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Abstract—The Earth-Observing One (EO-1) satellite was
launched in 2000. Radiometric calibration of Hyperion and the
Advanced Land Imager (ALI) has been performed throughout
the mission lifetime using various techniques that include ground-
based vicarious calibration, pseudo-invariant calibration sites, and
also the moon. The EO-1 mission is nearing its useful lifetime,
and this work seeks to validate the radiometric calibration of
Hyperion and ALI from 2013 until the satellite is decommissioned.
Hyperion and ALI have been routinely collecting data at the
automated Radiometric Calibration Test Site [RadCaTS/Railroad
Valley (RRV)] since launch. In support of this study, the frequency
of the acquisitions at RadCaTS has been significantly increased
since 2013, which provides an opportunity to analyze the radio-
metric stability and accuracy during the final stages of the EO-1
mission. The analysis of Hyperion and ALI is performed using a
suite of ground instrumentation that measures the atmosphere and
surface throughout the day. The final product is an estimate of the
top-of-atmosphere (TOA) spectral radiance, which is compared
to Hyperion and ALI radiances. The results show that Hyperion
agrees with the RadCaTS predictions to within 5% in the visible
and near-infrared (VNIR) and to within 10% in the shortwave
infrared (SWIR). The 2013-2014 ALI results show agreement to
within 6% in the VNIR and 7.5% in the SWIR bands. A cross-
comparison between ALI and the Operational Land Imager (OLI)
using RadCaTs as a transfer source shows agreement of 3%—6%
during the period of 2013-2014.

Index Terms—Advanced Land Imager (ALI), calibra-
tion, Earth-Observing One (EO-1), Hyperion, hyperspectral,
validation.

I. INTRODUCTION

HE EO-1 satellite was launched as a mission to demon-

strate new instruments and technology as part of the
NASA new millennium program [1]. The platform includes
Hyperion, which is a hyperspectral imaging spectrometer, and
the Advanced Land Imager (ALI), which is a multispectral sen-
sor. Hyperion and ALI served as the stepping stones for other
instruments such as Operational Land Imager (OLI) on Landsat
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8 and the Hyperspectral Infrared Imager (HyspIRI), both for the
demonstration of improved technology and also to simulate the
expected scientific results of future missions [2]-[6]. The EO-1
platform is capable of pointing in any arbitrary direction except
for some orientations in which, e.g., the instruments’ boresights
or radiators are in direct view of the sun. Typical earth-viewing
angles for EO-1 scenes are within +23°, which allows EO-1
to view a given location five times during every 16-day period.
The pointing agility allows the onboard sensors to be used for
scientific studies that benefit from a higher temporal resolution,
and it also allows more data to be collected at RadCaTS than
that of a typical nadir-viewing system. During the first few years
of the mission, EO-1 was placed into orbit as part of the Earth-
Observing System (EOS) AM constellation [7], which allowed
the cross-comparison of Hyperion and ALI with sensors such as
the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) and
the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard Terra [8], [9]. During the period 2006-2007, EO-1 per-
formed a series of orbit maneuvers that lowered it from the
705 km circular orbit of the EOS AM constellation into a 690-
km orbit. Reentry maneuvers were originally set to begin in
2012, but EO-1 was allowed to use all of its fuel to maintain a
10:00 mean local time equatorial crossing. After consuming all
of its fuel in 2011, EO-1 began precessing to an earlier equato-
rial crossing time. The decommissioning phase is anticipated to
start sometime in 2016 [1].

