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Cross Comparison of EO-1 Sensors and Other
Earth Resources Sensors to Landsat-7 ETM+
Using Railroad Valley Playa

Kurtis J. Thome, Stuart F. Biggar, and Wit Wisniewski

Abstract—The Remote Sensing Group at the University provides multispectral data similar to that of the Enhanced The-
of Arizona has used ground-based test sites for the vicarious matic Mapper Plus (ETM+) sensor on Landsat-7. Key differ-
cal!bratlon of alrborne_and satellite-based sensors, of which the o.ag petween ETM+ and the ALI are that ALl is a pushbroom
Railroad Valley Playa in north central Nevada has played a key . .
role. This work presents a cross comparison of five satellite-based sensor as opposed to the whiskbroom d_eS|gn of ETM+, and
sensors that all imaged this playa on July 16, 2001. These sen-there are several additional bands on ALI with respect to ETM+.
sors include the Advanced Land Imager and Hyperion on the These bands include a band at a wavelength shorter than that of
Earth Observer-1 platform, the Landsat-7 Enhanced Thematic pand 1 of ETM+ to evaluate possible water quality applications
Mapper Plus (ETM+), Terra's Moderate Resolution Imaging anq aimospheric studies, an additional band in the shortwave
Spectroradiometer, and Space Imaging’s lkonos. The approach . . -
atmospherically corrects the ETM+ data to derive surface re- Infrared between ETM+ bands 4 and S for possible improve-
flectance for a 1 km x 1 km area of the playa and then uses these Ments to surface classification studies, and a narrowband ver-
reflectances to determine a hyperspectral at-sensor radiance for sion of ETM+ band 4 to avoid water vapor absorption. While
each of the sensors taking into account the changes in solar zeniththe added bands of ALI and the improved signal-to-noise ratio
angle due o any temporal differences in the overpass times as oy the pushbroom approach are definite improvements over

well as differences in the view angles between the sensors. Result .
show that all of the sensors agree with ETM+ to within 10% in the %TM+' astrong advantage to ETM+ is the presence of a thermal

solar reflective for bands not affected by atmospheric absorption. Pand. The Hyperion sensor, on the otherhand, has no compa-
ETM+, MODIS, and ALI agree in all bands to better than 4.4% rable sensor in earth orbit. It is the first instance of a grating-

with better agreement in the visible and near infrared. Poorer phased, hyperspectral, civilian sensor in earth orbit.
agreement between Hyperion and_other sensors appears to be As mentioned above, a critical component to the EO-1
due partially to poorer signal to noise ratio in the narrowband . . . . .
Hyperion datasets. p.rOJect is tec_hnqloglcal evall_Jatlons. One gspect of this tech-
nical evaluation is to determine whether this new technology
can provide radiometric performance on par with or better than
other current sensors. One approach to evaluate the radiometric
performance is to compare the output from the sensor under
I. INTRODUCTION study to that of a well-understood system. The near-coinci-

HE Earth Observer-1 (EO-1) platform was launched Olg_gnce of th_e EO-1, Landsat-7, and Terra platforms allqws
board a Boeing Delta Il launch vehicle in November 20041 comparison approach to be used between ALI, Hyperion,
The platform was placed in an orbit only 1 min behind thE TM+, the Advanced Spaceborne Thermal Infrared Emission

Landsat-7 platform, and approximately 40 min ahead of tf?@d Reﬂect.ion Radiometer (ASTER), the Multi-angle Imagipg
Terra platform. The primary purpose of the EO-1 mission is l%pectrorad!ometer (MISR), and Moderate Resolqunllmaglng
provide a technological testbed for spaceborne components. ghectroradiometer (MODIS) SENSors. These comparisons can
example, the mission includes tests of an X-band phased arlpgymade between ALI and Hyperion r\JNhenever these two sen-
antenna (allowing for no moving parts to point the antenna 3prs are operated because the 100% duty cycle of MODIS,

the receiving station), plasma-based ion thrusters (to provitioR: and ETM+ sensors over the United States would allow
platform maneuverability at low mass and low cost while elimomparisons of any ALI/Hyperion acquisitions over the United

nating liquid sloshing), and carbon-based mechanical structurd&tes:

