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ABSTRACT 

 

The Remote Sensing Group (RSG) at the University of Arizona performs the vicarious calibration 

of airborne and spaceborne sensors using ground-based measurements. Vicarious calibration is 

important because it is independent of the sensor and any onboard calibration system, but it 

requires that RSG personnel be present at a test site during the aircraft or satellite overpass. The 

ground-based data collection can be limited by poor weather, and also by the large travel 

distances from RSG’s laboratory to the test sites.  

 

This dissertation presents an automated methodology that is used in support of vicarious 

calibration. The most important parameter measured during a vicarious calibration field campaign 

is the surface reflectance, and this work describes the method and instrumentation to obtain 

surface reflectance in the absence of RSG personnel. The instrumentation required to measure the 

surface and atmospheric parameters is discussed. The design and laboratory characterization of a 

nadir-viewing, multispectral radiometer is presented. Finally, results using this methodology are 

compared to those obtained using vicarious calibration, and also with the top-of-atmosphere 

radiance for one Terra MODIS, and two Aqua MODIS overpasses.  
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CCHHAAPPTTEERR  11..  IINNTTRROODDUUCCTTIIOONN  
 

1.1. OVERVIEW OF DISSERTATION 

The Remote Sensing Group (RSG)1 of the College of Optical Sciences at the University of 

Arizona has successfully performed the ground-based vicarious calibration of airborne and 

spaceborne Earth-observing sensors since the mid 1980s. In the past, the group has implemented 

three different methods for vicarious calibration. One method has been in use more frequently 

than the other three, and it is known as the reflectance-based approach. This technique has been 

used to calibrate such sensors as Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced 

Thematic Mapper Plus (ETM+), Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER), and both Moderate Resolution Imaging Spectroradiometer (MODIS) 

sensors on the Terra and Aqua platforms. The approach requires that RSG personnel be present 

on the calibration test site during satellite overpass in order to characterize the ground 

bidirectional reflectance factor (BRF) and atmosphere. The frequency of data collection is limited 

by such factors as budget constraints, personnel availability, and the length of travel time required 

getting to the group’s test sites. In addition, successful travel to the site does not always guarantee 

successful data collection, as equipment malfunction and bad weather can also impede the effort.  

 

The goal of this dissertation is to develop a methodology suitable for automated collection of data 

similar to the reflectance-based approach and a prototype instrument system that will allow 

airborne and satellite sensors to be radiometrically calibrated in the absence of ground personnel. 

                                                      

1 All acronyms used in this dissertation are summarized on page 19. 
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The dissertation describes the processes to develop an automated method to perform the vicarious 

calibration on Earth-observing sensors. A theoretical model to predict top-of-atmosphere radiance 

in the absence of ground-based personnel is given. In addition, the design, testing, and field 

results of nadir-viewing multispectral radiometers used in this automated approach is presented. 

 

The remainder of Chapter 1 begins with the concept of remote sensing, its role in monitoring the 

global ecosystem, and some general examples of remote sensing applications. The characteristics 

of a typical satellite sensor are introduced, as well as the types of calibration and characterization 

performed on these sensors. Many sensors experience some degree of degradation in their 

responsivities after launch, and examples of both the mechanism and severity of this degradation 

are presented. This is followed by an introduction to ground-based vicarious calibration, which is 

a sensor-independent method used to monitor the health of these sensors. Finally, the motivation 

for automating the vicarious calibration is introduced. 

 

Chapter 2 provides the background to the automated approach to vicarious calibration. The 

reflectance-based approach is the current method used by RSG, and the most important 

measurement made during a vicarious calibration field campaign is the BRF of the test site 

surface. An overview of the test sites used by RSG is given, as well as an explanation on what 

makes a good test site. The method for the retrieval of BRF is explained, as well as an in-depth 

description of the retrieval of the second important parameter, which is atmospheric transmission. 

The surface BRF and atmospheric transmission are used together as input into a radiative transfer 

code that calculates the top-of-atmosphere radiance, which is used to calibrate the satellite (or 

airborne) sensor under test.  
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Chapter 3 describes the instruments used in the field for the automated approach, which includes 

a radiometer to measure the surface BRF, and a radiometer to measure the atmospheric 

properties. The design of a ground-viewing radiometer is given, including the optical and 

electrical components, as well as the data acquisition system and the calibration of the ground-

viewing radiometer. The calibration consists of both laboratory and field methods that measure 

such features as the spectral responsivity, temperature dependence of responsivity, and field of 

view (FOV). The calibration coefficient, which describes the radiometer’s output as a function of 

input radiance, is measured using two different methods. Chapter 3 ends with a discussion of the 

radiometer used to measure atmospheric transmission. A method to retrieve usable data should 

this unit become out of calibration is specified, but the level of detail on the atmospheric sensor’s 

calibration is less than that of the BRF sensor due to the commercial nature of the atmospheric 

sensor. 

 

Chapter 4 presents the results of measurements made using the automated approach. This chapter 

begins by showing the typical ground-based radiometer voltages observed over a multiple-day 

period. Comparisons are made between spectral channels of the same, and different, radiometers. 

An evaluation of surface BRF retrieval using the radiometers developed for this project is 

completed by comparing the results to those produced by a portable spectrometer typically used 

during RSG field campaigns. The field instrument used to measure the atmospheric properties at 

RRV is introduced, along with the results of applying a method to extract data when the unit is 

out of calibration. Finally, a comparison is made between the at-sensor radiance retrieved using 

the automated method and values reported by a MODIS sensor. 
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Chapter 5 offers final conclusions about the automated approach, and presents suggestions for 

future work on this project.  

 

1.2. EARTH OBSERVATION 

1.2.1. The Role of Remote Sensing 

The increasing amount of human interaction with the Earth’s ecosystem has raised concerns over 

the long-term implications on the environment. Remote sensing from airborne and spaceborne 

systems is one tool that allows scientists to measure and monitor these changes in both the spatial 

and temporal domain. The vantage point provided by these systems allows data to be collected 

consistently on both a local and global scale, which would be difficult, if not impossible, from 

ground-based experiments. The advantage of remote sensing becomes evident when global 

coverage, both spatial and temporal, is taken into consideration. Data are collected at sites that are 

not easily accessible, including those over the ocean and arctic, with temporal coverage on the 

order of days.  

1.2.2. Remote Sensing Applications 

The well being of any society can only be achieved if there is security in areas such as the 

economy, health, education, transportation, communication, natural resources, and the 

environment [Habib, 2005]. Remote sensing has been, and is presently being, used to monitor the 

environmental aspects of these concerns on a global and local scale. A list of remote sensing 

applications is too vast to describe in this work. Instead, a few applications with varying scale are 

introduced to give the reader an indication of what is possible.  
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On a global scale, remote sensing systems are being used in international efforts to support the 

requirements of the Kyoto Protocol, which is an attempt to reduce the emission of greenhouse 

gasses [Rosenqvist et al., 2003]. Airborne pollution has been a major concern for decades, and 

remote sensing data products address this issue. In one example, aerosol amounts were monitored 

during a one-year period over heavily-industrialized areas on three continents (northern Italy, Los 

Angeles, and Beijing) [Chu et al., 2003]. A significant trend in seasonal variation was observed, 

which reemphasizes the robustness of spaceborne remote sensing.  

 

On a more local scale, in recent years there have been forest fires that have caused large-scale 

loss of property in the southwest region of the United States. Population sprawl into areas that are 

heavily forested increases the risk of further loss of property, and potentially life. Remote sensing 

data are being used address this issue. For example, multispectral images collected from 

spaceborne platforms are used with a Geographic Information System (GIS) approach to map 

areas that are potentially hazardous to fire [Chuvieco and Congalton, 1989]. In this manner, 

remote sensing is being used as a tool for the prediction of potential hazards. Data products are 

available that measure not only the extent of old burn scars, but more importantly, determine the 

location of newly-forming fires [Justice et al., 2002]. The environmental impact created by these 

forest fires is also measurable using remote sensing systems. One example being the increased 

amounts of carbon monoxide in the atmosphere, which was produced as the result of large forest 

fires in the western United States [Liu et al., 2005].  

 

Another local example of remote sensing data usage is found in the field of urban studies, which 

benefits from both the spatial and multispectral aspect of modern airborne and spaceborne 

systems. The high spatial resolution aspect is important when attempting to classify land use. For 
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example, 30-m satellite data have been used to classify land cover and measure temporal changes 

in land use [Wilson et al., 2003]. Another study used a combination of historical aerial 

photographs and modern high-resolution satellite data to measure 100 years’ worth of urban 

growth in Santa Barbara, California [Herold et al., 2003]. The previous two examples use data 

collected in the solar reflective regime, which is defined by optical wavelengths ranging from 

350-2500 nm. Some satellite sensors (e.g. ASTER) are capable of measuring thermal infrared 

radiation at a reasonably high spatial resolution (e.g. 90 m), which enables one to measure the 

temperature of an object on the ground. This has been exploited in studies of urban environments, 

where thermal data are used to measure the urban heat island effect in exchanges between the 

urban surface and the surrounding atmosphere [Voogt and Oke, 2003].  

 

Modern remote sensing satellites produce data in many different spatial, spectral, and temporal 

configurations based on the requirements requested by the scientific community. New sensors are 

commonly designed as either follow-on units to replace older sensors, or as complementary 

sensors that fill in data gaps not covered by sensors currently in use. Landsat 7 ETM+ is an 

example of a sensor used to replace an older one. Landsat 6 ETM, which was the replacement 

sensor for Landsat 5 TM, did not reach orbit during launch. An example of a platform consisting 

of complementary sensors is NASA’s Terra satellite. 

1.2.3. Terra: A Multisensor Platform 

The Terra platform, previously known as EOS AM-1, is an example of a spaceborne remote 

sensing system that contains multiple instruments to monitor changes in global climate and 

surface conditions (Figure 1.1). Terra was launched on 18 December 1999 into a 705-km, near-

circular, sun-synchronous orbit with a local equatorial crossing time of 10:30 in a descending 
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mode. It is described as the flagship for NASA’s Earth Observing System (EOS), and contains 

five instruments developed by agencies in the United States, Canada, and Japan: 

• ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) 
• CERES (Clouds and the Earth’s Radiance Energy System) 
• MISR (Multiangle Imaging Spectroradiometer) 
• MOPITT (Measurements of Pollution in the Troposphere) 
• MODIS (Moderate Resolution Imaging Spectroradiometer) 

These instruments take complementary measurements of the same phenomena using different 

spectral and spatial characteristics, which in turn allow data products to be created for the 

scientific community with increased confidence.  

 

One example is the measurement of atmospheric aerosols using MODIS [Chu et al., 2003] and 

MISR [Martonchik et al., 1998]. MODIS uses a wider spectral range, and collects temporal data 

over an area approximately four times more often than MISR. The benefit of MISR lies in its 

optical design, which is comprised of nine cameras: four viewing in the fore direction, four in the 

aft direction, and one in the nadir direction. The cameras with a larger view angle have an 

 
Figure 1.1. Terra, and its five onboard sensors [King and Herring, 2000]. 
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increased path length through the atmosphere, which aids in the sensitivity of atmospheric aerosol 

measurements.   

 

Monitoring deforestation resulting from biomass burning is another example of how multiple 

instruments are used on Terra. The thermal signature of a fire is detected using the thermal 

infrared channels of MODIS [Giglio et al., 2003], smoke is detected more easily using MISR’s 

off-nadir view angles, the burn scar is observed using the high-resolution visible channels of 

ASTER, and gasses emitted by the fire such as methane and carbon monoxide are measured using 

MOPITT [Liu et al., 2005].  

1.2.4. MODIS: One Sensor on Two Platforms 

MODIS is also an example of multiple sensors on separate platforms and is presently onboard 

both the Terra and Aqua satellites. Terra and Aqua, launched on 4 May 2002, are both in a 

705-km, sun-synchronous orbits, with Terra crossing the equator in a descending orbit at 10:30 

local time, and Aqua crossing the equator in an ascending orbit at 13:30 local time [Barnes et al., 

2003; Xiong et al., 2004]. Both Aqua and Terra MODIS view the Earth with 36 spectral bands 

ranging from 0.4-14.2 μm. Bands 1 and 2 have a nadir-viewing spatial resolution of 250 m, bands 

3-7 have a spatial resolution of 500 m, and bands 8-36 have a spatial resolution of 1 km. A 

detailed description of the science applications for each band is shown in Appendix 1.  

 

MODIS uses a two-sided mirror rotating at 0.34 Hz to control the across-track viewing direction. 

The main telescope, which is 20.7 cm in diameter, off axis, and afocal, collects light from the 

rotating scan mirror and directs it through three beam splitters to four refractive objectives, and 

finally onto four focal plane arrays. The optical system provides a full field of view of ±55° from 

nadir, which produces an along-track swath of 10 km (1.47-s scan length), and an across-track 
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swath width of 2330 km. Terra and Aqua MODIS obtain complete global coverage every 1-2 

days depending on the scene latitude. Their orbits provide complementary data with morning and 

afternoon observations of the same region of the ground. 

 

MODIS’s contribution to the Terra platform lies in its ability to monitor changes in the Earth’s 

surface and atmosphere on a medium-to-large scale. It builds on the experience and heritage of 

such sensors as the Coastal Zone Color Scanner (CZCS), the Advanced Very High Resolution 

Radiometer (AVHRR), the High Resolution Infrared Sounder (HIRS), and the Landsat series of 

satellites [Salomonson et al., 1989; Pagano and Durham, 1993; Barnes et al., 1998]. Data 

produced by MODIS are used to measure land parameters such as surface reflectance, surface 

temperature, surface bidirectional reflectance distribution function (BRDF), vegetation indices, as 

well as the detection of fire [Justice et al., 1998; Justice et al., 2002]. MODIS data are also used 

to measure important parameters for ocean research such as sea surface temperature, and solar-

stimulated chlorophyll fluorescence [Esaias et al., 1998]. One important atmospheric data 

product is the pixel-by-pixel detection of clouds, which is accomplished with an algorithm that 

uses as many as 20 of MODIS’s 36 spectral bands [Platnick et al., 2003]. Other atmospheric 

properties retrieved using MODIS data include aerosol optical thickness, aerosol size distribution, 

ozone, precipitable water, and cloud properties including temperature, height, emissivity and 

optical thickness [King et al., 2003].  

 

The design lifetime of these sensors is on the order of 5-6 years [Pagano and Durham, 1993; 

Williams et al., 1998; Yamaguchi et al., 1998], and during this time changes in the sensor are 

expected. Degradation in the electrooptical system translates to errors in the perceived amount of 

radiance received by the sensor. These errors propagate to the research that relies on them, thus 
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creating inaccuracies in the results. Therefore, it is important that the satellite sensors be 

calibrated to ensure the integrity of the data. The following sections describe general types of 

calibration performed on these sensors. This leads to a more in-depth discussion on radiometric 

calibration, which is the major focus of research at RSG.  

1.3. CALIBRATION 

1.3.1. Definition of Calibration 

In general terms, the calibration of a scientific instrument can be thought of as the comparison of 

its accuracy against a known value. It is crucial that measurements be anchored to some standard 

to which the community has universal access and agreement. The most common is the Système 

International de Unités (SI), or International System of Units, which is grounded in seven base 

units of measure:  

• Length: meter (m) 
• Mass: kilogram (kg) 
• Time: second (s) 
• Electric current: ampere (A) 
• Thermodynamic temperature: kelvin (K) 
• Amount of substance: mole (mol) 
• Luminous intensity: candela (cd) 

Other more common units such as area (m2), velocity (m s-1) and power (W, or m2 kg s-3) are all 

derived from these base units. Many derived units have their own name, such as hertz (Hz), and 

pascal (Pa) for ease of use. A thorough discussion of the history, nomenclature, and usage of SI 

units is found in two National Institute of Standards and Technology (NIST) publications [Taylor, 

1995; 2001].  

 

The calibration of remote sensing systems is typical of that of any electrooptical system. In broad 

terms, one would like to know what the instrument is viewing, what spectral range it 
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encompasses, and how much light it is detecting. In more specific terms, they are known as the 

geometric, spectral, and radiometric characteristics of the sensor. Geometric calibration measures 

the spatial resolution, spectral alignment, and the pointing accuracy of the system. Spectral 

calibration is typically a measurement of the spectral transmission of each channel (or band) of 

the system. The out-of-band response is equally important, since any light not taken into account 

will produce incorrect radiometric results. Radiometric calibration attempts to characterize the 

relationship between the amount of light detected by the system and the electrical output. This 

includes relative responses between detectors, as well as the conversion from digital output to 

absolute SI units.  

 

The importance of calibrating remote sensing instruments becomes evident when trying to 

compare results from different systems, as well as within individual systems themselves. Most 

systems have different spatial and spectral resolutions, and therefore must be brought to a 

common denominator so that their measurements can be compared. The most important unit in 

remote sensing is spectral radiance, Lλ, and is typically described in units of power per unit area, 

per unit solid angle, per unit wavelength (W m-2 sr-1 μm-1). It accounts for both the differing 

spatial and spectral characteristics of individual systems. For example, one calibration method 

compares the reported at-sensor radiance of the sensor under test to that from another well-

calibrated sensor. This is commonly called cross calibration, and it has been performed at RSG 

using ASTER and MODIS. The spectral responsivity of two overlapping bands of ASTER and 

MODIS are shown in Figure 1.2, where it is apparent that the different bandwidths must be 

normalized in some fashion.  
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1.3.2. Geometric Calibration 

Geometric calibration is used to measure the spatial quality of an optical system. This includes 

the resolving power of the system, the coregistration of the spectral bands, and the geolocation of 

the system. The performance of individual optical elements, as well as an entire optical system, is 

often described by the modulation transfer function (MTF), which illustrates the reduction in 

contrast between the object and image. A related spatial characteristic is the point spread function 

(PSF), which is a mathematical description of how an imperfect optical system images an 

infinitesimally-small point source. The ground instantaneous field of view (GIFOV) is an 

important specification in remote sensing, and is typically described as the pixel size projected 

onto the ground. The blurring of the GIFOV is directly related to the PSF. This effect is more 

pronounced when viewing sharp boundaries with high contrast [Barnes et al., 1998], and while 

on orbit [Cook et al., 2001; Choi, 2002; Rojas et al., 2002a, 2002b; Ryan et al., 2003]. 
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Figure 1.2: The spectral responsivity of two bands of ASTER (1 and 2) and 
MODIS (4 and 1). 
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Another aspect to geometric calibration is the band-to-band spatial registration of spectral bands. 

