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Abstract—PROBA-V is a remote sensing satellite mission for
global monitoring of vegetation. It is designed to offer almost daily
coverage of all land masses and to provide data continuity with the
VGT2 instrument aboard SPOT-5. Accurate radiometric calibra-
tion is key to the success of the mission; therefore, a comprehensive
system for in-flight radiometric calibration has been developed.
Without no onboard calibration devices, this in-flight calibration
will rely fully on vicarious methods. In total nine techniques
for vicarious calibration have been implemented and tested in
order to meet the radiometric mission requirements. Three key
methods that contribute largely to the calibration performance
are presented in this paper: Rayleigh, deep convective clouds, and
cross-sensor calibration over stable desert sites. As the PROBA-V
sensor has still to be launched, calibration algorithm verifica-
tion is performed using data from the spectrally very similar
SPOT-VGT1 and SPOT-VGT2 sensors.

Index Terms—Cross-sensor desert, deep convective clouds
(DCC), rayleigh, vicarious calibration.

I. INTRODUCTION

THE VEGETATION instruments on board of the SPOT-
4 and SPOT-5 satellites have provided users with global

low-resolution remote sensing images with almost complete
daily coverage of all land masses for more than 10 years.
The main objective of the missions is vegetation monitoring
[1]: to provide accurate measurements of basic characteristics
of vegetation canopies on an operational basis. This can be
employed either for scientific studies involving both regional
and global scales experiments over long time periods (e.g.,
development of models of the biosphere dynamics interacting
with climate models), or for systems designed to monitor
important vegetation resources, like crops, pastures, and forests.

As the SPOT satellites are close to or beyond the end
of their foreseen lifespan, the European Space Agency has
started development of a new remote sensing micro-satellite
mission to ensure data continuity. The PROBA-V mission
(V for Vegetation) falls within the Project for On-Board Au-
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tonomy (PROBA) program, dedicated to satellite missions that
demonstrate innovative technologies. In this case, novel tech-
nologies include a very compact wide field of view telescope
and new multispectral detectors.

The PROBA-V satellite will fly at an altitude of 825 km and
make 16 near-polar orbits per day (similar to SPOT) to achieve
daily global coverage for latitudes above 35◦ and two-daily
coverage for lower latitudes.

To offer high quality data continuity, the radiometric ac-
curacy of PROBA-V should match or exceed that of SPOT-
VEGETATION (VGT) and provide excellent correspondence
between both. The radiometric calibration requirements for
PROBA-V specify 5% absolute accuracy and 3% relative ac-
curacy (inter-band, multi-temporal, and camera relative).

A comprehensive preflight laboratory characterization and
calibration of the PROBA-V instrument will be performed at
CSL (Liège, Belgium) prior to integration on the platform at
QinetiQ Space (Kruibeke, Belgium). Radiometric and spectral
performance characteristics to be verified are: signal to noise,
dark currents, linearity, stray light, pixel non-uniformity, polar-
ization sensitivity, spectral response, and spectral misregistra-
tion. However, variations in the characteristics of the instrument
are likely to occur in orbit due to outgassing phenomena during
launch, aging of the optical parts, and cosmic ray damage.
This makes it necessary to perform in-orbit stability monitoring
and calibration. Many satellite missions are equipped with on
onboard calibration devices as inner lamps, LEDs and solar dif-
fuser plates. These are omitted in the PROBA-V instrument due
to constraints on size, weight and power consumption. Hence,
the PROBA-V in-flight calibration relies solely on vicarious
methods.

In this paper, we present the pre-launch vicarious valida-
tion activities including 1) the verification of radiometric cal-
ibration algorithms on the basis of existing spectrally similar
EO sensors and 2) the characterization of uncertainty. The
paper is organized as follows. In Section II, the PROBA-V
platform and instrument are introduced. In Section III, the
implementation of Rayleigh, deep convective clouds (DCC),
and desert cross-sensor calibration approaches is elabo-
rated, and the expected sources of uncertainty are reviewed.
Section IV lists the data used for testing and validating the
algorithms. Section V describes the statistical approach for
image-based uncertainty analysis. In Section VI, the validation
results for SPOT-VGT1 and SPOT-VGT2 data are presented
and discussed.
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II. PROBA-V

The main design challenge for PROBA-V was to offer the
functionality and data quality of the SPOT satellites in a much
smaller platform. Compared to SPOT-5, the PROBA-V platform
has to achieve reductions in volume (from 22.4 m3 to 0.38 m3),
weight (from 3000 kg to 160 kg) and power consumption (from
2100 W to 153 W). Consequently, the PROBA-V imaging
instrument needs similar reductions compared to the VEGE-
GATION instruments (from 0.85 m3 to 0.0567 m3 and from
152 kg to 33.3 kg). The reduction of the instrument could only
be achieved by a radically different instrument design. Since it
still has to cover the same very wide swath of 2250 km (corre-
sponding field of view of 101◦), an inventive solution is used.

As a single camera system consisting of a telescope and
imaging sensors would be prohibitively large, three identical
smaller camera systems are used together. Each camera has an
equal field of view, the center camera pointing down covers a
swath of about 500 km, while the side cameras pointing left
and right each cover about 875 km. The telescopes themselves
are three-mirror-anastigmats, a compact optical design with
strong light collection. The complete telescopes are made of
aluminum, which ensures that temperature variations do not
affect the adjustment of the optics. Per camera, image acqui-
sition is achieved using a set of push-broom (line) detectors
that image four spectral bands. The spectral characteristics
are chosen to closely match those of SPOT-VGT. The BLUE,
RED, and near infrared (NIR) sensors are hosted on a common
chip; they each have 5200 pixel wide arrays in the across-
track direction. The short-wave infrared (SWIR) detectors are
specifically developed for this system; it consists of an array of
three staggered sensors, each 1024 pixels wide.

For the central camera, this results in imaging with a ground
sampling distance (GSD) of 100 m in the across-track direction,
with matching imaging in the along-track direction. The side
cameras view the earth under larger angles, their across-track
GSD varies from 100 m to more than 300 m at the far sides.
The SWIR imaging pixels are twice as large but result in a
similar geometry: 200 m × 200 m in the center varying to
200 m × 600 m at the edge of the side cameras. The GSD is
very non-uniform, but in any case smaller than the GSD of
SPOT-VGT. This allows to generate data products at higher
spatial resolution. In fact, products at two different resolutions
are generated: a 1 km product for maximal direct compatibility
and a 300 m product which offers an important increase in
resolution [2].