A. Hyperion

The Hyperion instrument is the first civilian, and the only
currently available, hyperspectral imaging spectroradiometer
used for earth observation [10]. It is a grating-based instrument
that operates in the solar-reflective regime (400-2500 nm). It
has 220 contiguous spectral bands and 12-bit radiometric res-
olution. It has a pixel size of 30 m, which is similar to other
earth-observing sensors such as the Landsat 5 Thematic Mapper
(TM), Landsat 7 ETM+, and Landsat 8 OLI, and it has a
relatively small swath width of 7.7 km. The sensor design is
in a pushbroom configuration, which allows for an improved
signal-to-noise ratio (SNR) over sensors that use a whiskbroom
configuration. The Hyperion optical system consists of one tele-
scope that directs light into two spectrometers that disperse the
light onto the VNIR (400-1000 nm) and SWIR (900-2500 nm)
focal planes. The absolute radiometric accuracy specification
was defined to be 6% (10), and extensive testing was completed
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prior to launch to characterize the radiometric, geometric, and
spectral properties of Hyperion [11]-[13].

The Hyperion onboard calibration system originally con-
sisted of two sets of lamp pairs that operate simultaneously to
illuminate both the VNIR and SWIR focal planes, and a diffuse
paint on the back side of the cover that reflects the solar beam
into the instrument. One set of lamps failed prior to launch, so
only one set was available for postlaunch calibration. A loss of
convective cooling in the filaments resulted in a 30% increase
in the lamp output, and the role of the lamps in the overall cal-
ibration scheme was eliminated after six months on orbit [14].
The directional and spectral reflectance of the solar diffuser
was measured in the TRW laboratory prior to launch, and the
first measurements with precise spacecraft pointing occurred on
February 16, 2001 [15]. However, use of the role of solar cali-
brations in the trending of the instrument performance was also
reduced due significant changes in the diffuse paint during the
first few years of the mission. A postlaunch calibration strategy
was developed using lunar observations and cross comparisons
with other sensors over ground calibration sites because of the
malfunctions in the EO-1 onboard approach. The use of ground-
based vicarious calibration is important because it provides a
calibration path that is independent of any onboard calibration
systems.

B. Advanced Land Imager

Intended as a pathfinder mission for future earth-observing
missions, many of the ALI new technologies had been incor-
porated in OLI (see [1] for overview). ALI was designed to
have a 15° full field of view, but only 20% of the focal plane
was populated since EO-1 was designated to be a technology
demonstration mission. The swath width of ALI is 37 km, as
compared to the fully populated 185-km swath width of OLI.
The ALI spectral bands were chosen to include those already
used by ETM+, but it also includes additional bands under
study for use in OLIL They include a blue band (1p, which
became the coastal acrosol band in OLI), two VNIR bands that
originate from one ETM+ band (4 and 4p), and an additional
SWIR band (5p). The 30-m spatial resolution of ALI is the same
as ETM+. The center wavelength of each ALI band is shown
in Table I, where the subscript p is used to denote multispectral
bands that were not used in ETM+. The radiometric resolution
of ALI is 12 bits, which is a 16x improvement over the 8-bit
resolution of ETM+. This, in combination with a higher SNR
in all bands, means that ALI is capable of detecting changes in
land cover on a finer level than its predecessors [16], [17]. As
with Hyperion, ALI underwent extensive preflight testing in the
laboratory, which included radiometric, geometric, and spec-
tral calibration and characterization [18]-[22]. The preflight
radiometric calibration uncertainty specification was 5%, and
preflight testing indicated that it was at the +3.5% level [23].
The ALI onboard calibration system consists of an onboard
lamp system, where the lamps are housed in a small integrating
sphere that illuminates the focal plane via the fold flat mirror
that is located just before the focal plane. Since the output of
the sphere is introduced into the optical system after the first
three mirrors, it is unable to monitor any degradation that may

TABLE 1
SPECTRAL BANDS OF EO-1 ALI
Band Center wavelength (nm) Spatial resolution (m)
Pan 591.6 10
1p 4416
484.8
567.2
660.0
790.0 30
4p 856.6
S5p 12444
5 1640.1
7 2225.7

occur in the mirrors. The second onboard calibration system
consists of a Spectralon diffuser that also uses an aperture door
that provided seven levels of solar illumination until its failure
in July 2002 [24]. As with Hyperion, ALI also uses lunar obser-
vations and the cross comparison with other sensors to validate
the radiometric calibration.

