Hydra data recorder, reading directly in °C. Any accurate 

resistance meter could be used however. The important point is that the PRT resistance 

be stabilized over time. I usually heat the instrument prior to operation and then switch 

the ice chest to cooling mode. I have found that I can easily stabilize the interior 

temperature to ±1 °C. I have found this method of temperature stabilization to work best 

when the spectrometer is stabilized about 2 °C above the maximum ambient temperature. 

This temperature stabilization combined with the temperature compensation routine has 

proven effective in producing reliable data outside the 400 nm to 950 nm region as I 

show later in Chapter 5. 
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I make special note of the fact that no temperature stabilization is necessary if the 

instrument is used to ratio measurements taken within about five minutes of each other. 

I also wish to point out that the instrument was specifically designed as a ratio instrument. 

The discussion on temperature stabilization above applies only if the user desires 

comparisons between measurements taken throughout the day, as is done when using the 

Langley method of finding optical depths (Shaw et al., 1973, Biggar et al., 1990). 

Because the LI-1800 is a mechanically scanned spectrometer, it requires 

approximately 45 seconds to complete a 300 nm to 1100 nm scan. This uncertainty in 

time is excessive for some applications (Thomason et al., 1982). I addressed this 

uncertainty in time by designing a circuit that signals the computer when each wavelength 

is scanned. The computer records the time from its internal clock, with a maximum error 

of 0.22 seconds, at each measurement. The wavelength, measurement, and time are 

combined in a file for later analysis. The greatest uncertainty in time is currently the 

computer clock, which is computer dependant. I have provided a means by which time 

can be reset periodically throughout the data collection period without exiting the program 

if necessary. The circuit I added to the LI-1800 is shown in Figure 3.7. 

The circuit requires two inputs from the LI-1800 as well as the parallel port signal 

Initialize Printer (active low). I activate Initialize Printer prior to each scan. This causes 

the counters to reset in preparation for the new scan. The LI-1800 signal at the output 

of U5 Pin 10 causes the monochromator to reset and I have connected it to cause the 

counters to reset as a redundancy measure. The other LI-1800 input, labeled U5 Pin 9 
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Figure 3.7. Schematic of the circuit used to detect spectrometer scan wavelengths. 
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in Figure 3.7, causes ttie monochromator stepper motors to advance one step. The 

counters activate the parallel port Busy signal (active high) when the monochromator is 

aligned at a new wavelength. The computer simply counts the low-to-high transitions on 

the parallel port Busy signal and logs the time at each LI-1800 measurement. 

3.4 Instrument Control 

The instrument I described in the earlier sections, especially the automated version, 

requires computer control. I wrote instrument control software to interface the main 

computer to both the spectrometer and the motion controller. I discuss only those 

portions of software that affect the instrument pointing accuracy, and briefly describe the 

motion control hardware in the following subsections. 

3.4.1 Instrument Control Software 

The automated version of the instrument relies on ephemeris control for solar 

tracking. I use the algorithm given by Meeus (1991) which he states is accurate to within 

0.01°. The stated accuracy exceeds the accuracy of the mechanical system, which is 

sufficient for this instrument. I coded the algorithm, incorporated it into the instrument 

control software, and checked the resultant accuracy with two other sources. My results 

differed by a maximum of 0.011° from those of the Duffet-Smith (1988) algorithm, which 

has roughly the same accuracy as that of the Meeus algorithm. My results differed from 

the results of the United States Naval Observatory (1990) progam MICA, which is 

accurate to within 1 arc-second or 0.00028°, by less than 0.003°. 



3.4.2 Motion Control Hardware 

The motion control hardware I use in this instrument is a commercial package 

from Aerotech, Inc. I selected this package because of the small but accurate stepper 

motors and integral stages available. The stated accuracy of the elevation motor/stage is 

0.06°, while that of the azimuth motor/stage is 0.05°. The resolutions of both motor/stage 

combinations are specified to be I arc second. These accuracies exceed the 0.1° tolerance 

I assigned to the pointing mechanism. There is a danger of using stepper motors in that 

there is no feedback to ensure the motor is in the correct position. I have allowed for that 

eventuality by providing safety stops that prevent the motors from destroying the 

instrument. In addition, the program can be conunanded to return the stages to their 

home positions, after which the pointing should be within the stated accuracy again. 

The motion controller resides on an Industry Standard Architecture (ISA) computer 

board. It is shipped with a C language library which I customized, recompiled, and 

linked into my control program. The program runs on a 486 class computer under MS-

DOS 6.0. The program continuously tracks the sun except when controlling the scanning 

of the spectrometer. It updates the position of the occultor whenever the azimuth or 

elevation position changes by 0.01° or more. The direct solar irradiance is therefore 

blocked during tracking. The program moves the occultor away from the sun only when 

asked to do so, during a global scan for example. This should extend the usable life of 

the sphere by preventing direct irradiance from ultraviolet light. 
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I characterized various different and important aspects of the spectral 

diffuse/global irradiance meter. These characterizations included a dark noise analysis, 

a study of the temperature dependent responsivity of the LI-1800, a linearity analysis, a 

spectral calibration, a characterization of the collector angular response, and an 

investigation of the polarization response. In this chapter, I discuss the calibration 

procedures and results and estimate the uncertainty of the resultant spectral diffuse/global 

irradiance measurements. 

4.1 Dark Noise 

The LI-1800 automatically takes dark readings at the beginning and end of every 

scan. These two readings are compared when the scan is complete and an error signaled 

if they differ by more than 3 mV. The first reading is automatically subtracted from the 

data as the scan is taken. I conducted a dark noise analysis to assess the effectiveness 

of the dark signal subtraction. I collected the data by securing a black anodized 

aluminum protective cover over the entrance port of the sphere and scanning the LI-1800 

from 300 nm to 1100 nm in 10 nm steps. I show a typical dark noise scan in Figure 4.1. 

I calculated the average and standard deviation of 10 dark scans and show the results in 

Figure 4.2. The data plotted in these two figures show that the dark noise generally 
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Figure 4.1. Typical dark scan from 300 nm to 1100 nm, sampled every 10 nm. 
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Figure 4.2. Average and standard deviation spectra from 10 dark scans sampled every 
10 nm from 300 nm to 1100 nm. 
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fluctuates from -1 to 2 digital counts. The dark noise average is below 1 digital count 

and the standard deviation is about I digital count across the spectrum. 

4.2 Responsivity Temperature Dependence 

The responsivity of silicon detectors has long been known to be temperature 

dependent (Sze, 1981). The degree to which the responsivity of each detector type is 

temperature dependent depends on the manufacturing process purity. The LI-1800 uses 

a HUV2000B photodiode manufactured by EG&G, Inc. LI-COR (1989) states that the 

temperature dependence of the LI-1800 is approximately -0.1%/°C at 350 nm, 0.05%/°C 

from 400 nm to 950 nm, 0.5%/°C at 1000 nm, and l-2%/°C at 1100 nm. I investigated 

the temperature dependence of the LI-1800 and developed a method of compensating 

temperature variations. 

I conducted the temperature dependence experiment by placing the LI-1800 in a 

thermoelectrically cooled (or heated) insulated chest. This assured that the temperature 

of the entire instrument could be stabilized at a given temperature. I used the PRT 

epoxied near the detector to monitor the LI-1800 temperature. The air-conditioner for the 

room was also used to lower the temperature of the room because the thermoelectric 

cooler in the ice chest could not sufficiently lower the interior temperature independently. 

I cooled the LI-1800 to 18 °C and brought the temperature up to 43 °C over 6.33 hours, 

sampling the temperature every 30 seconds. The thermoelectric module is much more 

efficient in the heating mode however and raised the temperature of the LI-1800 without 

external assistance. I used a small integrating sphere source with a 30-W halogen bulb 
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and let it stabilize for approximately two hours prior to taking data. Independent tests of 

the integrating sphere source have shown it to be stable to better than 1% over the silicon 

detector region when the room temperature is stable to within ±2 °C. I collected all data 

in this experiment by positioning the fiber optic cable directly in front of the source exit 

port. I collected an LI-1800 scan from 300 nm to 1100 nm, sampled every 1 nm, at 

approximately every 0.5 °C increase in temperature. 