(to reduce significantly the weight of the platform). The EO-1 | "€ approach presented here relies on ground-based mea-
ements of atmospheric and surface properties at a well-un-

platform has three sensors onboard, two of which, the Advan SR X
Land Imager (ALI) and Hyperion, are discussed here. The A erstood ground site in central Nevada. The Remote Sensing
Group (RSG) of the Optical Sciences Center at the University of
Arizona has used this site since 1996 for the radiometric calibra-
) ) ) ) tion of satellite and airborne sensors in the solar reflective. This
Manuscript received July 17, 2002; revised March 24, 2003. This work was . . . . .
proach to radiometric calibration, often referred to as vicar-
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through cross-calibration/comparison methods [1]-[9]. The cuvands of all sensors except bands 2 and 3 of Ikonos and several
rent work focuses on a cross-comparison approach that allavsgoerion bands affected by atmospheric absorption.
data from ETM+ to be used for the radiance validation of the
EO-1 sensors. In a cross-comparison approach, the calibration
from awell-understood sensor (ETM+ in this case) is effectively Il. RAILROAD VALLEY TEST SITE
transferred to another sensor [9]. For best results, a large uni-
form area is imaged simultaneously, or nearly so, by the twoThe Railroad Valley test site used in this work is located in
sensors with similar view angles. central Nevada between the towns of Ely and Tonopah and is
As already mentioned, ETM+ and MODIS data are used heael4-h drive from the RSG’s laboratory in Tucson. The overall
for comparison to the ALI and Hyperion data. In addition, datsize of the playa is approximately 15 ks 15 km, and it is
from Space Imaging’s Ikonos sensor are also used. ETM+lisated at an elevation of approximately 1.5 km in a geograph-
selected as the base reference because it has been shown, lieaeggion with reasonably high expectations of clear weather
on onboard and vicarious approaches, to be stable to better thad typically low levels of aerosol loading. The central area of
2% since its April 1999 launch. Also, the absolute radiometribie playa is flat to better than 100 m; however, this relative flat-
calibration is known to better than 3% [10]-[12] and its 30-mess causes problems in that low areas to the north will collect
spatial resolution for the multispectral reflective bands allowstanding water of several centimeters over a horizontal extent
the location of ground-based measurements to be easily foumexcess of 200 m. Ground-based atmospheric measurements
in the imagery. Additionally, ETM+ covers the same spectraince 1999 by the RSG have been made at a latitude and lon-
range as all of the other sensors, and it has the “same” orbitgiside of 38.504 N and 115.692 W. Between 1996 and 1999,
the EO-1 (within 1 min) platform. Thus, Ikonos is not a desiresleveral sites were tested for their logistical and spatial homo-
reference due to the lack of bands at wavelengths longer thgeneity properties but have been rejected in favor of the current
1.0 um. ALI and Hyperion, both have 30-m spatial resolutiosite. The test site that the RSG uses for the reflectance-based
and cover the desired spectral regions, but neither has the progalibration of sensors with spatial resolutions of 50 m or less
history of calibration that ETM+ has. is located approximately 100 m to the east of this location and
The other two sensors (MODIS and Ikonos) are dramaticalias been used consistently since 1999. The center of the 1 km
different in spatial resolution from ALI, ETM+, and Hyperion.x 1 km area used for the cross-calibration work is located at
MODIS, one of five sensors onboard the Terra platfori88.497 N and 115.691 W, approximately 700 m south of the at-
(launched December 1999) has spatial resolutions of 250, 56®spheric instrumentation, and has been measured consistently
and 1000 m depending on the spectral band. MODIS, aloaiyce 2000.
with ETM+, is an important part of NASA's Earth Observing Typical atmospheric conditions at the site include an aerosol
System (EOS) [13]. The number of bands for MODIS andptical depth at 550 nm that is less than 0.05 and horizontal
the varying spatial characteristics makes it a challenge fronviaibilities in excess of 60 km. Measurements of atmospheric
radiometric calibration standpoint. Because radiometric chaerosols using solar radiometer techniques show that the hori-
acterization is a critical element of MODIS and EOS [13], theontal variability of the aerosols varies on the order of the noise
onboard radiometric calibration of MODIS includes multiplef the measurements on a typical day. This is inferred by oper-
approaches so as to provide several independent methodatofg two sensors at separate locations on the playa as well as
calibration to evaluate MODIS [14]. Space Imaging’s Ikonosollecting data over time. However, aerosols can vary dramati-
sensor is on a dedicated platform and is at the other end of tialy across the playa on dates for which clouds are present and
spatial resolution scale being the first high-spatial resolutidar dates for which there are extreme wind conditions. These
(better than 1-m panchromatic) commercial imager in spasgind conditions will create blowing dust that quickly settles
It has four multispectral bands similar to the first four bandsnce wind conditions decrease.
of ETM+ but with a spatial resolution of 4 m. The data used Peak precipitation occurs in winter between December and
here were acquired through NASA's Science Data Buy baskthrch and during the summer months of July and August.
at the Stennis Space Center. No data from ASTER or MISR deecipitation in winter falls as both rain and snow and is due
included here for simplicity. The approach presented here cawostly to large-scale weather systems moving across the state
be readily applied to these sensors as data become availablef Nevada. Summertime rainfall is caused primarily by isolated
Section Il describes the Railroad Valley test site followed bghower activity that can produce locally heavy rainfall. In
a description of how this site is used in the cross-comparisaddition to rainfall patterns, there is a higher probability of
approach. Briefly, the method uses atmospherically correctgeneral cloud cover from November to April caused again by
ETM+ data to derive an estimate of the surface reflectancelafge-scale weather patterns moving across the area. There is
a 1l kmx 1 km area. This derived surface reflectance is thexiso an additional feature to the Railroad Valley site that is
used in a radiative transfer code to predict at-sensor radiamz# seen at other test sites used by the RSG. This is the large
for 1-nm intervals from 350-2500 nm. This predicted radianceimber of aircraft contrails that can form and then dominate
is produced for the specific sun-view geometry for each senghe sky in conditions that might normally have clear skies or
and is then band averaged based on the spectral responseenf thin cirrus conditions. The contrails are a result of the
each sensor to produce in-band radiance for each sensor. Tdnige amount of commercial air traffic traveling to and from the
approach produces results for a cross comparison of ETM-+west coast across this area as they are forced north by several
itself to better than 2% in all bands and better than 5% in atilitary air space restrictions.
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The reflectance of_this 1-kfrsite, and other regions near t_he Sne Reglstratlon

