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Abstract— The European Space Agency’s Project for On-Board Auton- Third, by slowly pitching during image acquisition (i.er¢lugh
omy is intended to demonstrate a range of innovations in the @sign, con-  motion Compensation) it is possible to improve the signal—
struction and operation of small satellites. It carries a nunber of scientific . ! . . . . .
instruments, the most advanced of which is the Compact HighResolution _nOI‘Q’e performance by mc_rea_smg the Integration t'mesa"f’m
Imaging Spectrometer. A typical nadir image is13mx 13%min size and it provides a means by which images can be recorded at ditfere
has 18 narrow spectral channels at17m spatial resolution. When oper- sensor view angles. The latter is, of course, importanttaties
ated at 34m spatial resolution, the instrument can capture data in62, al- of the bidirectional reflectance properties of Earth’s acef and
most contiguous, spectral channels. The platform is highlynanoeuvrable: P . p -
along-track pointing allows a given site to be imaged five tires during a Can also be used to g_enerate dlgltéﬂ elevation models throug
single overpass, while across-track pointing ensures th#te revisit time for ~ stereo photogrammetric reconstruction. In fact, PROBAf ¢
a site of interest is less than a week. This unique combinatioof spectral  pa pitched sufficiently quickly along-track so that five Sepa
and angular sampling provides a rich source of data with whit to study CHRIS images can be obtained for a qiven target area during a
environmental processes in the atmosphere and at Earth’s siace. ’ A g A ; 9 g ) 9

single orbital overpass, with each image recorded at ardifte
sensor view angle. This multiple-view-angle (MVA) imaging
_ ~ capability [1], in conjunction with the high spectral andasp

The Project for On-Board Autonomy (PROBA-1) satellitgjg] resolution of CHRIS, provides an enormously rich seust
was launched from Shriharikota, India on 22 October 200%. Dgata for the scientific investigation of Earth's surface atrdo-
veloped and built by a consortium led by the Belgian compaRyhere. Indeed, ESA has recognised the importance of stech da
Verhaert, and funded by the European Space Agency (ES@ythe characterisation of a range of environmental praxsess-
PROBA-1 was originally intended to be a short, experiment@lating at the land surface, and have plans for a similariofiss
mission. Its primary objective was to test a number of iNN@SPECTRA), albeit on a much grander scale and over a longer
vations in platform design, principally relating to attieicon- period, to be launched later this decade. The lessons kkarne
trol and recovery from errors, which would enable it to operagrom the PROBA/CHRIS mission will be invaluable in helping

autonomously; that is, with the minimum amount of interveny, guide the development of this, more ambitious, programme
tion from the ground. PROBA-1 carries on board a small num-

ber of scientific instruments, intended to demonstrate Heeat Il. THE PROBA R ATFORM

the platform for both space and environmental studies. éheﬁ? 0 :

include a sensor for detecting space debris, a space @diatl Verview

environment monitor and two digital cameras. The principal The primary purpose of the PROBA platform is to act as
scientific instrument on board PROBA-1, however, is the Cortproof-of-concept’ for a novel spacecraft technology. Mor
pact High Resolution Imaging Spectrometer (CHRIS). This sespecifically, it is intended to show the utility of on-boaystgems
sor acquires high spatial resolution (17#26 34—40n) images that may be used to control the satellite, including its gehe
of Earth’s surface in up to 62 narrow spectral channels émtatoperation and the management of resources, spacecraitiafti
in the visible and near infra-red wavelengths. data communications and payload operations. The operation

In addition to their respective scientific and technolobida the star trackers, on-board autonomy software and spdtecra
jectives, the combination of CHRIS and PROBA is intendeattitude-adjustment using the four reaction wheels areaof p
to serve as a demonstration of a faster approach to the desiglar interest from an engineering perspective, and fdre
launch and operation of scientific satellite-sensor missidn core of the technology demonstration programme.
this context, ‘faster’ refers to the relatively short tirperiod The PROBA project is part of a general move away from the
(two to three years) between the selection of CHRIS as the Aarge, resource-intensive, satellites, which have beanacher-
nouncement of Opportunity (AO) instrument and the launch ddtic of Earth observation over the past 20 years or so; feseh
the PROBA platform. One of most significant benefits of thisiissions, the time period between conception and laungipis t
approach is the potential for greater responsiveness touhe ically much longer than the natural cycle of scientific inres
rent and future needs of scientific users. gations. Instead, attention is turning to so-called ‘sgzafl’,