I plotted the normalized output of the LI-1800, relative to the reading at 25 °C, 

against temperature for a number of wavelengths spanning the 300-nm to 1100-nm range. 

Examples of these plots are shown for wavelengths of 440 nm and 1030 nm in Figures 

4.3 and 4.4. The relative responsivity over the 20 °C to 43 °C region depended linearly 

on the temperature. At temperatures below 20 °C, the relative responsivity exhibited 

curvature with temperature, indicating a possible higher order temperature dependance. 

Due to the apparent linear trend from 20 °C to 43 °C, I fit a least-squares line to 

the normalized data for each wavelength. Figure 4.5 shows the slope or temperature 

coefficient of responsivity for all wavelengths. The resulting temperature coefficients 

generally agree quite well with those reported by LI-COR (1989), except at a few 

discontinuities. These discontinuities in the graph at 349 nm, 419 nm, 559 nm, 679 nm, 

776 nm, and 939 nm correspond to wavelengths at which the LI-1800 rotates the filter 

wheel to position a new order-sorting filter in the input light path. The reason for the 

discontinuities is not currently understood. 
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Figure 4.3. Relative responsivity of the LI-1800 and linear fit for the 20 °C to 43 °C 
detector temperature range at 440 nm. The normalization is with respect to the 25 °C 
reading. 
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Figure 4.4. Relative responsivity of the LI-1800 and linear fit for the 20 °C to 43 °C 
detector temperature range at 1030 nm. The normalization is with respect to the 25 °C 
reading. 



83 

u ^-5 

u 
O 1 U 1 
Q. 
B <U 
H 

0.5 

c o o. c/3 (U 
0£ 

(L> > 
0 

a 
<u 
o: -0.5 

200 400 600 800 
Wavelength [nm] 

1000 1200 

Figure 4.5. LI-1800 relative temperature coefficients of responsivity as a function of 
wavelength for the 20 °C to 43 °C range. The normalization was done with respect to 
the 25 °C reading. 

My method of correcting for the effect of temperature on responsivity uses the 

linear fit to the normalized LI-1800 data expressed in equation 4.1: 

R,(T) C,{T,*) 
- a,, fj + b, sfT , (4.1) 

R,(N) C,{N,9) 

where is the responsivity [counts/W] at temperature T [°C], Q is the counts at 

temperature T, and and are the linear regression coefficients valid at wavelength 

k and normalization temperature N [°C], and <I> is the flux [W]. My method assumes that 

the principal effect of a temperature change in the 20 °C to 43 °C range is a linear change 

in the responsivity. I record the wavelength, counts, and time as a part of the regular LI-

1800 data collection routine and have provided a method whereby time and temperature 
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can be recorded as I described in section 3.3. I can then find the counts that would have 

been recorded at the normalization temperature (25 °C) by solving equation 4.1 for C-jJ^N) 

as in equation 4.2: 

C,(JV,«) . . (4.2) 
u b, tjT ''X,N ''A.jv-' 

All data in this dissertation were corrected using this method of temperature correction. 

As emphasized in section 3.3, however, temperature compensation is only necessary if 

non-ratioed data taken at substantially different temperatures are to be compared. Figure 

4.5 gives an indication of the temperature sensitivity as a function of wavelength and the 

extent to which temperature stabilization and/or compensation should be considered when 

using the spectral diffuse/global irradiance meter. Temperature fluctuations should not 

be a problem except at wavelengths beyond 1000 nm, where the responsivity temperature 

dependance increases dramatically. 

4.3 Linearity 

As mentioned in section 4.2, the detector inside the LI-1800 is a HUV2000B 

photodiode and operational amplifier combination. Budde (1979) performed a study of 

silicon photodiodes including diodes from the same manufacturer as the HUV2000B. 

He concluded that diodes similar to the HUV2000B were linear to better than 1% over 

five decades, and that the best devices were linear to better than 0.5% over eight decades. 

I tested the linearity of the LI-1800 by passing light emanating from a fiber optic 

coupled lamp through a series of calibrated neutral density filters. I allowed the lamp to 
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stabilize for approximately two hours prior to collecting data, and stabilized the 

temperature of the LI-ISOO as described in section 3.3. The transmittance of the neutral 

density filters was measured at 1-nm intervals using an Optronic Laboratories model 750-

M-D double grating spectrometer. I averaged the transmittance over the 12-nm FWHM 

bandpasses of the LI-1800 at 610 nm and plotted it with the output of the LI-1800 in 

Figure 4.6. I found the maximum deviation from the regression line to be 6.7%. I 

estimate the uncertainty of the transmittances and the lamp stability to be approximately 

1%. It should be noted that each point in the graph represents a different gain setting 

internal to the LI-1800. The LI-1800 uses a 12-bit analog-to-digital converter and 

decreases the gain by a factor of eight whenever the signal exceeds 2'^ or 4096 counts 

(or increases the gain by a factor of eight when ±e signal is below about 512 counts). 

The resultant digitized signal is then multiplied by eight in software before it is stored. 

This creates a dynamic range of 0 to 2x10® counts, at which point the instrument saturates 

and displays a reading of zero counts. I have calculated the count ranges and listed them 

along with the gain range and relative gain setting in Table 4.1. My measurements under 

actual field conditions generally fall within the gain ranges two and three. Data within 

these two gain ranges should be linear to better than 1%. 

I present additional evidence for the linearity of the LI-1800 over the pertinent 

output range in Chapter 5. There, I show that the diffuse and global irradiance data are 

suitable for use in the Langley method of determining optical depth. The Langley method 

is based on the Beer's law and depends on the linearity of the sensor. 
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Figure 4.6. LI-1800 output counts at 610 nm as a function of neutral density filter 
transmittance. 

Table 4.1. LI-1800 gain ranges, relative gains, and approximate output counts for 
each gain range. 

Gain Relative Approximate LI-1800 
Range Gain Output Counts 

1 512 0 - 4,096 

2 64 4,096 - 32,768 

3 8 32,769 - 262,144 

4 1 262,145 - 2,000,000 
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4.4 Spectral Response 

I evaluated the spectral response of the LI-1800 using three different sources: a 

mercury-argon atonaic line source, a helium-neon laser, and the output of the double 

monochromator described in section 4.3, which has a specified wavelength accuracy of 

0.05% of the wavelength, set to a 0.5 nm FuU-Width-at-Half-Maximum (FWHM) 

bandpass. The LI-1800 was set to scan the 300 nm to 1100 nm range in 1-nm steps in 

order to maximize the spectral sampling in each of the measurements. 

I identified five distinct lines in the Mercury-Argon source and compared the peak 

wavelengths with standard emission wavelengths. Table 4.2 lists these data. All 

identified peaks agreed with the emission wavelengths within 1.1 nm. The measured 

spectra of the Mercury-Argon source is shown in Figure 4.7. The peaks in Figure 4.7 that 

Table 4.2. Mercury-Argon standard emission and peak measured wavelengths. 

LI-1800 Peak 
Wavelength Emission Wavelength 

[nm] [nm] 

313 312.57 & 313.17 

366 365.02 & 365.48 

405 404.66 

547 546.07 

1015 1013.98 
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Figure 4.7. Mercury-Argon emission spectra as measured by the LI-1800. 

are not listed in Table 4.2 are composed of multiple emission lines and are not useful for 

calibrations. 