C. Postlaunch Radiometric Calibration

The postlaunch radiometric calibration of earth-observing
sensors is important to the scientific community, many of whom
rely on long-term data records to monitor global change. It is
important to understand if any changes have occurred to on-
orbit sensors, and it is equally important to be able to place
them on an absolute radiometric scale with SI traceability.
The postlaunch radiometric calibration plan for Hyperion and
ALI included vicarious calibration techniques such as ground-
based measurements using onsite personnel [9], [25]-[29],
under flights with the Airborne Visible Infrared Imaging
Spectrometer (AVIRIS) [30], lunar observations [31], and the
cross-comparison with other sensors [22], [32], [33]. Early
postlaunch results for Hyperion showed that the radiometric
calibration had changed from the preflight values by 8% in
the VNIR spectrometer and 18% in the SWIR spectrome-
ter, so the calibration coefficients were updated in December
2001. Ground-based measurements made by the remote sens-
ing group (RSG) at the College of Optical Sciences, University
of Arizona showed that the preflight calibration of Hyperion
changed after launch, most notably in the blue region of the
spectrum [26]. This result is consistent with the lunar calibra-
tions, where the change at 457 nm is approximately —4%. ALI
required a similar effort over time to monitor and analyze the
radiometric calibration, and verify the results from the onboard
systems. Vicarious field work completed by RSG (2001-2005)
has shown similar agreement between the ground-based results
and ALI [34]. The results from this work also showed that
ALI agreed with the vicarious calibration radiometric results
of Landsat 5 TM and ETM+ to within 5%.

This paper describes our recent vicarious calibration work for
Hyperion and ALI in 2013-2014. The main difference between
the results presented here and those from 2001-2005 is the use
of RadCaTS to perform the ground-based measurements. Our
radiometric calibration and validation approach is shifting from
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Fig. 1. RadCaTs is located in RRV in central Nevada (left). RRV is ~15 x 15 km in size, and the yellow square shows the location of the 1-km? RadCaTS$ area
(center). The image on the right side shows the 1 x 1-km area and the location of the four GVRs. The four quadrants in red (e.g., pushbroom and whiskbroom)
show the path that a user walks when sampling the site with a portable spectrometer for the reflectance-based approach. The white square in the middle shows the

location of the Spectralon reference panel that is used by onsite personnel.

in situ measurements using onsite personnel to the automated
RadCaTsS approach. The pointing agility of the EO-1 spacecraft
provides a unique opportunity to capture an increased amount
of scenes that are compared to the RadCaTS results. In addi-
tion, RadCaTs is used to perform the cross comparison between
Hyperion and ALI, and OLI. Section II describes the RadCaTS
system, including a description of the surface reflectance and
atmospheric measurements. Section III describes the data that
were used in the analysis of Hyperion and ALI in the 2013—
2014 time frame of this work. Section IV provides the results
of this study, and finally, Section V presents the conclusion of
this work.

II. RADIOMETRIC CALIBRATION TEST SITE (RADCATYS)
A. Background

The RadCaTS facility is a suite of instruments that are used
to make in situ measurements of the surface and atmosphere to
predict the top-of-atmosphere (TOA) spectral radiance reflected
from the earth’s surface at any time during clear-sky conditions.
It is an extension of the measurements made by ground-based
personnel using the reflectance-based approach for vicarious
calibration, and it is currently in use to validate the radio-
metric calibration and surface reflectance products of such
sensors as Landsat 8 OLI, Landsat 7 ETM+, Terra and Aqua
MODIS, the Multiangle Imaging Spectroradiometer (MISR),

