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ABSTRACT 

 

 

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

radiometric calibration of various airborne and space borne sensors. Test site 

characterization parameters are typically collected by RSG personnel present at the site. 

Previous work has described and implemented a method for an autonomous collection at 

the test site without RSG personnel present.   

 

This dissertation extends methodology and instrumentation used in an autonomous 

retrieval of test site characterization parameters for use with a high-view angle 

geostationary sensor to compute multiple calibration data points in a single day. 

Atmospheric sensitivity studies are performed determining the effect of large off-nadir 

view angles typical of the GOES-11 geometry. Instrumentation and collection 

methodology are modified for the standard and the ground viewing radiometer (GVR)-

based reflectance collection of the test site. Multiple GOES-11 radiometric calibration 

data points in a single day are determined using the modified GVR and compared to 

typical manned collect with modified instrumentation and methodology. 
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CHAPTER 1. INTRODUCTION 

 

1.1. OVERVIEW OF DISSERTATION 

The Remote Sensing Group (RSG) of the University of Arizona has been performing in-

flight calibration of satellite and airborne sensors through the use of vicarious ground-

based methods since the mid 1980’s. Vicarious, solar-reflective radiometric calibrations 

began with work on the Landsat 4 sensor and has continued over the years to include the 

entire Landsat series and other sensors such as the Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER), and the Moderate Resolution Imaging 

Spectoradiometer (MODIS) sensors on the Terra and Aqua platforms. Historically, 

radiometric calibration of the polar orbiting earth observing satellites and airborne 

sensors was achieved for near-nadir view geometry using in-situ data collected by 

personnel at the site. This dissertation covers an extension of the historic method of solar-

reflective, vicarious calibration to the calibration of an off-nadir sensor with in-situ 

autonomous equipment including ground-viewing radiometers (GVRs) and solar 

radiometers. The in-situ equipment is used to determine multiple radiometric calibration 

data points during a single day that can be applied to a geostationary sensor. The sensor 

used to assess the feasibility of this extension is the visible channel of the Geostationary 

Operational Environmental Satellite (GOES)-11 Imager. 

 

The work in this dissertation assesses the use of in-situ GVRs to determine test site 

surface reflectance for use in the radiometric calibration of a geostationary sensor. In 
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addition, uncertainties in the test site characterization and prediction of sensor radiance 

due to the high-view-angle geometry are examined. The determination of uncertainties in 

the input parameters and the climate and seasonal variations thereof are the basis of a 

methodology to minimize these uncertainties, and help to provide an accurate calibration 

of a high view-angle sensor by autonomous GVRs. As a case study, the radiometric 

calibration of the GOES-11 visible channel is attempted using modified instrumentation 

for two variations of the reflectance-based method. 

 

In chapter 1, I discuss remote sensing and the diversity of its data products. Also, 

calibration requirements and the resulting type of calibration for satellite and airborne 

sensors are discussed to compensate for the temporal degradation experienced by many 

sensors.  I present three methods to calibrate vicariously operational sensors in the solar 

reflective including short synopses of two of the methods. Finally, previous calibration 

work on the GOES-11 sensor is covered along with a discussion of the need for, and 

challenges presented by, radiometric calibration of the visible channel of the GOES-11 

Imager. 

 

Chapter 2 provides a more thorough look at the reflectance-based calibration method. 

This includes discussion of major components of the method such as the atmospheric 

characterization process, the surface reflectance retrieval, and the radiative transfer code. 

I also take a brief look at the error sources and expected uncertainties in the complete 

method. 
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In chapter 3, the importance of various atmospheric characterization parameters in a high 

view-angle calibration attempt is covered. This includes the role of the imaginary index 

of refraction, aerosol optical depth, aerosol size distribution, and coupling between the 

real index of refraction and the relative azimuth angle of the sun and the sensor. 

Characterization parameters are analyzed to minimize the resulting error in top-of-

atmosphere (TOA) radiance predictions when using GVRs.  

 

In chapter 4, I examine the importance of the surface reflectance in the determination of 

TOA radiance values. The test site is an important part of the method as certain site 

characteristics minimize reflectance-retrieval issues. Temporal surface bidirectional 

reflectance distribution function (BRDF) variations inherent to non-lambertian test sites 

require modification of collection procedures to account accurately for the change in 

reflectance for different view angles. As such, I discuss modifications to the 

instrumentation used in standard collection procedures. Differences in collection 

instrumentation result in a reflectance that varies from the typical nadir-reflectance 

retrieval. This difference is also analyzed. 

 

Chapter 5 discusses the use of continuously deployed GVRs to retrieve the surface 

reflectance of the test site in combination with atmospheric data collected by the Aerosol 

Robotic Network (AERONET) network. The calibration of the GVR through a Solar 

Radiation Based Calibration (SRBC) and lab calibration is described. The large amount 
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of GVR and atmospheric data collected in all weather conditions requires a screening 

algorithm for the data to determine the days most suitable as determined from 

atmospheric work shown in chapter 3. Error sources in the reflectance retrieval from the 

GVRs are also briefly covered. 

 

A proof-of-concept calibration is discussed in chapter 6. Calibrations with the typical 

reflectance-based method and with the GVR reflectance-based method are attempted and 

the calibrations are compared. Results are also discussed within the framework of the 

sensitivity studies covered in chapter 3 and 4. 

 

Chapter 7 presents the final conclusions to the feasibility study covering the calibration of 

high-view-angle sensors. In addition, suggestions of future improvements to 

instrumentation and methodology are presented. 

 

1.2. REMOTE SENSING AND DATA APPLICATION 

 1.2.1. Remote Sensing 

Defining it broadly, remote sensing refers to any method of obtaining information about 

an object at a distance. This definition encompasses everything from human eyes to 

highly sophisticated sensors placed on satellite platforms in orbits thousands of 

kilometers above the earth. The term remote sensing is often colloquially limited to 

referring to situations involving earth-viewing, airborne and satellite systems. Airborne 

and satellite systems possess unique advantages over terrestrial bound sensors due to the 
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elevation of the platforms above the surface of the earth. The orbits of satellite sensors 

allow collection of consistent data in both the temporal and spatial domains. Data can 

also be collected over sites that are personnel restricted due to environmental concerns, 

economic concerns, political concerns or a host of other issues. These collected data are 

used by the remote sensing community for a large variety of quantitative and qualitative 

applications some dependent on the accurate radiometric calibration of the sensor. 

 

 1.2.2. Remote Sensing Data Applications 

The role satellite sensors play in the modern world is surprisingly large given the 

relatively recent advent of their use. Many of these applications lie in the environmental 

monitoring regime in both the local and the global scale. A few examples of these 

applications include natural resource development [Hunter et. al., 2003], land use 

classification [Anderson et. al., 1976], data for climate models [Gillies and Carlson, 

1995], data for weather prediction models [Gutman and Ignatov, 1998], and many other 

uses. 

 

  1.2.2.1 Natural resource monitoring 

In the field of natural resource monitoring, satellite images have been used for everything 

from monitoring vegetation health [Unganai and Kogan, 1998], to identifying coral reef 

stress [Mumby et. al., 2004].  Satellite imagery is ideally suited to many of the needs of 

the natural resource development community due the large data coverage area, repeated 

data collection and the low distortion of imagery when compared to aerial photography or 
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in-situ ground teams [Nagendra, 2001]. Application of many specialized algorithms 

facilitates the use of satellite imagery for many of these applications. 

 

An important use of satellite imagery for use in natural resource development remains the 

monitoring of vegetation health through the use of a scaled normalized difference 

vegetation index (NDVI) [Tarpley et al., 1984; Tucker, 1978]. NDVI utilizes the 

vegetation red edge that manifests itself around the 750-nm region of the electromagnetic 

spectrum. Two or more spectral bands consisting of a red band and a near-infrared (NIR) 

band give NDVI as 

 

! 

NDVI =  
"
NIR

 -  "
Red

"
NIR

 +  "
Red

 (1.1) 

where !NIR or !Red refer to the reflectance in the NIR or the Red region of the spectrum 

respectively. 

 

NDVI can be used as an indicator of the relative biomass and greenness of vegetation 

[Boone et al., 2000; Chen, 1998]. The NDVI can also be used to estimate and predict 

primary agricultural production, dominant plant species, and grazing impact and animal 

stocking rates [Ricotta et al., 1999; Oesterheld et al., 1998; Paruelo et al., 1997; Peters et 

al., 1997, Diallo et al., 1991]. The accuracy of the resulting information gleaned from the 

use of NDVI however depends highly on the accuracy of the radiometric calibration of 

the satellite used in the study [Guyot and Gu, 1994; Liang, 2003]. 
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  1.2.2.2. Land use classification 

Globalization of society and the increase of urbanization have caused large changes in 

land use in a relatively-recent and temporally-short period. Satellite imagery provides an 

opportunity for large-scale reclassification of land use and development. Land-use 

specification is particularly useful in estimating potential surface run-off and nutrient 

inputs into a local watershed and hence also plays a role in environmental monitoring. 

Sensors with higher-spatial-resolution data make it possible to monitor smaller spatial 

areas such as riparian buffer strips used to control soil and chemical runoff in a watershed 

area [Goetz et al., 2000].   

 

Satellite imagery fulfills the need for better planning and growth management techniques 

for controlling and managing urban sprawl. This is particularly important in regions of 

large population growth and development. For example, the Washington D.C. 

metropolitan area has shown an average loss of 22 km^2 per year during the period of 

1973 to 1996 to urban development [Goetz et al., 2000]. It is also important to classify 

correctly the low-density urban sprawl that is typical of some expanding subdivisions. 

Such work is particularly difficult due to the predominance of heavy vegetation typical of 

this type of development and requires accurate algorithms relying on accurate radiometric 

calibration to classify features correctly. Satellite imagery allows faster classification of 

emerging population centers and an overview of land-use potential and possible land-use 

conflicts [Anderson et. al., 1976]. Land-cover analysis requires that the data are easily 

manipulated and readily available to the user in a radiometrically and geometrically 
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calibrated form. 

 

  1.2.2.3. Climate models and weather prediction 

The last application previewed in this work is the use of satellite technology in climate 

models and weather prediction. Geostationary and polar orbiting satellites encompass a 

large role in the data collection segment of climate modeling and weather prediction due 

to the large surface area covered by these sensors. For an example, the GOES M series 

has quantitative data products that include estimates of wind fields, solar insulation, total 

precipitable water (TPW), rainfall, hurricane locations and intensity, and biomass burning 

[Velden et al., 1998 a and b; Goerss et al., 1998; Bosart et al., 2000; Diak et al., 1998; 

Hayden et al., 1996; Vicente et al., 1998; Prins et al., 1998].  

 

One use of geostationary satellites is for fire monitoring. A geostationary sensor allows 

large spatial coverage with a high-temporal-resolution as compared to polar orbiting 

sensors. The Wildfire Automated Biomass Burning Algorithm (WF_ABBA) applied to 

GOES data is a multispectral algorithm based on the 0.65 !m (when available), 3.9 !m, 

and 10.7 !m bands to characterize hot-spot pixels. The algorithm uses the sensitivity of 

the 3.9 !m band to high temperature pixels as compared with the insensitivity of the 10.7 

!m band to the same. Detected fires are classified into six categories: processed pixels 

(fire pixels that satisfy the criteria to have sub-pixel temperature and size calculated), 

saturated pixels (observed 3.9 !m brightness temperature exceeds maximum quantifiable 

temperature), cloudy pixels (fire pixel with clouds), high possibility fire pixels, medium 
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possibility fire pixels, and low possibility fire pixels [Prins et al., 2003]. The WF_ABBA 

product is provided in American Standard Code for Information Interchange (ASCII) text 

and Man computer Interactive Data Access System (McIDAS) format (Area files) with 

the files uploaded to an anonymous ftp site at The University of Wisconsin’s Cooperative 

Institute for Meteorological Satellite Studies (CIMSS) with imagery available from: 

http://cimss.ssec.wisc.edu/goes/burn/wfabba.html.  

 

GOES imagery and the associated WF_ABBA data products show the ability to both 

detect and monitor existing fires despite the inherent latency between image acquisition 

time and the availability of the fire product. Current delays are approximately 5 minutes 

from the start of processing and the production of the ASCII data files with an additional 

15 minute delay between image acquisition and the beginning of processing. These times 

are expected to decrease with increases in computer technology and the satellite 

download methodology. Despite this fact, WF_ABBA detected the Rodeo-Chediski fire 

at 23:07 UTC on 19 June 2002, while the fire was first reported by the suspected arsonist 

at 23:11 UTC which was also before local observers reported it. This would not have 

been possible without a radiometric calibration to determine the pixel temperature 

[Veldon et al., 1998; Veldon et al., 1998; Goerrs et al., 1998; Bosart et al., 2000; Diak et 

al., 1998; Hayden et al., 1996; Vincente et al., 1998; Prins et al., 1998; Prins et al., 

2003].  

 

Satellites provide distinct advantages over aerial photography or ground-truth data in 
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many of these cases. Satellite imagery is easier to acquire in a remote area and often 

easier to obtain a repeat image due to typical overpass repetition occurring in a daily to 

weekly pattern depending on sensor and orbit specifications. In addition, satellite sensors 

often have less distortion over the full swath width than would an aerial photograph due 

to the smaller view angle employed by a space-borne sensor. In most of these cases the 

accuracy and usefulness of the imagery depends on the validation and verification of the 

radiometric qualities of the sensor. The absolute radiometric calibration in turn requires a 

reference to an absolute radiance level at the sensor that is often obtained through 

ground-truth work versus a method of on-board relative calibration. 

 

1.3. CALIBRATION 

 1.3.1. Introduction 

Calibration refers to the process whereby the instrument in question is compared to an 

accepted standard accessible by the community that is known to within a designated 

accuracy. The adjustment of the parameter in question is often a part of the calibration 

but is not required to be. Due to the traceability to a known reference, typically to a 

standard traceable to a national standard as determined by The National Institute of 

Standards and Technology (NIST) in the US, the calibration of an instrument should 

result in the ability for the instrument to produce a product that meets or exceeds a 

defined criteria [Thome, 2005].  

 

The calibration of a remote sensing electrooptical instrument typically depends on the 
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calibration of three primary characteristics of the sensor colloquially known as geometric, 

spectral, and radiometric [Tansock et. al., 2004]. Geometric calibration typically 

measures the spatial quality of the optical system in question. Spectral calibration is 

generally a measurement of the spectral transmission and response of the system for a 

spectral band or bands. Radiometric calibration characterizes the output of a system due 

to the quantity of electromagnetic radiation entering the system. 

 

The calibration of an instrument is vital as it allows an accurate comparison of the 

resulting data product between different systems as well as temporal comparisons within 

the system. In remote sensing, the unit typically used in the comparison of systems is 

spectral radiance, L", defined in units of power per unit area, per unit solid angle, per unit 

wavelength (W m
-2

 sr
-1

 !m
-1

). 

 

 1.3.2. Geometric Calibration 

Geometric calibration of a system refers to the collective characterization of geodetic 

accuracy, geometric accuracy, band-to-band registration, image to image registration, in 

addition to referring to the characterization of the resolving power of the system [Irish, 

2001]. Geodetic accuracy allows knowledge of where the system is at any moment in 

time. This is important as it permits the later georectification of the images taken by the 

system. Image georectification refers to the methods and techniques used to spatially 

locate the image with the correct orientation to a system-independent coordinate system. 

In addition to the image from each band being georectified, the bands are typically 
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spatially registered to each other. This process corrects the misalignment caused by the 

spatial or temporal displacement that occurs from offset of the focal planes for the 

individual bands. Finally, the modulation transfer function (MTF) typically describes the 

geometric performance of the entire optical system. The MTF describes the reduction in 

contrast of the imaged object in the image. 

 

 1.3.3. Spectral Calibration 

Spectral calibration characterizes the spectral responsivity of the optical system. The 

spectral calibration is closely related to the radiometric calibration of a sensor as the 

spectral response of the system partially determines the collected spectral radiance. As 

such, the spectral calibration is vital to the accurate computation and inter-sensor 

comparison of the resulting data products. The spectral responsivity of a system allows 

the subsequent computation of center wavelength along with out-of-band spectral 

response. Knowledge of the differing spectral response functions of various sensors, such 

as those shown in Figure 1.1, allows the comparison of radiance or data products from 

sensors with differing spectral responses. 
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 1.3.4. Radiometric Calibration 

Radiometric calibration is the process whereby a conversion or calibration factor is 

determined to convert the raw digital counts (DC) or digital numbers (DN) from a given 

sensor to an absolute unit such as the aforementioned spectral radiance. In addition to the 

absolute radiometric calibration of a sensor, a radiometric calibration can be a relative 

calibration where inter-detector bias is removed or a sensor is compared to another sensor 

[Liang, 2003]. The radiometric calibration of a sensor is often done in different phases 

based on the location of the sensor in question. Preflight radiometric calibration is often 

performed immediately prior to launch of the system to determine a baseline to assess the 

status of the system during the remaining lifetime. Among other things, stresses 

 
Figure 1.1. GOES-11 Imager visible channel bandwidth with the solar-reflective 

bands of the Landsat-7 ETM+. 



 30 

undergone by the system during the launch process have the potential to alter the status of 

the system thus necessitating a method of post launch calibration. Methods of post-launch 

radiometric calibration in general fall into the two separate categories of “onboard” and 

“vicarious.” 

