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is a significant advantage of the irregular layouts in terms of
robustness with respect to the regular configurations, such as
the quincunx or the current SMOS.

VI. CONCLUSION

Missions such as SMOS, SMAP, and Aquarius are useful for
a wide range of applications, well beyond the nominal product
(SMOS).

The SMOS was launched in 2009. While SMOS is still fully
operational, it has gone beyond its planned life time. Its next-
generation higher resolution version (SMOS-HR) is under study.

In this article, we have addressed the problem of optimizing
the positions of antennas for a spaceborne interferometric array.
The methods presented here are general and have been applied
here to a tentative design of the future SMOS-HR. We have
proposed a new method to optimize the array of antennas on an
irregular grid, yet calibrable with a simple procedure.

The most obvious advantage of the irregular layout is that
it is not classically folded, as happens with regular configura-
tions. In the case of a regular configuration, the information in
the folded area is completely lost, whereas in the case of the
irregular layout, one gets a complete reconstruction in the ξ − η
plane, with a thin noninvertible ring close to the border due
to the amplification of the noise by the antennas’ ARP. Besides,
irregular layouts can achieve a more dense coverage of the u− v
plane with the same number of antennas. On the other hand,
the irregular layout has a higher reconstruction error (however
unstructured) with respect to the regular configurations.

Moreover, we showed that such an irregular array can be
calibrated using the same methods as for regular arrays.

We also simulated the effect of failures in the antennas in
both types of configurations. Any component in the instrument
has a certain probability of permanent failure after its expected
useful lifetime. When a failure in one or more antennas happens,
the perfect regularity of the instrument is lost and its sampling
becomes irregular. Our evaluation confirms this. We proved that
the RMSE of the reconstruction after simulating the failure
of some antennas in the quincunx configuration is close to
the RMSE of the irregular configuration. However, there is a
fundamental difference between both sorts of configurations: in
the quincunx or in any other similar regular configuration, the
antennas are located on a regular grid and the axes of the discrete
DFT are orthogonal. This means that there is no way to recover
the missing information from other visibilities. This limitation
is not present in the irregular configuration, where interpolation
remains feasible. This is a significant advantage of the irreg-
ular layouts in terms of robustness with respect to the regular
configurations, such as the quincunx or the current SMOS.

As future work, we aim to find regularization methods for the
inversions that are better than a simple cutoff of the singular
values of the G matrix or a mere Tikhonov regularization.
Indeed, the larger the G matrix, the more numerically unstable
and sensitive to noise the reconstruction. There is room for math-
ematical research on this problem. Another research direction
is the denoising of the snapshots acquired by the instrument.
A potential approach would take advantage of the knowledge

of the kernel of the impulse of the instrument (in our irregular
solution, it mainly appears in the form of unstructured noise) to
deconvolve it. A second approach would be to exploit the fact
that the satellite takes overlapping snapshots of the Earth as it
orbits around, making it possible to fuse them to reduce the noise.
Moreover, given that the alias-free FOV is larger with the irregu-
lar layout, the multisnapshot approach seems to be well adapted.

APPENDIX A ANTENNAS LAYOUTS

Fig. 22. Quincunx configuration, which has been considered in several
projects for successors of SMOS.

Fig. 23. Optimized irregular configuration of antennas for the cross.

Fig. 24. Optimized irregular configuration of antennas for the square.
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Fig. 14. Penalty function on the domain SA for a square-shaped frame.

satellite, which we will call SMOS-HR [5]–[7], [25], [26]. The
optimization problem is fully specified by the shape SA of the
satellite, the number N of antennas, and their radius R.

In the case of SMOS-HR, we have the following.! R = λ/2 ≈ 0.11 m (this also includes any minimal barrier
distance between antennas).! 69 ≤ N ≤ 231 antennas. The exact number of antennas
has not been already set, but certainly SMOS-HR will
have more antennas than the current SMOS, and up to 231
antennas.! Several shapes have been proposed, including the cross
with Lc = 2× Ls (see Fig. 12) and the square with Ls =
12m (see Fig. 13).2

The width of the frame will be fixed for bothW 0
s = 5R and

W 0
c = W 0

s . This implies that the centers of the antennas
are constrained to a width W = W 0

s − 2R (respectively,
W 0

c ).
From these quantities, one can easily deduce the other char-

acteristics of the problem, such as SB, δ0, and σ0.
In both cases, it is also easy to explicitly compute the penalty

function and its gradient [see (14) and (15)]. Indeed, in both
cases, one can easily compute the projection PSA

on SA. If we
write a = (ax, ay) the position of the antenna and we assume
that ax > ay ≥ 0 without loss of generality, in the case of the
square, we have

PSA
(ax, ay) =

(
min

(
Ls

2
+

Ws

2
, ax

)

max

(
Ls

2
− Ws

2
, ay

))
.