the Advanced Spaceborne Thermal Emission and Reflectance
Radiometer (ASTER), and more recently the Suomi National
Polar-Orbiting Partnership (NPP) Visible Infrared Imaging
Radiometer Suite (VIIRS). The concept is similar to the Lake
Tahoe and Salton Sea validation sites, which are inland bodies
of water that are used to validate the calibration of earth-
observing sensors that operate in the midwave infrared (MWIR)
(3—5 um) and the thermal infrared (TIR) (7—14 wm) spectral
regions [35]. RadCaTs is used to validate sensors that operate
in the solar-reflective spectral region (0.4—2.5 um). The typi-
cal output for a given date and time is the hyperspectral TOA
spectral radiance, which is band averaged to the sensor that is
being validated. The RadCaTS site is 1 km? and it is located at
RRYV, which has been used for the vicarious calibration of large-
footprint sensors for almost 20 years [36]. It is centered at the
coordinates 38.497°, —115.690° and is at an altitude of 1435 m.
An image of RRV and the layout of RadCaTS is shown in
Fig. 1. Studies of the 1-km? area were completed in 2007-2008
in order to help understand the requirements for the number
and location of the ground-viewing radiometers (GVRs) that
are used to make surface reflectance measurements [37], [38].

B. Surface Measurements

The RadCaTS surface reflectance measurements are made
using multispectral GVRs that were designed, developed, and
tested at RSG [39]. The instruments have gone through various
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Fig. 2. GVR at RadCaTS$. The white electronics box and solar panel are on the
left, and the detector head is on the right. The distance from the detector plane
to the ground is 1.5 m.

TABLE II
SPECTRAL BANDS OF GVRS USED AT RADCATS

Band Center wavelength (nm) | Bandwidth, FWHM (nm)
1 400
2 450
3 500
4 550
5 650 20
6 850
7 1000
8 1550

Bands 1-7 use silicon detectors, and band 8 uses an INGAAS detector. The
bandwidth is defined as the full width at half maximum (FWHM).

upgrades throughout the past decade, and the current design
(Fig. 2) has eight spectral channels [40]-[43]. Seven of the
eight channels have silicon detectors, and the eighth channel
has an InGaAs detector. Interference filters are used to control
the spectral characteristics of each channel, and a summary of
the center wavelength and bandwidth of each channel is shown
in Table II. The full field of view of each channel is 10° (full
width half maximum), and it is controlled using simple aper-
tures [44]. The 10° field of view was chosen to ensure that the
SNR is high enough without making the field of view too large.
The detector plane is designed so that each channel has a slight
inward tilt so that they all view the same area when the detector
plane in the instrument head is placed at a height of 1.5 m. An
example of the field of view is shown in Fig. 3, where the yel-
low line shows the approximate 26.3-cm diameter spot of each
channel.

The critical electronics and focal plane of the radiometer are
controlled by a thermoelectric cooler that is held at a constant
25 °C while the instrument is operating. The instruments are
turned ON when the 850-nm channel output voltage is greater
than a threshold value, which indicates that there is direct solar
illumination on the test site surface. The instruments turn OFF
when it is night, and also when there is heavy cloud cover. Each
radiometer is powered by a 12-V dc battery that is charged
using a solar panel. The instruments are automatically turned

819

Fig. 3. Surface of RRYV, as viewed from a GVR. The black objects are two of
the three the tripod legs, and the yellow circle shows the 26.3-cm diameter spot
on the ground that is defined by the 10° full field of view of a GVR channel.
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Fig. 4. RadCaTS multispectral surface reflectance, which is used to scale
hyperspectral reference data for the date and time of interest. The reference
data are binned into separate months, and are derived from 12 years of in
situ measurements using ground-based personnel. The black circles represent
the surface reflectance retrieved from each of three GVRs. The blue curve is
the reference data that are being scaled, and the red curve is the final scaled
hyperspectral reflectance for the time and date of interest.

OFF to save battery power when the solar panels are not pro-
ducing enough power to charge the system. The output voltage
for each channel is digitized using an 18-bit data logger.

