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ABSTRACT

  Remote Sensing Group (RSG) at the University of Arizona has a long history of 
using ground-based test sites for the calibration of airborne- and satellite-based sensors.  
Often, ground-truth measurements at these tests sites are not always successful due to 
weather and funding availability.  Therefore, RSG has also employed automated ground 
instrument approaches and cross-calibration methods to verify the radiometric calibration 
of a sensor.  The goal in the cross-calibration method is to transfer the calibration of a well-
known sensor to that of a different sensor. 
 This dissertation presents a method for determining the radiometric calibration of 
a hyperspectral imager using multispectral imagery.  The work relies on a multispectral 
sensor, Moderate-resolution Imaging Spectroradiometer (MODIS), as a reference for the 
hyperspectral sensor Hyperion.  Test sites used for comparisons are Railroad Valley in Ne-
vada and a portion of the Libyan Desert in North Africa.  A method to predict hyperspectral 
surface reflectance using a combination of MODIS data and spectral shape information is 
developed and applied for the characterization of Hyperion.  Spectral shape information is 
based on RSG’s historical in situ data for the Railroad Valley test site and spectral library 
data for the Libyan test site.  Average atmospheric parameters, also based on historical 
measurements, are used in reflectance prediction and transfer to space.  Results of several 
cross-calibration scenarios that differ in image acquisition coincidence, test site, and ref-
erence sensor are found for the characterization of Hyperion.  These are compared with 
results from the reflectance-based approach of vicarious calibration, a well-documented 
method developed by the RSG that serves as a baseline for calibration performance for the 
cross-calibration method developed here.  Cross-calibration provides results that are within 
2% of those of reflectance-based results in most spectral regions.  Larger disagreements ex-
ist for shorter wavelengths studied in this work as well as in spectral areas that experience 
absorption by the atmosphere.
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CHAPTER 1

 INTRODUCTION

 There are numerous earth observing satellite sensors currently on orbit for the 

purpose of land- and ocean-based remote sensing.  Data reported by these sensors provide 

a basis for a wide range of environmental studies.  It is critical that the sensors remain 

calibrated in order to provide synergy among coexisting sensors and a data legacy for 

generations of sensors.  The lofty goal of comparable data can be achieved through avail-

able methods of radiometric calibration for satellite sensors including pre-launch, on-board 

lamp, lunar, or solar illumination, and methods that use terrestrial scenes acquired on-

orbit.  

 The Remote Sensing Group (RSG) of The University of Arizona came into exis-

tence in the early 1980s to provide absolute radiometric calibration of NASA’s Landsat 

4 Thematic Mapper.  Since this time, the RSG has expanded its calibration efforts to a 

multitude of other Earth-observing airborne- and spacecraft-based sensors.  The RSG’s 

primary method of radiometric calibration is called the reflectance-based approach.  This 

type of vicarious calibration involves characterizing a test site to predict the radiance the 

sensor should register.  This method is limited because RSG personnel are required at the 

test site during overpass to characterize accurately the test site surface and atmosphere over 

the site.

 The rigors of launch often invalidate the results of preflight calibration.  Thus, the 

inflight radiometric calibration of a sensor is typically performed as soon as possible to 

provide meaningful data to the user community.  On-board calibration hardware has also 

been shown to change between laboratory and the harsh environment of space enhancing 

the necessity of a vicarious calibration.  Approaches relying on in situ measurements pro-
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vide this validation, but often prove ineffective for rapid evaluation of sensor calibration 

due to poor test site weather conditions, lack of personnel, or financial resources limit-

ing the availability and frequency of the in situ data.  Sensor cross-calibration methods 

that transfer the trusted calibration of a well-understood sensor to the sensor in question 

provide an opportunity for vicarious calibration at higher temporal frequency than in situ 

approaches.  

 This dissertation extends the cross-calibration methodology to develop an approach 

of transferring the radiometric calibration from a multispectral sensor to a hyperspectral 

imager.  A process is described and implemented that allows such a calibration on a rapid 

timetable regardless of weather conditions and availability of significant funding.

1.1 Dissertation overview

 The remainder of Chapter 1 discusses remote sensing in general and its utility  for 

Earth observation.  Remote sensing instruments are introduced and the two particular 

sensors that are the focus of this work are covered in detail.  Data products from these 

instruments warrant a high degree of calibration, not only over the lifetime of a particular 

sensor but over several generations of the sensor to allow for comparison of results.  Vari-

ous methods of sensor calibrations are discussed, but the need for a method to calibrate a 

hyperspectral imager with a multispectral sensor is emphasized.

 Chapter 2 presents the reflectance-based approach of vicarious calibration which 

is the RSG’s primary method of sensor calibration.  Sensors of various spatial resolutions, 

hyperspectral and multispectral, airborne and spaceborne have all been radiometrically 

calibrated by the RSG.  However independent, there are many parallels between this type 

of calibration and cross-calibration.  The results from the reflectance-based approach are 
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compared to those of the multispectral to hyperspectral cross-calibration approach intro-

duced in Chapter 3.

 Chapter 3 describes the cross-calibration method developed in detail.  A complica-

tion in this method is that each sensor has unique spectral bandpasses.  One approach that 

is frequently used to avoid the spectral issues is to rely on a hyperspectral sensor as the 

reference sensor.  The hyperspectral nature of the sensor allows any spectral band to be 

convolved to emulate the bands of the sensor being calibrated.   Chapter 3 introduces a 

method of transferring a calibration from a multispectral system to a hyperspectral imager 

and applies this method to the transfer of MODIS’ calibration to Hyperion’s calibration.

 Chapter 4 presents a case study using the cross-calibration method to character-

ize Hyperion.  Results obtained from the reflectance-base approach and cross-calibration 

method of vicarious calibration are compared and uncertainties of both approaches are 

discussed.

 Chapter 5 presents the conclusion and discusses future developments and improve-

ments.

1.2 Remote sensing and Earth observation

 The status and health of Earth is becoming more of a societal concern resulting in 

a demand for a better understanding of current conditions.  The status of Earth as a whole 

includes aspects such as ecosystem health, sustainability, finance, and politics.  One way to 

understand these topics is to make observations and distill useful information from them.  

Observations made by an individual, are of limited scope in all respects and, in turn, have 

limited useful information.  During the last five decades, however, a vast observational 

capability has been deployed in the form of satellite, aircraft, and ground-based sensors.  
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Large amounts of data are collected and analyzed in multiple fields of study.  The practice 

of collecting these data is commonly called remote sensing.

1.2.1 Remote sensing

 Remote sensing is used to study an object or phenomenon from a distance.  There 

are two types of remote sensing, passive and active.  Passive remote sensing only collects 

radiation emitted or reflected from the object where active remote sensing instruments 

send a signal to the object and collect the return signal in addition to background radiation.  

Active instruments include radar and lidar which emit radio and light pulses, respectively, 

and collect the return pulses.  These instruments are primarily used for ranging and object 

identification and are employed in many fields of study.  This work is concerned with 

space-based passive remote sensing instruments that operate in the visible to shortwave 

infrared region of the electromagnetic spectrum and designed for Earth-observation ap-

plications.

1.2.2 Remote sensing data applications

 Observing Earth from space, three things are obvious subjects of study: land, ocean 

and atmosphere.  There are many sensors designed to look at only one of these individual 

components while others are more specific and are only designed for one purpose such as 

ozone concentration characterization.  There are also much broader applications, such as 

studying the popular topic of carbon dioxide emissions and global change, that utilize data 

from many different sensors [Gail, 2007]. 

 In most cases, the property of interest is not directly measured but is inferred from 

other measurements.  The remote sensing instruments concerned in this work report the 

magnitude of radiance coming from the direction of the object at hand.  There must be 
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existing knowledge of the object in order to infer additional useful information about the 

object.  A prime example of this is detecting vegetation properties by calculating vegeta-

tion indexes.  The spectral signature of vegetation is unique to that of other surface cover 

material and therefore can be distinguished.  Space-based remote sensing can allow for a 

high temporal frequency of data collection which can be used to monitor global vegeta-

tion dynamics and in global climate studies [Justice et al., 1985, Los et al., 1994].  Land 

cover  studies are significant, but the Earth’s surface is 71% ocean which also warrants a 

significant amount of study.

 Monitoring currents, surface temperatures and chlorophyll activity are some pri-

mary areas of ocean study.  Remote sensing data at select wavelengths can be used to infer 

the content of water [Morel et al., 1977],  especially chlorophyll concentrations [Clarke el 

al., 1970].  Satellite ocean color data provide the only practical means for monitoring the 

spatial and seasonal variations of near-surface phytoplankton which is essential for the 

study of ocean primary production and global carbon status [O’Reilly el al., 1998]. 

 Remote sensing data can also be used to characterize the atmosphere.  Weather 

satellites provide nearly real-time images of the Earth allowing meteorologists to predict 

weather in a way not possible prior to satellites.  An area of environmental and human 

health concern is the status of the ozone layer which absorbs the majority of  the sun’s 

ultraviolet light.  Satellite remote sensing data have allowed scientists to trend accurately 

ozone depletion over decades [Stolarski, 1991].  Another area of atmospheric research is 

aerosol characterization.  Unlike atmospheric gases like nitrogen and oxygen, aerosols 

are highly inhomogenous and variable.  This calls for global coverage easily provided by 

satellites.  Understanding how to measure and characterize the effect of aerosols on the 

scattering and transmission of light from the sun is important for both climate modeling 

and atmospheric correction of other remote sensing data products.  
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1.2.3 Imaging spectroscopy remote sensing data applications

 The majority of remote sensing instruments provide multispectral data consisting 

of discrete and widely spaced spectral information.  Advancements in technology have en-

abled development of imaging spectrometer instruments that provide much higher spectral 

resolution data.  The distinct difference between the two types of instruments is shown in 

Figure 1.1 where top-of atmosphere radiance of a forest is plotted for an imaging spec-

trometer and a multispectral imager.  The imaging spectrometer data on the left contains 

about 200 points and therefore is shown as a curve, while the multispectral data on the right 

consists of only 10 points.  There are many fields of remote sensing science where these 

high spectral resolution data provide additional utility and are advantageous over more 

traditional multispectral data.

Plots of radiance versus wavelength over a forest Figure 1.1.  
as reported by an imaging spectrometer (Hyperion) on the 
left and a multispectral sensor (MODIS) on the right.

 Ecological remote sensing applications include vegetation mapping, land-cover 

change detection, disturbance monitoring, and the estimation of biophysical and biochemi-

cal attributes of ecosystems [Asner el al, 1998].  Vegetation indices, the previously men-

tioned remote sensing product, provide indications of aging and stress of plant life and 

are readily derived from multispectral data.  Using the full spectrum, however, produces 
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quantitative estimates of biochemical content [Ustin et al., 2004].  Another, more specific, 

example of how imaging spectroscopy data is exploited is in the area of aquatic ecology to 

retrieve snow grain size.  This can help characterize the thermal state of the snowpack and 

characterize the timing of snowmelt [Nolin and Dozier, 1993; Dozier et al., 2009].

 Another area of study utilizing imaging spectroscopy focuses on the soil and at-

tempts to extract information for land use planning, agriculture, and general composition.  

Imaging spectroscopy data provide insight to land degradation and desertification where 

multispectral remote sensing approaches have lacked [Asner and Heidebrecht, 2003].  Soil 

properties determined from imaging spectroscopy data can provide information that allows 

for a higher agricultural yield [Ben-Dor et al., 2009] as well as characterize constituents of 

open pit mines and their dumps [Kruger et al., 1998].

 Many applications using remote sensing data require knowledge of what the re-

motely sensed signal would be at the ground, where it is unaffected by the atmosphere.  

Therefore, atmospheric effects need to be accounted for before further calculations.  The 

high spectral resolution of imaging spectroscopy provides the information required to cor-

rect these effects such as absorption by water vapor and other gasses [Vane, 1993].  Knowl-

edge of water vapor amount not only assists in the atmospheric correction of remotely 

sensed data,  but also is itself a desired value that helps in the study of weather and climate 

modeling. 

1.2.4 Remote sensing instruments for Earth observation

 Remote sensing instruments for Earth observation consist of devices with varying 

degrees of complexity.  Specifications for these instruments are determined by the ap-

plication of its data, available sensor technology and cost.  Primary specifications of an 
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instrument include platform type, spatial resolution, spatial coverage, spectral resolution, 

spectral coverage, temporal resolution, lifetime and cost.  

 These specifications are met by a mix of platforms for remote sensing instruments 

including spacecraft, aircraft, and ground-based stations.  The choice of platform affects 

the range of spatial and temporal specifications possible.   

 Spatial resolution is commonly described as the size of area on the ground a single 

sensor element represents.  Current space-based sensors have spatial resolutions that range 

from sub-meter to one kilometer.  An example of a high resolution space-based sensor is the 

recently launched WorldView-1 satellite with a 0.55 m resolution.  In contrast, Advanced 

Very High Resolution Radiometer (AVHRR) has a 1.09 km resolution and MODerate Im-

aging Spectroradiometer (MODIS) has resolutions 250 m, 500 m and 1 km depending on 

the spectral band of the sensors.

 The spectral characteristics of a sensor are dependent on the data application just 

as spatial resolution.  There are two distinctive types of sensors when it comes to spectral 

bands, multispectral and hyperspectral.  Multispectral systems usually employ interference 

filters for band selection and support a few to tens of spectral channels.  Hyperspectral 

systems use a dispersive device such as a diffraction grating to image a continuous spec-

trum over a sensor array.  The sensor array will sample this spectrum in tens to hundreds of 

spectral channels.  Examples of multispectral sensors include Advanced Spaceborne Ther-

mal Emission and Reflection Radiometer (ASTER), AVHRR, Landsat TM and ETM+, and 

MODIS.  AVIRIS, Hyperion on the Earth Observing-1 (EO-1) spacecraft, and ARTEMIS 

on the TacSat-3 spacecraft are examples of hyperspectral systems.