In the case of the cross, we have

PSA
(ax, ay) =

(
min

(
Ls

2
, ax

)
,min

(
Ws

2
, ay

))
.

The associated penalty function is represented in Fig. 14 for
the square frame.

2These two quantities have in common the associated satellite can carry the
same number of antennas in the case of a regular layout.

Fig. 15. Comparison of the u− v plane sampling of the quincunx config-
uration and the optimized irregular configuration on the square frame. The
baselines of the quincunx configuration are displayed on the upper left corner,
while the baselines of our optimized configuration on the irregular square frame
are displayed on the bottom right for comparison. We can observe that we have
almost twice as many distinct sampling points within the same area with the
irregular configuration as we do with the quincunx (see Table I).

Fig. 16. The same as Fig. 15, except that the irregular configuration is our
optimized cross. We can then observe that we have almost twice as many
sampling points within the same area (see Table I).

V. RESULTS AND ANALYSIS

A. Results: Layouts

We have applied our method to the two candidates for the
shape of the SMOS-HR: the square and the cross. The number
of antennas in SMOS-HR has not been yet decided, but certainly
it will be more than the 69 antennas in the current SMOS
instrument, and up to 231 antennas. The method we present
in this article is general and can be adapted to different frame
shapes and number of antennas. In our simulations, we have
used 180 antennas.

Appendix A shows the layouts we have obtained for the two
regular configurations which are currently being considered for
SMOS-HR (irregular cross in Fig. 23, and irregular square in Fig.
24), along with the quincunx cross (Fig. 22). The quincunxes
consist of satellites with regularly placed antennas and half an
arm shifted by (R,R), where R is the radius of the antennas.3

3Note that the square and cross quincunxes as presented here are really
effective configurations in terms of coverage of the u− v plane, but are not
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TABLE II
RMSES FOR THE RECONSTRUCTION OF THE SIMPLE AND COMPLEX SCENES,

THE SIZE OF THE RECONSTRUCTION IN PIXELS, AND THE ANGULAR
RESOLUTION IN RADIANS, FOR ALL THE TESTED CONFIGURATIONS

Fig. 20. First column: Results on the simple scene (body at constant 300 K
temperature). Second column: Results on the complex scene. First row: Original
scene (ground truth). Second row: Irregular cross. Third row: Irregular square.
Fourth row: Quincunx square. Fifth row: Quincunx cross. The red circle repre-
sents the edge of the unfolded Dρmax disc.

The angular resolution is calculated as λ/D, where D is the
diameter of the instrument (the largest distance between two
antennas). Fig. 20 shows the obtained reconstruction with each
of the layouts.

2) Simulation of Failures in the Antennas: Each of the an-
tennas comes along with the electronic circuitry (amplifiers,
accurate filters, etc.), which is prone to failures. Failures could
happen, given that SMOS is now beyond twice its expected
5-years planned lifetime.

We simulated a failure of 7% of the antennas in the instrument.
If such an event should happen, the G matrix and its pseudo-
inverse would be recomputed to take into account the new layout

Fig. 21. Left column: Reconstruction with the irregular square, irregular cross,
quincunx square, and quincunx cross with 7% antenna failure. Right column:
Reconstruction error (difference between ground-truth and reconstruction). The
perfect regularity of the quincunx is lost when some antennas fail, thus the
reconstruction artifacts approaching to those of the irregular configurations.

TABLE III
RMSE OBTAINED WITH EACH OF THE CONFIGURATIONS, WITHOUT ANY

FAILURES (LEFT) AND WITH 7% OF THE ANTENNAS FAILING, FOR THE
“COMPLEX” SCENE

The error approaches that of the irregular configurations in the
event of failures

of antennas. In the case of regular configurations, the perfect
regularity of the instrument is lost, therefore approaching an
irregular sampling. Fig. 21 shows the reconstructions and the
error images.