C. Atmospheric Measurements

Atmospheric measurements are made using a Cimel 318A
sun photometer that is part of the Aerosol Robotic Network
(AERONET) [45], [46]. RSG currently operates Cimel serial
numbers 15 and 314. One is typically in operation at RRV
while the other is being calibrated at NASA Goddard Space
Flight Center (GSFC). Measurements of direct sun and sky
are made throughout the day in a predetermined sequence,
and the data are uploaded to GSFC via a geostationary oper-
ational environmental satellite (GOES west) every hour. The
data are processed at GSFC and are downloaded by RSG for
use in the RadCaTS processing code. The AERONET-derived
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atmospheric properties that are required for use in the radia-
tive transfer code are the aerosol optical depth (AOD), the
Angstrom parameter, and the columnar water vapor amount.
This work assumes that the spectral variation of the aerosols
follows a power law, and can be defined by the AOD and the
Angstrom parameter. Columnar ozone is another input required
for MODTRAN, and RadCaTS uses values derived from
the Ozone Monitoring Instrument (OMI), which is onboard
the EOS Aura spacecraft [47]. Air temperature and pressure
are also required in MODTRAN, and they are measured at
RadCaTS using a meteorological station that remains onsite.
It contains a Setra Model 278 barometer (Setra Systems,
Boxborough, Massachusetts, USA), a Vaisala HMP35C tem-
perature and relative humidity sensor (Vaisala Inc., Boulder,
Colorado, USA), a Texas Electronics TES25WS tipping bucket
rain gauge (Dallas, Texas, USA), and an R. M. Young 05103
wind monitor (Traverse City, Michigan, USA). This work uses
the Chance—Kurucz exoatmospheric solar irradiance model that
is contained in the MODTRAN 5 software package [48]. It
has been used by RSG for Landsat 8 OLI, Landsat 7 ETM+-,
Landsat 5 TM, and has been used previously for the validation
of Hyperion and ALI [28], [34], [49].

D. RadCaTS Data Processing

The Cimel sun photometer collects atmospheric data using
its typical schedule, and the GVRs collect surface reflectance
data every 2-3 min. For a given GVR, the output voltage of
each channel is converted to a band-averaged spectral radiance
by using the radiometric calibration coefficient determined in
the laboratory prior to deployment [39], [43]. Band-averaged
global spectral irradiance is determined for each of the channels
by using the AERONET data as input into the MODTRAN
radiative transfer code (currently version 5.3). Once the global
irradiance incident on the site and the radiance reflected from
the site are determined, the surface reflectance at each of the
GVR’s eight channels is determined for the three GVRs used in
this work. It should be noted that the term “surface reflectance”
is being used as a general term in this paper. RadCaTS is
actually measuring the hemispherical-conical reflectance factor
(HCREF), since the test site surface is illuminated from an entire
hemisphere by both diffuse and direct solar components, and
each GVR is measuring the reflected radiance using a finite
field of view [44]. Once the surface reflectance is determined
for each of the three GVRs, an average reflectance is computed
at each of the eight channels. This average value is effectively
the average reflectance for the 1-km? site at each of the eight
channels.

The RadCaTS processing software requires a hyperspectral
surface reflectance, so the average value determined for a given
time and date at each of the GVR spectral channels is used
to scale reference hyperspectral data that were obtained using
a portable spectroradiometer by ground personnel who were
making measurements for the reflectance-based approach. RSG
has been making in situ surface reflectance measurements at
RRV for 20 years, and the result is ~80 hyperspectral data sets
that serve as the hyperspectral reference data for RadCaTS. The
weighting of each GVR band is equal in the determination of
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(RadCaTS — Hyperion)/Hyperion

400 600

800 1000 1200 1400 1600 1800
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2000 2200 2400

Fig. 5. Summary of the RadCaTS results for Hyperion. The results are shown
as the percent difference in TOA spectral reflectance between Hyperion and
RadCaTsS.
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Fig. 6. 1o standard deviation as a function of wavelength for the Hyperion
results shown in Fig. 5. The large differences occur in regions that are affected
by strong atmospheric absorption.

the multispectral surface reflectance. An example of the GVR
measurements being used to scale reference hyperspectral data
is shown in Fig. 4. It should be noted that the fitting routine only
moves the hyperspectral reference data up and down. There
is no change in the spectral shape of the reference data since
it is assumed that the large data set has captured the spectral
features of RRV during various surface conditions throughout
the year. Analysis of RadCaTS for work with Landsat 8, OLI
shows that the expected uncertainty in TOA spectral radiance is
3%-4% in the wavelength range of OLI (450-2200 nm) [50].
Work is underway to analyze the uncertainty in the 400450
and 2200-2500-nm regions.