center of the playa, is generally greater than 0.3 and relative

flat spectrally except for the blue portion of the spectrum an; —
an absorption feature in the shortwave infrared (an example | ETM+ Radiance
the spectral reflectance can be seen in Fig. 3). Ideally, thisr
flectance would be constant throughout the year, but experien

with this site shows that there are significant changes in r

flectance with changes in surface moisture. These effects oc¢

primarily in the winter months from the large-scale weathe

systems and the periodic episodes of heavy rain during summ

+ Sensor 2 Radlance

I

Sensor 2 Evaluation

~ Sensor 2 Predicted |
At-sensor Radiance |

Ground-based measurements of the directional reflectance ck|  Atmospheric Forward Radiative |
acteristics of the playa show it to be nearly Lambertian ol Correction | Transfer Calculation |
to view angles of 30 for incident solar zenith angles seen , ¢7 o -
for overpasses of EO-1, Ikonos, Terra, and Landsat-7. All (\ ETM-+ Surface | » Hyperspectral \
these factors are critical to reducing the uncertainties of . Reflectance ] | Reflectance Fit

cross-calibration method [15].
In addition to the directional and spectral reflectance quahhgég
of the surface, spatial uniformity is especially important since it

minimizes the effects of misregistrations between the sensgrdund-based measurements of surface reflectance and at-
being cross-compared. Past work to evaluate the suitability abspheric properties are used in a radiative transfer model
the Railroad Valley site for cross calibration showed that the @b predict an at-sensor radiance [5], [6]. This approach has
fects of misregistration is generally less than 0.5% for the woliséen applied to all of the sensors in this work. The cross-com-
case of a 500-m misregistration (possible between MODIS apdrison approach used here is effectively the same as the
the other sensors) of the selected area of Railroad Valley. Tleglectance-based. The goal is to derive the surface reflectance
effect due to misregistration is largest in band 7 of ETM+ witfor the 1-knt area and using this reflectance as an input to a
a value of 2.0%. The smallest differences are seen with misregeiative transfer code, along with the coincident atmospheric
istration in the east-west direction, with a larger difference iata, allows a prediction of the at-sensor radiance. The key
the north—south direction with regions to the north of the playdifierence is that rather than basing the surface reflectance
area being darker than areas to the south [16]. on ground-based measurements, the surface reflectance is
Logistically, the site has several properties of interesderived from ETM+ data. The data used in this work is the
Ground-based measurements of surface reflectance are masigel 1G ETM+ product which has been both radiometrically
more difficult by the fact that the surface has a soft, spongind geometrically corrected. Fig. 1 illustrates this approach.
character. This makes carrying equipment more difficult, mugrhilosophically, the approach is similar to that described by
like walking on sandy beach, than at other sites used by tiigillet et al. [17].
RSG where the ground is much harder. This soft surface alsorhe first step in the calibration process is to select the test
has the disadvantage that personnel walking on the site brggilk common to the two sensors. Ideally, the data from both sen-
the upper crust of the surface revealing a darker subsurface. $8gs would be coincident in time with identical view and solar
footpaths caused by personnel persist over long periods of tiggometries. Fortunately, the near-coincidence in view geometry
with rainfall leading to renewing the reflectance of the grounghd only 40 min being the largest separation in time between