 

  1.3.4.1. Onboard radiometric calibration 

Degradation of sensor response while on orbit has a marked impact requiring a method of 

calibration post-launch. Figure 1.2 shows the results of the onboard relative radiometric 

calibration of the venerable Landsat 7 sensor. The relative onboard radiometric 

calibration can be performed through a variety of calibration systems even for a single 

platform. For example, Landsat 7 Enhanced Thematic Mapper (ETM)+ uses three on-

board calibration devices; a full aperture solar calibrator (FASC) consisting of a white 

painted diffuser panel, a partial aperture solar calibrator (PASC) designed as a set of 

optics to image the sun through small holes, and an internal calibrator (IC) consisting of 

two lamps, a blackbody, a shutter, and optics to transfer the energy to the focal plane 

[Markham et al., 1997]. PASC data are not shown in Figure 1.2 since alignment shifts in 

the optics in going to space caused saturation of the data. FASC and IC data clearly show 

differences in an absolute sense. 
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Onboard calibration systems are also susceptible to degradation in the harsh environment 

of space as indicated by the IC data. This requires that a separate, independent method be 

available to verify the radiometric calibration of the system and to help determine which 

onboard systems may no longer be traceable to the preflight data. The general methods 

employed by the RSG fall into this category. The RSG has used vicarious ground-based 

calibration procedures for almost 25 years to calibrate airborne and satellite sensors. 

 

  1.3.4.2. Vicarious radiometric calibration 

The RSG has relied on three separate independent methods for vicarious calibration 

referred to as the reflectance-, irradiance-, and radiance-based methods in the solar 

 
Figure 1.2. Onboard radiometric calibration of Landsat 7 ETM+. 
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reflective. The reflectance-based method is covered in detail in the next chapter as it is 

the method selected for this work and is the dominant method used by the RSG.  

 

The irradiance-based method requires similar methods and instrumentation as the 

reflectance-based method. Measurements required include the measurement of the 

irradiance from the sky (diffuse) and sky plus sun (global) at ground level at the test site. 

In addition, ground measurements of the surface reflectance, and atmospheric properties 

are required. A theoretical model computes the absorption and scattering effects of the 

atmosphere giving the radiance at the sensor being calibrated. The primary difference 

between the reflectance-based method and the irradiance-based method is the 

measurement of the diffuse-to-global ratio of sky irradiance. The primary benefit of the 

irradiance-based method is the reduced dependence on the accurate determination of the 

sizes of the aerosol particles [Biggar et al., 1990].  

 

The radiance-based method is based on downward-looking ground-radiance 

measurements typically measured from an airborne platform. In this method, the reflected 

spectral radiance is measured at a given height by an airborne sensor or at the surface. 

Modeling the reflected radiance has shown that the difference from TOA radiance 

changes as the surface reflectance is varied. This change varies spectrally largely due to 

the changing path radiance from scattering by the atmosphere as compared to the 

attenuation of the ground-reflected radiance. The measured spectral radiance agrees 

favorably with reflectance-based calibrations in the visible and near infrared and is close 
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to TOA radiance values with only a small correction required. The real value of using 

another method in addition to the reflectance-based method is the use of the trusted 

second method verifies the stated precision of a method is in fact transferable to an 

absolute accuracy in the method [Slater et. al., 1991]. 

 

The RSG uses these methods to vicariously calibrate airborne- and space-based sensors at 

several test sites in the desert southwest. Railroad Valley playa (RRV) is used for the 

majority of this work. Test site selection and characteristics are discussed in chapter 4. 

 

1.4. CALIBRATION AND SENSOR DESIGN 

The earth's surface, atmosphere, and oceans all emit, scatter, and absorb radiation that 

originates primarily from the sun. Prediction of radiation collected by the satellite's 

sensor demands the ability to model these elements and the earth's radiative balance. The 

radiative balance depends highly on the situational conditions of the calibration. Surface 

reflectance dominates in a land-based system due to the higher typical reflectance being 

the primary source of radiation at the sensor. The lower typical reflectance of water 

causes the role played by the atmosphere to be much more important over bodies of 

water. Variations in atmospheric conditions also cause the radiation balance to be altered. 

The smog filled cities of East Asia leads to a dominance of absorption by the smog 

particles while columnar water vapor causes effects that are highly dependent on 

wavelength.  Accurate satellite verification depends upon the quality of the method and 

the processes used to model these situations and predict the amount of radiation 
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exchanged in the radiative transfer between the earth, sun, and atmosphere. Clearly, the 

composition of the atmosphere and the surface properties impact the calibration method 

chosen. Less clear is the role the sensor itself plays. 

       

For example, the spatial resolution of satellites has increased with advances in technology 

and change of mission. Permutations in sensor technology such as these require 

modifications and updates in the method of validation and spatial sampling of in-situ 

data. The spectral sampling of the sensor will drive the spectral sampling of the ground 

data. Likewise, the view geometry may or may not need to be considered. 

 

An example of the impact of the sensor on calibration approach is the attempt to calibrate 

the GOES sensors. The GOES-11 (currently GOES-West) sensor is one of two primary 

geostationary sensors along with a series of polar-orbiting satellites operated and tasked 

by the National Oceanic and Atmospheric Administration’s (NOAA) National 

Environmental Satellite, Data, and Information Services (NESDIS) to provide continuous 

data for use by the National Weather Service and others. The geosynchronous orbit of the 

GOES sensors are such that the sensors orbit the equatorial plane of the earth at an 

angular speed matching the earth’s rotation. The geosynchronous orbits inhabited by 

these sensors allow these satellites to maintain near-constant coverage over one area of 

the earth’s surface. 
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The height of the geosynchronous orbits at about 35,800 km above the earth’s surface is 

high enough that the field of view (FOV) of the GOES sensors provides a near full-disc 

image of the earth’s surface as shown in Figure 1.3. The ability to image a full-disc view 

of the earth is used by the National Weather Service to monitor atmospheric and weather 

situations that could lead to severe weather conditions over a large portion of the earth 

[Weaver et. al., 2002]. Information provided by the GOES sensors is also used to 

estimate storm movement and snowfall accumulations to predict flood conditions 

 
Figure 1.3. Near full-disk image taken with the visible channel of the current GOES-

West sensor. 
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[Lakshmanan et. al., 2003].  This is in turn used to help predict winter storm advisories. 

The presence of the satellite and the continuous nature of collection is also useful in other 

areas such as mapping movements of sea and lake ice [Ghedira et. al., 2007]. 

 

The GOES-11 sensor that is the focal point of this work was launched to the 

aforementioned geosynchronous plane on May 3, 2000. The system then underwent 

Systems Performance and Operational Testing (SPOT) through August 15, 2000. The 

satellite was put into storage to await the demise of a then current operational sensor. The 

sensor began operations on June 21, 2006 to replace GOES-W and has performed without 

a major malfunction since.  

 

The sensor suite aboard the GOES-11 satellite consists of two primary instruments, the 

Imager and the Sounder. The satellite platform also carries the Space Environment 

Monitor (SEM), the Data Collection System (DCS), and the Search and Rescue (SAR) 

Transponder. The Space Environment Monitor consists of a magnetometer, an x-ray 

sensor, a high-energy proton and alpha detector, and an energetic particles sensor. 

 

The GOES-11 Imager, more specifically the visible band, is the primary instrument 

studied in this work. The Imager for the I-M series of GOES sensors consists of 5 

channels detailed in Table 1.1. Only one channel is in the visible while the rest are in the 

infrared. The channels are designed to measure the thermal (radiant) energy in addition to 

the reflected solar energy from the earth. The single visible channel is currently 
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uncalibrated, and the work detailed here examines the feasibility of the vicarious 

calibration of the single visible channel. 

 

The earth’s surface is scanned through the use of a Cassegrain telescope and a servo-

driven mirror attached to a two-axis gimbal mount. The system scans the earth in paths 

consisting of an 8-km north-to-south swath using an east-to-west or west-to-east path at a 

rate of 20 degrees per second. The system is stepped in the north/south direction after 

each east-west scan and the process repeated. 

 

The visible channels of GOES-8 and GOES-10 have previously been calibrated while the 

sensor is in orbit, but the visible channel for GOES-11 has not been calibrated in orbit. 

Instead, the conversion from raw DNs to radiance or brightness factor is based on the 

preflight calibration by ITT [ITT calibration handbook, 1994]. 

 

The preflight calibration coefficients measured by ITT are transmitted along with the 

GOES Variable (GVAR) format data stream and are used in equation (1.2) or (1.3) 

 

! 

R
detector

 =  m " X +  b (1.2) 

Channel 1 2 3 4 5 

Spectrum Visible Shortwave Moisture Infrared 1 Infrared 2 

Wavelength 

(µm) 
0.55-0.75 3.80-4.00 6.50-7.00 10.20-11.20 11.50-12.50 

FOV at 

nadir 
1-km 4-km 8-km 4-km 4-km 

 

Table 1.1. GOES-11 Imager channels and characteristics. 
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! 

Rdetector =  m " (X #  Xsp )  (1.3) 

 where Rdetector  is the radiance at the detector, X is the instrument output in DNs, Xsp is 

the instrument output in DNs from a space view (if available), and m and b are the 

preflight calibration coefficients. The value of b in equation 1 depends on the electronic 

zero level and as such has a standard deviation of approximately one DN. While previous 

sensors had a normalization applied to the raw data between the different detectors in the 

array, GOES-11 data are not normalized. Preflight calibration coefficients for the GOES-

11 imager are given in Table 1.2. 

 

The calibration coefficients of the GOES-11 imager obtained prior to launch could have 

easily changed due to launch vibrations and shaking in addition to sensor out-gassing and 

degradation through the lifetime of the sensor thus requiring the activities covered in this 

work.  

 

Detector # 
m 

(W/(m
2
-sr-µm-DN)) 

Xo 

b 

W/(m
2
-sr-µm) 

k 

(m
2
-sr-µm)/W 

1 0.5561568 29 -16.129 0.00201524 

2 0.5552979 29 -16.104 0.00201524 

3 0.5558981 29 -16.121 0.00201524 

4 0.5577627 29 -16.175 0.00210524 

5 0.5557238 29 -16.116 0.00201524 

6 0.5587978 29 -16.205 0.00201524 

7 0.5586530 29 -16.201 0.00201524 

8 0.5528971 29 -16.034 0.00201524 

 

Table 1.2. Calibration coefficients for the GOES-11 visible channel. Radiance is 

converted to a reflectance factor through the use of k. Xo is the sensor DN offset. If 

equation (1.2) is used b is determined from b = -m 
 .
 Xo 
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Despite the lack of an in-flight calibration by onboard or vicarious means for the visible 

channel of the GOES-11 sensor, work has been done with other GOES sensors on 

trending through the use of star observations. Observations of 4 different stars are 

typically viewed twice an hour to determine the altitude and orbit of the GOES platform 

as part of Orbit and Altitude Tracking System (OATS). Stellar calibration results have 

not been published for GOES-11 Imager at the time of writing of this dissertation. 

 

The stellar technique depends on repeated views of a set of stars over the lifetime of the 

sensor. Small changes have been made to the method over time, but the basis of the 

technique remains the same. Approximately one observation of 40 different stars is 

available over the course of a given day for analysis. Measurements taken less than 5 

hours from S/C midnight are eliminated to reduce effects from scan mirror distortion 

from direct sunlight. An exponential fit is applied to the remaining time series of data. 

The coefficients for the exponential fit for each star are monitored and averaged to 

produce the overall responsivity trend of the sensor according to 

 

! 

R =  e
"A #(t" t

o
) (1.4) 

where 

R = Relative responsivity (i.e. R=1 at the beginning of the trending) 

A = Degradation rate per day 

t = Time in days from launch of the sensor 

to = Number of days between launch and beginning of the time series 
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After January 2004 the method has been improved by deleting all data taken with GOES 

visible channel detectors 1 and 8 as partial stellar crossings of the detectors give incorrect 

low values. In addition, data are deleted when the signal is observed in more than one 

detector. The final step in the process is to remove the OATS multiplication by the 

detector-dependent constants to minimize the amount of noise in the data. The lack of 

data for GOES-11 could be due to the long period of time GOES-11 spent in storage. 

During this period little viable data were taken to monitor the responsivity trending of the 

sensor. The lack of calibration provides an opportunity to use the RSG expertise to 

attempt a vicarious radiometric calibration of this sensor to provide a radiometric 

calibration for GOES-11 Imager. 
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CHAPTER 2. REFLECTANCE-BASED VICARIOUS RADIOMETRIC 

CALIBRATION 

 

2.1. INTRODUCTION TO THE REFLECTANCE-BASED METHOD 

The reflectance-based approach to vicarious radiometric calibration has been described in 

detail in previous work by the RSG. The following is an outline of the method and 

nuances are left for the reader to research in other sources. [Slater et al. 1987, Thome et 

al. 1993, Thome et al. 2004]. The reflectance-based method relies on field measurements 

to characterize both the surface of the test site and the atmospheric conditions over the 

test site. These measurements provide inputs into a radiative transfer code to compute an 

estimate of the radiative flux. The radiative transfer code propagates and scatters the 

exoatmospheric solar irradiance through the atmosphere to the surface where the incident 

irradiance is reflected according to the computed test site reflectance. The radiance is 

propagated back through the atmosphere to the sensor. This is typically a satellite sensor. 

The atmospheric characterization, surface characterization, and the radiative transfer code 

are the primary elements in this method and as such are discussed in some depth below. 

 

2.2. ATMOSPHERIC CHARACTERIZATION 

 2.2.1. Introduction 

The atmosphere is a layer of gases retained around the earth by gravity. It is composed of 

a collection of molecular components and small particles referred to as aerosols. The 

primary molecular components are nitrogen (78%), oxygen (21%), with a substantial but 
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variable amount of water vapor and small amounts of carbon dioxide. In addition, the 

atmosphere contains trace amounts of hydrogen, argon, helium, and other molecular 

gases including pollutants. The molecular components of the atmosphere can be 

characterized by their residence times as volatile or nonvolatile gases. Nonvolatile gases 

are spatially stable and can be predicted by atmospheric models. The spatial 

heterogeneity in concentration of volatile atmospheric gases such as water vapor requires 

local characterization of the atmosphere to derive an accurate estimate of the 

concentration. The need to characterize volatile gases and the temporal variation in 

aerosols requires the RSG to deploy instruments at the test site to monitor and 

characterize the atmosphere during a calibration attempt.  

 

The importance of the atmospheric characterization is that incident solar radiation can be 

refracted, scattered, absorbed, and emitted by the atmosphere. Refraction plays a 

negligible role for zenith angles near zero, but is important in determining the path length 

through the atmosphere for large solar-zenith angles. Scattered incident radiation is 

modeled as two basic categories: 1) Rayleigh scattering, where the size of the scattering 

particles is much smaller than the wavelength of the scattered light; and 2) Mie scattering 

where the size of the scattering particles is similar to that of the wavelength of the 

scattered light.  Atmospheric absorption is due to the combination of atmospheric gases 

and aerosols. Spectral absorption occurs when the wavelength of incident radiation 

corresponds to the transitional energy of a molecule. This energy is reemitted, typically at 

another wavelength, for atmospheric emission. The work of this dissertation concentrates 
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on spectral bands for which emission is negligible. 

 

 2.2.2. Instrumentation 

The RSG in-situ atmospheric characterization is carried out through the use of an 

automated solar radiometer (ASR) built and calibrated by the RSG to measure 

atmospheric transmittance by measuring the transmitted solar irradiance. The ASR 

consists of 10 narrow spectral bands covering the visible and near infra-red (VNIR) 

region of the electromagnetic spectrum at approximate wavelengths of 380, 400, 441, 

520, 611, 670, 780, 870, 940, 1030 (nm) [Ehsani et. al., 1998]. These wavelengths were 

chosen to avoid atmospheric absorption lines due to constituents other than ozone, 

nitrogen dioxide and the 940 nm water vapor band [Biggar et. al., 1990]. The bands 

provide a measurement of the solar irradiance which allows derivation of the spectral 

optical extinction. Separate instrumentation is used to record meteorological conditions 

of the atmosphere as shown in Figure 2.1 that allows separation of the optical extinction 

into molecular and aerosol scattering and gaseous absorption. In addition, meteorological 

data allow a qualitative assessment of the atmospheric conditions at sensor overpass. 



 44 

 

Total atmospheric optical depth, which is the sum of molecular, aerosol, ozone, oxygen 

and water vapor component optical depths, is derived from the spectral irradiance E! 

incident on the ASR as described by 

 

! 

E" =  E
o " e

#m($ )% "  (2.1) 

Where Eo ! is the exoatmospheric solar irradiance, m is the airmass at solar zenith angle ", 

and #! is the total atmospheric optical depth at wavelength !. The airmass, m, is defined 

as 

 

! 

m =  cos(") +  0.50572 # (96.07995
°
 $  ")

$1.6364[ ]
$1

 (2.2) 

 
Figure 2.1. Automated Solar Radiometer #2K with Sky Monitor Package in the 

background. 
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where " is the solar zenith angle [Kasten and Young, 1989]. The exoatmospheric solar 

irradiance incident on the radiometer varies as the inverse square of the Earth-Sun 

distance, and this must be taken account (2.1). The resulting output voltage from an ASR 

due to the incident, transmitted irradiance is given by 

 

! 

V" =  A
detector

# R" # E" # d"
"
1

"
2

$  (2.3) 

Where V! is the output voltage from the band interval d! centered at !, Adetector is the 

relevant area of the detector, R! is the spectral responsivity of the detector system 

including spectral filters, and E! is the spectral irradiance from (2.1). Assuming well-

behaved functionality of the terms in (2.3) and a narrow bandpass permits (2.3) to be 

approximated as 

 

! 