A novel feature of the PROBA-1 platform is that it can bevhose design, build and deployment programme is intended to
manoeuvred in orbit using a set of four reaction wheels. &hef®llow the principles of the ‘faster, better, cheaper’ iaive,
allow the satellite to be pointed off-nadir in both the alarack which was introduced by NASA to provide more cost-effective
and across-track directions. This agility confers a nunalbeb- space missions after the failed Mars Lander attempt in 1993
vious benefits. First, it increases the area of Earth’s sarfhat [2]. As a first attempt at implementing this strategy, PROBA
is potentially visible to the on-board imaging instrumedts- has done reasonably well: the time between the initiaticthef
ing a single orbit. Second, it allows the instruments to &equ project and the launch of PROBA-1 was less than four yeats, an
images of cloud-free areas of Earth’s surface at the expafnsevould have been under three years but for delays to the launch
cloud-covered ones, and to avoid sun glint over water bodiesused by factors external to the project.

I. INTRODUCTION



The first realisation of the PROBA concept, PROBA-1, is &. The PROBA Orbit

small platform, weighing approximately 1k, including pay- The PROBA-1 satellite was launched from the Indian Space

lsoi?cségg?t nnlzizugr:geﬁrzgoxmigggfgg ?12(\:,:“ ;t?oor?gln-rlhle; N tResearch Organisations (ISRO) main launch pad at Shristarik

SP ) gem 9-9 ' 9 . in India, aboard an ISRO Polar Satellite Launch Vehicle ¥ASL

is carried out by a high-performance RISC processor; spe h o h ith il

ically, a space-qualified SPARC V7 device, which provides - PROBA-1 orbit is sun-synchronous, with an equatoria
. ' ssing time at launch of 10:30. The orbit is somewhat@llip

: o
10MIPS and 2MFLOPS of processing power. The spacecrgg , with an altitude varying from about S&kfito about 67@€m

is designed with a nominal lifetime of greater two years.- InLI'his is useful in the context of the PROBA mission, and espe-
tially, the intention was to operate PROBA-1 in space for ong '

ear onlv. but the demand for scientific data from the paviod: lly for the space-radiation detection experiment, suess
y Y pay ?h:f\n optimal for CHRIS activities. In July 2003, the orbite-
instruments has been so great that an extra two years of pgst- . P N
launch support has been funded by ESA npq was 9677 minutes, the inclination 984 and Fhe eccen-
' tricity 0.0084. Atmospheric drag makes it impossible to predict
B. Attitude Control and Pointing more thgr) about two months in advance whgther a gi_\/en site
will be visible on a particular day, and the relatively lovbial

An important element of the on-board autonomy is the contrgkitude restricts the across-track pointing, as noted@bo
of the spacecraft’s attitude. The platform uses GPS ingtnim

(an L1 system with 4 antennae) and star trackers to maintgn power

an accurate record of its position and attitude. The stakira

ers work by recording an image of deep space, comparing th(g’pwer is pr0\_/ided by Gallium Arsenide solar arrays r_nounted
observed pattern of stars to an internal catalogue of sjetla ©" five of the six faces of the spacecra_ft._The_se provide up to
sitions. The image processing load is taken by the stararac#20/V peak output and charge the Walithium-ion on-board
itself. This, combined with efficient matching algorithmsean Patteries. In terms of the battery operations, there aretjq

that the star tracker units impose a very small resourcedoadc@! Operational orbits, these being ‘imaging’, ‘transsios’,
the platform itself. The rate of update of the star trackers o Mmaging and transmission’ and ‘quiet’. Orbits where imagi
board PROBA-1 is in the range 5-8@ At 5Hz, a pointing takes place discharge the batteries, while the others ellaem;
accuracy of a few arc seconds is achievable. the latter are generally managed autonomously by the ordboa

If just one star tracker is used, it will be blinded periodiga mission manager. Any combination of transmission and quiet

by being directed at the moon: the passage of the moon acrgiyts is allowed, as this leads to a net charging of the aardo

its field-of-view can last as long as 240 seconds for up to 2 ddyAtery: Typical image acquisition periods place a higbed|
per month. To avoid this, and to increase the accuracy gerf®-the battery and may increase the Depth of Discharge (DoD)

ally, PROBA-1 employs two star trackers, pointing in diéfat !oeyond acceptable limits (20% is the acceptable limit, 32% b

