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ABSTRACT
The main application of a scatterometer is the determination of the wind speed and direction at the sea surface. This
is achieved by measuring the radar backscattering coefficient in three different directions and inverting these measurements using a geophysical model function (GMF). The scientific value of the data is directly related to the quality of the
radiometric calibration.
There are currently two european C-band scatterometers operating, one on-board the ERS-2 spacecraft launched in
1995 and the other on-board METOP-A, launched in 2006. The similarity of the two scatterometers is an opportunity
to ensure the continuity of more than 15 years of global scatterometer measurements. To achieve the consistency of the
backscattering coefficients data sets, required for long-term climate studies, an accurate cross-calibration is vital. The
cross-calibration is made possible since the two spacecrafts operate simultaneously from 2006 up to now.
As the backscattering coefficients measured by the scatterometers depend on acquisition time, location on the ground
and on the geometry of the measurements (incidence and look angle), a direct comparison of measurements made by both
instruments is practically impossible.
In particular cases, models can be used to cope with measurement differences. On the rain forest, assumed to be
time-invariant, homogeneous and isotropic, the backscattering coefficient depends only on the incidence angle, and the
constant gamma model can be used to cope with the incidence angle effects. On some ice covered areas (e.g. Greenland
and Antarctica), assuming that the ice surface is isotropic, the ice line model can be used. It is a function of incidence
angle and ice age and depends on the location. On the ocean, which is inherently not stable in time, the CMOD5 GMF
is used. CMOD5 relates the observed backscatter to the geophysical parameters which are the wind speed and wind
direction. Using the last model, measurement biases can be assessed making simultaneous observations unnecessary.
In this article, we present a cross-calibration methodology and present first results.
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1. INTRODUCTION
The increasing number of spaceborne sensors measuring wind fields (scatterometers) has made it desirable to integrate
wind data from various sources to achieve improved accuracy. To assure data continuity and consistency, it’s necessary to
perform cross-calibrations of these sources.
The main objective of a scatterometer is the determination of backscattering coefficients of the Earth. ASCAT and
AMI are spaceborne active real aperture C-band radars, operating on-board METOP-A and ERS-2 respectively. ERS-2
was launched in April 1995 to continue the ERS-1 mission and METOP was launched in October 2006. Both satellites
have a sun-synchronous near polar orbit.
Several studies have been carried out to assess the consistency of the wind data provided by various instruments,1 and2
performed a statistical comparison of wind estimates whereas other studies3 and4 compared the measured backscatter
using calibration targets and models.1 compared the winds obtained from the microwave radiometer IRS-P4 and the ERS2 scatterometer, the mean bias was shown to be dependent on regions where it ranges from 3ms−1 in the tropics and 6ms−1
at high latitudes, and on wind speed range, being highest for the low wind speed range (6ms−1 ) and low for high wind
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speed ranges (2.3ms−1 ).2 compared three wind data sources TOPEX, NSCAT and ECMWF, the satellite derived wind
speeds (TOPEX and NSCAT) are found to have a large overall bias but a smaller variance compared to ECMWF winds,
implying that errors associated with satellite data are mostly systematic, the largest bias (0.63ms−1 ) reported in this study
was between TOPEX and NSCAT and the smallest bias (−0.23ms−1 ) is between NSCAT and ECMWF winds.
3

performed a cross-calibration between an airborne SAR and ground-based polarimetric scatterometer measurements
at L and C bands. In that work, both distributed and point targets were employed. The distributed surfaces were of type
bare surfaces (with varying roughness) and surfaces covered with vegetation (short and tall grass). A trihedral corner
reflector was used for calibrating the airborne SAR. The ground scatterometer was calibrated using a metallic sphere.
A comparison of the backscattering coefficients measured by the SAR system and the ground scatterometer using point
targets showed a maximum discrepancy of 5 dB at C-band. Whereas using the roughest area as calibration target was the
most accurate solution with a deviation of about 1 dB.
The calibration of SeaWinds and Quikscat Scatterometers (Ku band) using two land regions, the Amazon rain forest
and the Sahara desert is reported in.4 A first order polynomial model was used for both regions in order to remove the
incidence angle dependence of σ0 . For QuikSCAT, in the Amazon region a maximum difference of backscatter of 0.5dB
has been observed between the morning (6-7 AM) and the evening (6-7 PM) passes at low incidence angles and 0.6dB at
high incidence angles. This difference is due to the presence of dew in the early morning on the rain forest foliage at the
overpass time of QuikSCAT.4 SeaWinds showed a difference of 0.1dB between the 10-11 AM and the 10-11 PM passes
which is consistent with the results of previous investigations.5, 6 It was shown that the Sahara region was temporally
stable with no daily moisture variation but less homogeneous and much noisier than the Amazon region. This means that
the daily standard deviation of 1.8dB over the desert is larger than over the Amazon region (0.5dB).4 For a given local
time of day the standard deviation of the daily mean backscatter is less than 0.18dB for both regions which is an additional
proof of their temporal stability. The results indicate that the QuikSCAT and SeaWinds scatterometers are calibrated to
within 0.05dB.4
The first section is dedicated to the cross-calibration using collocated measurements, the methodology will be described, examples of intersections will be shown and results of comparison of the winds will be presented, in sectin 2
the ocean calibration method will be presented and applied to the two scatterometers measurements for cross-calibration
purpose, in the last section comparison of the pair of data in measurements space will be shown and methods of correction
will be proposed, finally conclusions will be given.