V" = V
o " # e

$m(% )#& "  (2.4) 

where Vo ! is the output voltage of the radiometer if there were no atmosphere present to 

attenuate and scatter the incident irradiance. This would be the output voltage of the 

radiometer if it were located outside the earth’s atmosphere. Taking the natural logarithm 

of both sides gives a linear form 

 

! 

lnV" =  lnV
o " #m($) % &"  (2.5) 

The collected voltages as a function of the atmospheric airmass can be fit with a linear 

function in log space. The y-axis intercept is ln Vo ! while #! is the slope of the fit given a 

constant optical depth during the measurement period. A plot of the data versus m is 

known as a Langley plot. The method is performed simultaneously on all ten bands of the 

solar radiometer for most calibrations. In addition, a temporal average over several 
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“good” days is typically performed to determine the Langley calibration for the ASR. 

 

 2.2.3. Rayleigh Optical Depth 

Radiative transfer calculations depend on the amount of molecules relative to aerosols. 

The calculations also depend on the amount of scattering and absorption. The total optical 

depth in (2.5) can be written as 

 

! 

"# =  "Scattering  +  "Absorption  (2.6) 

Furthermore, at the individual components of (2.6) yield 

 

! 

"Scattering  =  "Molecular +  "Aerosol  (2.7) 

 

! 

"Absorption  =  "H
2
O +  "O

3

+  "Other Gasses (2.8) 

Molecular scattering is commonly approximated by Rayleigh scattering and is 

proportional to !4
 and surface pressure. I follow that convention here, i.e., "Molecular = 

"Rayleigh. The Rayleigh or molecular optical depths from a given altitude, zo, to the top of 

the atmosphere are determined from a standard 1976 US atmosphere, the wavelength, and 

the surface pressure according to a theoretical model as 

 

! 

"Rayleigh (#,zo) =  $Rayleigh (#,z) % dz
zo

&

'  (2.9) 

where $Rayleigh(!,z) is the Rayleigh volume scattering coefficient given by 

 

! 

"Rayleigh (#,z) =  NMolecular (z) $%Rayleigh (#) (2.10) 

NMolecular is the molecular number density given in units of (molecules cm
-3

) at an altitude 

z, and # is the Rayleigh molecular cross section in units of (cm
2
 molecule

-1
) modeled by 
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! 

"Rayleigh (#) =  
24 $ % 3 $ (n2 &1)2 $ (6 + 3')

#4 $ Ns

2 $ (n2 & 2)2 $ (6 & 7')
 (2.11) 

where n is the real index of refraction at !, $ is the depolarization factor accounting for 

the anisotropy of air, and N is the molecular number density for standard air (2.54743 ! 

10
19

 molecules cm
-3

). The parameters above are widely accepted although choices for the 

depolarization factor, refractive index of air, and columnar and molecular number 

densities can result in differences in the Rayleigh optical depth as large as 3-4 % at very 

short wavelengths [Teillet, 1990]. RSG currently uses a value of 0.0279 for the 

depolarization factor [Young, 1981]. A modification to (2.11) to allow for a simple 

dependency on temperature and pressure to account for altitude is 

 

! 

"Rayleigh =  
8 # $ 3 # (n2 %1)2 # Nc # (6 + 3&) # P #To

3 # '4 # Ns

2 # (6 % 7&) # Po #T
 (2.12) 

where Nc is the columnar number density of molecules (2.154 ! 10
25

 molecules cm
-2

), P 

is the pressure at level z (P0 = 101.325 kPa for reference conditions), and T is the 

temperature in Kelvin at level z (T0 = 273.15 K for reference conditions) [Teillet, 1990]. 

Thus it is possible to determine "Rayleigh(!) for an arbitrary ! given surface pressure. 

 

 2.2.4. Aerosol Optical Depth 

The non-molecular component of the atmosphere consists of aerosol particles of various 

sizes and shapes that must be modeled. The atmospheric characterization attempted by 

the RSG estimates the size and shape of these particles based on the aerosol optical depth 

derived from the ASR measurements.  
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The aerosol optical depth is determined at two spectral bands unaffected by atmospheric 

ozone or water vapor absorption, such as the 441 and 870-nm bands and 

 

! 

"Absorption  =  "H
2
O +  "O

3

+  "Other Gasses =  0 (2.13) 

 

! 

"Aerosol  =  "# $  "Rayleigh  (2.14) 

Typical size distribution models for the aerosols include a bi-log normal, a log-normal, or 

a power law such as the Junge distribution given by 

 

! 

n(r) =  n
o
" r

#v  (2.15) 

where r is the radius of the spherical particle, n(r) is the number density, and v is the 

Junge parameter. 

 

The power law assumption coupled with a Mie scatter assumption leads to a spectral 

variation in aerosol optical depth that follows 

 

! 

"Aerosol (#) =  "Aerosol (#o) $
#

#o

% 

& 
' 

( 

) 
* 

+,

 (2.16) 

where % is the Angstrom exponent (% = v - 2) [!ngstrom, 1929] and !o is the reference 

wavelength. Given % and #Aerosol(!o), equation (2.16) permits the calculation of the 

aerosol optical depth at any wavelength. 

 

The Junge parameter, shown in equation (2.15) is determined using an iterative method 

starting from two wavelengths with little absorption such as the 440 and 870 nm bands. 

First approximations for the aerosol optical depths are found for nine of the ten bands of 

the ASR (excluding the 940 nm water vapor absorption band). Error is estimated from the 
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two-point method and new parameterization values are found using a multiple point 

method. The process is repeated until values for the Junge parameter converge. 

 

 2.2.5. Ozone Optical Depth 

In order to determine the ozone and water vapor optical depths, the radiometer output in 

an absorption band for these molecules is compared to expected output without the 

absorption feature. In the spectral region covered by the ASR, the largest ozone 

absorption feature is the Chappuis band in the 611-nm band region. The ozone optical 

depth is found through 

 

! 

"Ozone =  "# $  "Rayleigh $  "Aerosol  (2.17) 

where all the components in the equation with the exception of the ozone optical depth 

have already been determined. The total columnar ozone amount is found through 

 

! 

"
Ozone

(#,$) =  $ % a(#)  (2.18) 

where & is the total ozone measured in (cm-atm), and a(!) is the absorption coefficient 

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

1976]. The absorption coefficients currently in use by the RSG are coefficients suggested 

by Vigroux to convert "ozone to a column ozone amount. The column amount permits 

"Ozone to be determined at an arbitrary wavelength. 

 

 2.2.6. Water Vapor Optical Depth 

 

The final step in the atmospheric characterization is the water vapor retrieval. Water 
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vapor amount is obtained in a dissimilar manner to the ozone retrieval due to its nonlinear 

absorption with path length. The water vapor amount transmittance is written as 

 

! 

" H2O =  
V

Vo (H2O )

# e
$m#% H2O  (2.19) 

where Vo (H2O) is the zero-airmass output voltage of the water vapor channel of the 

radiometer such as the 940-nm channel for the RSG [Thome et al., 1994]. This 

! 

V
o (H2O )

 

cannot be determined through the voltage relation equation for a Langley calibration due 

to the nonlinear absorption. The standard Langley method severely underestimates the 

signal and as such a modified Langley method is used. It uses a correction factor for the 

water vapor transmission and is modeled as 

 

! 

"
H2O

 =  e
a +b#(m#u)

1

2

 (2.20) 

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

transitions from square law to linear law, and b accounts for instrument responsivity 

[Reagan et al., 1992]. This method is based on using two or three channels of the 

radiometer, one of which is in the water vapor channel. The RSG uses the 940-nm 

channel in the absorption feature and the 870-nm and or 1030-nm band for comparison. 

The correction and instrument responsivity factors are found using a linear regression of 

! 

ln("
H2O
) versus (mu)

0.5
 for a known water vapor amount u. This allows the determination 

of the voltage intercept for the case of zero airmass, 

! 

V
o (H2O )

 and subsequent 

determination of the water vapor amount from 

 

! 

u =  
1

m " b
2
lnV + m " #

H2O
$ a $ ln V

o (H2O )( )( )
2

 (2.21) 
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Calculating all components mentioned in this section gives the atmospheric 

characterization parameters required for the radiative transfer code with the exception of 

the surface reflectance characterization. 

 

2.3. SURFACE REFLECTANCE RETRIEVAL 

Typical characterization of the surface reflectance for a manned calibration campaign is 

dependent on measurements of the test site taken during overpass with a portable 

spectroradiometer. The RSG has historically used a commercially-available Analytical 

Spectral Device FieldSpec Full Range (ASD) that measures the spectral reflectance with 

1.4-nm resolution from 350 to 1000 nm and with 10-nm resolution from 1000 to 2500 

nm. These data are interpolated within the ASD to give spectral reflectance data from 350 

to 2500 nm with 1-nm resolution [Thome, 2001]. The ASD employs an eight-degree FOV 

fore-optic coupled into a fiber optic cable extended on a boom arm away from the 

operator as seen in Figure 2.2. The relatively small FOV results in a small spatial 

sampling of the test site but limits uncertainties from of bidirectional reflectance 

distribution function (BRDF) effects. The small portion of the site that is sampled means 

the site should exhibit very little spatial variability with regard to the surface reflectance. 
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Collections of the surface reflectance are not made in absolute mode, i.e. there is no 

instrument calibration applied to the data. The data taken over the surface of the playa are 

instead referenced to a panel of known reflectance. Measurements of a known reflectance 

standard are taken at the beginning and end of site collection as well as during the 

collection. The sampling of the known reflectance standard minimizes the effects of 

changing solar, atmospheric, and instrument conditions. Knowledge of the bi-directional 

reflectance factor (BRF) of the reference standard allows computation of the reflectance 

of each sample while taking sun angle changes into account. 

 
Figure 2.2. Foreoptic and spectoradiometer carried across test site with fore-optic 

held on boom arm away from operator. 
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Measurements of the playa surface are converted to reflectance through 

 

! 

"
Ground

 =  "
Panel

DN
Ground

DN
Panel

# 

$ 
% 

& 

' 
(  (2.20) 

where 'Panel is the BRF of the panel for a given illumination geometry and viewing 

normal to the panel, and DNGround and DNPanel are ASD measurements taken of the 

ground and the panel during the collection. The BRF of the panel, 'Panel, is computed 

from laboratory measurements. The result from (2.20) is a hemispherical-conical 

reflectance factor used as an approximation for the BRF required by the radiative transfer 

code. The spectral reflectance of the site is estimated by averaging all measurements over 

the entire site to give a single spectral reflectance characterizing the site at the time of 

overpass. In general, each site has a unique spectral reflectance and varies temporally due 

to changing surface content.  

 

It should be apparent that a primary component of this method is the calibration of the 

reference panel. The spectral reflectance of the reference panel changes temporally over 

long time periods due to exposure to solar radiation and dirty field conditions causing the 

panel to yellow. The result is an overall spectral decrease in the reflectance with the 

largest change occurring in the blue region of the spectrum. The BRF of the panel is 

measured in the laboratory at least annually to correct for the spectral change in 

reflectance and to minimize inaccuracies that would result from an incorrectly-calibrated 

reference panel. 
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The reference standard is calibrated in the RSG laboratory and this measurement is 

traceable to the National Institute of Standards and Technology (NIST) through another 

reference made of pressed polytetraflouroethylene calibrated through a prescribed 

approach [Biggar et. al., 1988]. The reflectance factor of the reference standard is found 

for illumination angles from 15 to 85 degrees at 22 different wavelengths. The measured 

data are fit via polynomials to calculate the reflectance of the reference standard for the 

given field geometry and arbitrary wavelength.  Knowledge of the BDRF allows the 

change in the reference panel reflectance during field collects due to solar geometry to be 

corrected thus increasing the accuracy of the method by up to 5 % [Thome et. al., 1998]. 

 

The accuracy and repeatability of derived surface reflectance is crucial for an accurate 

radiometric calibration of a sensor. Errors in surface reflectance are proportional to errors 

in at-sensor radiance levels used in the calibration [Biggar et. al., 1994]. Differences in 

derived surface reflectance from different ASDs are a concern and has been an issue for 

the RSG. In tests conducted by the RSG in the summer 2000 calibration campaign, 

multiple ASDs were used to collect surface reflectance at coincident locations and times. 

It was found that errors in the derived surface reflectance can approach 2% or higher 

[Kuester et. al., 2001]. It is postulated that a portion of these differences can be attributed 

to spatial and temporal variability of the test site along with uncertainties in the reference 

standard bi-directional reflectance effects [Kuester et. al., 2001]. Instrumental differences 

in derived surface reflectance can be reduced by stabilization of the optical fiber and 
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temperature stabilization. The most important factor in ensuring the precision of the 

instrument is a careful adherence to a consistent data collection plan. 

 

2.4. RADIATIVE TRANSFER CODE 

The final step in the determination of TOA radiance is the use of the atmospheric and 

surface characterizations in a radiative transfer code. Work done by the RSG before 2003 

relied on a modified Gauss-Seidel-based radiative transfer code [Herman and Browning, 

1965, Thome et. al., 1996]. This was changed to a discrete-ordinates radiative transfer 

code included in the MODTRAN package along with modifications to the data 

processing routines, specifically to the aerosol size distribution [Cattrall and Thome, 

2003]. MODTRAN4 is a radiative transfer code developed by the Air Force with a 

moderate spectral resolution [Berk et. al., 1989, Stamnes et. al., 1988]. Comparison 

between the two radiative transfer codes indicated agreement to better than 1 % in most 

wavelength regions for identical inputs and assumptions[Thome, 2004, Thome et. al., 

1998]. The 1% agreement is consistent with work by others comparing radiative transfer 

codes used in radiometric calibration.   

 

The radiative transfer code inputs required to predict the TOA radiance include sun-

sensor geometry, molecular optical depth, aerosol optical depth, column ozone, column 

water vapor, aerosol size distribution (Angstrom parameter), real index of refraction, 

imaginary index of refraction, and the surface reflectance [Thome et. al., 2005]. The 

standard output for the RSG’s use of the MODTRAN4 radiative transfer code consists of 



 56 

a spectral transmittance for various constituent gases along with the hyperspectral TOA 

radiance used in the calibration of the various sensors. The relative TOA radiance 

calculated in the radiative transfer code at 1-nm intervals is converted into an absolute 

radiance using an exoatmospheric solar irradiance spectra such as the World Radiation 

Center (WRC) exoatmospheric database being sure to take into account changes in the 

earth-sun distance. The absolute radiance is convolved with the spectral response of the 

sensor to give a band-averaged radiance for each band of that particular sensor. The 

calculated at-sensor radiance is compared to the DNs in the image file of the site to 

compute a calibration coefficient. The result is a calibration coefficient given in terms of 

counts per radiance or vice versa. The accuracy of the radiometric calibration depends on 

the accuracy of the determination of the required inputs into the radiative transfer code. 

 

2.5. ERROR SOURCES 

The reflectance-based method is expected to achieve calibration results with an 

uncertainty of less than 5% absolute, with a lower uncertainty in the mid-visible. 

Ironically, the largest source of error is the retrieval of the surface reflectance stemming 

from uncertainties in the panel reference, the field spectoradiometer, the lack of a diffuse-

light correction, and spatial sampling issues in the collection of the surface reflectance 

[Thome, 2005]. The combination of these errors results in a 2.2% error in the reflectance 

retrieval and resulting 2.2% in the determination of TOA radiance. The next largest error 

in TOA radiance listed by Thome is the combination of uncertainties due to absolute 

accuracy of the radiative transfer code, errors in the vertical atmosphere profile, and 
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errors in the view-sun geometry with the resulting 1%. The remaining error sources listed 

stem from the atmospheric characterization. These include uncertainty in the 

determination of the aerosol optical depth due to errors in the calibration of the solar 

radiometers used and the assumed aerosol size distribution leading to errors in TOA 

radiance of less than 0.1% and 0.3% respectively. Inaccuracies in effects of absorption 

computations are strongly sensor and bandpass dependent. The choice of aerosol complex 

index is estimated to result in an inaccuracy of 0.5% in TOA radiance primarily from the 

assumption that it is the same for all sites with little effect on the determination of TOA 

radiance. The errors covered in [Thome, 2005] are listed in Table 2.1. 

 

 

The non-lambertian nature of the test site plays a more interesting role. The nadir 

measured surface reflectance does not represent the true reflectance of the site for the 

sensor geometry for a non-lambertian test site. This plays a minimal role for the typical 

near-nadir calibrations, as measurements at RRV indicate the difference between the 

 Current Values 

Source Source Error TOA error 

Ground reflectance measurement 2.2 2.2 

Aerosol Optical Depth 0.5 <0.1 

Absorption computations   

    Column Ozone 2  

    Column Water Vapor 5  

Choice of aerosol complex index 100 0.5 

Aerosol size distribution 0.3 0.3 

Non-lambertian ground characterisitics 10 <0.1 

Other  1 

 

Table 2.1. Errors in the determination of TOA radiance for the reflectance-based 

method. All values are percentage values. 
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nadir measurement and the view geometry measurement is much less than the uncertainty 

in the actual measurement for view angles less than 30 degrees and certain solar 

azimuths. The second source of error due to the non-lambertian site is from the diffuse 

light onto the surface. This causes differences as large as 2-4% for the blue spectral 

region at angles larger than 45 degrees but can be minimized through knowledge of the 

surface BRDF [Thome et al., 2000]. In Table 2.1 the errors due to the non-lambertian 

nature of the test site are assumed negligible due to the near-nadir views of the sensors in 

question. However, this is not the case for sensors such as those on the GOES platforms 

with high view angles where errors due to the non-lambertian nature of the test site 

become substantial.  
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CHAPTER 3. OFF-NADIR ATMOSPHERIC CHARACTERIZATION 

 

3.1. INTRODUCTION 

Due to the high-look angle of the GOES-11 sensor with respect to the RSG test sites, the 

atmospheric path length is increased as compared to nadir-view geometry. This 

accentuates the importance of accurate in-situ characterization data used in the 

calibration. The work presented here investigates errors for a GOES Imager calibration 

resulting from atmospheric characterization errors caused by the longer path length 

through the atmosphere.  