 Spatial and temporal coverage are also important characteristics of a sensor.  The 

swath width of a sensor is the distance on the ground that a sensor images in the across-

track direction.  High resolution satellite sensors typically have a relatively narrow swath 
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width such as Worldview-1 with only a 17.6 km swath.  Lower resolution sensors tend to 

have larger swath widths such as MODIS with a 2330 km swath.  With such a large swath, 

MODIS is able to image any location on Earth every few days whereas narrower swath 

sensors have longer and more variable repeat times and are tasked to collect only over 

certain locations during an orbit.  

 This work utilizes data products from two sensors that have already been men-

tioned, Hyperion and MODIS.  They are very different from each other concerning some 

of the specifications mentioned above, but share overlapping spectral range.  The following 

introduces these sensors in detail.

1.2.4.1 Hyperion

 Hyperion is one of three imagers on board the EO-1 platform that was launched on 

November 21, 2000.  This satellite is in a sun-synchronous, near-polar orbit with an altitude 

of 705 km.  It has an equatorial crossing time just after 10:00 AM and has a repeat cycle of 

16 days.  Hyperion is a hyperspectral imager with a nadir resolution of 30 m and a swath 

width of 7.7 km.  This spatial coverage does not allow for a complete Earth image during a 

single repeat cycle so Hyperion must be tasked to select targets of highest priority.  

 A telescope working at f/11 images the Earth onto a slit that provides a 0.624° by 

42.55 μrad field of view corresponding to the swath width and spatial resolution, respec-

tively [Pearlman el al., 2003].  The image of the slit is relayed to two different spectrometers 

by way of a dichroic filter.  The 400-1000 nm range is reflected to the VNIR spectrometer 

and the 900-2500 nm range is transmitted to the SWIR spectrometer.  The overlap in the 

spectral range allows for intercomparison of the separate  spectrometers.  
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 Hyperion has 220 spectral bands (198 that are processed), covering 427-2395 nm 

with bandwidths and band separations of about 10 nm.  The relative spectral response 

(RSR) is well represented by a Gaussian profile as seen in equation 1.1 [Pearlman, 2003]

RSR e
FWHM
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i
ii i= =−1

2 2 2 2

2 22

σ π
σλ λ σ( ) / ( )

ln( )
, and  (1.1)

where FWHMi is the distance between the points where the response falls to half of its 

maximum value.

1.2.4.2 MODIS

 The Moderate-resolution imaging spectroradiometer (MODIS) is a multispectral 

sensor onboard two spacecrafts, Aqua and Terra.  Terra, originally designated Earth Observ-

ing System (EOS) AM-1, was launched on December 18, 1999 is the flagship of NASA’s 

EOS.  Aqua, originally designated EOS PM-1, was launched on May 4, 2002.  Both of 

these platforms carry multiple sensors in addition to MODIS that provide complementary 

measurements.  They are in a 705 km sun-synchronous orbit, but Terra has a 10:30 AM 

local equatorial crossing time descending southward where Aqua has a 1:30 PM local 

equatorial crossing time ascending northward.

 MODIS has 36 spectral bands that populate the visible to thermal infrared portion 

of the electromagnetic spectrum.  The sensor is designed in a whisk-broom configuration 

and scans the cross track direction with a doubled-sided mirror that has a constant rotation 

speed of 20.3 rpm [Xiong et al., 2006].  Each scan represents a swath of 10 km in the along 

track direction and 2330 km in the cross track direction.  Within this swath, the Earth is 

imaged onto four different focal planes splitting up the 36 spectral bands into the visible, 

near infrared, short- and mid-wave infrared, and thermal regions.  These focal planes can 

be seen schematically in Figure 1.2.  There are different spatial resolutions depending on 
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the spectral channel: 250 m for bands 1-2, 500 m for bands 3-7 and 1 km for bands 8-36.  

This work is concerned with the visible to short-wave infrared bands and the RSR of these 

bands are plotted in Figure 1.3.  These RSRs are characterized by laboratory measurements 

and their non-symmetric and irregular shapes are intrinsic of the interference filters used 

in the system.  Table 1.1 summarizes the spectral bands of MODIS providing spectral 

location and general applications referred to in section 1.2.2.

Schematic of the MODIS optical systemFigure 1.2.  
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Table 1.1.  MODIS band applications
Band Band Center (nm) Bandwidth (nm) Pixel size (m) Primary Application

1 645 59 250 Land/cloud/aerosols 
and boundaries2 856 56 250

3 466 23 500

Land/cloud/aerosols 
and boundaries

4 553 24 500
5 1243 24 500
6 1632 34 500
7 2119 68 500
8 412 16 1000

Ocean color, 
phytoplankton and 
biogeochemistry

9 442 17 1000
10 487 13 1000
11 530 16 1000
12 547 14 1000
13 665 13 1000
14 676 16 1000
15 746 15 1000
16 866 22 1000
17 904 48 1000

Atmospheric water 
vapor18 935 19 1000

19 935 67 1000

Band Band Center (μm) Bandwidth (μm) Pixel size (m) Primary Application
20 3.780 0.260 1000

Surface/cloud 
temperature

21 3.982 0.133 1000
22 3.972 0.131 1000
23 4.062 0.132 1000
24 4.448 0.144 1000 Atmospheric 

temperature25 4.526 0.145 1000
26 1.382 0.068 1000 Cirrus clouds
27 6.787 0.459 1000

Water vapor
28 7.349 0.529 1000
29 8.555 0.594 1000 Cloud properties
30 9.724 0.519 1000 Ozone
31 11.026 0.842 1000 Surface/cloud 

temperature32 12.042 0.650 1000
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Band Band Center (μm) Bandwidth (μm) Pixel size (m) Primary Application
33 13.365 0.458 1000

Cloud top altitude
34 13.686 0.502 1000
35 13.925 0.493 1000
36 14.215 0.486 1000

The areas of study mentioned in Table 1.1 have full potential for use in global and regional 

monitoring, modeling and assessment provided that the remote sensing data are stable and 

well-calibrated [Justice el al., 1998].

1.3 Calibration

 Data from sensors are collected over a time period on the order of years with many 

sensors having follow-on projects that provide similar data products.  Most uses of these 

data require a study spanning years and will focus on any change observed.  Any change in 

the data will be the sum of changes at the location of interest and the sensor.  The changes 

in the sensor must be accounted for if the changes of the location of interest are to be cor-

rectly assessed.  Every aspect of the data given by the sensor must be understood such as 

where it is pointed geographically, the spectral sensitivity and radiometric sensitivity.  The 

calibration of these aspects are discussed in the remainder of this section.  Since radiometric 

calibration is the subject of this work, it is described in more detail.

1.3.1 Geometric calibration

 Geometric calibration characterizes an instrument’s spatial properties including re-

solving power, geographic registration, and spectral band co-registration.  The importance 

of these characterizations is largely self-evident.  Ensuring the resolving power specifica-

tion of a system gives confidence of the ability to resolve features of expected size and 

contrast.  Geographic registration ensures that images correspond to known physical loca-
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tions which is required for temporal studies.  Any spectral analysis of image features, such 

as vegetation indices, requires that the spectral bands spatially correspond to each other.  

The following describes some of the methods employed to achieve these calibrations.

 A common method to characterize the resolving power of a system is to measure 

its modulation transfer function (MTF).  The MTF describes the contrast of the image as a 

function of spatial frequency of the object.  In an ideal diffraction-limited system, contrast 

decreases approximately linearly to zero at the cutoff frequency.  Any optical aberrations 

in the system will reduce the contrast from this ideal and decrease the MTF.  The resolving 

power is also dependent on the sensor at the focal plane of the system.  Each sensor element 

represents one pixel of the image where the size of area on the ground is the detector ele-

ment imaged onto the ground.  This is referred to as the ground instantaneous field of view 

(GIFOV) and is usually considered the resolution of the system.  Although a pixel in the 

image is represented as a perfectly square area with a uniform value, it actually represents 

the spatially varying at-sensor radiance convolved with the transfer function of the system.  

The ground sample interval (GSI), which is closely related to GIFOV, specifies the spacing 

on the ground between pixels.  It is common that sampling rates are designed so that the 

GSI equal the GIFOV, but oversampling is possible and potentially can lead to improved 

data quality.

 Geographic calibration, also known as geodetic accuracy and geometric correction, 

is mapping an image to a standard geographic reference.  This calibration or correction 

will result in each pixel having specific coordinate data, usually latitude and longitude.  To 

realize this, much must be known about the spacecraft and imager including its position, 

velocity, sensor pointing, attitude, scan mirror motion (if a whiskbroom system), and any 

other motion and vibration.  Accuracy of this calibration therefore depends on how well 
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these spacecraft parameters are measured by instruments such as gyroscopes and angular 

displacement sensors installed on the sensor.

 Most sensors take measurements in multiple spectral bands and use separate de-

tectors for each band.  This implies that the geometric information of one band will not 

correspond to the others.  It is critical to the study of surface spectral characteristics that 

the location of spectral bands correspond to each.  To ensure this, band-to-band registration 

(BBR) is typically performed on a sensor before and after launch as with MODIS.  MODIS 

BBR was characterized pre-launch with knife-edge scans and a Fourier approach depend-

ing on cross-track (along-scan) or along-track directions, respectively [Xiong, 2005].  Post-

launch BBR was accomplished with a correlation method that made use of imagery with 

high spatial frequency content [Yang et al., 2000].

1.3.2 Spectral calibration

 Spectral calibration of a system concerns the accuracy of the RSRs.  This is of great 

importance because the quality of this calibration is directly related to the system’s radio-

metric accuracy as well as its science data products.  For this reason, the RSRs are carefully 

measured prior to the launch of a system.  For example, Hyperion spectral properties were 

characterized by measuring the spectral shape of 25 pixels systematically distributed in a 

5x5 grid on each of the focal planes [Pearlman, 2003].  The spectral shape of the bands is 

discussed in section 1.2.3.1.  The center wavelength and bandwidth data from the measured 

pixels is interpolated over the remainder of the pixels.  

 After launch, every optical component within a system, from the objective or scan 

mirror to the sensor itself experience degradation that will affect the RSR.  For example, 

optical surfaces will change due to the outgassing of other components in the satellite 

that cause changes in the RSRs.  In addition, spectral selection optics degrade over time 
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and affect the RSRs.  Multispectral systems that employ interference filters for spectral 

selection, like MODIS, experience degradation of its filters due to fatigue and outgassing.  

These degradations lead to decreased transmittance and even a spectral shift of the filter.  

Hyperspectral systems employ a dispersive optical element to achieve spectral selection.  

In addition to degradation of these optical elements, their alignment is critical.  

 Both MODIS and Hyperion have on-orbit spectral calibration methods to mitigate 

the issues mentioned above.  MODIS has a very sophisticated on-board spectral calibration 

method that employs the Spectral Radiometric Calibration Assembly (SRCA) [Che, 2003].  

The SRCA is capable of spectral self-calibration using a glass filter with sharp peaks of well 

known wavelengths [Montgomery et al, 2000].  Hyperion is not nearly as well equipped as 

MODIS and must use vicarious methods of spectral calibration while on-orbit such as an 

atmospheric limb collect which involves Hyperion looking at a solar diffuser while the sun 

is rising through the atmosphere during an orbit [Barry, 2001].  This allows measurements 

of the solar irradiance filtered by the atmosphere as well as the exo-atmospheric solar 

spectrum.  Atmospheric absorption lines, solar spectral features and spectral features of the 

solar diffuser are used to map wavelength data to the focal plane.

1.3.3 Absolute radiometric calibration

 Data from a sensor are stored as digital counts or digital numbers (DN).  In order 

for these DNs to have physical meaning and to be comparable to other instruments and 

models, they must have a relation to physical units.  This is the goal of radiometric calibra-

tion.  The standard physical unit used for this purpose is spectral radiance, Lλ, with the SI 

(International System of Units) unit of W m-2 sr-1 μm-1.  

 The majority of effort at the RSG and in this dissertation is in the field of radiometric 

calibration.  The following section introduces several methods of radiometric calibration 
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including two that are paramount to this work: the vicarious method of reflectance based 

approach and cross-calibration.

1.4 Methods of radiometric calibration

 There are various methods available to calibrate radiometrically satellite and 

airborne sensors.  These methods offer differing accuracies, availability and cost.  Pre-

flight, on-board, and vicarious methods of calibration are discussed with respect to these 

aspects.

1.4.1 Pre-flight

 Pre-flight calibration is the most accurate as it is performed in controlled conditions 

prior to launch.  It also provides a system-wide test to ensure proper function and expected 

output before sensor integration with the spacecraft.  A common method used to calibrate 

a sensor radiometrically is to measure the output of a spherical integrating source (SIS).  

The SIS may have an existing calibration to transfer to the sensor as with Landsat 4 and 

5 sensor calibrations [Thome, 1997] and several of the EOS sensors including MODIS 

[Biggar, 1998].  In the case of the EOS sensor calibrations, several different SISs were 

used for the preflight calibration depending on the sensors and the spectral region.  The 

consistency of calibration between the SISs was a concern that spurred the use of transfer 

radiometers for comparison measurements [Biggar, 1998].  As with the SISs, the transfer 

radiometers will carry a calibration that is typically tracable to a national standard.  The 

measurement performance and calibration of the transfer radiometers themselves are veri-

fied by round-robin activities [Early, 2000].  Subsequent to launch, on-board calibrators 

are used to ensure that the pre-flight calibration stays intact or to characterize any change 

caused by launch or other degradations.
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1.4.2 On-board

 The launch of a system, however simulated prelaunch, is a violent event for a 

complex device.  Resulting changes to the system from the pre-launch state must be un-

derstood.  Landsat 7 ETM+ has three on-board calibration systems specifically to track its 

radiometric response: Internal Calibrator (IC), Full Aperture Solar Calibrator (FASC) and 

Partial Aperture Solar Calibrator (PASC) [Markham, 2004].  At the end of each scan of this 

whiskbroom system, a shutter allows the detectors to take measurements of a dark target 

and under the illumination of IC lamps which allows a radiometric gain to be calculated.  