Table III gives the RMSEs of the configurations. Our evalua-
tion confirms that the RMSE of the reconstruction after simulat-
ing the failure of some antennas in the quincunx configuration is
close to the RMSE of the irregular configuration. However, there
is a fundamental difference in these two cases: in the quincunx
and any other regular configuration, the antennas were located
on a regular grid and the axes of the DFT are orthogonal. This
means that there is no way to recover the missing information
from other visibilities. This limitation is not present in the
irregular configuration, where interpolation is possible. This
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• Irregular antenna arrays have been studied to diminish the aliasing in the reconstructed 
images  (preparation of new missions—SMOS-HR)

Task 1: Brightness-temperature retrieval techniques for synthetic aperture 
interferometric radiometers and RFI mitigation techniques
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• Simultaneous reconstruction of subsequent snapshots can impose more constrains on the TB 
images and reduce noise.  

Reconstruction d’image multi-snapshot

An alternative concept for SMOS-HR: unfolding
the brightness temperature map by along-the-track
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Abstract—Launched in 2009, the SMOS satellite [1] pro-
duces observations of brightness temperature through passive
microwave radiometry in the protected radio astronomy portion
of the L-band. Although a given point on the Earth’s surface
may be visible for 100 consecutive correlator integration times,
brightness temperature measurements are produced one corre-
lation period at a time, producing temperature maps that are
both noisy and folded due to the antenna array’s undersampling
of the u-v frequency plane.

For a potential successor of SMOS, SMOS-HR [2], we show
that a global inversion of the observation model (based on the
Van Cittert-Zernike theorem) across the orbital trace could
simultaneously unfold and denoise the observations. To this
end, we take advantage of the shift-invariance of the inversion
problem in geodesic coordinates.

I. THE GLOBAL INVERSION IN GEODESIC COORDINATES
ASSOCIATED WITH THE SATELLITE’S TRAJECTORY

To introduce the mathematical method in a slightly sim-
plified geometric setup, we model the Earth’s surface as
a sphere of radius R and suppose the satellite orbits a
great circle1 at altitude h. We call the satellite’s trace the
curve drawn by the subsatellite point, that is, the point of
the Earth at nadir. With these assumptions, the trace is a
closed geodesic. We arbitrarily fix a point of reference on
the trace; for any point along the trace, we denote by y its
geodetic distance along the trace to the reference point, that
is, the arc length of this geodesic divided by R. Since the
satellite moves at constant speed, y is proportional to the
time elapsed since the satellite last passed over the reference
point. Define the x-axis as a great circle passing through the
trace orthogonally at the reference point at a right angle and
x as the angular distance to the trace along that great circle.
We may think of y as the ordinate and x as the abscissa
of such a geographical coordinate system. This coordinate

*Centre Borelli, ENS Paris-Saclay, Gif-sur-Yvette, France.
†Centre d’Etudes Spatiales de la Biosphère (CESBIO), Toulouse,

France.
1At the resolution scale of SMOS, conversion between spherical and

oblate elliptical models of the Earth calls for only a subpixel correction,
and the extent to which the orbital spiral deviates from a great circle across
a segment of the trace corresponding to a single global inversion (less than
the orbital period) is minor and can profitably be ignored for the proof of
concept that constitutes our present work.

Fig. 1. Left: The spherical model S of the Earth. The satellite’s trace, given
in blue, locally approximates a great circle. R′ is a reference point along
the trace, with respect to which geodesic coordinates associated with the
trajectory may be defined. For any point A ∈ B, the visible band of S,
its geodesic angular coordinates are the angular distances across-track (xA)
and along-track (yA) to R′. Right: The geodesic coordinates in R2. The
set of points visible when the satellite is in position (0, ys) is given by
H(ys) = {(x, y) ∈ [−d, d] × [ys − d, ys + d] | cos(x) cos(y − ys) ≥

R
R+h}. Points near the center of the band B = ∪y∈RH(y) (those
with |x| ≈ 0) are visible in many snaphots from a variety of incidence
angles θ(x, y; ys) = sin−1 R

ρ

√
1− cos2 x cos2(y − ys) (where the dis-

tance from p(x, y) to the satellite in position (0, ys) is ρ(x, y; ys) =√
R2 + (R+ h)2 − 2R(R+ h) cos(x) cos(y − ys)), whereas those with

|x| near d are visible in few snapshots, at exclusively high incidence angles,
near sin−1

(
R

R+h

)
.

system is thereby determined by the satellite’s trace and a
reference point on that trace: the abscissa’s magnitude equals
the curvilinear distance to the trace as one moves across the
Earth’s surface along a line perpendicular to the trace, and the
ordinate equals the curvilinear distance to the line orthogonal
to the trace. We say that the satellite is “in position (0, y)”
when its subsatellite point is (0, y) with respect to these
coordinates, and we call (x, y) the “geodesic coordinates
associated with the trajectory.”

