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Abstract—The Advanced Land Observing Satellite (ALOS) was
launched on January 24, 2006, by a Japan Aerospace Exploration
Agency (JAXA) H-IIA launcher. It carries three remote-sensing
sensors: 1) the Advanced Visible and Near-Infrared Radiometer
type 2 (AVNIR-2); 2) the Panchromatic Remote-Sensing Instru-
ment for Stereo Mapping (PRISM); and 3) the Phased-Array
type L-band Synthetic Aperture Radar (PALSAR). Within the
framework of ALOS Data European Node, as part of the Euro-
pean Space Agency (ESA), the European Space Research Institute
worked alongside JAXA to provide contributions to the ALOS
commissioning phase plan. This paper summarizes the strategy
that was adopted by ESA to define and implement a data verifi-
cation plan for missions operated by external agencies; these mis-
sions are classified by the ESA as third-party missions. The ESA
was supported in the design and execution of this plan by GAEL
Consultant. The verification of ALOS optical data from PRISM
and AVNIR-2 sensors was initiated 4 months after satellite launch,
and a team of principal investigators assembled to provide techni-
cal expertise. This paper includes a description of the verification
plan and summarizes the methodologies that were used for radio-
metric, geometric, and image quality assessment. The successful
completion of the commissioning phase has led to the sensors
being declared fit for operations. The consolidated measurements
indicate that the radiometric calibration of the AVNIR-2 sensor is
stable and agrees with the Landsat-7 Enhanced Thematic Mapper
Plus and the Envisat MEdium-Resolution Imaging Spectrometer
calibration. The geometrical accuracy of PRISM and AVNIR-2
products improved significantly and remains under control. The
PRISM modulation transfer function is monitored for improved
characterization.

Index Terms—Advanced Land Observing Satellite (ALOS)
Panchromatic Remote-Sensing Instrument for Stereo Mapping
(PRISM)/Advanced Visible and Near-Infrared Radiometer type 2
(AVNIR-2), calibration, characterization, geometric, image
quality, radiometric.

Manuscript received November 29, 2008; revised March 13, 2009, July 14,
2009, September 28, 2009, January 20, 2010, and March 12, 2010. Date of
publication June 10, 2010; date of current version September 24, 2010.

S. Saunier, B. Collet, and A. Mambimba are with GAEL Consultant,
77420 Champs-sur-Marne, France.

P. Goryl is with the European Space Agency, European Space Research
Institute, 00044 Frascati, Italy.

G. Chander is with the U.S. Geological Survey, Earth Resources Observation
and Science Center, Sioux Falls, SD 57198 USA.

R. Santer is with the Université du Littoral Côte d’Opale, 62930 Wimereux,
France.

M. Bouvet is with the European Space Agency, European Space Technology
Centre, 2200 Noordwijk, The Netherlands.

S. Kocaman Aksakal is with the Eidgenössische Technische Hochschule
Zurich, 8092 Zurich, Switzerland.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TGRS.2010.2048714

I. INTRODUCTION

THE ADVANCED Land Observing Satellite (ALOS) was
launched on January 24, 2006, by a Japan Aerospace

Exploration Agency (JAXA) H-IIA launcher. The planned op-
erational lifetime of the satellite is three years, and it flies in a
near-polar Sun-synchronous orbit at a mean altitude of 691 km.
The payload of the ALOS consists of three sensors: 1) the
Advanced Visible and Near-Infrared Radiometer type 2
(AVNIR-2); 2) the Panchromatic Remote-Sensing Instrument
for Stereo Mapping (PRISM); and 3) the Phased-Array type
L-band Synthetic Aperture Radar (PALSAR). JAXA estab-
lished the concept of the ALOS data nodes, with local archives
as the mechanism for sharing the processing and distribution
load [1]. Each data node is responsible for the provision of
level-1 data to the users within its geographical zone. The
ALOS Data European Node (ADEN) is responsible for the
coverage of the European and African regions. The ADEN is
managed by the European Space Agency (ESA) in agreement
with JAXA. The ALOS mission is considered a “third-party
mission”; the ESA uses its multimission ground systems of
existing national and industrial facilities and expertise to ac-
quire, process, store, and disseminate ALOS data. ESA-ADEN
verified the ALOS data quality to gain approval for operating
ALOS as a third-party mission and reports to JAXA on the
product quality and Calibration/Validation (Cal/Val) results as a
member of the JAXA Cal/Val team. The ESA designated GAEL
Consultant as support to the design and implementation of the
verification plan for ALOS optical data. AVNIR-2 is a multi-
spectral sensor operating in four spectral bands in the visible
and near infrared with 10-m spatial resolution and a ground
swath of 70 km at nadir. PRISM is a panchromatic sensor with
2.5-m spatial resolution and a ground swath depending on the
acquisition mode: 35 km in triplet mode and 70 km in nadir
mode. Its data are used for extracting highly accurate digital
elevation models. PRISM has three independent optical systems
(nadir, forward, and backward looking) to achieve along-track
stereoscopy. This paper describes the verification plan and
summarizes the results from the data verification period.

II. VERIFICATION PLAN DESCRIPTION

The verification plan was organized according to three major
milestones (Fig. 1). The first stage was dedicated to the quick
assessment of products and aimed at providing qualitative
results, validation of the assessment tool, and demonstration
that the ALOS mission was operating nominally. The second

0196-2892/$26.00 © 2010 IEEE
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Fig. 1. ALOS data verification plan schedule. Three phases were defined: 1) the quick verification of data (phase A); 2) the in-depth analysis (phase B); and
3) the data calibration/validation (phase C). Six months of activity have been initially planned. Because ESA contributed as JAXA prime investigator, the working
data set was available 4 months after the mission launch.

stage was oriented toward in-depth control of geometry, stereo-
scopic capability, and image quality. The last stage was focused
on radiometric calibration activities.