These frequent calibration data are most useful when observed over the sensor’s lifetime for 

the detection of possible degradation as seen in Figure 1.4.  Since any change observed will 

be the combination of the sensor and the on-board calibrator changes, data from additional 

sources are desired such as from the solar calibrators.  The FASC consists of an aluminum 

panel painted flat white that can be deployed in front of the ETM+ aperture.  This panel is 

illuminated by the sun when deployed.  Measurements of the panel are taken on a monthly 

basis and the radiometric gains calculated as seen in Figure 1.4 along with those of the IC.  

Known degradation caused by the exposure of UV radiation and contamination accounts for 

changes in the panel [Markham, 2003].  The PASC is a set of auxiliary optics that provides 

a direct view of the sun with a reduced radiance level due to reflection from an uncoated 

silica flat.  This was meant to provide a calibration since the solar irradiance is stable and 

well characterized.  Unfortunately, the gains calculated with this method observed large 

increases attributed to contamination of the silica flats [Markham, 2004].
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ETM+ band 1 radiometric gains calculated using Figure 1.4.  
on-board calibration systems [Markham et al., 2004].

 While an on-board calibrator provides a method of calibration, it also increases the 

size and weight of the spacecraft.  In addition, the added level of sophistication increases 

the cost of the system.  The on-board calibrator is also not fail safe, it could fail as in the  

case of the PASC in Landsat 7 ETM+.  In instances when on-board calibrators disagree, 

are not trusted, or are absent, vicarious methods provide calibrations independent of the 

spacecraft.

1.4.3 Vicarious

 Vicarious calibration methods make predictions of what the sensor should register, 

and are calculated and compared to that reported by the sensor to achieve radiometric 

gains.  The most common methods of vicarious radiometric calibration are lunar observa-
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tions, ground-truth validation, and cross-calibration.  The moon provides a stable surface 

reflectance in both the visible and near-infrared spectral regions and is ideal for long term 

radiometric stability of Earth-observing sensors.  A drawback of the method includes 

the requirement of pointing the spacecraft. Any maneuver in space is of grave risk to the 

platform and is not always possible.  Also, the signal from the moon is dependent on the 

current phase and its radiance is only known to the 5-10% level [Stone, 2004].

 Ground-truth methods of vicarious calibration involve in situ data of a particular 

test site that are gathered concurrently with the image acquisition from the orbiting sensor.  

The in situ data are processed in order to predict an at-sensor radiance.  Historic work 

by the RSG is centered around two distinct types of vicarious calibration that employ 

ground measurements.  These methods are known as the radiance- and reflectance-based 

approaches.  The radiance-based approach typically involves a well-understood sensor 

flown in an aircraft under an orbiting sensor.  The radiances reported by the two sensors 

need little correction since there is minimal atmosphere on the path between the aircraft 

and the sensor [Slater et al., 1987].  The downside of this method is the large cost required 

by the airborne sensor and aircraft operations.

 The reflectance-based approach characterizes the atmosphere and surface of a test 

site to use as inputs for a radiative transfer model to predict an at-sensor radiance.  The 

measurements performed require personnel and sophisticated equipment to be on the test 

site at the time of sensor overpass.  These requirements, as well as failed calibration at-

tempts due to weather, and infrequent calibration opportunities due to the time between 

repeat sensor overpasses result in the high cost of the method.  This approach is covered 

extensively in the following chapter since it was utilized by RSG to perform the initial 

calibration on Hyperion.  
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 Cross-calibration is a vicarious method that, as its name implies, transfers the 

calibration of one sensor to another.  The radiance-based approach mentioned above is 

essentially a cross-calibration between the aircraft sensor and the orbiting sensor.  In the 

context of this dissertation, however, cross-calibration refers to the comparison of two 

satellite-based sensors.  Advantages over other vicarious methods include cost and prompt-

ness of results.  The cost is minimal since it relies on the imagery provided by the sensors 

and personnel to process the results. The promptness of this method is due to the frequent 

calibration opportunities relative to the other methods.  The goal of this dissertation is the 

calibration of a hyperspectral system utilizing a well-understood multispectral sensor in the 

cross-calibration technique.  The method is developed and implemented in Chapter 3 and 

its results are compared with those of the reflectance-based approach in Chapter 4.
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CHAPTER 2

REFLECTANCE-BASED APPROACH

 The reflectance-based approach to absolute radiometric calibration is employed by 

the RSG for several optical earth-observing sensors including ALI, ASTER, Hyperion, 

Landsat 5 TM, Landsat 7 ETM+, MODIS and SPOT.  The reflectance-based approach 

involves characterization of the surface reflectance and atmospheric conditions of a test 

site at the time of sensor overpass.  Desirable test sites are large, spectrally and spatially 

homogeneous areas at relatively high altitudes.  They should have temporally stable atmo-

spheric and surface properties, low aerosol loading, and be accessible by RSG personnel.  

This narrows selection to a small number of sites located in the southwest United States.  

The work shown here employs Railroad Valley Playa in Nevada and Ivanpah playa in 

California, both of which are dry lakebeds.

 Characterizing the test site relies on in situ measurements and predicting at-sensor 

radiance using this characterization as input to a radiative transfer model.  The radiative 

transfer algorithm simulates transmission and scattering of light on its path from the Sun, 

through the atmosphere, reflection from the test site surface, and through the atmosphere to 

the sensor.  The following sections cover surface characterization, atmospheric character-

ization and radiative transfer.

2.1 Surface reflectance characterization

 Surface reflectance is one of the most important inputs to the radiative transfer 

algorithm.  The RSG has devoted much effort to understanding the uncertainties of reflec-

tance retrieval and its improvement.  Reflectance retrieval is made possible by carefully 

orchestrated field and laboratory measurements.  In the field, measurements of the test site 
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are compared with those of a reference panel.  In the laboratory, the reference panel is com-

pared to a NIST-traceable reflectance standard.  This yields a NIST-traceable reflectance of 

the test site.  The following sections describe the process further.

2.1.1 Field measurements

 The orientation of a test site depends on the scanning mechanism of the sensor.  A 

rectangular test site with its long dimension aligned with the along-track direction of orbit is 

advantageous for a “whiskbroom” sensor just as the long dimension of the test site aligned 

in the cross-track direction of orbit is advantageous for a “pushbroom” sensor.  These 

orientations maximize the number of sensor elements that sample the test site.  Historically, 

the RSG uses two site geometries, shown in Figure 2.1, one for each configuration previ-

ously mentioned.  The pushbroom site is defined by a 80 × 300 m area that is divided by 

transects separated by 20 m intervals along the 300 m dimension.  The whiskbroom site is 

defined by a 480 × 120 m area that is divided by transects separated by 30 m intervals along 

the 480 m dimension.
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Quickbird image of Railroad Valley in central Figure 2.1.  
Nevada. (a) Path of transects of the whiskbroom site. (b) 
Path of transects of the pushbroom site.  (c) The white circles 
represent locations of field reference panel measurements.  
(d) Site of meteorological station and CIMEL.  (e) Site of 
base camp with automated solar radiometer (ASR) and sky 
monitor.

 The instrument employed to characterize the reflectance of these test sites is an Ana-

lytical Spectral Devices FieldSpec Full Range Spectroradiometer (ASD).  A measurement 

taken by this device consists of a 16 bit output at 1 nm spectral intervals covering a spectral 

range of 350-2500 nm.  The 1 nm interval data is interpolated from raw measurements of 

1.4 nm sampling interval from 350-1050 nm and 10 nm resolution from 1000-2500 nm.  

The ASD is a field-portable device that can be carried over a test site by RSG personnel.  
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Light is collected into a fiber optic by an 8 degree field-of-view fore optic.  The operator 

carries the ASD fiber and fore optic on an extension pole so as to avoid imaging shadows 

and follows a path on the test site defined by the transects previously mentioned.  Measure-

ments of the test site are alternated with measurements of the field reference panel.  These 

measurements allow the test site to be referenced to the field reference panel.  In order to 

obtain a traceable reflectance of the test site, the field reference panel must be referenced to 

a known standard.

2.1.2 Laboratory measurements

 Laboratory measurements performed by the RSG allow the field reference panel to 

be referenced to a national standard, in this case a pressed polytetrafluoroethylene (PTFE) 

sample as defined by the National Institute of Standards and Technology (NIST).  The 

reflectance factor of the site can then be traced to the NIST standard by way of the field 

reference panel using the measurements, procedures and calculations described below.

 The field measurements performed at the test site are taken over a duration of 

about an hour during which time the solar illumination angle changes significantly.  The 

bidirectional reflectance factor (BRF) of the field reference panel varies as a function of 

illumination angle and as a function of wavelength.  For this reason, the BRF of the field 

reference panel is characterized as a function of illumination angle and wavelength with 

respect to the NIST standard.  The measurements for this characterization are performed in 

RSG’s ‘black lab’ named for it being painted entirely black so as to minimize stray light.  

The laboratory consists of a goniometer, radiometer, light source, and controlling electron-

ics and computers [Biggar et al., 1988].  Samples are placed on the goniometer-radiometer 

assembly and illuminated by a halogen light bulb.  Alignment is such that the radiometer 

views the sample normally and the entire assembly rotates around an axis on the center of 
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the sample surface.  This allows measurements that cover the range of the solar angles typi-

cally encountered during field measurements.  The light reflected from the sample surface 

is measured at 22 wavelengths throughout the 350-2500 nm range at illumination angles 

of 15-85 degrees from normal in the VNIR and 10-75 degrees from normal in the SWIR 

with five degree increments.  Both the pressed PTFE standard and field reference panel are 

measured in this manner.  These measurements provide voltages that correspond to each 

particular spectral and geometry combination and therefore allow a relation to be found 

between the national standard and the reflectance of the test site.  

 NIST provides the directional-hemispherical reflectance, DHR(6°, h), of the 

pressed PTFE standard [Weidner and Hsia, 1981; Weidner et al., 1985].  A directional-

hemispherical reflectance factor, or albedo, is the ratio of energy reflected in all angles to 

that of the incident energy.  For DHR(6°, h), the first term in the parentheses describes the 

angle of illumination and the second term describes the angle of detected radiance where 

h indicates hemispherical and an angle indicates direction from normal.  However, knowl-

edge of BRF is required due to the fact that sources and radiometers used in laboratory 

and field measurements are approximately directional.  BRF of the pressed PTFE standard 

is calculated by using a relation between DHR(6°, h) and the measurements performed in 

the blacklab [Weidner et al., 1985; Biggar el al., 1988; Spyak and Lansard, 1997].  The 

knowledge of BRF of the pressed PTFE standard is transferred to the field reference panel 

using

BRF BRF
V
Vpanel NIST
panel

NIST

( , ) ( , )
( , )
( , )

λ θ λ θ
λ θ

λ θ
=  (2.1)

where Vpanel is the radiometer signal reported when viewing the field reference panel, VNIST 

is the radiometer signal when viewing the pressed standard, θ is the incident angle of 

illumination, and λ is the wavelength of measurement.  A typical trend for BRF falloff as a 
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function of illumination angle is seen in Figure 2.2.  A typical shape for BRF as a function 

of wavelength is seen in Figure 2.3.

BRF for three wavelengths as a function of Figure 2.2.  
illumination angle.

BRF data of the field reference panelFigure 2.3.  

 A continuous spectrum of the field reference panel BRF is obtained by using curve 

fits that employ the discrete measured values and prior knowledge of the intrinsic spectral 

shape of PTFE.  First, a hyperspectral curve is spline-fit to these data seen in Figure 2.3 as 

the solid thin black line.  The spectral shape of PTFE has a distinctive shape in the 1000-

2500 nm region which makes the simple spline-fit unrepresentative of the actual BRF.  

To produce a BRF curve more representative of PTFE in this spectral region, an intrinsic 
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spectral reflectance shape is used in a least squares fit.  Lastly, the BRF curve is slightly 

smoothed at the least squares fit transition at 1000 nm.  The residuals of this curve fitting 

seen in Figure 2.4 show the minimal amount of uncertainty added during this process.

Plot of the residuals after the continuous spectral Figure 2.4.  
curve is fit to the laboratory measurements.

2.1.3 Obtaining NIST-traceable reflectance of test site

 Paired measurements of the test site and field reference panel in the field and of the 

field reference panel and pressed PTFE standard in the laboratory, allow for calculation 

of test site BRF.  The BRF of the test site is the ratio of the ASD measurements of the test 

site (ASDsite) and the field reference panel (ASDpanel) multiplied by the reference panel RF 

found in the previous section.

BRF BRF ASD
ASDsite panel

site

panel

( , ) ( , ) ( , )
(

λ θ λ θ
λ θ

=
λλ θ, )

 (2.2)

Between measurements of each transect of a test site, the field reference panel is measured.  

The site and field reference panel are not measured at the same time and therefore are 

illuminated by the sun at different incident angles.  This is taken into account by predicting 

the reference panel BRF for each instant in time that a site measurement occurs.  This is 



41

accomplished by interpolating data from the adjacent reference panel measurements sur-

rounding the site measurements.

 Once the BRF is calculated for all of the site measurements, the mean BRF value 

is found for the entire site.  Figure 2.5 shows a BRF spectrum of Railroad Valley with the 

solid  and dashed lines representing the mean and standard deviation, respectively.  These 

data were retrieved on 19 May 2009 over the duration of 17:50-18:29 UTC.  Solar noon 

was 19:39 UTC on this day and the solar zenith angle range was 30.0°-23.9° over the 

collection time.  The spectral regions where there is significantly higher variation, such as 

around 1850 nm, are areas of strong atmospheric absorption and therefore measurements 

experience low signal-to-noise ratio.

BRF mean (solid line) and standard deviation Figure 2.5.  
(dashed line) of the whiskbroom site at Railroad Valley on 
19 May 2009.