2. CROSS-CALIBRATION USING COLLOCATED MEASUREMENTS
2.1. Introduction
The cross-calibration of two instruments in general requires simultaneous observation of the same area on ground. The
implicit assumption is that both measurements will be comparable. This imply that the geometry, such as the incidence
angle, is similar (or that the measured quantity is insensitive to the geometry).
Assuming the sensors have the same spatial resolution, even in the case of simultaneous observation of the same area
on the ground, a direct comparison of sigma naught measured by instruments will only be possible on extremely rare
occasions as the sigma naught depends on the geometry (incidence angle, look angle).

2.2. Method overview
This method is motivated by the fact that a way to deal with the temporal variation of sigma naught is to bypass that variability by comparing (near) simultaneous measurements. Stricto sensu, simultaneous measurements will never occur, so
the constraint is relaxed by requiring near simultaneous measurements. It is assumed that the variations of the backscatter
due to the acquisition time difference is negligible if the time difference between the measurements is small.
This method imply determining when swath intersections occur. Swath intersections are defined as (near) simultaneous observation of the same spot by ERS-2/AMI and METOP/ASCAT instruments.
The acquisition geometry (incidence angle, look angle) will however typically be different and must be accounted for
in a comparison. Over open ocean, this can be performed by comparing the wind speed and the wind direction, using the
CMOD5 model.

2.3. Predicting simultaneous overpasses of two satellites
ERS-2 has shorter orbital period (100 min) than METOP (101 min), this due to the higher altitude of METOP, hence
slower angular velocity and longer orbital period. Consequently the lower-altitude satellite (ERS-2) will catch up with the
higher altitude (METOP). As a result, the two satellites will be approaching until the intersection and then start moving
away from each other until the next intersection. This will be regularly repeated.
The time between two successive intersections can be estimated using the expression7
T=

1 τ2
f 1 τ2 − τ1

(1)

where T is the intersection period (days), τ1 and τ2 are the orbital periods for the two satellites and f1 is the number of
orbits per day for the lower-altitude satellite.
As an example the exact∗ orbital period of ERS-2 is 100.53 min and the exact orbital period of METOP is 101.3 min.
It follows that the time between successive intersections of ERS-2 and METOP is approximately 9.18 days.

2.4. Predicting the swath intersections
As was discussed above, the two scatterometers may view the same target area at nearly the same time.
ASCAT has two swaths (right and left) and ESCAT has only one swath on the right. The few minutes preceding the
intersection of the two nadirs, ERS-2’s nadir is on the right of METOP’s nadir at the North pole and at the left at the South
pole. This implies that ERS-2’s swath overlaps first with the right swath of METOP then with the left swath. The opposite
scenario happens at the South pole.
In order to conduct the computations of the intersection of the swath, the distance between the middle of each satellite’s
swath is taken into account. For simplicity, the middle of the swath is taken as the intersection of the earth with a ray
in the pointing direction of the mid-antenna. The angle between the normal to nadir and that direction is respectively of
γ = 29.3◦ and γ = 39◦ for ERS-2 and METOP/ASCAT.

2.5. Examples of orbits intersections
To illustrate the locations of these intersections, the mid-beam swath intersections occurring between 01 December 2008
and 30 November 2009 have been computed (using SGP4 and TLE’s as described above† ). The results are depicted in
figure 1. These plots confirm that the intersections occur at −76o and 85o (right swath) and around ±50o (left swath).