Many systems collect data in spectral bands that are temporally or spatially displaced from one 

another. Quantitative use of these data requires that the spectral band images are coaligned. The 

coregistration is done using a variety of approaches that must compensate for the parallax created 

by the combination of optical design and satellite position on orbit [Zong et al., 1996]. Doing so 

allows coregistration to better than 1/8 of a GIFOV in some cases [Jovanovic et al., 2002].  

 

Georectification is another important facet to geometric calibration. It refers to the transformation 

of spatial data to a coordinate system that is used by different systems to view the same area. It 

includes the removal of effects caused by the pitch, yaw and roll of aircraft or satellite, as well as 

distortion effects created by the larger view angles seen on more and more systems in use today.  

 

For example, the subsequent across-track scans by MODIS actually overlap one another by 10% 

when the viewing angle becomes larger than 24°. This is due to the bow-tie effect, and in the case 

of MODIS increases to approximately 50% at the scan edge. MODIS is able to measure its nadir-

viewing geolocation to within 150 m using onboard systems, and this number has been reduced to 

approximately 50 m with the use of ground-control points [Wolfe et al., 2002]. The most common 

coordinate system is geographical latitude and longitude, and most remote sensing data products 

include geographic information for ease of use. 

1.3.3. Spectral Calibration 

Precise knowledge of the spectral responsivity for an optical system is crucial for the accurate 

retrieval of science products, especially near spectral absorption features. Spectral calibration 

involves measuring the spectral responsivity of an optical system, which includes the collection 

optics, detectors, and dispersion elements. The backbone of these measurements is the relative 
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spectral response, which is measured over the entire bandwidth. This allows the center 

wavelength to be calculated, usually as a weighted mean value. The out-of-band spectral response 

is equally important, and failure to account for spectral leaks leads to an overestimation in the 

calculation of band-averaged radiance.  

 

An excellent example of a spectral calibration system used on a remote sensing sensor is the 

spectroradiometric calibration assembly (SRCA) used in the MODIS instrument [Che et al., 

2003]. The SRCA is used for both pre- and post-launch measurements, and houses multiple 

sources, a double monochromator, and a collimator. The monochromator is used to scan the 

wavelengths and measure the spectral responsivity, while low-pressure emission lamps 

containing mercury and krypton are used to make absolute measurements of wavelength. 

Unfortunately, the tremendous stress during launch, coupled with the harsh space environment, 

can lead to shifts and degradation in the spectral response. If left undocumented, these shifts 

create errors in the retrieved science products, so it is important to measure them after the sensor 

is on orbit. Unfortunately, MODIS is the only sensor out of five on the Terra platform with the 

ability to measure the spectral responsivity post launch. 

1.3.4. Absolute Radiometric Calibration 

Radiometric calibration converts the output of an electro-optical system, known as digital counts 

(DC) or digital numbers (DN), to absolute units. The term typically used in remote sensing is 

spectral radiance, Lλ, which has the SI-derived units of power per unit area, per unit solid angle, 

per unit wavelength (W m-2 sr-1 μm-1), so a calibration coefficient is usually stated in DN 

(W m-2 sr-1 μm-1)-1. A sub category of absolute calibration is relative calibration, which attempts 

to remove any pixel-to-pixel bias between detectors. This becomes increasingly important for 

pushbroom sensors, which may have millions of pixels. Radiometric calibration is also used to 
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measure the linearity of a system by varying the amount of incident irradiance on the detector 

array.  

 

The emphasis of the work at the RSG and in this dissertation is radiometric calibration. The 

specific data shown are from vicarious calibration results and these approaches are described in 

general below, along with a discussion of preflight and onboard approaches for reference. 

 

1.4. GENERAL RADIOMETRIC CALIBRATION METHODS FOR THE 
SOLAR REFLECTIVE 

1.4.1. Preflight Calibration 

The preflight radiometric calibration is typically the last step in the engineering process of sensor 

development. One of the most common tools used 

to perform this task in the solar reflective region 

is the spherical integrating source (SIS), which is 

a sphere with a highly-reflective, diffuse surface 

on its interior such as Spectralon or barium 

sulphate (BaSO4). An example of the SIS used at 

RSG is shown in Figure 1.3. Typically, the sensor 

under test views the exit port of the SIS, which 

overfills the entrance pupil of the optical system. 

The linearity of the system under test is measured 

by varying the number of illuminated bulbs inside 

the SIS. The radiance from the exit port of the SIS 
 

Figure 1.3. The 102-cm spherical integrating 
source at the RSG laboratory. 
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can be theoretically calculated [Labsphere, 1997], or measured in the laboratory using a transfer 

radiometer  [Biggar, 1998].  

 

One limitation to the SIS-based method of preflight radiometric calibration is that the color 

temperature is different between the pre- and post launch illumination sources. The filaments 

used in the bulbs to illuminate the SIS are made of tungsten, and have an operating temperature of 

approximately 3000 K, while the Sun is approximated by a blackbody operating at 6000 K. This 

means that the spectral peak occurs at approximately 1000 nm, and 500 nm, respectively. The 

spectral mismatch can create uncertainties as high as a few percent if the out-of-band radiance is 

non-negligible, or if the spectral bandpass shifts during the sensor’s lifetime. In addition, the solar 

spectrum contains Fraunhofer absorption lines that are not present in laboratory sources, and 

these lines can affect sensors with narrow spectral bandpasses [Flittner and Slater, 1991].  

 

One solution that utilizes the Sun as the source is the solar radiation-based calibration (SRBC) 

[Biggar et al., 1993; Kuester et al., 2001; Slater et al., 2001]. The sensor under test views a well-

calibrated reference panel that is illuminated by the Sun. The atmospheric transmission is 

measured by a solar radiometer, and the direct spectral irradiance on the panel is calculated using 

tabulated exoatmospheric irradiance data. The reflected radiance is determined by multiplying the 

incident irradiance on the panel by its bidirectional reflectance distribution function (BRDF). 

 

The optical systems on remote sensing satellites experience extreme conditions both during 

launch and while on orbit, so preflight testing also attempts to simulate the expected conditions 

during both of these events. The preflight testing of MODIS included vibration tests using 

random motion and amplitudes as high as 5.6 g for one minute, electromagnetic compatibility 
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tests to ensure that the instruments will not affect one another, and finally, a thermal vacuum test 

that allowed the instrument to be operated and calibrated in the simulated thermal conditions of 

space [Koch et al., 1998].  

 

The preflight calibration provides the baseline calibration coefficients for each spectral band of a 

sensor. Experience has shown that this calibration coefficient can change, caused by such factors 

as the vibration during launch, exposure to ultraviolet radiation, or the harsh environment of 

space. Many instruments are now being developed with onboard calibration systems that are used 

to measure any post launch changes that occur with the system.  

1.4.2. Onboard Radiometric Calibration 

Even after extensive prelaunch testing, problems due to fabrication issues and component 

degradation still occur. An example of a fabrication issue is reported in studies of MODIS, which 

have shown that the spectral registration was modified slightly from the prelaunch condition 

(approximately ±50 m on the ground), and could be due to the focal plane arrays shifting during 

launch [Montgomery et al., 2000]. Optical components are affected by the harsh environment of 

space as well. Degradation of the MODIS scan mirror causes a noticeable difference in the 

response when viewing mirror side one as opposed to mirror side two. Three bands (8, 9, and 3) 

in the blue region of the spectrum (0.41, 0.44, and 0.47 μm) showed a degradation of 7.0%, 5.0%, 

and 2.5% when viewing in the nadir direction. These values are the largest seen, and are reduced 

for longer wavelengths [Guenther et al., 2005]. 

 

Onboard calibration is required to ensure that the quality of data products remains high 

throughout the operating lifetime of the instrument. MODIS provides an excellent example of an 

instrument with multiple calibration systems, including a solar diffuser (SD), spectroradiometric 
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calibration assembly (SRCA), blackbody (BB), and space view (SV). The scan mirror in this case 

allows the sensor to view the calibration sources as well as the ground. The solar-reflective bands 

are radiometrically calibrated using the solar diffuser in the same manner as an SRBC, with the 

added benefit of not being affected by atmospheric effects. Degradation of the Spectralon solar 

diffuser is monitored by a solar diffuser stability monitor (SDSM), which alternately views the 

Sun, and the solar irradiance reflected by the panel [Slater et al., 2001]. The thermal infrared 

bands are calibrated every scan with the blackbody source (BB), which has the ability to operate 

from 270-315 K. Zero-radiance calibrations are conducted using the cold space view. 

 

Components of the calibration systems used to monitor changes in the sensors can themselves be 

affected by ultraviolet radiation, as shown by controlled laboratory studies [Möller et al., 2003]. 

One susceptible component is the diffuse reflector. The solar diffuser used by Terra MODIS is 

reported to have degraded by as much as 7.0% at 0.412 μm after 2.5 years of use [Xiong et al., 

2002], while the Spectralon panels used by MISR were found to have only degraded by 0.5% 

[Chrien et al., 2002]. Another procedure that provides well-calibrated reference data is required 

when the onboard systems used to radiometrically calibrate remote sensing systems are 

susceptible to degradation. The additional procedures must be independent of the system under 

test. One general method is vicarious calibration, which has been used by RSG for over two 

decades. As mentioned, the main benefit to vicarious calibration lies in the fact that it is entirely 

independent of the sensor under test.  
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1.5. THE REFLECTANCE-BASED APPROACH TO VICARIOUS 
CALIBRATION 

1.5.1. Introduction 

The scientific community needs to know if the changes in retrieved environmental measurements 

are in fact real, or whether they are due to changes in the sensor, or possibly the calibration 

system being used to monitor the sensor. This is even more critical when studies require long-

term trend analysis. RSG has been providing ground-based radiometric calibration data to the 

remote sensing community since the 1980s. The first calibration campaigns took place at White 

Sands Missile Range, New Mexico, and were used to calibrate Landsat 5 TM [Slater et al., 1987; 

Thome et al., 1993; Thome et al., 1997]. Since then, such sensors as Systeme Probatoire 

l’Observation de la Terre - Haute Résolution dans le Visible (SPOT-HRV) [Biggar et al., 1991], 

Landsat 7 ETM+ [Thome, 2001], MODIS [Thome et al., 2001; Thome et al., 2003], MISR 

[Thome et al., 2004], ASTER [Thome et al., 1998; Thome et al., 2004] , Ikonos [Pagnutti et al., 

2003], Quickbird, Hyperion [Biggar et al., 2003], and the Advanced Land Imager (ALI) [Biggar 

et al., 2003] have been successfully calibrated. Vicarious calibration has become an important 

supplement to the on-orbit radiometric calibration of remote sensing systems. It provides an 

independent measurement of the airborne or spaceborne systems, and can be used as a check for 

both the optical and the calibration systems. Vicarious calibration becomes even more invaluable 

when dealing with systems that have no onboard radiometric calibration systems. For example, 

ground-based data collected in 2000 showed that the preflight calibration coefficients of the 

Ikonos sensor were incorrect. Changes were made to these coefficients after teams from the 

University of Arizona, NASA, and South Dakota State University independently verified that 

there were discrepancies in the original values [Pagnutti et al., 2003].  
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1.5.2. Motivation for Development of Automated Approach 

In general terms, the reflectance-based method involves characterizing the surface reflectance and 

atmospheric properties of a test site during sensor overpass. These data are used as input into a 

radiative transfer code that predicts the band-averaged top-of-atmosphere radiance for each 

spectral band. A comparison is then made with the sensor under test by obtaining the 

corresponding test site imagery and extracting the DNs, or radiance values using image 

processing software. 

 

Ground-based vicarious calibration such as the reflectance-based approach is limited by the fact 

that personnel must be present to collect both atmospheric and surface reflectance data during the 

sensor overpass. Sensors such as Terra and Aqua MODIS pass over the same test site with a near-

nadir look every eight days, but unfortunately, RSG personnel are deployed to these sites on 

average only once per month during the August to May timeframe due to the lengthy travel time 

from Tucson. Foul weather also limits access to the site, and field work has been cancelled due to 

phenomena ranging from excessive cloud cover, rain, and standing water, to more extreme 

conditions such as sand storms. For example, during the period from July 2004 to March 2005, 

approximately 12 of 25, or 48% of planned field campaigns to RRV resulted in usable data. Lack 

of temporal data makes trend analysis more difficult. RSG is presently trying to monitor possible 

degradation in sensors such as ASTER, and greater temporal sampling would increase the 

confidence in trending results [Thome, 2005].  

 

The unmanned variation of the reflectance-based approach is an attempt to increase the temporal 

frequency of data collection while hopefully retaining accuracy consistent with the present 

manned method. Under clear-sky conditions, data are collected during every sensor overpass, 
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thereby increasing the ability to determine trends in sensor degradation. In the long run, it also 

allows a database to be created that correlates the top-of-atmosphere radiance of a test site to the 

viewing and illumination angle. 
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CCHHAAPPTTEERR  22..  TTHHEEOORREETTIICCAALL  BBAACCKKGGRROOUUNNDD  
 

2.1. REFLECTANCE-BASED APPROACH TO VICARIOUS 
CALIBRATION 

2.1.1. Introduction 

In the past, RSG has utilized three methods to perform the ground-based calibration of remote 

sensing sensors. They are referred to as the radiance-based-, irradiance-based-, and the 

reflectance-based approach. A thorough discussion of the methodology of the radiance-based 

[Slater et al., 1987; Slater et al., 1996; Slater et al., 2001],  and irradiance-based approach [Slater 

et al., 1996; Thome et al., 1997] has been reported in the literature, and is not described in this 

dissertation. It is important to note that the radiance-based approach relies on placing a nadir-

viewing, well-calibrated radiometer above most of the scattering and absorbing elements in the 

atmosphere, which requires the use of an airborne platform (typically a small aircraft such as a 

Cessna). This method has been used successfully in the past, but is limited by cost and aircraft 

availability. The irradiance-based method is similar to the reflectance-based method, but requires 

a diffuse-to-global irradiance radiometer in addition to the typical instrumentation used in the 

reflectance-based method [Crowther, 1997; Smith et al., 1998]. 

 

In recent years, the reflectance-based approach has been used extensively by RSG [Slater et al., 

1987; Thome et al., 1997; Thome, 2001; Thome et al., 2004]. Two- or three-person teams are able 

to transport all the required equipment to the test sites in Nevada, New Mexico, and California. 

The added mobility allows for a greater number of annual field campaigns, which increases the 

probability of favorable weather conditions and successful data collection. The test sites used 

most often by RSG are: 
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• White Sands Missile Range, New Mexico (N32.919°, W106.351°) 
• Ivanpah Playa, California (N35.542°, W115.375°) 
• Railroad Valley, Nevada (N38.497°, W115.690°) 

 

These sites are perhaps the most important aspect to vicarious calibration, since they act as a 

target that the sensor under test views during overpass. The key ground-based measurement that 

RSG makes during a field campaign is the surface BRF of these test sites. The error in at-sensor 

radiance is directly and linearly related to errors in retrieved surface BRF, since uncertainties in 

top-of-atmosphere radiance are driven by uncertainties in the surface BRF measurements [Thome, 

2005]. The second ground-based measurement made by RSG personnel during a field campaign 

is the solar irradiance, which is used to determine the atmospheric spectral transmittance. Both 

the surface BRF and atmospheric transmission are used as input into a radiative transfer code that 

calculates the at-sensor radiance for a given sensor.  

2.1.2. Test Site Characteristics and Surface BRF Measurements 

White Sands Missile Range, New Mexico is the original test site utilized by RSG. It is 

approximately 35 × 35 km in size, topographically flat, highly reflective in the visible and near 

infrared, uniform, and easily accessible from the RSG laboratory. Favorable atmospheric 

conditions, and a substantial number of cloudless days increase the probability that a given field 

campaign will produce useable data. However, one shortcoming is its BRF, which deceases 

significantly in the shortwave infrared (SWIR) (Figure 2.1), thereby impacting the ability to 

calibrate those sensors that have spectral bands in the SWIR. Railroad Valley Playa in central 

Nevada was chosen as an additional site in 1995 [Scott et al., 1996], and has presently become 

one of RSG’s two main test sites (Figure 2.2). It is approximately 15 × 15 km, which means that 

it is large enough to ensure that one pixel of a large-footprint sensor (e.g. MODIS at 1 km, or 

AVHRR at 1.1 km) is in a region with maximum homogeneity. It also ensures that all sensors can 
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be calibrated with minimal impact from any adjacency effect, which occurs when there is a large 

difference in contrast between a ground scene and its surroundings. RRV has a moderately high 

BRF of approximately 0.25-0.45 at wavelengths greater than 450 nm, and is spatially uniform to 

within approximately 3-5% in the VNIR [Teillet et al., 1998; Bannari et al., 2004]. The playa is 

located in an arid region far from urban centers, which means that the atmospheric aerosol 

amounts are generally low. In addition, it remains largely untouched by the general population, 

which allows RSG to leave a suite of meteorological instruments permanently located at the site 

year round. Weather conditions are usually excellent, with minimal cloud cover and little 

precipitation, especially during the summer months when a greater number of RSG personnel 

area available.  
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Figure 2.1. The typical BRF of White Sands Missile Range, and Railroad 
Valley Playa. These results are obtained using a portable spectrometer, which 
is carried on the site by RSG personnel. A Spectralon panel is used as a 
reflectance standard during these measurements.  
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The BRF of the test site surface is measured using an Analytic Spectral Devices (ASD) portable 

spectroradiometer that measures reflected radiance from 350-2500 nm. It contains one silicon 

detector that operates from 350-1000 nm, and two InGaAs detectors with one operating from 

1000-1800 nm, and the other over the spectral range of 1800-2500 nm. The spectral resolution is 

approximately 3 nm for the silicon detector, and 10 nm for the InGaAs detectors. It is carried in a 

well-defined pattern across the site during sensor overpass, and views the test site through an 8° 

full field of view foreoptic that is connected to the spectrometer with a fiber optic cable. The 

corresponding spot size on the ground is approximately 30 cm in diameter. The foreoptic is 

attached to a boom arm and held away from the user’s body, thereby eliminating the possibility of 

viewing any shadows (Figure 2.3).  