III. METHODS

A. Vicarious Calibration Concept

The relation between the raw digital output as registered
by the sensors and the effective spectral radiance assumed to
be present at the sensors is defined by the sensor radiometric
model. Taking into account possible nonlinearities in the sensor
response, the relationship between digital output and effective
radiance can be written as

DNk
j /NL

(
DNk

j

)
= Ak · gkjm ·Gk

m · Lk
j + dckjm (1)

where the superscript k and subscript j identify, respectively,
the spectral band and the pixel. DN is the raw digital output
A the absolute calibration coefficient, L the effective radiance,
G the gain and m the gain number, and dc the dark signal. g
is pixel relative sensitivity or equalization coefficient. NL is the
nonlinearity function. The nonlinearity is expected to be small
and common for all pixels j.

The goal of the calibration activities is to quantify the
parameters of the model. Initial values are determined by
the pre-launch calibration measurements. After launch, these
parameters are monitored, validated and, if needed, updated
by the vicarious calibration activities. For every parameter,
specific image acquisitions and methods will be employed [3].
For example, the dark current will be estimated from night-
time observations over dark oceans, while the multi-angular
equalization coefficients will be derived from images taken
from homogeneous snow-covered areas over Antarctica or
Greenland. The calibration methods treat the three PROBA-V
cameras separately, which may introduce biases between them.
However, at the edge between two cameras, a small overlap
zone is imaged simultaneously by both cameras. Data of these
zones will be used to verify possible inter-camera bias.

The largest effort is spent on on the accurate determination
and monitoring of the absolute calibration coefficients (Ak) for
the four spectral bands of the three cameras. Multiple inde-
pendent approaches are used for this. The advantages of this
are that systematic errors inherent to one or more techniques
can be dealt with, random errors can be reduced by statistical
averaging and that results can be validated independently [4].

An overview of the different methods used for the determi-
nation of Ak for the PROBA-V mission is given in Table I.
Note that most methods cannot yield results for all spectral
bands. The Rayleigh calibration approach allows to determine
ABLUE and ARED. The results can be transferred to other
spectral bands using sun glint and DCC calibrations which are
“relative” inter-band approaches. Deserts sites with high spatial
homogeneity and stability and low cloud coverage are ideal
targets for absolute calibration and stability monitoring. The use
of lunar observations for multi-temporal monitoring is under
investigation. A statistical methodology for combining results
in a hierarchical scheme based on handling and propagating of
accuracies in accordance with the ISO GUM will be used to
generate suitable operational calibration coefficient on the basis
of the results obtained with the different methods. The approach
is described in [5]. A reflectance-based method using simulta-
neously in-situ measured ground spectra of homogenous refer-
ence sites (e.g., Tuz Gölü in Turkey) will be also used at an ad
hoc basis to validate the obtained calibration coefficients. From
the methods listed, three key methods that contribute largely to
the calibration performance are chosen and elaborated in this
paper: Rayleigh, DCC, and cross-sensor desert calibration.

The selected methods allow to check several of the radio-
metric calibration requirements: with the Rayleigh method, the
absolute calibration of blue and red band can be investigated,
inter-band calibration accuracy can be evaluated using the
DCC method, and radiometric consistency of PROBA-V versus
SPOT-VGT can be assessed through the use of the cross-sensor
desert method. While the use of the near simultaneous nadir
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TABLE I
RADIOMETRIC CALIBRATION METHODS AND THEIR APPLICABILITY

observation method [6] requires simultaneous observations
made by the reference sensor, the cross-sensor desert method
can be used even after the lifetime of SPOT-VGT. In contrast
to some other methods, like calibration over the Dome-C site in
Antarctica [7] or on the basis of the Tuz Gölü salt lake in Turkey
which can only be used during the local summers, the cho-
sen methods can be applied through all seasons. Furthermore,
no coincident labor-intensive ground-based measurements are
required.

B. Rayleigh

Method: The principle behind Rayleigh calibration ap-
proach is that when the atmosphere is observed over stable, ho-
mogenous oceans, most of the signal originates from Rayleigh
scattering [8]–[11]. The TOA reflectance can be predicted well
using a radiative transfer model and then compared to the values
measured by the sensors.

The primary assumption is that the ocean itself does not con-
tribute to the top-of-atmosphere (TOA) signal in the NIR [12].
This holds for Case 1 waters with low chlorophyll concentration
(CHL) and where phytoplankton is the only optically signifi-
cant water column contributor. Suitable oligotrophic Rayleigh
calibration zones have been identified by [13]. In a recent study
by [14], the monthly variation of marine reflectance for the
defined zones is analyzed on the basis of 9 years of SEAWIFS
data. In a similar study, [15] the monthly averaged CHL
concentrations for six selected oligotrophic areas (similar to or
located within the zones given by [13]) are reported. Difference
in the seasonal variation of CHL occurs. The seasonal variation
is less pronounced and featureless in the North-West of Pacific
and in the North Pacific gyre. For this latter, the highest annual
mean CHL (0.059 mg m-3) are observed. The seasonal CHL
pattern for the other four oligotrophic zones is comparable and
rather reproducible from year to year with peaks occurring
around July–August.