 

The discussion excludes the effect of the plane-parallel atmosphere assumption in the 

radiative transfer code. Previous studies indicate this does not pose an issue until solar 

angles approach 80 degrees and angles are of similar values [Herman et. al., 1994] This 

is not an issue in the GOES-11 Imager calibration as the view angle is approximately 50 

degrees and proper selection of data avoids solar angles approaching 80 degrees. The 

parameters studied in this chapter focus on the atmospheric characterization and the 

subsequent effect on the TOA radiance.  

 

Aerosol optical depth is varied to examine the effect on TOA radiance and subsequent 

importance in a given atmospheric characterization. Additional evaluations vary the 

Angstrom coefficient, or equivalently the Junge parameter describing the aerosol size 

distribution.  Another sensitivity test changes the imaginary index to evaluate the effect 
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of absorption in the atmosphere and the effect of assuming a constant imaginary index 

independent of test site and atmosphere composition. The effect of the relative azimuth 

angle between the sun and sensor is examined for a constant solar zenith. In addition, the 

particular sun-sensor geometry of GOES-11 during the initial GOES-11 calibration is 

also studied using constant surface reflectance, i.e. assuming a lambertian test site. The 

final sensitivity test examines the relationship between the solar-view geometry and the 

real index of refraction. Much of the sensitivity analysis done for this work relies on data 

collected from 14 May 2007 at RRV.  The conditions on this date are summarized in 

Table 3.1 with more detail given in the results section. These conditions are typical of the 

RRV test site. 
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3.2. IMAGINARY INDEX OF REFRACTION 

The imaginary index of refraction used to describe the atmosphere is an aggregate of the 

individual imaginary index of refraction of each individual components of the 

atmosphere. The imaginary indices of refraction typically describes the extent that a 

substance absorbs incident radiation.  Historically the RSG has assumed a constant 

imaginary index of 0.005 for the atmosphere above all RSG test sites. The use of a 

constant imaginary index was chosen to ensure repeatability between data sets. 

Measurements using downwelling sky radiance have shown that the assumption of a 

constant index of refraction is valid for most climatological situations at RRV [Thome, 

Characterization parameter Value 

Date  May 14, 2007 

Time 17:00 UTC 

Temperature (°C) 25.75 

Pressure (mb) 859.1 

Solar zenith (degrees) 39.75 

View zenith (degrees) 49.3 

Relative azimuth (degrees) 258.76 

Angstrom exponent 0.67 

!550-nm 0.204 

Band-averaged surface reflectance 0.3766 

Columnar O3 (DU) 318 

H2O (g cm-3) 0.41 

TOA radiance (W/m
2
-µm-sr) 124.64 

Image DN (lat, long) 6976 

Image DN (spatial features) 7264 

DN/W/m
2
-µm-sr (lat, long) 55.97 

DN/W/m
2
-µm-sr (spatial features) 58.28 

 

Table 3.1. Test site characterization parameters for 

17:00:00 UTC of May 14, 2007 used as a basis for 

atmospheric sensitivity studies. 
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2005]. The effect of a variation has previously been studied for near nadir geometry and 

has been found to have minimal effect except for cases with significant smoke amounts 

[Biggar et. al., 1994].  

 

For this study the imaginary index was varied from 0.001 to 0.009 to cover the most 

probable values encountered for a typical calibration. The resulting TOA radiance for 

each case is shown in Table 3.2.  Note that the TOA radiance decreases as the index 

increases due to a decrease in the aerosol single scatter albedo leading to more 

absorption.  

 

Figure 3.1 shows that the effect of imaginary index of refraction on TOA radiance is less 

than 3% for typical conditions at RRV for the full range of imaginary index as seen in 

Table 3.2. Measurements of downwelling sky radiance by a well-calibrated radiometer 

such as the sunphotometers used by AERONET provide estimates of the imaginary index 

of refraction with uncertainties of 30% which are much less than the full range of index 

shown in Figure 3.1 [Dubovik et. al., 1998]. Typical RRV aerosol models from “Clean 

Continental” to “Desert” give a range of imaginary index from approximately 0.005 to 

0.008 for the GOES Imager band leading to an uncertainty in TOA radiance of <2% if the 

Imaginary Index 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 

TOA Radiance 

(W/m
2
-sr-µm) 

128.3 127.2 126.3 125.4 124.6 123.9 123.3 122.7 122.1 

 

Table 3.2. TOA radiance for studied values of imaginary index for test site 

conditions of 17:00:00 UTC of May 14, 2007. 
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wrong model is chosen. Results for smaller view and smaller solar zeniths suffer smaller 

errors. Larger angles in both cases lead to larger sensitivity as discussed later in this 

chapter. 

 

The current work continues the historical constant value of 0.005 for the imaginary index 

of refraction. Errors due to imaginary index are minimized through the use of solar 

radiometer and sky radiance measurements to screen those days for which a 0.005 index 

is not correct. The drawback of such an approach is that it could lead to possible biases 

by limiting cases to the clean continental aerosols. The advantage is that it greatly 

improves precision and makes errors from imaginary index negligible even for off-nadir 

 
Figure 3.1. TOA radiance as a function of imaginary index of refraction with 

percent difference from imaginary index = 0.005 case. 
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cases. This screening approach is used repeatedly throughout this work. 

 

3.3. AEROSOL OPTICAL DEPTH 

Aerosol optical depths are typically very low due to the high elevation and desert climate 

of the test sites used by the RSG with the long-term average near 0.06. As such, effects 

from errors in aerosol optical depth are expected to be small. Evaluation of the TOA 

radiance dependence on aerosol optical depth is for a range of optical depths from 0.03 to 

0.23. The range used in this study encompasses almost all clear-sky atmospheric 

situations encountered by the RSG for satellite calibration at the RRV test site. Other 

atmospheric and geometric parameters are based on the ground collection from 2007 May 

14 as shown in Table 3.1. The results of the aerosol optical depth sensitivity study are 

shown in Figure 3.2. The figure shows the TOA radiance for each of the optical depth 

cases along with the difference in radiance from a nominal 0.09 case. The percent error in 

TOA radiance due to optical depth variation is essentially linear. Note that the effect is 

less than 1% for a substantial 0.04 error in the aerosol optical depth. As expected even for 

the large view angle in this case because the reflectance is relatively large. The high 

surface reflectance reduces the impact of errors in determining the scattered radiance. 
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An increase in optical depth also leads to a decrease in TOA radiance due to absorption 

by the aerosols and scattering of the directly-reflected solar irradiance and the error due 

to absorption is more important than that of optical depth.   

 

Examination of the seasonal trend of aerosol optical depths shown in Figure 3.3 shows 

that lower aerosol optical depths are found in winter, but summer values are not 

significantly larger due to the high elevation and desert climate. In general, typical 

uncertainties in the determination of the aerosol optical depths are on the order of 0.5 %, 

which leads to an effect on determined TOA radiance values of less than 0.1 % for the 

 
Figure 3.2. TOA radiance as a function of aerosol optical depth (AOD) with percent 

difference from aerosol optical depth = 0.06 and 0.09 case. 
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near-nadir case [Thome, 2005]. The results shown here indicate that for the off-nadir case 

the error should be <1%. It is also possible to select days with a lower aerosol optical 

depth with a well-designed screening process and this should further reduce uncertainties. 

 

Atmospheric characterization data compiled in Figure 3.3 and 3.5 are historic data used 

in the radiometric calibration of Landsat 7 ETM+ over a six-year period. Numerous 

deployments were conducted during this period but only clear days with “good” to 

“excellent” atmospheric conditions were included in the 26 calibrations shown. 

AERONET derived parameters confirm the seasonality of ASR results shown here.  

 

 
 

Figure 3.3. Aerosol optical depths (AOD) at RRV used by RSG for Landsat-7 ETM+ 

calibration from 2000-05. 
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3.4. ANGSTROM EXPONENT 

The RSG has historically used a power law to describe the aerosol size distribution with 

the Angstrom exponent or Junge value being the defining parameter. The long-term 

average Angstrom value for RRV used in the calibration of the Landsat series is 1.22 

[Leisso and Thome, 2006]. This provides the baseline for this sensitivity study. The sun-

sensor geometry is kept constant and the Angstrom coefficient is varied through a range 

of possible values for a constant surface reflectance. Other surface and atmospheric 

characterization data are kept constant using calibration values from May 14, 2007 at 

17:00:00 UTC. It is well known that the impact of size distribution varies with all of 

these parameters, but the goal here is to assess the magnitude of the error in a typical 

case. 
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Previous work for the near-nadir case showed that an uncertainty of 0.5 in the Angstrom 

coefficient gives an uncertainty of 0.5 % in TOA radiance for near-nadir views with a 

solar zenith angle of 45 degrees at White Sands test site [Biggar et al., 1993]. Figure 3.4 

shows that the effect on TOA radiance is less than 1% for the typical range of Angstrom 

values at RRV (between 0.8 and 1.6 with 1.0 being the baseline). The largest variation in 

TOA radiance values occurs using small Angstrom values that are related to a 

preponderance of large particles. Minimal error in TOA radiance values for off-nadir 

cases is expected for errors as large as 50 % in the Angstrom coefficient given that the 

 
 

Figure 3.4. TOA radiance as a function of Angstrom exponent with percent 

difference from Angstrom = 1.0 case. 
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typical value for the Angstrom coefficient at RRV is 1.22. 

 

 

Sensitivity to size distribution should also be small when the typical range of values at 

RRV is considered. Figure 3.5 shows a five-year average of Angstrom value at RRV for 

the Landsat series calibration. This indicates that the best seasonal period for calibration 

of high view-angles sensors is during the summer months. Summer is also preferred 

based on cloud climatology and availability of RSG personnel due to the academic 

calendar.  One caveat of the summer months is that forest fires tend to be more prevalent 

in the western United States in these months and smoke would tend to increase the 

 
 

Figure 3.5 Angstrom exponent values at RRV used by RSG for Landsat-7 ETM+ 

calibration from 2000-05. 
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Angstrom coefficient while also dramatically increasing the imaginary index. 

 

3.5. REAL INDEX OF REFRACTION 

In atmospheric studies the real portion of the index of refraction affects the amount and 

directionality of scattering of photons in the atmosphere. The refractive index is based on 

the chemical composition of a particle and RSG historically has used a constant real 

refractive index of 1.44 for the atmosphere [Biggar et al., 1993]. In general, the real 

index of refraction is relatively flat through the solar reflective with little variation 

between different aerosol models as shown in the work done by Shettle and Fenn 

reproduced in Figure 3.6. Variations from 1.44 for the real index of refraction typically 

occur for unusual atmospheric conditions such as the presence of smoke. These 

conditions affect calibration results and as such it is important to know and model 

accurately the real index of refraction or eliminate days with these conditions. 
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The last sensitivity study shown here concentrates on the coupling between the real index 

of refraction and the relative azimuth of the solar-view geometry to examine the impact 

on the directionality of the scattering. In this situation I am examining the variation in the 

TOA radiance based on the scattering phase function governed by the index of refraction 

and the solar-view geometry. As such the solar zenith angle is kept constant while the 

solar azimuth is varied through a realistic range for a given real index of refraction. The 

real index or refraction is varied from 1.2 to 1.6 by steps of 0.1 for 3 different solar zenith 

angles. Results of this work are summarized in Table 3.3. 

 

 
 

Figure 3.6. Real index of refraction as a function of wavelength. The real index of 

refraction is relatively flat over the solar reflective. 
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The key to understanding Table 3.3 is converting the variations in the solar-view 

geometry to the absolute angles between the sun and the sensor. This angle is found by 

computing the dot product of the vector defining the solar position and the vector 

defining the sensor position according to equation (3.1): 

 

! 
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1
)Cos(#

2
) +  Sin(#

1
)Sin(#

2
)Cos($

1
%$

2
)  (3.1) 

which defines the scattering angle. As can be seen in Figure 3.7, there is minimal 

variation in the TOA radiance versus choice of real index as scattering angle varies. This 

is particularly true for values of the real refractive index between 1.3 and 1.6 with 

Real 

Index 

Solar 

Zenith 
Solar Azimuth Angle 

 90 120 150 180 210 240 270 

30 142.21 143.13 144.42 145.64 146.17 145.62 144.39 

45 115.47 116.19 117.80 119.53 120.30 119.50 117.76 
1.2 

60 81.13 81.26 82.79 84.73 85.62 84.65 82.75 

30 142.76 143.64 145.01 146.29 146.84 146.27 144.98 

45 116.03 116.65 118.33 120.14 120.9 120.11 118.29 1.3 

60 81.77 81.69 83.20 85.54 86.15 85.16 83.16 

30 143.03 143.85 145.23 146.69 147.3 146.67 145.2 

45 116.35 116.87 118.64 120.57 121.29 120.53 118.48 1.4 

60 82.2 81.93 83.37 85.59 86.47 85.5 83.33 

30 143.21 143.97 145.34 146.84 147.51 146.81 145.31 

45 116.59 117.02 118.64 120.75 121.89 120.71 118.60 1.5 

60 82.55 82.11 83.48 85.69 86.78 85.64 83.44 

30 143.11 143.90 145.28 146.78 147.43 146.75 145.25 

45 116.45 116.93 118.57 120.68 121.46 120.64 118.53 1.6 

60 82.35 82.00 83.42 85.62 86.58 85.58 83.38 

 

Table 3.3. TOA radiance results for given real index of refraction, solar zenith 

angle, and relative azimuth angle to examine coupling between real index of 

refraction and solar–sensor geometry. 
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extremely minimal variation about real index values in the center of this range. 

 

The accuracy requirements on the real index of refraction are low and there is a minimal 

penalty for picking a constant index of refraction. This was the case for the near nadir 

view and remains the case with the longer atmospheric path length of the GOES-11 

radiometric calibration. There is a small benefit to operating in the range of relative 

azimuth angles between -60 and -100 degrees and scatter angles between 40 to 60 

degrees (Figure 3.8) but even in the worst case the error is only +/- 0.3%. It should be 

kept in mind throughout this discussion that selection of an incorrect value could lead to a 

bias effect. 

 
 

Figure 3.7 Percent difference in TOA radiance as a function of relative azimuth for  

n = 1.4 case with solar zenith = 45 degrees. 
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The end result of all the sensitivity studies is a minimal variation in TOA radiance with 

errors in atmospheric characterization parameters for GOES geometries. Previous work 

has examined calibration uncertainties expected for large off-nadir view angles [Thome 

et. al., 2005]. That work showed that calibration uncertainties are similar for large off-

nadir view angles as compared to nadir view angles with the appropriate selection of test 

site, proper solar geometry, and low-absorbing aerosols with large sizes. The RRV site 

used in this work satisfies these criteria in addition to having a high surface reflectance 

with low aerosol optical depths. Proper selection of potential calibration days based on 

atmospheric characterization parameter values should ensure that calibration uncertainties 

 
 

Figure 3.8. Minimal difference in TOA radiance is expected for reasonable values 

for the real index of refraction over normal scatter angles. 
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remain similar to near-nadir calibration uncertainties.  

 

Selection of attempted calibration days should be based on the previous work in 

conjunction with long term seasonal conditions. Aerosol optical depths should be below 

the 0.15 level and preferably below the 0.10 level for attempted calibrations. Angstrom 

values are preferred near the long-term average at RRV of 1.2. High or low Angstrom 

values indicate the possibility of large amounts of smoke or dust in the atmosphere and 

corresponding days should be avoided. Peak precipitation occurs in winter between 

December and March and in summer during July and August. Despite the historic 

increase in aerosol optical depths at the RRV site during the summer, summer is still 

preferred due to smaller solar zenith angles resulting in higher reflected radiance levels 

and reduced BRDF effects [Thome et. al., 2003].  The early summer months of May and 

June provide the best temporal period for an attempted calibration. 
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CHAPTER 4. SURFACE REFLECTANCE RETRIEVAL 

 

4.1. TEST SITE SELECTION AND LAYOUT 

The selection of a suitable test site is one of the most critical factors in the success of the 

reflectance-based method. This selection includes the test site itself along with 

surrounding area and climate conditions as laid out in previous work [Scott, 1996]. 

Critical conditions include: 

1. High reflectance to reduce the impact of atmospheric errors 

2. High elevation to reduce atmospheric attenuation and scattering due to aerosol 

loading 

3. High spatial uniformity to reduce errors induced by scaling measured 

reflectance to the full test site 

4. Minimal seasonal variation in climate 

5. Nearly lambertian test site to decrease uncertainties due to changing solar-

sensor geometry 

6. Wide spectral test site reflectance uniformity 

7. Accessibility of the test site 

8. Historical understanding of test site 

 

Note that atmospheric conditions play a role in one of the criteria while surface properties 

are part of the other seven. A test site meeting all of these criterion would likely be 

hypothetical or man-made and prohibitively expensive, although natural test sites can be 
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found that match some of the criteria. The RSG has used several test sites in the desert 

southwest of the US that work well for the reflectance-based calibration methodology 

used in this work. These sites have been used to calibrate a plethora of satellite sensors, 

including large-footprint sensors such as Aqua and Terra MODIS with resolutions similar 

to that of GOES-11 [Thome et. al., 2001]. The site most commonly used by the RSG for 

large-footprint sensors is the high-desert playa located in Railroad Valley, NV used for 

the sensitivity study in chapter 3. This site has been in use by the RSG since 1998 leading 

to comprehensive historical understanding of the test site surface and climatology. 