directions. The star trackers are situated to avoid bligtipthe N9 the maximum recommended). A ‘sun-bathing’ mode is pro-
sun throughout the duration of the mission, whether as atres{ided by PROBA, when the maximum possmle-area Of, solar
of seasonal progression or spacecraft manoeuvring. Thie adignels is exposed _toward the Sun d_urmg a daytlme orbit. The
tional requirement that they are not blinded by Earth-lights "€t charge per orbit when sun-bathing iS@h. This means
the across-track pointing of the mission slightly, partiedo the that 20% DoD, correspondlng_to anet charge per orbitoAh,
relatively low orbit into which PROBA-1 was eventually péat can be completely recovered in two orbits [4].
it is a minor consideration in a higher orbit.
The spacecraft attitude is controlled by a set of four reacti
wheels, which are integrated to the satellite structureséral-  ESAs ground receiving station at Redu has .&n2 dish,
low the satellite to be manoevered in each of the three plangsich is dedicated to the PROBA-1 mission. PROBA-1 has
(i.e. roll, pitch and yaw). Consequently, the capabilityiicthe  1.2Gbit of on-board data storage located within the Mass Mem-
satellite in both the along-track and across-track dicestiis a ory Unit (MMU) and its data transfer rates are 4kbitgor up-
significant feature of the PROBA-1 mission. The maximum ratk and 1Mbits ! for download. Thus, about 20 minutes are
at which the spacecratft attitude can be varied is approeiyatrequired to download the contents of the MMU in its entirety,
1°s~L. This is primarily limited by the ability of the star tracler equivalent to as many as three overpasses of the Redu ground
to maintain an accurate register of spacecraft positionadiitd receiving station. To achieve the greater throughput regto
tude, rather than the intrinsic capabilities of the reactitheels. meet the needs of the scientific mission for CHRIS, additiona
As with other missions, such as the HRV and HRVIR sensadswnload capacity has been deployed at the Kiruna grourd sta
on board the SPOT series of satellites, across-track pgiitti tion, while Redu is still used for the data up-link.
creases the frequency with which a given area of ground is vis
ible to the sensors on-board PROBA-1 [3], and ensures that al [1l. THE CHRIS INSTRUMENT
most all of Earth’s surface is accessible at least once eaeft.w
In its present orbit, certain sites are visible to PROBA-1wo,
and occasionally three, successive days. Moreover, lggtlt CHRIS is a small hyperspectral imager, designed as a space-
the platform in the along-track direction, its imaging pzad is borne remote sensing instrument. It consists of a telesange
able to acquire a set of up to five images of the same target aaeamaging spectrometer, attached to a CCD-array detegder s
during a single overpass. tem. It weighs approximately k4 and occupies a volume of

E. Ground Operations

A. General Description



C. Spectrometer

Light from the slit is dispersed and re-imaged by the spec-
trometer optics onto the detector, which is an area-arralp.CC
The spectrometer has a magnification close to 1 for each
wavelength in both the along-track and across-track doest
(i.e. orthogonal to and parallel to the slit direction, resjvely),
so that the overall focal length of the combined instrumgthé
same as that of the telescope (4. The spectrometer in-
cludes two dispersing prisms, so that each point in the eoéra
slit is re-imaged as a spectrum line, each line being orthabjo
to the slitimage. Thus, a monochrome image of the entraitce sl
0.79m x 0.26m x 0.20m. Between the telescope and the speds formed on each row of detector elements, while the spectru
trometer lies the spectrometer entrance slit, which igéeas of each point in the slit (and hence on the ground) is imaged
part of the telescope assembly in the context of this pages. Talong a detector column.
telescope forms an image of the distant Earth scene ontmthe e The re-imaging function of the spectrometer optics is per-
trance slit, so that the telescope and slit define a slitesthap  formed by an arrangement of three spherical mirrors. The pri
stantaneous field-of-view (IFOV). The spectrometer regesa mary and tertiary mirrors are concave; the secondary iseanv
the collected light, disperses it in the direction perpealdir to  The mirror configuration is very similar to that of a classica
the slit image, and focuses it on to the area-array detettw. Offner relay, with all centres of curvature close togethet the
CHRIS deployed on PROBA-1 is limited to channels in the vigadii of curvature of the concave mirrors approximately lnleu
ible and near infra-red wavelengths, but the design allaws fthat of the secondary. The prisms are placed in the path leetwe
an extended range of wavelengths through the use of an @tk entrance slit and the first mirror, and between the thircom
ditional detector system and minor adjustments to the gnedind the detector. The prism surfaces are spherical to aliow ¢
instrument layout. The result is a low cost, light weight; inrection of their optical aberrations in beams that are djivey
strument with no moving parts, capable of delivering hig reand converging.
olution spectra throughout the visible and near-infrawette-  The prisms are made of fused silica. The mirrors are made of
lengths (400-105@). Schott BK7 glass. Again, this is to provide a good CTE match to

the titanium structure. With different coatings and minesign
adjustments, the system can provide a well-corrected spect
B. Telescope image for the complete spectral range from UV to 2500
The special merits of the spectrometer design are its simpli