In these oligotrophic zones, the contribution of aerosol scat-
tering (i.e., the aerosol optical thickness) can be derived from
the NIR reference band where molecular scattering is very
low assuming a fixed aerosol type. Following [9], the most
suitable aerosol model to adopt for the Rayleigh calibration
is the Shettle and Fenn Maritime aerosol model with 98%
humidity (denoted as M98) [16]. Once the AOT is determined
on the basis of the NIR band, the TOA reflectance in the other
bands (ρk,model

TOA ) (i.e., k = blue and red bands) can be modeled

with a radiative transfer code using the appropriate marine
reflectance and/or CHL. The modeled TOA reflectance can
then be compared with the sensor retrieved values (ρk,model

TOA )
to determine the change in absolute calibration coefficients
(ΔAk) as

ΔAk = Ak,new/Ak,old = ρk,sensorTOA /ρk,model
TOA . (2)

Implementation: As it is computationally prohibitive to run
a radiative transfer model for every pixel of all the Rayleigh cal-
ibration images, a look-up-table (LUT) approach is used. The
LUTs are created using 6SV. Just like its scalar predecessors,
the vector version of 6S is based on the method of successive
orders of scattering. 6SV takes into account the effects of ra-
diation polarization, which is extremely important for radiative
transfer calculations over dark targets such as ocean surfaces.
Ignoring polarization can lead to large errors in calculated TOA
reflectance: more than 10% for a molecular atmosphere and up
to 5% for an aerosol atmosphere [17]. The marine reflectance
in 6SV is calculated using the semi-analytical reflectance model
described in [18] using CHL content as input.

In Fig. 1, the flowchart of the Rayleigh calibration workflow
is given. To reduce the perturbing part of the signal due to
ocean reflectance and presence of foam, strict pixel selection
procedures are used. Only pixels at a distance of at least 30 km
from clouds are retained. To minimize foam radiance, meteoro-
logical data are used to select zones with low wind speed (less
than 5 m/s). Finally, only pixels outside sun glint direction with
θn > 20◦ are selected where

θn = a cos

(
(cos θs + cos θν)/

(
2 cos

(
θp

2

)))
(3)

with

θp = a cos(cos θs cos θν + sin θs sin θν cosφ)

with θs the solar zenith angle, θν the view zenith angle, and φ
the relative azimuth angle.

The TOA reflectance (ρk,sensorTOA ) is corrected for gaseous
absorption of O3 and O2

ρc,k,sensorTOA = ρk,sensorTOA /T k
r (gas,M)

with

T k
r (gas,M) = exp

(
akgas.(airmass.Ugas)

∧nk
gas

)
(4)
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Fig. 1. Rayleigh calibration workflow.

where Ugas is the gaseous concentration (e.g., total amount
ozone in units of cm/atm), and akgas, n

k
gas coefficients which

depend on the response of the given spectral band. Details can
be found in [19] and the SMAC model [20]. Next, the AOT
per pixel is retrieved from the NIR band based on a LUT.
This LUT contains the modeled ρc,k,model

TOA for an atmosphere
bounded by Fresnel reflecting wind roughened oceanic surface
in function of sun zenith angle, view zenith angle, relative
azimuth angle, wind speed, pressure, water vapor, CHL, and
AOT. The AOT value for which the ρc,k,model

TOA fits best with the
modeled ρc,k,model

TOA is searched for. Pixels with a retrieved AOT
value above a threshold AOT value (i.e., 0.05 for NIR band) are
masked. Finally, the LUT is interpolated (on the angles, water
vapor, windspeed, pressure, and AOT) for each pixel to obtain
ρc,k,model
TOA for blue and red bands. Following (2) this results in

an estimate of the change in absolute calibration coefficients for
both red and blue bands per pixel.

Uncertainty Analysis: We perform an uncertainty analysis
for the method presented and start by listing estimated uncer-
tainties for a number of input parameters (e.g., aerosol model).
Next, the error budget is determined by running the Rayleigh
calibration algorithms on synthetic data, taking into account the
uncertainties. The results are analyzed statistically and yield
the error budget associated with respect to the uncertainty
assumed for the input parameters. The considered sources of
uncertainty are:

• Surface pressure: a maximal error of 10 hPa is used in the
error analysis.

• Wind speed: The wind speed impacts the contribution of
photons scattered by the atmosphere after their reflection
over the sea surface. A typical accuracy of 2 m/s in wind
speed is used in making up the error budget [21].

• NIR calibration: an error of 3% is used as input to the error
analysis.
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TABLE II
ERROR BUDGET RAYLEIGH CALIBRATION

• Aerosol model: The aerosol model is assumed fixed
(M98); Uncertainties in the calibration method related to
the aerosol type are analyzed by calibrating a scene gen-
erated with a coastal aerosol (C70) with a LUT generated
with M98.

• Gaseous transmittance: An error in the ozone amount and
water vapor of, respectively, 5% and 20% is used in the
error budget [21]. An uncertainty on water vapor will have
a small direct effect on the red band, and an indirect impact
on the blue band due to the aerosol retrieval in the NIR
band.

• Chlorophyll content: an error of 50% on the chlorophyll
concentration has been used for making up the error
budget. This will have a direct effect on the blue and red
band; however, as the water surface can be assumed totally
black in the NIR band, an error in the chlorophyll content
will have no effect on the AOT retrieval.

The error analysis is performed by using a LUT generated
according to the reference specifications. This LUT is then
used to perform a Rayleigh calibration on an artificial image
generated according to the same specifications except for the
parameter of interest (e.g., C70 model instead of M98 model in
LUT) or by introducing an error in the meteo-data (e.g., 20%
error in water vapor). Table II summarizes the error budget (at
2-sigma) for the Rayleigh method for both blue and red band. In
the blue band, the performance is determined by the accuracy
on the wind speed, marine reflectance, and aerosol model. In
the red band, the error in the NIR calibration, wind speed, and
aerosol model are the limiting factors to accuracy.

C. DCC

Method: DCC are bright targets which have a predictable re-
flectance. This is exploited as the basis for the DCC calibration
method: predicted TOA reflectance values are compared against
values obtained by the sensors.

DCC clouds develop over subtropical warm oceans in inter-
tropical latitudes between 30◦N and 30◦S. They are at the
tropopause level, and hence effects of water vapor and tro-
pospheric aerosol absorption are minimized. After correction
of the ozone absorption DCC have almost a perfect white

spectral behavior in visible and near-infrared (VNIR) bands.
The cloud reflectance in the non-absorbing VNIR bands is
mainly sensitive to the cloud optical thickness (COT), while in
the absorbing SWIR bands, it is more sensitive to the droplet
effective radius [22]. Due to the almost flat spectral signature,
DCC are adequate for inter-band calibration [23], [24] using a
well-calibrated band as reference band to derive the COT from
the image pixel itself by comparing image ρk,sensorTOA data with
modeled ρk,model

TOA data. The COT estimated from the reference
band is then used to model the cloud TOA reflectance in the
other VNIR bands.