2.2 Atmospheric characterization

 The test sites chosen for calibration are selected in part on their tendency for clear 

skies.  Even though the calibration is much more sensitive to the surface reflectance char-

acterization, atmospheric characterization is required for accurate results.  The following 
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presents a brief review of the Earth’s atmosphere, related instrumentation and measure-

ments used by the RSG, and data reduction.

2.2.1 Earth’s atmosphere

 The atmosphere is primarily composed of nitrogen and oxygen but contains other 

trace gases along with varying amounts of water vapor, ozone and aerosols.  The molecular 

components of the atmosphere including nitrogen, oxygen and trace gases have constant 

concentrations and therefore have very predictable effects on solar transmission.  These ef-

fects are characterized using the Rayleigh approximation where the size of particle is much 

smaller than the wavelength.  Other effects from the atmosphere include absorption and 

aerosol scattering.  Determining absorption from many molecular components is relatively 

straight forward to characterize due to their constant concentration state and known reso-

nances.  Determining absorption due to variable atmospheric components such as ozone 

and water vapor are dependent on determining their amounts.  Likewise, characterization 

of the effects of aerosols depends on knowledge of the aerosols present.  The following 

two subsections cover the instrumentation used by the RSG on field campaigns and how 

measurements from these instruments are used to derive atmospheric characteristics.

2.2.2 Instrumentation

 There are two types of instruments that take measurements for atmospheric char-

acterization, a solar radiometer and meteorological station.  On a field campaign, the RSG 

brings an automated solar radiometer (ASR) and what is referred to as the ‘sky monitor.’  

For analogous measurements when RSG personnel are not present, data from a Cimel sun 

photometer and a meteorological station are available.
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 An ASR is a ten spectral channel device that tracks the sun and takes measurements 

of solar irradiance that is transmitted through the atmosphere.  The spectral channels span 

the active region of silicon response and are specifically located at 383, 400, 440, 519, 

610, 670, 781, 867, 938 and 1039 nm.  Each channel is an independent radiometer with 

a field of view of 3.2˚ full width at half maximum defined by apertures.  Solar tracking 

is accomplished by equalizing the signals from an additional radiometer with a quad-cell 

detector that is co-aligned with the ten other radiometers.  Measurements made by the ASR 

while it tracks the sun throughout the day include voltages from the ten spectral channels, 

temperature of the detectors, and the corresponding timestamp.  If atmospheric data are 

required for instances when RSG personnel are not available to operate the ASR, a continu-

ously operating instrument is present at Railroad Valley to fill this need.  This instrument 

is the Cimel Sun Photometer and it is part of the Aerosol Robotic Network (AERONET) 

[Holben et al., 1998].

The ASR (left) and Cimel sun photometer (right) Figure 2.6.  
at Railroad Valley.
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 The ‘sky monitor’ assembly takes a multitude of measurements including pressure, 

temperature, relative humidity, total downwelling radiance, 4-band spectral downwelling 

irradiance and readings from a line-of-sight radiometer (LOSR).  When RSG personnel are 

not present, a meteorological station is continuously taking temperature, pressure, relative 

humidity, wind speed and direction, and precipitation amount measurements.

The sky monitor (left) and meteorological station Figure 2.7.  
(right) at Railroad Valley.

2.2.3 Data reduction and products

 The solar radiometers and meteorological stations take measurements before, dur-

ing and after the satellite overpass.  These measurements are used to determine atmospheric 

parameters that serve as input to the radiative transfer algorithm.  The following covers 

determination of total optical depth, Rayleigh optical depth, the decoupling of aerosol opti-

cal depth and ozone absorption, and atmospheric water vapor retrieval.
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2.2.3.1 Total optical depth

 The first step in determining the parameters listed above is to find total optical 

depth at the wavelengths of the ASR channels.  This requires knowing the calibration of 

the instrument which can be experimentally found using the Langley method [Kuester et 

al., 2003].  The method assumes Beer’s Law:

E E eo
m total

λ λ
δ λ= − ( )  (2.3)

where Eλ is the spectral solar irradiance incident at the instrument, Eoλ is the spectral solar 

irradiance at the top of the atmosphere, δλ is the spectral optical depth relating to the sum of 

attenuation properties of the atmosphere and m is air mass.  Air mass is directly related to 

the amount of air in a path from the instrument to the top of the atmosphere along the line 

towards the sun and has been empirically found to be [Kasten and Young, 1989]
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where θs is the solar zenith angle.  The irradiance values, Eλ and E0λ, are directly propor-

tional to the voltages recorded by the ASR so equation 2.3 can take the form 

V V eo
m total

λ λ
δ λ= − ( )  (2.5)

where Vλ is the signal from the spectral bands of the ASR and V0λ is the signal the ASR 

would measure at the top of the atmosphere known as the calibration or intercept.  Equation 

2.5 is rearranged to represent total optical depth

δ λ λ

λ
total

o

m
V
V

( ) ln=
1  (2.6)

which can be represented as a sum of Rayleigh optical depth, aerosol optical depth, and 

absorption as shown in equation 2.7.  

δ λ δ λ δ λ δtotal Rayleigh Aerosol Absorption( ) ( ) ( ) (= + + λλ)  (2.7)
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The following covers the methods used to characterize each of the components of the total 

optical depth.

2.2.3.2 Rayleigh optical depth

 Rayleigh scattering is the scattering of light by particles much smaller than the 

wavelength of the light, such as the molecular component of the atmosphere.  There are 

many formulas and tables that characterize the optical depth caused by molecular scattering 

[Elterman, 1968; Hoyt, 1977; Kneizys et al., 1980].  To calculate Rayleigh optical depth at 

a high spectral resolution in the spectral region of interest, however, RSG uses
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where n is the reflective index of air, γ is the depolarization factor, Nc is the columnar 

number density with a value of 2.154 × 1025 for standard conditions, Ns is the molecular 

number density with a value of 2.547 × 1019 for standard conditions, λ is wavelength, P is 

pressure (Po = 1013.25 mb), and T is temperature (To = 288.15 K) [Teillet, P.M., 1990].  The 

refractive index of air is a function of wavelength and defined by the following dispersion 

formula [Edlen, 1953].
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The depolarization factor in the (6+3γ)/(7-7γ) term of equation 2.8, referred to as the King 

correction factor,  describes an increase in scattering due to anisotropic molecules that 

alter the angular distribution of scattered light [King, 1923].  The value chosen for γ is 

one of the main reasons for disagreements in Rayleigh optical depth.  RSG uses a widely 

accepted value of 0.0279 [Young, 1981].  Temperature and pressure measurements from 

the ‘sky-monitor’ are inputs to this calculation.  These results are used in the following 
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sections to further decouple the other atmospheric components that contribute atmospheric 

attenuation.

2.2.3.3 Aerosol optical depth and ozone amount

 Now that the Rayleigh optical depth is known, a residual optical depth δres is ob-

tained which consists of aerosol scattering and absorption.

δ λ δ λ δ λres total Rayleigh( ) ( ) ( )= −  (2.10)

The residual optical depth will consist entirely of aerosol optical depth in spectral regions of 

zero absorption and therefore can be found at the ASR channels that satisfy this condition.  

However, the radiative transfer algoithm requires knowledge of δAerosol at all wavelengths of 

interest.  In order to achieve this, a power law is assumed with a functional form presented 

in equation 2.11 [Ångström, 1929].
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where α is the Ångstöm exponent and δAerosol(λo) is the aerosol optical depth at reference 

wavelength λo.  Data from all of the spectral channels of the ASR except for the 0.94 μm 

water vapor channel are used in the determination of α.  There is significant ozone absorp-

tion in some of these bands, therefore α cannot be found directly.  An initial estimate of α is 

found using two spectral bands that are affected by minimal ozone absorption, specifically 

the 400 and 871 nm ASR spectral bands.  This estimation is referred to as the two point 

method and is made with the logarithmic space equivalent of equation 2.10 with the associ-

ated intercept.  The next step is to compute an initial estimate of ozone amount.

 In the visible, ozone has the strongest absorption around 600 nm as seen in Figure 

2.8.  Residual optical depth in this spectral region is primarily due to ozone absorption and 

aerosol scattering.  The initial estimate of α is used to find the aerosol optical depth in this 
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spectral region so that the optical depth due to ozone can be found as shown in equation 

2.11.

δ λ δ λ δ λozone res Aerosol( ) ( ) ( )= −  (2.12)

The physical ozone amount is found by dividing the ozone optical depth, δozone, by the 

band-averaged value of the ozone absorption coefficients according to

Ozone Amount=

∫

δ λ

λ λ
λ

λ
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T d

C T
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( )
( )1 (( )λ λ

λ
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where Ozone Amount is the volume of ozone as defined in the units of Cozone, which rep-

resent the ozone absorption coefficients, and TASR is the spectral transmittance function of 

the ASR band.

 An iterative method is applied to find more accurate values of aerosol optical depth 

and ozone amount [Biggar et al., 1990].  The initial estimate of ozone amount is first used 

to calculate δAerosol for all of the ASR bands (excluding the 0.94 μm water vapor band) 

which allows for a more accurate determination of α than the initial two-point method.  

This procedure is iterated until both α and ozone amount converge.
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Vigroux ozone coefficientsFigure 2.8.  

2.3.3.4 Water vapor retrieval

 Atmospheric water vapor is a strong absorber in certain spectral regions as depicted 

in Figure 2.9.  The amount of water vapor changes from day to day and therefore needs to 

be characterized.  Data from the ASR band within a water absorption feature, specifically 

the 940 nm band, is used for this purpose.

Total atmospheric transmittance also showing Figure 2.9.  
component due to water vapor on a typical calibration day.

 Similar to equation 2.5, the voltage given by an ASR within a water vapor band is 

given by
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V V e To
m

wv= − δ  (2.14)

where Vo is the calibration or exo-atmospheric voltage, m is airmass, δ is the combined 

Rayleigh and aerosol optical depth, and Twv is the atmospheric water vapor transmission.  

The method used to compute aerosol optical depth and ozone amount relies on knowing 

the calibration of the ASR found with the Langley method.  Unfortunately, the Langley 

method cannot be applied to spectral bands that have significant absorption since the rela-

tionship between the water vapor transmittance and the water vapor amount is non-linear.  

Therefore, another model must be used, and it is called the modified Langley approach 

[Reagan et al., 1992].  This model assumes that transmission of the water vapor band is 

well approximated by an exponential with an argument proportional to the square root of 

the total path absorber amount in the form of

T ewv
a b mu= +  (2.15)

where m is airmass and u is water vapor amount in units of cm liquid water.  Parameters 

a and b are determined with a linear regression of the natural logarithm of Twv versus the 

square root of mu for a given water vapor amount [Laurent et al., 2004].  Combining equa-

tions 2.14 and 2.15 gives

ln lnV m V a b muo+ − = +δ  (2.16)

Vo is determined using an iterative approach since a and b depend on u which is a function 

of Vo.  Vo for the water vapor band is the average of several atmospherically clear and stable 

days just as with the other bands.  The resulting value of Vo is used to find the water vapor 

amount is given by
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where r2 provides correction for Earth-sun distance.  The process is iterated on a and b 

until convergence of water vapor amount.  The method has been shown to have a 10% 

uncertainty in water vapor retrieval and agree well with GPS-based results [Laurent et al., 

2004].

2.3 Radiative transfer

 The derived data products discussed so far are inputs to a radiative transfer code 

that predicts the radiance values at the sensor.  These inputs consist of reflectance of the 

test site, temperature profile, pressure profile, column water vapor, column ozone, aerosol 

properties including Angstrom parameter and aerosol optical depth at 550 nm, and spectral 

phase function. In addition to the inputs found in the above sections, the radiative transfer 

code requires the geometry of the situation including solar and sensor position and the 

solar spectrum.  The solar spectrum provided to the radiative transfer code depends on the 

sensor since different sensors base their prelaunch and onboard calibrations on different 

solar models.  For example, Hyperion is based on the Chance solar spectrum and MODIS 

is based on the WRC solar spectrum. 

 The radiative transfer code takes a solar spectrum and simulates its path through the 

atmosphere to the ground, its interaction with the ground, and finally its path towards the 

sensor.  The code used in this work is MODTRAN® and it is slightly customized for use 

with this processing scheme [Berk et al., 1998; Cattrell and Thome, 2003].  MODTRAN® 

approximates the atmosphere and Earth’s surface as a sequence of layers.  Each layer has 

its own transmission and scattering contributions to the total radiance.  The bottom layer 

is Earth’s surface and is modeled to be opaque and characterized by the input reflectance 

spectrum.  Transmittance calculations are based on band models of molecular line absorp-

tion, continuous molecular absorption, and extinction coefficients of aerosols.
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 The output of MODTRAN is hyperspectral at-sensor radiance.  These data are aver-

aged with the relative spectral responses of the sensor of interest to find the band-averaged 

radiance values.  These values can be used to define the calibration, verify prelaunch and 

on-board calibrations, or trend the health of a system over time.  Chapter 4 will present the 

results and uncertainties of this method as it is applied to Hyperion for this work.
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CHAPTER 3

CROSS-CALIBRATION METHOD

 This chapter presents the method developed to characterize all of the channels of 

an imaging spectrometer in a radiometric sense using a cross-calibration scheme.  Cross-

calibration of space-based Earth observing sensors is a well-documented method of ra-

diometric calibration [Teillet et al., 1990; Cabot et al., 2000; O’Brien and Mitchell, 2001; 

Teillet et al., 2001; Trishchenko et al., 2002; Barsi et al., 2003; Rao et al., 2003; Thome et 

al., 2003; Chander et al., 2004; Nguyen et al., 2004; Teillet et al., 2006; Teillet et al., 2007].  

Most works compare multispectral sensors with one another, primarily because there are 

more multispectral sensors available.  The current work relies on a well-understood mul-

tispectral sensor as a vehicle to predict hyperspectral radiance for comparison with the 

imaging spectrometer to be calibrated.    The first two sections of this chapter describe 

the cross-calibration scheme and how it is applied in this work.  Section 3.3 presents the 

test sites used and discusses their characteristics and unique advantages they offer to the 

method.  Section 3.4 introduces algorithms developed in this work to predict hyperspectral 

surface reflectance for the test sites based on MODIS imagery.  Finally, in section 3.5, the 

derived surface reflectance is used to predict hyperspectral at-sensor radiance for radiomet-

ric characterization of an imaging spectrometer.