The telescope has a pupil diameter of a2 operating at jty, ease of manufacture and alignment, and small dimession
f/6, and has a conventional two mirror configuration. AfteThe simplicity arises from the use of just three mirrors amd t
reflection from the primary and secondary mirrors, the bea@fracting elements, which also limits costs and permitsdgo
passes through a central hole in the primary mirror to reacl:gntrol of out-of-band stray light. The ease of manufacame
focus at the entrance slit (Fig. 1). Only spherical surfa@s alignment are achieved by avoiding aspheric surfacescuiiffi
used. A large meniscus lens at the entrance pupil of theuinstmaterials and optically contacted surfaces. The desigisés a

ment is employed to correct for spherical aberration. This a yery compact for the achieved spatial and spectral resmiatnd
provides a convenient method for mounting the secondary mig|ative aperture.

ror, which is cemented to the inner face of the meniscus. The
telescope optics are completed by two small lenses in the cgn ccp
verging beam in the entrance slit assembly, which correrct fo

some minor telescope aberrations and allow the telescope to The re-imaged light emerges from the spectrometer with the
approximately telecentric. slit dispersed spectrally, at right angles to the slit dicet The

h i | h q hich it i CCD array in the spectrometer focal plane is aligned so that i
The meniscus lens, the secondary to w Ich Itis Ceme,m%@quires spatial data in one dimension (columns) and sdectr

mirror is made of Schott BK7 glass, to provide a good CTE,pe (CCD25-20),
match to the titanium structure. Lens elements are mujt+la
anti-reflection coated to reduce stray reflections beldwWdper
surface at all wavelengths in the nominal instrument raiige.
telescope mirrors are multi-layer dielectric coated ted8% gives high quantum efficiency, including good performance i

reflection per surface over the wavelength range. the deep blue spectral region (20% at A6 and better than
The slit is 167mm long by 00255 mm wide and the focal 7% at 1000m The element size is.0225mmx 0.0225mm
length of the telescope is 7d46n so that at apogee (6K@) the The individual detectors have a dump gate on the output reg-
ground area instantaneously imaged by the slit and telessopister, which enables rapid dumping of signals from unwanted
15km across-track by 2@ along-track; these figures reduce tadmage areas. The row length of 770 devices provides a useful
about 1&mby 17mat perigee. compromise between the need for a fast line-transfer tindeaan

Fig. 1. Optical plan of the CHRIS instrument.

and 576 rows. It is thinned, back-illuminated and has a sing|
layer anti-reflection coating, which is uniform over the gea
area, and quarter-wave effective thickness at H@®0 This



matic images of the slit fall on straight detector rows, and |
spectra of resolved ground areas fall on detector columes. D
partures from these two conditions are known, respectiaaly
‘smile’ and ‘frown’. In design, the worst case smile, in texiof
wavelength errors, is.00035nmat 1050im, corresponding to
a wavelength error of.@nm The worst-case frown is 1% of the
, pixel width.

Bandwidth, nm

F. Stray Light Control

] The low-cost telescope design presents some interestaig ch
lenges in terms of stray-light control. The main source r&yst

‘ ‘ ‘ ‘ ‘ ‘ light error is believed to be produced by low-angle scattepa
400 500 600 700 800 900 1000 1100 tical surfaces, arising from imperfections in the polisk apat-
Central wavelength, nm ings. In particular, some light from the scene can reach the e
trance slit by transmission through the three lens elemeiitts-
out reflection at either mirror. An over-sized secondaryramjr
and a sequence of baffles are deployed to mitigate thesepossi
wide image swath. ities. An analysis of stray-light for the instrument confertihe
g_xpectations from the optical design, namely that radienaes
equivalent to (% of the average scene radiance are achievable.

el el o
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Fig. 2. CHRIS spectral resolution against central waveteng