Implementation: For the generation of the DCC TOA re-
flectance LUTs, the LibRadtran radiative transfer code is used.
LibRadtran takes into account cloud phase, microphysical prop-
erties as well as a complete description of the background at-
mosphere and surface. As DCC are usually thicker than 10 km,
the cloud top and cloudbase heights are assumed to be 15 km
and 1 km, respectively [25]. The ice particle model from [26] is
used to create the LUTs. The Baum model is also employed in
the MODIS operational ice cloud optical depth retrieval [27]
and by [25] for calibration over DCC. The Baum model is
based on the use of in-situ observations of ice particle sizes
and habits to compute optical properties for a realistic ensemble
of theoretical particles. A fixed effective cloud radius of 20
μm is used as cloud reflectance for the VNIR bands is rather
insensitive to the effective radius. According to [25], MODIS
effective particle radii for DCCs show a narrow distribution
with maximum frequency at 20 μm. To calculate the Rayleigh
scattering, the pressure profiles from the tropical profile are
used. The ocean reflectance is assumed lambertian with a
chlorophyll content of 0.1 mg/m3.

The DCC calibration workflow is shown in Fig. 2. First,
ρk,sensorTOA is corrected for the gaseous transmittance of O3

based on predefined exponential variation with airmass and
ozone content (4). As for convective clouds observations, wa-
ter vapor and oxygen gases lie below the cloud level, their
absorption can be neglected. The ozone layer is, however,
located mainly above the clouds, and therefore ozone absorp-
tion cannot be neglected. Image pixels not suitable for DCC
calibration are eliminated in a pixel selection step. These are
pixels close to the specular direction or pixels not situated in
large bright homogeneous DCC clouds. To reject observations
corresponding to viewing geometries near the specular direc-
tion, only pixels for which the relative azimuth is between
30 and 150◦ are kept. To ensure that only pixels within large
homogeneous clouds are kept, ρNIR,sensor

TOA should be larger than
0.8 for the selected pixel (NIR reflectance test) and for all
neighboring pixels within a Np by Np pixel window where
Np depends on the spatial resolution of the sensor (Cloudy
neighborhood test). Furthermore, the standard deviation of
ρNIR,sensor
TOA (NpXNp)/ρNIR,sensor

TOA (centerpixel) should be less
than 0.03 (Homogeneity test). Next, for each pixel, the COT
is retrieved from the reference red band based on a LUT
approach. The LUT of simulated (LUT_ρc,k,model

TOA ) over DCC
are interpolated for the red band on the sun and viewing angles
to obtain a (LUT_ρc,k,model

TOA ) in function of only COT. Then,
ρc,red,sensorTOA (COTm) and ρc,red,model

TOA (COTm+1) that surround
ρc,red,sensorTOA are searched for. Next, COTm and COTm+1 are
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Fig. 2. DCC calibration workflow.

interpolated to retrieve the per pixel. Finally, LUT of simulated
LUT_ρc,blue,NIR,sensor

TOA are interpolated (on the angles and the
COT) to obtain for each pixel. The estimated change in calibra-
tion coefficient can then be calculated following (2).

Uncertainty: The uncertainty analysis for the DCC method
is conceptually similar to that for Rayleigh calibration. It is
performed by using a LUT generated according to above listed
specifications. This LUT is then used to perform a DCC cali-
bration on an artificial image generated according to the same

specification except for the parameter of interest. In the error
analysis, we considered four different view zenith angles (0◦,
10◦, 20◦, 30◦), six COT values (50, 60, 70, 80, 100, 120),
and four different sun zenith angles (0◦, 10◦, 20◦, 30◦). The
following sources of error were considered.

• Cloud effective radius: an error of 10 μm is considered in
the error analysis.

• Microphysical properties model: Baum mixture of parti-
cles compared to pure crystal shape clouds such as plates,



STERCKX et al.: RAYLEIGH, DCC, AND CROSS-SENSOR CALIBRATION FOR PROBA-V MISSION 1443

TABLE III
ERROR BUDGET DCC CALIBRATION

hexagonal column, and hexagonal crystals. Calibration is
performed with the Baum mixture of particles which may
differ from the real microphysical model. The degree to
which the calibration coefficient is dependent on the model
was estimated by carrying out the calibration process with
a LUT calculated with the Baum mixture on an artificial
image generated using the plates model.

• Cloud top height: the uncertainty in the cloud altitude
leads to an uncertainty of the Rayleigh scattering contri-
bution above the clouds. In the error analysis, a 3 km error
in cloud top altitude is considered.

• Cloud geometrical depth: an uncertainty of 4 km in the
cloud geometrical depth is used for the error analysis.

• Ozone: an error of 5% in the ozone concentration is
considered in the sensitivity analysis [21].

• Atmospheric profile: uncertainties are assessed by using a
mid-latitude summer profile instead of the tropical profile.

Table III gives both the relative (inter-band) error budget
and the absolute error for the DCC method for both the blue
and NIR band. The table contains the 2-sigma error. The error
sources are assumed to be non-correlated, and thus the total
error is the quadratic sum of all errors. For the absolute error,
the uncertainty in the red band calibration is also considered.
The method inaccuracy for inter-band calibration is mostly due
to uncertainty in the cloud effective radius, the microphysi-
cal properties model, and ozone content. The other uncertain
parameters have only a very small effect on the accuracy of
the DCC calibration method. Inter-band calibration can be
performed over DCC with an accuracy of 1% (2-sigma) for
the blue band and better than 2% for the NIR band. When
considering the absolute calibration uncertainty, the uncertainty
in the absolute calibration of the reference red band is mainly
affecting the achievable accuracy, adding around 3% uncer-
tainty to both bands.

D. Cross-Sensor Desert

Method: Cross-sensor calibration is a calibration method-
ology which employs data from sensors from other satellite
systems, so called “exogenous data.” It is a valuable addition
to methods acting on the data of the satellite itself. Also, it is of
great interest to obtain calibrations that are in line with those
of other systems, particularly with well-established systems.
For PROBA-V, this is even more essential as the prime goal

of the mission is to provide data continuity and consistency
with VGT.