As the subsatellite point traces a geodesic on the spherical
surface S, in the geodesic coordinate plane R2, the set of
points visible to the satellite forms the band B = [−d, d]×R,
where d = R cos−1

(
R

R+h

)
is the horizon in geodesic coor-

dinates. The application p : B → S locates the point with
those coordinates on Earth’s surface. The point p(x, y) ∈ S
has a signed geodesic distance to the trace equal to x.
The point on the trace closest to p(x, y) is p(0, y). From
Napier’s laws of spherical trigonometry, elements of the
set H(y′) ! [−d, d] × [y′ − d, y′ + d] ! B of points

Fig. 2. Parametric representation of brightness temperatures trained using
level 3 SMOS data taken from several ascending and descending orbits
over several days, over 12 incidence angle bins (each bin in [6] besides
those centered at 40◦ and 62.5◦). These data give, for each bin, vertical
and horizontal polarization brightness temperature, as well as the RMSE
between the modeled and observed brightness temperatures. Using principal
component analysis (PCA), we verified that binned angular brightness
temperature data are highly redundant. Just four principal components
explain almost all the variance. The PCA model given in the two images
above was used in this paper to express the brightness temperature of
a point p(x, y) as a function of the incidence angle θ at which it is
observed and its brightness temperature parameters α(x, y): T(x, y, θ) =
Tmean(θ) +

∑3
i=0

√
varPCiTPCi(θ)αi(x, y), where Tmean(θ) (left

image) is the mean temperature of pixels observed at incidence angle θ and
the TPCi(θ) (right image) are the normalized (orthonormal on R12, not
over the set of points H′) basis functions (covariance matrix eigenvectors
visualized as temperature curves rather than just vectors in R12). The first
basis function is relatively constant (thus, α1 adjusts pixel brightness across
all angles); the second tracks the mean temperature curve; and the remaining
allow adjustments to temperature in particular incidence angle bands.

indicate these visibilities have corrected by subtracting out
the radiation in c < ||ξ|| ≤ 1.

The contributions to the visibilities from the visible surface
of Earth, therefore, can be expressed as

Vkl(ys) =

∫

||ξ||≤c

〈α(x(ξ), ys + y(ξ)), f(θ(ξ))〉hkl(ξ) dS(ξ) .

(4)
Thanks to the satellite’s yaw corrections, the acquisition

geometry does not vary across the orbit. In other words,
relative to the subsatellite point, H(ys) describes the same
set of points as the subsatellite point moves along the trace.
The set H ′ = {(x, y − ys) | (x, y) ∈ H(ys)} is stationary.
This implies that the model of Equation (4) is stationary
along the trace, and this manifests itself formally in the fact
that it is a convolution with respect to the variable ys.

To take advantage of this fact, we apply to this equation the
partial Fourier transform with respect to ys. For a function
of two variables u(x, y), this transform is defined by

ũ(x,ω) :=

∫ ∞

−∞
u(x, y)e−iωy dy .

Now the partial Fourier transform of the corrected visibil-
ities, Ṽkl(ω) =

∫∞
−∞ Vkl(y) dy , can be written in terms of

the partial Fourier transform of the parameters, α̃(x,ω) =∫∞
−∞ α(x, y) dy . Letting

q(x, y) = hkl(ξ(x, y)(1, f1(θ(x, y)), . . . , fm(θ(x, y))),

we see, through a simple change of variable y′ = ys + y(ξ)
and the stationarity of the geometry, that

Ṽkl(ω) =

∞∫

−∞

(∫∫

H(ys)

〈α(x, ys + y), q(x, y)〉 dS
)
e−iωys dys

=

∫∫

||ξ||<c

〈α̃(x(ξ),ω)e−iωy(ξ), q(x(ξ), y(ξ))〉 dS (ξ).