III. DATA

The intensified collection of imagery of RRV by Hyperion
and ALI began in early 2013, and the pointing ability of
EO-1 means that more data are available than from a typical
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nadir-pointing platform. During the 16-month period of this
work (March 2013 to July 2014), Hyperion and ALI collected
40 images each. Of these, 10 were considered successful collec-
tions that were compared to the RadCaTS ground-based results.
Typical reasons for an overpass being considered unsuccess-
ful are clouds over the site, and water or snow on the surface.
Another phenomenon that occurs after the site has dried out
from a notable precipitation event is the formation of efflores-
cent salts on the surface. This can lead to spatial nonuniformity
conditions where the areas sampled by the GVRs (26.3 cm

PR R e N
N Od o ®© O
T T T T

[
o
T

Standard devation of percent difference

) . . \ | | . .
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

Fig. 9. 1o standard deviation as a function of wavelength for the ALI results
shown in Fig. 8.

diameter) are not indicative of the overall site, which leads to
an increased uncertainty in the surface reflectance retrieval.

IV. RESULTS

The results for Hyperion are shown in Fig. 5, which is a
summary of 10 successful collections at the RadCaTS$ facility
at RRV. The results are shown as the percent difference in the
TOA spectral radiance determined by RadCaTS as compared to
Hyperion. In this case, Hyperion is considered to be the correct
answer, so the percent difference is given by

Percent difference = (RadCaTS — Hyperion)/Hyperion.
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The overall shape of the percent difference as a function
of wavelength is similar to the reflectance-based results from
2001-2005, but there is a slight increase in the magnitude of the
values in the SWIR region. Spectral regions that contain large
amounts of water vapor are generally very noisy and there is a
large discrepancy between the Hyperion and RadCaTS results.
The results in these regions should generally be ignored. An
indication of the precision in the Hyperion results is shown in
Fig. 6, where the standard deviation (1o) of the 10 data sets

is shown in Fig. 5. Throughout much of the VNIR, the stan-
dard deviation is on the order of 4%. There is a larger standard
deviation in the far SWIR region (2200-2300 nm), which is
49%—7%. This is most likely due to the effects of scaling a hyper-
spectral reference data set in the RadCaTS processing scheme.
The longest wavelength of the GVRs is 1550 nm, so there is
no input in the scaling above this wavelength, which leads to
higher uncertainty. In terms of trending, Fig. 7 shows the tem-
poral results of Hyperion bands 8 (427 nm), 30 (651 nm), 90
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(1044 nm), and 150 (1649 nm). In each of these cases, there
does not appear to be a pattern of change. Future Hyperion
collects over RRV will increase the confidence in trending
analysis.

A summary of the ALI collection results for the same period
as Hyperion is shown in Fig. 8, where the percent difference in
TOA spectral radiance is given by

Percent difference = (RadCaTS — ALI)/ALL

The uncertainty bars are the standard deviation (1o) of the
10 successful collects, and in the same manner as the Hyperion
case, the standard deviation is also shown in Fig. 9 as a func-
tion of wavelength. Once again, the measurement precision is
at the 4%-5% level. Similar to Hyperion, this phenomenon is
most likely due to the uncertainty introduced by the scaling
of the hyperspectral reference data in the RadCaTS processing
scheme. The temporal trend of the ALI results is shown in
Fig. 10, where there is no discernable pattern of degradation in
the period of this study. In general, the shorter VNIR bands (1p,
1, and 2) agree to within the uncertainty of ALI and RadCaTSs,
but there appears to be a bias in the next three bands (3, 4, and
4p). Bands 5p and 7 agree with the RadCaTS results to within
the uncertainties of the instrument and RadCaTS, but band 5
has a similar bias to RadCaTS as bands 3, 4, and 4p.