 

The playa itself is a dry lakebed located at coordinates 38.497 N and 115.691 W covering 

an area approximately 12-km by 15-km. Soil composition is primarily clay with a loose 

packed structure directly under a surface crust. The area around the test site is also 

important in that adjacency effects from the surroundings can lead to erroneous TOA 

radiance. Large test sites such as RRV are preferable due to the increased distance from 

the test site to the boundary of the playa and the resulting decrease in adjacency effects. 

RRV is close to ideal in this concern as the test site region and immediate surroundings 

contain no vegetation to alter the hyperspectral reflectance.  

 

Adjacency effects are also more pronounced in regions of high atmospheric particle 

loading. Thus, it is important that a test site be located in a region that has low 

atmospheric optical depths. RRV, at 1.475-km above sea level with desert climatology, is 

a good site in this regard. The result is that the path scattering component of the transfer 
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equation has a smaller impact on TOA radiance. 

 

The spectral reflectance of the site is relatively flat through the solar reflective region as 

shown in Figure 4.1. Seasonal site reflectance levels are the lowest in the winter months 

as shown in Figure 4.2 and this is due to a higher water table . The shape of the spectral 

reflectance is similar for moist and dry conditions. 

 
 

Figure 4.1. Typical surface reflectance of RRV. Note that the reflectance is 

spectrally flat and fairly high for most of the solar reflective. 
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The typical manned collection approach 

by the RSG for a large-footprint sensor, 

like MODIS, is to measure the surface 

reflectance of an approximate 1-km by 1-

km area. The path sampled resembles a 

cross as shown in Figure 4.3. The 

topographical feature running through the 

north leg of the test site is a road used to 

 
 

Figure 4.2. Band-averaged reflectance values for band 4 of Landsat 7 ETM+ at 

RRV playa collected over five years of attempted calibrations. 

 
 

Figure 4.3. Large-footprint test site at 

RRV. Feature in the center is an access 

road. 
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access the site and the oil derricks to the south of the calibration site. The size of the test 

site is a compromise between sampling a large enough surface area and the amount of 

time taken to sample the test site [Thome, 2002]. 

 

The coverage methodology of RSG breaks the area into 8 transects of 500-m and 8 

transects of 100-m in the pattern shown in Figure 4.3. Reference panel measurements are 

taken in the middle of the site at the end of a collection sequence of a 500-m transect, a 

100-m transect, a 500-m transect, and a final 100-m transect to complete one leg of the 

cross. The collection of the complete site takes approximately 60 minutes. The manned 

reflectance collection for the GOES-11 sensor uses the north and south legs only of the 

cross for reasons related to shadow avoidance as discussed in section 4.3.2.  
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The location of the GOES-GVR (GVR #8) in addition to the other GVRs operated by 

RSG are shown in Figure 4.4. GVRs #2 and #8 in the center of the image are 

approximately 150-m and 100-m from the aforementioned service road. GVR #8 in the 

center to the west of the road is the radiometer in the GOES-11 geometry as discussed 

 
 

Figure 4.4. Collection path for typical large footprint sensor. GVRs are labeled and 

positions shown. 
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later. North and south ends of the test site are covered by GVRs near the far end of the 

collection leg approximately 500-m north and south of the center on opposite sides of the 

road. 

 

4.2. ANGULAR VARIATION IN REFLECTANCE 

The playa surface is often assumed lambertian for near-nadir sensor view angles. 

Calibration of the GOES-11 sensor requires extending the current calibration 

methodology to view angles nearing 50 degrees meaning that the site should no longer be 

assumed lambertian. Figures 4.5 and 4.6 show the derived reflectance for the GOES-11 

visible channel at multiple solar zenith angles and view zeniths. These data were 

collected by repeated collections of a small area near the center of the large-footprint test 

site with a portable spectoradiometer.  Reflectance collections were taken in the nadir-

view geometry in addition to the off-nadir geometries shown in Figures 4.5 and 4.6 for 

multiple solar geometries.  
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Figure 4.5. Surface reflectance at given angles from nadir in the east-west 

orientation for various solar illumination angles. 
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The two figures show results for east-west and north-south scans but no effort was made 

to align the scans with the azimuth of the sun due to shading concerns with the equipment 

being used. The key feature is that directional effects in excess of 10% are seen for many 

of the geometries shown in the figures.  

 

It is postulated that irregularities in the surface of the site cause the majority of the 

difference in the surface reflectance for different view angles. During dry periods the 

surface dries out and large cracks appear in the surface. These cracks result in shading at 

non-nadir solar zenith angles (i.e. all angles) during the course of the day. The shading 

 
 

Figure 4.6. Surface reflectance at given angles from nadir in the north-south 

orientation for various solar illumination angles. 
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accentuates the difference in retrieved reflectance at different angles as the shadows are 

more prominent in a backward solar look angle as opposed to a forward solar look angle.  

 

The changing solar geometry during the course of a day of GOES-11 data collections 

results in changing surface reflectance due to similar effects described above. The high 

view angle of the GOES-11 sensor and the importance of retrieving the correct 

reflectance in the reflectance-based method make it imperative to determine correctly the 

surface reflectance. Pointing the sensor used for surface reflectance in the identical 

geometry as GOES-11 avoids much of the error that would be seen if the measurements 

were made with a nadir view.  

 

4.3. SURFACE REFLECTANCE 

 4.3.1. Instrumentation 

As discussed previously, the ASD is typically carried across a test site with a nadir view 

as shown in Figure 4.7. Accurate estimation of the surface BRF for a GOES-11 geometry 

required modification to allow for a GOES-11 geometry. As such, a boom arm and 

adjustable fore-optic were developed and are shown in Figure 4.8. The boom arm is 

constructed from aluminum pipe (1) to extend the fore-optic away from the operator’s 

body and decrease the chance of shading by the person. A bubble level (2) is attached to 

the top of the aluminum pipe near the operator, allowing quick response to accusations 

from your supervisor and coworkers that you are not holding the boom arm level. A 

handle (3) is adjustably fastened to the aluminum pipe and plays a key role in 
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maintaining proper orientation of the fore-optic. The most important piece of the boom 

arm is the adjustable fore-optic head (4). 

 

 

 

The fore-optic is adjustable in two dimensions as shown in Figure 4.9 to facilitate the 

collection of surface reflectance at different angles. The maximum extent of the roll 

(where pitch and roll are defined in Figure 4.9) of the fore-optic is +/- 30 degrees in 5 

degree increments. The pitch of the fore-optic is limited to 5 settings (-30, -15, nadir, 15, 

30). The combination of these variations allows a close approximation to the GOES view 

 
 

Figure 4.7. Historic RSG ASD boom-arm and foreoptic carried in the fixed nadir 

position perpendicular to the personnel.   
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geometry at RRV. 

 

The boom arm is not designed specifically 

for the GOES-11 geometry and as such 

requires a combination of pitch and roll to 

simulate the GOES-11 geometry as shown 

in Figure 4.10. A digital clinometer 

allowed the fore-optic to be placed in the 

proper geometry.  

 

 
Figure 4.8. New ASD boom arm and fore-optic collecting reference panel data. 

Fore-optic is in nadir position but is adjustable in two dimensions. 

 
Figure 4.9. New ASD boom arm and fore-

optic in nadir position with adjustable 

dimensions shown. 
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An additional difficulty is that properly traversing the transects of the test site requires 

changing the side of the body on which the boom arm is carried to minimize shading. The 

handle is adjusted so the fore-optic is naturally carried in the proper position on both 

sides as verified with the clinometer before each manned calibration campaign to ensure 

correct and repeatable results. The boom arm configuration unfortunately requires 

eliminating the east and west transects of the large-footprint test site. 

 

 4.3.2 Procedure 

The modification of the ASD for reflectance collection at high view angle necessitates a 

change to the procedural methodology of the collection. Altering the ASD fore-optic 

from a nadir view to the GOES view geometry alters the location of shadows relative to 

the operator. The view angle of the GOES-11 sensor at RRV playa is view zenith = 49.3 

and view azimuth = 209.7. The north-south path required by the modified boom arm 

limits the time of day that reflectance collections are possible. It is especially problematic 

 
Figure 4.10 ASD boom arm in GOES-11 

viewing configuration. 
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to walk the east and west transects as the sun is predominately to the south during the 

course of most possible manned calibration attempts.  One advantage to eliminating the 

east-west transects is that it reduces the measurement period to 35 to 40 minutes. 

Evaluation of nadir-view data indicates that the north-south transects provide an adequate 

spatial sampling of the playa for the days evaluated. 
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The white reference for the GOES collections is still located in the normal location. 

Measurements of the reference are made in the nadir position requiring the fore-optic to 

be repositioned for each reference measurement. Reference measurements are taken at 

the beginning, after the return from the first leg, and at the end of the collection . 

 
 

Figure 4.11 GOES collection path and order overlaid on the large footprint test site. 

GVRs are labeled and positions shown. 
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The first 85 spectra of the surface are taken along the southbound transect of the south leg 

(1) shown in Figure 4.11. The short east leg (2) is traversed but only dark current 

measurements are collected. The collection resumes with the next 85 spectra on the 

northbound leg (3) followed by reference measurements (4), and an additional 85 spectra 

on the northbound transect (5) of the north leg. The short west leg (6) is again traversed 

but only dark counts are taken. The playa measurements finish with another 85 spectra on 

the south bound transect (7) of the north leg. As at the beginning, reference 

measurements (8) and gray panel measurements complete the data collection. Conversion 

of the data to surface reflectance from raw sensor counts relies on the same software used 

to process typical, nadir-view data. 

 

4.4. GOES-11 REFLECTANCE RESULTS 

While the method for the calculation of reflectance is the same for both view angles, the 

derived reflectance is quite different. An example of such differences has been shown 

previously. The results shown here are based on the same sub-sample of the GOES 

reflectance site. The size of the collection area was decreased to allow faster collection at 

different view geometries.  

 

The sub-sample of the large-footprint test site consists of two 20-m segments centered on 

the large-footprint test site. The east-west transect is co-aligned with the eastbound leg of 

transect 1 and the north-south transect is co-aligned with the northbound leg of transect 4 
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(Figure 4.4) to form a right angle. Reflectance is collected nadir and off-nadir geometries 

perpendicular to the path, i.e. while walking east, reflectance is collected in north-south 

geometries. This is done using the 30 degrees of roll of the adjustable fore-optic on the 

modified boom arm discussed in section 4.3.1. 

 

Figure 4.12 shows the reflectance derived for the GOES geometry and nadir geometry 

during the course of one day. The solar zenith angle for the collection varied from 26 to 

53 degrees and the solar azimuth angle varied from 104 to 230 degrees. While the data 

examined here is a subset of the full site, results should correlate quite well to the full 

site. 
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The nadir view reflectance ranged from 0.36 to 0.40. The nearly 10% change in 

reflectance is caused by the change in shadow illumination as discussed previously. 

Derived surface reflectance is slightly larger near solar noon as the sun is in its highest 

position in the sky and shadows are filled more in the nadir direction than at any other 

time. Minimal difference between the GOES-11 view and nadir view is seen near solar 

noon (19:41) at time 19:02.  

 
 

Figure 4.12. Surface reflectance collected in nadir and GOES geometry at various 

times corresponding a particular solar illumination angle. 
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The GOES-11 geometry reflectance has a much larger change in reflectance varying from 

0.31 to 0.47 over the same period and sun angles as the nadir-view case. The cause of 

such a large difference relative to the nadir case is a result of the relative azimuth of the 

sun to the off-nadir view as well as the solar zenith angle. The solar zenith angle for each 

of the times is given in Figure 4.14 and the reflectance difference from Figure 4.13 is 

shown again for reference. As mentioned, the difference between nadir and GOES-11 

geometry is minimized at the highest solar zenith. Clearly, solar zenith is not sufficient to 

describe the difference as the difference continues to increase in the afternoon. 

 

 
 

Figure 4.13. Surface reflectance at given angles from nadir in the north-south 

orientation for various solar illumination angles. 
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The scatter angle, as shown previously, considers both the zenith and azimuth angles.  

Figure 4.14 shows the difference in reflectance as a function of time and shows scatter 

angle difference for all of the datapoints. The two plots show remarkable negative 

correlation except for the last data point in the afternoon. Thus while scatter angle 

provides further understanding of the problem, it does not supply the complete answer.  

 

The end result is that the surface BRDF of the playa changes over the course of the day 

complicating the reflectance retrieval since a nadir measurement of the surface 

reflectance will not accurately predict the reflectance for a view geometry such as the 

GOES-11 geometry. Measuring the reflectance in the GOES-11 geometry reduces the 

 
 

Figure 4.14. Difference between GOES-11 scatter angle and nadir scatter angle 

plotted with the difference in retrieved reflectance. 

 



 96 

impact of the BRDF changes. A single nadir collection can give an accurate surface 

reflectance for a reasonable portion of the day. However, the off-nadir reflectance should 

be measured to determine the surface reflectance accurately. Personnel limitations, such 

as fatigue and limits on the extent of deployment, reduce the number of collects possible. 

The simplest solution is an autonomous radiometer that is capable of yielding data from 

which the surface reflectance can be derived as discussed in the next chapter. 
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CHAPTER 5. GOES-11 GEOMETRY AUTONOMOUS REFLECTANCE 

RETRIEVAL 

 

5.1. INTRODUCTION 

The use of automated, in-situ GVRs is a new twist on the reflectance-based method for 

radiometric calibration. Typically, the frequency and number of radiometric reflectance-

based calibration attempts is limited by constraints such as budget, travel, weather, and 

availability of personnel. The application of the in-situ GVRs to the typical reflectance-

based method is simply an attempt to increase the temporal frequency of the calibrations 

while maintaining the accuracy of the calibration [Thome et. al., 2004]. The use of semi-

permanent GVRs minimizes the requirement that RSG personnel be present during the 

sensor overpass to monitor and record surface reflectance and atmospheric 

characterization parameters. GVRs also increase the opportunity to achieve a successful 

calibration by recording on a more continuous basis thus minimizing the travel 

requirements placed on the RSG. Satellite sensor overpass for a polar orbiting sensor 

typically varies from daily for sensors like Aqua and Terra MODIS to 16-day repeat 

cycles for sensors like Landsat 7 ETM+. Unfortunately, the RSG is typically limited to 

sending personnel at approximate intervals of one month, usually limiting the calibration 

opportunities to 3 to 8 times per year for a given sensor.  

 

Geostationary sensors such as those on GOES-11 collect multiple images everyday. 

Many of these days have “good” weather conditions that could be used to calibrate the 

satellite sensor if data were available and GVRs can be the source of such data. The 
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automated approach and GVR instruments are described elsewhere [Czapla-Myers et. al., 

2005; Czapla-Myers, 2006]. The three-band sensors currently deployed have been shown 

to provide reflectance-based results with nearly the same accuracy as full on-site 

collections [Czapla-Myers et. al., 2005]. A brief description of the automated sensors is 

included here. 

 

The GVRs rely on LEDs used in reverse as detectors rather than emitters due to their low 

cost and built in spectral selection [Czapla-Myers et. al., 2005, Mims III, 1992]. The 

current version relies on a four-channel single focal plane design with a 35-mm diameter 

objective lens to increase throughput and a second lens to control the FOV to 

approximately 11 degrees. The relatively linear temperature sensitivity of the LEDs is 

corrected by monitoring the temperature with a single thermometer placed near the LEDs 

at the approximate focal plane [Thome et. al., 2004]. Temperature dependence and 

spectral responsivity of the GVR are calibrated by the RSG before deployment [Czapla-

Myers et. al., 2005].  

 

5.2. GOES-VIEW GVR 

As shown in previous chapters, it is critical to obtain reflectance measured in the same 

geometry as the sensor being calibrated when the sensor views at a large off-nadir angle. 

A newly-developed and deployed GVR was selected for this work. GVR #8 was also 

chosen as it is located near the center of the large foot print test site. It is more compact 

and easier to use. The solar panel used to power the GVR is mounted and data download 
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is simpler relative to previous units. Data are downloadable through a serial port located 

on the side of the GVR control box as shown in Figure 5.1. 

 

The GVRs is mounted to a pole pounded into the playa. The mounting bracket allows 

adjustment to place the GVR in a nadir view. For the GOES-GVR, a digital clinometer 

and compass were used to place the GOES-GVR in the GOES-11 view geometry instead 

of a nadir view. This was accomplished by first rotating the black mounting bracket on 

the pole to allow the GVR an unimpeded look to the surface in the GOES azimuth 

direction. The end adjustable bracket was then used to place the GVR in the GOES zenith 

direction. Figure 5.2 shows the GVR being mounted in the GOES geometry. 

 
 

Figure 5.1. GVR #8 before being positioned in the GOES-11 view geometry. Data 

download cable is visible on the right side of the control box. 
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GVR #8 was stationed in the GOES viewing geometry in March 2007 and Figure 5.3 

shows the instrument in its final configuration. The radiometer regularly collected data of 

the test site surface through May 2008 when it was redeployed to a nadir view. This data 

set provides the basis of the data used to autonomously retrieve surface reflectance for the 

calibration of the GOES-11 Imager.  