The ESA ALOS science team consists of a wide selection
of experts in the fields of radiometry [ESA, Université du
Littoral Côte d’Opale, and U.S. Geological Survey], geome-
try (Eidgenössische Technische Hochschule (ETH) and GAEL
Consultant), and image quality [Office National d’Etudes et
Recherches Aérospatiales (ONERA)]. ESA’s major concern
during this period has been to ensure efficient data distribu-
tion and to facilitate the sharing of reference equipment and
methods. A set of tools was proposed to support investigators
in reading and inspecting ALOS products: the ALOS Expert
Tool [2] and the BEAM VISAT toolbox [3].

III. RADIOMETRIC CALIBRATION

This section provides a synthesis of methods and summarizes
the results obtained in the radiometric calibration assessment.
The following activities were performed under radiometric
calibration:

1) AVNIR-2 radiometric stability monitoring;
2) intercomparison between AVNIR-2 and PRISM sensors;
3) intercomparison between AVNIR-2 and Landsat-7 (L7)

Enhanced Thematic Mapper Plus (ETM+);
4) intercomparison between AVNIR-2 and simulated

AVNIR-2 using Advanced Along Track Scanning Ra-
diometer (AATSR), MODerate resolution Imaging Spec-
troradiometer (MODIS), POLarization and Directionality
of the Earth’s Reflectances (POLDER-3), and Envisat
MEdium-Resolution Imaging Spectrometer (MERIS)
data;

5) intercomparison between AVNIR-2 and simulated
AVNIR-2 using MERIS.

The two calibration test sites that were used for the set of as-
sessments are the Railroad Valley Playa, Nevada (RVPN), and
the Libya-4 Desert [4]. The RVPN test site is located between
the towns of Ely and Tonopah, Nevada, at coordinates 38.5◦ N
and 115.7◦ W, at an elevation of 1300 m above sea level. The

Fig. 2. Libya site view with MERIS, AVNIR-2, and PRISM sensors.

RVPN is a dry lake bed with a predominantly clay composition.
It is a desert site with no vegetation, and atmospheric aerosol
loading is typically low.

The Libya-4 test site is a high-reflectance site located in
the Libyan Desert in Africa at coordinates +28.55◦ N and
+23.39◦ W, at an elevation of 118 m above sea level. The
Libyan Desert site is made up of sand dunes with no vegetation.
Aerosol loading is typically low. Libya-4 also exhibits signifi-
cant spatial, spectral, and temporal uniformity and has minimal
cloud cover.

A. AVNIR-2 Radiometric Stability Monitoring

The purpose of this exercise was to evaluate the radiomet-
ric calibration stability and check the interband stability. The
AVNIR-2 data set sample over Libya-4 included more than
40 AVNIR-2 images acquired from May 2006 to October 2008.
Fig. 2 shows a screenshot of the Libya-4 site. The stability mon-
itoring technique used in this paper is based on a time-series
analysis of band ratio of top-of-atmosphere (TOA) reflectance.
The multidate images were geometrically coregistered to a
reference image, and a region of interest (ROI) was defined.
Digital count values were converted to TOA reflectance based
on the extraterrestrial solar irradiance [5]. Once all the ROIs
were selected, image statistics were computed to obtain mini-
mum, maximum, mean, and standard deviation target values on
a band-by-band basis.
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Fig. 3. AVNIR-2 TOA band reflectance time series against the ALOS day
since launch for each band. Each data set is selected according to the viewing
and sun azimuth angles to account for the directional effect. The linear tendency
deduced from measurements band is almost zero. The atmospheric effects dur-
ing winter cause some variations around Doy Since Launch (DSL) 300. Never-
theless, the radiometric stability is achieved, and the standard deviation remains
within 1%. An intermediate data gap of 1 year was experienced because of
image saturation. The accuracy of the last product assessed (dated October 23,
2008, DSL 1003) remains in agreement with the previous ones.

The shortcoming of this method is that the influences of
atmosphere and bidirectional reflectance distribution function
(BRDF) are not accounted for. To provide more reliable results,
the azimuth angle difference between the instrument and the
sun is considered. A data set is selected if the difference is
positive and below 180◦. In this context, as shown in Fig. 3,
the TOA reflectance time series over the more than two-year
mission life remain stable for all bands. The standard deviation
of the measurements is estimated to be below 1%. These results
agree with those obtained from band-to-band stability analysis.
These results demonstrate that the multidate calibration accu-
racy is within calibration requirements (3%).

B. Intercomparison Between AVNIR-2 and PRISM Data

The purpose of this exercise was to assess the consistency
of the radiometric calibrations of the PRISM and AVNIR-2
sensors. The methodology for intercomparison between PRISM
and AVNIR-2 sensors relies on the simulation of PRISM
TOA reflectance using AVNIR-2 measurements. Therefore,
both images are geometrically coregistered. An ROI is defined,
and the mean digital counts are extracted for each band. The
digital counts are converted to at-sensor spectral radiance and
TOA reflectance based on the extraterrestrial solar irradiance
[5]. These results are used as input for simulating the TOA
reflectance as recorded with the PRISM panchromatic channel.
The AVNIR-2 TOA reflectance at 5-nm step is simulated us-
ing “cubic-spline” interpolation. Based on the AVNIR-2 TOA
reflectance spectrum computed previously, the reflectance of
the PRISM panchromatic band is reconstructed, convolved with
PRISM spectral sensitivity, and then compared with the one
directly computed from the PRISM panchromatic image using
the PRISM panchromatic channel.