 

 
Figure 2.2. Railroad Valley Playa, Nevada. 
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The pattern used to transport an ASD 

across the site depends on the detector 

configuration and ground instantaneous 

field of view (GIFOV) of the sensor being 

calibrated. At RRV there are three test 

sites corresponding to whiskbroom, 

pushbroom, and large GIFOV sensors 

(Figure 2.4). The whiskbroom site is 

120 × 480 m, with the longer dimension 

oriented parallel to the satellite direction of travel. This site is predominantly used for Landsat 

sensors, and provides four ground samples for each of the 16 detectors in spectral bands 1-5 of 

TM and ETM+ [Thome, 2001]. The pushbroom site is approximately 80 × 300 m, with the longer 

dimension aligned perpendicular to the satellite direction of travel. This site was originally used 

for the SPOT satellites, and more recently for ASTER, ALI, Hyperion, and other sensors. The 

large-footprint site is 1 × 1 km, which corresponds to the size of a typical pixel for these types of 

sensors. The size of this site means that only one pixel of the typical sensor is sampled on the 

ground. The number of samples made over each site is 12 800 for whiskbroom, 9 600 for 

pushbroom, and 32 000 for the large-footprint site. 

 

ASD measurements of a reference panel are made throughout the collect at preset locations to 

convert the site data to BRF. The BRF of the ground, ρGROUND, is determined using  

 GROUND
GROUND PANEL

PANEL

DN
DN

ρ ρ=  (2.1) 

 
Figure 2.3. RSG personnel using an ASD to measure 
the Spectralon reference panel at Railroad Valley. 
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where ρPANEL is the BRF of the panel for a given solar geometry and normal view at a given 

wavelength as derived from measurements in the laboratory. DNGROUND is the ASD output while 

measuring the ground and DNPANEL is the ASD output while measuring a panel. The reference 

panels are characterized once per year in RSG’s goniometric calibration facility, commonly 

known as the black lab. The BRF is normally measured in the laboratory in the VNIR and SWIR 

at 21 wavelengths. Typical BRF results for a reference panel in the VNIR are shown in Figure 2.5 

for the shortest (402 nm) and longest (1061 nm) wavelengths. A result for the BRF of RRV is 

shown in Figure 2.1, and a measure of the spatial/temporal uniformity in the measured BRF at 

 
Figure 2.4. Whiskbroom, pushbroom, and large-GIFOV sites at RRV. (Source: 
Quickbird panchromatic band) 
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RRV for a clear day is shown in Figure 2.6. The root mean square (RMS) of the difference from 

the average at each wavelength shown 

in the figure is approximately 3-5% in 

the VNIR, and generally no greater than 

5% in the SWIR. 
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Figure 2.5. The BRF for two wavelengths of a reference panel, measured in 
RSG's blacklab facility. The sensor is viewing at 0°. 

 
Figure 2.6. Standard deviation of BRF measured at RRV 
using an ASD spectrometer. The spikes near 940, 1400, 
1850 and 2500 nm are due to a lower signal-to-noise 
caused by absorption by atmospheric water vapor. The 
wavelength units are nanometers. 
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2.1.3. Atmospheric Characterization 

Atmospheric characterization is completed using 

a collection of instruments that are brought by 

RSG personnel to each field campaign. The base 

measurements of solar irradiance extinction due 

to absorption and scattering are taken with a ten-

channel, automated, solar radiometer (ASR), 

shown in Figure 2.7 [Ehsani et al., 1998]. This 

instrument uses narrow-bandwidth interference 

filters centered at 380, 400, 441, 520, 611, 670, 

780, 870, 940, and 1030 nm for spectral selection. 

The radiometer automatically tracks the Sun after 

an initial manual setup using a quadrant cell that 

is coregistered to the optical axis of the radiometer. The spectral irradiance, Eλ, transmitted 

through the atmosphere that is incident on the ASR is described by 

   ( )
0

mE E e λθ δ
λ λ

−=         (2.2) 

where Ε0λ is the exoatmospheric spectral irradiance, m is the airmass at solar zenith angle θ, and 

δλ is the total atmospheric spectral optical depth. The airmass, m, is defined as 

 
11.6364cos 0.50572 (96.07995 )m θ θ

−−⎡ ⎤= + ⋅ ° −⎣ ⎦  (2.3) 

where θ is the solar zenith angle [Kasten and Young, 1989]. E0λ varies throughout the year as the 

inverse of the Earth-Sun distance squared. The output voltage produced by the ASR, which has a 

finite spectral bandwidth and detector size, is given by 

 
2

1
dV A E d

λ

λ λ λ
λ

λ= ℜ∫                     (2.4) 

 

Figure 2.7. Ten-channel ASR operating at 
RRV. 
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where Vλ is the output voltage, Ad is the area of the detector, ℜλ is the detector responsivity 

(V W-1), and Eλ is the spectral irradiance from equation (2.2). The spectral irradiance and 

responsivity are assumed to be constant over the area of the detector and the spectral bandwidth. 

The ASR produces a linear conversion of in-band irradiance to output voltage, so equation (2.4) 

can be rewritten as 

 ( )
0

mV V e λθ δ
λ λ

−=  (2.5) 

where V0λ is the voltage produced by the exoatmospheric (zero airmass) spectral irradiance. One 

can take the logarithm of both sides of equation (2.5) to obtain  

 ( )0ln lnV V mλ λ λθ δ= −  (2.6) 

A linear fit to a set of data collected over a range of airmass gives V0λ as an intercept and δλ as the 

slope, assuming that the optical depth is constant during the measurements. This produces a 

Langley plot for each of the ten channels of the ASR. Figure 2.8 shows two bands of data from a 

single day. The straight line in the figure is the best fit that relates the logarithm of the output 

voltage to the airmass, and the slope of the line is the total spectral optical depth for each channel. 

 
Figure 2.8. 400- and 1030-nm Langley data for one of RSG's 
solar radiometers. These data were collected at Railroad 
Valley on 13 March 2005. 
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The total spectral optical depth, δT, can be split into further components that account for both 

scattering and absorption 

 T S ABSδ δ δ= +  (2.7) 

where δS is the scattering optical depth, and δABS is the optical depth due to absorption. 

Equation (2.7) can be further modified to give the scattering and absorbing components, as given 

by 

 S R Aδ δ δ= +  (2.8) 

 
32ABS H O O other gassesδ δ δ= + +  (2.9) 

where δR is the molecular optical depth, δA is the aerosol optical depth, δH2O is the water vapor 

optical depth, and δO3 is the optical depth due to atmospheric ozone. Molecular scattering is 

commonly referred to as Rayleigh scattering, so the subscript R is used in this work. All of these 

subcomponents of the total optical depth are obtained from solar radiometer data or other 

ancillary data.  

2.1.3.1. Rayleigh optical depth 

Calculation of the Rayleigh and aerosol scattering components is completed by choosing a 

spectral region for which there is no atmospheric absorption, thereby leaving only the Rayleigh 

and aerosol optical depths. Rayleigh scattering describes the interaction between light and 

homogeneous, spherical particles that have a much smaller size than the given wavelength. The 

Rayleigh optical depth, δR, for a given altitude, z0, is  

 
0

0( , ) ( , )R
z

z z dzδ λ β λ
∞

= ∫  (2.10) 

where β is the total Rayleigh volume-scattering coefficient (cm-1) [Buchholtz, 1995]. It is 

described as 
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 ( , ) ( ) ( )z N zβ λ σ λ=  (2.11) 

where N is the molecular number density (molecules cm-3) at altitude z, and σ is the Rayleigh 

cross-section per molecule (cm2 molecule-1), given by 

 
3 2 2

4 2 2 2

24 ( 1) 6 3( )
( 2) 6 7s

n
N n
π γσ λ

λ γ
− +=
+ −

 (2.12) 

where n is the real part of the refractive index of standard air at wavelength λ, γ is the 

depolarization factor, which accounts for the anisotropy of air, and Ns is the molecular number 

density for standard air (2.54743 × 1019 molecules cm-3). These variables are generally well 

known, but choices for depolarization factor, refractive index of air, and standard values for 

columnar and molecular number densities can produce differences in Rayleigh optical depth as 

great as 3-4% [Teillet, 1990]. Presently, RSG uses a value of 0.0279 for the anisotropy factor 

[Young, 1981]. A basic equation for the molecular optical depth that includes compensation for 

altitude by including variables for temperature and pressure is 
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n N TP
N P T

π γδ
λ γ

− +=
−

 (2.13) 

where Nc is the columnar number density (2.154 × 1025 molecules cm-2 for standard conditions), P 

is the pressure (P0 = 101.325 kPa for standard conditions), and T is the temperature in Kelvin 

(T0 = 273.15 K for standard conditions) [Teillet, 1990].  

2.1.3.2. Aerosol optical depth 

At this point the molecular optical depth is determined using equation (2.13), and the next 

component to be determined is the aerosol optical depth. Two solar radiometer wavelengths not 

affected by ozone absorption are chosen (e.g. 441 and 870 nm), and equation (2.8) is rearranged 

to be 

 A T Rδ δ δ= −  (2.14) 
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Once the aerosol optical depth is found at the two reference wavelengths, the aerosol optical 

depth at the remaining eight wavelengths is computed assuming that the Angstrom turbidity law 

is valid, which states that the aerosol extinction coefficient follows a power law as a function of 

wavelength [Ångström, 1929]. The Angstrom exponent, α, is determined from the two 

nonabsorbing bands and this is used to compute the aerosol optical depth at an arbitrary 

wavelength.  

 0
0

( ) ( )A A

α
λδ λ δ λ
λ

−
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (2.15) 

2.1.3.3. Ozone optical depth and total ozone amount 

There is a broad absorption band in the visible part of the spectrum (450-850 nm) known as the 

Chappuis band. The ozone optical depth at a given wavelength is determined using 

 
3O T R Aδ δ δ δ= − −  (2.16) 

where all of the terms on the right hand side are determined as described above. The total ozone 

amount, η, is found using the relation 

 
3
( , ) ( )O aδ λ η η λ=  (2.17) 

where η is the total ozone content, measured in units of cm-atm, and a(λ) is the absorption 

coefficient per centimeter of pure ozone at standard temperature and pressure [King and Byrne, 

1976]. RSG currently uses the coefficients suggested by Vigroux to convert δO3 to a column 

amount, which is used to determine δO3 at an arbitrary wavelength [Griggs, 1968]. 

2.1.3.4. Water vapor 

The final step is the retrieval of columnar water vapor, which is obtained from water vapor 

transmittance according to 
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2

20( )

m
H O

H O

V e
V

δτ −=  (2.18) 

where V0(H2O) is the zero-airmass output voltage of the radiometer in the channel affected by water 

absorption [Thome et al., 1994]. This V0 can not be retrieved using equation (2.5) since the 

absorption due to water vapor is nonlinear as a function of airmass. The standard Langley method 

used to measure V0 in the 940-nm band greatly underestimates the signal [Reagan et al., 1987], so 

a modified Langley approach, which uses a correction factor that assumes the water vapor 

transmission, is modeled as  

 
0.5

2

( )a b m u
H O eτ +=  (2.19) 

where u is the columnar water vapor amount, a is a correction factor that adjusts the fit as it 

transitions from a square root to a linear law, and b is a variable that takes instrument responsivity 

into account [Reagan et al., 1992]. This procedure uses two solar radiometer bands: one that is in 

the water absorption band and one that is not (the 870 and 940-nm bands are typical examples). 

The values a and b are found using a linear regression of ln(τH2O) versus (mu)0.5 for a known 

water vapor amount, u. Once the zero-airmass intercept, V0, is determined, the water vapor 

amount is found using   

 
2

0
2 2

1 ln ln Vu V m a
mb r

δ⎛ ⎞⎛ ⎞= + − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 (2.20) 

where r is the Earth-Sun distance in Astronomical Units (AU) at the time of the measurement, 

normalized to the mean Earth-Sun distance.  

2.1.4. Top-of-Atmosphere Radiance 

Relating the incident exoatmospheric irradiance, surface BRF, and atmospheric composition to 

the reflected radiance at the top of the atmosphere (TOA) requires a radiative transfer code 

(RTC). Presently, RSG utilizes a suite of programs written in the Interactive Data Language 
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(IDL) programming language that provide the user with an interface to a modified version of 

MODTRAN4 [Berk et al., 2000; Cattrall and Thome, 2003]. Parameters such as the illumination 

and viewing geometry, surface BRF, meteorological conditions, and aerosol optical properties are 

used as input to the RTC. The band-averaged at-sensor radiance is returned for each of the 

sensor’s spectral channels, as well as a list of key input parameters, and the atmospheric optical 

properties. Band averaging the spectral channels of each sensor, as opposed to band integration, 

permits the results from sensors with different spectral characteristics to be evaluated and easily 

cross compared. One important note regarding the RTC is that it is the only thing that is the same 

between the traditional reflectance-based vicarious calibration and the automated approach.  

 

2.2. OVERVIEW OF AUTOMATING THE REFLECTANCE-BASED 
APPROACH 

2.2.1. Introduction 

The present reflectance-based method is only accurate when personnel are present at the site 

during overpass. Satellite sensors such as MODIS and Landsat 7 ETM+ are continuously 

collecting data, so it would be beneficial to collect surface reflectance and atmospheric data 

during every overpass as described in Chapter 1. The additional temporal data points would allow 

trends in sensor response to become more apparent. The knowledge of trends is advantageous in 

the case of sensors that are degrading rapidly from their pre-flight status because it allows one to 

correct the data products produced by these sensors.  

 

The automated approach to the reflectance-based method is an attempt to collect data with a 

greater temporal sampling rate, while maintaining radiometric accuracy on par with manned field 

campaigns. The proposed automated method uses the same general approach to collect surface 
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reflectance and atmospheric data, but the instrumentation and data analysis are altered to facilitate 

the new technique. This requires instrumentation that can remain operational while being 

permanently located at the test site through all types of weather. The automated measurement and 

retrieval of surface BRF, the spatial distribution of ground-viewing radiometers, and the 

measurement and retrieval of atmospheric transmittance are addressed in the remainder of this 

chapter.  

2.2.2. Surface BRF Measurements 

The most important measurement made for the reflectance-based approach is that of surface BRF. 

This is similarly true in the automated approach, so the first concern that must be addressed is the 

retrieval of hyperspectral, spatially-averaged BRF results similar to those retrieved using an ASD. 

The obvious solution is to use nadir-viewing hyperspectral spectrometers. Unfortunately, there 

are no commercial systems available that are hyperspectral, weatherproof, self powered, able to 

record data autonomously for 30-45 days, and inexpensive. The solution chosen for this work was 

to develop multispectral radiometers that meet the above criteria. The design, calibration and 

testing of these instruments is presented in Chapter 3. 

 

In the automated approach, the surface BRF is obtained from an output voltage using  

 
0 cosTm

gas sky

C V
E e Eδ

πρ
τ θ− 〈 〉〈 〉 =

〈 〉 〈 〉 + 〈 〉
 (2.21) 

where 〈ρ〉 is the band-averaged BRF for a given band, C is the radiometer calibration coefficient 

that converts the voltage to a spectral radiance, V is the radiometer output voltage, 〈E0〉 is the 

band-averaged exoatmospheric solar irradiance, m is the airmass, 〈δT〉 is the band-averaged total 

optical depth, 〈τgas〉 is the band-averaged transmission due to gaseous absorbers (e.g. water vapor, 

carbon dioxide, oxygen, nitrogen, HNO3, and trace gasses), θ is the solar zenith angle, and 〈Esky〉 
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is the band-averaged diffuse sky irradiance. The reader should note that the notation for band-

averaged quantities, 〈 〉, is suppressed in this section to maintain simplicity in the display of 

equations. The calibration coefficient, C, is determined for each radiometer either in the 

laboratory using an SIS or in the field using an SRBC. The atmospheric components, E0, δT, τgas, 

and Esky are calculated using a modified version of MODTRAN4. The inputs to MODTRAN4 are 

described in Section 2.2.4, which addresses its use in calculating the atmospheric transmission. 

 

The radiative transfer code used by RSG requires hyperspectral BRF data in 1-nm increments, 

which means that the multispectral BRF must be converted to hyperspectral. The approach used 

in this work is to scale the hyperspectral BRF data collected with an ASD during field 

experiments close in time to the automated data of interest (Figure 2.9). The scaling is done using 

the multispectral radiometer BRF, and it is important to note that these ASD data are only 

adjusted up and down. The scaling takes into account samples from multiple radiometers by 
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Figure 2.9. LED data are used to scale a hyperspectral BRF. 
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computing a weighted average of the samples for each spectral band to avoid biases caused by an 

outlier data point. The scaling factor, k, is chosen to minimize the value of W in the following 

 ( )( ) ( )( ) ( )( )2 2 2

1 1 2 2
1 2

1 1 1...
ASD ASD ASDn n

n

W k k kρ ρ ρ ρ ρ ρ
σ σ σ

= − + + − + + + − +  (2.22) 

 where ρn is the average BRF of the site from all of the automated radiometers for a specific 

spectral channel n, determine using equation (2.21). ρn ASD is the BRF value from the ASD at the 

band-averaged center wavelength of automated radiometer channel n, and σn is the standard 

deviation of the retrieved BRF for channel n of the automated radiometers. These scaled ASD 

data are subsequently used in the radiative transfer code in the usual manner to determine at-

sensor radiance. 

2.2.3. Spatial Distribution of Automated Radiometers 

The number of automated radiometers needed to adequately spatially sample the site is an 

additional factor to be considered. The number of ground samples taken by the user in the 

reflectance-based approach depends on the site and sensor being calibrated. Recall that the 

number is 32 000 for a large-footprint sensor, 12 800 for a whiskbroom, and 9600 for a 

pushbroom. The number of radiometers required for the automated approach depends on both the 

size of the site, and its homogeneity. A suitable number should theoretically produce a standard 

deviation (1 σ) in surface BRF on par with the present ASD measurements. The results in this 

work are obtained using four radiometers: one that is located near the shared corner of the 

whiskbroom and pushbroom sites, and the other three, which are located on the large-footprint 

site (Figure 2.10). 
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RSG has continuously used the same site at RRV for large-footprint sensors since 1998. The 

abundance of data collected at the site provides the group with an understanding of the 

atmospheric and surface conditions as a function of time. One interesting feature is a road that 

runs north-south through the middle of the site, which creates different drying conditions after 

there has been precipitation. This road is elevated slightly above the surrounding terrain, so the 

areas to the east and west remain mostly independent of one another in terms of their water 

content close to the surface. The BRF of the north and south ends varies due to nonuniformities in 

the site.  

 

 
Figure 2.10. Deployment of five automated radiometers at RRV. 
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BRF measurements of the large-footprint site are typically made using four identical rectangular 

paths to spatially sample the site (Figure 2.11). Data collected by RSG personnel on 11 July 2005 

are presented to demonstrate the spatial differences in surface BRF (Figure 2.12). The individual 

lines in the plot show the average BRF obtained for each of the paths covered on the site 

corresponding to the labels in Figure 2.11. Figure 2.13 shows the percent difference between the 

east and west transects, which have values between 3-6% in the VNIR. The percent difference 

between the north and south transects varies from 4.5-9.0% as shown in Figure 2.14.  

