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PROBA-V is a new global vegetation monitoring mission, to be launched in the
second quarter of 2013. PROBA-V has been developed to show a consistent perfor-
mance with SPOT-VEGETATION (SPOT-VGT) data, with similar spectral bands but
with an improved spatial resolution of 1/3 km. The innovative mission concept has led
to several key research topics related to image quality, which are discussed in this
article. To support the existing VEGETATION user community, the data products for
PROBA-V continue to provide daily top of canopy synthesis (S1-TOC) and 10 day
synthesis products (S10-TOC). In addition, the new top of atmosphere daily synthesis
(S1-TOA) products and a radiometrically/geometrically corrected (level 1C) product in
raw resolution will also be provided for scientific users.

1. Introduction

Following 15 years of successful operations of VEGETATION 1 and 2 on, respectively,
Système Pour l’Observation de la Terre (SPOT) 4 and 5 satellites, ESA has developed a
Belgian-led Earth observation mission dedicated to global vegetation and land-cover monitor-
ing (Schyns 2010). PROBA-V will be launched in early 2013 and is a continuation of the
PROBA autonomous small satellite series (Bermyn and Dorn 2008). The two previous
satellites in the series were demonstration missions providing an early flight to new technol-
ogies. Their relevance for users was only picked up later, with PROBA-1 for hyperspectral
environmental monitoring and PROBA-2 for solar observations and space weather. PROBA-
V however is from the start both an implementation of new technology and an operational
mission, to ensure timely service of data towards the existing VEGETATION user community.

PROBA-V has an optical instrument on board that will provide 1 km and 1/3 km data
products consistent with the familiar 1 km data products of SPOT-VEGETATION
(Maisongrande, Duchemin, and Dedieu 2004). To achieve this, PROBA-V specifications
align closely with those of SPOT-VEGETATION, while improving the spatial resolution
on a smaller satellite. The new global mission concept is presented in this article, as well
as specific topics related to data quality.

Once PROBA-V is launched, data will be calibrated and validated after a full
commissioning of the satellite and the ground segment processing system is performed.
Special focus is given to calibration, which is carried out through a consistent plan of
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vicarious calibration, on dedicated sites for radiometry (Sterckx et al. 2011; Sterckx,
Livens, and Adriaensen 2013) and using ground control points (GCPs) chipmatching
for geometry (Mica et al. 2012; Sterckx et al. 2013 this volume).

To support the existing VEGETATION user community, the data products for
PROBA-V continue to provide S1-TOC and S10-TOC. In addition, the new S1-TOA
and radiometrically/geometrically corrected data (level 1C) products in raw resolution
(100 m for centre 500 km swath for the VNIR bands) are foreseen for scientific users.

These products are provided on a Web portal. An additional interface is developed,
directed towards the user community of GMES, the programme for Global Monitoring for
Environment and Security (Aschbacher 2012). Through its GMES Space Component
Data Access Service (GSCDA), access to the PROBA-V 1 km synthesis products is
provided by ESA.

2. The global mission concept

The prime application target for PROBA-V is continuous monitoring of land cover on a
continental scale. This drives the mission requirements of global coverage, a near-daily
revisit frequency, and a moderate spatial resolution. Similar to SPOT-VEGETATION,
PROBA-V records data in four bands of a moderate spectral and high radiometric
resolution. The PROBA-V satellite will follow a Sun-synchronous orbit at a height of
820 km, achieving a daily global coverage, besides the equatorial region (within 35° of
the equator) where coverage is guaranteed every two days (Table 1).

The PROBA-V platform is the next satellite in the successful PROBA series, designed
to perform its normal operations with minimal need for ground commanding. Ground
station interaction is required only for pass scheduling and for uploading user requests
(e.g. for calibration campaigns). New additions to the system are the X-band transmitter
and flash-based mass memory (Vrancken et al. 2012). These allow it to fulfil its require-
ments within the constraints of power, volume, and mass. An additional constraint is
imposed by the data volume, which can be downlinked for the memory budget; therefore,
data is compressed on board using compression software made according to the
Consultative Committee for Space Data Systems (CCSDS) standard. This standard differs
from the well-known JPEG2000 standard in that it is specifically tuned for high-rate
instruments used on board the spacecraft (CCSDS Secretariat 2005).

The payload consists of three cameras placed next to each other to achieve the swath
necessary for global coverage. Each camera has two focal planes, one for the short wave
infrared (SWIR) band and one for the visible and near-infrared (VNIR) bands (Versluys
et al. 2012). The VNIR focal plane is used to capture a ‘Blue’ band, a ‘Red’ band, and an
NIR band. The SWIR focal plane only captures one SWIR band, and covers the same
swath as the VNIR plane. To cover the full focal plane for the SWIR band, three staggered
detectors of 1024 pixels are used per camera, with an overlap area between each pair of
detectors. This instrument layout is schematically represented in Figure 1.

Spatial resolution is the main performance improvement of PROBA-V compared to
SPOT-VEGETATION. PROBA-V products will be delivered at two resolutions: the 1 km-
resolution products known from SPOT-VEGETATION and the improved 1/3 km-resolu-
tion products. In addition, an alternative option is presented in a scientific level 1C
product, which consists of radiometrically/geometrically corrected data in raw resolution.
The spatial resolution of this product varies from 100 m × 100 m to 350 m × 160 m for the
VNIR bands, and from 180 m × 185 m to 660 m × 300 m for the SWIR bands. The raw
data resolution is best at near-nadir viewing (central camera, about 500 km swath),

2590 W. Dierckx et al.
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making this product interesting when spatial resolution is more important than the global
coverage or a daily revisit frequency. More information on the products of the PROBA-V
is provided in Section 4. The complete data processing chain is described elsewhere in
this volume (Sterckx et al. 2014 this issue).

Radiometric and geometric specifications are provided in Tables 2 and 3. They are
specified as mandatory for the 1 km product and as design goal for the 1/3 km product –

NIR

SWIR

Blue
Red

different
optical pathSWIR3 SWIR2 SWIR1

Center Camera

Right Camera Le
ft C

am
er

a

Satellite Flight Direction

(1) (2) ... pixel no … (5200)

(1) (2) ... pixel no … (1024)

Figure 1. PROBA-V instrument design.