The CCD offers the ability to make radiometric measur
ments in the spectral range 400-1660with a spectral reso-
lution that varies from 25nmto 11.25nmacross the spectrum
(Fig. 2). As has been noted previously, the design of the-spec
trometer is such that this could be expanded out into thetshor The combination of a programmable imaging spectrometer
wave infrared (up to about 2506 by the addition of a sec- (CHRIS) and an agile, pointable, satellite platform (PRGBA
ond detector sensitive to this part of the spectrum. A palgic offers considerable flexibility in terms of image data asitui
strength of the CCD package is its flexibility in terms of lingion. As a result, it is possible to tailor the data acquirgd b
transfer and read-out. This allows a wide variety of diffare PROBA/CHRIS to address the particular needs of selected sci
imaging configurations. These are considered later in this gnce problems. More specifically, the CHRIS instrument on
per. The spectral and spatial definition of any given modéef tboard PROBA-1 offers some control over the spatial resmuti
CHRIS instrument may, therefore, be controlled by comigjnirof the image data (by a factor 2), the number and spectral-band
or neglecting CCD elements, and by changing the integratiasidths of the wavebands in which these data are recorded, and

IV. CHRIS oN PROBA: MissION CHARACTERISTICS

time. the view zenith and azimuth angles at which they are acquired
In practice, given that this is primarily an experimentassidn,
E. Theoretical Performance and Tolerances a single mode of angular sampling is employed, and the spectr

. . _ . and spatial sampling options (i.e. those realised by pdsaion-
The telescope gives design resolution better th@'?‘mm'” ._chip averaging configurations) are limited to a few operstlo
thg focal plane, over the whole spectral range and field (,W‘V'emodes for almost all acquisitions.
Alignment tolerances are generally coarse, so that theéaspat
resolution is, in practice, limited mainly by the finite sizef A Sampling Characteristics
the entrance slit (along track) and the detector pixelso&ger ) ] o _
track). The design performance of the spectrometer optics,Th€ Spatial sampling characteristics 16r 34m nominal
in combination with the telescope, is better thafi@mmin Sampling interval and I8nnominal swath) have already been
the across-track direction, so that spatial resolutiorinighe- ©utlined. The main purpose of having the coarser spatialues
ory, limited almost entirely by the finite detector elemeizes tion is to increase the number.of bands that can be read qut fro
(0.0225mn). The design resolution of the spectrometer is bettfe CCD array. Thus, there is a trade-off between spatial and
than 0011mmin the spectral-dispersion direction for most o.§pectral resolution. A half-swath option at fulllspatladcnhmon
the wavelength range, so that, in practice, the spectralutisn 1S apother of the operational modes; thls again trades spere s
is similarly limited mainly by the dimensions of the slit ade- tial information for enhanced spectral information. Indhg it
tectors. The half-width of the instrument line-spread tiors is also possible to accept the coarser spatial resolutientbe
in the column direction is approximatelyG255mm (i.e. one half-swath, giving just 190 or so pixels across-track, wréase
detector width), although charge dispersion in the deteige he number of spectral bands still further (over 100, injiabhe
grades this slightly at near infrared wavelengths. Spesa- SPatial sampling interval varies by8% around the orbit, and in
lution varies with wavelength, following the typical disgon {ime at any one location, because of the varying altitudénef t
provided by refraction through fused silica prisms. Theotee  Satellite.
ical half-width of the line-spread functions correspondpec-
tral resolutions of 25nmat 415 1m, increasing to 125nm at
1050m(Fig. 2). In practice, the operational modes of CHRIS are charaetgris
The complete optical design is optimised so that monochiio-terms of different combinations of spatial resolutiowagh

A.1 Spectral Sampling
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TABLE |

width and spectral band sets, as outlined below. Other modes
PROBA/CHRISIMAGING SEQUENCE

have been used for specific tasks such as wavelength cediarat

A.l.a Mode 1: Full Swath, Reduced Spatial Resolutidn this
mode, CHRIS acquires image data across a full swath (nominal

| Tag Number| FZA | Scan Direction|

13km) at reduced spatial resolution (nominaln34in 62 spec- i +§20 g_s
tral channels (Fig. 3). Most channels are Saitvide, and the 3 +O° N_S
set is largely contiguous. —
gey g 2 —36° S-N
A.1.b Modes 2—-4: Full Swath, Full Spatial ResolutiorT his is 4 55 N=S

the most common mode of operation, in which CHRIS is used
to acquire image data at the highest spatial resolution maim
17m) over the full swath and in 18 spectral channels. The laind AATSR) have dual-view capability, with data recorded at
ter are obtained by binning the signals from sets of CCD rowsadir (actually, betweerfGand 20) and at 55 [6], [7].