The RadCaTsS results in bands 1 and 2 are similar to those
from prior RSG results from 2001 to 2005, when bands 1-4 and
7 (not including the p bands) agreed with the in sifu measure-
ments to within +5%. The 2001-2005 results showed a larger
bias in band 5 of 6.5%, and this is also observed in the current
RadCaTS results (it should be noted that the definition of per-
cent difference in the 2001-2005 results is reversed from the
results presented here).

RadCaTS has been used to monitor OLI since the launch of
Landsat 8 in February 2013, which provides the opportunity
to cross-compare the validation of OLI and ALI. There have
been a total of seven successful OLI collections at RadCaTS in
the period from launch to July 2014. The results for OLI and
the corresponding ALI bands are shown in Fig. 11, where the
uncertainty bars (1o) are the standard deviation of the measure-
ments. There is good agreement in the coastal aerosol, blue, and
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Fig. 12. Comparison between the radiometric calibration results obtained for
OLI using RadCaTS and the reflectance-based approach (onsite personnel)
from launch until December 2014. The uncertainty bars are the 1o standard
deviation of the measurements. Bands 1-7 are the multispectral bands, and band
8 is the panchromatic band. Band 9 (Cirrus) is not included in this work due to
the extremely low SNR of the ground data.

breen bands, but ALI appears to have a bias of 2.5%—6.0% in
the red and longer bands.

In order to evaluate the RadCaTS results for Hyperion and
ALL it is essential to compare them with results obtained using
the traditional reflectance-based approach, which is still RSG’s
benchmark for in situ measurements. RSG has been validat-
ing the calibration of OLI using the reflectance-based approach
and RadCaTsS since launch. A summary of the current results
is shown in Fig. 12, where the TOA spectral radiance reported
by OLI is compared to those obtained using RadCaT$S and the
reflectance-based approach. The agreement between the two
methods is within ~2% in bands 1 and 2 (coastal aerosol and
blue), and <1% in bands 3-6 (green, red, NIR, and SWIR 1).
There is a 3.5% bias in band 7 (SWIR 2), and this is most
likely due to a combination of factors. There are no GVR bands
above 1550 nm, which means that spectral bands above that
wavelength do not bear any weight in the final scaling of the
hyperspectral reference data.

The MODIS instruments onboard the Terra and Aqua plat-
forms are examples of well-calibrated instruments that use a
variety of techniques to validate the absolute radiometric cal-
ibration. RSG has routinely performed in situ measurements
for both MODIS instruments since their respective launches in
1999 and 2002. A comparison between in sitfu measurements
made by RSG personnel and RadCaTS is shown in Fig. 13 for
MODIS land bands (1-7), and a summary is shown in Table III.
The results are obtained using MODIS Collection 6 data. The
Terra MODIS results from both techniques agree to within 1%,
except for the blue band at 466 nm, which has a bias of ~2%.
In the Aqua MODIS case, the results between the two tech-
niques show a larger bias of ~2.5% to 3.0% in the 466-, 554-,
and 646-nm bands. The bias decreases to ~0.5% to 1.5% in the
NIR and SWIR bands.

V. DISCUSSION AND CONCLUSION

The Radiometric Calibration Test Site (RADCATS) at
RRV has been used to validate 40 EO-1 Hyperion and ALI
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TABLE IIT
SUMMARY OF THE MODIS DATA COLLECTIONS BY RSG
GROUND-BASED PERSONNEL (IN SITU) AND RADCATS FOR
THE RESULTS SHOWN IN FIG. 13

Terra MODIS Aqua MODIS
In situ RadCaTS In situ RadCaTS
Number of 21 45 14 28
data sets
Mar. 2000— | Mar. 2012— | Jul. 2002—- | Jan. 2012-
Range of dates
Sep. 2014 Oct. 2014 Jun. 2011 | Aug. 2014