Table 2. Radiometric specifications.

Radiometric specifications

Band centre (nm) Bandwidth (nm) SNR at Lref

463 46 155 at 111 W m–2 sr –1 μm–1

655 79 430 at 110 W m–2 sr –1 μm–1

845 144 529 at 106 W m–2 sr –1 μm–1

1600 73 380 at 20 W m–2 sr –1 μm–1

Radiometric performance
Absolute accuracy 5%
Inter-channel accuracy 3%
Stability 3%
Spectral misregistration 0.9 nm VNIR, 2 nm SWIR
Polarization sensitivity 4% for the Blue band; 1% otherwise

Table 1. Platform and orbit specifications.

Platform

Altitude 820 km
Local time of descending node 10.30–11.30
Inclination Sun-synchronous orbit + 0.13°
Coverage daily above 35° latitude; full coverage every 2 days
Payload Mass 33.3 kg
Payload dimensions 0.2 m × 0.8 m × 0.35 m
Power 43.2 W payload
Life 2.5–5 years
Data 16 Gb/pass
Downlink 11.1 Mb s–1 (after compression)

International Journal of Remote Sensing 2591
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owing to the higher spatial resolution, specifications such as radiometric accuracy, signal-
to-noise ratio (SNR at reference radiance Lref), and geo-location accuracy become more
challenging for a 1/3 km product than for a 1 km product. Users of SPOT-VEGETATION
will see that the expected performance of the 1/3 km products is on par with that of 1 km
SPOT-VEGETATION products. For the 1 km product, the specifications are less challen-
ging and thus comfortably met.

For radiometric accuracy, a validation of PROBA-V’s in-flight radiometric calibration
methods using SPOT-VEGETATION provides a first indication that the involved speci-
fications can be achieved in flight. Because PROBA-V’s payload consists of three
identical camera systems, a camera-to-camera calibration algorithm is used, which allows
one to control the relative radiometric calibration of the three cameras (Sterckx, Livens,
and Adriaensen 2013).

For geo-location accuracy, the on-ground prediction of the geo-location performances
(based on a worst-case analysis of the platform and instrument stability) has demonstrated
full compliance to the 1 km product, whereas for the 1/3 km product the multi-temporal
geo-location accuracy is still to be demonstrated in flight (Table 3; Figure 2). The multi-

Table 3. Geometric specifications; HR denotes the 1/3 km product.

Geometric specifications

Field-of-view and swath 102.4° and 2295 km
Ground sampling distance (GSD) 1/3 km × 1/3 km HR, 1 km × 1 km LR
Modulation transfer frequency (MTF) > 30% at Nyquist frequency
Absolute geo-location accuracy <1 HR GSD
Inter-band geo-location accuracy <1/3 HR GSD
Multi-temporal geo-location accuracy < 1/2 HR GSD
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Figure 2. Predicted (green) 1/3 km geo-location performances of VNIR and SWIR bands based on
a worst-case analysis of platform and instrument stability. Red line marks the 1/3 km (design goal)
requirement. Blue lines mark the swath requirement.
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temporal geo-location is affected by the positioning stability of the PROBA-V system
over time, and hence to orbital and seasonal variations. To achieve this specification in
flight requires a continuous geometric calibration system, which is carried out for
PROBA-V using the GCP chip-matching method and by determining the geometric
sensor model (Mica et al. 2012; Sterckx et al. 2014 this issue).

3. Topics of data quality

The new system concept of PROBA-V has resulted in several changes compared to the
SPOT-VEGETATION mission. Specific software solutions have been developed to
address these changes. A summary of the important changes to the PROBA-V mission
concept is listed in Table 4, along with the developments carried out to ensure an optimal
and consistent quality of the data. These are each discussed below.

3.1. Stretched bi-cubic mapping filter

Typically, to re-sample data from a variable spatial resolution lower than or equal to the
fixed spatial resolution of the target product, a high-quality algorithm is the standard bi-
cubic interpolation filter using four neighbouring grid points. This algorithm was used to
remap SPOT-VEGETATION data. In PROBA-V however, as discussed above, the raw
data resolution is much better than the product resolution and must therefore be
downsampled.

Interpolation filters such as the standard bi-cubic interpolation filter are not fit to carry
out downsampling: to derive a final value they only take the closest neighbouring points.
In case of the standard bi-cubic interpolation filter, with the implementation used in
SPOT-VEGETATION, the bi-cubic interpolation weight coefficients wc are defined by

wc xcð Þ ¼
aþ 2ð Þ xcj j3% aþ 3ð Þ xcj j2þ1; for 0 & xcj j< 1
a xcj j3%5a xcj j2þ8a xcj j% 4a; for 1 & xcj j< 2

0; for 2 & xcj j

8
<

: (1)

Table 4. Major changes and consequences compared to SPOT-VEGETATION mission.

Change compared to SPOT-
VEGETATION Consequence of the change

Variation of raw spatial resolution across
the swath (100 m–330 m)

Stretched bi-cubic mapping filter used to achieve best-
quality product resolutions (3.1)

Full data rate is too high to downlink
with small satellite

Compression required to downlink the data (3.2)

Optimization of compression important
for data quality

Optimization of data before compression using a dynamic
integration time system (3.2)

No on-board calibration instrument Vicarious calibration approach with strong investment in
reliable multi-temporal calibration (3.3)

Three identical camera systems to cover
swath instead of one

Camera-to-camera calibration algorithm used to control
relative radiometric accuracy (3.3)

Geo-location budget necessitates in-
flight geometric calibration

Continuous geometric calibration system using
methodology of ground control points (3.4)

Temporal separation of bands by 12 s
between first and last bands

Updated cloud detection algorithm accounting for cloud
movement during 12 s (3.5)

Differences in spectral response Evaluation of the spectral continuity with respect to
SPOT-VEGETATION (3.6)

International Journal of Remote Sensing 2593
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where xc is the grid coefficient, the distance in grid coordinates as seen from the position
where the filter is centred. In the SPOT-VEGETATION implementation, the parameter a is
set to –0.5. This setting is preferred to more negative values because it reduces under-
shoots and overshoots at land–sea borders (Figure 3).