in the footprints, but wind erosion is the primary mechanismny two sensors leads to minimal uncertainties for the Railroad
for returning the surface to its original state. At the writing/alley test site. The specific area of the playa described in the
of this paper, footpaths created in 2001 that have not begt section corresponds approximately to ax333 pixel re-
walked along since are still visible in 2003. This feature of thgion of ETM+. A simple arithmetic average is used to derive
surface has altered somewhat the philosophy of the RSG’s dgi@ digital counts of the site that are converted to radiance using
collections, but primarily affects the calibration of ultra-highhe prelaunch calibration coefficients.
resolution sensors such as lkonos. An additional logisticalOnce the at-sensor radiance in all spectral bands for ETM+
consideration is site access. This is obtained via gravel rogggietermined, an atmospheric correction is applied to the data
that are controlled by the Bureau of Land Management (asté$ determine a surface reflectance for the 12karea. The
the entire Railroad Valley Playa). There are several locations @#rrection relies on data from ground-based solar radiometer
this road that are suitable for locating vehicles and the RSGrfeasurements operated at the time of the overpass of ETM+
mobile laboratory. This was one of the reasons for the use[a8]. Spectral optical depths derived from the solar radiometer
two separate sites: one for high-resolution sensors and the oidi@a are inverted to determine column ozone, column water
for low-resolution sensors. vapor, and aerosol size distribution [19]-[21]. The results from
the atmospheric retrieval are input to a Gauss—Seidel radiative
transfer code for two assumed surface reflectance values [22].
Fig. 2 shows the radiative transfer code results for bands 1 and 4
The typical method used by the RSG for high-spatial-resf ETM+ for data collected at Railroad Valley on July 16, 2001.
olution sensors is the reflectance-based approach in whBimilar results are found for the other bands but are omitted

I1l. CROSSCALIBRATION APPROACH
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Fig. 2. Radiati ¢ d | d to inf ¢ f Fig. 3. Example of hyperspectral reflectance fit to retrieved from
ig. 2. Radiative transfer code results used to infer surface reflectance,| ospherically corrected ETM+ surface reflectance.

ETM+ bands 1 and 4 based on reported radiance from ETM+.

for clarity. The endpoints of the two lines are the radiativgass' Thus, the surface reflectance is assumed constant for all

: : o OVerpasses and this reflectance is used as input to the radiative
transfer code results for the given atmospheric conditions . : .
ransfer code to predict at-sensor radiance for each sensor. This

assumed surface reflectance values. Bands affected by Stré%i S into account chanaes in atmospheric conditions. chanaes
gaseous absorption due to water vapor are corrected base ?}% . 9 phe ' 9
atmospheric effects due to the specific sun-sensor geometry

column-water vapor derived from the solar radiometer data a'rqde

the radiative transfer code MODTRAN [23]. Ifitis assumed that ach '”d'V'F’“"?" sensor, as weI_I as effects due to_ the changing
. . . __angle of the incident solar irradiance. The resulting at-sensor

the relationship between reflectance and at-sensor radiance is,. . .
redictions of the radiance are band-averaged to give values

linear over the surface reflectance range shown, then know{rj1 id for the specific spectral bands of each sensor. These pre-
the at-sensor radiance allows the surface reflectance to%i P P ' b

determined by linear interpolation. The values for the at-sen éﬂﬁi‘:ézd;gpgziﬁferse; ?gmﬁznlefjktr?n t:ree;egfotrrt]eed rlid':%(;esgs'
radiance determined from the ETM+ image are indicated play