3.1 Cross-calibration scenarios

 One approach to cross-calibration makes use of spatially overlapping images from 

the sensors under study.  The sensors each have their own orbit, and, therefore their imagery 

will be acquired with unique view and solar illumination geometries.  Table 3.1 categorizes 

cross-calibration image pairs into nine basic groups.  The ideal case for cross-calibration 



54

is when the sensors are on the same spacecraft, so as to acquire imagery under identical 

conditions.  This case is indicated by a dollar sign in Table 3.1 and applies for comparisons 

between ASTER and Terra MODIS [Sanford, 2004].  A slightly less ideal case is when two 

sensors are in the same orbit, but with a slight temporal difference.  For example, before 

arriving to its destination orbit, Landsat 7 was placed in a tandem orbit with Landsat 5 al-

lowing for the cross-calibration of the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 

and Landsat 5 Thematic Mapper (TM) to establish calibration continuity [Teillet et al. 

2001, Teillet et al., 2006].  Similar work has been done for ETM+ and Terra MODIS, which 

lags ETM+ by approximately 30 minutes [Thome et al., 2003].

Table 3.1.  Coincidence and geometry matrix.
Geometry difference

Same Nearly Different

Temporal 
difference

Coincident $
Nearly coincident •, x
Different •

•
x
$

scenarios studied in this work
TM and ETM+  comparison during tandem orbits, Terra MODIS and ETM+
ASTER and Terra MODIS comparison

 

 In this work, geometry refers to the view zenith angle and solar zenith angle at the 

time of image acquisition.  As mentioned, the most accurate case is when sensors view the 

same area at the same time with the same geometry.  Any difference in acquisition time or 

date increases uncertainties due to changes in surface and atmospheric conditions affecting 

the radiance incident at the sensors.  The effects of the atmosphere and the surface on the 

calibration are further exacerbated when the sensors view the same area at different view 

angles. 

 This work studies cross calibration results for two of the above mentioned scenarios 

as indicated by the solid circles in Table 3.1: 1) the sensors have the same geometry and 
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nearly coincident image acquisitions; and 2) the sensors have the nearly the same geometry 

but different acquisition dates.  Studying both scenarios with the same sensor pair is pos-

sible because Hyperion’s orbit preceded MODIS by 40 minutes early in its mission, but ex-

perienced an orbit change in mid-2005, after which only non-coincident comparisons were 

typical.  These two scenarios can essentially be labeled as coincident and non-coincident, 

referring to the image acquisition time and geometry.  The coincident case, as well as results 

from the reflectance based approach, is held as a baseline for comparing the non-coincident 

case.  Application of the non-coincident case is far more general since not nearly as many 

sensors fall under the coincident case.  The cross-calibration method used for both cases is 

nearly identical, the only difference being that the non-coincident case requires a search of 

image pairs from the two sensors that have matching geometries.  

3.2 Image pair selection

 Imagery from both MODIS and Hyperion sensors is freely downloaded from the 

internet.  Hyperion level 1T data are obtained from the United States Geological Society 

(USGS) and Terra and Aqua MODIS calibrated radiance products MOD021KM and MY-

D021KM, respectively, are obtained from National Aeronautical and Space Administration 

(NASA).  Hyperion-MODIS image pairs are selected according to the cross-calibration 

scenarios discussed in the previous section.  Image pair selection for the coincident case is 

straightforward; images acquired on the same date, which have overlapping spatial loca-

tions, qualify.  The spatial locations are narrowed to the test sites discussed in the next sec-

tion.  Image pair selection for the non-coincident case requires consideration of temporal 

and geometrical compatibility.

 Temporal matching is important due to the variability inherent to atmospheric con-

ditions. This is most easily accounted for through use of a large number of data sets over 
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which outliers such as cloudy days are discarded and smaller atmospheric effects such as 

variable ozone and water vapor will average out.  Differences in imaging geometry have 

a larger impact on the total radiance seen at the sensor due to the fact that the surface 

reflectance is a function of view and illumination angles.  This variability in reflectance 

is typically characterized with a bidirectional reflectance distribution function (BRDF).  

Many surfaces have a BRDF with complicated structure such as vegetation and urban envi-

ronments or those with a strong specular component such as water and snow.  The test sites 

used for reflectance-based and cross-calibration methods are much simpler in this regard 

and are assumed to be Lambertian for which BRDF is constant.  Effort is given to reduce 

uncertainties due to variability of surface BRDF by considering only similar geometries.  

The reflectance-based approach relies on measuring surface reflectance close in time to the 

sensor overpass to minimize uncertainties caused by differing illumination angles between 

in situ measurements and the satellite imager.  The coincident case of cross-calibration has 

nearly identical viewing geometries and only small differences in illumination angles.  The 

non-coincident scenario relies on selecting image pairs that share similar geometries to 

reduce BRDF effects.  

 Processing routines are developed for this work that find Hyperion-MODIS image 

pairs that share similar view and solar geometry.  Inputs to this routine are the library of 

images from both sensors, a maximum angular difference of the geometries between the 

two sensors, and the maximum temporal difference between the acquisition dates of the 

image pair.  Restricting the geometry difference between an image pair reduces uncertain-

ties induced by the lack of knowledge about surface BRDF.  Restricting the temporal dif-

ference between the image pair may reduce the effect of differing atmospheric conditions.  

However, increased restrictions placed on these parameters result in fewer image pairs 

satisfying the geometry requirements.   
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 Additional image pairs are found when considering reciprocal sensor and illumina-

tion geometry (one sensor’s view angle matches the other sensors’s illumination angle and 

vice versa).  Helmholtz’s reciprocity principle assures that BRDF remains constant when 

source and sensor are interchanged [Kim, 1987; Greffet and Nieto-Vesperinas, 1998].  

The total path lengths through the atmosphere also remain constant between normal and 

reciprocal geometries.  Reciprocal geometries are not studied in this work because such 

matching between Hyperion and MODIS is very uncommon, but may provide other sensor 

pairs with more cross-calibration opportunities.

3.3 Test site selection

 Desired characteristics of test sites for use in cross-calibration are the same as those 

of the reflectance-based approach discussed in chapter 2.  Any location where the sensors 

acquire imagery of common ground targets is available and in many cases includes the 

entire globe.  The lack of need for accessibility allows selection of sites that have the most 

desirable physical traits possible without the concern for logistical issues.

 The Libyan site is the ideal site with respect to desirable criteria, however it lacks 

a critical component.  Railroad Valley, despite shortcomings, offers the substantial ad-

vantage of in situ data and its use provides a means for direct comparison between the 

cross-calibration method and the heritage of the reflectance-based approach.  Results from 

both sites are included for comparison.

 A one-kilometer square area of Railroad Valley that has been used by RSG for the 

reflectance-based calibration of MODIS is used in this work [Thome et al., 2001].  A typical 

reflectance spectrum obtained from in-situ measurements of the area is shown in Figure 2.5.  

The 1-km2 area represents a single pixel of the low-resolution bands of MODIS and the area 
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measured is depicted in Figure 3.1 and defined by coordinates: [38.5015 N, -115.6943 W] 

[38.5014 N, -115.6830 W], [38.4925 N, -115.6945 W], [38.4925 N, -115.6830 W].

A portion of a typical Hyperion scene of Railroad Figure 3.1.  
Valley.  The highlighted square in the middle of the playa 
represents the area used for comparisons.

 Previous work has shown that portions of the Saharan desert are highly invariant 

and meet many of the characteristics listed for an ideal site, especially that of minimal 

cloud cover and precipitation [Cosnefroy et al., 1996].  Other studies that have utilized 

the Saharan desert includes temporal trending of sensor calibration [Markham et al., 2006; 

Heidinger et al., 2003], sensor intercomparisons [Cabot et al., 1998; Cabot et al, 2000; 

Rao et al., 2003], flat fielding wide field of view sensors by characterizing several sites 
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[Cosnefroy et al., 1997], and comparison of aerosol optical depth products over desert sites 

[Martonchik et al., 2004].  For this work, a Saharan test site offers the opportunity to utilize 

a site much larger than Railroad Valley and evaluate the accuracy of using a site for which 

ground-based data are not available.

A portion of a typical Hyperion scene of the Figure 3.2.  
Libyan test site.  The large highlighted rectangle represents 
the area used for comparisons.

 The selection of a specific test site area within the Saharan desert is based on the 

availability of Hyperion imagery readily found in seemingly uniform areas.  A search led 

to scenes in Libya, more specifically in World Reference System (WRS) path 181, row 

40, for which nearly 200 scenes have been acquired from 2004 to present.  In order to 



60

compare consistent portions of the Libyan surface, an area is selected that is slightly nar-

rower than Hyperion’s swath width and as long as possible while keeping a large buffer 

from less uniform areas.  Initial judgment of selecting this area was done qualitatively by 

performing a contrast stretch to scenes from several dates and visually selecting an area 

that had minimal spatial features and temporal change.  The resulting area is shown as 

the highlighted rectangle in Figure 3.2 and is defined by these coordinates: [29.1056 N, 

23.8091W], [29.0958 N, 23.8687 W], [28.8180 N, 23.7956 W], and [28.8281 N, 23.7348 

W].  This represents an area of approximately 6 km x 31 km or about 210,000 Hyperion 

pixels and almost 200 MODIS pixels. The area is fully contained within the 90 Libyan 

Hyperion scenes processed in this work despite random longitudinal shifts of spatial cover-

age due to orbital and pointing variations of the EO-1 platform.

 One way to assess the uniformity of a test site in quantitative fashion is to find 

the standard deviation of the radiance or reflectance values across the site.  However, the 

results of such an assessment will also contain the variability inherent to the instrument 

performing the measurements such as noise and flat fielding errors.  Figure 3.3 shows 

the standard deviation of the radiance as a function of wavelength from the 1-km2 area 

at Railroad Valley for a single date.  The solid line shows the standard deviation of the 

average radiance reported by Hyperion and the dashed line shows the standard deviation 

of the average reflectance obtained with in situ measurements.  Both the Hyperion imagery 

and in situ reflectance data were acquired on 13 July 2002.  Since the Railroad Valley site 

represents only one pixel of MODIS, a standard deviation of MODIS data is not provided.  

The variability of the Libyan region is shown in Figure 3.4 as percent standard deviation 

of the radiance of the site where the solid line represents Hyperion on 4 June 2008, and the 

points represent Terra MODIS on 8 June 2008.  The MODIS results show a lower standard 

deviation because of the inherent spatial averaging of the larger spatial footprint.  The lower 
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standard deviation of MODIS also indicates that the effects caused by sensor variability is 

much smaller than that caused by the surface heterogeneity.  The standard deviations shown 

here are representative of most clear days at this site.  Except for atmospheric absorption 

bands, the standard deviations of the uniformity of the site and instrument uniformity are 

found to be below 3% for both Railroad Valley and the Libyan Desert site, making them 

both good candidates for this study.
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3.4 Continuous reflectance spectrum assimilation

 A key element to the success of the reflectance-based result is the determination of 

the surface reflectance at hyperspectral resolution permitting the spectral features of the 

surface to be included in the determination of band-averaged, at-sensor radiance.  Thus, the 

challenge of this work is predicting a continuous spectrum of at-sensor radiance when radi-

ance at discrete spectral positions is known.  This is overcome by deriving hyperspectral 

surface reflectance using a combination of data consisting of multispectral information 

from MODIS and prior knowledge of the spectral structure of the surface.  Different meth-

ods are developed for the assimilation of surface reflectance depending on the test site.  

The MODIS test site at Railroad Valley site has the advantage of nearly a decade of in situ 

measurements.  This section presents reflectance characteristics of test sites and a method 

to use MODIS to predict the hyperspectral reflectance of the site.
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3.4.1 Test site reflectance characteristics

3.4.1.1 Railroad Valley reflectance characteristics

 Over the 2000-2009 period, RSG has participated in hundreds of field campaigns 

that characterize several test sites in the southwestern United States with Railroad Valley 

being one of the most regularly visited.  The atmospheric and surface reflectance data 

recorded on these campaigns amount to a vast library that spreads over varying seasons 

and surface conditions.  Reflectance of a test site is a function of a multitude of factors 

including solar illumination angle, soil moisture, and atmospheric conditions.  This makes 

it difficult to predict the reflectance for any given time and hence the need for RSG to 

perform measurements during the time of sensor overpass.  

 Measurements are typically taken at the same time of day and therefore the surface 

is measured under illumination angles that vary depending on the time of year.  Figure 3.5 

shows reflectance as a function of solar zenith angle at 500 nm and 1200 nm.  The reflec-

tance retrieval inherently corrects for cosine illumination effects, such that the structure 

in the plot reveals the angular dependence of the surface reflectance.  Figure 3.6 shows 

a similar structure, as it is a plot of reflectance against day of year.  The scatter present 

in these data may be due to seasonal effects.  For example, after significant precipitation 

at Railroad Valley, a flakey white substance leaches out of the soil and dissipates slowly.  

Moist surfaces tend to give lower reflectance values leading to further scatter in the data 

points.  The slight overall downward trend with solar zenith angle is a result of greater 

shadowing at larger sun angles.  The shadowing effect is clearly dominated by other effects 

and the scatter in the data points demonstrates that prediction of surface reflectance based 

on illumination angle and time of year would not give accurate results.
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 The historical library of Railroad Valley surface reflectance shows much scatter over 

time and illumination angle, but inspection of this scatter spectrally indicates flat offsets 

from one day to the next.  A collection of nine years of reflectance data of the MODIS site 
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of Railroad Valley is shown in Figure 3.7.  Each of the 51 gray lines represents reflectance 

data collected during the reflectance-based approach of calibrating Terra or Aqua MODIS. 