The PRISM and AVNIR-2 images were acquired simultane-
ously over the Libya site on October 1, 2007. The simulated
PRISM TOA reflectance using the AVNIR-2 TOA reflectance
spectrum is equal to 0.4384 and is very close to the value of
0.4407 measured in the PRISM panchromatic channel. The
results show that the relative difference of +0.5% can be
observed between the reconstructed PRISM TOA reflectance

Fig. 4. AVNIR-2 image over the RVPN site. The enlarged view shows the
ROI location superimposed over the blue/green/red band combination.

Fig. 5. Radiometric intercomparison and AVNIR-2/ETM+ of TOA values.
The TOA percent differences are depicted against the channel number. Three
observation dates are considered in this estimate. AVNIR-2 appears to be
4.91%, 0.43%, and 5.50% below ETM+ for bands 1, 3, and 4, respectively.
AVNIR-2 appears to be 3.38% above ETM+ for band 2.

and the measured one. This exercise demonstrated that the
intercalibration accuracy between both ALOS optical sensors
fits with the expectations (5%).

C. Intercomparison Between AVNIR-2 and L7 ETM+ Data

The comparison between the two sensors was based on
common areas observed near-simultaneously by the two sen-
sors, and the methodology involves comparison of the TOA
reflectance observed by the two sensors over these areas [6].
Near-simultaneous data from the AVNIR-2 and ETM+ sensors
acquired over the RVPN site were used for the comparison.
Fig. 4 shows the ROI in the RVPN site that was selected for
this comparison.

Two coincident image pairs with comparable atmospheric
conditions and observational geometries must be selected. The
digital counts were converted to at-sensor spectral radiances
using the rescaling coefficients given in the product. The data
were then converted to TOA reflectances.

Three image pairs from ETM+ and AVNIR-2 were selected.
The AVNIR-2 images were observed on February 12, May 1,
and August 1, 2008. The time lag between both near-
simultaneous observations does not exceed 6 days.

The average percent difference over the three observation
dates remains below 5.5%, as shown in Fig. 5. The AVNIR-2
calibration accuracy fits well with ETM+ for band 2 (3.38%)
and band 3 (−0.43%). The difference becomes more important
for band 1 (−4.91%) and band 4 (−5.50%). The Raleigh
scattering and the aerosol loading contribute significantly to the
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TABLE I
COMPARISON OF AVNIR-2 TOA REFLECTANCES AND THE SIMULATED

AVNIR-2 REFLECTANCES USING AATSR, A-MODIS, POLDER-3, AND

MERIS DATA. THE INTERPRETABILITY OF RESULTS FOR BAND 3
SUFFERS FROM THE SATURATION OCCURRING IN THIS BAND

TOA signal of bands 1 and 4. However, the percent difference
over the three dates remains stable for these bands: 1% for
band 1 and 0.73% for band 4. Therefore, the additive com-
ponents of the atmosphere contribution to the TOA signal for
bands 1 and 4 may be counted to provide more accurate results.
The percent difference would more likely be below 3%. With
some clear limitations, this exercise based on the comparison
of TOA measurement for near-coincident simultaneous obser-
vation demonstrated that the intercalibration of AVNIR-2 and
ETM+ sensors is within 5.5%.

D. Intercomparison Between AVNIR-2 and Simulated
AVNIR-2 Data Using AATSR, A-MODIS, POLDER-3,
and MERIS Data

This section provides the results from the intercompari-
son of AVNIR-2 measurements and the simulated AVNIR-2
data using multisensor data set observations from POLDER-3,
A-MODIS, AATSR, and MERIS [7], [8]. The data from
AATSR, A-MODIS, and POLDER-3 were radiometrically
scaled to MERIS data [7]. The rescaling to the MERIS ref-
erence sensor is based on doublets selection of concomitant
identical and reciprocal observations. Such processing results in
a radiometrically homogeneous data set of AATSR, A-MODIS,
POLDER-3, and MERIS data. The homogeneous data set is in
turn used to invert a spectral BRDF model of the target on a
5-day basis. The BRDF models were used to simulate narrow-
band TOA reflectances at 443, 490, 560, 670, and 865 nm. The
simulated AVNIR-2 TOA reflectances were obtained by convo-
lution of 1) the 5-day simulated spectra and 2) the relative spec-
tral responses (RSRs) of the AVNIR-2 band. To fully simulate
the AVNIR-2 measurements from the 5-day spectra, corrections
for O2 and H2O were applied by computing the gaseous trans-
mission of these gases in the AVNIR-2 bands using auxiliary
water vapor data as input. The error budget of this method-
ology is estimated to be on the order of 5%. The simulated
AVNIR-2 TOA reflectances were obtained by convolution of
1) the 5-day simulated spectra and 2) the RSRs of the
AVNIR-2 band. To fully simulate the AVNIR-2 measurements
from the 5-day spectra, corrections for O2 and H2O were
applied by computing the gaseous transmission of these gases
in the AVNIR-2 bands using auxiliary water vapor data as input.

The error budget of this methodology is estimated to be on
the order of 5%. AVNIR-2 appears to be 5.6%, 0.1%, 1.1%,
and 2.7% below the radiometric scale of MERIS in bands 1, 2,
3, and 4, respectively, as illustrated in Table I. Band 3 suffers
from saturation, and the results for this specific band cannot
be interpreted. With the exception of band 1, all AVNIR-2

bands are within this error budget. Over the Libyan Desert,
the TOA reflectances in all bands from the visible to the near
infrared show a seasonal variation for all sensors (AATSR,
POLDER-3, MODIS, MERIS, and AVNIR-2). In winter, the
TOA reflectances for a given band are higher than in summer.
The data set from simulated AVNIR-2 data only extends over
approximately 4 months.