I found the peak measured wavelengths and FWHM bandwidths of the laser and 

the double grating monochromator measurements as well as the center wavelengths and 

bandpasses using the moments method of Palmer (1984). The peak wavelength of the 

laser was 633 nm with a 12-nm FWHM bandpass, and a center wavelength of 632.87 nm 

with a bandpass of 15.31 nm. The peak wavelengths, center wavelengths, bandpasses, 

and monochromator wavelengths are shown in Table 4.3. The FWHM bandpasses varied 

from 11 nm to 12 nm, in agreement with the 12-nm FWHM bandpass stated by LI-COR 

(1989). All peak and center wavelengths agreed within 0.8 nm and were within 2 nm of 
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the monochromator output wavelengths. The measured spectrum of the laser and the 

monochromator at 622 nm are shown in Figures 4.8 and 4.9 respectively. 

Table 4.3. Monochromator set wavelengths and LI-18(X) peak wavelengths, FWHM 
bandpasses, center wavelengths, and moments bandpasses. 

Monochromator 
Wavelength 

[nm] 

Peak 
Wavelength 

[nm] 

FWHM 
Bandpass 

[nm] 

Center 
Wavelength 

[nm] 

Moments 
Bandpass 

[nm] 

450 450 11 450.24 15.40 

567 568 11 567.48 14.76 

622 623 12 622.51 15.29 

670 671 11 670.77 14.81 

750 751 12 751.05 14.81 

827 829 12 828.2 15.03 

985 987 11 968.56 14.07 

1050 1052 11 1051.87 13.97 
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Figure 4.8. Helium-Neon laser spectra as measured by the LI-1800 
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Figure 4.9. Monochromator output set to 622 nm as measured by the LI-1800. 
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4.5 Angular Response Characterization 

I discussed lliree possible knife-edges for the conically baffled integrating sphere 

in Chapter 3. I also presented the zenith angle characterization results for each knife-edge 

and indicated that the Duraflect® knife-edge performed better than the other two options. 

In this chapter, I discuss only the characterization of the Duraflect® knife edge. I 

performed two separate zenith angle characterizations of the conically baffled integrating 

sphere with the Duraflect® knife edge, one in the laboratory, and one in the field. The 

laboratory measurements also included an azimuth angle characterization. I discuss the 

laboratory and field measurements and results in the following subsections. I also 

compare the measurements to the model results and give a method of fitting the data to 

a cosine series so that the sphere response can be evaluated at any angle. 

4.5.1 Laboratorv Characterization 

I used a 15.24-cm diameter integrating sphere with a 125-W halogen bulb and 

aligned it with a 15.24-cm diameter F/4 off-axis parabolic collimator to produce an output 

beam with a divergence of approximately 1.2°. I allowed the lamp to stabilize for 

approximately 2 hours prior to making any measurements. This setup produced a 

horizontally propagating collimated beam with a fairly uniform irradiance distribution 

across its diameter. I turned the integrating sphere-based cosine collector on its side and 

aligned the entrance port normal to and in the center of the collimated beam. I adjusted 

the collector such that it could be rotated about a vertical axis through the center of the 

entrance port and made measurements every 2.5° in zenith angle from 0° through 90°. 
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All measurements were taken under the temperature stabilized conditions I discuss in 

section 3.3. I also recorded the detector temperature every five minutes and corrected the 

data for temperature fluctuations during the measurement period. I normalized the 

temperature corrected output of the LI-1800 relative to the reading at 45° and plotted the 

results for 610 nm and 870 nm in Figures 4.10 and 4.11 along with the model results. 

The data in these figures have been divided by the cosine of the zenith angle. Therefore, 

the sphere response should be unity and flat for a true cosine collector. I found that the 

laboratory and model results agreed to within 4.0% for zenith angles in the 0° to 70° 

range over all wavelengths. The discrepancy increased to 13% at 80° where the model 

assumptions of a perfect knife-edge and a lambertian reflectance are poorer. The 

agreement of the measurements with the model verify the model theory and procedure 

and show that the model can be used to design integrating spheres. I estimate the 

uncertainty of the measurements to be approximately 1% over the 0° to 75° degree range 

due to source uncertainty, aligiunent uncertainty, and LI-1800 measurement error. The 

uncertainty increased with zenith angle to 3% at 80° degrees due to the decrease in signal. 

I also measured the azimuth response at zenith angles of 30° and 60°. I 

accomplished the measurements by fixing the zenith angle and rotating the sphere at 60° 

intervals in azimuth. The results are plotted for 610 nm and 870 nm in Figure 4.12. 

These results show that the sphere response is uniform in azimuth to within 1%. 
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Figure 4.10. Normalized sphere response for 610 nm and 870 nm measured in the 
laboratory and per the model. 
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Figure 4.11. Magnified view of the normalized sphere response for 610 nm and 870 
nm measured in the laboratory and per the model. 



94 

1.05 
1.04 

„ 1.03 
C/3 , _ _ 

= 1.02 

g" 1.01 
cc 1 
u 

0.99 
I 0.98 

0.97 
0.96 
0.95 

0 100 200 300 400 
Azimuth Angle [Deg] 

—610 nm, 30 deg — 870 nm, 30 deg 

— 610 nm, 60 deg 870 nm, 60 deg 

Figure 4.12. Azimuth sphere response at 610 nm and 870 nm measured at zenith 
angles of 30° and 60° in the laboratory. 

4.5.2 Field Characterization 

I designed a diffuse light shield for the integrating sphere to permit only the direct 

solar irradiance to enter the sphere entrance port. The shield attaches to an altitude-

azimuth mount and has an alignment port to allow the user to quickly and easily align the 

inbound direct solar irradiance with the sphere entrance port. I collected temperature 

stabilized direct solar irradiance data using the diffuse light shield and sphere throughout 

the morning of September 12, 1996 at White Sands Missile Range (WSMR), New 

Mexico. In addition, solar extinction measurements were made with a ten-chaimel solar 

radiometer, as well as barometric pressure, temperature, and relative humidity. 

The extinction measurements and the other meteorological measurements were 

used to find the atmospheric optical depth throughout the day using the Langley plot 
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method (Biggar et al., 1990). I calculated the transmittance of the atmosphere using the 

average of the nearest four optical depth data points and the air mass associated with the 

solar zenith angle for each measurement (Kasten and Young, 1989). I corrected the LI-

1800 data for transmittance changes and temperature variations at each data point. Once 

again, I divided the data by the cosine of the solar zenith angle and normalized the data 

to the measurement at 45°. I plotted the results for 610 nm and 870 nm in Figures 4.13 

and 4.14 along with the model results. The minimum solar zenith angle for September 

6, 1996 was approximately 26.8°. Therefore, no data are available for zenith angles 

smaller than 26.8°. The data for all wavelengths are within 3.2% of the model results for 

zenith angles in the 0° to 70° range but the deviation increases to 13.2% at 80°, where the 

model assumptions are less valid. The uncertainty associated with these data is 

approximately 3%. 

4.5.3 Comparison of the model, laboratory, and field characterizations 

I have plotted the normalized model computations and the laboratory and field 

measurements as a function of zenith angle in Figure 4.15 for 610 nm and Figure 4.16 

for 870 nm. The plots appear very much the same from zenith angles of 0° to 

approximately 27°. The model is consistently lower than the laboratory measurements 

over this range of angles, with a peak deviation of about 2%. The reason for the peaked 

behavior of the model was discussed in section 2.3.2. The inbound irradiance is largely 
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Figure 4.13. Normalized sphere response for 610 nm and 870 nm measured in the 
field and per the model. 
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Figure 4.14. Magnified view of the normalized sphere response for 610 nm and 870 
nm measured in the field and per the model. 
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Figure 4.15. Model, laboratory, and field relative sphere responses at 610 nm. 
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Figure 4.16. Model, laboratory, and field relative sphere responses at 870 nm. 
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intercepted by tiie cone at these input angles. I suspect that the steep cone angle and the 

non-Iambertian bidirectional reflectance of Spectralon® combine to produce a slight 

increase in irradiance below the bottom of the cone, leading to the increase in response. 