All Terra and AQUA MODIS in situ data were collected at RRV using the same
1-km? area as RadCats.

overpasses during the period of March 2013—-July 2014. This
work also supplements the radiometric validation work that
was performed by earlier researchers. The comparison between
RadCaTS and Hyperion shows agreement to within +6% at
wavelengths less than 2000 nm that are not affected by atmo-
spheric absorption. At wavelengths greater than 2000 nm,
there is a 2%—10% bias between the RadCaTS and Hyperion
results. There are no GVR channels at wavelengths greater than
1550 nm, so the bias in this region is mainly due to a combina-
tion of the scaling uncertainty with the hyperspectral reference
curve, and the low solar irradiance in this spectral region. The
ALI results show good agreement with RadCaTS in the bands
below 650 nm, but there is a 4%—7% bias in the bands above
650 nm. RadCaTS results for OLI during a similar range of
dates show agreement to 2% in bands 1-6 of OLI, while band
7 is in agreement with RadCaTS$ to within 5%. OLI has under-
gone extensive validation of its radiometric calibration, so the
results presented here suggest that a true bias exists between
OLI and ALI in bands 4-6 of OLI. Currently, there are plans
to have Hyperion and ALI collect data at RRV and RadCaT$S
until the end of the EO-1 mission lifetime. These data will be
used to analyze and validate the radiometric calibration of both
instruments. In addition, the frequent acquisition of Hyperion
and ALI imagery will assist RSG in analyzing the uncertainties
in the RadCaTS methodology.

The larger bias between the in situ measurements and
RadCaTSs in the Aqua MODIS case may be due to the fact that a
majority of the hyperspectral surface reflectance data were col-
lected for Landsat 7 and Terra overpasses, which occur before
solar noon. There may be a slight bidirectional reflectance dis-
tribution factor (BRDF) effect at RRV for measurements taken
before noon, as opposed to after noon. It should be noted that
the in situ and RadCaTS results agree to within the uncertainties
of the methods.

The results of this study indicate that the RadCaTS is a
valuable tool for the validation of earth-observing sensors. The
original goal of RadCaTS was to collect data in the absence of
ground-based personnel while retaining the same level of accu-
racy and precision as the reflectance-based approach. Current
results show that the uncertainty in RadCaTS is higher than
those obtained using the traditional reflectance-based approach.
The determination of “good” and “bad” days for a given over-
pass at RadCaTSs is currently being assessed on a case-by-case
basis. It involves viewing the output voltage pattern of the
GVRs over a given day, assessment of the AERONET AOD
and Angstrom parameter, and cloud mask data products from
MODIS and OLI. Future work is currently underway to refine
the quality control process in order to determine if a given
overpass should be processed or rejected.

RRYV is a well-understood test site, and it has been cali-
brated in the spectral, spatial, and temporal domains for 20
years. The historical understanding of RRV benefits the work
described here, but it should be noted that there are limita-
tions to using one test site. For example, platforms such as
Landsat, Terra, and Aqua have a nadir-view revisit time of 16
days, which means that only ~23 collects with a nadir view
can be made throughout the year. Wide-swath sensors such as
MODIS and VIIRS are able to view the test site more often,
but at larger view angles. Currently, RadCaTS is being used
with sensor view angles <15° to minimize BRDF effects. The
Working Group on Calibration and Validation (WGCV) within
the Committee on Earth-Observation Satellites (CEOS) has
organized an international collaboration called the Radiometric
Calibration Network (RadCalNet). The goal of this working
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group is to coordinate the efforts of various space agencies
and research groups to facilitate the harmonization and inter-
operability of satellite imaging sensors with SI traceability.
Currently, RadCaTSs is one of the three sites used in RadCalNet.
The second site is La Crau, in France, and the third is Baotou, in
China. The creation of a global network of automated radiomet-
ric calibration sites will greatly increase the frequency at which
data can be collected for a given sensor, especially those that
have longer repeat cycles.
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