It is clear from the above figure that standard bi-cubic interpolation offers no solution
for downsampling, since it is not possible to assign positive weights to more than two
pixels away from the centre location. Several downsampling filter options have therefore
been investigated.

In Option 1, the ‘trapezium’ only option, instead of bi-cubic interpolation, a trape-
zium filter is used. As in the standard mapping algorithm, first an inverse model is applied
to determine for an (x, y) position in the product grid the corresponding position in the raw
image data (which has a ‘pixel-line’ or sensor grid). The pixel value is then determined by
applying the trapezium filter on the raw image data with its centre at the determined
(pixel-line) position. The trapezium filter (Figure 4) averages the raw image values over a

1.2
a = –0.5
a = –1.0
a = –0.71.0

0.8

0.6

W
ei

g
h

t

0.4

0.2

0.0

–0.2
–2.0 –1.5 –1.0 –0.5 0.0

x (distance from center)

0.5 1.0 1.5 2.0

Figure 3. Bi-cubic filter implementations for different values of a.

1

–2 –1 0 1 2

Figure 4. Trapezium filter, for a product pixel size = 3 times raw pixel size. X-axis: grid
coefficient. Y-axis: filter weight coefficient.
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length measured in pixels equal to the product resolution (this length is derived from the
raw pixel resolution for the pixels involved, e.g. 100 m × 100 m for near-nadir VNIR
pixels). The resulting values are thus downsampled, and are then assigned to (x, y)
positions in the product grid.

Option 2, the ‘trapezium-bicubic’ option, uses a strategy that allows applying low-pass
filtering on the raw image data as a preprocessing step. As a result, interpolation filters can still
be used in the mapping algorithm. It applies first the trapezium filter to the entire raw image
(effectively smoothing the values of the image). Then, as in the previous option, the inverse
model is applied from the product grid into the raw but smoothed image. The resulting pixel
value is then determined by applying the bi-cubic interpolation filter on the pre-filtered image
data and assigning the resulting values to (x, y) positions in the product grid.

A downside exists for both these options, however, owing to the use of the trapezium
filter for low-pass filtering of the data. High spatial frequencies are not well-attenuated by
such a filter, thus leading to aliasing effects (e.g. Moiré patterns when high spatial
frequencies are present in the image).

Option 3, the ‘gauss-bicubic’ option, solves the aliasing issue by replacing the low-
pass filtering filter of the ‘trapezium-bicubic’ by a Gaussian filter. This filter can suppress
high spatial frequencies well. An unfortunate consequence is however that a Gaussian
filter also reduces contrast for lower spatial frequencies, thereby reducing the contrast in
the final product.

Option 4, the ‘stretched-bicubic’ option, which is the chosen algorithm for PROBA-V,
consists of an adjustment to the standard bi-cubic interpolation filter, such that it is able to
perform low-pass filtering and downsampling combined. This adjustment, termed the
stretch factor, adapts the filter by stretching its extent according to the downsampling rate.
As a result, no additional pre-filter is required.

The stretch factor is defined as

fs ¼

resolution
pixelSize

if
resolution
pixelStep

> 1

1 if
resolution
pixelSize

< 1

8
>><

>>:
(2)

where resolution is defined as the product pixel size (1/3 km or 1 km) and pixelSize is the
pixel size in the raw data product. The grid coefficients xs are then rescaled with the
stretch factor fs to obtain grid coefficients xc, which can be inserted in the standard bi-
cubic implementation (Equation (1)), i.e. xc = xs/fs. Likewise, the final weight ws is
defined as ws = wc/fs, which ensures the sum of the weights is equal to 1 (Figure 5).

A consequence of this stretch factor is that the dimensions of the stretched filter
become larger. For example, for a 1/3 km product pixel remapped from data in the central
camera, a convolution filter of 12 pixels × 12 pixels at 100 m × 100 m is used. At the edge
of the swath at 350 m raw resolution across-track, the algorithm falls back to the classic
bi-cubic interpolation with four weights.

Using the parameter a = –0.5 as is done for SPOT-VEGETATION, the bi-cubic
interpolation filter implementation is almost identical to the Lanczos2 filter, defined as

Lanczos2 xð Þ ¼
sin πxð Þ
πx

sin π x
2

! "

π x
2

; for xj j < 2

0; for 2 & xj j

8
<

: (3)
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The Lanczos filters are considered the best filters for the combination of low-pass filtering
and re-sampling (Turkowski 1990). The stretched bi-cubic interpolation filter offers a
good trade-off between computational efficiency and the optimal image quality of the
Lanczos2 filter. Still, as a convolution filter of 12 pixels × 12 pixels in the central camera,
the increase in computational complexity compared to the standard 4 × 4 bi-cubic
interpolation filter should be noted. The mapping is therefore one of the most computa-
tion-intensive modules in the processing chain.

Further support for the assessment of the four discussed options can be gathered from
the modulation transfer function (MTF) comparisons shown in Figure 6 below. MTF
curves are plotted for a downsampling fraction of 3, corresponding to the 1/3 km product.
One set of curves is plotted for a phase of 0 (indicating that the filter centre coincides with
the centre of a pixel). The second set of curves is plotted for a phase of 0.5 (indicating that

1.0
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Wc

ΣWs = 1.00

ΣWc = 3.33
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0.6

0.4
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0.2

0.0

–0.2

Grid coefficient, Xs
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Figure 5. Stretched bi-cubic weights (fs = 3.33, a = –0.5). Weight sums show need for scaling.
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Figure 6. MTF comparison between four options for re-sampling implementation. Option 1 and
Option 2 are identical for the phase 0 case. (a) All options downsampling 1/3 and phase 0. (b) All
options downsampling 1/3 and phase 0.5.
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the filter centre coincides with the edge between two pixels). In practice, the phase will
vary uniformly between 0 and 0.5. Ideally the MTF of low-pass filtering is maximized for
spatial frequencies below the Nyquist frequency 0.5, retaining the quality of the spatial
frequencies in the target resolution, and rapidly falls to 0 beyond the Nyquist frequency
0.5 to attenuate the higher frequencies and aliasing effects.