the horizontal solid line in the figure. These radiances lead ?)é' the appropriate calibration information.
an interpolated value for a reflectance as given by the dotted
line in Fig. 2. Examination of radiative transfer code results
from several cases for the RSG’s test site shows that the linealThe above-described approach has been applied to data col-
assumption leads to less than a 0.1% error in the retrievedted on July 16, 2001 at Railroad Valley. This date has the
reflectance for the typical conditions. advantage of being a high sun angle case (low solar zenith)
The surface reflectance derived from the atmosphenichich further reduces any small effects due to BRDF as well as
correction of ETM+ data are curve fit using the results afhanges in at-sensor radiance due to differences in the incident
ground-based measurements of surface reflectance. Tdu$ar zenith angle. The sun-sensor geometries for all sensors are
ground-based reflectance is obtained from an ASD FieldSpested in Table I. Ground-based measurements of atmospheric
FR referenced to a Spectrafopanel of known reflectance. conditions exist for all overpasses and these are also summa-
The spatial location of these data correspond to the 88 mrized in Table I. The aerosol optical depths shown in the table
300-m test site used for higher spatial resolution sensors. Tdre both an indication of the temporal stability of the atmosphere
curve fit assumes that the shape of the surface reflectancedarthis date as well as the low amount of aerosol loading. From
the 1-knt area matches identically that of the ground-basetle temporal stability of the aerosols, one can infer a spatial uni-
measurements and only the absolute value of the reflectancéoisnity as well. A further example of the temporal stability is
not known due to the fact that the ground-based measuremagit&n in Fig. 4, which shows the derived aerosol optical thick-
do not coincide with the 1-km area of the ETM+ scene used foess for the reference wavelength of 550 nm as a function of
the cross comparison. The curve fit relies on a multiplicativéne for the 1-h period about the EO-1 overpass. The optical
factor that is altered until the minimum least squares sum of tdepth varies on the most part by less than 0.005 during the pe-
difference between the ETM+-derived and the band-averagéatd, and this was also the case during the entire measurement
surface reflectances is found (Fig. 3 shows the results of tigisriod from near sunrise to local solar noon. The Junge param-
approach for July 16, 2001). eter given in the table is an indication of the aerosol size dis-
At this stage in the process, a hyperspectral reflectancetobution and this is also relatively constant. Fig. 5 shows how
the 1-knt area of the playa is known. Ideally, this reflectancthese Junge parameters are derived using a linear fit to the spec-
would then be further modified to predict the reflectance for theal optical depth corrected for molecular scattering. Deviation
sun-sensor geometry of each individual sensor using the bi-fiem the straight line around 600 and 940 nm are due to gaseous
rectional reflectance distribution function (BRDF). Fortunatelybsorption. Other deviations from the fit are noise in the instru-
past work by the RSG at this site shows that there is less thamant and deviation from a Junge power law. From this plot, it is
2% deviation from Lambertian for view angles out t>3hd clear that the fit is not perfect. Fortunately, sensitivity analyses
solar angles typical of this test site at the times of sensor ovef-the effect of errors in the Junge assumption and derivation

IV. RESULTS
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TABLE |
SUMMARY OF ATMOSPHERIC ANDSUN-VIEW GEOMETRY FROM JULY 16, 2001AT RAILROAD VALLEY PLAYA FOR EACH OF THE SENSORS IN THECURRENT STUDY
Sensor ETM+ | Hyperion/ALI | MODIS | Ikonos
Overpass Time (UTC) 18:10:25 18:11:19 18:46:37 | 18:48:22
Solar Zenith Angle (degrees) 273 27.1 21.8 21.5
Solar Azimuth Angle (degrees) 122 122 138 138
Sensor View Angle (degrees) 0.3 0.3 0.3 23.2
Sensor Azimuth Angle (degrees) 104 104 104 294
550 nm Aerosol Optical Depth 0.048 0.048 0.051 0.051
Junge Parameter 2.68 2.70 2.69 2.69
Column Ozone (cm-atm) 0.38 0.39 0.38 0.38
Column Water Vapor (cm) 0.99 0.99 1.04 1.04
of the column ozone show that the impact is less than 1% at 0.065¢ ‘ ' '
all wavelengths. Columnar water vapor is also shown for each £ 0.060- ]
overpass and these values have uncertainties of 10%. é‘ B ]
The atmospheric information for the ETM+ overpass were = 0.055- ]
. /A 1
used to derive surface reflectance values for each of the ETM+ % 0.050 N/ \\ A A N NSNOVARY
multispectral bands. These values are given in Table Il. In the 2 Raati VN /\/W’W‘ i
" ! ]
same table are the band-averaged values for the 3@08&m € 00450 3
area site for which the curve fit is based, the derived reflectance §
values for the 1 krhand the measured surface reflectance for 0.040+ 7
this same 1-krharea using a sampling scheme developed for the - s . .
reflectance-based calibration of MODIS [24]. As can be seen 108 11.0 Tim1e1fl\2AST] 114 116