Spectral regions around 1350 nm and 1800 nm experience strong absorption due to water 

vapor and therefore measurements have very low signal-to-noise ratio.  A combination of 

decreasing solar output, instrument efficiency, and instrument temperature sensitivity in 

the spectral region beyond 2000 nm accounts for the more erratic data.  The black line in 

Figure 3.7 shows the mean of all 51 reflectance data.
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Surface reflectance of the MODIS site at Railroad Figure 3.7.  
Valley.  The gray lines represent ASD data retrieved over the 
2000-2009 time period and the black line is the mean of the 
historical reflectance.  

 The method developed in the next section predicts hyperspectral surface reflectance 

by assuming that the reflectance only changes by spectrally flat offsets.  Other than the 

noisy spectral regions previously mentioned, the reflectance lines in Figure 3.7 rarely cross 

each other and appear to have constant offsets between one another.  This theory is tested 
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by inspecting the difference between each of the 51 reflectance lines and the average.  If 

perfectly flat spectral offsets existed, the resulting differences would be flat.  The offsets for 

each of the 51 dates are shown in Figure 3.8.  The lines are generally flat at wavelengths 

greater than 600 nm, except for spectral regions affected by atmospheric absorption and 

instrumental effects.  The relatively large deviations from a spectrally flat offset below 600 

nm have several causes.  Most notable is the slope of the reflectance curve itself.  Other 

causes become increasingly more severe as the lower wavelength limit is approached; such 

as atmospheric interactions, decreasing solar output, and decreasing instrument perfor-

mance.  Surface physical properties altered by moisture content tend to play a greater 

role at shorter wavelengths as well.  These effects are also shown by the percent standard 

deviation of the average represented by the dashed line in Figure 3.9.  These data are 

spectrally flat for wavelengths greater than 600 nm.  The large variability that occurs for 

wavelengths less than 600 nm are for reasons discussed above and also due to the decrease 

in reflectance.
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3.4.1.2 Libyan test site characteristics

 The advantages of the Libyan test site, as previously discussed, are substantial, but 

the difficulty is that no in situ data exists.  However, it is known that the site itself and the 

surrounding thousands of square kilometers are exceptionally uniform and therefore are 

likely to have reasonably constant composition.  It is postulated that reflectance data of the 

sandy material that makes up the desert exists in a spectral database.  The ASTER Spectral 

Library contains over 2300 natural and man-made material reflectance signatures result-

ing from the compilation of databases from the Jet Propulsion Laboratory, Johns Hopkins 

University, and the United States Geological Survey [Baldridge el al., 2009].  

 The following sections present a method to predict multispectral surface reflectance 

using multispectral at-sensor radiance from MODIS.  In the case of Libyan reflectance as-

similation, these data are compared with those of the spectral library until a possible match 

is found.

3.4.2 Obtaining multispectral surface reflectance

 The data from the spectral libraries and those of the ground measurement do not 

contain atmospheric scattering effects.  Thus, use of the MODIS data to derive a hyper-

spectral reflectance requires an atmospheric correction to remove effects from atmospheric 

scattering.  At-sensor radiance for an Earth viewing sensor is a sum of different sources: 

surface reflected radiance and atmospherically scattered radiance.  Surface reflected radi-

ance is further specified as a sum of light directly transmitted to and from the surface and 

reflected downwelling diffuse light scattered by the atmosphere.  This sum is represented 

by equation 3.1 as

L L L Ltotal direct diffuse sky= + +  (3.1)
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where Ltotal is at-sensor radiance, Ldirect is directly transmitted surface reflected radiance, 

Ldiffuse is diffuse atmospheric reflected radiance, and Lsky is upwelling atmospherically scat-

tered radiance.  The total radiance is modeled with these components because they are 

readily obtained from a radiative transfer code (RTC).  The components are illustrated in 

Figure 3.10.

(a) (b) (c)

Illustration of the components that sum to total Figure 3.10.  
at-sensor radiance: a) Directly transmitted reflected radiance; 
b) Atmospherically diffuse reflected radiance; c) upwelling 
atmospherically scattered radiance.

 The proportions of these components vary significantly over the spectral region 

considered in this work as shown in Figures 3.11 and 3.12.  Figure 3.11 shows the absolute 

radiance, calculated with a RTC, from Railroad Valley on a typical day as seen by a space-

borne sensor and Figure 3.12 gives a better idea of the fractional amount each component 

represents.  The near zero signal in the spectral regions near 1350 nm and 1800 nm are 

due to atmospheric water vapor absorption.  Additional atmospheric absorbers as well as 

the inherent solar irradiance cause other sharply varying features in the radiance spectrum.  

Important features of Figure 3.12 to note are the rapidly increasing proportions of diffuse 

radiance components as shorter wavelengths are approached.  This is due to molecular and 

aerosol scattering properties of the atmosphere discussed in chapter 2. 
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 The goal is to predict the surface reflectance at the spectral locations covered by 

MODIS using radiance values reported by MODIS as values for Ltotal. Unfortunately, surface 

reflectance is coupled with all three radiance components that make up the total at-sensor 

radiance.  Each component has interaction with the surface as illustrated in Figure 3.10.  

Ldiffuse is the smallest component of the total radiance throughout the spectrum.  Lsky only 

becomes a significant portion of the total as the lower wavelength bound is approached. 
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Ldirect is the component that is most heavily dependent on surface reflectance for the spectral 

region longer than 500 nm.  Therefore, an approximation of surface reflectance can be 

made by modeling Ldirect with

L
T T E

direct
surface down up sun SZA=
ρ θ

π

cos  (3.2)

where ρsurface is surface reflectance, Tdown is the atmospheric transmission along the solar-

ground path, Tup is the transmission along the ground-sensor path, Esun is exoatmospheric 

irradiance corrected for Earth-sun distance, and θSZA is the solar zenith angle.  This model 

assumes a Lambertian surface.  The combination of equations 3.1 and 3.2 yields

ρ
π

surface
total diffuse sky

down up sun

L L L
T T E

=
− −( )

cosθθSZA
 (3.3)

 An iterative algorithm is developed because inputs to the RTC require information 

about the surface reflectance, the desired product.  The seed provided to the algorithm 

for surface reflectance input is dependent on the test site.  The RSG’s historical average 

is given for Railroad Valley and a spectrum from the ASTER Spectral Library is given 

for the case of the Libyan test site.  Atmospheric inputs to the RTC consist of a default 

desert aerosol model and average parameters found for Railroad Valley.  Previous work 

shows that RTC inputs representing the average atmosphere have insignificant effects on 

calibration results relative to using atmospheric parameters derived for the given day when 

considering results averaged over multiple days [Leisso and Thome, 2006].  

 Products from the initial RTC iteration include Ldiffuse, Lsky, Tdown, and Tup.  These are 

combined with spectral radiance reported by MODIS (Ltotal) to arrive at an initial estimate 

of multispectral surface reflectance according to equation 3.3.  These data are compared 

against the input reflectance that has been band averaged.  A spectrally flat offset is found 
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that minimizes the root mean square difference between the input reflectance and MODIS-

derived reflectance according to

RMS
N

RSR

difference

k

= −
1
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where N is the number of MODIS bands, k is band number, ρk, MODIS-derived is the surface 

reflectance at band k derived using MODIS radiance, ρk, input is the hyperspectral reflectance 

that was input to the RTC, RSRk is the relative spectral response of MODIS band k, and 

roffset is the offset that minimizes RMSdifference.  The algorithm applies roffset to ρk, input and uses 

the result as the surface reflectance input for the next iteration.  roffset typically converges 

below the resolution limit of 0.00025 in units of reflectance after the algorithm completes 

six iterations.  The steps of this algorithm described above are illustrated in the flowchart 

in Figure 3.13.

Average 
atmosphere

RTC

Surface 
reflectance 
seed/input

Ldiffuse, Lsky, Tdown, Tup
are combined with 
MODIS radiance to 
find ρ (equation 3.3)

roffset is found
(equation 3.4)

roffset is applied to the 
input reflectance

Flowchart illustrating the iterative algorithm to Figure 3.13.  
obtain surface reflectance.
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 Example results of the iterative algorithm are shown for 27 October 2006 and 7 

May 2007 in Figure 3.14.  The black line represents the historical average reflectance that 

served as the input seed to the algorithm.  Six iterations resulted in the derived multispectral 

reflectance shown as the square and circle markers with the associated roffset values shown 

in Table 3.2.  The final reflectance products are shown as the blue and red lines which 

represents the hyperspectral reflectance of the test site that agrees best with multispectral 

reflectance derived from the well-understood MODIS sensor.

0.6

0.5

0.4

0.3

0.2

0.1

0.0

R
e
fl
e
c
ta

n
c
e

2500200015001000500

Wavelength (nm)

 Railroad Valley historical average
 MODIS-derived on 7 May 2007
 MODIS-derived on 27 Oct 2006

Reflectance of Railroad Valley on 27 October Figure 3.14.  
2004 and 7 May 2007.  The markers show multispectral 
reflectance derived by using MODIS radiance, the black line 
is the average of historical data, and the blue and red lines 
are equal to the average plus an offset that minimizes the 
difference relative to the markers.

Table 3.2.  Examples roffset values (units of reflectance) for the reflectance assimilation 
algorithm.

Iteration 1 2 3 4 5 6
27 October 2006 -0.06650 0.01850 -0.00525 0.00150 -0.00025 0.00000

7 May 2007 0.03800 -0.00900 0.00225 -0.00050 0.00000 0.00000
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3.5 Hyperspectral at-sensor radiance

 The cross-calibration is applied for each Hyperion-MODIS image pair that is 

found.  The final step before a cross-calibration comparison can be made is to predict 

the at-sensor radiance for Hyperion.  This is computed with RTC using MODIS-derived 

hyperspectral surface reflectance found using the algorithm, described in the previous sec-

tion, as a constraint.  Atmospheric parameters used as inputs for the RTC are the same as 

those assumed in the reflectance assimilation algorithm: default desert aerosol model and 

average parameters found for Railroad Valley.  

 The next chapter presents results found with the cross-calibration method described 

here. Results obtained by using different test sites are compared and the advantages of in 

situ data available for Railroad Valley become apparent.  Also of primary interest are the 

differences in results when different MODIS sensors, Aqua and Terra, are used to derive 

hyperspectral surface reflectance.  All of these cases are compared against the results found 

with the reflectance-based approach described in chapter 2.
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CHAPTER 4

HYPERION RESULTS

 

 The methods described in the previous chapters are used to characterize the radio-

metric calibration of Hyperion shown in this chapter.  Results from the reflectance-based 

approach are given in the next section for comparison with the results from the cross-

calibration methods shown in Section 4.2. 

4.1 Reflectance-based approach results

 Hyperion was built under the NASA New Millennium Program, created to speed 

up space exploration through the development and testing of leading-edge technologies.  

After EO-1’s launch on 11 November 2000, rapid instrument validation was required as the 

design life of the satellite was less than two years. Validation of the instrument performance 

from calibration to Earth science applications was carried out by teams across the country 

[Ungar et al.,  2003].  RSG participated in the radiometric calibration validation effort by 

performing the reflectance-based approach and provided the first results for Hyperion at 

the end of December, 2000 at Ivanpah Playa, California.  These data were only used for the 

VNIR portion of Hyperion as the focal plane for the SWIR had not cooled sufficiently by 

the date of the ground campaign.  

 There were seven successful calibration attempts at the Railroad Valley test site as 

part of the instrument validation of Hyperion.  The dates and corresponding atmospheric 

conditions of these calibrations are listed in table 4.1.  Several other campaigns not listed in 

the table were also attempted but did not lead to successful calibration data sets due to poor 

weather or issues with Hyperion scheduling and pointing.  The atmospheric parameters 

were measured and derived with the instruments and methods described in chapter 2.  These 
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data are typical for clear and desirable days for calibration.  Figure 4.1. shows the aerosol 

optical depth at 520 nm as a function of time to indicate atmospheric stability for each of 

the seven days.  The blue squares mark the time that Hyperion acquired an image of the test 

site.  The 520 nm spectral channel is shown because it is a generally well-behaved channel 

in the instrument and it has sensitivity to aerosols.  Temporally changing atmospheric phe-

nomena such as clouds and dust storms would appear as significantly higher optical depth 

values.  Dates with clouds or noticeable dust events are examined carefully for possible 

impacts on the calibration results caused by inaccurate atmospheric or reflectance measure-

ments.  Such days are excluded from determining the Hyperion calibration if atmospheric 

variability is deemed to be too extreme.  The seven dates used in this work are all of high 

quality because of their temporal stability as well as for optical depths that are typical of 

clear, low-dust conditions.

Table 4.1.  Atmospheric conditions on the dates of successful reflectance-based approach 
implementation at Railroad Valley.

Overpass 
date

Overpass 
time (UTC)

Solar 
zenith

Temperature 
(°C)

Pressure 
(mbar) Angstrom

H2O 
(cm) δ550 O3 (DU)

2001-05-13 18:12:04 27.4 32 858 1.16 1.36 0.073 308
2001-06-14 18:11:40 24.6 25 855 1.68 0.53 0.032 311
2002-06-17 18:10:34 24.8 34 856 1.12 0.56 0.11 303
2003-07-22 18:10:37 28.0 39 858 1.42 2.48 0.097 290
2004-06-22 18:11:10 24.9 30 857 2.18 1.47 0.095 296
2004-07-08 18.10:59 26.1 33 854 1.03 1.71 0.089 315
2005-03-05 18:11:55 50.4 12 860 0.67 0.91 0.038 308

Average 29 857 1.32 1.29 0.076 304
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Aerosol optical depth at 520 nm for each Figure 4.1.  
successful day the reflectance-based approach was performed 
for Hyperion.  Hyperion and Terra MODIS image acqisition 
times are indicated by the blue square and red triangle, 
respectively.