Further confirmation of the degradation trends over a period
of at least a year is needed to ensure that the degradation
measured over 4 months does not result from an artifact arising
from the seasonal variation in the TOA signal.

E. Intercomparison Between AVNIR-2 and Simulated AVNIR-2
Data Using MERIS Data

This section provides the results from the intercomparison
exercise between AVNIR-2 data and simulated AVNIR-2 TOA
reflectance using MERIS data. The reconstruction of AVNIR-2
with MERIS requires a spectral adjustment and a BRDF model
to account for the differences in geometrical conditions. The
linear fit of the MERIS data with scattering angle provides
linear BRDF models in all the MERIS bands. This result
allows predicting the TOA reflectance under any geometrical
condition. AVNIR-2 spectral bands are broader than MERIS
bands. An effective wavelength is introduced for each AVNIR-2
spectral band to allow a one-to-one comparison with one spe-
cific MERIS band. The ozone absorption in the Chapuis band
is identical between a pair of twin MERIS-AVNIR-2 bands
for an identical ozone amount. The water vapor absorption
significantly affects the AVNIR-2 band 4 and not the asso-
ciated MERIS band 13, which is quite narrow. At the end,
MERIS corresponding bands and associated geometries allow
an intercalibration of AVNIR-2 bands 1, 2, and 3. The seasonal
variability of the ozone is included in the MERIS BRDF model.
For AVNIR-2 band 4, we apply a gaseous correction (water
vapor and oxygen) corresponding to the mean geometrical
condition and to climatological values of the water vapor. When
applied to the simulated AVNIR-2 data, these absorption values
result in differences between actual and simulated data derived
from MERIS in bands 1, 2, 3, and 4 of −4.6%, −1.3%, −6.0%,
and −10.0%, respectively. The result in band 3 is doubtful
because of the possible saturation of AVNIR-2.

F. Radiometric Calibration Summary

The analysis of radiometric calibration stability leads to very
consistent results and agree with the calibration requirements
(< 3%).

The three intercomparison exercises provide results that are
difficult to compare. They are listed in Table II. However, one
may notice the following:

1) good consistency of the AVNIR-2 calibration with the
ETM+ one using a straightforward method (0.5%–5.5%
according to band);

2) very good consistency of the AVNIR-2 calibration with
simulated signal computed thanks to AATSR, MODIS,
POLDER-3, and MERIS data for bands 2 and 4 (< 3%);

3) good consistency of the AVNIR-2 calibration with simu-
lated signal computed using only MERIS data for bands
1 and 2 (< 5%).
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TABLE II
COMPARISON OF CALIBRATION RESULTS WITH

THE REFERENCE CALIBRATION

When comparing the calibration performance of the three
methods, one may observe the following:

1) The calibration performance is best for band 2 (< 3.4%).
2) The three methods agree for band 1 calibration, and the

consistency is good (< 5.5%).
3) Some uncertainties regarding the band 3 calibration due

to image saturation that results in data gap.
4) The methods are not in agreement for the band 4 calibra-

tion. The last method does not account for the absorption
amount that can be up to 7% on average.

For comparison, the calibration accuracy that JAXA provides
can be summarized as follows [9]:

1) very good consistency with MODIS for bands 1–3
(< 3%);

2) bias with MODIS for band 4 (< 7%).
The ADEN results have the same tendencies.

IV. GEOMETRIC CALIBRATION

The geometric Cal/Val activities of PRISM and AVNIR-2
products encompass the evaluation of band-to-band registra-
tion, absolute geolocation accuracy, stereoscopic capability, and
digital surface model (DSM) evaluation. This section aims to
provide a short description of the methodology applied and the
main results collected during the verification plan and other
ongoing activities in the framework of quality control.

A. AVNIR-2 Band-to-Band Registration

This verification is performed to check that the AVNIR-2
bands of the L1B2 product processed with the cubic convolu-
tion resampling kernel can be perfectly superimposed. This is
achieved through the disparity analysis of several image band
couples. The underlying method is a pixel-based approach. To
reach the subpixel accuracy (0.05 pixel), the image of corre-
lation results is oversampled using a cubic convolution resam-
pling kernel. The methodology was successfully applied [10].
A confidence degree is associated with each measurement. The
most confident results (above 95%) are kept to compute the ac-
curacy of the band-to-band registration. Considerable care was
taken in selecting the subimages to disregard the influence of
vegetation and to use efficient correlation processing. Table III
summarizes the results obtained during the commissioning
phase and at the beginning of the operational phase. After
band alignment correction, the evaluation demonstrates that the
coregistration has been improved significantly to be within 15%
of a pixel.

TABLE III
AVNIR-2, BAND-TO-BAND REGISTRATION EVALUATION, AND THE UPPER

TABLE CELLS (RED COLOR) LIST THE EARLY RESULTS AND THE

BOTTOM ONES LIST THE UPDATED RESULTS (AFTER CORRECTION)

Fig. 6. Example of band-to-band registration evaluation with displacement
errors between bands 1 and 4 (b). The magnitude of error vector does not
exceed 0.3 pixel for all candidate pixels. (a) AVNIR-2 working subimage.
(b) Displacements errors for all candidates, updated results.