For Options 1 and 2, the aliasing effect caused by the trapezium filter is clearly visible,
as higher spatial frequencies are hardly suppressed (frequencies above the Nyquist
frequency of 0.5 Ground Sampling Distance (GSD)). The Gaussian filter in Option 3
strongly improves the aliasing as expected. However, and especially for a phase of 0, the
Gaussian filter also reduces contrast for spatial frequencies below Nyquist.

The main advantages of the stretched bi-cubic over these options are that it provides
the best trade-off between contrast reduction and anti-aliasing and that it adapts itself to
the downsampling rate over the FOV using the stretch factor, thereby avoiding the need
for a smoothening filter. In addition, there is no variation in MTF effect over different
phases. It is thus better for image quality than the combination of the standard bi-cubic
filter and an additional filter for low-pass filtering. The added computational complexity
compared to the standard bi-cubic filter must however be accounted for.

3.2. Data compression and dynamic integration time

Because the amount of raw data captured by the PROBA-V instrument is larger than the
available downlink capacity, the satellite has been equipped with an on-board data
compression unit. The data volume is reduced through image compression according to
the CCSDS standard (Fiethe et al. 2007; Michalik et al. 2006). This compression is not
lossless but introduces noise in the data, which has a non-negligible impact on the SNR
(Livens and Kleihorst 2009). The impact has been assessed in this study by examining
RMSE values caused by compression on 30 representative 12-bit images, 10 for each
VNIR spectral band (Blue, Red, and NIR). The images were based on MERIS 300 m full
resolution data, with its digital number (DN) values rescaled to function as simulated
PROBA-V 300 m products. Simulated PROBA-V 1 km products were obtained by
upsampling as described in the study. The study examined the effect of compression for
300 m products instead of 1/3 km products, and also for 1 km products. The RMSE values
show that the 1 km product is affected less. This can be explained by the fact that
compression noise is reduced by averaging over the neighbouring pixels. Moreover, the
lossy CCSDS compression scheme introduces noise predominantly at higher spatial
frequencies, which is reduced the most by the spatial averaging. The compression ratios
(CR) used in the study are shown in Table 5. Table 5 also compares the RMSE values
obtained in the study for the 1 km product, with a prediction based on the RMSE values
obtained for the 300 m product, using the following relation:

RMSE 1 km ¼
300 m
1 km

RMSE300 m (4)

This relation describes the reduction of noise due to spatial averaging. The RMSE of
compression noise is reduced by the square root of the amount of samples used for
averaging. For square product pixels, this amount is defined by the ratio of the resolution
of the two products.
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It can be seen that the predicted RMSE reduction is slightly larger than the observed
reduction, but matches the general trend quite well. The RMSE values are reduced by
about a factor 3.3 in the 1 km product, compared to the 300 m product.

The data rate budget constraint of the PROBA-V system requires an average com-
pression ratio of 3.5. The compression ratios are however tuned for each camera and band
for the following three reasons.

● Compression noise in a lossy compression mode can be reduced by averaging over
neighbouring pixels as is carried out in the mapping filter of Section 3.1 (Livens
and Kleihorst 2009). For the centre camera, initial pixel sampling is about 100 m in
the across-track direction, whereas it is larger for the side cameras. Therefore, more
averaging can take place, errors will be more reduced, and thus higher compression
ratios can be chosen for the centre camera.

● The compression ratios for the Blue band were set to a high value compared to the
other bands. Results show that the Blue band has low RMSE values even when
using high compression ratios (Livens and Kleihorst 2009). This is because the
Blue band tends to contain fewer high spatial resolution features and has a smaller
dynamic range compared with the other bands in PROBA-V-type remote-sensing
data.

● The compression ratios for the SWIR band are currently chosen to be near-lossless.
The SWIR band is imaged at a lower spatial resolution, and therefore it accounts
for only a small portion (less than 9%) of the total amount of raw data. Increasing
the compression ratio of the SWIR band will thus allow only a small reduction of
the compression ratio for another band. Moreover, owing to the lower spatial
resolution, compression noise for the SWIR would not be reduced as much by
the mapping filter, and so it is proposed to minimize the noise for the SWIR.

The currently defined compression ratios are indicated in Table 6.
The dynamic range of the image has an impact on compression. When the dynamic

range of the sensors is optimally used generating high signals in different illumination
conditions, compression, which typically affects only the least significant bits of the
signal, leaves most of the signal intact and thus has a relatively low impact. This can
be achieved by setting high exposure (i.e. high integration time), such that the brightest
input signal coincides with the maximum signal of the sensor’s useful range. However, the
reflectance received by the sensors varies considerably because the Sun illumination

Table 5. Root-mean square error (RMSE) analysis on simulated PROBA-V products, showing
improvement of RMSE for lower-resolution products. (‘CR’ = ‘compression ratio’; ‘DN’ = ‘digital
number’).

Band CR
DN RMSE
(300 m)

DN RMSE
(1 km)

Spatial resolution
(1 km/300 m)

DN RMSE
(1 km prediction)

Blue (centre) 10.8 0.67 0.28 3.33 0.20
Red (centre) 7.2 1.68 0.56 3.33 0.50
NIR (centre) 5.4 2.97 1.03 3.33 0.89
Blue (side) 10.8 1 0.38 3.33 0.30
Red (side) 7.2 2.92 0.86 3.33 0.88
NIR (side) 5.4 4.86 1.56 3.33 1.46
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(expressed as Sun zenith angle (SZA)) changes over the seasons and during each orbit. In
the PROBA-V system, this effect is optimized by adapting the exposure (integration time)
over the orbit.

A detailed study has been performed to calculate the darkest and brightest land-
cover signal in radiance (L1′ and L3′) as a function of SZA, during an orbit and over the
seasons. The radiance levels L1′ and L3′ define the minimum and maximum radiance
levels for land-cover sites in varying illumination conditions over the year and exclude
radiance levels for calibration targets such as oceans. The latter are excluded, since in
calibration mode images will typically be acquired uncompressed and instrument para-
meters (integration time, gain, line period) are set specifically for the specific target
characteristics and illumination conditions. The study uses a dataset of representative
reflectance spectra for land cover, different types of vegetation, and soil (Figure 7),
which shows that the virtual radiance levels L1′ and L3′ function as a good envelope for
these spectra. It is crucial to distinguish L1′.and L3′ from the specification of minimum
and maximum radiance levels (L1 and L3) for the overall mission, which also includes,
e.g., water radiances. The virtual radiances L1′ and L3′ are only used to model the

Table 6. Compression factors for an average compression of 3.5.