 The corresponding surface reflectance data for each calibration date are shown in 

Figure 4.2.  The solid line shows the average of the reflectance measurements of the test 
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site (left vertical axis) and the dashed line is the percent standard deviation of the average 

(right vertical axis).  The reflectance data appears very consistent between the seven dates 

except for the variability in the spectral region above 2400 nm for the first three dates.  It 

is probable that this is due to an instrumental effect in the field spectrometer but will have 

very little influence on the results due to Hyperion’s longest channel being centered at 2395 

nm.  The standard deviation data are generally 5% or lower showing test site uniformity 

and measurement quality.
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Spectral reflectance results for each of each Figure 4.2.  
day the reflectance-based approach was performed for 
Hyperion.

 The atmospheric and surface reflectance data presented above are used as constraints 

to an RTC to predict at-sensor radiance for Hyperion.  The output of the code is spectral 

radiance in 1-nm intervals.  These values are band averaged for the spectral channels of 



80

Hyperion based on the RSR shown in equation 1.1. The final step before a calibration can 

be provided is the determination of radiance reported by Hyperion corresponding to the 

test site.  First, the test site is located with assistance of a tarpaulin laid out adjacent to 

the test site to serve as a ground control point.  The tarpaulin is blue in color and provides 

a darkened point within longer-wavelength images for contrast to the relatively brighter 

test site.  Knowledge of the size and orientation of the test site in addition to the tarpaulin 

and other natural ground control points allow selection of pixels that correspond to the in 

situ surface reflectance measurements.  The averaged radiance values of these pixels are 

compared to predicted at-sensor radiance to assess the calibration of the sensor.

 The results presented here are in the form of percent difference between radiance 

values of Hyperion and the prediction provided by the reflectance-based approach having 

a functional form of

100 ⋅
−L L

L
Reference, Hyperion, 

Reference, 

λ λ

λ

 (4.1)

where LReference, λ and LHyperion, λ are the spectral radiance values from the reflectance-based 

approach and Hyperion, respectively.  The averaged results from the seven field campaigns 

are shown in Figure 4.3.  Spectral regions of large deviation from zero, such as 940, 1130, 

1350 and 2400 nm, are affected by strong water vapor absorption shown in Figure 2.9.  A 

combination of lower signal for both Hyperion and the ground-based spectrometer coupled 

with high sensitivity to atmospheric characterization in these spectral regions leads to unre-

liable results.  The remainder of the data in Figure 4.3 shows agreement between Hyperion 

and reflectance-based results to within -5% and +10%.  A convenient way to assess the 

consistency of these results is to find the standard deviation of the average as shown in 

Figure 4.4.  Excluding the high variability of the previously mentioned spectral regions 

affected by water vapor absorption, the consistency for the reflectance-based method is 
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on the 2% level.  The band-to-band consistency of the standard deviation indicates that 

band-to-band variability in the percent difference are real effects caused by the calibration 

of Hyperion.  The implication of these results is that a smoothly varying spectral radi-

ance would display band-to-band variations on the order of 5-10% simply because of the 

radiometric calibration of the system.

 The results shown here for Hyperion compare favorably in standard deviation to 

those derived for other sensors [Thome, 2001; Thome et al., 2003, McCorkel et al., 2006].  

Such favorable comparisons give confidence in the results for Hyperion.  Additionally, 

each of the seven dates shown also included calibration attempts for other sensors using the 

ground data collected for Hyperion or using data sets collected near in time and location 

for other sensors.  The results for the other sensors are consistent with long-term trends for 

those instruments (such as Landsat-5 Thematic Mapper and Landsat 7 Enhanced Thematic 

Mapper Plus).  The internal consistency of the reflectance-based results with other dates 

and imagers gives good confidence in the average percent difference shown for Hyperion.
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4.2 Cross-calibration results

 The only parameters required for the cross-calibration method are the Hyperion and 

MODIS imagery and historically-averaged atmospheric and surface reflectance datasets.  

Therefore, any imagery of the test sites acquired by both sensors is available for use in 

cross-calibration which is dissimilar to the reflectance-based approach where a field cam-

paign corresponds to only a handful of sensor acquisitions.  Table 4.2 shows the number 

of Hyperion and MODIS scenes considered in this work according to the test site and time 

period.  The extremely small number of Hyperion images relative to MODIS is a result 

of both the small swath of Hyperion and the fact that Hyperion does not collect 100% but 

rather a limited number of scenes per orbit.  In fact, the 57 scenes for Railroad Valley is 

indicative of the importance of that test site since this is one of the largest number of scenes 

available for a single location in the entire Hyperion archive.
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Table 4.2. Hyperion and MODIS imagery volumes considered in this work.
Hyperion Terra MODIS Aqua MODIS

Railroad Valley scenes (2000-2009) 57 3002 2431
Libya scenes (2004-2009) 92 1074 1441
Disk space per image 5 GB 180 MB 180 MB

 

 The laborious method of extracting data from imagery used in the reflectance-based 

approach would prove unwieldy with the volume of imagery listed in Table 4.2.  Process-

ing routines developed for this project automate the procedure of defining the pixels that 

make up the test sites, finding averages and standard deviations of the radiance values cor-

responding to the test sites, and recording ancillary data such as view and solar geometry.  

These data are exported to a database where they are made available to the image pairing 

algorithm discussed in section 3.2.  Image pairing is based on both temporal and geometri-

cal restrictions.  Allowing a larger difference between Hyperion and MODIS of the sensor 

view and solar illumination angles increases the number of image pairs available for cross 

calibration but may increase uncertainty in results due to BRDF effects.  Greater temporal 

differences between Hyperion and MODIS image acquisitions also increases the number 

of image pairs but may increase uncertainty in results due to surface and atmospheric 

changes.

 The following sub-sections present cross-calibration results.  Reflectance-based ap-

proach results are held as a baseline to evaluate different cross-calibration scenarios.  The 

first scenario in section 4.2.1 relies only on a coincident cross-calibration dataset (strictly 

not coincident data, but with time differences of less than an hour) based on the seven dates 

shown for the reflectance-based results.  Section 4.2.2 presents results from non-coincident 

image pairs based on Terra and Aqua MODIS using the Railroad Valley test site.  Section 

4.2.3 presents results using non-coincident image pairs based on the Terra and Aqua MODIS 

at the Libyan test site.  The results are shown as percent difference according to equation 
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4.1 where LReference, λ and LHyperion, λ are the spectral radiance values from the cross-calibration 

method and Hyperion, respectively. LReference, λ is based on Terra MODIS and Aqua MODIS 

data depending on the dataset.

4.2.1 Comparison of cross-calibration and reflectance-based results

 The most direct comparison between reflectance-based and cross-calibration results 

is made when considering identical dates in both datasets.  All seven Hyperion scenes used 

in the reflectance-based results of section 4.1 are paired with a Terra MODIS scene that 

was acquired approximately 30-40 minutes later.  The overpass times and associated solar 

zenith angle are shown in Table 4.3.  The optical depth data shown in Figure 4.1 shows that 

atmospheric conditions are stable during the time elapsed between the Hyperion and Terra 

MODIS acquisition.

Table 4.3.  Coincident Hyperion and Terra MODIS image pairs

Overpass date
Overpass time (UTC) Solar zenith

Hyperion MODIS Hyperion MODIS
2001-05-13 18:12:04 18:48:14 27.4 22.8

2001-06-14 18:11:40 18:47:21 24.6 19.3

2002-06-17 18:10:34 18:40:05 24.8 20.3

2003-07-22 18:10:37 18:37:41 28.0 23.9

2004-06-22 18:11:10 18:38:19 24.9 20.7

2004-07-08 18.10:59 18:38:20 26.1 21.0

2005-03-05 18:11:55 18:37:51 50.4 47.7

 The green line shown in Figure 4.5. shows averaged results of the cross-calibration 

method when dates identical to the reflectance-based method are used.  The black line re-

peats the averaged results from the reflectance-based method of section 4.1.  Two features 

are clearly evident in the figure.  The first is that the shapes of the two curves appear to be 
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highly correlated giving further indication that the band-to-band features seen in the figure 

are inherent to the radiometric calibration of Hyperion.  The second feature that is evident 

is an apparent bias between the reflectance-based and cross-calibration results.  Recall that 

the cross-calibration results are based on comparison to Terra MODIS.  Thus, any bias 

between the reflectance-based method and the calibration of Terra MODIS would show up 

as a bias between the calibration of Hyperion using the two approaches.  Such a bias has 

been shown to exist in other work [Thome et al., 2003].

 Clearly, what is of interest would be any strong spectral differences between the 

reflectance-based and cross-calibration approach.  Figure 4.6 shows percent difference 

between the reflectance-based and cross-calibration results and the lack of band-to-band 

features demonstrates that similar Hyperion spectral effects are present in both approaches.  

The effects of atmospheric absorption are evident in larger percent differences in spectral 

regions affected by absorption.  The larger difference is a result both of temporal changes 

in water vapor content with time as well as poorer signal-to-noise effects.  The shape of 

the percent difference indicates a bias, as described above, that is within 5% save spectral 

regions of strong atmospheric absorption.  The curve is reasonably flat in non-absorption 

regions of the spectrum except at shorter wavelengths for which there is a slope to the dif-

ference curve.  The cause of this feature is likely due to the shape of the spectral reflectance 

used in the cross-calibration approach.  The effect is more readily apparent in the Libyan 

results shown later.

 Comparing the variability of the datasets also illustrates the probable sources of 

uncertainty in the cross-calibration approach.  The percent standard deviation of the aver-

age percent difference for the reflectance-based and cross-calibration approaches is shown 

in Figure 4.7.  The variability of the cross-calibration results is higher in most spectral re-

gions.  Likely causes of the larger standard deviation of the cross-calibration approach are 
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atmospheric scattering effects, uncertainty in the spectral reflectance curve fit, and spatial 

registration of the MODIS data to the Hyperion data.
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4.2.2 Railroad Valley cross-calibration results

 Non-coincident image pair selection for cross-calibration may introduce uncer-

tainty due to temporal atmospheric and surface variations, but allows comparison between 

sensors that do not share a similar orbit.  As mentioned previously, larger differences in 

time and view-sun geometry that are allowed between the reference and test sensor lead to 

more possible comparison data sets.  The work here for Railroad Valley applied a limit of 6 

degrees for the difference in view and illumination angles between Hyperion and MODIS.  

A temporal difference between image acquisitions is limited to 30 days.  These restrictions 

are chosen based on a compromise between processing resources and number of image 

pairs returned.  Subsets of these restrictions such as tighter geometry constraints or shorter 

temporal difference return fewer image pairs and show minimal difference in final results.

 The Hyperion images listed in Table 4.2 are cloud screened and quality checked 

prior to downloading.  The volume of MODIS imagery does not permit this and therefore 

all MODIS data are made available for image pairing.  This introduces the risk of using 
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MODIS data contaminated with clouds such as shown for Railroad Valley on 11 March 

2006 in Figure 4.8.  It is desired that this data point in addition to all other MODIS dates of 

inclement weather be excluded from the results.  One way to assess the quality of MODIS 

data is to compare the derived reflectance data to that of the hyperspectral product from 

the assimilation method described in section 3.3.  This comparison is shown for 11 March 

2006 in Figure 4.9 where the markers represent the reflectance derived using MODIS data 

and the line is assimilated hyperspectral reflectance.  The residuals between these data 

allow it to be easily distinguished from clear weather data.

Aqua MODIS scene from 11 March 2006.  The Figure 4.8.  
Railroad Valley test site is located at the center of the square 
inset.  The derived reflectance from this scene is shown in 
Figure 4.9.
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 The 6-degree geometry and 30-day temporal restrictions returns 102 and 74 image 

pairs for Hyperion-Terra MODIS and Hyperion-Aqua MODIS, respectively, after screen-

ing for clear days.  Figure 4.10 shows the frequency of MODIS scenes that are paired with 

each Hyperion scene.  It is common for a single Hyperion scene to be paired with multiple 

MODIS scenes, and this is an advantage to using the wide-swath multispectral sensors for 

cross-calibration of a narrow swath hyperspectral sensor.

 Cross-calibration results are presented as their agreement relative to reflectance-

based results shown in Figure 4.11.  The results obtained using different MODIS sensors 

are kept separate where the blue line is Terra-based and the red line is Aqua-based.  The 

green line shows results for the dataset containing identical dates as the reflectance-based 

and is shown here for reference.  There is strong agreement between results that are based 

on different reference sensors. This gives confidence that the two MODIS sensors agree 

well with each other, but it also shows that a consistent calibration can be achieved by use 

of the particular MODIS sensor that provides the most convenient image pairing.   

 Results based on both sensors also have strong agreement with the coincident 

cross-calibration dataset; however, differences in the variability of the datasets are shown 
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by their standard deviations in Figure 4.12.  The non-coincident datasets have variability 

that is about 3-4 times that of the reflectance-based approach.  Similarities in calibration 

results, but with higher variability, relative to the reflectance-based approach suggest that 

BRDF and temporal changes at the test site average out over large datasets.
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4.2.3 Libya cross-calibration results

 The same 6-degree geometry and 30-day temporal restrictions used for Railroad 

Valley image pairing are used for Libyan test-site image pairing.  190 Hyperion-Terra 
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MODIS and 203 Hyperion-Aqua MODIS cloud-free image pairs are found that meet these 

restrictions.  The Libyan dataset does not contain dates prior to 2004 because Hyperion 

was not tasked to acquire imagery of this location until after 2004.  Figure 4.13 shows the 

frequency of MODIS scenes that are paired with each Hyperion scene. 

 Cross-calibration results based on the Libyan test site are shown in Figure 4.14 

relative to reflectance-based results.  The percent differences for the Libyan data sets show 

much larger values than those from Railroad Valley, even when excluding spectral regions 

of atmospheric absorption.  The departures from the reflectance-based calibration range 

from -15% to +15%.  The primary cause of these departures is due to inaccuracies of the 

reflectance assimilation method used for the Libyan test site.  Specifics of these inaccura-

cies are further discussed within section 4.3.  