from the table, the derived surface reflectance from the curve

fit of the atmospherically corrected ETM+ data (I’OW 2 of th@ig. 4. Derived aerosol optical thickness at 550 nm with the overpass of EO1

Table Il) agrees well with the measured surface reflectanceiadicated by the vertical line.

the 1-knt area (row four of the table). Differences between
these two sets of reflectances are due to errors in the ground-
based measurements, errors in the concept of the simple curve
fit, small possible calibration biases in the ETM+ data, and un-
certainties in the atmospheric correction approach. A brief as-
sessment of the effect of these errors is given in the next section.
What is clear from the table by examining rows three and four is
that the uniformity of some areas of the playa at smaller scales
is not sufficient to allow a set of ground-based measurements
to be used for other unmeasured regions of the playa. The sur-
face reflectance used in the subsequent processing to predicted
at-sensor radiance are the hyperspectral values at 1-nm intervals
that were used to derive the second row in Table II.

Fig. 5.

Aerosol optical depth

0.01

0.10

Wavelength

Residual optical depth as a function of wavelength on In-In-scale

The derived surface reflectance values for the F-lanea are showing the best fit Angstrom slope related to Junge parameter.

used with the atmospheric properties and sensor specific geome-

tries in Table | to give at-sensor radiances for each of the spectratrection scheme and curve fit to the ground-based surface re-
bands for each sensor. These radiances are then compared figttance data. Note also that the level of agreement between
those reported by each sensor obtained by averaging the apgne-four predicted radiances corresponding to each of the over-
priate pixels of each image. Table Ill gives the values for eaglasses shows that there is minimal change incurred due to dif-
of the bands of ETM+. The first column of radiances are thoserences in the overpass times. The largest difference is between
derived from the ETM+ imagery, the subsequent columns ate predictions for the Landsat-7 overpass time and geometry to
those radiances derived from the radiative transfer calculatidhat of the Terra overpass. Much of this difference is due to the
for each of the atmospheric and geometry conditions of the otltiiference in solar zenith angle changing the path length of the
overpasses. Of note is the good agreement between the predistédr beam through the atmosphere (less attenuation of the di-
and measured radiances for the ETM+ overpass. This indicatest solar irradiance) and an increase in the solar irradiance due
that there are no severe biases incurred from the atmosphésithe smaller angle of incidence for the Terra case.
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TABLE I
SURFACE REFLECTANCE BASED ON ATMOSPHERICALLY CORRECTED ETM+ DATA, MEASURED
GROUND-BASED DATA, AND PREDICTED VALUES FROM CURVE FIT

Band 1 | Band2 | Band 3 | Band 4 | Band 5 | Band 7

Atmospherically-corrected ETM+ | 0.245 | 0.328 | 0.371 | 0.402 | 0.407 | 0.329

Modeled 1 km? area 0.254 | 0332 | 0367 | 0.396 | 0.409 | 0.330

Measured 80m by 300 m area 0.261 | 0.342 | 0.378 | 0.407 | 0.421 | 0.340

Measured 1 km? area 0.263 | 0.347 | 0.387 | 0.409 | 0419 | 0.338
TABLE Il bility monitor. The coefficients used to correct the Ikonos data