The field data differ from both the model and the laboratory measurements over 

the 27° to 40° zenith angle range. The laboratory response is high at 27° but is within 

0.5% of the model at 35°. The field measurements fall below the other two data sets by 

about 2% at 35°. This discrepancy is partially explained by the temporal variability of 

the total optical depth at the time the field data was acquired. Figure 4.17 shows a plot 

of the total optical depth versus solar zenith angle as retrieved from extinction 

measurements made with a well-characterized solar radiometer. The figure illustrates the 

increase in the variability of the optical depth with decreasing solar zenith angles. The 

variability is especially significant since the solar radiometer and the sphere measurements 

may differ by as much as 45 seconds. As I mentioned previously, an average of the 

closest four optical depth points was taken in order to minimize the instability effect. I 

calculated the optical depth change that would cause a 2% deviation such as that found 

at 35° (air mass 1.22), and found it to be 0.011. I also calculated the standard deviation 

of the four optical depth points surrounding 35° and found it to be 0.006. Therefore, as 

much as half of the difference could easily be attributed to the lack of precision in optical 

depth. 

The measurements continue to be within about 1% of'each other out to zenith 

angles of 70°, where a difference between the two plots is noticeable. The 610 nm 
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Figure 4.17. Total optical depth at 608.5 nm for refracted solar zenith angles of 26.8° 
through 82,3° as measured by a well characterized solar radiometer. 

laboratory data are slightly lower than the field data but the 870 nm laboratory data are 

4.5% below the field data at 80°. I am uncertain what the cause of the discrepancy is but 

I have more confidence in the field data than the laboratory data at these zenith angles. 

There are two reasons for my greater confidence: first, the source is the same as that 

used in actual data collection, and second, the sphere is in the correct orientation. In 

addition. Figure 4.17 shows that the total optical depth did not vary rapidly in time at the 

larger solar zenith angles. 

4.5.4 Angular Response Fit 

A periodic square wave centered about the y axis can be accurately described 

using a Fourier series. The only non-zero coefficients in the series will be those 

corresponding to the cosine terms because the wave form is an even function. If the 



100 

response curves of Figure 4.10 are reflected about the y axis and repUcated at periodic 

intervals along the x axis, the resulting wave form approximates a square wave. 

Therefore, these response curves can also be described using a cosine series. 

I combined the laboratory and field data sets and edited the resulting data file to 

remove questionable data points. I removed six laboratory data points at zenith angles 

greater than 72.5° and approximately 20 field data points at zenith angles in the 27° to 

40° region. I experimented with various cosine series fits and settled on an 11-term 

cosine series fit, the coefficients of which were found using the least-squares method 

given by Press et al. (1988). I plotted the 870 nm laboratory and field data sets, along 

with the cosine series fit in Figure 4.18. I found that the 11-term cosine series agreed 

with the data used to construct the fit within 0.8% in all cases. 
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Figure 4.18. Combined laboratory and field sphere response with the cosine series fit 

The integrating sphere and optical fiber used in the instrument are both 

depolarizing elements. Therefore, the resultant instrument can be expected to be 

polarization insensitive. I measured the polarization response, however, as a check on the 

instrument polarization sensitivity. 

I used the same basic laboratory setup described in section 4.5.1 to investigate the 

polarization sensitivity of the sphere and fiber combination. My measurements, and those 

of an independent trap-configuration radiometer, revealed that the reflected light from the 

off-axis collimator polarizes the resultant beam anywhere from 0.25% to 1.5%, depending 

on the wavelength. I made measurements of both parallel and perpendicular polarized 

beams at zenith angle intervals of 15°, starting at a zenith angle of 0° and ending at 75°. 

at 870 nm. 

4.6 Polarization Response 
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After correcting for the polarization induced effect of the incident beam, I found the 

instrument sensitivity to polarization to be less than 0.5%, which is about the uncertainty 

associated with the experimental setup. 

4.7 Calibration Uncertainty 

The overall uncertainty in the instrument calibration can be estimated by 

appropriately summing the uncertainties discussed in the preceding sections. In this 

section, I summarize the noise contribution sources and estimate the overall calibration 

uncertainty. 

The dark noise associated with the instrument directly affects the measurements. 

As shown in section 4.1, the uncertainty due to noise can be estimated as one digital 

count. I have found that minimum signal levels in the field are well above 10^ digital 

counts, making the noise uncertainty estimate 0.1%. 

The uncertainty associated with the temperature dependent responsivity is 

substantially reduced by ratioing. I have found that the detector temperature is stable to 

within 0.1 °C over the measurement period. The responsivity temperature coefficient at 

1100 nm, which is the worst case scenario, is less than 2%/ °C. The temperature effect 

uncertainty is therefore less than 0.2%. 

The uncertainty associated with the linearity of the instmment over the usable data 

range is less than 1%. In addition, the worst case digitization error over all gain ranges 

is approximately 1 count out of 500, or 0.2% (Wurm, 1996). 



103 

There are two uncertainties associated with the spectral calibration: the out-of-

band response and the uncertainty of the center wavelength. I simulated these two effects 

on the diffuse/global ratio using the spectral calibration data of section 4.4 and measured 

data representative of calibration conditions at WSMR. The data were taken December 

16, 1996. Optical depths were derived and a Junge parameter estimated for the aerosol 

size distribution. The resulting optical depths at 400 nm, for example, were 0.3138 

(molecular), 0.0224 (aerosol), and the Junge parameter was 2.54. A ground reflectance 

of 0.386 was also measured at 400 nm. I describe the experimental conditions and results 

fully in Chapter 5. I ran a version of the radiative transfer code described by Herman and 

Browning (1965) to find the effects of the out-of-band response on the diffuse/global 

ratio. I used an in-band to out-of-band rejection ratio of 10^, which I measured at 633 

nm, and a solar zenith angle of 63°. I show the resulting out-of-band error as a function 

of center wavelength in Figure 4.19. The maximum error of 0.46% occurred at 1100 nm. 

The uncertainty in center wavelength is also spectrally dependent, with the greater effect 

generally occurring at shorter wavelengths due to the lA,'* dependence of molecular 

scattering. The effect also increases near absorption bands. The results of section 4.4 

show the uncertainty in the center wavelength of the spectrometer to be approximately 

1 nm. I investigated the effect of a band shift of 1 nm using the same data used in the 

out-of-band analysis and found the greatest effect to be 0.7% at 350 nm. I used 0.5% and 

0.7% as the out-of-band and band shift spectral uncertainty estimates. 
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Figure 4.19. The wavelength dependent error due to an out-of-band response using an 
in-band to out-of band ratio of 10^. 

After questionable data points are removed, the cosine series fit is generally within 

1% of the laboratory and field angular characterization data sets from zenith angles of 0° 

to 75°. The discrepancy, in percent, increases dramatically at larger zenith angles because 

the sphere response begins to drop rapidly. A correction of the direct solar irradiance 

accurate to 1% can therefore be made over the 0° to 75° restricted zenith-angle range. 

An error is also incurred in the measurement of the diffuse signal due to the 

imperfect cosine response of the sphere. I simulated the effect of this imperfection using 

the radiative transfer code and atmospheric conditions mentioned above. The code 

produced an estimate of the downwelling diffuse radiance field at the surface, which I 

weighted by the sphere response at the appropriate zenith angle and integrated. I found 

the error due to the imperfect cosine response of the sphere to be approximately 1.5% at 
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1000 nm and a solar zenith angle of 30°, where the sphere response is peaked. This 

assumes no obscuration of the diffuse radiance field however. 

Biggar (1990) described a method for correcting the diffuse/global irradiance 

measurement for the diffuse irradiance blocked by the occultor when blocking the direct 

solar beam. He also modeled the blocked diffuse irradiance using the successive orders 

of scattering radiative transfer code (Deuze et al., 1989). He found that the approximate 

correction introduces a 2% uncertainty into the diffuse/global irradiance measurement. 

I use this same correction method and apply the same uncertainty estimate. 