 

 
 

Figure 5.2. Adjustment of GOES-GVR to the GOES view geometry. 
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5.3. CALIBRATION OF GVR 

Accurate reflectance retrieval from a LED-based GVR depends on an accurate calibration 

of the radiometer requiring knowledge of the spectral responsivity, temperature 

dependence, field of view, and radiometric calibration [Czapla-Myers, 2006]. Calibration 

of the GVRs while deployed relies on a solar radiation based calibration (SRBC). The 

spectral response of the GVR was determined using the RSG’s double monochromator 

with a tungsten lamp source. Reference measurements are taken with a detector of known 

spectral response in the path of the collimated image of the exit slit. The relative 

responsivity of the LED is then found by comparing the outputs of the reference detector 

 
 

Figure 5.3. Final position of GOES-GVR in the GOES view geometry. 
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to the output of the LED through  
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where R is the responsivity and I  is the output of the corresponding detector [Czapla-

Myers, 2006]. The spectral bands of the GVRs as determined by the laboratory 

calibration are shown in Figure 5.4. The spectral reflectance of RRV playa is shown for 

reference. Note that the three bands are used to infer the entire curve in Figure 5.4 as 

described in section 5.4. 
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One issue with the use of LEDs as detectors is that the spectral bandwidths are rather 

broad and asymmetric. Additionally, there is also a well-known shift between the peak 

spectral emission and the peak spectral absorption requiring the characterization of the 

absorption response rather than simply relying on the manufacturer’s emission 

specifications [Brooks and Mims III, 2001]. The response is also known to shift with 

temperature and this is a partial cause of the detector’s thermal dependence. 

 

The temperature dependence of the spectral responsivity is also important due to the wide 

range of ambient temperatures (approximately -20°C to 45°C) at RRV. The temperature 

 
 

Figure 5.4. Spectral responsivity of GVR #8 compared to spectral surface 

reflectance of RRV playa. Notice the green band is in a highly sloped region. 
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dependence was found through laboratory measurements taken after cooling the LED and 

enclosure. The LED enclosure is placed in front of an exit port of a spherical integrating 

source (SIS) and the temperature and output is monitored while the temperature 

increases. The RSG has historically found the temperature dependence to be 

approximately linear leading to the corrected output voltage to be 

 

! 

Vcorrected  =  Vraw 1+ CT Tradiometer "Treference( )[ ]  (5.2) 

where Vcorrected and Vraw are the corrected and raw voltages respectively, Tradiometer is the 

focal plane temperature of the radiometer, and Treference is 

the reference temperature of 25°C [Czapla-Myers, 

2006]. Table 5.1 gives the CT or temperature coefficient 

for each of the channels for the GOES-GVR. Note this 

approach ignores the spectral shift with temperature. 

  

Once deployed there is concern the GVRs could change in response. A SRBC approach 

is used to determine the GVR calibration throughout the radiometer’s lifetime. The 

SRBC method has the advantage of using the same source, namely the sun, by which the 

playa is illuminated during the reflectance retrieval. As such, a SRBC provides a simple 

yet accurate method that has been used before with good results [Biggar et. al., 1993; 

Biggar, 1998; Barnes et. al., 1999; Cattrall et. al., 2002]. A typical SRBC requires two 

measurements of a reflectance panel that overfills the FOV of the radiometer in question. 

The first measurement is made with the panel illuminated by the combination of the 

diffuse sky and direct solar irradiance. The second is illuminated by the diffuse sky 

Channel CT (!V/°C) 

Green 0.003 

Red 0.0104 

NIR 0.0017 

 

Table 5.1. Temperature 

coefficient for the 

GOES-GVR. 
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irradiance only by using an occulting disc to block the direct solar irradiance. The 

difference of these two measurements gives the output voltage of the radiometer due only 

to the direct solar irradiance incident on the panel. The technique depends on an accurate 

atmospheric characterization to determine the transmittance of the atmosphere and 

constituents. Using the method described in chapter 2, knowledge of the panel 

reflectance, a solar irradiance model, and the atmospheric transmittance in the GVR 

bands permits the radiance onto the GVR to be determined. 

 

The SRBC of the GOES-GVR was performed on May 13, 2007 at RRV. The reference is 

 
Figure 5.5 SRBC of the GOES-GVR at RRV. Notice the occulting disk used to 

determine the direct solar irradiance and the spectralon reference panel. 
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a spectralon panel. Measurements of the GVR dark current were collected with the GVR 

aperature covered. Reflected diffuse sky irradiance data were taken with the direct solar 

irradiance shaded by an occulting disk. Global sky irradiance data was measured with the 

occulting disk removed. An ASR was deployed to characterize the atmosphere. The 

spectral reflected radiance due to the spectral solar irradiance incident on a panel is given 

by: 
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where ! is the bidirectional reflectance factor (BRF) of the reference panel, E0 is the 

exoatmospheric solar irradiance, " is the solar zenith angle, m is the airmass, # is the 

vertical optical depth, $gas is the gas transmittance (a product of water vapor, CO2, O2, O2, 

N2, HNO3, and other trace gas transmittances). Diffuse sky irradiance effects are removed 

by the diffuse and global difference. 
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] of the radiometer is determined 

according to 

 

! 

C =  
L

V
Corrected

 (5.4) 

The resulting radiometric calibration coefficients for the GOES-GVR used in the 

subsequent calibration of GOES-11 are shown in Table 5.2. The temperature of the 

radiometer for these coefficients was 30.6 degrees C. 
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The potential variability between temporally separated SRBC calibrations could lead to a 

requirement to address the repeatability and stability of the GVRs. This should be 

addressed though repeated seasonal SRBC calibrations of the GVRs. 

 

5.4. GVR REFLECTANCE RETRIEVAL 

The reflectance retrieval is a vital cog in the process of obtaining a reflectance-based 

calibration. The use of an autonomous GVR allows the collection of reflected radiance 

from the surface of the test site at predetermined intervals of typically 8 or 12 minutes 

resulting in 45 to 60 days of GVR data per download. An example of 10 days of data are 

shown in Figure 5.6. The use of these data require converting the raw voltage shown in 

Figure 5.6 to a retrieved reflectance. 

 "C (nm) CPUR 

 [(W/m
2
-sr-µm) V

-1
] 

Date - May 2007 

Green 539 272.3 

Red 622.8 297.7 

NIR 839.1 127.4 

 

Table 5.2. SRBC radiometric calibration results for GOES-GVR. 
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The variation in the voltage over the course of a day is largely due to the cosine effect 

from changes in solar geometry. Other variations are present due to surface BRF, clouds, 

and changing atmospheric conditions (better shown in Figure 5.7 below). Day 83 in 2007 

is typical of a clear day at RRV. Weather conditions deteriorate over the next two days 

culminating in a snow event that increases the surface reflectance in the VNIR on day 86. 

The snow gradually melts, and the surface returns to the previous condition and the 

voltage output returns to a typical pattern. Cloudy conditions are reflected on day 87 by 

the various spikes in the voltage during the course of the day. 

 
 

Figure 5.6. GOES-GVR output voltage during 2007. Changes in the surface 

reflectance of the playa are reflected in the output voltage of the radiometer. 
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The major deviation from a cosine illumination pattern that is present on each day is due 

to shading from the radiometer and stand. Nadir GVRs typically do not display this 

feature, as the solar geometry never reaches angles approaching the view angle of the 

radiometer. Day 167, as shown in Figure 5.6, is featured in Figure 5.8 with the shaded 

portion of the day clearly visible. The minor variation from a cosine pattern and slight 

asymmetry is due to a combination of factors including; temperature effects on the raw 

voltage, the surface BRF, and the atmospheric effects. The high view angle of sensor 

means that the non-lambertian surface BRDF due to small topographical variation is a 

leading cause along with temperature effects. 

 
 

Figure 5.7. Output voltage of the GOES-11 GVR during 6 days with highly variable 

weather conditions. 
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The temperature-corrected output voltage of the radiometer is obtained through the 

application of equation (5.2). The surface BRF (!) is then determined from the corrected 

voltage using 

 

! 

" =  
# $C $VCorrected

Eo $ e
%m$& $ ' gas $Cos(() + ESky

 (5.5) 

where Esky is the diffuse sky irradiance. These quantities are all band-averaged values 

determined for the spectral response of the given channel of interest. The determination 

of ESky is discussed in section 5.5. 

 

 
 

Figure 5.8. Day 167 of 2007 at RRV playa in Nevada. Skies were mostly clear. 
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The hyperspectral reflectance-based processing is obtained by scaling a hyperspectal 

BRF curve using the GVR data as shown in Figure 5.9. The hyperspectral curve is 

obtained from data collected during a manned field calibration as close as possible to the 

automated date of interest. The multispectral BRF from the GVR is used to shift the ASD 

hyperspectral curve. The hyperspectral curve is only shifted up and down; it is not 

skewed or twisted. Such an approach leads to possibly large errors at longer wavelengths 

not near the GVR bands, but this is not an issue in this case as the GOES-11 imager 

channel is limited to the spectral range covered by the GVR. Currently only one GVR is 

deployed in the GOES geometry, but in general, the scaling is computed based on a 

 
 

Figure 5.9. Hyperspectral BRF curve obtained from a hyperspectral reflectance 

curve computed from data collected with the ASD and scaled with GVR data. 
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weighted average of several GVR radiometers data points.   

 

5.5. ATMOSPHRIC CHARACTERIZATION  

Autonomous atmospheric characterization data are an essential piece leading to the 

correct determination of the surface reflectance from the GVR and subsequent 

determination of TOA radiance. The RSG historically relies on a CIMEL auto tracking 

sun photometer (serial number 15, as shown in Figure 5.10) that is located at RRV as part 

of the AERONET network along with a meteorological station to provide continuous in-

situ atmospheric characterization data. The CIMEL sunphotometer is an autonomous, 

eight band, solar-powered radiometer that measures the direct-solar and sky radiance 

during the course of the day. Conveniently, the data are uploaded to the current GOES-W 

(GOES-11) sensor that is the focus of this work. The data are then downloaded to 

Goddard Space Flight Center, processed, and made available to the public through a 

website interface. 
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The spectral bands are located between 340 and 1020-nm (with 440, 670, 870, 940, and 

1020 being standard) using interference filters located in a rotating filter wheel. The 

CIMEL sun photometer has a 1.2 degree FOV and measures the direct solar irradiance 

and diffuse sky radiance from which the aerosol characterization can be determined. 

Direct solar measurements are taken in sets of three for each of the eight spectral bands. 

These measurements are taken during Langley calibration sequences and every 15 

minutes when the airmass is less than 2. Sky measurements are comprised of almucantar 

and principle plane scans taken through the 440, 670, 870, and 1020-nm bands. 

Almucantar scans are taken with a zenith angle approximately equaling the zenith angle 

 
 

Figure 5.10. CIMEL sunphotometer located at RRV. The radiometer is to the right 

with the transmitter to the left. 
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of the sun and a complete 360 degree azimuth scan at airmass values of 1.7, 2, 3, and 4, 

as well as at the start of every hour between 9:00 and 15:00 local. Principal plane 

measurements consist of measurements taken at approximately the same azimuth angle as 

the sun while the zenith angle is varied from horizon to horizon. 

 

CIMEL data are saved on site and then uploaded at approximate 60-minute intervals. The 

data are processed at Goddard Space Flight Center. The direct solar measurements yield 

data on the aerosol optical thickness, precipitable water, cloud determination, and are 

used in the calibration of the CIMEL. Diffuse sky measurements provide data on the size 

distribution of aerosols, the scattering phase functions, and the aerosol optical thickness 

according to various data retrieval schemes shown in Table 5.3.  

 

The processed data from a well-understood CIMEL radiometer are of similar accuracy as 

data derived from the RSG’s ASRs.  

 

Variable Measurement Reference 

Aerosol Optical Depth 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 Spectral Sky Radiance [Nakajima et. al., 1983] 

Scattering Phase Function Spectral Sky Radiance [Nakajima et. al., 1983] 

 

 

Table 5.3. AERONET inversion schemes used to determine atmospheric 

characterization parameters [Holben et. al., 1998]. 
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The final atmospheric parameter discussed is the computation of diffuse sky irradiance 

(Esky) from atmospheric characterization parameters derived from ASR or CIMEL data. 

Esky is vital to the correct computation of GVR-derived reflectance as seen in (5.5). 

Atmospheric characterization parameters from ASR or CIMEL data are used as inputs 

into the radiative transfer code, MODTRAN4, that provides hyperspectral Esky data 

incident on the surface. The spectral response of each GVR band is used to calculate 

band-averaged Esky values used in (5.5). 
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CHAPTER 6. GOES-11 RESULTS 

 

The methods described in preceding chapters are used to determine the calibration of the 

visible imager on GOES-11. Results from automated collections as well as personnel on 

the site are presented. 

 

6.1. GOES-11 IMAGE DN RETRIEVAL OF TEST SITE 

Typical radiometric calibration is based on the comparison of the reported digital 

numbers (DNs) by the sensor to the predicted at-sensor radiance as outlined in chapter 2.  

As such, a vital part of the calibration is the accurate retrieval of the reported DNs for the 

test site in question. In the case of GOES-11, the sensor has a nominal 1-km Ground 

instantaneous field of view (GIFOV) at nadir and expands to larger than 1.5-km GIFOV 

for view angles covering the RRV test site. Image DN retrieval relies on two methods and 

the comparison of the two gives an estimate of the resulting calibration error due to 

misregistration of the test site in the imagery.  

 

Current GOES sensors report image DNs and the resulting image in the GVAR (GOES 

VARiable) format. The image format is based on the historical one used by the GOES 

sensors and is highly useful due to the variation in the compression rate of the image. 

Most images are converted to a different format such as jpeg or tiff before being released 

to the public. However, accurate radiometric calibration depends on access to the original 

DNs reported from the sensor and as such the GVAR format images are required. The 
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McIDIS and McIDIS-lite programs, available through the University of Wisconsin are 

used to read the GOES imagery used here.  

 

The GVAR format images report latitude and longitude for each pixel in the image. 

Method one uses this reported location to give the pixel that most closely matches the 

GVR #8 location.  

 

The second method relies on the comparison of the GVAR image to a high-resolution 

sensor in which the area containing GVR #8 is visually apparent in the image. This geo-

location method is only used for the calibration with RSG personnel on site since the 

approach is highly labor intensive and not feasible for processing hundreds of scenes. The 

image DNs of the test site from both of these methods are used with the TOA radiance 

computed from the radiative transfer code to determine the radiometric calibration 

coefficient.  

 

6.2. ON-SITE CALIBRATION 

The calibration covered in this section is based on the reflectance and atmospheric data 

collected during several calibration campaigns in the calendar years 2007 and 2008. A 

total of six data sets were collected in the middle of May 2007 and 4 data sets were 

collected in April 2008. Multiple other in-situ calibrations with the presence of RSG 

personnel were scheduled between these deployments but were unsuccessful due to 

inclement weather or scheduling limitations that prevented the collection of reflectance 
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with a GOES-based geometry.  

 

 6.2.1 May 2007 deployment for GOES-11 calibration 

Data in May 2007 were collected over the course of three days at varying times to obtain 

a total of six data sets. A summary of geometry and atmospheric conditions from all data 

sets are shown in Table 6.1. 

 

Weather conditions during the May 2007 campaign were far from ideal as clouds were 

present for several of the calibrations as indicated by the smaller Angstrom parameter and 

large reference optical depth at 550-nm in Table 6.1. All-sky images from the site also 

verify that clouds were present to some extent for all six data sets during the attempted 

calibrations. The presence of clouds negatively affects the accuracy of the radiometric 

calibration results derived from the in-situ data collected during this campaign. The 

Date (2007) May 12 May 13 May 13 May 13 May 14 May 14 

Time (UTC) 17:30 15:30 16:00 17:00 16:15 17:00 

Temperature (°C) 30.29 20.80 24.46 26.08 22.50 25.75 

Pressure (mb) 855.40 855.10 855.00 854.70 859.40 859.10 

Solar Zenith (°) 34.64 57.23 51.37 39.90 48.31 39.75 

View Zenith (°) 49.3 49.3 49.3 49.3 49.3 49.3 

Rel. Azimuth (°) 242.11 267.14 247.37 259.06 219.54 258.76 

Angstrom  0.32 0.70 0.68 0.68 0.74 0.67 

 !Aerosol 550-nm 0.254 0.096 0.107 0.121 0.188 0.204 

Columnar O3 (DU) 276 293 297 289 318 318 

H2O (g cm-3) 0.37 0.31 0.28 0.26 0.43 0.41 

 

Table 6.1. Atmospheric conditions at six image acquisition times for calibration 

of GOES-11 for the May 2007 deployment. 
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calibration with the best weather was the May 14, 2007 date. Unfortunately instrument 

issues with a ground-based spectoradiometer affected a portion of the reflectance 

collection. 

 

Hyperspectral surface reflectance was determined for these data sets. The computed 

surface reflectance in the GOES-11 geometry varied by less than 5% from average. As 

discussed previously this is likely due to the non-lambertion nature of the test site but 

could be a result of the cloudy conditions. Band-averaged surface reflectance values for 

the GOES Imager are given in Table 6.2.  

 

Table 6.3 shows the calibration results computed from the six characterization data sets. 

The times shown in the table correspond to the time stamps taken from the GVAR format 

GOES imagery. Figure 6.1 also shows the results graphically. The results seen in Table 

6.3 lead to an average calibration coefficient for the visible band of GOES 11 of 1.550 

W/(m
2
-µm-sr) for the (lat, long) method and 1.535 W/(m

2
-µm-sr) for the geo-location 

method.  