The most straightforward way to perform cross-sensor cal-
ibration would be to use almost simultaneous observations of
the same location using different sensors. This is, however,
difficult to realize and will become impossible after SPOT-
VGT has ceased operations. The necessity of simultaneous
observations can be overcome by the use of stable sites. Deserts
are well suited for this because they are usually very stable over
time, spatially homogenous, and are seldom covered by clouds.
Following [28], a set of suitable desert sites for vicarious
calibration have been selected in North Africa and Saudi Arabia
from the 20 deserts identified by [29].

Observations at different times implies different conditions
such as atmospheric variations, viewing and sun geometry,
and slight instability of the site. Therefore, a methodology to
map observations to a common standard is needed such as
described in [10]. To minimize uncertainties due to atmospheric
variation between observation and reference, the comparison
is performed on bottom of atmosphere (BOA) reflectance,
meaning that all data (from the reference and new sensor)
are atmospherically corrected considering total column ozone,
water vapor, atmospheric pressure, and AOT.

Differences caused by geometry are largely reduced by com-
paring only observations which are acquired under approxi-
mately identical or corresponding geometrical conditions. The
geometries of the reference and new data are defined by their
angles: SZA (solar zenith angle), V ZA (viewing zenith angle),
and RAA (relative azimuth angle). The TOA reflectance is
a function of the angles (ρk,sensorTOA (SZA, V ZA,RAA)). The
same result is obtained if SZA and V ZA are interchanged,
due to the reciprocity principle. The reflectance is symmetrical
with respect to the principal plane, so a switch from +RAA to
−RAA also leaves the result unchanged. The two invariances
define the set of corresponding angles. In practice, geometry
pairs will not match exactly. Therefore, a tolerance is allowed:
pairs are considered approximately matching if the quadratic
sum of the angle differences is smaller than a predefined
tolerance (i.e., 100).

The spectral properties of the PROBA-V sensor are approx-
imately equal to the those of SPOT-VGT. Still, even small
spectral shifts could have a appreciable influence on the results.
We investigated this and implemented a method for spectral
adjustment, which was used on data from both VGT1 and
VGT2 sensors, which have spectral differences of comparable
magnitude. The results showed that the errors of the spectral
mismatch were difficult to remediate in a reliable way, mainly
because they were small compared to other error sources.
Because of this relative unimportance, we omit a detailed
discussion.

Implementation: The implementation is shown in Fig. 3. The
scene data is extracted for the predefined desert ROI. The cloud
masking is based on a threshold test, if one pixel in the ROI
is cloudy, the whole ROI is discarded. We only proceed with
desert sites that are completely cloud free. This is less complex
and is justified as the desert sites are expected to be cloud free
for a sufficient large portion of the time. The average TOA
reflectance, solar, and viewing angles are then calculated per



1444 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 51, NO. 3, MARCH 2013

Fig. 3. Desert cross calibration workflow.

scene. The SMAC atmospheric correction scheme is applied
converting TOA to BOA reflectance. This results in a single
BOA reflectance value per band for an input desert scene.

For the reference sensor, the BOA reflectance of the scenes
collected over a sufficient large time period is stored in the
cross-sensor reference database, together with its illumination
and viewing geometry and the atmospheric conditions. Ob-
servations from the new sensor processed to BOA reflectance
(ρ̄sensor,kBOA ) are compared against the average reference sensor
BOA reflectance (ρ̄ref,kBOA ) obtained under approximately iden-
tical or corresponding viewing and illumination geometries.
Finally, an estimate of the cross-sensor calibration coefficient
is obtained as

Ak
Cross =

Aref,k

Asensor,k
=

ρsensor,kBOA

ρref,kBOA

. (5)

Uncertainty: The determination of the cross-sensor calibra-
tion coefficients for individual sites is affected by a number of
variables, each of which is prone to random and/or systematic

errors. The contributions to the errors come mainly from the
following sources, which we will describe briefly.

• Properties of the target: The BRDF surface properties of
the desert sites are assumed to be constant over time. Even
when maximally stable targets are selected, this assump-
tion is only approximately true (e.g., BRDF properties of
sand dunes may be influenced by wind direction changing
the orientation of the dunes).

• Aerosol optical thickness: Aerosol optical measurements
in these deserts sites are rare, and therefore assumptions
have been made on the used AOT which may deviate from
the actual aerosol optical thickness. It is expected that after
averaging a lot of measurements over sites and over time,
that the aerosol affect will be more a random error (noise)
than a fixed bias/systematic error.

• Uncertainties in ECMWF meteo information: Accord-
ing to [21], about 5–10 mbars is a reasonable accu-
racy for the atmospheric pressure. An accuracy of about
10–20 mAtm-cm is a typical accuracy for the total ozone
amount of the atmosphere. An uncertainty of 20% is often
used for the water vapor content.
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TABLE IV
OVERVIEW OF SPOT-VGT DATA USED IN EXPERIMENT

• The differences of the spectral responses for the compared
similar bands or if corrected for, the uncertainty on the
spectral adjustment factor

• The inaccuracy of the geolocation of the viewed pixels for
each sensors

For the shorter wavelengths (particularly blue), variation in
aerosol properties will have the largest contribution to the total
uncertainty. For the longer wavelengths, the uncertainty by
variation in target reflectance will have the largest impact.

IV. DATA

As the PROBA-V satellite is still to be launched, no real
PROBA-V image data is available at present. In order to
validate the methods and their implementation, satellite data
from spectrally similar sensors is used as the algorithm cores
can be considered as “generic” for spectrally similar sensors.
The PROBA-V imaging instrument is designed to offer data
continuity with the images from the VGT instruments on board
the SPOT4 and SPOT5 satellites, respectively, referred here
as VGT1 and VGT2. Therefore, SPOT-VGT images are a
very good choice to validate the methods. Table IV gives an
overview of the VGT1 or VGT2 data used for algorithmic
validation.

As SPOT-VGT only acquires acquisitions over oceans for
calibration purposes during dedicated periods in the year over
certain region of interest, the archive of data over oceans is
rather limited. For SPOT-VGT1, no data exists for 2009 over
suitable regions for DCC calibration.