Fig. 6 shows the residual errors observed between bands 1
and 4 for product processed with the latest processing pa-
rameters. The error vector fields for all pixels are depicted.
Again, the specification output in Table III is based on the
most confident correlation results. For instance, the correlation
associated with pixels located over slope terrain relief is below
the confidence value and therefore discarded from the final
measurement.

B. Absolute Geolocation Accuracy

This section provides the geolocation accuracy for L1B2
products as seen by the user. Because the error is not directly
linked with the estimation of external and internal parameters,
no sensor model is used in this evaluation; instead, the method-
ology relies on visual identification between a ground control
point (GCP) set on working data and its corresponding one
set on reference data. The geolocation errors are deduced from
the difference between true GCP location and GCP location
predicted with the AVNIR-2 image model [11]. The AVNIR-2
and PRISM image model is defined according to polynomial
coefficients embedded within the Committee on Earth Obser-
vation Satellites product format (leader file). This model is
planimetric and does not account for terrain elevation; the pixel
geographic coordinates are always given at ellipsoid level. Ver-
ification exercises of the geometric accuracy of AVNIR-2 L1B2
products were performed on a multidate data set acquired over
the La Crau site (43.513◦ N, 4.875◦ E). The reference data are a
postprocessed Satellite pour l’observation de la terre (SPOT) 4
data set. GAEL Consultant managed the preprocessing of the
SPOT 4 data to build a reference source; the validation and
geometric correction procedures used a reference cartographic
map. About 20 GCPs are used for the evaluation of the product
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Fig. 7. Monitoring of the AVNIR-2 product geolocation accuracy against the
DOY since launch. For each data set, the RMS error in the pixel direction
(“X”), in the line direction (“Y ”), and in both directions (“All”) is reported.
The pointing angle used during data acquisition is indicated.

Fig. 8. RMS error in line direction (“Y ”) is displayed against the pointing
angle. The dots represent the errors of scenes. For each dot, the pointing
angle and the scene DOY (since launch) are indicated. A linear dependency
is observed. This issue was corrected after calibration of mirror alignment bias.
A bias of about 490 m was subtracted, and a new set of alignment parameters
was proposed.

geolocation accuracy. The altitude range of these GCPs varies
from 50 to 240 m above the WGS84 ellipsoid. The early
assessment showed that the product geolocation accuracy was
varying greatly with time (Fig. 7). It has been of interest to
analyze the error in line direction with regard to the mirror
pointing angle. Fig. 8 shows the linear dependency between
these two parameters.

At the beginning of the verification period, the geolocation
accuracy of the first AVNIR-2 products was about 5000 m
(RMS). The validation performed after several updates of
the processing chain reports that the operational geolocation
accuracy of the AVNIR-2 products is now on the order of 30 m
(RMS) with a shift mainly pronounced according to the pixel
direction. The planimetric accuracy of the model can easily be
improved using only one accurate reference point. As shown
in Fig. 9, for this evaluation, the 15-m (RMS) accuracy is
achieved.

C. PRISM Product, Geolocation Accuracy

For the PRISM product, the methodology for the assessment
of product absolute geolocation remains the same as the one
done for AVNIR-2. A set of assessments to evaluate the L1B1
and L1B2 product geolocation model was performed in the
frame of the commissioning and is ongoing during the oper-
ation phase. At the beginning of the commissioning phase, the
errors in line [Along-track (AL)] and pixel [Across-track (AC)]
directions were both approximately 8 km RMS for the PRISM
nadir view. The two major calibration efforts that directly af-

Fig. 9. Evaluation of the circular error at 90th percentile (CE90) for one
AVNIR-2 scene (ALAV2A127252720) observed with 0 pointing angle and
processed with updated parameters. The dots are errors of GCPs. Two cases
are distinguished: 1) the direct location model (blue dots) and 2) the refined
location model (green). The CE90 associated with the direct model is 44 m
(CE90), 28 m (RMS). When adding one ground reference point, the accuracy
of the refined reach 24 m (CE90), 15 m (RMS).

Fig. 10. Evaluation of the circular error at 90th percentile (CE90) for a set
of PRISM L1B2 products. One dot represents the accuracy of the scene. The
number of scenes used to evaluate the CE measurement is indicated along
with the associated processing software version. A large bias is observed for
the product processed with software version 3.0 (red dot). A major alignment
correction was done with software version 4.05 (green dots). However, a
circular error is noticed. This issue is recovered with software version 5.04
(blue dots). The inconsistent measurements (blue and green dots approximately
located close to (−50, 100) coordinates) are not explained.

fected the product geometric accuracy (PRISM and AVNIR-2)
are the following:

1) correction of the 1-s time delay;
2) first realignment of the star tracker used in attitude data

processing on September 5, 2006.
As shown in Fig. 10, the accuracy of PRISM products,

processed with updated parameters, has now reached the op-
erational goal of 20.84 m (CE90). This figure highlights the
accuracy computed from evaluation based on product processed
with previous software versions. To control the contribution of
terrain relief, the mean elevation of GCPs is maintained below
150 m above the WGS84 ellipsoid. As for AVNIR-2, the direct
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Fig. 11. Overview of the control and tie-point distribution on the PRISM nadir
image of (left) Adana and (right) Wellington. The red circles represent the GCP
locations. The available number of GCPs is 75 for Adana and 67 for Wellington.

geolocation model (based on polynomial coefficients) can be
refined using one ground reference point. Thus, the product
accuracy always remains below 5 m (CE90). In addition, the
PRISM calibration efforts continue and lead to the periodical
release of the updated geometric parameter set [12]. It is
mandatory to maintain a good level of product accuracy.