(5)

A global inversion of Equation (5) to recover the bright-
ness temperature parameters from all visibilities measured
along an orbit can therefore be decomposed into smaller
inversions, recovering independent subsets of the parameters.
For each orbital frequency ω ∈ R, we can invert Equation (5)
to recover the set of transformed parameters α̃(x(ξ),ω).
More precisely, for each satellite position y, we are given
M2 visibilities, derived from the M2 equations (given in
Equation (4)), which we seek to invert to estimate the bright-
ness temperature parameters α(x, y). After transforming
Equation (4) into Equation (5), we still have M2 equations,
with the M2 transformed visibilities known. However, these
equations now have, as unknowns, the functions x → α̃(x).
They can now be resolved independently for each ω! Having
done this, we can apply the inverse partial Fourier transform
to α̃(x,ω) to arrive at α(x, y).

D. Discretization
We pass to the discrete setting because the visibilities

are computed not in a continuous fashion but rather once
per correlator integration period and because we wish to
invert Equation (5) over a finite segment of the orbital trace
(small enough to resemble a great circle). The above analysis,
based on the invariance of the acquisition geometry across
the orbital segment, readily informs the discrete setting. The
partial Fourier transform trick becomes the partial discrete
Fourier transform trick.

Inverting Equation (5) requires discretizing the set of
directions that intersect Earth to form a Riemann sum over
the set of ξ for which ||ξ|| ≤ c. Equivalently, this can be
seen as discretizing H ′ = {(x(ξ), y(ξ)) | ||ξ|| ≤ c} and
ultimately the band B. After subtracting the contribution of
the mean temperature function over the scene f0(θ) from the
visibilities, discretizing the integral in Equation (5) relates
the partial Fourier transform Ṽkl of the visibilities, evaluated
at each orbital frequency ω, to the partial Fourier transform
α̃(x,ω) of the maps of brightness temperature parameters
via a matrix multiplication.

Let NH′ be the number of distinct points in our sampling
of H ′ and Nlat be the number of distinct values of x(ξ).
Inverting Equation (5) involves computing the pseudo-inverse
of an M2 × (m ·NH′) matrix, referred as the G matrix.5

E. Comparison with similar approaches in radio astronomy
In 1979, Ekers and Rots [3] introduced into the ra-

dio interferometry literature the idea of taking the Fourier

5Since ξ and η each depend on both geodesic coordinates x and y
(via ρ(x, y)), to integrate out the y and render the equation purely in
terms of the unknown x → α̃(x), we must rewrite dS(ξ) as dS(x, y) =
R2 cos(x)(R−(R+h) cos(x) cos(y))

ρ(x,y)3
dy dx. When we do this, the G matrix

shrinks to M2 × (m ·Nlat), where Nlat = O(
√

NH′ ).

matrix blocks Gr,c whose transpose’s (also circulant) first
row contains the M elements of Q̂ZP

c [:, 2ns−ω (mod N)]
under the permutation on {0, . . . ,M − 1} given by π : n "→
M − n (mod M). Here Q̂ZP

c is the two-dimensional, M -
point by N -point DFT of the zero-padded QZP

c , defined by

QZP
c [i, j] =

{
Qc[i, j] if j ≤ M − 1,

0 otherwise.

D. Comparison of methods
As Figure 4 shows, both methods successfully invert

simulated images of brightness temperature parameters using
a realistic noise model. In fact, Figure 5 shows that they
produce almost identical results, in high-noise scenarios.
SVD truncation error explains the differences between the
two methods, and it was insignificant for the DFT sampling
scenario and antenna patterns tested.

III. CONCLUSION

We proposed a global inversion technique for the equation
that expresses the Van Cittert-Zernike theorem. Using the
invariance of the acquisition geometry, we can express the
partial discrete Fourier transform of the visibilities, taken
along the satellite’s trace, in terms of the corresponding
partial discrete Fourier transform of the image of brightness
temperature parameters, sampled uniformly in latitude and
longitude relative to the satellite’s trace. The image of
brightness temperature parameters can therefore be inverted
one frequency at a time. In this way, a global inversion, with
its ability to expand the field of view by overcoming folding
and to reduce noise, is broken down into a set of smaller
inversions that can be performed independently.