2.6. Cross-comparison of the inverted winds
Backscattering coefficients from ERS-ASPS2.0 and ASCAT-L1b data were compared for the intersection of the 5 Dec
2009. The node locations are depicted on figure 2.
The ASCAT nodes are pairwise matched to the ERS nodes which are within 30 sec and 25 km. Temporal differences
and spatial differences are neglected. The ASCAT nodes retained for comparison with ERS nodes are represented in green
on Figure 2. A total of approximately 2348 nodes where retained. All nodes are located over the ocean.
A comparison of the wind speed is presented in figure 3. Each red cross corresponds to a pair of ERS-ASCAT nodes.
As can be seen, there is a discrepancy at low wind speed: ASCAT seems to slightly underestimate the wind speed.
The wind speed bias is found to be of 0.22ms−1 . This is lower than instrumental measurement noise typically 0.2dB
which is equivalent to an uncertainty in the wind domain of 0.5ms−1 ,8, 9 and for comparison, the wind bias between
ASCAT data and Buoy data is of −0.25ms−1 .10
This results are to be taken with much care because the data set size used in this comparison is very small (2348
observations). And no ambiguity removal was applied on the two wind solutions after wind retrieval, although we used
the pair of solutions which have the closest wind directions.
∗ These

orbital period are derived from the state vector, epoch of 8 Jan 2009.
acknowledge the fact that propagating orbits from TLE over such a long period may degrade the accuracy of the propagated
orbital position of the spacecrafts. For precise intersection computation, orbital information with an epoch closer to the expect time of
the intersection would be considered.
† We

Figure 1. ERS-2 - METOP intersections locations - North Pole (left) - South Pole (right) - (red: nadir; green: right swath; blue: left
swath)

3. CROSS-CALIBRATION USING OCEAN CALIBRATION METHOD
To perform an ocean calibration the average of the measured backscatter measurements is divided by the mean simulated
backscatter. In order to compute a simulated backscatter, background winds and geophysical model function (GMF) are
needed. The GMF links the observed backscatter to the geophysical parameters which are the wind speed and wind
direction with respect to the radar beam φ. The model used in this paper is called CMOD5. It’s formulation is11
z(θ,V, φ) = B0 (θ,V )(1 + B1 (θ,V ) cos φ + B2 (θ,V ) cos 2φ)

(2)

where z = (σo )0.625
The current use of ocean calibration consists in the evaluation of the difference between the measurements of a given
scatterometer and the model CMOD5, in order to correct the antennas patterns of the instrument. We aim to use this
method in order to cross-calibrate two scatterometers, i.e. to assess the difference between measurements.

3.1. Overview
When reference background winds are available they can be used to compute “reference” backscattering coefficients
to which the measured coefficients are compared. The CMOD5 geophysical model function is used to transform the
winds into backscatter triplets. The backscattering coefficients are averaged resolved per antenna and per node number or
incidence angle. This is a direct application of the so-called ocean calibration.10–12
The disadvantage of this method is that it relies on the accuracy of the model. Since the model was obtained using
ERS-2 winds, a methodological issue arises. Moreover, the range of incidence angles spanned by ASCAT is different
(larger) than that of ERS/AMI. The effect of this on the model is uncertain.
The method used in this article is based on the method described in11 and.13 We will give a short description of the
method here, more details can be found in the two references cited above.
CMOD-5 GMF (2) is characterized by three parameters B0 , B1 and B2 . B0 is called the bias term, is monotonously
increasing with wind speed and represents the central axis of the cone. B1 and B2 are respectively the upwind/downwind
and upwind/crosswind terms.

Figure 2. Node locations (North pole): ERS-2 (blue) - METOP (red), collocated nodes (green) .

For a uniform wind direction distribution the harmonic terms B1 and B2 disappear when integrated over all the wind
directions
(3)
B̂0 (θ,V ) = hz(θ,V )i
Instead of rejecting a fraction of data to obtain a uniform wind direction distribution, a weighted method is used here,
although it was shown13 that both weighted and flat method give almost identical results. The measurements are weighted
inversely proportional to the number of measurements in the (V,φ) bin. The measurements data are binned with respect to
wind speed V, wind direction, node number and beam number. The size of the bins are respectively 2ms−1 and 20o .
The test area is limited in latitudes between −55o and +55o .

3.2. The method
• z(θ,V, φ) is obtained from the scatterometer measurements
• z(θ,V, φ) is averaged over wind directions to obtain B̂0 (θ,V ) depending only on incidence angle and wind speed
• The bias term B0 (θ,V ) (reference) is computed theoretically using the background winds and the CMOD5 model.
• The mean bias between the reference and the measurements for each scatterometer is defined as follows
Bias(θ,V ) = B̂0 (θ,V )/B0 (θ,V )
• Since the bias is assumed to be independent of wind speed, it is averaged over wind speeds in order to obtain a bias
depending only on incidence angle Bias(θ)
• This bias is resolved per incidence angle and per antenna

Figure 3. Scatterplot of the ERS wind speed (vertical axis) versus the ASCAT wind speed (horizontal axis) for collocated nodes. Axis
units are in m/s.