allowing the bands to be selected anywhere in the instrusent |n the context of the PROBA/CHRIS mission, the view zenith
spectral range. In this mode, three standard spectral beted angle of the satellite at the fly-by position is known as thaMi
have been defined. These are intended for studies of watgim Zenith Angle (MZA). The convention adopted is that this
bodies (Mode 2; Fig. 4(a)), the land surface and atmosphesi§gle is reported as a negative number when the target lies to
aerosols (Mode 3; Fig. 4(b)), and chlorophyll (Mode 4). Whetthe east of the sub-satellite track, and positive whenstttethe

this can also be satisfied, the standard bands sets havedreengest. The scan direction in which the five images are acquired
figured to permit inter-comparisons with other satellitess®s, alternates, to minimise the slewing required between image

such as MODIS and MERIS. In any case, the convergencegfd each image is assigned a unique tag number (Table I).
interest in a similar set of science problem lead us to lotae

CHRIS bands at similar wavelengths to those chosen for otfeB8 Temporal Sampling

satellites. Itis possible to take still further advantage of the acrivask

A.1l.c Mode 5: Half Swath, Full Spatial Resolution CHRIS pointing of PROBA-1, to acquire up to three separate sets of
can also be used to acquire image data across half of the abminultiple-view-angle CHRIS images with respect to a given ta
swath at the highest nominal spatial resolution. Inthisenptite get area, each from a different orbital overpass, over thiege
instrument is able to record image data in 37 spectral cHanneof several days. The opportunities for repeated imaging of a

target are determined by its latitude and a factor relatetido
A.2 Angular Sampling immediate properties of the orbit. At the equator, any poént

As was noted earlier, the PROBA-1 satellite can be manodi imaged by CHRIS once every seven to eight days. If the
vred in all three axes to view any target of interest, which Rverpass has a small MZA, this will be the only chance to im-
very important for an instrument with a small image swatlchsu 29€ the site but, if the MZA is larger, the site may be visibie o
as this, and only sites at the very highest latitudes arecesac tWO successive days. At higher latitudes, the opportusiftie
sible to the mission. More significantly, by tilting PROBA-1imaging on two successive days increases and, if the satelli
in both the along-track and across-track directions duoirit, 1S close to apogee, it is possible that the site will be vestol
it is possible to acquire a set of up to five CHRIS images BROBA/CHRIS on three successive days — one view will be
a given target area, each at a different view zenith angle, irfrom the east, one from the west, and one from an overpass with
single data acquisition sequence; that is, during a sindiigad @ relatively small (<3) MZA. The different sensor viewing an-
overpass (see, for example, Fig. 5). It is important to sealigles and, to a lesser extent, the small changes in solahzaemit
that the CHRIS instrument is only occasionally able to imagedle at which these images are acquired enable PROBA/CHRIS
target area from directly overhead (i.e. in nadir-viewingds) t0 Sample the BRDF of the target surface. For example, on the
because of its relatively narrow field-of-view. More gerigra 12" 13" and 14" of July 2003, the community site at Bar-
PROBA-1 must be tilted at some angle in the across-track-diréax, Spain (latitude 3N) was visible to PROBA/CHRIS with
tion so that the target area falls within the sensor’s fiditiew. MZAs of 20°, —4° and —27°, respectively. The pattern with
Each target site therefore has an associated ‘fly-by paositio Which any site is accessible to the platform varies at roughl
any given day; this is the point on the sub-satellite tracit t €ight-day intervals, but with some shifting in MZA, becatise
closest to the target. The platform acquires images of tiyeta Orbit does not repeat exactly. For example, Barrax was leisib
when the zenith angle of the platformjth respect to the fly- for just two successive days a week later (MZA Bhd—9° on
by position is one of the following:£55°, +36° and 0. The the 20" and 2%, respectively).
zenith angles with respect to the target will typically benge
what larger than these values, especially for the ‘nadidges.
In practice, this means that the angles at which images are adReflectance from Earth’s surface is almost always anisitrop
quired vary from site-to-site, depending on their pos#iovith As a result, a measurement of surface reflectance acquiged at
respect to the orbital track. By comparison, the view zeaith single sensor view angle has only limited usefulness insesm
gles at which the MISR cameras acquire image data are, to #simating the surface albedo, which is a critically impattpa-
nearest degree;70°, +60°, +£46°, +26° and nadir [5], while rameter of the surface radiation budget and, hence, thacurf
the Along Track Scanning Radiometer series (ATSR, ATSRehergy budget [8], [9]. The directional reflectance prapert