This concept was validated numerically by introducing a
regular, invertible pattern of folding in an orbital scenario
whose sampling permits the brightness temperatures sampled
in the ξ-η plane and the visibilities sampled in u-v plane to
form a DFT pair. Brightness temperature parameters recov-
ered from the visibilities via the partial Fourier inversion
agreed with those obtained through a direct inversion of the
folding mechanism. Future work will evaluate this technique
with arbitrary, irregular baseline sampling in the u-v plane
to aid the design of future satellite instruments.
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Fig. 5. The top image displays three brightness temperature (BT) parameters
(C = 3), recovered via the direct inversion from a series of observations
of highly undersampled visibilities (s = 4), in an unrealistically high-
noise scenario (the Bτ product is 100 times that of SMOS). The recovered
parameters are written into each channel of this RGB image, overstating the
reconstruction error: the third principal component has 10−3 the variance
of the first, but the two contribute equally to this RGB image! (Hence the
noisy blue channel.) Below that, we see the reconstruction error on the
first principal component parameters for the portion of the image on the
Earth’s surface (that is, without the top and bottom five rows). Even at
the horizon, where the signal-to-noise ratio is at its lowest, the recovered
parameters give reasonable temperature curves, as the third image illustrates.
The direct inversion and the partial Fourier inversion give, for each pixel,
nearly identical BT curves, and these two curves agree with the curve
resulting from the pixel’s actual BT parameters. The fourth image displays
the pixelwise difference in the second principal component between the two
global inversion methods, which is less than 10−10. The final image shows
the error (in Kelvin) in the reconstructed BT curve for each pixel on Earth’s
surface, sampled at 2.5◦ (left third of the image), 22.5◦ (middle third),
and 57.5◦ (right third). The error, at a given incidence angle, is lowest at
latitudes that are observed at that incidence angle the most. At low incidence
angles, pixels near the trace show the lowest error. The reconstruction error
at intermediate incidence angles is lowest in intermediate latitude bands,
whose pixels were observed at intermediate incidence angles in the most
snapshots. All pixels were observed at 57.5◦ roughly as often (and with
similar antenna pattern values), except those at the most extreme latitudes.
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(Dunitz et al. 2021, IEEE CAMA) 



• Digital beam forming shows promising results as an alternative to aperture synthesis. Less
noise in the TB versus incidence angle curves due to less sensitivity to disparities in the
antenna power patterns

L’approche formation de faisceau a été comparée à l’approche interférométrique: pour 
SMOS elle est moins sensible (0.5 K rmse) à la disparité des diagrammes d’antennes 
(action en cours).

Formation de faisceau

Interférométrie

DTX DTY

1.99 K
rmse

1.92 K

1.50 K
rmse

1.44 K

Anterrieu et al. (en prep.)
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(Anterrieu et al. 2022, Remote Sensing )



• Using SMAP Tbs to define thresholds to filter SMOS Tbs in regions affected by RFI
• Comparison to SMAP allow to define thresholds using RFI_flags/Nviews and

BT_std/BT_accuracy

Dragon 5 Mid-term Results Reporting 59312

Task 1: Brightness-temperature retrieval techniques for synthetic aperture 
interferometric radiometers and RFI mitigation techniques

7

Madelon, Rodriguez-Fernandez et al.



• After applying those filters it is possible to reduce bias in SMOS and SMAP BTs

Madelon, Rodriguez-Fernandez et al.

R

STDD

Bias

• Multilinear regression of SMOS BTs from 
30º to 45º with respect to SMAP BTs (40º)

Dragon 5 Mid-term Results Reporting 59312
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Madelon, Rodriguez-Fernandez et al.

R

STDD

BiasR

STDD

Bias

• Multilinear regression of SMOS BTs from 
30º to 45º with respect to SMAP BTs (40º)

• Important to have a common L-band time 
series to be used to rescale time series of 
other sensors for climate data records

• After applying those filters it is possible to reduce bias in SMOS and SMAP BTs

Dragon 5 Mid-term Results Reporting 59312
9
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3rd Year Results Reporting
Task 1: Brightness-temperature retrieval techniques for synthetic aperture 
interferometric radiometers and RFI mitigation techniques

(Peng, Zhao, Shi et al. 2023, Scientific Data)

p An RFI-suppressed SMOS L-band multi-angular TB dataset (since 2010) was generated by 
the two-step regression approach.

DOI: 10.11888/Terre.tpdc.300406

• The two-step regression refined SMOS TB has better R values (negative) between
emissivity and in situ soil moisture.

10



3rd Year Results Reporting
Task 1: Brightness-temperature retrieval techniques for synthetic aperture 
interferometric radiometers and RFI mitigation techniques

• Refined TB at 40° has good relationship 
with SMAP TB, SMOS TB are warmer than 
SMAP TB.