Band CR

Blue (centre) 11.0
Blue (side) 4.9
Red (centre) 4.7
Red (side) 2.9
NIR (centre) 4.0
NIR (side) 2.7
SWIR (centre) 2.4
SWIR (side) 1.8
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Figure 7. Typical land-cover spectral reflectances and upper/lower envelopes.
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radiance variation of land cover over latitudes, whereas L1 and L3 are used to define the
optimal signal range of the instrument (and are defined by setting L3 close to 90% of the
full range, and evaluating that L1 can be observed with sufficient accuracy). The
reference radiance levels are provided in Table 7 for comparison, also including L2
(the radiance level for SNR calculation) and L4 (the maximum radiance to be observed
by the instrument).

The Sun-satellite geometry uses a simplified circular orbit model with a constant
precession rate enabling Sun-synchronicity. This is sufficient to simulate the 820 km orbit
with sufficient accuracy.

Sun-satellite observation angles (zenith and azimuth angles) are simulated with an
angular resolution of 0.7°. An orbit calculation is used to compute the geographical
position (latitude/longitude), satellite position (zenith and azimuth angles), and Sun
position (zenith and azimuth angles). Sun positions were computed for two extremes of
local solar time of the descending node (10:30 and 11:30), and for each month on the 21st
day. Nominal atmospheric conditions were chosen and applied using the 6s model
(Kotchenova et al., 2006) with a mid-latitude summer model (water vapour = 2.93 g
cm–2, ozone = 0.319 cm-atmospheres or 0.142 mol/m2 of ozone), continental aerosol,
visibility 23 km (defined as aerosol optical thickness of 0.23 at 550 nm). Pixel altitude is
set at sea level.

By inserting these characteristics, together with the spectral responses of PROBA-V,
into a 6s model, radiances can be computed for each relevant case. The important Sun
zenith angle variation is shown for one orbit in Figure 8, along with the calculated
radiance levels for that orbit. It clearly shows the strong correlation of L1′ and especially
L3′ with the Sun zenith angle variation.

Table 7. Reference radiance levels for PROBA-V (W m–2 sr–1 μm–1).

L1 L2 = Lref L3 L4 = Lmax

Blue 39 111 236 567
Red 10 110 231 446
NIR 4 106 212 296
SWIR 0.6 20 38 58
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Figure 8. Sun zenith angle variation and radiance L1′–L3′ over the daylight part of an orbit.
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The simplest way to model the minimum and maximum radiances (L1′ and L3′) as
functions of the Sun zenith angle has been found to be with a cosine function of the
following type:

Ln
i ¼ ani cos zþ bni (5)

where z is the Sun zenith angle of the sub-satellite point (centre of line) and Lni is the
radiance to be modelled. ani and bni are coefficients, with n being 1–4 for the spectral
bands 1–4 and i being 1 or 3 for L1′ and L3′. Table 8 provides values for ani and bni .

These cosine relations are used to define an Integration Time Matrix (ITM) file, which
defines the nominal integration time to be used for a given Sun zenith angle, in order to
achieve maximum exposure of L3′. The list of integration time steps is such that the
change of integration time is gradual, and follows the variation of radiance close enough.
Moreover, the change in integration time is taken into account in the sensor model of the
data processing (Sterckx et al. 2014 this issue), which ensures the rescaling of data
products for integration time.

The ITM file is uploaded to the PROBA-V on-board software (OBSW), which
calculates the perceived Sun zenith angle of the satellite and determines the integration
time to be used on board via the ITM file. In this way, optimal exposure can be achieved,
which allows one to reduce RMSE errors induced by the compression.

The effect of compression was evaluated on simulated PROBA-V images, using
‘worst-case’ images, which are very difficult to compress (Figure 9), where image data
digital numbers were scaled such that L3 corresponds to 90% of a 12-bit dynamic range,
which resembles the behaviour that can be expected from ITM. The RMSE values
were determined for these images, and the maximum RMSE for the images is reported
in Table 9 for raw resolution data. Also reported are the predicted RMSE reductions for
the 1/3 km (=333.3 m) product and the 1 km product, and these are compared against the
noise equivalent difference expressed as a digital number (NEDN), which is the require-
ment for the smallest radiometric difference the user wants to detect.

These results show that the RMSE effect for the side and centre cameras is balanced.
The RMSE effect for the SWIR band is smaller, which is logical since we chose to have
near-lossless compression for the SWIR. The most important conclusion is that the RMSE
values are below the NEDN for the 1 km product for all bands, indicating that compres-
sion will not be an issue for this product. However, RMSE values for the 1/3 km product
are up to 2 NEDN for the Red, NIR, and SWIR bands, and up to 3 NEDN for the Blue
band. This shows that in the worst-case estimation here, compression noise will be
noticeable as a small image difference in the 1/3 km product. A final estimation of the
compression impact on image quality will be performed during commissioning and if
required compression ratios and ITM can be updated accordingly.

Table 8. Radiance values for the Sun zenith angle variation model (W m–2 sr–1 μm–1).

L1′ (lower envelope) L3′ (upper envelope)

Spectral band an1 bn1 an3 bn3

Blue 40 20 150 60
Red 22 3 280 0
NIR 50 0 217 1
SWIR 2.8 0.2 48 1
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3.3. Radiometric calibration

As the satellite has no on-board calibration facility, a vicarious calibration plan is used to
monitor the sensor performance over time. This will include calibration over dedicated
sites, which can be either nominal sites (made available also as products to users) such as
deserts or non-nominal sites such as oceans or the moon. Several independent methods are
used, results of which will be combined to reduce the uncertainty in the results, to provide
validation, and to determine and to account for systematic errors in one or more techni-
ques (Sterckx et al. 2013 this volume).

Many of the radiometric calibration methods used are based on prior calibrations
defined for SPOT-VEGETATION (Vermote et al. 1992; Vermote and Kaufman 1995;
Hagolle et al. 1999; Fougnie et al. 2002; Hagolle et al. 2004; Fougnie et al. 2007;
summarized in Henry 2001). These have subsequently been implemented and validated

Table 9. Worst-case impact of compression comparing RMSE against NEDN.