B. Mission Science



(b) —36°

(c) +36°

(d) +55°

Fig. 5. Four single-band images from a multiple-view-angg& acquired by
PROBA/CHRIS over Lana’i, one of the Hawaiian islands, on &gber 6,
2002.

of Earth’s surface also mean that a comparison of reflectance
measurements made at two different times (e.g. for change de
tection purposes) is likely to be compromised, if variasion
reflectance with viewing geometry are not taken into account
Thus, the proper interpretation of a measurement made at a si
gle view angle often requires an understanding of the daeat
reflectance properties of the surface; simple spectralidista-

tion of different cover types is perhaps the only exceptaln,
though even here a set of directional-spectral measuramant
help to improve the separability of different vegetatiopdsy,
when compared to a single multispectral image [10].

At the risk of over-simplification, one might argue that spec
tral variation in reflectance is largely determined by theroh
ical composition of the surface materials, while angulatarsa
tion is determined their structural properties [11]. Onetladf
main contributions of the PROBA/CHRIS mission, therefore,
will be the validation of surface reflectance models, atigpat
scales that can be tied to simultaneous ground measureofents
canopy variables [12].

The atmosphere also reflects light non-isotropically. tecat
ing by permanent gases is well characterised by theory and it
is relatively simple to account for this contribution to ttog-
of-atmosphere signal. Scattering by optically active sel®is
more problematic. This has a strong forward-scatteringmmm
nent, but the precise phase function depends on the size dist
bution of the particles present. Again, as for the land, the d
rectional quality of the atmospheric reflectance distidntar-
ries information on the causes of the anisotropy, and nvigti+
data have been used to estimate concentrations of optaaily
tive aerosols [7], [13].

The initial plan for the data from CHRIS was designed to ex-
ploit the multiple-view-angle capabilities of the instrant to re-
trieve either atmospheric aerosol properties or landaserfeo-
physical properties related to the BRDF. In each case, teadin
tion was, initially at least, to collect data over a limitedn-
ber of well-characterised and instrumented sites (e.gowedr
sites in the case of aerosols and selected MODIS MODLAND
Cal/Val sites for the surface properties). Coastal studiese
later added, since the CHRIS instrument shares some heritag
in design terms with the MERIS sensor, and a decision was
therefore made to broaden the scientific user base. It wagsub
guently decided to open up the mission to a still wider sdfient
audience by means of an Announcement of Opportunity, which
was issued by ESA in 1999. As a result, there are now some
60 locations on the list of scientific sites for which CHRIS ac
quires images, and these have been partly prioritised. Tiste m
sion now includes a number of sites for the study of coast@l an
inland waters, and a wider range of land applications inoigd
forestry, agriculture and surface energy budgets. Someeskt
exploit the programmability of the CHRIS to select differsats
of spectral channels for specific applications.

B.1 Land-Surface Studies

Models of the BRDF for vegetation canopies show that the
varying intensity in reflected radiance is determined ppalty
by structural features, such as gaps and the arrangemientzer
tion and spacing of the surface-scattering elements (@ages,
stems and branches) [14]. The more parsimonious models of



BRDF allow most of the surface reflection, aside from the-hoAATSR and MISR pixels, and should make possible a more
spot’, to be captured in terms of a few parameters. Characteensible validation of the latter with the former. At somenn
isation of the surface in terms of an appropriate BRDF modg&éronet sites, ground-based lidars will be deployed asgidne
enables robust, physically based relationships betwemdal PROBA/CHRIS programme to obtain vertical profiles of aetoso
and directional radiance to be developed, but the validadfo distributions.

these models over large areas is difficult. In this contén, t

directional data from PROBA/CHRIS will be used both for th&-3 Coastal and Inland Waters