One other possible uncertainty source is the azimuthal symmetry uncertainty in the 

sphere. I reported that the sphere azimuthal uniformity was 1% or better in section 4.5. 

I described the polarization characterization in section 4.6. As indicated there, the 

uncertainty associated with the polarization response is 0.5%. 

The assumption of independent error or uncertainty sources allows the final 

uncertainty to be calculated by summing each of the above uncertainties in a root-mean-

square sense. I calculated the total calibration uncertainty to be 3.2% by carrying out this 

summation. The results are listed in Table 4.4. 



Table 4.4. Uncertainty sources and total uncertainty estimate for the diffuse/global 
irradiance meter. 

Uncertainty Source 
Uncertainty 

[%] 

Dark Noise 0.1 

Temperate Dependent Responsivity 0.2 

Linearity 1.0 

Digitization 0.2 

Out-of-Band Response 0.5 

Band Shift 0.7 

Imperfect Direct Irradiance Correction 1.0 

Imperfect Diffuse Irradiance Integration 1.5 

Blocked Diffuse Irradiance 2.0 

Azimuthal Asymmetry 1.0 

Polarization Response 0.5 

Total 3.2 
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In this chapter, I describe the field implementation of the spectral diffuse/global 

irradiance meter. I describe an experiment in which diffuse/global irradiance data were 

collected by the diffuse/global irradiance meter. These measurements were in addition 

to the other traditional measurements associated with satellite sensor calibration (Slater 

et al., 1996). I describe the data processing in this chapter. I show optical depths derived 

from the diffuse/global meter and from a solar radiometer and compare them. I show 

results of diffuse/global irradiance measurements made using the diffuse/global meter and 

those made using the radiometer-panel-parasol method. I compare these two data sets, 

and compare them with radiative transfer code estimates of the diffuse/global irradiance. 

I also compute radiances at the Top Of the Atmosphere (TOA), relative to the 

exoatmospheric solar irradiance, using the reflectance-based and irradiance- or improved 

reflectance-based methods (Biggar et al., 1991). 

5.1 Experiment Description 

The data were collected on 1996-12-16 at Chuck Site on the White Sands Missile 

Range, New Mexico. In addition to the diffuse/global data taken using the two methods 

described above, these data included extinction measurements made with a ten channel 

solar radiometer, barometric pressure, temperature, relative humidity, and surface 
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Table 5.1. Meteorological conditions at White Sands Missile Range, New Mexico on 
1996-12-16 at 10:00 Mountain Standard Time. 

Average Pressure 884 mbar 

Relative Humidity 34 % 

Temperature -3.4 ° C 

Wind Speed < 2 knots 

Visibility > 100 km 

reflectance. The day was cold and exceptionally clear, with visibility greater than 100 

km. I summarize the meteorological conditions in Table 5.1. 

Extinction measurements began at approximately air mass 7.5 and continued 

through solar noon at air mass 1.8 (zenith angle of 56.24°). Diffuse and global irradiance 

measurements were also made over the same air mass range. The diffuse/global meter 

data were taken under temperature stabilized conditions described previously. The 

measurements extended from 300 nm to 1100 nm, sampled every 10 nm. Diffuse and 

global measurements were made using the parasol method following each diffuse/global 

meter measurement series. The data sequence followed in the parasol method involved 

taking approximately five global or unobstructed panel measurements, occulting the sun 

with the parasol and taking five diffuse measurements, followed by five more global 

measurements. These measurements were made with a four channel Exotech radiometer 

with filters corresponding to Landsat TM band 1 (TM-1) and SPOT HRV camera bands 
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1 (XS-1), 2 (XS-2), and 3 (XS-3). The radiometer FOV was set to 1° and the radiometer 

was positioned to view a leveled barium sulfate panel (Remote Sensing Group panel #3) 

at nadir. 

Surface reflectance measurements were made twice during the day. The first set 

of measurements corresponded to an actual overpass of Landsat 5 at 10:01:39 Mountain 

Standard Time (MST) at a view angle of 0.2° off nadir and 104.0° in azimuth. The 

second set of measurements corresponded to a convenient fictitious overpass of a SPOT 

satellite at 12:01:22 MST at a view angle of 30.0° off nadir and 104.0° in azimuth. All 

reflectance measurements were made with a fiber optic-coupled spectrometer (ASD 

FieldSpec FR) covering 300 nm to 2500 nm, with a maximum sampling interval of 2 nm. 

The bandpass of the reflectance spectrometer was approximately 10 run. 

5.2 Data Processing 

Due to the instrumentation requirements of the diffuse/global meter and the 

Exotech radiometer, each data set was processed in a slightly different way. I describe 

the data processing path, which is similar to that used successftiUy by Biggar (1990), for 

both measurement methods below. The processing associated with the solar radiometer 

is described by Biggar et al. (1990). 

5.2.1 Spectral Diffuse/Global Inadiance Meter 

The dark signal is automatically subtracted from the data collected by the 

spectrometer used in the diffiise/global irradiance meter. Therefore, I made no attempt 

to correct for dark signal offsets. The instrument was operated in temperature stabilized 
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conditions and the spectral bands of interest all fell within the spectral region having the 

lowest temperature coefficient of responsivity (400 nm to 900 nm). Even so, I corrected 

the data for detector temperature variations. 

The diffuse/global meter makes separate scans of first the diffuse and then the 

global irradiance. I computed the air mass associated with each diffuse and global data 

point and used linear interpolation in air mass to find the diffuse irradiance at the time 

each global irradiance measurement was taken. I subtracted this interpolated diffuse 

measurement from the global measurement to find the direct irradiance, which I corrected 

by dividing by the relative sphere response at the appropriate solar zenith angle. I 

calculated optical depths using the Langley method. I added the corrected direct 

irradiance to the diffuse irradiance to obtain a more accurate global irradiance estimate. 

The measured diffuse irradiance component is in error in the above estimates 

because some of the forward scatter portion of the diffuse radiance field is blocked along 

with the direct solar irradiance. This blocked radiance is mainly due to primary scattering 

and can be estimated. Bartell (1987) and Biggar (1990) present the theory behind the 

primary scattering correction. In sunmiary, the blocked diffuse irradiance is 

approximated by the normalized integral of the scattering phase function over the 

solid angle blocked by the occultor, multiplied by the atmospheric transmittance, 

exoatmospheric solar irradiance (Ei„c), and the optical depth (8) as shown in equation 5.1; 
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(5.1) 

where is the cosine of the angle blocked by the occultor. Equation 5.1 is appropriate 

for small occultor angles (Marfoie) I show the final correction equation given by Biggar 

(1990) in equation 5.2: 

where a* is the corrected diffiise/global irradiance ratio, a is the measured diffuse/global 

irradiance ratio, 6 is the optical depth, is the cosine of the solar zenith angle, and A 

is the integral of the scattering phase function over the solid angle subtended by the 

occultor. I corrected each diffuse/global data point using this correction method. The 

correction changed measurement results by less than 5% in all cases. 

5.2.2 Radiometer-Panel-Parasol 

I subtracted the average dark signal reading from the Exotech radiometer 

measurements but attempted no temperature correction as no temperature data are 

available from this instrument. It should be noted that the effect of temperature 

fluctuations should be small over the spectral bands of interest. The data collected using 

this method involves pre-diffuse and post-diffiise global irradiance readings. I averaged 

these readings and subtracted them from the average of the diffuse readings to give an 

a 

a + 

1 + 

M 
M 

(5.2) 
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estimate of the direct irradiance. I corrected this direct irradiance for the nonlambertian 

reflectance of the panel at the appropriate solar zenith angle. I used this revised direct 

irradiance to calculate an initial diffuse/global irradiance estimate. Once again, I 

corrected the initial diffuse/global irradiance estimate for the blocked component of the 

diffuse irradiance using the method described above. 