The cross-sensor calibration is tested and validated on
SPOT-VGT1 and SPOT-VGT2 data where SPOT-VGT2 is
considered as the reference sensor. Atmospherically corrected
SPOT-VGT2 data over the 18 deserts sites are stored in the ref-
erence database. Atmospherically corrected SPOT-VGT1 data
are then compared to comparable data of the same desert site in
the SPOT-VGT2 reference database following the methodology
described in the previous section.

Atmospheric pressure, wind speed at the sea level, total
column ozone, and total column water vapor are accessed
through the ECMWF ERA Interim database.

V. IMAGE-BASED UNCERTAINTY ANALYSIS

Rayleigh and DCC: In the previous section, the accuracy
achievable with the Rayleigh and DDC methods was analyzed
by a sensitivity analysis in which the effect on the calibration
result of variations in every uncertain input parameter was
determined. An alternative approach is to use the retrieved
results to make up an image-based uncertainty budget.

For the Rayleigh method where results from two sites are
obtained, the relative expanded uncertainty u(ΔĀk) (in per-
centage at 2-sigma level) for the average ΔĀk is given by

u(ΔĀk)(%) =
1.96s(ΔĀk)100

ΔĀk
(6)

with

ΔĀk =
[
wsite1ΔĀk

w,site1 + wsite2ΔĀk
w,site2

]
s(ΔĀk) =

√(
ΔĀk

w,site1 +ΔĀ
)2

+
(
ΔĀk

w,site2 +ΔĀ
)2

where ΔĀk
w,site1 and ΔĀk

w,site2 are the weighted averages over
all image results obtained for, respectively, site 1 and site 2. The
average image results are weighted according to the number of
used pixels in the image.

In the Rayleigh calibration approach, the NIR band is used as
a reference band to determine AOT. An uncertainty in the abso-
lute calibration of NIR band will therefore affect systematically
the retrieved results for the blue and red bands. This source of
uncertainty cannot be reduced by spatial or temporal averaging.
Therefore, uk

calNIR, the uncertainty on the retrieved calibration
results caused by the uncertainty in the NIR calibration
coefficient, needs to be added to the final uncertainty

u′(ΔĀk) =

√(
u(ΔĀk)

)2
+

(
uk
calNIR

)2
(7)

with k = blue or red band and where uk
calNIR is listed in

Table II with ublue
calNIR is 0.72% and ured

calNIR is 2.06%.
For the DCC method, only acquisitions over 1 site are

available; the relative expanded uncertainty for the average
calibration result obtained with the DCC is given by

u′(ΔĀk)(%) = 1.96s(ΔĀk)100/ΔĀk
w,site1

√
N − 1 (8)

with

s(ΔĀk) =

√√√√(1/(N − 1))
N∑

p=1

(
ΔĀk

w,site1 −ΔĀk
p,site1

)2

and N the number of used images.
The uncertainty uk

calRED caused by the uncertainty in the red
calibration coefficient needs to be added to the final uncertainty
as the red band is this time used as the reference band to retrieve
COT

u′(ΔĀk) =

√(
u(ΔĀk)

)2
+

(
uk
calRED

)2
(9)

with k = blue or NIR band and where uk
calRED is listed in

Table III with ublue
calNIR is 2.9% and ublue

calRED is 3%.
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Deserts: For desert calibration, significant seasonal varia-
tions have repeatedly been reported in the literature, e.g., in
[24]. As the cause of the variations is not fully understood,
we expect to find some seasonal variations as result of our
experiments as well. We estimate the significance of the vari-
ations as follows. Given a sufficient number of results over a
substantial time period (e.g., daily over one year), we assume
that the observed result consists of three terms: ΔĀk(t) =
T + S(t) +R(t). T is the true value in absence of variations.
The other terms average to zero over a whole year and describe
temporal variations with respect to T:

• S(t): a seasonal term: including all effects that vary very
slowly over the year, in a yearly repeat cycle.

• R(t): a random term: including all other effects.
We estimate the errors induced by the both terms, using the

notation N for the number of days in a month, and M for the
number of months in a year. The total variance is

stotal2
(
ΔĀ(t)

)
=

1

(NM − 1)

NM∑
t=1

(S(t) +R(t))2 (10)

Assuming that the seasonal term is constant within 1 month, the
monthly average is

ΔĀk
month(m) =

1

N

N∑
t=1

ΔĀk(t,m)

=T + S(m) +
1

N

N∑
t=1

R(t,m)′. (11)

The averaged intra-month variance is

s2intra(ΔĀk) =
1

(M − 1)(N − 1)

N∑
t=1

M∑
m=1

×
(
ΔĀk −ΔĀk

month(m)
)2

. (12)

The seasonal variation is

s2seasonal(ΔĀk) =
1

(M − 1)

M∑
m=1

(S(m)− T )2 . (13)

It can be estimated from the total variation observed between
months

s2inter(ΔĀk) =
1

(M − 1)

M∑
m=1

(
ΔĀk

month(m)− T
)2

≈ s2seasonal(ΔĀk) +
s2intra(ΔĀk)

N
. (14)

The last term is the remaining effect from random variations
after averaging over a month. Its contribution to the variance is
reduced because N samples are averaged within the month.

The estimates are useful because they show whether the
seasonal effect is significant. If so, the best value estimate
for a particular month is the monthly average (ΔĀk

month(m))

and its accuracy is:
√
s2intra(ΔĀk/N). Otherwise, the best

value estimate is the yearly average, with its accuracy:

Fig. 4. Rayleigh calibration results per pixel of the input image (a) for,
respectively, the BLUE band (b) and the RED band (c).

Fig. 5. Average Rayleigh calibration result per image for, respectively,
(a) SPOT-VGT1 and (b) SPOT-VGT2.

TABLE V
RAYLEIGH CALIBRATION RESULTS
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Fig. 6. Rayleigh calibration results for the North Atlantic Ocean site in function of view zenith angle for the blue and red bands of SPOT-VGT1 (a) and (d) and
SPOT-VGT2 (b) and (d).

√
s2seasonal(ΔĀk) + (s2intra(ΔĀk)/NM). Comparing both ac-

curacies reveals if the seasonal effect is significant.