 
Figure 2.11. This image shows the pattern in which the ASD is transported 
over the large-footprint site at RRV. The operator begins at the reference 
panel (white), and starts taking measurements by initially moving around 
quadrant 1 (yellow arrow). The operator always turns left while collecting 
data. A panel measurement is made each time the user finishes one of the 
four quadrants. The entire collection takes approximately 1 hour. 
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Clearly, sampling the large-scale changes in BRF is critical. There is also the problem of a single, 

small-area sample viewing a small-scale feature that does not represent the entire site. One 

example of this is the cracks in the playa surface that are present throughout the year (Figure 

2.15). 
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Figure 2.12. Surface BRF of RRV measured by RSG personnel on 11 July 
2005. Note that the north and west transects are indistinguishable since they 
are almost equal. 
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Figure 2.13. Percent difference in MODIS site east and west of the road. 
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Figure 2.14. Percent difference of BRF for north and south transects of RRV 
large-footprint site. 
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2.2.4. Atmospheric Measurements and Top-of-Atmosphere Radiance 

Calculations 

The automated approach requires a method to retrieve atmospheric data during a sensor overpass. 

These atmospheric data are essential for the MODTRAN4-based radiative transfer code that is 

used to determine all of the atmospheric variables used in equation (2.21) to calculate surface 

BRF. MODTRAN4 requires atmospheric inputs of: 

• Atmospheric model type 
• Exoatmospheric solar spectrum 
• Ozone amount 
• Water vapor amount 
• Aerosol optical properties 

 
Figure 2.15. Cracks in the surface of Railroad Valley. This image was taken approximately 
1 m above the ground using a digital camera. The yellow circle denotes the approximate 
GIFOV of the LED radiometer. 
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The atmospheric model used in this work is the MODTRAN midlatitude summer version. The 

exoatmospheric solar spectrum is that specified by the World Radiation Center (WRC). The 

ozone amount is retrieved from Total Ozone Mapping Spectrometer (TOMS) data that are 

available on the Internet. The water vapor is determined from solar transmittance as described in 

Section 2.1.3. The aerosol optical properties are determined using a Mie scattering program that 

assumes a power law size distribution, with a given Angstrom exponent, and complex refractive 

index. The use of a simple power law size distribution is justified in this approach due to the 

typical atmospheric conditions, coupled with the moderately high surface BRF, at the test sites 

used by RSG. A study has shown that the use of a power law size distribution produces 

uncertainties in top-of-atmosphere radiance on the order of 1.5%, which is generally lower than 

the uncertainties in retrieved surface BRF [Cattrall and Thome, 2003].  

 

Once the radiative transfer code has been used to calculate the atmospheric properties for the 

surface BRF retrieval, it is run once again in the normal fashion with the ASD hyperspectral 

curve scaled using BRF results from the automated radiometers to determine the top-of-

atmosphere radiance. These values are then compared to the sensor under test. A processing 

diagram to calculate top-of-atmosphere radiance using the automated approach is shown in Figure 

2.16.  

 

The automated approach requires a field instrument that is capable of measuring the attenuation 

of solar irradiance, much like the ASRs used by RSG. Other criteria for this instrument are that it 

should be impervious to bad weather conditions including rain and snow, it must be able to track 

the Sun automatically, and it must be able to store data onboard that can be downloaded before 

the data acquisition system becomes full. Such a system has been identified, and is presently in 
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use at RRV. A detailed description of this instrument including the operation, data products, and 

calibration, is presented as part of the next chapter in Section 3.4.  

 

Radiative
transfer

code

Radiative
transfer

code

Multispectral
radiometer

On-site
ASD

Atmospheric
information

Reflectance
scaling

Multispectral
reflectance

Hyperspectral
reflectance

Hyperspectral
at-sensor
radiance

 
Figure 2.16. Processing scheme used to compute top-of-atmosphere 
radiance using the automated approach. The data collected by the 
automated approach are Multispectral radiometer and Atmospheric 
information. The final output is Hyperspectral at-sensor radiance. 
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CCHHAAPPTTEERR  33..  FFIIEELLDD  IINNSSTTRRUUMMEENNTTAATTIIOONN  DDEESSIIGGNN,,  
CCAALLIIBBRRAATTIIOONN,,  AANNDD  EEVVAALLUUAATTIIOONN  

 

3.1. OVERVIEW 

The reflectance-based approach to vicarious calibration has been introduced in Chapter 2, 

including a description of the instrumentation historically used to collect both surface reflectance 

and atmospheric data during a typical field campaign. A proposal to automate this method is 

given using a general description of the essential instrumentation for this method. Chapter 3 

provides a detailed report on these two instruments, beginning with a validation of the design of 

the nadir-viewing radiometer. The optical and electrical designs are presented, as well as the 

description and results of various types of laboratory calibration performed before deployment.  

 

Atmospheric measurements in the automated approach are conducted using a commercial sun 

photometer, which is introduced in Section 3.4. A justification for its use is discussed, which 

leads to a description of the atmospheric products available from retrievals using its data. Finally, 

the calibration scheme used by the scientific community with this instrument is presented. 

 

3.2. RADIOMETER DESIGN 

3.2.1. Introduction 

RSG has past experience building and operating radiometers that use silicon detectors [Biggar, 

1998; Ehsani et al., 1998]. Spectral selection is typically controlled with interference filters 

placed either in a rotating filter wheel, or housed permanently in the optical path of the detector. 

An analysis of new field radiometers based on silicon detectors and interference filters revealed 
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that the parts contained in the focal plane of this design would cost on the order of $450 for one 

radiometer. This cost was considered too high, since the initial concept called for approximately 

20 radiometers to be deployed at RRV. It was determined that light-emitting diodes (LEDs), 

which act as both a detector and spectral control device, would greatly reduce the cost for a large 

volume of radiometers. In comparison to one using silicon detectors, the equivalent parts for an 

LED radiometer cost approximately $30 per radiometer. 

 

LEDs are fast becoming the replacement for tungsten-filament lamps in many industrial 

applications such as traffic control lights, automobile tail lights, alphanumeric displays, and 

flashlights, to name a few. One example of their superiority is displayed in the characteristics of 

traditional tungsten bulbs versus LEDs when used in traffic light and railway signals. Power 

consumption for each color for the tungsten bulbs is generally 70 W versus 18-35 W for the 

LEDs. In addition, the replacement interval is listed as 6-12 months for the tungsten bulb, 

compared to an estimated 5-10 years for the LED-based signals [Nakamura and Fasol, 1997]. 

Applications of NIR LEDs include optical communication, and remote control units [Gillessen 

and Schairer, 1987]. The characteristics that make LEDs so popular include a long lifespan, 

compatibility with integrated circuits, small size and weight, ruggedness, a multitude of available 

colors, low power consumption, and finally, very low amounts of heat produced while in 

operation [Williams and Hall, 1978]. Many of these characteristics are the reasons for selecting 

LEDs for the automated application in this work. 

 

The use of LEDs as detectors is not a new concept. Small, inexpensive handheld sun photometers 

are being used to monitor atmospheric conditions on a global scale to measure such atmospheric 

parameters as total optical depth, precipitable water, and ozone [Mims III, 1992; Acharya et al., 
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1995]. One project that uses LED-based sun photometers is the Global Learning and 

Observations to Benefit the Environment (GLOBE) program, which supports the operation of 

instruments by high school level students in over one hundred countries [Brooks and Mims III, 

2001]. One important criterion for these instruments is that they be constructed from widely-

available, inexpensive parts, which becomes increasingly important when operating in developing 

countries where cost and availability may hinder efforts to build and operate such instruments. 

Five major areas of research in the GLOBE program include atmosphere/climate, hydrology, land 

cover/biology, soil, and phenology. Aerosol and water vapor are two subcategories in the 

atmosphere/climate group that are measured with GLOBE sun photometers, and a library of water 

vapor data collected from 1990 to 2001 has been compiled for a site located in south Texas [Mims 

III, 2002]. 

 

The major advantage of using LED-based radiometers begins with the cost. Commercially-

available LEDs are generally less than $1 each (except for some blue LEDs, which are 

approximately $4), and their optical properties eliminate the need for an interference filter to 

provide spectral selection. Their solid-state construction generates a device that is amenable to 

deployment in the field for extreme weather conditions. However, these inexpensive and robust 

LEDs are not completely without issue. An LED and accompanying circuitry are known to 

possess a temperature-sensitive responsivity [Brooks and Mims III, 2001], which can be 

solved/corrected using one of two possible solutions. The first is to control the temperature of the 

detectors using a heating element and corresponding control electronics. This technique has been 

used successfully with RSG’s solar radiometers, by heating the instrument to approximately 

43°C, well above the ambient temperature for most field collections. The second solution is to 

monitor the temperature of the focal plane and adjust the output voltage as part of a data analysis 
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procedure. This solution is considered less complicated to construct than the heating circuit, 

although it requires a laboratory calibration of the temperature response of the radiometer, a 

temperature correction, and it uses less power. 

 

Specification sheets from manufacturers generally do not include detection responsivity since 

LEDs are not designed to be used in this manner. Designers of radiometers using LED detectors 

have measured this effect, and the shift in center wavelength and bandwidth size from the 

emission and detection profiles can be significant [Miyazaki et al., 1998]. Spectral measurements 

to characterize the LEDs were conducted with the radiometers used in this work, although the 

spectral response was only measured at room temperature. No attempts were made to measure the 

center wavelength and spectral shape at other temperatures, as this would require significant 

control over the focal plane temperature, which was beyond the scope of this work. 

 

It must be noted that although the LED is not a perfect substitute for a silicon detector and 

interference filter combination, the LED-based system becomes much more appealing when the 

cost of a large deployment of radiometers is taken into account. In addition, the LED radiometer 

provides an inexpensive proof of concept for a more advanced silicon-based radiometer.  

3.2.2. Optical Design 

The radiometers created for this project are not designed to image the ground, which generates 

different criteria for their design from an imaging system that seeks to place the image of the 

ground on a focal plane with minimal aberrations. The most important criterion for this 

radiometer is uniform illumination on the focal plane by imaging the front lens on the detector 

plane. This is accomplished using what is frequently called the improved radiometer. The optical 

system contains an objective lens and a field lens, where the field lens creates an image of the 
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objective lens on the focal plane. The main benefits from using such a system include even 

illumination over the entire detector plane, a more controlled field of view due to the field lens, 

and better control of stray light with the use of baffles [Smith, 2000].  

 

The theoretical optimal separation of the lenses occurs when the image of the objective is the 

same size as the detector. This occurs when the following relationship is satisfied 

 1

2

s A
s D

= −  (3.1) 

where s1 and s2 are distances along the optical axis, A is the diameter of the objective lens, and D 

is the detector diameter (Figure 3.1). A and D can also be thought of in terms of area. It should be 

noted that s1 is negative using a Cartesian coordinate system [Smith, 2000; Greivenkamp, 2004]. 

The field lens should have a focal length, f, theoretically given by 

 
Figure 3.1. Optical design for the improved radiometer. The blue rays are on axis, and 
the green rays are incident at 5.5°, which is half of the full field of view. 
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 1 2

1 2

s sf
s s

=
−

 (3.2) 

The relationships shown in equations (3.1) and (3.2) are paraxial approximations and do not 

include effects due to aberrations. The distance s1 is found using Code V to solve for a location 

where the spot size is minimized when collimated light passes through the objective lens (Figure 

3.2). The distance s2 is found by creating a theoretical object that is the same size and distance 

away from the field lens as the objective lens. s2 is the distance where the spot size is minimized 

(Figure 3.3). In the theoretical case of the improved radiometer optical system (not including the 

detector), the diameter of the field lens determines the FOV of the system. It is difficult to find 

stock lenses that have the exact diameter needed for a specified FOV, so a field stop is placed in 

front of the field lens thereby controlling the bundle of chief rays. Theoretically, an infinite 

combination of lenses is possible, as long as they meet the criteria specified by equations (3.1) 

LED radiometer: 11 deg FFOV JCM  03-Feb-06 

10.00   MM   

 
Figure 3.2: Smallest spot size for the objective lens. The red rays are on axis, and the 
green rays are incident at the half field of view of 5.5° 
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and (3.2). The two used in this project were chosen based on their, size, cost, and availability. A 

view of the disassembled radiometer is shown in Figure 3.4, and a unit operating at RSG’s 

laboratory is shown in Figure 3.5.  

 

 

 

 

 

 

 

 

LED radiometer: 11 deg FFOV JCM  03-Feb-06 

15.00   MM   

 
Figure 3.3: Smallest spot size for the field lens. The line on the left indicates where the 
objective lens is situated. The red rays are on axis, and the green rays are incident at 
5.5°. 
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Figure 3.4. Complete 4-channel LED radiometer. The parts are: 1) tube, 2) end cap, 3) 
field lens mount and lens, 4) spacer, 5) field stop, 6) spacer, 7) objective lens mount and 
lens, and 8) focal plane including four LEDs, temperature sensor, and electronics. 
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Figure 3.5. An LED radiometer measuring a shaded reference panel during an SRBC at 
RSG's laboratory. 
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3.2.3. Electrical Design 

The design philosophy for the LED radiometers is to keep them simple enough so that someone 

with minimal experience can assemble the optical hardware as well as the electronic circuitry. 

The electronic components are chosen based on a combination of cost and availability. 

Inexpensive electrical components minimize the overall cost of each radiometer, and reduce the 

cost to replace components that are either mechanically or electrically damaged during assembly. 

One example is an operational amplifier (op amp), which is used to amplify the output signal 

from the radiometers. They are susceptible to damage from static discharge if not handle 

carefully. Availability becomes an issue only when replacement parts are not available for either 

repairs, or the manufacture of new radiometers.  

 

Op amp circuits used in a transinpedence configuration to change output current to output voltage 

are described in many sources  [Horowitz and Hill, 1989; Dereniak and Boreman, 1996]. These 

circuits are generally designed for use with detectors such as silicon photodiodes, but are 

applicable for use with an LED. Photon excitation of the LED produces a current i. This current is 

converted to a voltage, VLED by a feedback resistor, Rf , as shown in Figure 3.6. This leads to a 

VLED written as 

     LED LED fV i R=  (3.3) 

The capacitor, Cf, is used to suppress oscillations and 

gain peaking in the output signal. The initial 

electrical design was based on other circuits 

designed at RSG for instruments such as an ultra-

stable transfer radiometer, which calibrates other 

radiometers with reference to a NIST standard [Biggar, 1998]. Typically, op amps such as the 

-

+

-

+

Cf

Rf

VOUT

 
Figure 3.6. Simplified schematic of LED 
radiometer circuit. 
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OPA128 and OPA111 are used in these types of radiometers because of qualities such as low 

noise, and high stability. Unfortunately, these op amps have two characteristics that eventually 

led to their replacement in the LED radiometer circuit: high cost, and a power requirement of 

±15 V. It became apparent that the high level of stability offered by these op amps was not 

mandatory for the LED radiometers due to other issues with temperature and data logger 

resolution, so they were replaced with two 4-channel OPA4241 op amps. These op amps cost 

much less than the OPA128 and 111s, and only require a single-side voltage supply of +5 V. The 

single-sided supply issue also becomes important when power consumption is considered. The 

first-generation LED radiometers are powered by 12-V gel cell batteries that provide power 

throughout a typical 45-day data collection cycle. Any longer than about 60 days, and the voltage 

is prone to drop below 9-10 V, which permanently damages the battery to where it no longer 

holds a charge. Solar panels were added to eliminate the cost of replacing batteries, and this 

revealed another benefit of using single-sided op amps: it only requires one solar panel.  

 

Semiconductor detectors and their circuits are inherently sensitive to temperature changes, which 

is seen as a change in system responsivity [Brooks and Mims III, 2001]. The radiometers 

developed for the GLOBE project are not meant to take continuous data while exposed to 

ambient temperatures. Their strategy to reduce errors relies on keeping the instrument as close to 

room temperature as possible while collecting data. This method is practical for the GLOBE 

project, since their measurements take less than ten minutes, but it is impractical for the 

radiometers being developed for this work. Two possible solutions were examined: actively 

controlling the focal plane temperature, or simply monitoring it. Actively controlling the focal 

plane temperature is used in both the automated solar radiometers, as well as the VNIR transfer 

radiometer, so there is no lack of experience at RSG in developing these types of heating systems. 



 

  

76

In keeping with the simplicity of the LED radiometer, it was decided that a sensor to measure the 

temperature of the focal plane would suffice. This decision was based on cost, power 

requirements, and circuit simplicity. The Analog Devices TMP36 temperature sensor is used and 

has an operating temperature range of -40°C to +125°C, with a specified accuracy of ±1°C. It 

produces an output voltage of 750 mV at 25°C, which changes linearly at a rate of 10 mV/°C.  

3.2.4. Data Acquisition 

A product search based on a balance between cost, resolution, ruggedness, size, and availability, 

produced the Hobo 8-bit, 4-channel data logger, which is a standalone unit powered by a 

replaceable 3-V internal battery. The acceptable input voltage specification ranges from 0-

2.5 VDC, producing a resolution of approximately 10 mV when coupled to the 8-bit specification. 

The four channels of the data logger record output from the focal plane temperature sensor, and 

the output voltages from three LED detectors. The data stored in the Hobo loggers are routinely 

downloaded and stored to a portable computer in a proprietary binary format. A program supplied 

by the manufacturer converts these data to ASCII format for use in analysis software. 

 

3.3. RADIOMETER CALIBRATION 

3.3.1. Spectral Responsivity 

The spectral bandwidths of the LEDs chosen for this project are generally broad (Δλ ≈ 60 nm) 

and asymmetric about the center wavelength. In addition, there is a spectral shift between the 

peak emission wavelength and the peak detection wavelength, which has been reported by others 

using LEDs as detectors [Brooks and Mims III, 2001]. It is important to understand and 

characterize this response given that commercial vendors typically only specify emission data. 
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Spectral measurements are made using the RSG’s spectral calibration facility, which includes a 

double monochromator that uses a tungsten lamp as the source. A reference measurement is taken 

by placing a detector with known spectral responsivity in the path of a collimated image of the 

exit slit, thereby removing any effects due to the monochromator optics and diffraction grating. A 

typical spectral output for RSG’s double monochromator is shown in Figure 3.7, and the absolute 

spectral responsivity curve for the Hamamatsu S1336 silicon detector is shown in Figure 3.8. 