 In spite of the large calibration difference relative to the reflectance-based method, 

there are remarkable consistencies in the Libyan datasets.  First, Terra-based and Aqua-

based calibration results are generally within 1-2% of each other.   This is noteworthy 

considering the fact that the two MODIS sensors were built at different times and launched 

nearly two years apart.  Second, the variability of these datasets is nearly identical to that 

of the reflectance-based approach as shown with their standard deviations in Figure 4.15.  

The only significant difference in variability occurs at wavelengths less than 600 nm due to 

increased atmospheric sensitivity in this region.
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4.3 Uncertainties

 The above sections of this chapter present the calibration results of reflectance-

based and cross-calibration methods of radiometric characterization of Hyperion.  There 

are differing degrees of variability depending on the method, test site, and reference sensor 

used for the case of cross-calibration.  The first part of this section covers uncertainties 

of the reflectance-based that have been assessed in past work.  The second part discusses 

uncertainties of the cross-calibration method with an emphasis on the reflectance assimila-

tion method developed in this work.

4.3.1 Reflectance-based approach uncertainties

 Absolute uncertainty of the reflectance-based approach has been shown to be 2.5% 

for sensors of similar spatial resolution and using test sites with similar atmospheric and 

surface conditions.  Table 4.4 lists the sources of total uncertainty in which surface re-
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flectance retrieval, atmospheric characterization, and radiative transfer code are dominant 

[Thome et al., 2005].  The uncertainty in reflectance retrieval is from a combination of 

errors in the characterization of the field reference panel and in measurements of the field 

spectrometer.  Atmospheric contributions to the total uncertainty are due to characterization 

errors in optical depth, aerosol complex index of refraction, and aerosol size distribution 

[Ehsani et al., 1998; Thome et al., 1998]. Additional uncertainties caused by the RTC are 

no worse than 1% [Biggar et al., 1994]. 

Table 4.4.  Reflectance-based approach error sources
Error source Error in at-sensor radiance (%)
Ground reflectance measurement 2.2
Optical depth measurement <0.1
Choice of aerosol complex index 0.5
Choice of aerosol size distribution 0.3
Radiative transfer code 1.0
Total RSS error 2.5

4.3.2 Cross-calibration uncertainty discussion

 As discussed in chapter 3, the largest contribution to at-sensor radiance for most 

spectral regions considered in this work is directly reflected from the surface.  Therefore, 

calibration results will be most sensitive to errors in surface reflectance characterization.  

Surface BRDF effects can be substantial, but these are mitigated by selection of image 

pairs that share similar view and illumination geometry.  Additional sources of uncertainty 

within the reflectance assimilation method include the accuracy of spectral shape assumed 

for the test site and atmospheric characterization.  The method used to assimilate hyper-

spectral surface reflectance described in chapter 3 uses multispectral reflectance derived 

from MODIS data.  The following two sections discuss sources of uncertainty for Rail-
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road Valley and Libya with emphasis on the performance of the reflectance assimilation 

method.

4.3.2.1 Railroad Valley

 Figure 4.16 shows an example of reflectance results derived from a MODIS scene 

of Railroad Valley acquired on 10 September 2006.  The square markers show derived 

reflectance using Aqua MODIS radiance values.  The line shows the historical Railroad 

Valley reflectance average with an offset that makes for the best fit to the MODIS-derived 

reflectance.  This line represents the reflectance assimilated for the test site and is used to 

predict the at-sensor radiance of Hyperion.  The residuals between these data indicate how 

well the assimilation method fits the assumed spectral shape.  These residuals are aver-

aged for the Railroad Valley cross-calibration datasets and are shown in Figure 4.17.  The 

error bars represent the standard deviation of the average. These residuals and associated 

standard deviations are also tabularized in Tables 4.5 and 4.6.

 The reflectance residuals for all three datasets have a high level of agreement and 

are within each other’s error bars in most cases.  Also, the residuals are 2% or less except 

for the 466 nm band.  This gives confidence in the reflectance assimilation method and 

shows one reason the cross-calibration results found using the Railroad Valley test site 

agree well with those of reflectance-based results.  The inconsistently high variability and 

magnitude of the 466 nm residual is likely due to the fact that the spectral reflectance 

curve is not representative of the material being measured by MODIS.  This is shown by 

the high variability of the reflectance curve in Figure 3.9.  In future work, additions to the 

reflectance assimilation algorithm, such as adding a slope to the fit, may allow results even 

more comparable to those of the reflectance-based method. 
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Table 4.5.  Average reflectance residuals, in percent, between MODIS derived reflectance 
and assimilated hyperspectral reflectance for the test sites and reference sensors used 
here.

MODIS band 
center (nm)

Railroad Valley Libya
Terra Aqua Terra Aqua

466 4.98 5.20 15.90 15.41
553 -1.85 -1.98 13.30 11.01
645 -1.15 0.23 -14.72 -13.68
856 -1.54 -1.65 -2.17 -2.64

1242 1.28 -1.07 1.48 -0.36
1628 -0.17 -0.46 - 2.99
2113 -0.63 0.91 -2.28 -2.55

Table 4.6.  Standard deviation of residual reflectance in percent for the corresponding 
averages in Table 4.5.

MODIS band 
center (nm)

Railroad Valley Libya
Terra Aqua Terra Aqua

466 5.3 5.3 4.1 5.0
553 2.0 2.3 1.9 2.7
645 1.5 1.6 0.8 0.9
856 1.2 1.3 0.8 0.5

1242 1.8 1.6 0.7 0.9
1628 1.8 2.0 - 1.1
2113 3.1 3.1 2.2 2.2

4.3.2.2 Libya

 The primary reason for cross-calibration results using the Libyan test site to differ 

so greatly from those of Railroad Valley cross-calibration and reflectance-based results 

to the lack of in situ surface reflectance measurements.  Cross-calibration using Railroad 

Valley test site benefits by using a historical average of hyperspectral surface reflectance.  

Because no such data exists for the Libyan site, MODIS-derived surface reflectance at 

seven discrete spectral locations are used to find the best match within a spectral library 

as discussed in chapter 3.  The best match is found to be titled “sedimentary.sandstone.

fine.[sample 7]” with a description paraphrased as “well-rounded and subrounded quartz 



99

grains stained with ferruginous material.”  Such a description is consistent with sand that 

one may expect to find in the Saharan desert; however, there are significant disagreements 

between MODIS-derived multispectral surface reflectance and the resulting assimilated 

hyperspectral reflectance as shown in Figure 4.18.

 The averaged reflectance residuals for the Libyan datasets are shown in Figure 

4.19 and tabularized in Tables 4.5 and 4.6.  The 1628 nm band of Terra-MODIS has ‘dead’ 

detectors and is therefore omitted from the reflectance assimilation.  This is not required 

for the Railroad Valley test site because of the much smaller chance that one of the bad 

detectors corresponds to the single pixel of the test site.  There is generally good agreement 

in spectral regions above 850 nm, but the residuals range from -15% to +15% below this.  

Comparison of these residuals to Figure 4.14, Libyan-based calibration difference with 

respect to the reflectance-based results, shows high correlation reinforcing the importance 

of well-known spectral shape of the test site.

 The low variability in calibration results using the Libyan test site is also seen in 

the reflectance residuals.  In most cases, the standard deviations of the residuals are signifi-

cantly less than those of the Railroad Valley data sets.  This is mostly due to the larger size 

of the test site and larger area of uniformity surrounding the test site.  Both of these mitigate 

registration errors between Hyperion and MODIS imagery.  Another factor contributing to 

lower variation could be the extremely arid climate of the Saharan desert.
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CHAPTER 5

CONCLUSIONS

 

 The current work briefly introduces remote sensing for Earth science and the 

importance of radiometric calibration of Earth-observing sensors is established.  Various 

methods of calibration exist, of which the reflectance-based approach and cross-calibration 

method are the emphasis here. The reflectance-based approach, relying on in situ measure-

ments, often proves ineffective for evaluation of sensor calibration due to poor test-site 

weather conditions, lack of personnel or financial resources thus limiting the availability 

and frequency of the in situ data.  Cross-calibration, a method that transfers the trusted 

calibration of one sensor to the sensor in question, offers calibration at a higher temporal 

frequency and for a significantly lower cost.  Cross-calibration methods have typically 

been used to compare multispectral sensors primarily because there are more multispectral 

sensors.   Hyperion, to date, is the only civilian Earth-viewing spaceborne hyperspectral 

imager.  The primary goal of this work is to develop a cross-calibration method that char-

acterizes a hyperspectral imager using a multispectral sensor.

 The reflectance-based approach, an existing and well-understood method of ra-

diometric calibration, is implemented for Hyperion.  The results of this characterization 

serve as a baseline for evaluation of the cross-calibration method developed here.  The 

reflectance-based method relies on ground measurements for the characterization of the 

atmosphere and surface reflectance at the time the sensor acquires an image of the test site.  

At-sensor radiance is predicted by a radiative transfer code constrained by site character-

istics derived from the in situ measurements.  The reflectance-based results in this work 

are based on seven data sets and show repeatability at the 2% level, which is typical of the 

method.
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Cross-calibration is based on the comparison of image pairs of the two sensors under study.  

This work selects image pairs that share similar view and illumination geometries to allevi-

ate uncertainty caused by surface BRDF effects.  Temporal difference between image pairs 

is also a concern due to surface and atmospheric change but is shown to be insignificant 

for the test sites and temporal difference considered here.  The cross-calibration method 

developed uses a well-understood multispectral sensor to characterize the surface reflec-

tance of a test site.  The reflectance assimilation method combines reflectance retrieved in 

discrete spectral bands of the multispectral sensor and knowledge of the spectral shape of 

the surface reflectance to predict hyperspectral surface reflectance.  The resulting surface 

reflectance serves as input to a radiative transfer code that predicts the at-sensor radiance 

of the hyperspectral imager, thereby providing calibration characterization.  The spectral 

shape of the surface for the sites used here is based on either ground-based measurements 

of the test site or laboratory-based spectra of the expected material that makes up the site.

 Results of multiple scenarios of the cross-calibration method are compared to those 

of the reflectance-based method.  The scenarios consist of using different reference sen-

sors, test sites, and levels of coincidence of image pairs.  The first scenario makes a direct 

comparison between the reflectance-based and cross-calibration methods by relying on 

datasets acquired on identical dates.  The cross-calibration image pairs are selected from 

the seven dates that correspond to the reflectance-based results.  Comparison of results 

from cross-comparison to reflectance-based results demonstrated agreement to better than 

2% over much of the spectrum of Hyperion..  Larger differences are seen in spectral regions 

affected by strong atmospheric absorption.  The most likely causes of the differences be-

tween the reflectance-based and cross-calibration are a bias between the calibration of the 

multispectral reference sensor and the reflectance-based calibration approach, misregistra-

tion between the multispectral and hyperspectral data sets, and changes in absorber content 
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in the atmosphere.  The variability of the results indicated by the standard deviation of the 

average for the seven days shows that the  cross-calibration dataset is equivalent to that of 

the reflectance-based in many spectral regions, and less than double in the remainder of the 

spectral regions.

 Cross-calibration with non-coincident image pairs is a more general case because it 

can be applied to nearly any pair of sensors in orbit.  Therefore, the second scenario studies 

the performance of the method when only non-coincident image pairs are considered. Aqua 

MODIS-based and Terra MODIS-based results are highly agreeable with each other as 

well as with reflectance-based results.  Although absolute differences are minimal between 

these datasets, the variability shown for non-coincident datasets at Railroad Valley is about 

3-4 times that of reflectance-based variability.  Likely causes of the significantly higher 

variability are registration of the images, inaccurate atmospheric characterization, changes 

in the spectral shape of the surface reflectance, and surface bi-directional reflectance ef-

fects. 

 The first two scenarios are based on the Railroad Valley test site.  The last scenario 

tests the use of a test site in Libya that provides advantages over Railroad Valley because of 

its substantially larger size, better spatial uniformity, and higher frequency of clear weather.  

The Libyan site, however, lacks the critical component of in situ surface reflectance data.  

Instead, multispectral reflectance derived from MODIS data is used to find the best match-

ing spectral shape from a spectral library.  Results of the Libyan datasets have nearly iden-

tical variability with respect to reflectance-based results, however the absolute difference 

in calibration results are significant due to inadequate characterization of the spectral shape 

of surface reflectance. 

 Despite the comparable results with the reflectance-based approach, refinement of 

the method developed here will provide additional value and utility. The low variability of 
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the results based on the Libya test site give confidence that highly stable conditions of the 

atmospheric and surface parameters exist.  Previously mentioned advantages of the test 

site, including its vast spatial extent and high uniformity, allow for much less sensitivity 

to image pair registration.  The most significant improvement will be better knowledge of 

the spectral shape of the Libyan test site.  One way to acquire this information is to use the 

reflectance-based calibration of Hyperion to derive accurately the surface reflectance.

 Characterizations using the Railroad Valley test site could possibly be improved 

by comparing larger portions of the test site.  This work uses a single MODIS pixel that is 

closest to the site RSG characterizes for the calibration of MODIS itself.  Taking a larger 

area under consideration may reduce the effect of misregistration of the MODIS pixel.  

Additional study would be required to ensure the historical average reflectance is represen-

tative of the larger area or that it can be characterized by other means.  Another possibility 

that may reduce variability of these results is using more representative atmospheric pa-

rameters instead of the historical average.  These data could be provided by products from 

other satellite sensors or automated instruments located at the test site.

 Hyperspectral systems are becoming more prevalent with advancing technology 

such as with the launch of ARTEMIS onboard TacSat-3, plans for the HyspIRI mission, as 

well as numerous airborne endeavors.  The radiometric calibration of these systems needs 

to be understood.  The cross-calibration method developed here is able to provide this 

understanding with comparable results to the reflectance-based approach at a lower cost 

and at a higher frequency.  The added benefit of the cross-calibration approach is that it will 

permit the placement of the hyperspectral systems in context with climate-based sensors.  

The end result will be a radiometrically-consistent set of data permitting the combination 

of hyperspectral and multispectral from different spatial and temporal scales for use in 
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studying terrestrial processes critical to understanding humanity’s place in our environ-

ment.
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