D. “Along-Track” Study

The purpose of the along-track study is to evaluate the
pointing stability change occurring for an extended time period
of observation. The method is based on the comparison of
georeferencing results for two scenes observed from the same
satellite path on the same day. The first is in the northern
hemisphere (Adana, Turkey), and the second is in the southern
hemisphere (Wellington, South Africa).

The Adana test field (36.777◦ N, 35.310◦ E) is in the southern
part of Adana province, Turkey. The area is mostly rural, has
a few buildings, and is relatively flat. The maximum height
difference is about 100 m. The Wellington test field (33.508◦ S,
18.914◦ E) is northeast of Cape Town, South Africa, in an area
less affected by the clouds and occasional fog of Cape Town.
The site consists mostly of agricultural fields and small urban
and residential areas. The PRISM data set is from observations
belonging to ALOS satellite track number 263. Products were
acquired on April 19, 2007. The ESA funds the equipment of
both test sites. The GCPs are derived from GPS measurements
(up to 5-cm accuracy). The high number of GCPs, their good
definition into the image space, and their good distribution over
the image area (Fig. 11) were required for the assessment on
pointing stability.

The direct georeferencing (DGR) method is applied to both
scenes and is described in Part E below (DSM testing). For both
scenes, the results are at a good level of accuracy, even when
only two GCPs are used to estimate the parameters. However,
there are still some local systematic errors in the object space
residuals, even when nine GCPs are used.

Overall, these results are consistent with the previous find-
ings in other test fields [13]. Fig. 12 summarizes the triangula-
tion results for the Adana and Wellington sites. All root mean
square errors (RMSEs) are at subpixel level. Again, we note
the very good accuracy of RMSE (Z), in particular if compared
with the related standard deviations Sigma (Z). No significant
variation is observed along with the orbit.

Fig. 12. (Top) Adana and (bottom) Wellington test field PRISM triangulation
results with DGR and self-calibration.

E. Stereoscopic Capabilities and DSM Testing

1) DSM Production With PRISM Stereo Views: ETH Zurich
Laboratory managed the verification stage dealing with the
evaluation of PRISM stereoscopic capability. The reference
data used for this validation exercise are from the ESA geo-
metric test field based in Piemonte, Italy (44.5◦ N, 7.3◦ E) and
located at the edge of Mont Vizo (Alps). As previously seen, an
image orientation procedure based on the polynomial method
does not provide a good level of quality.

Prior to DSM generation, an accurate image orientation
procedure must be applied through the estimation of internal
and external orientation parameters. The external orientation
modeling takes into account physical properties of the sensor
and the satellite position.

As part of the adjustment, the DGR model and the piecewise
polynomial model using two polynomial segments (PPM-2)
are adopted as an orientation model. Because camera interior
orientation parameters are not disseminated to the community,
estimation of these parameters is performed through a self-
calibration procedure during bundle adjustment. Some of the
39 GCPs (recorded with differential GPS techniques) are used
as checkpoints, and the others are used as control points for
refinement of bundle adjustment procedure and estimation of
exterior and, possibly, interior orientation parameters. GCP
coordinates are introduced as observations into the adjustment
and constrained stochastically according to their measurement
and definition accuracy. The methodology and results for cal-
ibration validation of the PRISM sensor model are presented
elsewhere [13]. Table IV lists the results of exterior and interior
orientation procedures according to the sensor model used.

With the DGR model, the RMSE values in planimetry are at
the subpixel level (below 2.5 m) with five GCPs. The use of
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TABLE IV
RESULTS FROM EXTERIOR AND INTERIOR ORIENTATIONS WITH DGR AND

PPM-2 MODEL FOR FIVE AND NINE GCPs. THE RESULTS ARE IN METERS

Fig. 13. Three-dimensional view of the PRISM DSM over the Piemonte, Italy,
test field generated by ETH.

nine GCPs does not improve the accuracy results. The accuracy
in height (RMSEz) from the DGR model is about 1 m with
five GCPs, and the use of nine GCPs does not improve the
accuracy. With PPM-2 model results, an orientation procedure
using five GCPs provides accuracy in height on the order of
2.3 m. Fig. 13 shows a DSM of Piemonte, Italy, that was
generated using these orientation models with DSM generation
software also developed by ETH [13].

2) Verification of PRISM DSM Generated by ETH: The
purpose of this verification exercise is to evaluate the z accuracy
of the generated PRISM DSM. The reference altitudes were
retrieved from GCPs recorded with a differential GPS. On the
other hand, a DSM generated using SPOT 5 Haute Resolution
Stéréoscopique (HRS) was used. The methodology used both
reference data sets independently. At the end of the altitude
accuracy estimation, results from the two methodologies were
compared. Statistical comparison was performed according to
the following altitude class:

1) Class 1 is for terrain height below 400 m.
2) Class 2 is for terrain height between 400 and 800 m.
3) Class 3 is for terrain height between 800 and 1000 m.
4) Class 4 is for terrain height above 1000 m.

First, visual inspection of the contour lines computed on
both DSMs (PRISM and SPOT) highlights a perfect matching.
Moreover, Fig. 14 illustrates that more details are visible when
contour lines are computed based on PRISM DSM instead of
SPOT DSM.

Table V provides the results of PRISM DSM verification
with reference altitude derived from two distinct sources, as
follows:

1) For altitude classes 1 and 2, the PRISM DSM is consistent
with the measurement derived from GPS (< 0.75 pixel)
and consistent with SPOT HRS DSM.

Fig. 14. Subimage of the produced PRISM DSM over Piemonte, Italy: test
field that is superimposed with the contour lines of (red) PRISM DSM and
(yellow) SPOT HRS DSM. The altitude interval of the contour lines is 30 m.