Two sixth-order polynomial functions, one ranging from 400-900 nm, and the other from 900-

1100 nm, model the spectral responsivity of the reference detector. The relative responsivity of 

the LED is then found using 

 1336
1336

( )( ) ( )
( )

LED
LED S

S

I
I

λλ λ
λ

ℜ = ℜ  (3.4) 

whereℜ is the spectral responsivity, and I is the photocurrent produced by each detector. The 

responsivity of the LED is considered relative because the illumination geometry is different 

between the silicon detector and the LED. 
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Figure 3.7: Optronic monochromator spectral output. 
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Spectral responsivity results for four radiometers are shown in Figure 3.9, Figure 3.10, and Figure 

3.11. The numbering of each radiometer (e.g. Rad 2) in these figures indicates where they reside 

at RRV, shown in Figure 2.10. It is clear from the differences in these results that each LED 

should be measured before deployment in the field.  
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Figure 3.8: Hamamatsu silicon detector spectral responsivity. 
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Figure 3.9: Spectral responsivity of the green LED in four radiometers. 
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Figure 3.10: Spectral responsivity of the red LED in four radiometers. 
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The spectral responsivity measurements of the LED radiometers are not made using the typical 

automated data collection technique that is used at RSG to measure, for example, the spectral 

transmission of interference filters. The monochromator automatically scans through wavelengths 

in the normal manner during the measurements with the LED radiometers, but the output voltage 

from either the silicon reference detector or the LED radiometer is recorded manually after the 

monochromator stabilizes at each wavelength. This leads to possible errors in the retrieved 

spectral responsivity, so a repeatability test of the LEDs is completed using two radiometers. The 

results are shown in Figure 3.12, Figure 3.13, and Figure 3.14. The BRF from a typical day at 

RRV is band averaged using the LED spectral responsivities in order to quantify this error 

 
ρ

ρ
ℜ

〈 〉 =
ℜ

∑
∑

 (3.5) 

where ρ is the hyperspectral BRF data collected with an ASD at RRV, and ℜ is the spectral 

responsivity of the LED radiometer. The resulting band-averaged BRF for each day is shown in 

Table 3.1, where the percent difference in retrieved BRF is at most 0.67%, 0.12%, and 0.01% for 
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Figure 3.11: Spectral responsivity for NIR LED in four radiometers. 
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the green, red, and NIR channels, respectively. This shows that the uncertainty in the LED 

spectral response should not be a major source of error in the retrieved BRF.  
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Figure 3.12. Spectral responsivity repeatability tests of the red 
channel using two LED radiometers. 
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Figure 3.13. Spectral responsivity repeatability tests of the NIR 
channel using two LED radiometers. 
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Table 3.1. Results of the uncertainty in retrieved BRF created by uncertainties 
in the spectral responsivity measurements of the LED radiometer. 

Date of Measurement  12 Jan 2005 25 Jan 2005  

Channel Retrieved BRF Retrieved BRF Percent 
Difference 

Green 0.304 0.306 0.67% 
Red 0.353 0.354 0.12% 
NIR 0.400 0.400 0.01% 
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Figure 3.14. Spectral responsivity repeatability tests of the green 
channel using two LED radiometers.  
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3.3.2. Temperature Dependence of Spectral Responsivity 

The nadir-viewing radiometers are operated over a wide range of outdoor temperatures. Typical 

ambient temperatures range from -20°C to 45°C, so it becomes important to calibrate the change 

in output voltage of the radiometers as a function of temperature. This was done through a set of 

measurements in the laboratory while viewing a stable source. 

 

The laboratory measurements begin by cooling and stabilizing the radiometer temperature in a 

freezer. The 1-m SIS is illuminated symmetrically with two 150-W bulbs and allowed to stabilize 

for approximately 1 hour. The radiometer is moved quickly from the freezer and placed in front 

of the exit port of the SIS, at which point the output voltage is measured as the radiometer focal 

plane temperature slowly increases to the ambient temperature of the room. Results for four 

separate radiometers are shown in Figure 3.15, Figure 3.16, Figure 3.18, and Figure 3.17.  

 

A summary of the fractional change in output voltage as a function of temperature change is 

given in Table 3.2. The corrected output voltage, Vcor, is found using  

 ( )1cor raw T rad refV V C T T⎡ ⎤= + −⎣ ⎦  (3.6) 

where Vraw is the uncorrected output voltage, CT is the temperature coefficient shown in Table 

3.2, Trad is the focal plane temperature of the radiometer, and Tref is the reference temperature 

(25°C). 

 

These measurements indicate that the temperature response appears to be linear with temperature, 

and varies depending on both the radiometer, and the radiometer channel. These results are 

encouraging, as it shows that the temperature effect can be modeled with a linear relationship. 
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Figure 3.15: Temperature dependence of responsivity for radiometer 2. 
Data are normalized to 20°C. 
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Figure 3.16: Temperature dependence of responsivity for radiometer 3. 
Data are normalized to 20°C. 
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Figure 3.17: Temperature dependence of responsivity for radiometer 5. 
Data are normalized to 20°C. 
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Figure 3.18: Temperature dependence of responsivity for radiometer 4. 
Data are normalized to 20°C. 
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The repeatability of the temperature coefficients for the NIR channel in three radiometers was 

also measured. This work showed that the uncertainty in the coefficients shown in the table for 

the NIR band is ±2.3%. Due to time constraints, the green and red channels were not measured, 

although it is assumed that they would have the same range of percent differences at the NIR 

channel.  

3.3.3. Field of View 

The radiometers developed for this project are deployed in a nadir-viewing configuration to 

measure the reflected radiance from desert playas, which are generally located in arid regions 

with low annual precipitation. Cracks in the surface appear systematically throughout the year, 

and generally become larger during extended periods with minimal rainfall. The full field of view 

chosen for these radiometers is 11°. This value is selected so that an adequate area on the ground 

is sampled to create a reasonable signal-to-noise ratio, while still maintaining the ability to infer a 

bidirectional reflectance distribution function (BRDF) with the changing solar zenith angle 

throughout the day. 

 

It is important to understand the radiometer GIFOV, to detect any stray light that is not accounted 

for in the optical design or not found in the sequential ray tracing package used here. Laboratory 

Table 3.2. Thermal stability of radiometers. The temperature coefficient, CT, is 
the change in voltage as a function of temperature. 

Channel 
Rad 2 

CT (ΔV/°C) 
Rad 3 

CT (ΔV/°C) 
Rad 4 

CT (ΔV/°C) 
Rad 5 

CT (ΔV/°C) 
Green 0.0034 0.0032 0.0037 0.0032 
Red 0.0153 0.0167 0.0170 0.0119 
NIR 0.0020 0.0025 0.0029 0.0027 
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studies provide a suitable measure to understand if the field of view is within the specified value 

for the theoretical design.  

 

To measure the field of view, the radiometer is secured on a rotation stage in front of a collimator. 

The pinhole collimator is illuminated in this case by the exit port of a 15-cm diameter SIS that 

uses a 30-W bulb as its source. The radiometer to be tested is centered within the collimated beam 

and the output voltage is measured as a function of angle. The out-of-field measurements relied 

on using angular increments of 2°, while the in-field measurements have an angular resolution of 

0.5°. Each detector has its field of view measured in two positions due to their offset from the 

optical axis (Figure 3.19). The numerical value on 

the rotation stage corresponding to having the 

radiometer normal to the collimated beam is 

determined by placing a plane mirror on the end of 

the radiometer, and viewing the retroreflection of 

the pinhole. The radiometer is considered normal 

to the collimated beam when the reflection of the 

pinhole is aligned with the pinhole itself.  

 

A sample of the FOV results for two radiometers is shown in Figures 3.20-3.25, where the red 

and NIR LED channels of the radiometers appear to be within the specification of an 11° full 

FOV. An interesting and unexpected result occurs with the green LED, where there are two side 

lobes that have higher responses than the central lobe. This could possibly be due to the 

manufacturing of the plastic enclosure around the detecting surface. The full FOV of the green 

channel is approximately 12° for both radiometers when one includes the side lobes. This is not 

 
Figure 3.19. Two orientations of each LED for 
the FOV measurements. The LED radiometer 
is rotated in the horizontal plane from -25° to 
25°. 
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considered to be a problem even though it is slightly greater than the theoretical value. A more 

important result is the excellent out-of-field rejection exhibited by all of the channels. The actual 

measurements are done with angles ranging from ±25°, but the figures were reduced to ±10° for 

visual clarity.  

 

 

 

 

 

 

 

 

 

 

 



 

  

89

 

 

 

 

0.01

0.1

1

-10 -8 -6 -4 -2 0 2 4 6 8 10
Angle (degrees)

N
or

m
al

iz
ed

 V
ol

ta
ge

 O
ut

pu
t

Rad 3 Rad 5
 

Figure 3.20: FOV result for green channel (12:00 position). 
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Figure 3.21: FOV result for green channel (9:00) position. 
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Figure 3.22: FOV results for red channel (12:00 position). 
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Figure 3.23: FOV results for red channel (9:00 position). 
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Figure 3.24: FOV results for NIR channel (12:00 position). 
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Figure 3.25: FOV results for NIR channel (9:00 position). 
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3.3.4. Solar Radiation-Based Calibration (SRBC) 

The gain coefficient of a satellite-based remote sensing instrument is typically determined before 

launch, assuming that there is adequate time and budget. Measurement of this parameter is critical 

because it establishes a baseline that can be used to determine if a sensor is degrading during its 

lifetime. As mentioned in Section 1.4.1, two typical methods are an SIS or an SRBC technique. 

This section describes the calibration of RSG’s LED radiometers using the SRBC. Section 3.3.5 

describes SIS-based results.  

 

The SRBC measurement begins by placing a reflectance reference panel underneath the nadir-

viewing radiometer, overfilling its field of view. One set of measurements are made with the 

panel illuminated by both the direct solar beam, and the hemispherical, diffuse skylight. The 

irradiance incident on the panel and normal to it, Epanel, is given by 

 0 cosm
panel gas skyE E e Eδτ θ−= +  (3.7) 

where all variables are as previously defined. A second set of measurements are made with the 

direct solar beam blocked by a solar occlusion disk (Figure 3.26), leaving only skylight 

irradiance, Esky, incident on the panel. Subtracting the diffuse component from the total 

hemispherical irradiance leaves the direct solar irradiance on the panel. The band-averaged 

reflected radiance, 〈L〉, due only to the band-averaged solar irradiance, 〈E0〉, for each channel is 

found using  

 0 cosm
gL E e Tδρ θ

π
− 〈 〉〈 〉

〈 〉 = 〈 〉 〈 〉  (3.8) 

where 〈ρ〉 is the band-averaged BRF of the panel [Biggar et al., 1993]. All of the parameters in 

equation (3.8) are obtained from RSG’s processing code. The calibration coefficient, 

C [(W m-2 sr-1 μm-1) V-1], is established for each of the radiometers according to 
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cor

LC
V

=  (3.9) 

The solar geometry and atmospheric parameters for SRBC measurements taken at RRV on 

10-11 July 2005 are shown in Table 3.3. The results for the calibration coefficients for these two 

days are shown in Table 3.4. 

 

 

 

 

 

 

 

 
Figure 3.26. SRBC of a radiometer. This image shows the reference panel being 
shaded. Another measurement is taken with the panel illuminated by the global 
irradiance (direct solar and diffuse sky). 
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The repeatability and stability of the 

radiometers, and thus the calibration 

coefficients, is an issue that must be 

addressed. A temporal series of calibration 

coefficients measured using the SRBC are 

shown in Figure 3.27 and Figure 3.28 for 

LED radiometers numbered 4 and 5, which 

were measured at RSG’s laboratory in 

Tucson, and also in the field at RRV. The 

average and standard deviation of the 

calibration from these two radiometers is 

given in Table 3.5. There appears to be a 

shift in the calibration coefficient sometime 

between the third and fourth measurements 

Table 3.3. Solar geometry and atmospheric parameters for the SRBC of radiometers at RRV 
on 10-11 July 2005. Ozone amounts were retrieved using Total Ozone Mapping Spectrometer 
(TOMS) data. 

 Radiometer 
 2 3 4 5 

Date (2005) 11 July 11 July 11 July 10 July 
Time (hh:mm UTC) 15:51 15:39 16:15 16:44 

Solar zenith angle 52.9 55.2 48.2 42.5° 
Aerosol ptical depth at 

550 nm (δ550) 
0.055 ± 0.006 0.053 ± 0.005 0.058 ± 0.006 0.055 ± 0.003 

Angstrom exponent 
(α) 1.03 ± 0.12 0.98 ± 0.12 1.03 ± 0.13 1.26 ± 0.03 

Ozone (DU) 285 285 285 287 
Water vapor (cm) 1.75 1.75 1.79 1.90 

Air temperature (°C) 27.0 27.0 28.0 29.5 
Focal plane temp. (°C) 39.4 36.4 36.3 35.5 

Pressure (mb) 858.6 858.6 858.6 854.9 
 

Table 3.4. Calibration coefficient results for four 
LED radiometers obtained using an SRBC at 
RRV. 

 λC 
(nm) 

Calibration coefficient 
(C) 

[(W m-2 sr-1 μm-1) V-1] 
Rad 2   
Green 548.3 176.5 
Red 625.4 255.3 
NIR 850.2 103.0 

   
Rad 3   
Green 538.8 180.2 
Red 623.5 276.8 
NIR 851.4 170.4 

   
Rad 4   
Green 533.6 186.9  
Red 622.1 232.6 
NIR 847.6 153.4 

   
Rad 5   
Green 539.0 186.0 
Red 622.8 217.1 
NIR 839.1 133.0 
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in the first radiometer. It is unclear whether it is an actual shift in the calibration coefficient, or 

just a larger error in the measurement. Additional temporal SRBC data would reduce the 

uncertainty and help in determining the stability of the radiometer. 
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Figure 3.27. Calibration coefficient values obtained using an SRBC for LED 
radiometer number 4. 



 

  

96

 

3.3.5. Absolute Radiometric Calibration Using a Spherical Integrating 

Source 

The spherical integrating source (SIS) is an additional instrument that is used to measure the 

calibration coefficient of a radiometer. This section introduces the theory that predicts the output 

radiance from the SIS, and describes the method to calibrate a radiometer in the laboratory. 

Results from measurements made in January 2005 with LED radiometers are given. 
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Figure 3.28. Calibration coefficient values obtained using an SRBC for LED 
radiometer number 5. 

Table 3.5. Calibration coefficients for two LED radiometers measured using 
an SRBC. 

 LED Rad. 4 LED Rad. 5 

Channel 
Calibration coeff. 

 (C) 
[(W m-2 sr-1 μm-1) V-1] 

Calibration coeff. 
 (C) 

[(W m-2 sr-1 μm-1) V-1] 
Green 180.0 183.1  
Red 212.0 208.1 
NIR 136.0 129.6 
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The SIS is internally illuminated with a variable number of tungsten lamps, depending on the 

required radiance. The radiance, L, at the exit port is described by 

 
( )1 1S

L
A f

ρ
π ρ

Φ=
− −

 (3.10) 

where Φ  is the amount of power produced by the lamps inside the SIS, AS is the area of the SIS, 

ρ is the reflectance of the coating inside the SIS, and f is what is known as the port fraction 

[Labsphere, 1997]. Restated, f is the ratio of the sphere openings to the total area of the sphere. 

These openings include any area that is not covered by reflective material, such as the location of 

the lamps and ventilation port, which is used in conjunction with a fan to dissipate any heat 

produced by the lamps in the SIS. 

 

The relationship shown in equation (3.10) is theoretical. The radiance produced by the RSG’s SIS 

is measured using a multispectral reference radiometer that is well calibrated and temporally 

stable. The relationship between wavelength and spectral radiance from the multispectral 

radiometer is fit with a function to determine the spectral radiance for each of the bands in the test 

radiometer.  

 

The LED radiometers used in this work are calibrated using RSG’s 1-m SIS as the source, and a 

seven-channel VNIR transfer radiometer to measure the output of the sphere [Biggar, 1998]. The 

calibration coefficients of this transfer radiometer used in this work are shown in Table 3.6. Two 

30-W lamps on opposite sides of the SIS illuminate the sphere in order to produce spatially-

uniform output at the exit port of the SIS. The LED radiometers are placed on a tripod in front of 

the exit port of the SIS, and the output voltage is recorded. The transfer radiometer is placed at 
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the exit port to obtain the reference 

measurement after each radiometer is 

measured. The spectral radiance inferred from 

the transfer radiometer measurement taken on 

24 Jan 2005 is shown in Figure 3.29. The 

reference measurements from 23 and 25 

Jan 2005 are similar in shape and value. It 

should be noted that the spectral irradiance from a tungsten-halogen lamp is typically interpolated 

with a function that has the form 

 ( )2 5
0 1 2 ...

ban
nE A A A A e λ

λ λ λ λ λ
+−= + + + +  (3.11) 

where λ is the wavelength, A1, A2, …, An, a, and b are all coefficients to be determined using a 

fitting routine [Walker et al., 1987]. The value of n corresponds to the number of reference 

wavelengths where the data are collected. Although the same relationship can be used to 

interpolate spectral radiance data, a fourth-order polynomial is used to interpolate the SIS output 

for this project due to its simplicity. Figure 3.29 shows the interpolated data, which have an R2 

value of 0.9999.  

 

The band-averaged radiance in each of the LED radiometer bands is calculated using 

 
LED SIS

LED

L
L

λ λ

λ
λ

ℜ
〈 〉 =

ℜ

∑
∑

 (3.12) 

where ℜλ LED is the spectral responsivity of the LED, and Lλ SIS is the spectral radiance from the 

SIS. In the same manner as in the SRBC case, the output voltages from the radiometer are 

Table 3.6. Calibration coefficients for the VNIR 
transfer radiometer. 

Wavelength  
(nm) 

Calibration Coefficient 
([W m-2 sr-1 μm-1] V-1) 

412.8 272.89 
441.8 287.17 
488.0 238.43 
550.3 216.38 
666.6 152.23 
746.9 157.61 
868.1 86.91 
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adjusted to an equivalent value at 25°C, and the calibration coefficient, C, is calculated using 

equation (3.9). 