PREDICTED RADIANCE FOR EACH ETM+ BAND AND EACH OVERPASSALONG H H H
WITH REPORTEDETM+ RADIANCES FROM IMAGERY. ALL RADIANCES ARE IN 21 © those supplied by Space 'mag'”g for datasets prowdeo_l after
UNITS OF WATTS PERSQUARE METER STERADIAN MICROMETER February 2001. ALI and Hyperion results depend upon calibra-
tion coefficients derived in December 2001. These coefficients
) - 0
Reported | ETM+ EO-1 Terra Ikonos mcIude.d large corre.cno.ns for bands 1p and 5 of ALI and an 8%
overpass | overpass | overpass | overpass correction for Hyperion in the VNIR and 18% in the SWIR [25].
The corrections for the EO-1 sensors were based on information
from lunar views, the onboard solar diffusers, and vicarious cal-
Band 2 156.3 158.2 158.2 165.4 163.1 ibrations using the reflectance-based approach. While Railroad

Valley data from several dates (including July 16, 2001) were

Band | 144.5 148.9 148.9 155.2 151.8

Band 3 148.4 146.8 146.8 153.4 152.1 cl _
used to develop these new coefficients, the cross-comparison
P 2 . . . .
Band 4 110.2 108.4 1084 13.1 112.6 approach here is still independent of the earlier results.
Band 5 2397 | 2407 | 2407 | 2502 | 2508
Band 7 6.661 6669 | 6669 | 6983 | 6939 V. DISCUSSION OFUNCERTAINTIES

The sources of uncertainty in this approach can be viewed as
three distinct areas: 1) surface reflectance, 2) atmospheric ef-
Fig. 6 shows the radiance as a function of wavelength reporiedts, and 3) misregistration of images. Uncertainties in the ap-
by each sensor. Fig. 6(a) shows those values for the visiploach due to atmospheric conditions are minimized by the fact
and near-infrared (NIR) portion of the spectrum while Fig. 6(kthat the same radiative transfer code and assumptions are made
shows the shortwave infrared. From this, it is clear that there d&# all predictions. Thus, any biases caused by the atmospheric
biases between the sensors that are larger than can be explagagctions and radiative transfer calculations will cancel and
by changes in overpass times and view angles. These differengesertainties are primarily caused by changes in the atmosphere
become clearer when the percent difference between the psetween overpasses. Of course, this assumes that the spectral re-
dicted and measured radiances are examined (see Fig. 7). Indbisnse functions of the instruments are known to an accuracy
case, the first key conclusion is that applying this cross-calibreuch that effects at the wings of atmospheric absorption fea-
tion approach to ETM+ using ETM+ as a reference gives diffefares do not dominate. The parameters related to atmospheric
ences less than 2% in all bands except band 1, which is 3%. Téifects that can change between overpasses of the sensors being
gives an indication of the level of uncertainty introduced by théompared are the geometry between the sun and sensors, the
curve fit approach to the spectral reflectance and indicates th@iount of aerosols (optical depth), the aerosol type (size dis-
the simplistic approach may require modification to ensure tlgbution, composition, and index of refraction), and amounts
best possible accuracy. Studies from hyperspectral imagery af@aseous absorbers (ozone and water vapor). In all cases, the
more extensive ground-based measurements are planned tpreeision in the derivation of the atmospheric parameters is far
studied to refine the curve fitting approach. A second item ktter than the absolute accuracy. Thus, while the uncertainty of
note is that the multispectral systems of MODIS and ALI givéhe retrieved columnar water is 10%, the noise in the retrieval is
results that agree to better than 5% in all bands and better thess than 1%. The number of significant figures for the values of
3% in most bands. Hyperion data also agree in the visible aatinospheric parameters given in Table | for each of the overpass
NIR to better than 5% for the most part, though data in the shofiimes indicate the level of precision expected for each param-
wave infrared have larger differences. The final sensor, Ikon@ger. While the values in the table have uncertainties such that
shows agreement to better than 10% in all bands except ban¢h. absolute value of the parameters could be in error, the dif-
It should be pointed out that all of the results shown in Fig. férences in the table are real differences in the given parameter.
rely on the most recent understanding of the radiometric calibyas can be seen in Table |, these differences are extremely small.
tion of each sensor. For MODIS, this implies that a recent LevRldiative transfer simulations using the values in the table lead
1B dataset was received from the EOS Core System and calilitfa relative uncertainty in the radiative transfer predictions of
tion information provided in the metadata was used. This coeffhuch less than 1% in all bands.
cient of MODIS relies on measurements of the onboard diffuserin addition to atmospheric errors, the cross-comparison ap-
corrected for degradation using data from the solar-diffuser-sigroach assumes that the same ground area can be found in the
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Fig. 7. Percent difference between the predicted and measured radiances for each sensor. (a) VNIR portion of the spectrum. (b) SWIR.