5.3 Langley Plots and Optical Depths 

I used the direct solar irradiance derived from the diffuse and global irradiance 

measurements of the diffuse/global meter in the Langley plot method to determine optical 

depths as described in section 5.2.1. Optical depths were also found using data from a 

ten channel solar radiometer (Biggar et al., 1990). I used only data corresponding to air 

mass values between approximately 2.0 and 4.0 in the comparison with the solar 

radiometer. I fixed the upper limit to avoid using data at solar zenith angles greater than 

75° where there is a greater uncertainty in the angular response of the sphere. The lower 

limit of 2.0 was fixed because the atmosphere began to demonstrate instability. The solar 

radiometer data were also limited for the comparison. I show the center wavelengths for 

the ten charmel radiometer and the comparison diffuse/global meter wavelengths in Table 

5.2. The nominal bandpass of the filters used in the solar radiometer was 10 nm. The 

bandpass of the diffuse/global meter was found to be approximately 12 nm in section 4.3. 

The solar radiometer channel nine is centered at 938.3 nm, which is within a water vapor 

absorption region. Therefore, the data from the diffuse/global meter and the solar 

radiometer were not compared at this wavelength. 
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I show an example Langley plot made from data taken with channel 3 of the solar 

radiometer in Figure 5.1 and the diffuse/global meter at 440 nm in Figure 5.2. Similar 

plots for the radiometer channel 8 and 870 nm are shown in Figures 5.3 and 5.4 

respectively. The morning atmospheric conditions appear to be favorable for the Langley 

plot method as can be seen in these figures. I show the total optical depths retrieved from 

the nine channels of the solar radiometer and the corresponding comparison wavelengths 

from the diffuse/global meter in Figure 5.5. I show the differences between the optical 

depths derived from the two instruments in Figure 5.6. As seen there, the diffuse/global 

meter duplicated the optical depths retrieved from the solar radiometer within 0.008. 
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Table 5.2. Ten channel solar radiometer center wavelengths and comparison spectral 
diffuse/global irradiance meter center wavelengths. 

Channel 

Ten Channel 
Solar Radiometer 

Center 
Wavelength 

[nm] 

Diffuse/Global Meter 
Comparison 
Wavelength 

[nm] 

I 368.9 370 

2 399.1 400 

3 440.0 440 

4 518.6 520 

5 608.5 610 

6 669.0 670 

7 779.7 780 

8 869.8 870 

9 938.3 N/A 

10 1027.2 1030 
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Figure 5.1. Solar radiometer channel 3 (Xt=440.0 nm) Langley plot. 
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Figure 5.2. Diffuse/global meter Langley plot at 440 nm. 
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Figure 5.3. Solar radiometer channel 8 (X(.=869.8 nm) Langley plot. 
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Figure 5.4. Diffuse/global meter Langley plot at 870 nm. 
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Figure 5.5. Solar radiometer and diffuse/global meter derived optical depths. 

0.01 

a -0.005 
O 

-0.01 
200 400 600 800 

Wavelength [nm] 
1000 1200 

Figure 5.6. Solar radiometer and diffuse/global meter optical depth differences. 
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5.4 Diffuse/Global Irradiance Measurements and Estimates 

I calculated the diffuse/global irradiance throughout the data collection period 

using the diffuse/global meter data as explained in section 5.2.1 for six wavelengths. 

Four of the six wavelengths correspond to the center wavelengths of the first four TM 

bands. The remaining two correspond to filters in the Exotech radiometer, which are 

similar to the HRV cameras on the SPOT satellites. The measurements at 490 nm and 

840 nm correspond to both a TM band and an Exotech radiometer band. I list the filter 

characteristics of the TM and the Exotech radiometer as found using the moments method 

in Table 5.3 (Palmer, 1984). I also list the comparison wavelengths of the diffiise/global 

meter in Table 5.3. 

I plotted the diffuse/global irradiance as measured by the diffuse/global meter for 

the four wavelengths corresponding to the Exotech bands in Figure 5.7. I also found the 

diffuse/global irradiance for the Exotech radiometer throughout the data collection period 

as explained in section 5.2.2. The Exotech data are plotted on the same scale in Figure 

5.8. 

The first three curves are similar, both in magnitude and in slope. They are 

generally within 6% of each other except at outlying points such as the XS-2 data at air 

mass 6. The last two curves, 840 nm and XS-3, differ significantly. The diffuse/global 

irradiance for die XS-3 band is 66.6% greater than the 840 nm measurement at an 

apparent solar zenith angle of 56.24°. The broader bandwidth of the XS-3 band compared 
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Table 5.3. TM and Exotech radiometer filter characteristics and diffuse/global meter 
comparison wavelengths. 

Filter Characteristics Diffuse/Global 
Meter 

[nm] 
Band A., 

[nm] [nm] [nm] 
AA, 

[nm] 

Diffuse/Global 
Meter 

[nm] 

TM-1 451.3 521.4 486.3 70.1 490 

TM-2 526.2 615.0 570.6 88.9 570 

TM-3 622.6 698.8 660.7 76.2 660 

TM-4 771.0 905.3 838.2 134.3 840 

Exotech 
TM-1 452.5 522.4 487.4 70.0 840 

Exotech 
XS-1 503.5 584.3 543.9 80.7 540 

Exotech 
XS-2 602.1 686.1 644.1 84.0 640 

Exotech 
XS-3 783.1 900.4 841.7 117.3 840 

to the 840 nm measurement, coupled with the water vapor absorption within the band, 

will affect the ratio but would probably not cause the magnitude change observed in the 

measurements. I investigated the possibility of out-of-band leakage by the filter but the 

spectral transmittance curve shows no evidence of an out-of-band leak. I suspect that 

either the wrong lens was installed in the Exotech channel D, allowing it to view more 

area than was filled by the panel, or an improper filter combination was used. Either of 
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Figure 5.7. Diffuse/global meter measurements of the diffuse/global irradiance. 
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Figure 5.8. Exotech radiometer-panel-parasol diffuse/global irradiance measurements. 
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these errors could cause discrepancies of the magnitude observed in the data. There 

could, of course, be an instrumentation error in the diffuse/global meter but this seems 

unlikely given the agreement of the first three bands. 

In addition to the above measurements, I modeled the diffuse/global irradiance at 

each of the diffuse/global comparison wavelengths using a version of the radiative transfer 

code described by Herman and Browning (1965). I used the optical depths retrieved from 

the solar radiometer data and the reflectance measured at the site as inputs to the code. 

I used a Junge aerosol size distribution with parameter 2.54, also found from the solar 

extinction measurements. I assumed a lower size Umit of 0.01 ^m and an upper size limit 

of 10.0 ^m for the aerosols, and a complex index of refraction of 1.44 + i0.005 as is 

customarily done with satellite calibrations performed by the Remote Sensing Group. I 

list the optical depths and surface reflectances associated with the six wavelengths of 

interest here in Table 5.4. Using these inputs, I ran the radiative transfer code to estimate 

the diffuse/global irradiance measurements at the two solar zenith angles corresponding 

to the satellite overpasses described in section 5.1. I plotted the output of the code along 

with the measurement results in Figures 5.9 and 5.10. 

Figures 5.9 and 5.10 shows that the estimates of the radiative transfer code differ 

from the measurements. In an effort to find the source of the discrepancy, I varied each 

input to the radiative transfer code to ascertain its effect on the diffuse/global irradiance. 

The general effect of the inputs is described by King and Herman (1979). I reasoned that 
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Table 5.4. Optical depths derived from the solar radiometer extinction measurements 
and surface reflectance measurements. 