 

The average calibration coefficients of four radiometers measured on three consecutive days are 

given in Table 3.7, where the uncertainty is defined as 1 σ. The uncertainty in the calibration 

coefficient is generally smaller when measured with the SIS, as opposed to the SRBC. This 
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0

50

100

150

200

250

300

400 500 600 700 800 900
Wavelength (nm)

Ba
nd

-A
ve

ra
ge

d 
Sp

ec
tra

l R
ad

ia
nc

e 
(W

 m
-2

 s
r-1

 u
m

-1
)

 
Figure 3.29. Spectral radiance produced by the 1-m SIS using two 30-W lamps, 
as measured by RSG's VNIR transfer radiometer. 

Table 3.7. Average calibration coefficients of LED radiometers from 23-
25 January 2005, measured using the 1-m SIS. 

Average Calibration Coefficient 
(C) 

([W m-2 sr-1 μm-1] V-1) 
 LED Radiometer 
 2 3 4 5 

Green 231.7 ± 2.1 222.8 ± 0.8 223.2 ± 9.1 219.4 ± 1.0 
Red 249.6 ± 1.9 274.0 ± 7.4 231.4 ± 3.3 228.2 ± 2.0 
NIR 107.9 ± 0.3 145.5 ± 1.3 139.8 ± 0.6 131.0 ± 0.2 
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means that the SIS-based method is most likely more stable than the SRBC. However, one must 

note that the calibration coefficients are quite different when measured with the SIS versus the 

SRBC. The difference translates to the large error seen in the green channel, which becomes 

smaller as a function of increasing wavelength. This is most likely due to errors in the spectral 

responsivity calibration of the LED radiometer, coupled with an SIS spectral radiance curve that 

is changing rapidly throughout the green channel. If the spectral responsivity of the LED 

radiometer is measured with a high degree of accuracy, the SIS method will produce more 

accurate results. If the spectral responsivity has a higher uncertainty, then the SRBC should be 

used to measure the calibration coefficients. 

 

3.4. CIMEL SUN PHOTOMETER 

3.4.1. Introduction 

The atmospheric data requirements for the automated approach are given in Section 2.2.4. In 

general terms, this method requires that specific parameters be used as input in the RTC to 

calculate at-sensor radiance. Specifically, the aerosol optical depth must be determined for a 

reference wavelength (e.g. 550 nm), and the Angstrom exponent must also be established to relate 

the reference optical depth to those at other wavelengths. The final two parameters that must be 

retrieved are water vapor and ozone amount, which are also used as inputs to the RTC. 

 

A widely-used and well-understood instrument that satisfies the requirements for the automated 

method is the Cimel 318A Sun Photometer made by Cimel Electronique of Paris, France (Figure 

3.30). These instruments are being utilized extensively by the AErosol RObotic NETwork 

(AERONET), which seeks to measure the aerosol properties at over 100 worldwide sites (Figure 

3.31) [Holben et al., 1998]. The AERONET project produces data that are used to generate a 
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spatial and temporal database of worldwide aerosol concentrations, which are also used to 

validate the aerosol retrievals from satellites. The Cimel is therefore a logical choice for the 

automated approach since it is field hardened, weatherproof, automated, and solar powered. In 

addition, the data are uploaded daily, processed, and made available to the public from NASA’s 

Goddard Space Flight Center.  

3.4.2. Cimel Description, 

Measurement Process, 

and Retrieved Data 

The Cimel is a fully-automated, 

solar-powered photometer that 

measures direct solar irradiance and 

 
Figure 3.30. Cimel 318A Sun Photometer deployed at Railroad Valley. The 
transmitter is situated on the left, and the radiometer on the right. 

 
Figure 3.31. Global locations of Cimel Sun photometers, 
used in the AERONET program. (Image source: 
AERONET) 
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sky radiance in eight spectral bands centered at 340, 380, 440, 500, 670, 870, 940, and 1020 nm 

using interference filters housed in a rotating filter wheel (Figure 3.32). The instrument has a 1.2° 

full field of view, and uses two detectors to measure both the diffuse sky radiance and the direct 

solar irradiance.  

 

The Cimel is pointed at the Sun using a 

combination of an internal processor that 

computes the solar ephemeris, a quad cell to 

verify the pointing direction, and stepper 

motors for movement in both the azimuth 

and zenith directions. Cimel measurements 

are separated into two main categories. The 

first is direct solar, which is completed using 

three single measurements for each of the eight spectral bands. This sequence takes 

approximately 30 s per measurement triplet and is performed during Langley calibration 

sequences, and also every 15 minutes while the airmass is less than 2. The direct sky 

measurements are either almucantar or principal plane scans, and use four spectral bands centered 

at 440, 670, 870, and 1020 nm. Almucantar measurements are taken throughout a 360° rotation in 

the azimuth direction while maintaining a zenith angle equivalent to that of the Sun. They are 

taken at airmass values of 1.7, 2, 3, and 4, as well as at the start of every hour between 09:00 and 

15:00 local time. Principal plane measurements are made with the Cimel pointing at the same 

azimuth as the Sun while varying the zenith angle from one horizon to the opposite horizon. Each 

sequence begins with a direct solar measurement, and then another with the Cimel pointed 6° 

from the Sun. 

 
Figure 3.32. Cimel collecting solar irradiance data. 
The instrument head that houses the filter wheel and 
detectors is shown. 
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The direct solar measurements are used to determine aerosol optical thickness, precipitable water, 

and also provide data for the instrument’s calibration. In addition, the direct solar measurements 

are used to determine whether clouds are present in the line of sight to the Sun. The sky radiance 

measurements are used to determine the size distribution of atmospheric particles, scattering 

phase function, and aerosol optical thickness. Data retrieval schemes are listed in Table 3.8. 

 

Data collected by the Cimel are saved to a memory unit, and then uploaded to a geostationary 

satellite. The Cimel at RRV transmits to the Geostationary Operational Environmental Satellite 

West (GOES-W) satellite approximately every 60 minutes, and the satellite transmits the data to a 

ground station for processing at Goddard Space Flight Center (GSFC). The processed data are 

distributed on the Internet for use by the scientific community, and typical results are seen in 

Figure 3.33, Figure 3.34, and Figure 3.35 for data collected at RRV.  

 

 

 

 

 

 

Table 3.8. AERONET inversion schemes [Holben et al., 1998]. 

Variable Measurement Reference 
Aerosol optical thickness Beer’s Law Shaw [1983] 

Precipitable water Modified Langley Bruegge et al. [1992], Reagan et al. 
[1992] 

Scattering aerosol optical thickness Spectral sky 
radiance Nakajima et al., [1983] 

Size distribution, scattering phase 
function 

Spectral sky 
radiance Nakajima et al., [1983] 
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Figure 3.33. Example of AERONET retrieval of aerosol optical thickness 
for Railroad Valley. Note that the calibration for the 340-nm band is 
incorrect, as exhibited by the shape of the optical depth versus time. 

 
Figure 3.34. Example of AERONET Angstrom exponent retrieval at 
Railroad Valley using four bands (440, 500, 675 and 870 nm). 
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3.4.3. Cimel Calibration 

A set of Cimel units kept at Goddard Space Flight Center are calibrated using two approaches. 

The first measurement determines the gain and offset for the unit’s sky radiance channels using a 

2-m SIS operated at Goddard Space Flight Center. The gain measurements are made by pointing 

the Cimel at the exit port of a 2-m SIS, and determining the relationship between DNs and the 

absolute radiance at four different radiance levels. The dark measurements are made with the 

aperture stop closed, and the values are subtracted from the output DNs when measurements are 

taken under normal operating conditions.  

 

The zero-airmass intercept, V0, is typically measured using five or more Langley plots taken atop 

the Mauna Loa Observatory in Hawaii, which provides stable aerosol conditions for data 

collection. During these measurements, repeatability tests are also made to determine if the 

 
Figure 3.35. Example of AERONET water vapor retrieval at Railroad 
Valley. 
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instrument is degrading over time. The values for V0 are computed from an average of five or 

more Langley measurements. Stability in these instruments is limited by the interference filters 

used to control the spectral selection, and the use of ion-assisted deposition filters has increased 

their temporal stability.  

 

Cimel photometers operated by the global community are sent to Goddard for calibration. 

Absolute radiance is measured with the 2-m SIS, and V0 is measured by collecting data 

concurrently with the reference units under the same atmospheric conditions. The reference units 

are calibrated approximately every month, and it is suggested that the field units be calibrated 

approximately twice per year. Maintaining proper calibration is important for this work, and for 

users of Cimel data. Bands that are improperly calibrated will produce incorrect retrievals, as 

shown in Figure 3.33, where the aerosol optical thickness results for the 340-nm band are much 

too high, and the shape is incorrect. Correct calibration of field units also includes proper 

maintenance, which means keeping the optics and stray light baffles clean. This can be a problem 

on desert playas, where blowing dust tends to coat the optics during dry conditions. It is therefore 

critical to the automated approach that the Cimel at RRV be kept properly calibrated. If it is found 

that the Cimel results are inaccurate due to being out of calibration, the data can be corrected 

during a manned field campaign. 

 

Since the Cimel and AERONET have been described in the literature in great detail, the reader is 

directed to these sources for further details. An extensive list of publications describing the 

instrumentation, impact, and processing can be found at the AERONET Internet site. The overall 

conclusion that can be drawn from these sources is that the Cimel 318 provides atmospheric 

results of similar quality to the RSG’s current automated solar radiometer, assuming the Cimel is 
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maintained properly and calibrated on a regular basis. Section 4.3.2 provides an example of how 

data from the Cimel are used in this work, and how uncalibrated data can still be included.  
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CCHHAAPPTTEERR  44..  RREESSUULLTTSS  
 

4.1. INTRODUCTION 
 

The results presented here originate from data collected during various field campaigns at 

Railroad Valley in 2005-2006, and from data collected at the Remote Sensing Group’s laboratory 

in Tucson in 2006. A summary showing the typical output from one radiometer during a routine 

40-day cycle of data collection is given, along with comparisons between the same bands of each 

radiometer, and the spectral bands of different radiometers. Finally, a direct comparison is made 

between the LED field radiometers and the ASD portable spectrometers that are used during a 

typical field campaign. 

 

Atmospheric measurements made using the automated approach are compared to those made 

using the automated solar radiometer used during a manned field campaign. The important 

retrieved parameters are the aerosol optical depth, the Angstrom exponent, and the water vapor 

amount. Comparisons of the retrieved amounts using both techniques are given. This chapter also 

introduces a method to correct atmospheric results that are obtained using a Cimel sun 

photometer that is out of calibration. This becomes important since the one used at RRV is 

generally not cleaned and calibrated as often as is specified by AERONET. 

 

The last part of this chapter begins with the presentation of top-of-atmosphere results from the 

reflectance-based approach used during manned field campaigns compared to values retrieved 

using surface BRF measurements made by the nadir-viewing radiometers and atmospheric data 
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collected by the ASRs. Finally, the top-of-atmosphere results for five days without ground 

personnel are calculated using only the automated approach.  

 

4.2. SURFACE BRF MEASUREMENTS 

4.2.1. Summary of LED Radiometer Results 

The nadir-viewing radiometers located at RRV collect data every 8 minutes, which allows the 

data loggers to continue collecting data for approximately 45 days without overwriting existing 

data. The typical output voltage for a 10-day cycle at RRV is shown in Figure 4.1 for the green 

channel. The voltage rise and fall is primarily due to changes in solar illumination including the 

cosine effect of the solar zenith angle. A few of the days exhibit departures from this pattern, 

which occurs when clouds are present. The output voltage for one day corresponding to a 

reasonably clear day is shown with more detail in Figure 4.2, along with the cosine of the solar 
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Figure 4.1. Output voltage for 10 days of LED radiometer data at RRV in 
2005. Day 65 corresponds to 6 March 2005. 
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zenith angle normalized to the peak output voltage. The temperature-corrected output voltage is 

below the cosine curve throughout most of the day, and the difference is slightly asymmetric from 

the morning to the afternoon. There are a few factors that in combination, may account for this 

effect. They include the temperature correction of the LED radiometer, the surface BRF, and the 

topography of the surface that the LED radiometer is viewing. The temperature effect has the 

least impact, since the temperature ranges from 0°C to 13°C during this day, and the voltage 

correction is not large. The second possible cause of this effect is the surface BRDF of RRV, but 

RRV is approximately Lambertian for view angles out to ±25° when considering the playa from a 

macro perspective. The largest effect is probably due to small topographic effects, such as a hole 

or a bump in the surface. This would account for the asymmetry observed in the morning and 

afternoon data as well.  
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Figure 4.2. One day of LED radiometer data at RRV in 2005 for the green 
channel. The second line is the cosine of the solar zenith angle, normalized to 
the peak voltage. Day 73 corresponds to 14 March 2005. 
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Precipitation on the playa is clearly evident in the nadir-viewing radiometer data. A rain event 

will generally be preceded by cloudy conditions, which are detectable by the abrupt changes in 

the LED radiometer output voltage. An example of rainfall is shown in Figure 4.3, which also 

includes rainfall amounts measured using the meteorological station present at RRV. The first day 

is typical of a clear day, while the second day shows the dramatic changes in the output voltage 

indicative of cloudy skies. The third day shows clouds between sunrise and midmorning, and the 

expected drop in clear-sky signal later in the day due to the wet surface caused by a total of 

9.9 mm of rainfall. 

 

4.2.2. Comparison between Spectral Bands of Same LED Radiometer 

An example of temperature-corrected output voltages for the green, red, and NIR channels of an 

LED radiometer viewing a dry playa are shown for a single day in Figure 4.4. The differences in 
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Figure 4.3. LED radiometer output voltage after 9.9 mm of rainfall in 
September 2005 at RRV. Day 264 corresponds to 21 September 2005. 
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the voltage amplitudes are due to the different feedback resistors used for each channel. The 

resistors were initially chosen to produce an output voltage of approximately 2.5 V for a near-

unity reflectance panel illuminated by the Sun at a solar zenith angle of 10°. This zenith angle 

corresponds to the approximate smallest value expected in Tucson. One interesting feature is 

observed with the green and NIR channels. In the morning, the NIR channel has a higher voltage 

than the green channel for a given time. In the afternoon, they are approximately the same. As 

with the previous example, it is most likely due to the surface topography and the changing 

illumination conditions during the day.  

 

To see if this behavior is typical, one can look at the previous day, shown in Figure 4.5, where the 

green and NIR channels exhibit the same output voltages with respect to each other. This supports 

the conclusion that the differences observed are due to the surface topography. Another feature 

that is shown in both days is the higher noise in the red channel. The temperature correction is 

0.0

0.2

0.4

0.6

0.8

73.5 73.6 73.7 73.8 73.9 74.0 74.1
Day of Year (UTC)

O
ut

pu
t V

ol
ta

ge
 (V

)

-10

-5

0

5

10

15

20

25

30

Te
m

pe
ra

tu
re

 (°
C

)

Green Red NIR Focal plane temperature
 

Figure 4.4. Temperature-corrected output voltage for green, red, and NIR 
channels of one LED radiometer at RRV. The temperature of the radiometer 
focal plane is also shown. Day 73 corresponds to 14 March 2005. 
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approximately five times greater for this channel than the green or NIR ones, so it is probably an 

effect with this correction. The focal plane temperature sensor has an effective resolution of 1°C 

when coupled to the resolution of the 8-bit data logger. This is shown in the temperature steps in 

both of the previous graphs. 

4.2.3. Spectral Comparison between Different LED Radiometers 

The surface BRF of RRV is monitored using nadir-viewing radiometers placed at different 

positions on the 1-km2 MODIS site, which is shown in Figure 4.6. The placement of these 

radiometers allows the homogeneity of the surface to be monitored as a function of time. Past 

experience shows that different areas of RRV dry differently. One cause of this is a north-south 

road through the approximate center of the site. There is also a difference in surface BRF between 

the north and south extremes of the site, possibly due to the 4-m difference in elevation. The 
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Figure 4.5. Temperature-corrected output voltage for green, red, and NIR 
channels of one LED radiometer at RRV. These data are from one day earlier 
than those shown in Figure 4.4, and they exhibit similar behavior. 
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elevation difference creates different conditions for drying, especially after a heavy rainfall when 

water is left standing for some time.  

 

This section examines the BRF retrieved using LED radiometers, and provides a comparison with 

ASD measurements taken during the same day when RSG personnel were at RRV for an 

overpass. The ASD measurements provide an important comparison and act as a control, since 

they are the standard instrument used by RSG to measure surface BRF. 

 

BRF is normally obtained by averaging the ASD data from the entire site. There are measurable 

differences between different quadrants, so for this experiment, the BRF measured using an ASD 

 
Figure 4.6. The 1-km2 large-footprint site at RRV. The black numbers (1-4) indicate 
the ASD transects (or quadrants) that are referred to in this work. The four yellow 
squares (with their corresponding numbers) indicate where LED radiometers are 
located. 
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is isolated to the five spatial data points closest to each LED radiometer in an attempt to remove 

effects due to spatial nonuniformity.  

 

The results from this experiment are shown in Figure 4.7. The ASD measurements are included 

with an error bar related to the standard deviation of the ASD. The LED measurements are single-

point measurements and as such do not have a standard deviation. The LED radiometers differ 

from the ASD in the red channel by as much as 14%, but this could be caused by spatial 

sampling. It is difficult to pinpoint the exact source of error, since the two measurement 

instruments are obtaining data over vastly different spatial regions. A more controlled experiment 

where the ASD and LED radiometer are viewing the same sample is described in the next section. 
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Figure 4.7. The BRF of RRV measured by three LED radiometers on 13 
March 2005. The average of the five nearest ASD measurements to each LED 
radiometer is shown for comparison (see Figure 4.6). The shape of the icon 
denotes which LED and ASD should be directly compared.  
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4.2.4. Surface BRF Comparison: LED Radiometer vs. ASD 

An experiment was conducted at RSG, where two reference panels and a simulated field surface 

were placed under an LED radiometer with an ASD foreoptic attached beside it to ensure near-

coincident viewing (Figure 4.8 and Figure 4.9). The atmospheric measurements were made using 

 
Figure 4.8. BRF measurements using an LED radiometer and ASD. The foreoptic 
is fastened to the side of the LED radiometer.  
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an ASR, which collected data at one-minute intervals 

throughout the day. The measured surfaces are: 

• 100% Spectralon panel 
• 50% panel 
• Pan of White Sands Missile Range gypsum 

 

The results for this experiment are shown in Table 4.1. The 

ASD data are processed to BRF using the same technique 

performed during a typical field campaign. Ten ASD samples 

consisting of 10 spectra are taken, and then averaged for each 

type of reflectance sample. The LED radiometer measurements 

in this experiment are averaged over 10 samples per surface. 