TABLE V
COMPARISON OF PRISM DSM CALIBRATION ACCURACY WITH TWO

CALIBRATION REFERENCE: ALTITUDE DERIVED FROM GPS
MEASUREMENTS AND ALTITUDE WRITTEN INTO THE SPOT 5 HRS
PRODUCT. THE MEAN AND RMS OF ALTITUDE RESIDUAL ERRORS

ARE REPORTED IN ALL CASES. FOR EACH ALTITUDE CLASS,
THE NUMBER OF GCPs USED FOR THE

EVALUATION IS ALSO SPECIFIED

2) For altitude class 3, there is a small bias with the GPS and
SPOT 5 HRS (mean difference).

3) For altitude class 4, the bias is below 6 m with the SPOT
5 HRS.

The difference of spatial resolution between SPOT and
PRISM data results in variability in the statistical results. The
RMS results are thus difficult to explain for altitude classes 3
and 4.

V. IMAGE QUALITY EVALUATIONS

Image quality evaluation of PRISM and AVNIR-2 images
was done through visual inspection and the measurement of
absolute modulation transfer function (MTF) estimation.

A. Visual Inspection

Visual inspection was performed systematically on data
sets received from JAXA. Image quality problems were
mainly observed when inspecting PRISM images. The figures
(Figs. 15–19) illustrate the image quality problems that
were found. The problems related to detector equalization
and Charge Couple Device (CCD) chip equalization were
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Fig. 15. PRISM relative calibration problem due to optical black. Alternate
brighter and darker image columns.

Fig. 16. PRISM compression effect. The upper image is a part of the scene;
saturation and blocking artifacts are observed close to the white gray level. The
bottom image is a part of the first image with a threshold of 230 applied. The
compression kernel is magnified (blocking); pixels from odd and even detectors
are compressed separately. The compression rate is 1/9. PRISM products are
mainly distributed with a 1/4.5 compression rate that results in a better image
quality.

Fig. 17. Image artifact known as detector oversaturation; the width in the AC
direction depends on the size of bright source; it may vary up to 16 pixels and
the saturation can contaminate the whole of odd or even detectors.

resolved [14]. The main issues remaining are the PRISM image
saturation and the radiometric noise due to Joint Photographers
Expert Group compression. The AVNIR-2 image quality is
very good.

The image artifacts and radiometric calibration issues are
now well characterized. The frequency of the cited image arti-
facts is low and cannot be a limit for the use of the data. More-
over, the PRISM relative calibration was improved. The PRISM

Fig. 18. Missing data problem (circle) detected on AVNIR-2 image more
likely due to the loss of data during downlink. A dark column at the scene
center of the quick look highlights miscalibrated or inoperable detector.

Fig. 19. MTF target painted on the asphalt used to measure the PRISM image
edge response. (Left) Subimage of Salon de-Provence airport. (Right) The
draughtboard target allows row-wise and column-wise measurements.

odd/even detector equalization is now of better quality, and
the image stripes (systematic corrected products) are no longer
visible. The side effect of the odd/even correction is image satu-
ration. This correction is not applied on level 1A; consequently,
the PRISM level 1A image suffers from the relative calibration
problem but is not saturated. In addition, attempts have been
successful at significantly reducing the compression noise and
improving the quality of the PRISM image. The mosquito noise
remains as a residual of this standard processing.

B. MTF

The purpose of MTF is to evaluate and quantify the capability
of the PRISM and AVNIR-2 instruments to discern ground
features. Different methods may be used for the absolute mea-
surement of the MTF system: point source, step edge, and
biresolution [15]. The step edge method based on an artificial
target was applied to PRISM. Moreover, the AVNIR-2 MTF
measurements were derived using the biresolution method [16].

1) PRISM MTF: The artificial target used in the frame for
the step edge method looks like a draughtboard. It is located
at Salon-de-Provence (4.875◦ E, 43.513◦ N) and is 60 × 60 m
in size (Fig. 19). The white diffuse reflectance is about 0.50,
and the dark one is 0.05. Because of its dimension, the target is
suitable for PRISM MTF measurement.

a) Data: For the PRISM instrument, the use of only one
MTF target is a clear shortcoming. Indeed, because there is
no mechanical cross-track pointing with PRISM (instrument
design), the same target is observed by the same CCD chips.
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Fig. 20. (Blue) ESF deduced with curve fitting of the (black) nonequally
spaced data sample. The nonlinearity of the noise on low and high radiance
level and the transition area (red circle) affected by blocking was an issue to
find a suitable ESF curve fitting.

The CCD chip number depends on the cross-track pointing
mode [11]. There are two modes ±1.2◦. For one target, the MTF
of two CCD chips may be assessed. However, no more than
22 CCD chips are counted for within the PRISM instrument;
therefore, several targets spread across the globe are required to
provide an exhaustive assessment.

The first assessment was performed on a PRISM scene
acquired in June 2006 with a processing level for which no
geometric correction is applied (L1B1 product level). Unfortu-
nately, due to image saturation, only the backward view of the
triplet product (nadir, backward, forward views) was well suited
for the computation of the MTF. To date, five triplet products
have been investigated and three kept for statistics on image
resolution.

b) Method: The purpose of the method is to estimate the
MTF in line (AL) and pixel (AC) directions.