validation and refinement of top-of-canopy BRDF models, and The remote sensing of coastal and inland waters requires sen
for the retrieval of geophysical parameters, such as leed akors with a high spatial resolution and the ability to previd
index and canopy chlorophyll content, by inversion of simplmuylti-temporal imagery. Cracknell has argued that Earteob
fied versions of those models, or through the use of look-ytion has been far less successful in the shallow coasta zo
table (LUT) approaches applied to more sophisticated nsodgbmpared to the deep ocean and atmosphere, in part because
[12]. This original theme is now joined by a range of lan@imited scanner resolution and image frequency have pteden
surface studies, including the assimilation of CHRIS data i observation of the relevant scales in shelf seas and m{aﬂ]
models of plant growth, as well as more conventional redeedgROBA/CHRIS provides a higher spatial resolution thantexis
position (REP) investigations and land cover studies. Imynajng ocean colour sensors (MERIS currently has the highest sp
cases, simultaneous measurements of surface reflectatheé anja| resolution, which is 30@). The critical question will be
mospheric optical properties are needed to validate thelSHRyhether PROBA/CHRIS has the required radiometric sensitiv
data and the derived products, so that dedicated fieldwaek isty to map not just suspended particulate matter, but algtoph
quired, although automatically instrumented sites hasela¢en plankton, since it was not originally designed to act a seftso
included. the marine environment.

CHRIS is being used over a small number of coastal and in-
land water sites in Europe. The core test sites are well chara

Aerosols (liquid droplets and atmospheric particulateterpt terised and represent a range of Case Il waters (dominated by
are an important radiative constituent of the atmospheitl, wsediment or coloured dissolved organic matter), althowghes
sulphate aerosols in particular able to reflect significemaants of which on occasion are more similar to Case | (phytoplamkto
of energy back to space. Apart from their direct radiativeifty dominated) waters. Wherever possible, the sites and aequis
effect, aerosols have an indirect effect through theirasleloud tions are chosen to augment existing, pre-planned, campaig
condensation nuclei, although the interaction betweendslo With research ship support. Most sites hanesitu sampling
and aerosols is a complex story with many uncertainties: L{both optical and bio-geochemical) during the CHRIS adeuis
tle is known about global aerosol distribution, and how iies tion periods, sun photometer (atmospheric) measuremedts a
in time, although this is being rectified with the expansidén ®ther forms of remote sensing (additional airborne/sgeedys-
the Aeronet system [15] and the continuous delivery of glob&ms). Accurate atmospheric correction is very important t
aerosol products from instrument such as MISR [5]. these studies, as the water-leaving signal representslecema

MVA data can be used to estimate aerosol properties undidution to the top-of-the-atmosphere value. The mainton
appropriate directional sampling conditions [16], [17]hish bution of the directional component of the data, here, isaten
was the rationale behind the nine-view MISR instrument [18p0ssible a more accurate atmospheric correction.
[19], [5]. Nine viewing directions may not always be needed; r )
the ATSR2 instrument [20] combines just two views of th&- Acquisition Planning/Schedule : Ground Segment
ground in four solar channels, but this has been found adedn keeping with the experimental nature of the overall mis-
quate for good estimates of aerosol optical depth [21],,[Z3] sion, the ground segment for the scientific component is rela
[23]. In comparison with the existing MVA instruments, whic tively modest. There is a steering committee for the CHRIS
have just a few spectral channels, the CHRIS allows an almésstrument, which considers requests for scientific adtpis
continuous spectrum to be obtained at high spectral résnlutand which has developed a simple scheme for prioritising dat
(~10nm), and it is hoped the extra spectral information will alacquisitions among the different sites and users, with time a
low inferences to be made about the particle size distdbuti  of maximising the acquisition of useful data. Highest gtior
the aerosols. tends to be given to experiments where large ground-camgpaig

Existing MVA satellite-borne instruments tend to have &argare taking place simultaneous to the CHRIS overpassesg;ypart
footprints — 2—&min the case of ATSR2, about kehin the larly those involving, for example, ship-time or the depiont
case of POLDER [24], [25], and roughly R in terms of the of ground-based lidars, or similar equipment, away fronirthe
global aerosol product delivered by MISR. The dangers df scasual base. Investigations where angular sampling is anrimp
ing errors in such retrievals may be real, given that aecromel tant element of the science are preferred to those that #me in
centration can vary significantly over smaller lengthsesabs- ested merely in hyperspectral data; similarly, instruradrsites
pecially in the vicinity of aerosol sources. The high sdats- are preferred to non-instrumented ones. Perhaps the sgbng
olution of the CHRIS may allow any such scaling effect to béeterminant of all, however, is weather. A prioritised $Hist
characterised. Perhaps more importantly, the retrieval® f of candidate sites is compiled for each day, a week or so in ad-
CHRIS are at a scale between the point measurements of thace, but the choice of which image to take on any given day
Aeronet network, and the multiple-kilometre areas covdned rests on the expected cloud cover for each site, based oitpred

B.2 Atmospheric Aerosols
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