imagery of all of the sensors. The sensor output for this aregbi80 m in the case of the 1-km bands of MODIS. Examination
used to determine the at-sensor radiance and this radiance caofltee ETM+ imagery indicates that this uncertainty is less than
in error due to errors in sensor calibration and errors in locati2§o for all bands with the largest difference in the shortwave in-
the same area on the ground in all images. The error due to chlired bands.

bration is the purpose of the work described here. The error duélhe final source of uncertainty is the derivation of the surface
to site location ambiguity is minimized since the method here reeflectance used in computing the predicted at-sensor radiance
lies on locating the center point of the 1-kmarea rather than at- for the 1-knf area. Past error analysis work has shown that the
tempt to register the data from each sensor to every other senaocuracy of the surface reflectance retrieval of the 80300 m

The center point is readily found in all sensors with spatial rearea is 2%. Examination of Table Il shows that the predicted sur-
olution less than 30 m because of a graveled area alongsidefte reflectance of the 1-Knarea differs from 2% to 5% from
access road that runs through the playa. Thus, the misregistree measured values. This difference is a combination of the er-
tion between ALI, ETM+, Hyperion, and Ikonos should be les®rs in the surface reflectance retrieval of the 88 1800 m area,

than 60 m. The uncertainty due to this ambiguity is found to libe atmospheric correction of the ETM+ data (including pos-
< 0.1% based on selecting alternate 1-kareas translated by sible biases), the curve fit method to the surface reflectance, and
30 and 60 m in each of the cardinal directions (north, south, eabe sampling errors of the ground-based measurements. These
and west). In the case of MODIS, there are two uncertaintiesdoors represent a worst case source of error because we are con-
consider related to site ambiguity. The first is that the wrongjdering the absolute error in reflectance. However, the absolute
pixels are selected from the imagery. Examination of the adjrror in reflectance is not as important as band to band errors in
cent pixels in the MODIS imagery show that using these pixellse spectral reflectance. This is because the curve fit approach to
give differences less than 2.3% in the predicted at-sensor rdtiie atmospherically corrected ETM+ data keeps the same spec-
ance in all bands with no consistent spectral dependence. Tita shape of the surface and simply forces this to match the
second cause of uncertainty is that the pixels that are selecte&# i+ results. The band-to-band precision of the retrieved re-
the MODIS imagery do not correspond to the same area as thattance is difficult to assess at this stage of the research since
used for the ETM+ image. This difference could be as large #8s precision depends on the band-to-band characteristics of



THOME et al. CROSS COMPARISON OF EO-1 SENSORS AND OTHER EARTH RESOURCES SENSORS TO LANDSAT-7 ETM 1187

the ground-based spectrometers, the spatial heterogeneity offtiiewhich there is no coincident atmospheric data or surface
spectral reflectance of the test site, the uncertainty in the cumedlectance data. In addition, the location of the ASTER and
fit approach, and possible band-to-band biases in ETM+. All ISR on the Terra platform offer additional opportunities for
these factors are currently under study but it is reasonable to esess calibration between the sensors used here. Applying the
pect that the largest difference of 5% seen in Table Il will not leross-calibration approach to a larger area of the playa should re-
exceeded and it should be possible to achieve better than 2%duce uncertainties due to misregistration; however, spatial-spec-

Based on the above discussion, it is clear that the primargl analysis of the playa using data from hyperspectral airborne
source of uncertainty is the derived surface reflectance. If akknsors will evaluate whether this will be the case or whether
errors are assumed to be independent (and this remains tdheeuse of a larger portion of the playa will lead to biases in
shown), then a root-sum-square gives uncertainties in the ctire ETM+ based surface reflectance. With the current trend to-
rent approach to be greater than 2.4% and no worse than 5.2¢ard multiple sensors and multiple platforms working toward
Because this approach relies primarily on relative comparisocemmon datasets, it will be critical to ensure that the data from
between sensors, it should be feasible to improve on the 2.486se sensors are consistent. This consistency is especially cru-
value for sensors that are close in time with similar geometmgial when attempting to extend the useful dataset of terrestrial
For example, cross comparison of ALI and Hyperion over a sitemote sensing backward in time to include the early Landsat
such as Railroad Valley could have uncertainties less than B#nsors and forward in time to include future sensors for terres-
for ALI bands in the NIR. trial imaging.
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