 

Date (2007) May 12 May 13 May 13 May 13 May 14 May 14 

Time (UTC) 17:30 15:30 16:00 17:00 16:15 17:00 

<!> 0.3573 0.3905 0.3546 0.3885 0.3659 0.3766 

 

Table 6.2. Surface reflectance for the May 2007 deployment. 
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The Angstrom exponent is extremely low for all calibration attempts in this period with 

an average value of 0.63. The historical average at RRV is 1.22 [Leisso and Thome, 

2006]. The low value indicates a preponderance of large particles in the atmosphere 

typical of dust or clouds in addition to the relatively high aerosol optical depths for the 

period. Historic aerosol optical depth is near 0.06 as compared to the higher 0.096 to 

0.254 values seen in this work. The sensitivity study in chapter 3 demonstrates that these 

conditions should not affect the results, but that work ignored the effects that the spatial 

heterogeneity of the clouds has on the reflectance and radiative transfer results. As such, 

the accuracy of the May data is suspect.  

 

The May 13 at 17:00 calibration attempt is an outlier differing by approximately 5% from 

the average. Angstrom and aerosol optical depths are similar to the other calibration 

attempts although historically low and high respectively as discussed. The temporal 

period of the collection is similar to the other attempts with similar solar zenith angles. 

Date Time TOA 

radiance 

Raw DN  

(lat,long) 

Raw DN 

(geo-loc) 

DN 

offset 

CPUR 

(lat,long) 

CPUR 

(geo-loc) 

070512 17:30 134.55 235 227 29 1.531 1.472 

070513 15:30 85.91 167 166 29 1.606 1.595 

070513 16:00 84.75 188 186 29 1.599 1.579 

070513 17:00 130.99 221 227 29 1.466 1.512 

070514 16:15 105.76 196 184 29 1.579 1.466 

070514 17:00 124.64 218 227 29 1.516 1.589 

Average      1.550 1.535 

Std Dev      0.055 0.060 

 

Table 6.3. Ancillary data and calibration coefficients for the GOES-11 

radiometric calibration. 
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The main difference is in the retrieved surface reflectance. The surface reflectance is 

higher for this attempt than for other collection with similar collection times. As playa 

conditions were reasonably constant, this illustrates the importance of stable atmospheric 

condition during overpass along with good collection instrumentation and procedures. 

 

The highest calibration coefficient results from the calibration occurs at 15:30 UTC 

which is also the earliest collection time. This corresponds to the largest solar zenith 

angle. Surface reflectance is the highest of all collects, differing from later work with 

GVR that shows surface reflectance increasing as solar zenith angles decrease (Figures 

6.10 and 6.12). The temporal period of the surface reflectance collection is more critical 

at large and quickly changing solar zenith angles as the surface reflectance is changing 

rapidly. 

 

The highest aerosol optical depth occurs with the single May 12 collect. The Angstrom 

value is also the lowest, indicating poor atmospheric conditions for an accurate 

calibration. Despite this, the calibration coefficient is close to average as is the surface 

reflectance for collections near this time period. This reinforces the dominance of the 

surface reflectance in the reflectance-based method but also demonstrates the issues with 

a singular data point which in one case gives good results but poor results for a similar 

situation. 

 

Calibration results show reasonably good agreement between the automated DN retrieval 
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using the file latitude and longitude and the manual approach. The largest difference is at 

the 5% level on May 14. Such differences are larger than desired and further 

investigation into the cause of the difference is warranted. 

 

 6.2.2 April 2008 deployment for GOES-11 calibration 

The April 2008 deployment substantially increased the total number of data points 

collected. Four separate surface reflectance collections were made spanning the 

collection of 17 images by the GOES-11 sensor.  

 

Weather conditions were far better for the April deployment than the initial deployment 

 
Figure 6.1. Radiometric calibration coefficient for GOES-11 as a function of 

calibration day. 
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in May 2007.  Tables 6.4 through 6.7 show atmospheric characterization parameters for 

all 17 image acquisitions.  

 

April 22, 2008 began with a low band of clouds in the north and the west but clear 

conditions over the sun and along the satellite sensor views prevailed. This band of 

clouds slowly increased until the sky was 50% overcast but not obscuring the sun. 

Atmospheric characterization parameters exhibited a typical angstrom exponent with 

higher than average aerosol optical depths on this day. Comparison of all-sky images and 

atmospheric characterization parameters indicate that weather concerns are negligible for 

the collection period.  

 

April 23, 2008 began and ended with clear sky skies with a small system of extended 

cirrus clouds moving through during the middle of the day. Atmospheric characterization 

parameters reflect this short period of clouds. Calibration collects were collected under 

clear sky conditions before and after this interval of clouds. Atmospheric conditions were 

better before the cloud system with a higher angstrom exponent and lower aerosol optical 

depth although the angstrom exponent was lower than average and aerosol optical depths 

were higher than usual. 

 

April 23, 2008 began and ended with clear skies with a small system of cirrus clouds 

moving through during the middle of the day. Atmospheric characterization parameters 

reflect this short period of clouds. Calibration collections were selected to occur under 

Date (2008) April 22 April 22 April 22 April 22 

Time (UTC) 19:45 20:00 20:15 20:30 

Temperature (°C) 20.84 21.38 21.80 21.96 

Pressure (mb) 852.70 852.40 852.30 852.10 

Solar Zenith (°) 26.00 26.34 27.08 28.20 

View Zenith (°) 49.3 49.3 49.3 49.3 

Rel. Azimuth (°) 27.40 19.10 11.10 3.56 

Angstrom  1.23 1.16 1.16 1.28 

!Aerosol 550-nm 0.103 0.102 0.104 0.093 

Columnar O3 (DU) 223 237 186 242 

H2O (g cm-3) 0.55 0.56 0.55 0.60 

 

Table 6.4. Atmospheric conditions at four image acquisition times for calibration 

of GOES-11 on April 22, 2008 at RRV Playa. 
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clear-sky conditions before and after this interval of clouds. Atmospheric conditions were 

better before the cloud system with a higher angstrom exponent and lower aerosol optical 

depth although the angstrom exponent was lower than average and aerosol optical depths 

were higher than typical calibration conditions. 

 

 

Date (2008) April 23 April 23 April 23 April 23 

Time (UTC) 16:15 16:30 16:45 17:00 

Temperature (°C) 16.46 16.97 17.79 18.58 

Pressure (mb) 850.80 850.80 850.70 850.70 

Solar Zenith (°) 52.20 49.38 49.61 43.90 

View Zenith (°) 49.3 49.3 49.3 49.3 

Rel. Azimuth (°) 104.78 101.76 98.54 95.06 

Angstrom  1.05 1.07 0.96 1.03 

!Aerosol 550-nm 0.082 0.079 0.081 0.078 

Columnar O3 (DU) 286 297 273 327 

H2O (g cm-3) 0.82 0.79 0.76 0.70 

 

Table 6.5. Atmospheric conditions at overpass for April 23, 2008 morning 

calibration attempts. 
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April 24, 2008 was the final collection opportunity for the April deployment. Skies were 

mostly clear with a few scattered clouds presenting problems during the course of the 

day. Angstrom values were the highest of any of the days during this deployment but 

aerosol optical depths were also the highest. Atmospheric conditions should have 

minimal impact on the calibration attempt, as clouds did not play a role during the 

reflectance collection interval for the GOES-11 imager. 

Date (2008) April 23 April 23 April 23 April 23 

Time (UTC) 19:00 19:15 19:30 19:45 

Temperature (°C) 21.20 21.81 21.62 21.44 

Pressure (mb) 850.00 849.70 849.60 849.40 

Solar Zenith (°) 27.21 26.29 25.77 25.68 

View Zenith (°) 49.3 49.3 49.3 49.3 

Rel. Azimuth (°) 51.88 43.99 35.72 27.27 

Angstrom  0.88 0.75 0.77 1.00 

!Aerosol 550-nm 0.101 0.107 0.106 0.109 

Columnar O3 (DU) 261 297 331 219 

H2O (g cm-3) 0.62 0.61 0.51 0.48 

 

Table 6.6. Atmospheric conditions at overpass for April 23, 2008 afternoon 

calibration attempts. 
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Surface reflectance values for all 4 collects are summarized in Table 6.8. Surface 

reflectance follows the same variation as GVR results as the reflectance increases with 

increasing solar zenith angle. The playa was dry as indicated by the high surface 

reflectance values and stable with no precipitation during deployment.  

 

 

TOA radiance values were computed for all 17 images taken by the GOES-11 sensor that 

were near in time to the reflectance collects. The same surface reflectance was used for 

multiple images although atmospheric data closest to image acquisition were used. The 

Date (2008) April 24 April 24 April 24 April 24 April 24 

Time (UTC) 19:15 19:30 19:45 20:00 20:15 

Temperature (°C) 13.62 13.94 13.78 14.36 15.19 

Pressure (mb) 859.80 859.70 859.60 859.60 859.50 

Solar Zenith (°) 25.96 25.44 25.35 25.70 26.46 

View Zenith (°) 49.3 49.3 49.3 49.3 49.3 

Rel. Azimuth (°) 44.05 35.68 27.14 18.68 10.53 

Angstrom  1.27 1.16 1.28 1.25 1.27 

!Aerosol 550-nm 0.253 0.272 0.256 0.278 0.266 

Columnar O3 (DU) 331 219 357 331 362 

H2O (g cm-3) 0.51 0.48 0.51 0.46 0.46 

 

Table 6.7. Atmospheric conditions at overpass for April 24, 2008. 

Date (2008) April 22 April 23 April 23 April 24 

Time (UTC) 20:00 16:40 19:20 19:45 

<!> 0.4320 0.3365 0.4031 0.4146 

 

Table 6.8. Surface reflectance for the April 2008 deployment. 
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calibration point resulting from the image taken closest to the temporal middle of the 

reflectance collection should be the most accurate calibration data point.  

 

 

Figure 6.2 shows that the derived calibration coefficient decreases over the course of the 

day. TOA radiance typically increases with increasing solar zenith angle through solar 

noon which occurs near 19:40 UTC on this day. The decreasing calibration coefficient is 

similar to that seen with the GVRs in which the calibration coefficient follows an inverse 

of the TOA radiance curve. It is not expected that the calibration of the GOES-11 Imager 

changes over this period, so the effect is due to the TOA radiance prediction. The results 

 
Figure 6.2. Temporal variation of GOES-11 radiometric calibration coefficient. 
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shown in Figure 6.2 are the first to demonstrate the utility of calibrating a sensor with 

high temporal frequency as a way to understand the accuracy of the vicarious calibration. 

 

An interesting point in April 2008 data is the spread in the radiometric calibration data 

points. Multiple calibration data points are computed from a single reflectance collection 

although atmospheric characterization parameters are used that correspond to time of 

image acquisition. GOES geometry surface BRF changes during the 40 minute collection 

play a role as GVR-derived surface reflectance varies by 2-5% over a similar time period. 

Taking account of solar geometry changes while using a constant surface reflectance as 

in this case results in changes of 2-15% in TOA radiance depending on the change in 

solar zenith angle. Using a temporally correct surface reflectance should mitigate some 

variability in calibration coefficient.  
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Examination of the TOA radiance versus DN in Figure 6.3 shows a remarkable 

agreement in the data from April and May. The radiance versus DN relationship appears 

to be linear but with a noticeable difference from preflight calibration. A linear least 

squares fit with the DN-intercept tied to the preflight factory determined value of 29 DN 

gives a radiometric calibration of GOES-11 as 

 

! 

DN =1.465 " L + 29 (6.1) 

 where L is radiance in units of W/m
2
-µm-sr and DN is the digital output of the sensor. 

The individual radiometric calibrations of May 2007 and April 2008 are given by 

equations (6.2) and (6.3) respectively as 

 
Figure 6.3. Linear fit to the radiometric calibration data points for the GOES-11 

sensor from the two deployments. 
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! 

DN =1.536 " L + 29 (6.2) 

and 

 

! 

DN =1.452 " L + 29 (6.3) 

 

Equation (6.2) has a higher slope than equation (6.3). This does corresponds to slight 

sensor degradation over 11 months. The uncertainty in the calibration as given by the 

variance of the least squares fit is similar to the uncertainty for a nadir-viewing low 

spatial resolution sensor calibrated with the standard method. 

 

Results for high-spatial-resolution sensors with near-nadir views show a repeatability of 

2-5% [Thome et. al., 2003].  Low spatial resolution sensors show a slightly larger 

standard deviation primarily caused by uncertainties in registration of the ground-

measured reflectance and the sensor imagery [Thome et. al., 2001].  The repeatability of 

the calibration results shown in Figure 6.3 for GOES-11 with the standard reflectance-

based method are similar to those obtained for other reflectance-based results. 

 

It is difficult to ascertain the level of accuracy of the current work due to the lack of 

information regarding a current absolute calibration for the visible channel.  The 

sensitivity study described in section 3 indicates that the absolute accuracy should be of 

similar level as the near-nadir case when using summer collections.  There are no 

indications of a bias in the current results and the calibration should have an accuracy of 

5% based on previous work with large-footprint sensors. 
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6.3. AUTONOMOUS CALIBRATION 

The utility of an automated approach to calibration is demonstrated by the May 2007 to 

April 2008 attempts. Nearly 12 months of effort provided on site data for GOES-11 for 

only three reasonably clear days. The benefit of the GVR radiometers is access to a large 

number of possible calibration dates due to continuous coverage of the GVR, CIMEL 

sunphotometer, and the GOES-11 imager. While the number of overpasses limits other 

sensor calibrations, the multiple GOES-11 images collected during a day provide 

multiple opportunities for a good weather calibration. The multiple daily opportunities 

also provide an ability to determine the importance of sun angle and radiance level on the 

calibrations. The number of data points is limited almost solely by the goal to locate 

cloud free data sets. One approach to cloud screening is to rely on the AERONET 

screening process, and that if sunphotometer data are available the day is assumed to be 

clear. One drawback to this approach is that it eliminates days with elevated dust 

amounts. Fortunately, the work in chapter 3 shows these days should also be screened for 

consistency of results. 

 

The GVR in the GOES view geometry was deployed April 2007 marking the beginning 

of the opportunity to calibrate the GOES-11 sensor autonomously. Screening dates with 

poor weather conditions still leaves numerous days from which to attempt a proof-of-

concept calibration. 
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 6.3.1 Data screening 

Two days were processed for every reasonable image taken by GOES-11 to understand 

the automated calibration process. The two days chosen, July 18, 2007 and January 15, 

2008, were clear weather days and represent seasonal extremes on the method and 

instrumentation. The large variance in the solar illumination angle and large difference in 

surface atmospheric temperature provides a robust test. The surface temperature is 

potentially important due to the temperature sensitivity of the GVR’s focal plane 

[Czapla-Myers, 2006]. 

 

The particular days were chosen based on visual examination of data collected by the 

GVR, CIMEL, and meteorological data and comparison to average atmospheric values 

for radiometric calibrations at RRV. GVR temperature-corrected data were inspected for 

behavior atypical of clear sky conditions. Cloudy skies, in general, show spikes in the 

voltage and large deviations from the general cosine shape of the incident irradiance. 

Figure 6.4 shows typical voltages for a 10-day period including both cloudy and clear sky 

conditions during July. Voltages are normalized to the peak value on day 199 (July 18, 

2007) for channel 1 of the GVR. 
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Day 199 to day 202 exhibit clear sky behavior with a smooth cosine shape while days 

before and after indicate clouds were present during the course of the day. Day 197 

appears clear in the morning with increasing clouds during the afternoon. Voltages are 

near zero during the solar night for each of the days. Recall that the repeatable drop in 

GVR voltage in the afternoon is due to shadows caused by the GVR for particular solar 

geometries (Figures 6.4, 6.5, and 6.6). Based on these data, any of the days between day 

199 and day 202 would qualify for a calibration attempt. 

 

Figure 6.4. Normalized GOES-GVR voltage plotted as a function of time-of-day 

for a period exhibiting clear sky conditions and cloudy conditions. 
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Data analysis is similar for the winter date chosen, yet the voltages are substantially 

lower due to the incident angle of the sun. Figure 6.6 shows the normalized voltage for 

January 15, 2008. It is apparent that the maximum GVR voltage is approximately one 

half of the summer maximum voltage. In addition, the output voltage contains far more 

noise as evidenced by the apparently random increases in voltage primarily evident 

during the night hours. An interesting aspect of note is that the shading of the ground by 

the GVR is not as apparent as of an issue, but closer inspection reveals that there remains 

a decrease in the voltage due to shading.  

 

Figure 6.5. Normalized GVR voltage from summer. Shading of the playa surface 

is apparent in the output voltage during early afternoon. 
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The last step to evaluate suitability of a data set is to examine atmospheric data to ensure 

no unusual behavior. Figure 6.7 shows the derived Angstrom values from CIMEL data 

collected during the same period as data in Figure 6.8. The Angstrom values are realistic, 

albeit slightly low for RRV.  

 

Figure 6.6. Normalized GVR voltage from January 15, 2008. Voltage is 

normalized to July 18, 2007. 
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Figure 6.8 shows the derived AOD at 550-nm for the July time period. The cosine pattern 

in the AOD data in Figure 6.8 is atypical of normal daily atmospheric behavior and is 

indicative of an instrument for which there are uncertainties in the calibration. The 

pattern is apparent in every band of the CIMEL data eliminating the possibility of using a 

different band from which to calculate the 550-nm AOD. The atmospheric data are used 

here without any correction applied leading to an inherent error in the reflectance-based 

calibration data. It is believed that due to the small aerosol optical depths during this 

period, minimal difference will be detectable in the resulting sensor calibration. Ideally, 

 
Figure 6.7. Angstrom values for RRV playa as a function of Julian day from day 

195.5 to 205.5. 
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atmospheric characterization parameters would be nearly constant over the course of the 

day as a result of a stable atmosphere. The data shown here indicate one of the issues 

with the development of a fully-automated system that is exposed to the elements in a 

remote location. 