27.5° 27.5°

52.5° 52.5°

40° 40°

11

(Peng, Zhao, Shi et al. 2023, Scientific Data)

• Refined SMOS TB has consistent spatiotemporal 
coverage at different incidence angles, which is 
beneficial for algorithms rely on multi-angular TB.



3rd Year Results Reporting
Task 1: Brightness-temperature retrieval techniques for synthetic aperture 
interferometric radiometers and RFI mitigation techniques

STD of H-polarized TB

STD of V-polarized TB

Sum of STD of polarized TB

• SMOS instruments are functioning well, small STDs of TBs are 
predominantly observed in high-latitude areas, as well as densely 
vegetated regions.

• These selected reference targets (right column of the figure) may 
serve as “warm” and “cold” targets for the calibration of the future 
Terrestrial Water Resources Satellite (TWRS) over the land area.

DOI: 10.11888/Terre.tpdc.300406

12

(Peng, Zhao, Shi et al. 2023, Scientific Data)



p A general soil moisture retrieval algorithm (multi-channel collaborative algorithm, MCCA) 
that could be applied to various satellites was developed.

3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions

𝐹!"#"$ : 𝜏%& = −log(
−𝑏′ − 𝑏′' − 4 - 𝑎′ - 𝑐′

2 - 𝑎′
) - cos 𝜃

• (1) Self-constraint relationship between soil and
vegetation parameters is used as constraints

• (2) Vegetation tau (VOD) is dependent on frequency, 
polarization and incidence angle

• (3) for a given Tb and corresponding soil and vegetation parameters, the Tb at another channel can be predicted

Vegetation

Soil

𝐹()*:
𝜏%& $

𝜏%& '
=

𝑓$
𝑓'

+!
-
sin' 𝜃$ - 𝐶," + cos

' 𝜃$
sin' 𝜃' - 𝐶,# + cos' 𝜃'

𝐹%-./: 𝑇𝑏 )%&('
2-2(3 = 𝑉 )%&('

4 − 𝑆5𝑉5 - 𝑉 )%&($
4 + 𝑆5𝑉5 - 𝑇𝑏 )%&($

2-2(3
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3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions• The global spatial distribution is more reasonable (LPRM products tend to be wet; 

JAXA products tend to be dry; CCI products have incomplete spatial coverage).
Implementation for AMSR

14

(Hu, Zhao et al. 2023, Remote Sensing of Environment



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions• The accuracy of soil moisture is improved compared with other soil moisture products 

through validation at 25 ground SM val networks.
• Consistency between AMSR-E and AMSR2 retrievals. Implementation for AMSR

15

(Hu, Zhao et al. 2023, Remote Sensing of Environment



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions• The demonstration of the variation pattern of vegetation optical depth with 

microwave channels (frequency, polarization)
Implementation for AMSR

DOI: 10.11888/Terre.tpdc.272907.
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(Hu, Zhao et al. 2023, Remote Sensing of Environment



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions• The MCCA retrieved soil moisture generally has a comparable correlation (R) with 

other SMAP products, while the ubRMSE of MCCA soil moisture is generally lower 
than that from other SMAP products.

Implementation for SMAP

Peng, Zhao, Shi et al. 2023, 
Remote Sensing of Environment (under revision)

Vegetation optical depth
VOD (H-pol)

VOD (V-pol)

Correlation ubRMSD

DOI: 10.11888/Terre.tpdc.272088.
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3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions• Polarized VODs provide more information compared to one VOD.

• Lower V-polarized VOD in densely vegetated area may attribute to the plant 
canopies with a structure dominated by vertical stalks in forest.

• Higher V-polarized VOD than H-polarized VOD in Sahara needs more studies to 
explore.

R between MCCA VOD H&V DoI between MCCA VOD H&V

Annual averaged VOD H-V Seasonal Amplitude of VOD H-V

18

degree of information



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions
• All VOD products at diff channels have a strong linear correlation with GEDI Biomass.

AMSR SMAP

L - b a n dC - b a n d

X - b a n d

K u - b a n d

19



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions
p A new soil moisture dataset was derived from Chinese 

FengYun-3 series satellite(NNsm-FY), using Machine learning 
technology and SMAP L band soil moisture.