The initial task is to build the edge spread function (ESF).
The ESF is the system response of the input of an ideal
edge. The single line of the image is not sufficient to build
the ESF. The phase effects and the orientation angle should be
exploited as much as possible. The projection technique shown
in [17] was implemented. The measurements obtained are not
equally spaced because of phase information. For one target
and one direction, the number of measurements ranges from
75 to 100. Unfortunately, less measurement is collected for the
estimate of the AL MTF. The data sampling is usually done
through the nonparametric or parametric approach [18]. Unlike
the nonparametric approach, our implementation of the para-
metric approach was successful because it was less sensitive
to noise, particularly compression noise in the case of PRISM.
Moreover, because of the nonlinearity of the detector response,
the parametric approach with a curve fitting based on the error
function as the line spread function (LSF) does not work. The
PRISM point spread function is definitely not Gaussian. This
issue was overcome using the model proposed in [19]. Thus, a
local fitting applied to both ESF transition portions, as shown
in Fig. 20, enables a significant decrease in residual errors.

The LSF, as shown in Fig. 21, is then deduced from the ESF
in applying a derivative filter. In the Fourrier domain, a curve
fitting is done to model the discrete MTF transformed from the

Fig. 21. (Backward view) Four AC LSFs computed based on image observed
at different periods in 2007 and 2008. The FWHM is stable with a range
from 1.37 to 1.54. These LSF profiles provide MTF at Nyquist varying from
0.2 to 0.28. It is extremely high compared with the results obtained in along-
track. There is no dependency with the CCD unit. The difficulty to model the
transition is visible with the two secondary modes.

Fig. 22. MTF model computed on the four data sets for the nadir view. The
AC MTF value at Nyquist frequency is varying between 0.11 and 0.20, and
the AL MTF value is varying from 0.13 to 0.16. The AC MTF is 47% above
the AL MTF.

LSF. The a priori AC MTF model is accounting for attenuation
due to the detector and the optic. A model of the satellite motion
(motion blur) is added to the model for the AL MTF estimate.
The main difficulty was to correctly model the transfer function
of the detector system.

c) Conclusion: Four triplet products were processed, and
12 images of the MTF target were analyzed. The first im-
pression is that the results did not agree. After filtering and
investigations, however, one may notice the following:

1) For the nadir and forward views, the AL and AC MTF
remain stable, and the MTF at Nyquist is below the
prelaunch specification but at a good level (Fig. 22).

2) For the backward view, there is a large deviation between
the AL and AC results. The root causes are unknown
(Fig. 23).

The compression effect destroys the image and has made this
MTF assessment difficult. The statistical approach based on
temporal data set is useful to provide more consistent results.
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Fig. 23. MTF model computed on the four data sets for the backward view.
A large deviation between AC and AL MTF is noticed. The AC MTF value at
Nyquist frequency varies between 0.21 and 0.28. The AL MTF is very low.

TABLE VI
PRISM MTF MEASUREMENTS AT THE NYQUIST FREQUENCY.

THE RESULTS ARE FROM STATISTICAL COMPUTATION

BASED ON THREE DATA SETS

Table VI summarizes the current specification deduced from
this analysis.

2) AVNIR-2 MTF: The AVNIR-2 MTF estimate relied on
the characterization performed with the PRISM image consid-
ered as a reference because of its higher spatial resolution. The
ONERA laboratory leads the study for the ESA.

a) Data: The data were acquired on July, 2006, over the
ONERA/Pirrene test field with a pointing angle of −21.5◦.
Regarding the working data set, the ALOS processing level
standard did not meet the requirements of the biresolution
method. Indeed, the raw geometry of the AVNIR-2 instrument
is staggered so that it is visible with L1B1 image. For assess-
ment purposes, a procedure that corrects the misregistration
of detectors has been implemented. The image pixels are then
realigned but with no geometric convolution applied, and the
raw measurements are saved.

b) Method: About the biresolution method, the AVNIR-2
ground sampling distance (GSD) is close to 10 m; therefore, it is
very difficult to use an adequate artificial target to estimate the
system MTF. For such GSD, an adequate method is the low-
resolution/high-resolution (LR/HR) method [16]. The LR/HR
method, which is also called the biresolution method, requires
a couple of low- and high-resolution images. The PRISM HR
image is considered to be the landscape. In such a hypothesis,
the LR image recorded is the result of the convolution of
the PRISM image by the AVNIR-2 acquisition system. The
transfer function is then estimated as the ratio of the LR/HR
2-D Fourrier spectrum. The modulation of the transfer function
at the Nyquist frequency is then deduced.

c) Conclusion: The results in output of the biresolution
method are illustrated in Table VII. One may notice that the
in-flight estimate of the AVNIR-2 system MTF agrees with

TABLE VII
AVNIR-2 BANDS 1, 2, AND 3 MTF AT NYQUIST FREQUENCY WITH

BIRESOLUTION METHOD AND COMPARISON WITH PREFLIGHT

MEASUREMENT AND SPECIFICATIONS. THE POINTING ANGLE

OF THE AVNIR-2 SCENE IS −21.5◦

the preflight measurements and is above the specifications
(marginally for band 1 in along-track direction). Due to the
measurement method and the saturation observed on image
band number 4, no MTF assessment was performed.

VI. CONCLUSION

This paper has described the methods implemented at ESA
in the framework of the ALOS data verification and the quality
control plan. The ESA ALOS science team has benefited from
a large body of research on radiometric calibration, geomet-
ric calibration, and image quality. A fruitful cooperation and
synergy have been created. The study presents actual results
on PRISM/AVNIR-2 data quality. It forms a good point to
exchange with JAXA and to highlight the accuracy ESA users
may expect. More data and research are now needed to confirm
trends in radiometric and geometric calibration and to char-
acterize image artifacts. This paper demonstrates that major
improvements have already been accomplished since the launch
of the ALOS satellite.
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