3.3. Assessment and validation of the method
In order to assess the sensitivity of the method in measuring a bias and to test how accurately the method can measure
such a bias, an artificial bias is added to the scatterometer σo equally on the three beams.
In the figure 4 the two biased curves in green (σo +0.1 dB) and blue (σo + 0.5 dB) which represent B̂0 obtained after
applying the ocean calibration method to a biased σo are plotted, and we overplotted the corresponding curves (dashed)
which represent the reference shifted by the same corresponding bias. The asterisks represent the difference between the
dashed and continuous curves which is the error on the measured bias. The error varies between 0 and 0.1 for 0.1dB bias
and between 0 and 0.4 for 0.5dB bias.

3.4. Comparison of two different datasets
We applied the method described above to compare two different ASCAT datasets: November 2008 and December 2008,
since the calibration constants of ASCAT have been changed between November and December 2008. In order to check
this change we compared the biases of the two datasets. Figure 5 shows the pair of biases. We notice that the biases of the
two datasets differ at all incidence angles. However there is high variance (dashed curves) around each mean due to the
small data set (5 days).

3.5. Comparison of two different scatterometers
The method was used to compare the measurements performed by two different scatterometers (ERS-2 and ASCAT).
Figure 6 shows the bias (difference between B0 and B̂0 ) of the measurements of the two scatterometers ERS-2 (green)
and ASCAT (red), the mean bias between the two measurements is represented by the black asterisks and the blue line
represents the difference between the compared nodes in term of incidence angles.

4. COMPARISON IN MEASUREMENTS SPACE
(σof ore ,σomid ,σoa f t )

In 3D backscatter space
or in the transformed space (Z f ore , Zmid , Za f t ), The GMF (2) defines a twodimensional surface which has the shape of a cone.
A fundamental test of a dataset is it’s ability to fit the cone’s surface of the CMOD5 model. To do so several cross
sections through 3D measurement space as defined in8 can be made.

Figure 4. Assessment and validation of the method (Green: σo + 0.1 dB; Blue: σo + 0.5 dB; dashed Green: ref+0.1 dB; dashed Blue:
ref+0.5 dB)

Figure 5. Comparison of two datasets (Red: November; Green: December; dashed: variance)

To assess the degree of consistency between measurements and the model, a distance between each triplet and the
cone’s surface in z-space can be computed. This distance is defined as
r
d = ∑(zmi − zsi )2
(4)
i

where zm and zs are respectively the measured and the simulated backscatter in z space, and i = 1, 2, 3 representing the
three beams.
The visualization of the scatter triplets in the measurements space and the distance defined above could be used in the
comparison and correction of two clouds of scatter triplets provided by two different instruments.

Figure 6. Comparison of two scatterometers (Red: ASCAT; Green: ERS-2, Blue: incidence angle difference, Asterisk: bias)

The vector length of the backscatter triplets in 3D space depends mainly on wind speed and the pointing direction of
the vector depends on wind direction.8 Cross sections normal to the cone provide information on the dependence of the
backscattering on wind direction, whereas sections along the cone axis provide information on wind speed.
The main issue in comparison of two different sensors will be the incidence angle correspondence, as a given node
number is viewed by three different beams with three different incidence angles, it will be hard to find two nodes viewed
by two instruments with approximately the same incidence angles.
Figure 7 shows the visualization plots (a vertical slice through the cone along the axis z f ore = za f t ) of two clouds of
data corresponding to ASCAT and ERS-2 for node 4 and 9 respectively, before and after correction.

Figure 7. cross section of the CMOD5 cone, before correction (left), after correction (right)

The node bias is obtained by comparing the z value of the nearest nodes in the two datasets
Figure 8 shows the visualization plots (projection of the cone on plane zmid = 0) of two clouds of data corresponding
to ASCAT and ERS-2 for node 4 and 9 respectively, before and after correction.

Figure 8. Projection of the CMOD5 cone, before correction (left), after correction (right)

The mean bias is (-0.31 dB, -0.46 dB and 0.47 dB) for the fore, mid and aft beams. Part of this bias could be explained
by a difference in incidence angle.

5. CONCLUSIONS
In this paper, we presented a method of cross-calibration of two spaceborne scatterometers using their collocated data, we
applied this method on ERS-2 and ASCAT scatterometers, and presented early results.
We presented the ocean calibration method using background winds, and showed the effect of adding a bias to the
measurements data. The accuracy of the method in measuring an added bias was assessed and showed to be reasonable.
The method was applied on ERS-2 and ASCAT to compare two datasets of the same scatterometer (ASCAT) or two
different scatterometers data. The results are that a change in calibration constants or a bias between two scatterometers
can be accurately measured.
Finally we presented the comparison of two clouds of backscatter triplets in z-space, and showed the correction effect
on the measured data.
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