Band CR

Raw
resolution

(m)
RMSE
(raw)

RMSE
(333.3 m
prediction)

RMSE
(1 km

prediction)
NEDN
(12 bit)

Blue (centre) 11 96 35 10.1 3.4 4
Red (centre) 4.7 97 30 8.7 2.9 5
NIR (centre) 4.0 97 26 7.5 2.5 6
SWIR (centre) 2.4 183 9 2.5 1.6 7
Blue (side) 4.9 241 12 8.7 2.9 4
Red (side) 2.9 243 11 8.0 2.7 5
NIR (side) 2.7 244 10 7.3 2.4 6
SWIR (side) 1.8 454 4 2.7 1.8 7

Blue

Red

NIR

Figure 9. Worst-case PROBA-V simulated images for VNIR compression tests.
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for PROBA-V, showing that the specifications of radiometric accuracy are achievable
goals (Sterckx, Livens, and Adriaensen 2013).

Additional work has been carried out to develop a calibration method based on the use
of top of atmosphere simulations over bright desert surfaces as an absolute reference.
Validation of the approach using various satellite data (i.e. Aqua-MODIS (Moderate
Resolution Imaging Spectroradiometer), MERIS (Medium Resolution Imaging
Spectrometer), AATSR (Advanced Along Track Scanning Radiometer), PARASOL
(Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with
Observations from a lidar), and SPOT-VGT extracted from the ESA Database for
Imaging Multi-spectral Instruments and Tools for Radiometric Intercomparison
(DIMITRI) ) (http://www.argans.co.uk/dimitri/) has shown that absolute calibration over
the Libya-4 desert is achievable with this approach with an accuracy of 3% (Govaerts,
Sterckx, and Adriaensen 2013).

Multi-temporal calibration will be carried out on deserts, and is under investigation to
be carried out also on the moon. The imaging of the moon will require an agile manoeuvre
of the satellite based on preprogrammed attitude manoeuvres (Vrancken et al. 2012).

The three cameras of the PROBA-V payload are calibrated separately for all of the
methods of the calibration described above, and will thus also have different operational
calibration coefficients. To control and minimize inter-camera deviations, a camera-to-
camera calibration method is used based on the overlap area between two adjacent
cameras. The camera-to-camera calibration method can deliver a continuous check with
respect to the temporal evolution of the radiometric calibration coefficients of the different
cameras and allows detecting biases between cameras.

Finally, a statistical approach has been applied to combine the information from all
methods into suitable operational calibration coefficients. The decision to update calibra-
tion coefficients is taken by the calibration manager based on these inputs. The complete
description of the operational use of these methods is described elsewhere in this volume
(Sterckx et al. 2013).

3.4. Geometric calibration

PROBA-V’s three-mirror anastigmatic (TMA) imagers are designed to have all parts
including the mirrors to be made from the same aluminium material (Versluys et al.
2012). Therefore, the imagers respond quasi-athermally and allow the platform to achieve
its geo-location performances with only passive thermal control.

Still, thermo-elastic properties of the system can vary slowly, as demonstrated through
extensive analysis with the thermo-elastic model (TEM) provided by ESA. This model
shows that the main geometric behaviour of the system is a response to changes in the
Sun’s position and can be modelled by a slow deformation over the seasons, and a smaller
periodic component over the latitudes, which is repeated in each orbit. Both these
behaviours are carefully modelled by the geometric calibration system (Mica et al.
2012). Calibration parameters will be updated every four weeks and will track the
response to the Sun’s position by monitoring the Sun beta angle for seasonal effects,
and the time out of eclipse for orbital effects (Sterckx et al. 2014 this issue).

The geometric calibration is based on GCP matching, using the global Landsat
Geocover 2000 dataset as a reference (MDE Federal 2004). The calibration strategy
consists in deriving calibration parameters for each scene selected for geometric calibra-
tion, which will have a scene size corresponding to the full swath per camera and an
amount of lines equal to 800 km. Calibration parameters of multiple scenes will then be
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combined through weighted constrained linear fitting to generate final calibration para-
meters. The final calibration parameters will then have a reduced error, owing to a
weighted averaging effect, with respect to single-scene parameters.

3.5. Cloud detection algorithm

Similar to SPOT-VEGETATION, cloud detection is an essential part of the preprocessing
chain for various added value products of the PROBA-V mission. The SPOT-
VEGETATION algorithm for cloud detection is based on a simple threshold rule on the
Blue and SWIR spectral bands (Lisens et al. 2000). In PROBA-V, however, the temporal
separation between bands is up to 12 s (between NIR and SWIR), and the location of
clouds in the SWIR image can be different from the location of clouds in the NIR and
Blue bands, because of cloud movement (Figure 10). The movement caused by a
difference in viewing directions between Blue and SWIR (d4 + d3 in Figure 10) combined
with the shift due to wind speed will not exceed three pixels along-track and one pixel
across-track (in both directions left and right).

Hence, the cloud algorithm for PROBA-V produces two masks for Blue and SWIR
separately (Sterckx et al. 2013 this volume). A 3 × 3 search mask is applied to determine the
matching SWIR pixel for the Blue band mask, and the matching Blue pixel for the SWIR
band mask (Figure 11). The threshold rule for Blue and SWIR is then applied to each mask.
To take into account the movement of the cloud between Blue and SWIR, a dilatation of one
pixel is applied to the Blue mask (making the Blue mask effectively a VNIR mask). The
VNIR and SWIR band masks are then merged by union to produce the final cloud mask.

The cloud detection algorithm has been analysed on five test images, where a
reference mask was calculated assuming no temporal separation between bands, which
was then compared with a mask using the actual separation for the PROBA-V system.

Flight direction
(y direction)

Line of the sight of the nadir pixel (NIR) at time (t + 12 s)
Line of the sight of the nadir pixel (Red) at time (t + 10 s)
Line of the sight of the nadir pixel (Blue) at time (t + 8 s)
Line of the sight of the nadir pixel (SWIR ) at time t
Nadir

α4

α1

α2

α3

Earth surface

d4 d3

d2

d1

Cloud at height h

h

Figure 10. Schematic of cloud movement due to temporal separation.