Wavelength 
[nm] 

Aerosol 
Optical 
Depth 

Molecular 
Optical 
Depth 

Ozone 
Optical 
Depth 

Surface 
Reflectance 

490 (TM-1) 0.0201 0.1359 0.0050 0.480 

540 (XS-1) 0.0199 0.0910 0.0170 0.537 

570 (TM-2) 0.0185 0.0733 0.0274 0.559 

640 (XS-2) 0.0181 0.0456 0.0171 0.592 

660 (TM-3) 0.0171 0.0404 0.0123 0.593 

840 (TM-4) 
840 (XS-3) 

0.0150 
0.0156 

0.0152 
0.0152 

0.0000 
0.0000 

0.636 
0.643 

the reflectance measurements were reasonably accurate in this case but that I may have 

incurred an error in our estimate of the aerosol optical depths and in my estimate of the 

imaginary part of the aerosol index of refraction. Assuming an error of 2% in the 

extinction measurements, which is certainly within reason, and attributing all the error to 

the aerosol optical depth, I found that the aerosol optical depth could vary by 46% from 

the retrieved value at 490 nm. I therefore divided the aerosol optical depth by two and 

varied the remaining inputs until the code produced an estimate that was within 

approximately 5% of the diffuse/global meter measurement at 490 nm and a solar zenith 

angle of 63.1°. The altered inputs include an aerosol optical depth of 0.01, a Junge 

parameter of 3.54, and an imaginary index of refraction of 0.025. 
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Figure 5.9. Spectral diffuse/global irradiance meter and radiometer-panel-parasol 
method diffuse/global irradiance measurements with corresponding radiative transfer 
estimates at a solar zenith angle of 63.1°. 
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Figure 5.10. Spectral diffuse/global irradiance meter and radiometer-panel-parasol 
method diffuse/global irradiance measurements with corresponding radiative transfer 
estimates at a solar zenith angle of 56.2°. 
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I extrapolated the aerosol optical depth at 490 run to optical depths at the other 

wavelengths using an angstrom turbidity coefficient of 1.54, corresponding to the above 

Junge parameter. I left the Junge parameter at 3.54 and the imaginary index at 0.025 and 

ran the radiative transfer code again for the previous cases. These inputs gave results that 

were within 5% of the diffuse/global meter measurements at the other three wavelengths 

of interest at a solar zenith angle of 63.1°. I repeated the computations for the 

wavelengths of interest at a solar zenith angle of 56.24° and found the results to agree 

with the diffuse/global meter measurements within 5.6% except at 840 nm which differed 

from the diffuse/global meter measurement by 8.4%. I wish to emphasize here that I am 

not suggesting that these are the actual atmospheric descriptors, I am only giving an 

indication of the direction and magnitude the actual parameters would have to move in 

order to get better agreement with the diffuse/global measurements. 

I also looked at instrument effects in an attempt to find the source of the 

discrepancy. I integrated the diffuse radiance field produced by the radiative transfer code 

at 490 nm multiplied by the angular response of the sphere and found the non-cosine 

response of the sphere contributed an error on the order of 1%. This error is within the 

estimate given in Chapter 4 and is much lower than the 17% difference between the 

diffuse/global meter measurement and the code estimate. All other instrumental effects 

were consistent with the discussions in the preceding chapters. 
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5^ Relative Radiances 

I briefly described three methods used to estimate the TOA relative radiance in 

Chapter 1. These methods are described in detail by Slater et al. (1996) and Biggar et 

al. (1991). The reflectance-based and irradiance- or improved reflectance-based methods 

were used to estimate the TOA relative radiances at wavelengths corresponding to the 

first four TM bands as well as the HRV bands. The TM estimates were made for an 

overpass of Landsat 5 at 10:01:39 MST with an view angle of 0.2° off nadir and 104.0° 

in azimuth. The HRV estimates were made for a convenient fictitious overpass of a 

SPOT satellite at 12:01:22 MST with a view angle of 30.0° off nadir and 104.0° in 

azimuth. 

The inputs to the radiative transfer code used in the reflectance-based method are 

listed in section 5.4. I show the results of the computations for the TM wavelengths in 

Table 5.5 and the HRV wavelengths in Table 5.6. The irradiance-based method requires 

that the apparent reflectance be estimated using equation 5.3. (Biggar, 1990): 

^ s—p(i-ps)-2— , (S-S) 
'  ~®v 

where p' is the apparent reflectance at the view zenith 9, and azimuth (j), angles and solar 

zenith 0, and azimuth (j)i angles, is the intrinsic atmospheric reflectance, s is the 

spherical albedo of the atmosphere, 6 is the optical depth, m, is the air mass at 0„ m, is 

the air mass at 0^, a, is the measured diffuse/global irradiance at 0,, and (X^ is the 
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measured diffuse/global irradiance at 0,. Since the solar zenith angle did not reach either 

the TM or simulated SPOT 0, at WSMR on 1996-12-16,1 used a least squares linear fit 

to the data to extrapolate the ratio to the required air mass values. The variables and 

s were estimated using the 6S radiative transfer code (Vermote et al., 1995). I calculated 

the relative radiance (LJOA^^WC) from p* using equation 5.4. 

tjQj _ p'coaCep 

The resulting relative radiances are shown in Tables 5.5 and 5.6 for the TM and HRV 

wavelengths, respectively. 

As shown in the tables, the maximum error between the two methods was 5.1%. 

The agreement generally improved with longer wavelengths, where the atmosphere 

contributes a lower relative signal compared with the directly reflected radiance. I would 

like to point out that the diffuse/global irradiance values are quite low. This small ratio 

is subtracted from 1 in equation 5.3. Therefore, a substantial change in the diffuse/global 

irradiance ratio has a reduced affect on the apparent reflectance, and hence the relative 

radiance. A 20% increase in the diffuse/global irradiance ratio at 840 nm and a solar 

zenith angle of 63.1°, for example, only causes the apparent reflectance to increase by 
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Table 5.5. Relative TOA radiances computed for the TM bands using the reflectance-
based and the improved reflectance-based methods. The differences from the 
reflectance-based method are listed in parenthesis. 

TM-1 TM-2 TM-3 TM-4 
Method (490 nm) (570 nm) (660 nm) (840 nm) 

^TOA/̂ inc ^TO/Z înc ^TOA înc ^TOA înc 

Reflectance 0.0680 0.0728 0.0810 0.0897 

d/G meter 0.0647 0.0693 0.0779 0.0874 
Improved 

Reflectance (-4.9%) (-4.8%) (-3.8) (-2.6%) 

Parasol 0.0654 N/A N/A N/A 
Improved 

Reflectance (-3.8%) (N/A) (N/A) (N/A) 

Table 5.6. Relative TOA radiances computed for the HRV camera bands using the 
reflectance-based and the improved reflectance-based methods. The differences from 
the reflectance-based method are listed in parenthesis. 

Method 
XS-1 

(540 nm) 

^ToJ înc 

XS-2 
(640 nm) 

^OA înc 

XS-3 
(840 nm) 
^TOA/̂ WC 

Reflectance 0.0905 0.0990 0.1117 

d/G Meter 
Improved 

Reflectance 

0.0863 

(-4.6%) 

0.0950 

(-4.0%) 

0.1078 

(-3.5%) 

Parasol 
Improved 

Reflectance 

0.0859 

(-5.1%) 

0.0956 

(-3.4%) 

0.1124 

(+0.6%) 
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0.7%. This illustrates the value of choosing a high-reflectance target for the calibration, 

such as the alkali flat of WSMR. 

The uncertainties associated with the two calibration methods used in this chapter 

were estimated by Biggar et al. (1990). They reported that the reflectance-based method 

has an uncertainty of 4.9% while the improved reflectance-based method has an 

uncertainty of 3.5% for the TM-2 band. As part of their uncertainty analysis, they found 

that an error in either the intrinsic atmospheric reflectance or the spherical albedo was 

directly correlated with an error in the other parameter. Since these two parameters have 

different signs associated with them in equation 5.3, an error in either of these parameters 

is partially canceled by the other. They estimated that the atmospheric model uncertainty 

led to a 1% uncertainty in the apparent reflectance by way of these two parameters, which 

directly corresponds to a 1% uncertainty in the TO A relative radiance via equation 5.4. 