The temperature-corrected voltage is used to determine the 

 
Figure 4.9. Detail of an ASD 
foreoptic mounted on an LED 
radiometer. 

Table 4.1. Measured BRF of various surfaces using an ASD and LED 
radiometer. Both results are band averaged to the green LED spectral 
responsivity. The percent difference is calculated as 100 ⋅ (ASD-
LED)/ASD. 

 Measured BRF Difference 
Green 

Channel ASD LED 
radiometer Absolute Percent 

100% panel 1.014 * 0.948 0.066 6.5% 
50% tarp 0.494 0.453 0.041 8.3% 

White Sands 0.799 0.731 0.068 8.5% 
     

Red Channel     
100% panel 1.019 * 0.973 0.046 4.5% 

50% tarp 0.490 0.464 0.026 5.3% 
White Sands 0.837 0.791 0.046 5.5% 

     
NIR Channel     
100% panel 1.025 * 1.005 0.020 1.9% 

50% tarp 0.488 0.479 0.009 1.8% 
White Sands 0.876 0.853 0.023 2.7% 

* NOTE: The BRF of the 100% panel is measured in RSG’s black lab 
facility, not with an ASD. 
 



 

  

118

surface BRF using equation (2.21). The atmospheric transmission is determined using the output 

from an ASR as input into a modified version of MODTRAN4. This code also calculates the 

diffuse sky irradiance, which is required with the LED radiometers.  

 

These results raise questions as to why there are reasonably large differences when the ASD and 

LED radiometers are viewing the same surfaces. The green channel exhibits the largest percent 

difference, and all these values are positive. The percent difference generally decreases with 

increasing wavelength, which hints at the possibility that there are errors with the MODTRAN-

retrieved diffuse skylight.  

 

The BRF measurements of the reference panel include shaded-panel measurements where the 

direct solar beam is blocked. This allows the diffuse sky irradiance to be determined using 

 cor
sky

panel

C VE π
ρ

=  (3.13) 

where ρpanel is the BRF of the panel measured in RSG’s laboratory. Results for Esky determined 

using MODTRAN and by direct measurement are shown in Table 4.2. The results show that 

MODTRAN is returning results that are too high by as much as 75% of the measured value in all 

channels.  

 

Table 4.2. Results of diffuse sky irradiance by direct measurement, 
and also modeled using MODTRAN. 

Esky (W m-2 μm-1) 

Channel MODTRAN Measured Absolute 
Difference

Percent 
Difference 

Green 216.1 123.6 92.5 74.8% 
Red 138.3 79.7 58.6 73.5% 
NIR 46.5 31.8 14.7 46.2% 

 



 

  

119

The BRF results from Table 4.1 are shown in Table 4.3 after application of the diffuse irradiance 

correction. The measurements of the 100% panel agree perfectly, although there are still 

differences in the 50% panel, and the White Sands Missile Range sample. These differences are 

most likely due to spatial homogeneity issues with each sample, since the ASD foreoptic and 

LED radiometer are not viewing the exact same area. 

 

 

 

Table 4.3. Retrieved BRF using an LED radiometers and ASD. The 
diffuse irradiance is corrected in these results. The most important 
comparison in this table is the BRF results for the 100% panel. 

 Measured BRF Difference 
Green 

Channel ASD LED rad. Absolute Percent 

100% panel 1.014 * 1.014 0 0% 
50% tarp 0.494 0.485 0.009 2.0% 

White Sands 0.799 0.782 0.017 2.1% 
     

Red Channel     
100% panel 1.019 * 1.019 0 0% 

50% tarp 0.490 0.486 0.004 0.8% 
White Sands 0.837 0.829 0.008 1.0% 

     
NIR Channel     
100% panel 1.025 * 1.025 0 0% 

50% tarp 0.488 0.488 0 0% 
White Sands 0.876 0.869 0.007 0.8% 

* NOTE: The BRF of the 100% panel is measured in RSG’s black lab 
facility, not with an ASD. 
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4.3. ATMOSPHERIC MEASUREMENTS 

4.3.1. Aerosol Optical Depth, Angstrom Exponent, and Water Vapor 

Measurements: ASR versus Cimel 

The aerosol optical depth (δA), Angstrom exponent (α), and water vapor amount are parameters 

retrieved using Cimel data, and are required in this automated approach. A comparison of the 

aerosol optical depth measured using the Cimel and ASR for various dates when RSG personnel 

were on site at RRV is given in Table 4.4 and Figure 4.10. The aerosol optical depth measured by 

the Cimel at 500 nm is converted to a value at 550 nm using the Cimel-retrieved Angstrom 

exponent to scale the value at 500 nm using the relation given in equation (2.15).  

 

Comparisons of the data in March and April 2005 show that the Cimel was out of calibration, as 

evident by the offset from the ASR data in Figure 4.10. This does not render the data unusable. 

Rather, a correction scheme has been developed and is described in the next section. The Cimel 

was calibrated during the summer of 2005, and the remaining four dates in August and September 

Table 4.4. Atmospheric retrievals using a Cimel Sun photometer and ASR for various dates at 
RRV. The Cimel aerosol optical depths at 550 nm are calculated using the values at 500 nm and 
Angstrom exponent (see equation (2.15)). 

 Cimel ASR 

Date 
(2005) δA500 δA550 α 

Water 
vapor 
(cm) 

δA550 α 
Water 
vapor 
(cm) 

13 Mar  0.116 0.107 0.88 0.24 0.047 ± 0.016 0.71 ± 0.50 0.30 
14 Mar 0.124 0.112 1.10 0.31 0.056 ± 0.016 1.15 ± 0.43 0.40 
15 Mar 0.126 0.114 1.04 0.53 0.056 ± 0.017 0.95 ± 0.46 0.63 
16 Apr 0.186 0.176 0.63 0.57 0.103 ± 0.019 0.44 ± 0.20 0.65 
11 Aug 0.068 0.056 1.95 1.41 0.065 ± 0.004 1.89 ± 0.08 1.47 
12 Aug 0.103 0.086 1.91 1.55 0.110 ± 0.005 1.74 ± 0.05 1.74 
27 Aug 0.051 0.041 2.18 0.83 0.070 ± 0.004 1.63 ± 0.07 0.97 
23 Sep 0.046 0.042 1.08 1.02 0.050 ± 0.004 1.86 ± 0.09 1.19 
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2005 show more realistic results, and are comparable to those obtained using the ASR. A 

comparison of the Angstrom exponent is shown in Figure 4.11, where it appears that after the 

Cimel was calibrated, the difference between it and the ASR increased. This is only observed in 

two data points, and comparing more data will show if the Cimel is out of calibration. The water 

vapor is another parameter that is required for the automated approach. The average difference 

and uncertainty (1 σ) in water vapor amounts retrieved using the Cimel compared to those from 

the ASR for the dates given in Table 4.4 is 0.11 ± 0.05 cm, or as a percent difference, 14.0% ± 

5.5%. This value is on the same order as previous experiments made by RSG to measure water 

vapor amounts [Thome et al., 1992; Laurent et al., 2004]. 

4.3.2. Correction of Cimel Calibration 

The recommended calibration interval for the Cimel Sun photometer is twice per year since 

undocumented changes in the instrument’s calibration coefficient increases the uncertainty in 

retrieved parameters. Proper maintenance of a Cimel involves keeping the optics free of any 

obscuring or scattering mechanism such as dust or dirt. The unit operated at RRV can only be 
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Figure 4.10. Cimel Sun photometer and ASR retrievals of aerosol 
optical depth at RRV. 
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cleaned when personnel are at the site, which typically occurs every 30-45 days throughout most 

of the year. In the event that the instrument goes out of calibration, there must be a process to 

correct the data. 

 

Solar transmittance data are corrected by cross-comparison to a calibrated sensor. Cimel aerosol 

optical thickness data are retrieved at 440, 500, 675, and 870 nm. In the same spectral region, 

ASR data are retrieved at 400, 441, 520, 611, 670, 780, and 870 nm. The miscalibration of the 

Cimel is essentially due to an incorrect intercept voltage, V0 

 0
mV V e δ−=  (3.14) 

where V is the output voltage, m is the airmass, and δ is the total optical depth. This value can be 

compared to a properly calibrated instrument using the following 

 '
0 0 'm mV V e V eδ δ− −= =  (3.15) 

where the third term describes the correctly-calibrated intercept voltage, V0’, and optical depth, 

δ ’.A the correction factor is determined for the intercept voltage by rearranging equation (3.15). 

0.0

0.5

1.0

1.5

2.0

2.5

Mar Apr May Jun Jul Aug Sep Oct
2005

An
gs

tro
m

 E
xp

on
en

t

Cimel ASR

 
Figure 4.11. Angstrom exponent retrieved using the Cimel and ASR 
at RRV. 
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 ( ) 0 0' ln ln 'm V Vδ δ− = −  (3.16) 

Equation (3.16) has the benefit of not having to actually know the intercept voltages for the 

calibrated and uncalibrated instruments. For a given day with concurrent ASR and Cimel 

measurements, m, δ, and δ ’ are all known, thereby defining the correction factor. Then, when 

Cimel data from a day where there is no ASR needs to be corrected, one uses the following 

 0 0ln ln '' V V
m

δ δ −= −  (3.17) 

This is completed for each Cimel wavelength, and an Angstrom exponent is fit to the corrected 

data. 

 

Results of this correction are shown for March 2005 based on ASR data from 15 March 2005 in 

Table 4.5. The table shows retrieved ASR and Cimel optical depths, the correction factors, and 

the final corrected values for the Cimel data corresponding to an Aqua MODIS overpass at 20:50 

UTC. The corrected data are fit using the relationship in equation (2.15), where α is the new 

Angstrom exponent for the Cimel data set. The corrected Cimel data are shown in Figure 4.12.  
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Table 4.5. Correction of Cimel data on 31 March 2005 at 20:50 UTC using 
concurrent ASR and Cimel data from 15 March 2005. 

Cimel data from 15 March 2005 
  λ (nm) δA   
  440 0.132   
  500 0.110   
  675 0.080   
  870 0.065   
  α 1.035   

 
ASR/Cimel Comparison using data from 15 March 2005 
Cimel ASR Correction Factor 

λ (nm) δA λ (nm) δA λ (nm) ln V0 – ln V0’ 
440 0.146 440 0.063 440 0.1126 
500 0.126 550 0.056 500 0.0873 
675 0.090 670 0.043 675 0.0637 
870 0.073 870 0.034 870 0.0529 

 
Adjusted Cimel data for 31 March 2005 

  λ (nm) δA   
  440 0.042   
  500 0.040   
  675 0.029   
  870 0.023   
  α 0.944   
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Figure 4.12. Corrected Cimel atmospheric data from 31 March 2005 at RRV. 
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4.4. TOA RESULTS FOR MODIS 

The previous two sections, 4.2 and 4.3, presented results from experiments used to validate the 

retrievals of surface BRF and atmospheric transmission, which are the main inputs to the 

radiative transfer code used to determine at-sensor radiance. Section 4.4 examines the results of 

using these inputs to predict the top-of-atmosphere radiance. A baseline set of results from a 

typical vicarious calibration field campaign at Railroad Valley is included for comparison. The at-

sensor radiance results from the unmanned approach are compared to those from the same day as 

the manned approach. The final example shows results from the automated approach for five days 

when no RSG personnel were present at the site.  

4.4.1. MODIS Calibration Using Reflectance-Based Approach 

The at-sensor radiance presented in this section is determined using the typical instrumentation 

and techniques employed by the reflectance-based approach. It provides baseline measurements 

of surface reflectance and atmospheric transmission that are well understood.  

 

This study uses data from 14 and 15 March 2005, which correspond to a Terra MODIS and Aqua 

MODIS overpass, respectively. These days were chosen for comparison because they both have 

near-nadir satellite viewing angles with clear, stable days. These conditions aid in reducing the 

uncertainties in the retrieved at-sensor radiance. 

 

14 March 2005 – Terra MODIS 

Field data were collected by RSG personnel on 14 March 2005 at RRV for the Terra MODIS 

overpass at 18:32 UTC. The sky conditions were generally clear, with some clouds near the 

horizon. There were also slightly dusty conditions reported towards the northeast area of the 

playa. Surface BRF data were collected without incident, and throughout the collection the line of 
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sight was clear from the playa to both the Sun, and MODIS. The overpass conditions and 

radiative transfer code inputs are given in Table 4.6.  

 

The aerosol optical depth retrieved 

for overpass is shown in Figure 

4.13, where the values are typical 

for a reasonably clean day at RRV. 

The surface reflectance measured 

using an ASD and reference panel is 

shown in Figure 4.14, where the MODIS bands in the VNIR and SWIR are superimposed on the 

BRF curve. The variability of surface BRF is shown in Figure 4.15, where the increased values 

near 1350 and 1800 nm are due to atmospheric absorption by water vapor. The standard deviation 

of the surface BRF is around 5-6% at wavelengths greater than approximately 500 nm. The 

predicted top-of-atmosphere radiance is shown in Figure 4.16, where the values for the MODIS 

VNIR and SWIR channels are superimposed on the band-averaged spectral radiance curve.  

 

RRV as imaged by Terra MODIS is shown in Figure 4.17 based on bands 1 (645 nm), 

4 (553 nm), and 3 (466 nm) to produce a false-color red-green-blue (RGB) mix. The percent 

differences between the vicarious calibration and reported at-sensor radiance are shown in Figure 

4.18. This figure also shows the average difference and standard deviation (1 σ) between the 

reflectance-based approach and MODIS for 7 data sets collected between December 2004 and 

August 2005. The values for 14 March 2005 are generally higher than the average for this recent 

time frame, but they are comparable to the uncertainty in the reflectance-based method for large-

footprint sensors, which is presently regarded to be 3-5% [Thome et al., 2003]. 

Table 4.6. Satellite and solar geometry for the Terra 
MODIS overpass on 14 March 2005 at RRV. 

Date 14 March 2005 
Time (UTC) 18:31:51 

View nadir (degrees) 12.5 
Solar zenith (degrees) 44.8 

Aerosol optical depth at 550 nm 0.053 ± 0.016 
Angstrom exponent 1.27 ± 0.46 

Ozone (DU) 298 
Water Vapor (cm) 0.37 
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Figure 4.13. Aerosol optical depth at overpass for 14 March 2005. 

 

 
Figure 4.14. Surface BRF of RRV measured with ASD during Terra 
MODIS overpass on 14 March 2005. 
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Figure 4.15. Percent standard deviation of the average of surface BRF 
of RRV retrieved from ASD data. 

 
Figure 4.16. Top-of-atmosphere radiance results for Terra MODIS on 
14 March 2005, measured using the reflectance-based approach. The 
red dots are placed at the center of each MODIS band. 

 



 

  

129

 

 

 

 

 

 

 

 
Figure 4.17. Railroad Valley, as imaged by Terra MODIS on 14 March 2005. 
The MODIS bands used to create this false-color RGB image are 1 (645 nm), 
4 (553 nm), and 3 (466 nm). The yellow square is the 1-km2 site used by RSG. 
North is up in this image. 
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15 March 2005 – Aqua MODIS 

The satellite geometry, solar geometry, and atmospheric information for 15 March 2005 are given 

in Table 4.7. This overpass is different from the previous day in that it is Aqua MODIS viewing 

in a near-nadir configuration. The aerosol optical depth, surface reflectance, surface reflectance 

RMS error, and at-sensor radiance are shown in Figure 4.19, Figure 4.20, Figure 4.21, and Figure 

4.22. The results obtained 

for this day are similar to the 

previous day. The 

atmosphere is consistent 

with the previous day, as 

indicated by similar aerosol 
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Figure 4.18. Percent difference between top-of-atmosphere radiance for RSG 
and Terra MODIS on 14 March 2005. The average using data collected 
between December 2004 and August 2005 is also shown. 

Table 4.7. Satellite and solar geometry for the Aqua MODIS 
overpass on 15 March 2005 at RRV. 

Date 15 March 2005 
Time (UTC) 20:50 

View angle (degrees) 3.7 
Solar zenith angle (degrees) 42.6 

Aerosol optical depth at 550 nm 0.054 ± 0.017 
Angstrom exponent 1.04 ± 0.046 

Ozone (DU) 254 
Water vapor (cm) 0.59 
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optical depth and Angstrom exponent values.  The image of RRV taken by Aqua MODIS is 

shown in Figure 4.23. The percent differences between the reflectance-based approach and the 

MODIS at-sensor radiance are given in Figure 4.24, along with an average of the percent 

difference for five field campaigns that occurred between March and September 2005. The values 

retrieved for 15 March are within the standard deviation (1 σ) of the data acquired during that 

timeframe, and are within the 3-5% uncertainty.  
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Figure 4.19. Aerosol optical depth during Aqua MODIS overpass on 
15 March 2005 at RRV. 

 
Figure 4.20. Surface BRF measured during Aqua MODIS overpass 
using an ASD. 
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Figure 4.21. Percent standard deviation of the average of surface BRF 
of RRV retrieved from ASD data on 15 March 2005. 

 
Figure 4.22. Top-of-atmosphere radiance calculated using reflectance-
based approach on 15 March 2005 at RRV for Aqua MODIS. The red 
dots are placed at the center of each MODIS spectral band. 
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Figure 4.23. Railroad Valley as seen by Aqua MODIS on 15 March 2005. The 
false-color RGB image is created using MODIS bands 1 (646 nm), 4 (554 nm), 
and 3 (466 nm). The yellow square denotes the 1-km2 site used by RSG. North is 
down in this image. 
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4.4.2. MODIS Calibration with Automated Approach 

Comparison of the top-of-atmosphere radiance between the reflectance-based approach and the 

automated approach is the next step. The 14 and 15 March dates are used with the atmospheric 

transmission determined by the RSG automated solar radiometer, as is done for the manned 

approach. The atmospheric parameters are thus identical to those shown in Table 4.6 and Table 

4.7. 

 

The BRF results for 14 and 15 March 2005 are shown in Figure 4.25 for the LED radiometers. 

Also shown in the figure are the ASD results that have been band averaged to the LED spectral 

responsivities. The BRF of the site is obtained using LED radiometers by retrieving the output 

-20

-15

-10

-5

0

5

10

Wavelength (nm)

P
er

ce
nt

 D
iff

er
en

ce
10

0 
· (

M
O

D
IS

-R
SG

)/M
O

D
IS

Aqua MODIS Average 15 Mar 2005

413        442        466          554          646         856       1242       2114

 
Figure 4.24. Percent difference in reported top-of-atmosphere radiance 
between RSG and Aqua MODIS for overpass at RRV on 15 March 2005. A 
5-day average from data collected between March and September 2005 are 
shown for comparison. 
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voltage as close to overpass time as possible for each of the radiometers. These output voltages 

are corrected for temperature by using the coefficients previously determined in the laboratory. 