 

 

 6.3.2 Temporal corrections 

Data are collected by the GVR and CIMEL at preset intervals that do not necessarily 

coincide with each other or with the image acquisition time of the sensor to be calibrated. 

Typical intervals between data acquisition for the GVRs is eight minutes and 20 minutes 

 
Figure 6.8. Aerosol optical depth (AOD) as a function of Julian day from day 

195.5 to day 205.5. 
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for the CIMEL sunphotometer. The interval is short enough that data points can be 

linearly interpolated for clear-sky days to determine the values at image acquisition time 

according to 

 

! 

y =  yo + x " xo( ) #
y
1
" yo

x
1
" xo
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( 
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This is based on the assumption that the atmosphere and surface are stable and relatively 

invariant during the course of the day, as is typically the case for screened days. It is for 

these reasons that RRV and other RSG test sites were chosen for calibration work. Figure 

6.9 shows original data and the interpolated values used for atmospheric inputs into the 

radiative transfer code. These values are stable enough even on the longer 20-minute 

interval for linear interpolation to be accurate. Cloudy or inclement weather violates the 

assumption of a stable atmosphere resulting in interpolated characterization parameters 

that are not representative of actual conditions.   
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 6.3.3 Sensor calibration from GVR data 

The TOA radiance was computed for each image acquisition of the GOES-11 sensor 

during the course of the day on July 18, 2007 and Jan 15, 2008. Diffuse sky radiance was 

computed using the atmospheric characterization parameters and MODTRAN. Results of 

the diffuse sky irradiance are shown in Figure 6.10 for July 18 along with the surface 

reflectance computed for each of the three spectral bands of the GVR. The TOA radiance 

follows a smooth curve similar to the output voltage of the GVR (Figure 6.10). 

 

Figure 6.9. Interpolated aerosol optical depth (AOD), Angstrom, and H2O 

CIMEL derived data. 
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The GOES-11 image DN from this day and derived calibration coefficients are shown in 

Figure 6.11 for each data point. DN retrievals from the GOES-11 image relied on the 

latitude-longitude method. The large break in data is due to omitting those points affected 

by the shading of the surface from the GVR as discussed previously. 

 

Figure 6.10. GVR multispectral surface reflectance with diffuse sky radiance and 

TOA radiance for July 18, 2007. 
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Variability in the retrieved GOES-11 DNs from a smooth curve can be noted in Figure 

6.11. The affect of such variability is reflected in the computed calibration coefficients. 

TOA radiance values show minimal variation from a smooth function as compared to the 

variability in the GOES-11 DN. The cause of the different behavior between the radiance 

and DN is primarily due to pixel misregistration. 

 

The “tails” of the calibration coefficient curve correspond to solar zenith angles greater 

that 55 degrees and extend to 73 degrees for the afternoon data. Surface temperature and 

incident irradiance are at the lowest values at these extremes and errors in aerosol optical 

 

Figure 6.11. GOES DN compared to TOA radiance and resulting radiometric 

calibration from July 18, 2007. 
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depth and Angstrom are also the largest. Cracks in the playa surface have the most 

contrast at these angles. GVR surface reflectance data are also easily biased at these 

angles if a feature such as a crack in playa surface is included in the GVR FOV. 

 

Despite variability in the calibration coefficient, results are quite good for the variation in 

surface reflectance, TOA radiance, and conditions over the course of the day. 

Remarkable consistency is evident for the majority of the day especially considering no 

personnel were present at the test site. 

 

The above work was repeated for the winter calibration day. The lower radiance levels 

from the surface due to larger solar zenith angle and the effect of colder temperatures on 

the GVR were of initial concern. Surface reflectance values for the three channels of the 

GVR, along with the computed diffuse sky radiance are shown in Figure 6.12. The data 

appear noisier in the afternoon as shown by (3) in Figure 6.13. This noise is due to the 

inclusion of data taken while the GVR was shading the imaged area and subsequent 

results are not included in the calibration. Figure 6.13 also includes several outlier points 

illustrating human errors in the calibration process that were not included in final 

calibration.  
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Voltage spikes in GOES-GVR channels are evident in the reflectance curve shown in 

Figure 6.12 as indicated by (1). These spikes are apparent in the raw voltage for 

individual channels, i.e. a spike in channel 1 is not correlated to a spike in channel 2. The 

spikes are independent, likely due to instrument issues. The spike in reflectance for a 

given channel increases the entire hyperspectral reflectance curve used to compute TOA 

radiance. TOA radiance values are shown here simply for illustration and are not 

included in the final calibration. 

 

Human errors are also included in Figure 6.12 as indicated by (2). These errors were 

 

Figure 6.12. GVR multispectral surface reflectance with diffuse sky radiance and 

TOA radiance for January 15, 2008. 

 

(1) 

(2) 
(3) 
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made while entering computed characterization parameters in the radiative transfer code, 

although errors are possible at various stages of the calibration process. Systematic 

processing of the data results in approximately 1 in 10 data points being an outlier that 

when reprocessed agrees with other results. From this, human error rates in the involved 

processing of GVR data were estimated at 10%. These data are also used solely for 

illustration and are not included in the final calibration. 

 

The variability evident in the afternoon is a result of not screening data influenced by 

shading of the surface by the GVR. Shading is not as evident in the winter months as 

compared to the summer data (Figures 6.5 and 6.6) and was detected in the results versus 

time evaluation. The shading issue is another example of the temporal aspect of the 

GOES data that will serve to improve the vicarious results. Shading also demonstrates the 

requirements for a suitable screening approach. Shaded data are not included in the 

calibration. 
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The large spread in the radiometric calibration coefficient seen in Figure 6.13 is also due 

to large variability in the GOES-11 image DN as illustrated by (4) in the figure. The 

cause of this can be real or human error in the DN extraction. The variability shows the 

importance of image registration. Drift in the center location of the image pixel used for 

the calibration can cause the DN values to change from image to image due to surface 

heterogeneity.  

 

Beyond the scatter of the coefficients, the calibration coefficients curve exhibits a 

temporal effect inverse to the TOA radiance data similar to the July 18 calibration. The 

 

Figure 6.13. GOES DNs compared to TOA radiance and resulting radiometric 

calibration from January 15, 2008 calibration. 

(4) 
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systematic variability in calibration coefficients is postulated to be caused by a 

combination of environmental and model factors such as surface BRDF, atmospheric 

characterization, large illumination angle, low-radiance reflectance retrieval, inaccurate 

diffuse sky radiance calculations, and GVR temperature concerns. 

 

As was done for the on-site measurement case, TOA radiance versus image DN is 

analyzed and the results shown in Figure 6.14. The linear least squares fit gives the 

radiometric calibration for July 18, 2007 and January 15, 2008 respectively as  

 

! 

DN =1.695 " L + 29 (6.5) 

 

! 

DN =1.414 " L + 29  (6.6) 
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Comparison of the calibration coefficients from the two days is discouraging. A large 

difference is apparent in Figure 6.14 and results show a difference of about 0.25 in the 

calibration coefficients. This difference corresponds to nearly 20% difference in the 

calibration coefficients as shown by the differing slopes of the linear-fits. Systematic 

processing and methodology remain unchanged between the dates and data have been 

error checked. Removing the radiometric calibrations computed from high solar zenith 

angle conditions does little to change the resulting average calibration as shown in Figure 

6.15. 

 
Figure 6.14. Sensor DN as a function of TOA radiance for GVR calibration dates. 
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Chapter 3 clearly showed that the determination of surface reflectance is the most 

important piece of the calibration process. Brief discussion earlier stated the stability of 

the radiometric calibration of the GVR is necessary to achieve accurate results. It is 

postulated here that the long period between the single SRBC of the GVR used here and 

the January 15, 2008 data set is partially responsible for the difference in the radiometric 

calibration results. Surface temperature effects on the GVR calibration also play a role in 

the large difference in results. Another factor is site heterogeneity in which the GVR data 

may not be representative of the area seen by the GOES sensor. 

 
Figure 6.15. Sensor DN as a function of TOA radiance for GVR calibration dates 

with results determined at high solar zenith angles removed. 
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Figure 6.16 shows the GVR-based and ASD-based results along with the associated 

straight-line fits to the data. In addition, a straight-line fit through all of the data is 

provided. Despite the large difference in the two GVR calibration results, the 

combination of the two dates compares better to the ASD results. Differences between 

the radiometric calibrations determined from each approach are at the 10% level (13% 

difference in the linear least squares fit) as given by equations (6.1) and (6.7) describing 

the ASD and GVR calibrations respectively: 

 

! 

DN =1.659 " L + 29 (6.7) 

 While this difference is higher than the stated accuracy of each method, it is believed 

that this is a result of the calibration of the GVR itself not an inherent bias in the 

 
 

Figure 6.16. ASD and GVR calibration of GOES-11. 
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methods.  

 

6.4. DISCUSSION 

The difference between the average calibration coefficient based on the normal 

reflectance-based method and the GVR-based method is most likely a calibration issue of 

the GVR both in the thermal correction of the voltage as well as the conversion to 

radiance. Wind-blown dust and dirt accumulation and degradation of the GVR affect the 

amount of radiance collected by the GVR and hence the radiometric calibration of the 

instrument. The agreement of GVR results over a large range of radiance levels for a 

given day is encouraging despite the day-to-day differences. This reinforces the 

importance of the calibration of the GVR as it is critical to accurately determine the 

surface reflectance.  

 

Comparison of simultaneous surface reflectance collection of the same surface area is an 

ideal method to determine biases between the methods. GVR reflectance results during 

the April 2008 RSG deployment do not exist due to an issue with data recording. GVR 

data, however, is available for the May 2007 deployment. Surface reflectance was 

computed from the GOES-GVR data for coincident portable spectoradiometer collections 

of the entire GOES site. Weather issues rendered data collected of the same spatial subset 

as the GOES-GVR useless for an accurate comparison. Computed surface reflectance is 

consistently near 10% higher for the portable spectoradiometer data as shown in Figure 
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6.17. Differences are likely attributable to the GVR calibration although test site spatial 

inhomogeneities are also possible.  

 

It is also possible that a systematic error caused by spatial inhomogeneities of the test site 

is present. A quick examination of reported Landsat-7 ETM+ DN from the large footprint 

test site for the August 18, 2007 image acquisition showed extremes of +/- 4% from 

average over the site. The ASD sampled reflectance is based on an average of 340 

samples that cover approximately a 30-m linear path. The total distance traversed is 

approximately 2-km for the GOES collect with an 8-degree FOV fore-optic on the ASD. 

This FOV corresponds to a viewed spot on the ground with a diameter of 0.14 m. 

 

 

Figure 6.17. ASD and GVR reflectance results for May 2007 deployment 
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Estimating the viewed area of the test site surface based on the distance traversed and the 

area viewed leads to a sampled area of approximately 280 square meters corresponding to 

a sampling of less than 0.02% of the GOES pixel. The stationary GVR radiometer, by 

comparison views an approximate spot on the ground of not more than 1 square meter. 

This is less than one half of one percent of the area sampled by the ASD. While the RRV 

test site has been picked for the spatial homogeneity of the test site, there are still 

variations in the surface.  

 

In addition, it is probable that a portion of the bias is due to GVR instrument variations 

based on temperature effects and an unsatisfactory correction methodology for the daily 

temperature variation of the GVR. The current correction methodology is based on the 

presumption of a linear temperature coefficient for the effect of the temperature on the 

output voltage of the radiometer. It is possible that this temperature correction is more 

complex and requires a better correction, although reasonable corrections are unlikely to 

result in a 20% change in calibration results. 
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CHAPTER 7. CONCLUSIONS 

 

The main goal of this dissertation is to show that a large footprint, off-nadir sensor can be 

calibrated autonomously through the use of GVRs deployed at the RRV test site. The 

work demonstrates that the errors caused by atmospheric uncertainties on a typical clear-

sky day are small even for a high view-angle sensor such as GOES-11. The GVRs were 

used for surface reflectance retrieval without personnel present on the test site. The 

primary focus of this work was modification of reflectance-measurement geometry and 

extension of the standard reflectance-based method to use GVRs to determine multiple 

calibration data points for a given day. This work opens the possibility of hundreds of 

calibration data points through the use of GVRs to augment and potentially replace the 

standard reflectance-based calibration results, as well as to study the vicarious approach 

itself. 

 

The atmospheric sensitivity studies indicate that TOA radiance varies inversely with 

imaginary index of refraction and this factor is the largest uncertainty source. Even so, 

the imaginary index provided by the CIMEL sunphotometer is accurate enough that 

errors caused by the atmosphere are minimal. Atmospheric errors are further mitigated by 

using solar radiometer data to screen days that are not conducive for an accurate 

calibration. Other atmospheric parameters are not large sources of uncertainty even at 

large solar zenith angles combined with the large off-nadir view angle of GOES-11 

because of the high reflectance of the RRV playa surface. The real index of refraction and 
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its coupling to the relative azimuth of the sun and the sensor showed that for typical 

values of the real index of refraction, there is minimal coupling. As with the imaginary 

index of refraction, the CIMEL sunphotometer provides a real index of refraction product 

and thus is useful as a screening product to eliminate days significantly different from 

standard conditions.  

 

The work presented here clearly demonstrates TOA radiance is highly dependent on the 

accurate determination of the surface reflectance. In general, for a near-nadir view 

geometry the RRV surface can be considered lambertian. However for a large off-nadir 

view angle such a GOES-11, accurate calibration requires surface reflectance to be 

collected in that geometry. It is also feasible to rely on nadir-measured reflectance but 

this would require an accurate BRDF model of the surface to account for sun-sensor 

geometry.  

 

Future models of GVRs should include the ability to collect data in multiple geometries. 

A potential method is to have multiple stationary GVRs collecting in different 

geometries. Geometries could be sensor dependent or the system could be designed to 

model the surface BRDF. 

 

Calibration results from May 2007 and April 2008 based on modified instrumentation 

and approaches described in this work showed good repeatability. The results of the on-

site measurements demonstrate the feasibility of calibrating a large footprint, off-nadir 
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sensor. The sensitivity study from this work shows the results are of the same level of 

uncertainty as the nadir-view case. The largest error source is currently due to 

misregistration of the surface data to the GOES-11 imagery. The results of the ASD-

based processing also showed larger errors with data collected in a near-backscatter 

geometry. 

 

The issues with scheduling on-site collections for GOES-11 calibrations led to the study 

to evaluate methods for which no RSG personnel are needed at the test site. Multispectral 

surface reflectance measurements were computed using a GVR in a GOES-11 view 

geometry. The automated approach can provide as many as 45 reflectance calibration 

attempts in the course of a day. Results are consistent for a given day but long-term, day-

to-day variability is an issue. Periodic calibration of the GVR is required and further 

study of the temporal behavior of the GVRs is recommended.  

 

Future work should include study into the discrepancy as well as a deeper study into the 

relationship between GVR temperature and voltage between automated and on-site 

results. Automation of processing the GVR and atmospheric data is critical to allow full 

use of the automated data to provide a large number of calibrations with minimal human 

error much below the current 10% value. Visual screening of results at interim points in 

the processing and subsequent reprocessing reduces error rates to near zero but is time 

consuming and requires diligent work and reprocessing of affected results. In addition, 

time constraints of the method limit processing to a few data points for a given day 
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drastically limiting the number of calibration attempts especially if multiple sensors are 

included. Repeatable and accurate screening algorithms are needed to ensure the quality 

of results by removing days exhibiting poor atmospheric conditions and shaded GVR 

data. 

 

The design of the GOES-view GVR dramatically improves the results shown here. 

Modifications are still required to the GVR to compensate for the non-lambertion nature 

of the test site. Use of a given GVR for multiple high view-angle sensors requires the 

GVRs to collect surface reflectance at multiple angles to accommodate each of these 

sensors or the inclusion of the temporal surface BRDF model.  

 

In addition, spatial heterogeneity of the test site dictates the use of a larger number of 

GVRs to accurately determine the correct surface reflectance. The correct number and 

GVR placement should account for regions with the highest temporal and spatial 

variability in surface reflectance while adequately sampling stable regions with a minimal 

total number of radiometers.  

 

In conclusion, the use of GVRs shows great promise in the calibration of satellite and 

airborne sensors. A single GVR has been modified to collect surface reflectance for a 

given sensor geometry (GOES-11) and subsequently used to compute surface reflectance 

for that geometry. TOA radiance and calibration results using this surface reflectance 

with atmospheric characterization parameters determined through the use of the CIMEL 
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sunphotometer were successful in determining multiple calibration points. However, the 

calibration disagrees with the calibration computed using surface reflectance collected in 

a similar geometry by an ASD. Improvements in future generation of GVR and 

processing techniques should reduce this error. 

 

Despite the difference in the average calibration coefficients, it is believed that with 

further refinements to the procedure and methodology of the GVR-based calibration the 

absolute uncertainty can be reduced to less than 5 %. This corresponds quite well to 

standard reflectance-based results. The development of a completely automated 

processing scheme will allow the possibility of a very large number of calibration data 

points in excess of hundreds of data points. The standard deviation of the results should 

be forced down to values that correspond favorably to the standard reflectance-based 

results, but without the tedium of a 12-hour drive to the test site and a 2-km walk in the 

desert. 
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