They also assigned uncertainties of 5% to the extinction optical depth, 2.1% to the surface 

reflectance, and 0.4% in the uncertainty in the solar and view air masses. 

I estimated the uncertainty associated with the diffuse/global meter derived 

calibration of the TM-2 band for 1997-12-16 by using the measured or estimated values 

of each of the parameters listed above in equation 5.3 and varying them individually by 

their uncertainty estimate. I also used the measured diffuse/global values in equation 5.3. 

I varied the diffuse/global values together however because oc^ is an extrapolation of the 

previous measurements, including a,. I also assigned an additional uncertainty of 3% to 

the Oy estimate because some of the measurements differed from the linear fit by 2%. I 
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varied the air mass values simultaneously as well since if one of the two is in error, the 

other probably is as well. I summarize my findings in Table 5.7. As pointed out by Slater 

et al. (1996), this uncertainty estimate is just that, an estimate. The results of many future 

calibrations should be compared to evaluate the validity of the instrumentation, methods, 

and the uncertainty estimates. 

Table 5.7. Error sources and their contribution to the total calibration error. 

Error Source Error 
[ % ]  

Total 
Error 

[ % ]  

Extinction optical depth (5) 5.0 1.7 

Ground reflectance measurement (p) 2.1 1.9 

Spherical albedo (s) and 
atmospheric reflectance (p^) 

Atmospheric model error 
1.0 1.0 

Diffiise/global irradiance measurement (ot,) 3.2 
0.8 

Diffuse/global irradiance measurement 
+ extrapolation (a,) 6.2 

0.8 

Solar air mass (mj 0.4 
0.1 

View air mass (m,) 0.4 
0.1 

Total Error (root sum of squares) 2.9 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The design goal of the spectral diffuse/global irradiance meter was to provide 

hyperspectrai diffuse/global irradiance measurements from 300 nm to 1100 nm, with a 

collector that could possibly be used beyond 1100 nm. These measurements were 

intended for three purposes: first, to be used as inputs to the irradiance-based satellite 

calibration method; second, to be used as data that could be used to estimate the complex 

index of refraction of aerosols; and third, to provide diffuse/global measurements for 

comparisons with radiative transfer modeled data. I have described the design, 

construction, and calibration of such an instrument in the preceding chapters. I have also 

described some new and promising design and construction techniques. In particular, the 

computer model I developed to predict the performance of integrating spheres has been 

validated. In this chapter, I summarize the principal achievements made in designing the 

instrument and the conclusions of a field trial. I also make recommendations for future 

work. 

6.1 Summary and Conclusions 

Closed-form mathematical expressions have been developed that successfiilly 

described the performance of simple unbaffled integrating spheres but are not capable of 

describing baffled or otherwise complex sphere designs. One of the most exciting 

developments of this work is the development of a computer model to predict the 
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performance of any integrating sphere. I developed the probability theory pertinent to 

Monte Carlo modeling of integrating spheres and developed it into a computer model. 

I have shown that the model gives predictions that are within 1% of closed-form 

theoretical predictions for simple unbaffled integrating spheres. 

I applied the model to test design concepts for an integrating sphere-based cosine 

collector and refine the final, conically-baffled design. I have made angular response 

measurements in the laboratory and in the field that agree with the model predictions to 

better than 4% over most input angles. The larger disagreements appear at zenith 

entrance angles greater than 70°. The model assumes a lambertian reflective surface in 

the interior of the sphere and a perfect knife edge. These assumptions are less valid at 

extreme zenith angles. I believe this is the first time a computer model has been 

developed and used to design an integrating sphere. Although the model has been applied 

only to cosine collectors in this work, the model theory and methods are general and can 

be used in any other application of integrating spheres. 

Another noteworthy development associated with this work is a unique passive 

method of tolerating the extreme temperature coefficient of expansion of Spectralon®, 

which is nearly five times that of aluminum. I packaged the Spectralon® sphere in a 

cylindrical aluminum container that was clear anodized to protect the Spectralon® from 

oxidation residue. The outer parts however were white powder coated to reduce solar 

thermal heating. The aluminum cylinder was machined to allow for the expansion over 

0 °C to 45 °C. It is pressed against the top plate and knife edge by a porous urethane. 
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assuring that the Spectralon® sphere remains centered and in constant contact with the 

Duraflect®- coated knife-edge. In addition, the fiber optic cable is attached to the 

Spectralon® instead of the outer canister. This maintains the fiber face at the appropriate 

position at the bottom of the sphere. 

All mechanical motion and support components were designed with two goals in 

mind: first, to accurately block the direct solar beam and minimize the obstruction of the 

diffuse radiance field, and second, to facihtate operation in the field. The final pointing 

accuracy of the occultor is better than 0.1°. 

The detector of the spectrometer used with the instrument is not temperature 

controlled. I remedied this by stabilizing the temperature of the entire instrument. I also 

developed a method that can be used to correct the data for temperature variations 

between 20 °C and 40 °C if the output of the internal temperature sensor is recorded. 

I calibrated various aspects of the instrument using laboratory and field 

measurements as well as simulations. I found that the greatest error sources were the 

integration of the diffuse irradiance, the correction of the direct irradiance, and the 

linearity of the spectrometer. I found that the uncertainty in the diffuse/global irradiance 

should be approximately 3.2%. 

A field trial of the instrument was conducted as an example of some of the uses 

of the data. I found that the diffiise/global meter was able to retrieve optical depths that 

were consistent with a solar radiometer within 0.008 in optical depth. A comparison of 

the diffuse/global irradiance recorded using the instrument showed that it produced 
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measurements that were within 6% of the traditional radiometer-panel-parasol method. 

One anomalous channel was observed in the XS-3 band where the parasol method was 

significantly higher than the diffuse/global meter. The diffuse/global irradiance estimates 

of the modeled atmosphere were noticeably different than the measurements of both 

methods. This may suggest a bias m either the measurements or the modeling. The 

diffiise/global meter and radiometer-panel-parasol derived relative radiances at the top of 

the atmosphere as computed by the irradiance-based method were generally within the 

uncertainties of the method. The one exception was the XS-3 band as noted above. Both 

of the irradiance-based methods were within the 4.9% uncertainty of the reflectance-based 

method except in the XS-1 band. 

6.2 Recommendations for Future Work 

There are two areas in which I can recommend further work. The first is in the 

instrument and the second concerns applications or comparisons of the data collected by 

the instrument. I present these recommendations below in hopes that the instrument will 

be used and improved over time. 

I suggest the sphere be disassembled and cleaned with compressed air on a routine 

basis, and the coatings be maintained. This should include a characterization of the 

angular response on an annual or biarmual basis to determine if any degradation has 

occurred. 

I suggest that an automatic absolute temperature controller be designed and built 

for the instrument if it is to be used to retrieve optical depths in temperature sensitive 
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portions of the spectrum on a routine basis. This would reduce the instrumentation 

requirements and simplify the data processing path. A spectrometer based on a 

temperature controlled photodiode or CCD array may become available in the future and 

should be considered as a replacement for the current spectrometer. 

I suggest that the data from the instrument be used to infer the complex index of 

refraction of the aerosols. This could be accomplished using the method developed by 

King and Herman (1979), which determines the surface reflectance and the aerosol index 

of absorption using diffiise-to-direct irradiance measurements as a function of the solar 

zenith angle. This may improve the accuracy of the atmospheric modeling and may also 

provide an indication of a possible instrumentation bias. 

I suggest that band integration methods and routines be developed for this 

instrument as well as the other calibration techniques. This would reduce any bias due 

to bandpass differences between instruments. 

Lastly, I suggest that the instrument be used in several data collection campaigns 

that involve multiple, independent methods of measuring the diffuse/global irradiance. 

It would also be helpfiil to make many more comparisons with both the diffuse and global 

irradiance estimated by atmospheric models, as well as TOA radiance estimates using the 

reflectance- and irradiance-based methods. 
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