VI. RESULTS AND DISCUSSION

A. Rayleigh

Fig. 4 illustrates the application of the Rayleigh calibration
workflow to an individual image. The extension of the cloud
mask in the preprocessing step is clearly visible as circular
masked regions near small spots of clouds. The sun glint
probability masking step masks pixels in the middle right of
the image. For each non-masked pixel, the reported value gives
the change of calibration coefficient with respect to the official
calibration. Assuming that 1) the calibration files (absolute and
equalization) are still valid for the day of the acquisition, 2) the
uncertainty in the absolute and equalization coefficients is 0%,
and 3) there is no uncertainty in the Rayleigh calibration itself,
the change in calibration coefficients, the values (i.e., ΔAblue

and Ared) should be equal to 1 for each pixel. For this image,
the observed changes ΔAk are average less than 2%, with
some larger deviation near the edges of the masked regions
and close to the nadir viewing direction. However, on the
basis of one single image, no well-founded conclusions can
be made.

Fig. 5 plots the average results obtained per image over the
two sites for both SPOT-VGT1 and SPOT-VGT2. The aver-
age and its standard deviation are given after outlier removal
which removes all pixel values outside the 3-sigma confidence
interval from the median. The overall weighted average per
site, band, and sensor is given in Table V. To calculate the
weighted average, the results of the different dates are weighted
according to the number of non-masked pixels in the image. For
the red band, this weighted average gives a difference about
1.0 to 1.5% for both sensors and sites. For the blue band, a
significant difference between sensors is found for VGT2 with
an increase of 5.1 to 5.6% in calibration coefficient detected
depending on the site, while for VGT1, an increase of of 0.5
to 1% is detected. Meaning, for the blue band, a difference
of 4.5% is observed between VGT 1 and VGT2. If we plot
the ΔAk values in function of view zenith angle (Fig. 6), an
explanation of this difference can be given. For VGT1, plots in
function of VZA are relatively flat for the blue band. For VGT2,
a clear VZA dependency is detected with strongly increasing
values near the edges explaining the higher average values for
VGT2. Clearly, observed differences in blue would be less if
included observations would be limited to VZA < 30◦. This
smile pattern is probably due some problems with the multi-
angular calibration of SPOT-VGT2. For both VGT1 and VGT2
the scattering of results seems to be higher for the red band
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TABLE VI
ACCURACY ESTIMATES OF THE RAYLEIGH CALIBRATION RESULTS

Fig. 7. Deep convective clouds calibration results per pixel of the input image
(a) for, respectively, the BLUE band (b) and the NIR band (c).

Fig. 8. Average SPOT-VGT2 DCC calibration result per image.

than for the blue band, but without major variation over the
field-of-view.

Assuming that both VGT1 and VGT2 are stable for this
period, the image-based uncertainty can be defined according to
(7). We arrive at the results listed in Table VI. The uncertainties
are well within the accuracy estimates given by the sensitivity
analysis and for the red band even a factor two lower. This
maybe due to too pessimistic assumptions about some of the
uncertain parameters when making up the error budget.

B. DCC

The result of the DCC workflow applied to an individual
image is shown in Fig. 7. Only the center part of large, bright
homogenous clouds are considered. Small scattered clouds or

TABLE VII
ACCURACY ESTIMATES OF THE DEEP CONVECTIVE CLOUDS

CALIBRATION RESULTS

Fig. 9. Deep convective clouds calibration in function of view zenith angle
for SPOT-VGT2 for, respectively, the BLUE band (a) and the NIR band (b).

edges of clouds are removed in the DCC specific preprocessing
steps.

Fig. 8 plots the average results obtained for each image and
its standard deviation. Compared to the Rayleigh calibration
results, the DCC results show relatively small variation within
one scene and between different scenes. The overall weighted
average over the different scenes is given in Table VII. For
the blue band, an increase of around 2.7% in absolute cal-
ibration coefficient is detected, while for the NIR band, the
DCC result indicates a decrease in the calibration coefficient.
Similar to the Rayleigh results, this increase is mainly due to
the higher values observed for larger VZA (Fig. 9). This again
may indicate an issue with the VGT-2 sensor in the blue for
larger VZAs. For the NIR band, no significant variation over
the field-of-view is observed. Using (9), the uncertainty in the
retrieved results is calculated and given in Table VII. Due to
the very small inter-image variations in the retrieved estimates,
the inter-band uncertainty (i.e., neglecting red band calibration
uncertainty) is very small which gives high confidence in the



STERCKX et al.: RAYLEIGH, DCC, AND CROSS-SENSOR CALIBRATION FOR PROBA-V MISSION 1449

Fig. 10. Desert cross-sensor calibration results in function of view zenith angle for, respectively, (a) blue, (b) red (b), (c) NIR, and (d) SWIR bands.

retrieved inter-band results. The absolute calibration uncer-
tainty for the DCC results is therefore almost fully dominated
by the assumed calibration uncertainty of 3% for the reference
red band.

C. Cross-Sensor Desert

Fig. 10 plots the cross-sensor calibration results as given by
(5) obtained for all the deserts for almost one year of data in
function of the VZA. The strong VZA-dependent pattern for
the blue band is in line with the Rayleigh and DCC (for VGT2)
results, where, on the one hand, the blue TOA reflectance values
of VGT2 are in average higher than the modeled values, with
the difference increasing with VZA and, on the other hand,
the TOA reflectance values for VGT1 are lower than modeled
with no significant VZA dependency. Therefore, in the cross-
sensor calibration plots in function of VZA, these differences
are even more pronounced. In addition to this strong VZA
dependency, the scattering of the results is much more severe
for the blue band than for the other three bands. This is probably
due to instability of the aerosol optical properties between
the observations which has the largest influence on the blue
band. Similar to, respectively, the Rayleigh and DCC results, no
significant VZA dependency is observed for red and NIR bands.
A slight VZA dependency is observed for the SWIR band with
VGT2 having slightly higher TOA reflectance values compared
to VGT1 at large VZAs. As both Rayleigh and DCC methods

are not applicable for the SWIR band, no conclusions can be
made on which of the sensors is causing this effect in the SWIR.