2604 W. Dierckx et al.

D
ow

nl
oa

de
d 

by
 [E

ur
op

ea
n 

Sp
ac

e 
A

ge
nc

y]
 a

t 0
8:

07
 2

9 
Ju

ly
 2

01
4 



Another comparison was made between the reference mask and a dilatation of the
reference mask by one pixel. This is considered a drastic alternative, but is used to
compare the performance of the PROBA-V algorithm with respect to over-detection
(amount of false positives). The results of this analysis are summarized by the following
statistics for both PROBA-V algorithm and dilated mask (Table 10):

● overall accuracy (amount of correct classification);
● kappa statistics (Cohen’s kappa coefficient, sometimes proposed as the standard of

classification accuracy; see Cohen 1968 and Smits, Dellepiane, and Schowengerdt
1999);

● percentage of cloud over-detection (amount of false positives);
● percentage of cloud under-detection (amount of false negatives).

Table 10 shows that the under-detection of clouds (false positives) is below 1% for the
PROBA-Valgorithm, and the over-detection (false negatives) is comparable to a dilatation
mask of one pixel The under-detection values for the dilated case are meaningless and
therefore not used in the comparison. The size of clouds is the determining factor in the
under-detection results: the highest error of 0.74% is found when many small clouds are
present, whereas a smaller error of 0.14% is found when fewer and large clouds are
present (Figure 12).

Blue band SWIR band

Blue bandSWIR band

3 × 3 Window

3 × 3 Window

BLUE
binary
mask

SWIR
binary
mask

Cloud
final

binary
mask

Merging two
masks

Figure 11. Cloud detection algorithm.

Table 10. Cloud algorithm comparison by statistics for five test cases.

Overall accuracy
(%) Kappa coefficient

Cloud under-
detection rate

(%)
Cloud over-detection rate

(%)

Simulation Predicted Dilated Predicted Dilated Predicted Predicted Dilated

Sim 1 93.50 91.20 0.84 0.79 0.38 25.06 34.33
Sim 2 93.98 93.04 0.85 0.83 0.14 8.84 10.37
Sim 3 78.12 74.94 0.55 0.48 0.48 41.28 47.76
Sim 4 85.95 83.50 0.66 0.61 0.51 64.82 76.62
Sim 5 76.26 71.41 0.53 0.43 0.74 48.60 59.07
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The situation presented in the results, with a fairly high value for over-detection and a
low value for under-detection, is considered preferable. Although the effective coverage
(i.e. the amount of pixels flagged ‘clear’) is reduced by over-detection, the radiometric
quality close to clouds is typically suboptimal owing to cloud gradients. Furthermore, the
cloud algorithm performs better than a standard dilatation of one pixel. A final optimiza-
tion of the cloud algorithm will be performed during commissioning by fine-tuning the
cloud threshold values.

3.6. Continuity of spectral response

Similarity between the spectral bands of PROBA-V and those of SPOT-VEGETATION is
essential to allow continuity of long-term-derived products such as the normalized
difference vegetation index (NDVI). A comparison of the spectral responses of
PROBA-V with the SPOT-VEGETATION bands (Figure 13) clearly shows that a straight-
forward similarity between the two is not the case. Especially, the NIR band has a very
asymmetric spectral response compared to the more Gaussian response curves of SPOT-
VEGETATION 1 and 2 (VGT1 and VGT2).

A detailed investigation has been performed to determine the impact of these spectral
response differences on both individual band reflectance and derived NDVI index. For a
representative set of land covers ranging from bare soils to dense vegetation, the band
reflectance is calculated as

ρi;k ¼
Zλmax
i

λmin
i

Ri λð Þρk λð ÞE λð Þdλ=
Zλmax
i

λmin
i

Ri λð ÞE λð Þdλ (6)

Predicted: 0.14%; 8.84%

Predicted: 0.74%; 48.6% Reference (Simulation 5) Dilated: NA; 59.07%

Reference (Simulation 2) Dilated: NA; 10.37%

Figure 12. Cloud test cases (the rates of under-detection and over-detection are shown as percen-
tages above each plot; NA = not applicable).
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where ρi;k is the band reflectance for band i with land-cover type k; λmin
i ; λmax

i are the
minimum and maximum wavelengths of band i; E λð Þ is the spectral irradiance; ρk λð Þ is
the spectral reflectance of land-cover type k; and Ri is the spectral response curve of the
instrument for band i. Waterbodies, snow, and clouds were not included in the study
because of their minor relevance for the mission.

Following Equation (7), the reflectances are computed for VGT1, VGT2 and PROBA-
V bands. Based on the calculated band reflectances the NDVI is calculated as follows:

NDVI ¼ ρNIR % ρREDð Þ= ρNIR þ ρREDð Þ (7)

Figure 14 and Table 11 compare VGT2 and PROBA-V against VGT1 as the reference.
For the NIR and Red bands, differences between PROBA-V and VGT1 are of the same
order of magnitude as those between VGT1 and VGT2. As a result, the NDVI differences
are also quite similar. It is important to note as well that the NDVI contrast values are,
compared to VGT1, higher for both PROBA-V and VGT2, which is considered advanta-
geous for user applications on vegetation monitoring.

For the Blue band, the difference between PROBA-V and both VGT1 and VGT2 is
larger, PROBA-V reflectances are higher, and particularly for higher reflectances
(Figure 14). Still, the absolute reflectance difference is generally well below 0.003
(Figure 15), which is a user specification maintained from VGT as the noise equivalent
reflectance difference to obtain a good aerosol estimation with the Blue band (Saint 1995).
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Figure 13. Comparison of spectral response curves for SPOT-VEGETATION 1 and 2, and
PROBA-V. (a) Blue. (b) Red. (c) NIR. (d) SWIR.
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This specification defines the noise threshold, indicating that any reflectance difference
smaller than this threshold is not considered significant.

Still, for long-term monitoring of a specific site, spectral response differences might be
sufficiently significant for the application to take into account when moving from VGT1
or VGT2 image data to PROBA-V. For time-series analysis, the application of correction
functions that account for the spectral response differences between sensors significantly
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Figure 14. Plots of band reflectance and NDVI against VGT1 for the different cover types (grey
line is 1:1 line).

Table 11. Average relative difference in band reflectance and NDVI.