The radiative transfer code is used with the atmospheric data collected by the ASR to compute the 

atmospheric transmission and BRF for each channel of the three LED radiometers. This includes 

the diffuse sky irradiance, which is determined using MODTRAN. The average values for 14 

March are 175.4, 113.7, and 38.2 W m-2 μm-1 for the green, red, and NIR channels, respectively. 

On 15 March, these values are 157.1, 101.4, and 34.3 W m-2 μm-1.  

 

Once the multispectral BRF is determined for each channel of the three LED radiometers, they 

are used to scale a hyperspectral BRF curve acquired with an ASD. Since there are three LED 

radiometers, and thus three separate spectral bandwidths, the BRF data collected by the ASD are 

band averaged using each LED radiometer’s bandwidth. The hyperspectral curve is scaled by 

comparing BRF data from the three LED channels. This scaled hyperspectral curve is then used 

0.25

0.30

0.35

0.40

0.45

0.50

Spectral Band

Su
rfa

ce
 B

R
F

LED 14 Mar LED 15 Mar
ASD 14 Mar ASD 15 Mar

Green Red NIR

 
Figure 4.25. Surface BRF of RRV measured on 14 and 15 March 2005. The 
LED radiometer values are obtained using an average of three radiometers, 
while the ASD values are an average for the entire large-footprint site. 
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in the radiative transfer code with the ASR data to produce a top-of-atmosphere radiance. The 

reader is referred to Figure 2.16 for an organizational chart that describes the processing scheme. 

 

The top-of-atmosphere results for 14 and 15 March are shown in Figure 4.26. The percent 

difference for both days is negative, which means that the automated approach produces radiance 

values that are greater than those reported by MODIS. This is most likely due to the scaling of the 

ASD data. 

 

The automated approach is limited by the fact that the scaled BRF data are only being 

transformed up and down. There is no twisting of the BRF curve, which creates errors in 

wavelength regions not covered by the LED radiometers. This is shown in Figure 4.26 by the 

larger errors near 2114 nm in the Aqua results. They are well corrected in the blue region, but not 
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Figure 4.26. Percent difference in top-of-atmosphere radiance between RSG 
and MODIS for 14 and 15 March 2005. The RSG results are obtained using the 
LED radiometers with an automated solar radiometer. 
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in the SWIR. This problem can be reduced with the use of detectors that cover a greater 

wavelength range, including the blue region and the SWIR, where LEDs are presently available. 

4.4.3. MODIS Results Using Automated Approach Only 

The final test of the automated approach requires that the top-of-atmosphere radiance be 

determined for a satellite overpass in the absence of RSG personnel. Five Aqua MODIS 

overpasses at RRV were chosen for this comparison. These dates include solar zenith angles that 

range from 22°-52°, and satellite view angles that range from 4°-19°. For these experiments, 

surface reflectance data are collected using the three nadir-viewing LED radiometers (yellow 

numbers 2, 3, and 4 in Figure 4.6), and atmospheric data are collected using a Cimel Sun 

photometer. The ambient temperature and barometric pressure are measured using a 

meteorological station that resides permanently at RRV. The satellite and atmospheric parameters 

for each overpass time are shown in Table 4.8. Ozone amounts for this experiment were obtained 

from the TOMS database on the Internet.  

 

The output voltage for each LED radiometer is averaged over five temporal data points that are 

centered on the satellite overpass, which corresponds to 40 minutes. This duration was chosen 

since it is the approximate time for the large-footprint site to be measured using the manned 

Table 4.8. Satellite, atmospheric, and solar parameters for five Aqua MODIS overpasses at 
RRV. 

Date (yymmdd) 050308 050331 050416 050520 060214 
Time (UTC) 20:45 20:50 20:51 20:38 20:51 

Satellite view angle (degrees) 7 4 5 19 5 
Solar zenith angle (degrees) 44.7 37.0 32.0 22.3 52.8 
Ambient temperature (°C) 22.0 12.5 24.5 34.7 16.5 

Pressure (mb) 864 845 856 843 855 
Ozone (DU) 320 311 334 301 260 

Water vapor (cm) 0.61 0.39 0.57 0.87 0.94 
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vicarious approach. The data are temperature corrected, and the surface BRF is determined using 

the method outlined in Section 2.2.2. Once the BRF values are determined for each channel of the 

three radiometers, they are spatially averaged. This produces a site-averaged BRF curve with 

three spectral points. As with the previous examples, the LED data are used to scale the ASD 

BRF curve that is used as input to the radiative transfer code.  

 

The average BRF and standard deviation (1 σ) for the LED radiometer measurements are shown 

in Table 4.9. One interesting result is observed on 20 May 2005, when the BRF values are much 

larger than normal. This is due to a white, nonuniform crust that forms on the surface of the playa 

after significant rainfall. This crust generally dries up and blows away over time (Figure 4.27). 

 

A recently-acquired ASD BRF curve is scaled using a least-

square fit that is weighted based on the standard deviation of the 

LED radiometer values, shown in equation (2.22). The percent 

difference in the top-of-atmosphere radiance reported by Aqua 

MODIS and those determined using the automated approach is 

shown in Figure 4.28 for two cases. One set of results is obtained 

by using all three LED channels to scale the reference ASD BRF 

Table 4.9. Surface BRF results from three LED radiometers at RRV. 

 Surface BRF 
Date Green Red NIR 

8 Mar 2005 0.294 ± 0.012 0.354 ± 0.039 0.392 ± 0.026 
31 Mar 2005 0.272 ± 0.005 0.363 ± 0.006 0.397 ± 0.015 
16 Apr 2005 0.290 ± 0.014 0.345 ± 0.037 0.389 ± 0.018 
20 May 2005 0.541 ± 0.074 0.518 ± 0.066 0.625 ± 0.054 
14 Feb 2006 0.244 ± 0.008 0.342 ± 0.057 0.389 ± 0.020 

 
Figure 4.27. White crust on the 
surface of RRV.  
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data, while the second set uses only the red and NIR channels to scale the ASD data. This was 

performed as a check because the BRF of RRV is rapidly changing over the bandwidth of the 

green LED channel. It is generally flat over the bandwidth of the red and NIR channels. The at-

sensor results created by scaling the ASD BRF data with only the red and NIR channels are 

generally in better agreement with those reported by MODIS. 

 

The percent difference in at-sensor radiance between Aqua MODIS and the automated approach 

becomes much smaller when the 20 May 2005 data are excluded from the overall average. The 

exclusion of the 20 May data is justified because the surface BRF on that day is not typical, and 

therefore creates larger uncertainties when scaling an ASD BRF curve. In addition, the Aqua 

MODIS view angle was 19°, which creates a larger sensitivity to errors in atmospheric retrieval 

and surface BRF effects. The results are shown in Figure 4.29 and Figure 4.30. 
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Figure 4.28. Percent difference in at-sensor radiance reported by Aqua MODIS 
and the automated approach using data from five days. One set of results uses 
all three LED radiometer channels (Scaled with green LED) to scale the 
reference ASD BRF curve, while the second uses only the red and NIR 
channels (Scaled without green LED) to scale the ASD BRF curve. 
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The results using the automated methodology generally agree well with the Aqua MODIS results 

near the three LED spectral channels. This is expected, since the reference BRF curve produced 

by the ASD is only moved up and down rather than being twisted. As the wavelength increases 

out into the SWIR, the two methods agree less with one another, which suggests that the 

reference hyperspectral BRF curve used in the automated approach should be not only shifted up 

and down, but twisted in shape as well. The reader should recall that this was discussed earlier, 

but no attempts were made in this work to accommodate this problem. 

 

The results from this experiment show that the unmanned approach to vicarious calibration is a 

viable method that can be used to predict at-sensor radiances within the specified uncertainty of 

the present methodology. Accurate results in top-of-atmosphere radiance retrievals begin with 
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Figure 4.29. Percent difference in at-sensor radiance between Aqua MODIS 
and the automated approach using data from four days. One set of results uses 
all three LED radiometer channels (Scaled with green LED) to scale the 
reference ASD BRF curve, while the second uses only the red and NIR 
channels (Scaled without green LED) to scale the ASD BRF curve. 
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accurate measurements of surface BRF, and the automated approach is capable of producing 

values within the uncertainties of an ASD portable spectrometer.  
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Figure 4.30. Percent difference in reported top-of-atmosphere radiance 
between RSG and Aqua MODIS for four overpasses at RRV. The LED 
radiometer BRF data were created by scaling ASD BRF data using the red and 
NIR channels of the LED. These data were collected using only on-site 
equipment without the presence of RSG personnel. The difference in top-of-
atmosphere is also shown for the 15 March results using the vicarious method.  
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CCHHAAPPTTEERR  55..  CCOONNCCLLUUSSIIOONNSS  
 

The fundamental goal of this work is to establish a method to predict top-of-atmosphere radiance 

for the radiometric calibration of Earth-observing sensors in the absence of ground-based 

personnel. The main thrust of this dissertation is to create a hyperspectral BRF curve obtained 

using high spatial sampling from a multispectral BRF curve that is spatially sampled using only a 

few points. This project originates from a need to fill temporal data gaps created by the large 

travel time from the RSG laboratory in Tucson to test sites in Nevada.  

 

The results presented in this dissertation illustrate that an automated approach to vicarious 

calibration is achievable using a reasonably simple suite of weather-resistant instruments that are 

not prohibitively expensive. The automated method is modeled on the reflectance-based approach 

currently in use by RSG, and the initial stage of this project involved determining what 

instrumentation could be used to replace those that measure the atmospheric transmittance and 

surface reflectance. A Cimel Sun photometer is one choice for atmospheric measurements since 

RSG already has one, and also because they are well-understood, stable instruments with the 

capability to transmit data from the test site on a daily basis. This means that one less instrument 

has to be developed in order to execute the automated approach. In addition, the global use of 

Cimels in the AERONET project means that there is an excellent support network in terms of 

calibration, data products, and real-time data availability. Results from field experiments in this 

work show that Cimel retrievals are suitable for the automated approach. A direct comparison 

between the Cimel and automated solar radiometer for retrieved parameters such as aerosol 

optical depth, Angstrom exponent, and water vapor was not possible because the Cimel was out 
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of calibration. Instead, a method was described that allows Cimel data to be corrected using 

atmospheric measurements obtained simultaneously with an ASR. 

 

A product search to identify an inexpensive, weather-resistant field radiometer provided no 

results, so it was determined that a multispectral system would be developed at RSG. A major 

portion of this work describes the design, construction, testing, and operation of these radiometers 

in the field. Spectral response measurements of each LED radiometer verified that LEDs 

generally have detection responsivities different from the emission spectra reported in the 

manufacturer’s data sheet. These measurements also showed that the spectral responsivity can be 

of different shape and bandwidth for a given color. Laboratory measurements of the spectral 

responsivity of each LED were made at one temperature, and no attempt has been made to 

measure the spectral bandwidth at other temperatures. This decision was made based in part on 

the complexity of making such a measurement, but more importantly, it was established that the 

problem could be drastically reduced or eliminated altogether by actively controlling the 

temperature of the focal plane. 

 

The LED radiometers used in this work did not have a temperature-controlled focal plane, but 

were instead characterized for their temperature response. These measurements were critical as 

the radiometers operate over a wide range of ambient temperatures in the field. The results of this 

study showed the temperature response to be nearly linear, and each band of each radiometer has 

a temperature coefficient used to scale the raw output voltage into a temperature-corrected 

voltage for this data analysis. These measurements are critical, since the red LEDs used in this 

work showed a temperature coefficient that changed the output voltage by as much as 1.7%/°C. 
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Further characterization of the LED radiometers includes field of view measurements for 

comparison to the theoretical values, and also to test for out-of-field rejection. The results 

provided an unexpected result with the green LED, which had two lobes on each side of the 

central lobe, which could have been due to manufacturing tolerances, or shape, of the polymer 

housing of the LED. This result was not an anomaly, as it was measured in a second radiometer. 

This effect only increases the full field of view to approximately 12°, so it is not considered a 

problem. This could be in part to manufacturing tolerances in the LED housing, which also acts 

as a lens. It could also have been caused by manufacturing tolerances in the LED radiometers 

themselves. 

 

The most critical parameter needed for the LED radiometers is the absolute radiometric 

calibration. Both an SRBC using the Sun as a source, and an SIS-based approach using tungsten-

halogen lamps are employed in this work. The results showed good agreement between the two 

approaches with differences of 10.6% being the largest difference in the green channel. The 

results also indicate that the SIS calibration requires knowledge of the spectral responsivity of the 

radiometer. The main benefit to using the SIS with the LED radiometers is that more than one can 

be calibrated at one time. It is also less time intensive than the SRBC method, especially in the 

case of a field test site populated with a large number of radiometers. One can conclude from this 

experiment that in order to use the SIS-based calibration, an automated and accurate method must 

be used to measure the spectral responsivity of the LED radiometers.    

  

In the test cases presented in this work, the results of the automated approach produce top-of-

atmosphere radiance values within 8% of reported values using three MODIS overpasses of RRV 

in March 2005. This number is reduced to 1.5% when an average is taken using all spectral bands 
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for the three days. The standard deviations overlapped between the two instruments in five out of 

six comparisons of BRF retrieval between the LED radiometer and the ASD. This means that the 

method to retrieve BRF is working to within the uncertainties of each instrument. The conclusion 

that the reader should take from this work is that it is possible to produce accurate top-of-

atmosphere radiance results using an inexpensive suite of multispectral radiometers.   

 

Future work on this project should include a method to measure the spectral responsivity of the 

radiometer detectors as a function of temperature. It would be advantageous to measure the 

detectors while in a fully-assembled radiometer so that effects due to the optics are included, 

although, this is difficult due to the transverse offset of the detectors on the focal plane. It would 

also be beneficial to measure the spectral bandwidth at various temperatures. An alternate 

solution would be to stabilize the focal plane temperature, thereby negating the need to 

characterize temperature effects. However, this would increase the complexity of the electronics, 

including power consumption. 

 

The use of silicon detectors and interference filters will decrease instabilities in the radiometer. 

Many of the uncertainties encountered during this work were directly related to the use of LED 

detectors, and they include the spectral responsivity, temperature coefficient of responsivity, and 

field of view. Cost becomes an issue with the use of silicon detectors, however. 

 

The controlled measurement of three surfaces in the parking lot of RSG’s laboratory was a crucial 

test of BRF retrieval, since the LED radiometer viewed the same sample as the ASD. The initial 

LED radiometer BRF values for the 100% reference panel differed from laboratory measurements 

by as much as 6.5%. It was discovered that MODTRAN4 was overestimating the diffuse sky 
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irradiance. The uncertainty in the BRF measurement of the 100% panel was reduced to 0% when 

the actual measured value of the diffuse sky irradiance was used in the retrieval process. The 

error in diffuse sky irradiance created by the MODTRAN4 overestimation should be investigated 

further to determine its influence on the retrieved BRF. 

 

Two different methods of scaling the reference ASD BRF data were examined to determine 

which produced at-sensor radiance values closer to those reported by Aqua MODIS. When the 

surface BRF spectral shape is typical to that observed throughout the year, the BRF curve used in 

the radiative transfer code should be determined by spatially averaging each spectral channel of 

the LED radiometers. Then, the BRF values at these three wavelengths should be used to scale a 

reference BRF curve obtained using an ASD. This technique was used throughout this work 

except for 20 May 2005 when there was a white crust on the surface of RRV. In this atypical 

case, a reference BRF curve should be scaled for each individual LED radiometer, and then 

spatially averaged. 

 

Another improvement to this methodology would be to produce LED radiometers that include a 

SWIR LED. This would create one more point that could be used to scale the hyperspectral BRF 

curve. This additional spectral point would allow the hyperspectral data to be skewed, which 

would add one more degree of freedom to the fitting routine. 

 

The effects of dirt on the objective lens of the radiometer were not addressed in this work. It 

would be beneficial to see how much of an effect dirt obscuring the lens has on both output 

voltage and the field of view, since it will act as both an attenuator and a scatterer. Much of the 

dirt observed during this work was due to the radiometer being very close to the ground. An 
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obvious solution would be to raise the radiometers higher off of the ground, but this would not 

completely alleviate dirt accumulating on the lens, as high winds and dust storms are common at 

RRV.  
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AAPPPPEENNDDIIXX  AA  ––  MMOODDIISS  BBAANNDDSS  

Band Spectral Range (nm) Spectral Range (μm) Scientific Use 
 (solar reflective bands) (emitting bands)  

1 620-670  Absolute land cover transformation, 
vegetation chlorophyll 

2 841-876  Cloud amount, vegetation land cover 
transformation 

3 459-479  Soil and vegetation differences 
4 545-565  Green vegetation 
5 1230-1250  Leaf and canopy differences 
6 1628-1652  Snow and cloud differences 
7 2105-2155  Cloud and land properties 
8 405-420  Chlorophyll 
9 438-448  Chlorophyll 

10 483-493  Chlorophyll 
11 526-536  Chlorophyll 
12 546-556  Sediments 
13 662-672  Atmosphere, sediments 
14 673-683  Atmosphere, sediments 
15 743-753  Aerosol properties 
16 862-877  Aerosol and atmospheric properties 
17 890-920  Atmospheric and cloud properties 
18 931-941  Atmospheric and cloud properties 
19 915-965  Atmospheric and cloud properties 
20  3.660-3.840 Sea surface temperature 
21  3.929-3.989 Forest fires and volcanoes 
22  3.929-3.989 Cloud and surface temperature 
23  4.020-4.080 Cloud and surface temperature 
24  4.433-4.498 Cloud fraction, troposphere temperature 
25  4.482-4.549 Cloud fraction, troposphere temperature 

26 1360-1390  Cloud fraction (thin cirrus), troposphere 
temperature 

27  6.535-6.895 Mid troposphere humidity 
28  7.175-7.475 Upper troposphere humidity 
29  8.400-8.700 Surface temperature 
30  9.580-9.880 Total ozone 

31  10.780-11.280 Cloud and surface temperature, forest 
fires, volcanoes 

32  11.770-12.270 Cloud height, forest fires, volcanoes, 
surface temperature 

33  13.185-13.485 Cloud fraction and height 
34  13.485-13.785 Cloud fraction and height 
35  13.785-14.085 Cloud fraction and height 
36  14.085-14.385 Cloud fraction and height 
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