In Fig. 11, the cross-sensor calibration results for the differ-
ent desert sites are given in function of the month of the year,
neglecting observations performed at VZAs larger than 30◦. A
small seasonal variation is visible, which seems to be consistent
for red, NIR, and SWIR bands. For the blue band, the scattering
of the results is a bit masking this seasonal effect. The seasonal
variation has been reported by others [28]. Possible causes
are instrumental behavior related to sun-earth distance, surface
anisotropy variation, and aerosol optical thickness variation
over the seasons. During winter months (i.e., November till
February), aerosol optical values from AERONET sites are
significantly lower than in summer.

The significance of the seasonal effect is quantified using
the statistical considerations made in Section III-D. Results
are shown in Table VIII. For all bands, the seasonal variations
sseasonal over the year are smaller than the random variations
sinter. The “Accuracy Year” shows the accuracy estimate if the
seasonal variation would be ignored, while “Accuracy month”
gives an estimate for the case when averaging is only performed
within one month. The first clearly yields larger errors which
indicates that the seasonal effect is clearly significant. For the
blue band, with its larger random variations, the significance is
less clear.

Omitting the observations performed with VZAs larger than
30◦, observed differences averaged over a one year period
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Fig. 11. Cross-sensor desert results in function of month of the year.

TABLE VIII
INTER-BAND AVGT2/AVGT1 DESERT CALIBRATION:

VARIANCE AND ACCURACY ESTIMATES

between VGT1 and VGT2 are 2% for blue, less than 1.3%
and 1.7% for, respectively, red and NIR bands (Table VIII). For
SWIR bands, an insignificant difference of 0.5% in the absolute
calibration is detected.

D. Comparison of Methods in Scatterplots

In Fig. 12, results of the three different methods are com-
pared for VGT2 in a scatterplot. Due to the lack of DCC data
for VGT1, no similar plot is given for VGT1. For the Rayleigh
method, the measured reflectance ρc,k,VGT2

TOA is plotted against
the modeled (simulated) reflectance ρc,k,model

TOA for the blue and
red band for all selected pixels of both the North Atlantic and
South Indian oceanic site. Their associated regression lines are
plotted as dark gray dotted lines. For the DCC method, the
measured reflectance ρc,k,VGT2

TOA is plotted against the modeled
(simulated) reflectance ρc,k,model

TOA for the blue and NIR band for
all selected pixels. The associated regression lines are given in

light gray dashed lines. Due to the reflectance threshold test,
all plotted DCC results have a ρc,NIR,VGT2

TOA larger than 0.8.
For the DCC method, some larger spreading of the results is
visible near this threshold value [Fig. 12(c)]. In Figs. 10, 11
and Table VIII, the cross-sensor desert results Ak

Cross are given
following (4) with VGT2 as the reference. To plot in Fig. 12,
similar to the DCC and Rayleigh method, the measured VGT2
reflectance against a reference the VGT 1 equivalent reflectance
is used which is calculated as ρ̄VGT1, k/Ak

Cross. The associated
regression lines are given in medium gray dash dotted lines. For
all the regression lines, slopes and intercepts are given in the
plots.

Fig. 12 clearly shows the difference in reflectance range
covered by the three methods with the Rayleigh method cov-
ering the lower range (< 0.2), the desert method, the mid-range
(approximately from 0.2 in the blue to 0.6 in the NIR), and
the DCC method, the higher range (> 0.8). For all methods
and bands, the scattered patterns are overlapping with the 1 : 1
line. For the blue bands, slopes and intercepts are relatively
similar for desert and DCC methods, with slopes of, respec-
tively, 0.946 and 0.974 and intercepts of, respectively, 0.02
and 0.046. For the Rayleigh method, an increased slope is
observed (1.175) which is a bit counterbalanced by the negative
intercept (−0.016). Due to very small reflectance range covered
by the Rayleigh method the uncertainty in the Rayleigh slope
calculations is relatively high making extrapolations to higher
reflectance ranges using the Rayleigh calculated intercept and
slope proud to inaccuracies. On the other hand, the uncer-
tainty on the predicted intercepts by desert and particularly
the DCC methods are high due to the higher reflectances
used in the methods. Remarkably is that for the red band
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Fig. 12. Comparison of the cross-sensor desert method (medium gray) against the DCC method (light gray) and Rayleigh method (dark gray) for VGT2 (a) blue,
(b) red, and (c) NIR band. For the cross-sensor desert method, the measured VGT2 reflectance is plotted against the VGT1 reflectance for observations acquired
under approximately identical or corresponding geometry. Regression lines for cross-sensor desert are displayed as medium gray dash dotted lines, for the DCC
method as light gray dashed lines and for Rayleigh method as dark gray dotted lines. Solid black line is the 1 : 1 line presenting perfect matches.

the Rayleigh regression line matches quite closely with the
1 : 1 line.

VII. CONCLUSION

The in-flight radiometric calibration of the PROBA-V satel-
lite mission is implemented using a set of independent vicarious
methods. In this paper, three key methods were presented in
detail, and an error analysis was conducted to estimate the
accuracy of their results. The methods and their implementation
were tested by using data from the SPOT-VGT1 and 2 missions.

A sensor artifact for the blue band of SPOT-VGT2 has been
detected by all three methods. The evidence of this artifact
is made clear by combining different vicarious calibration
methods which cover different parts of the dynamic range of the
sensor (dark oceans versus bright clouds), and which are using
different references (i.e., 6SV and LibRadtran RTF calculation
or observation by other sensors), therefore minimizing biases or
systematic errors which may occur if only one method is used.

Both the theoretical error budgets and the image-based uncer-
tainty analysis on the basis of obtained SPOT-VGT calibration
results showed that the mission requirement specifications for
the radiometric calibration, i.e., 5% absolute and 3% relative
(inter-band, cross sensor) are realistic achievable goals for the
PROBA-V missions although no on-board calibration devices
are available.

With the methods described in this paper, no absolute calibra-
tion for the SWIR band is feasible. Therefore, other approaches
like moon calibration [30], desert calibration on the basis
of simulated references [28] and reflectance based methods
are being integrated in the vicarious calibration chain for the
PROBA-V mission.
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