VGT2 minus
VGT1

PROBA-V minus
VGT1

PROBA-V minus
VGT2

Blue reflectance difference (%) –0.133 1.975 2.111
Red reflectance difference (%) –3.214 –3.914 –0.735
NIR reflectance difference (%) 0.293 –0.471 –0.761
SWIR reflectance difference (%) –1.373 –4.654 –3.366
NDVI difference (%) 3.676 3.335 –0.327
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improves the consistency. This has been investigated for data from various National
Oceanic and Atmospheric Administration (NOAA) missions, where relative reflectance
differences compared to NOAA-9 ranged from −2% to 4% in the NIR, and from −25% to
12% for the Red band (Swinnen 2008; Trischenko 2009).

For the SWIR band, a similar investigation was performed on representative land-
cover types to examine the consequence of the wavelength shift to lower wavelengths.
Instead of the NDVI, the Normalized Difference Water Index (NDWI) is calculated:

NDWI ¼ ρNIR % ρSWIRð Þ= ρNIR þ ρSWIRð Þ (8)

In Figure 16 the comparison for band reflectance and NDWI is made of PROBA-V and
VGT2 against VGT1 as the reference. The PROBA-V SWIR reflectance values are on
average 4.65% and 3.4% lower compared to VGT1 and VGT2, respectively.

More importantly, the position of the PROBA-V bands improves the discrimination of
land-cover types based on NDVI and NDWI. The regression of PROBA-V NDWI against
VGT1 NDWI shows a slope steeper than the 1:1 line, which indicates a better resolving
power for the PROBA-V NDWI values (Figure 16).

Figure 15. Plot of absolute difference in Blue band reflectance (Δρ) between PROBA-Vand VGT1
for different sites.
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Figure 16. Comparison of SWIR (left) band reflectance and (right) NDWI for SPOT-
VEGETATION 2 (VGT2) and PROBA-V with respect to SPOT-VEGETATION 1 (VGT1)
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4. Data products

The products of PROBA-V are very similar to the standard VEGETATION products from
SPOT-VEGETATION 1 and 2, to ensure data continuity towards the user community.

With its collection of standard products, PROBA-V continues to provide S1-TOC
and S10-TOC products. These contain ground reflectance values, with best-quality and
cloud-free data selected for the composite time period. In addition, users can request S1-TOA
products – top of atmosphere daily synthesis products ‒ containing values with no atmo-
spheric correction applied. All synthesis products are available at two spatial resolutions: a
lower resolution of 1 km as in VEGETATION products and a higher resolution of 1/3 km.

A fourth standard product is the radiometrically/geometrically corrected data (level
1C) product in raw resolution, adapted for scientific applications requiring highly accurate
physical measurements. Compared to the S1-TOA product, it is not projected (mapping)
and no shadow detection, cloud, or ice/snow detection is applied. Custom algorithms for
these steps and for atmospheric correction can therefore be applied to these products. An
overview of the standard products, containing a description of the main data layers, is
provided in Table 12. The processing chain for these products is discussed in more detail
elsewhere in this issue (Sterckx et al. 2014).

The standard products can be accessed by the user using a VITO Web portal
(discussed in Sterckx et al. 2014 this issue). In addition to the VITO Web portal, an
interface to ESA’s GMES Space Component Data Access (GSCDA) service is developed.
This channel is set up to provide PROBA-V synthesis products S1-TOA, S1-TOC, and
S10-TOC in the native format and in 1 km spatial resolution towards the GMES com-
munity. It is especially interesting for users who focus on long-term time series and want
to continue their 1 km time series from SPOT-VEGETATION.

To serve the needs of the scientific user community, the retrieval of higher level (Level
4) products, such as basic biophysical variables, is also envisaged. Terrestrial essential
climate variables, mainly leaf area index (LAI), fraction of absorbed photosynthetically
active radiation (FAPAR), and surface albedo, will be made available to environmental
and agricultural services aiming to assess biomass, carbon, and water fluxes. Therefore the
Global Monitoring for Environment and Security (GMES) Land Service aiming to con-
tinuously monitor and forecast the status of land territories will be supported by the ‘third
party mission’ PROBA-V. In brief, PROBA-V is meant to be part of the palette of sensors/
platforms shaping the GMES Space Component.

5. Conclusion

As the intended gapfiller mission between SPOT-VEGETATION and the upcoming
Sentinel-3 platform (Donlon et al. 2012), PROBA-V comfortably meets the requirements
for a 1 km product, whereas for a 1/3 km product it maintains a performance consistent
with that of SPOT-VEGETATION. Owing to constraints set by its smaller platform, on-
board CCSDS compression is needed with an average compression ratio of 3.5, which has
a noticeable impact on the radiometry of the 1/3 km product, but to an acceptable degree.
The compression errors for the 1 km product are below the noise threshold. Spectral bands
are not entirely similar, requiring careful cross-sensor calibration when comparing SPOT-
VEGETATION data to PROBA-V. These differences are however sufficiently small to
guarantee continuity for derived products such as the NDVI and NDWI.

Standard products for PROBA-V are similar to those of SPOT-VEGETATION, with
the daily and 10 day synthesis being retained, and delivered for 1 km and 1/3 km
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resolutions. As a double alternative for the VGT-P product, an S1-TOA product at 1/3 km
and 1 km and a level 1C product at raw spatial resolution are provided. Standard products
are provided by VITO’s Web portal, which also allows requesting some customization
options. In the frame of GMES, an additional channel is provided by ESA with its
GSCDA portal (DAP Document 2011), which will provide the 1 km synthesis products.
This is of primary interest for users with a focus on long-term 1 km time series.

The improved spatial resolution in the 1/3 km product and in the raw resolution level
1C product is the essential feature that has changed compared to SPOT-VEGETATION
specifications. The 1/3 km product places it in the range of MODIS and the derived VIIRS
mission (Townshend and Justice 2002), although with a more limited scope of spectral
bands. Observations of the central camera at 100 m raw resolution in the Level 1C product
will not have guaranteed radiometric performances in terms of SNR, and therefore
considered as ‘science grade’ products. The improved spatial resolution can be of special
interest for novel applications (Roumenina et al. 2012; Azzi et al. 2011; Inglada 2011).
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