• Data:

Data Source Time Period

FY-3B MWRI L1 TB provided by NSMC 2010-2019

SMAP L3 soil moisture https://nsidc.org/data/smap 2015-2017

• In situ Soil moisture :
----14 Dense validation networks

(a) 7 USDA watershed networks, (b) 2 Tibetan Plateau   
networks (c) 2 OZNet networks, (d) the REMEDHUS network, 

and (e) 2 AMMA networks. 
----5 flux datasets(258 sites)  

(a) FLUXNET2015,  (b) ICOS2020,  (c) ICOSETC2022,  
(d)AmeriFlux Network  (e) TERN

Yao, Lu, Zhao et al. 2023, Scientific Data
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3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions
p Training result (2015-2017)

• high CC (>0.8) with the target SMAPL3sm globally, except for regions of equatorial rainforest and
forest at high latitude such as part of Russia.
• Statistically, 60 percent of RMSE over global land are below 0.03 m3/m3,

and 30 percent of RMSE is between 0.03 m3/m3 and 0.05 m3/m3.

statistical result of  FYNNsm and SMAPL3sm
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3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions
p Validation and Comparison at dense networks

• NNsm-FY agrees well with SMAPsm and
in situ, while FY-sm shows overestimation
over REMEDHUS network; At Naqu network,
FY-sm has very few retrievals only in
Northern summer

• From boxplot both at dense networks and
flux sites, NNsm-FY performs poor than
SMAP and better than FY-sm

22



3rd Year Results Reporting
Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions

23

p A new soil moisture dataset was obtained from the China-France Ocean Satellite (CFOSAT) using an 
improved change detection algorithm       （Ku-band  scatterometer）

• Change detection algorithms for vegetation cover

∆σ!"#,%!
&'(,(*.,) = a % V. + ∆σ!"#/0*1 = σ!"#,%!

&'(,(*.,) − σ!*2,%!
&'(,(*.,)

∆σ3,%!
&'(,(*.,) = a % V. + ∆σ3/0*1 = σ3,%!

&'(,(*.,) − σ!*2,%!
&'(,(*.,)

The total backscatter change is expressed as the
sum of the change in backscatter under bare soil
conditions and the portion of the change in
backscatter influenced by vegetation.

∆σ3
&'( = a % V + ∆σ3/0*1 = σ3

&'( − σ!*2
&'(

𝑆𝑀 = 𝑒𝑥𝑝(
∆σ3,%!

&'(,(*.,) − a % V.
∆σ!"#,%!

&'(,(*.,) − a % V.
[𝑙𝑛(𝑆𝑀456 + k) − 𝑙𝑛(𝑆𝑀478 + k)] + 𝑙𝑛(𝑆𝑀478 + k)) − k



3rd Year Results Reporting
24

p CFOSAT Global Soil Moisture Retrieval Results

• Establish a fitting function between the CFOSAT
backscatter coefficient and NDVI from 2019 to 2022 to
create a change detection algorithm for soil moisture
retrieval.

Global Soil Moisture Comparison between CFOSAT and SMAP(Duan, Zhao et al.  Under review)

Task 2: New retrieval algorithm development and long-term data record 
development and validation for soil moisture based on current and future satellite 
missions



3rd Year Results Reporting
Task 3: Enhancement of the spatial-temporal resolution of remote sensing products 
by combine use of multi-source satellites
p Using Luan-river Basin airborne data, NAFE’06, SMAPVEX15, and SMAPVEX16 to 

evaluate the impact of the initial resolution on the downscaling results  
(preparation of future mission  SMOS-HR)

• Downscaling results in the Luan River Basin
• Better soil moisture estimation can be performed with higher

initial resolution (the higher correlation, and the lower STDD)

25

(Rodriguez-Fernandez, Zhao, Colliander et al. (Preparing)



3rd Year Results Reporting
Task 3: Enhancement of the spatial-temporal resolution of remote sensing products 
by combine use of multi-source satellites

p Multi-scale evaluation of different soil
moisture data sets with respect to in situ
measurements

26

• Interpolated products (SMAP 9km) give the 
same results as the original SMAP 36km.

• Downscaled SMAP+S1 gives less good results. 
When aggregated to 25 km the performances 
increase significantly

(Madelon, Rodriguez-Fernandez et al. 2022, HESS)



3rd Year Results Reporting
Task 3: Enhancement of the spatial-temporal resolution of remote sensing products 
by combine use of multi-source satellites

p Comprehensive analyses of alternative downscaling soil moisture products to give clear 
guidance on the performance differences between current downscaling techniques

Downscaling
factors STR NSDSI-1/2/3 ATI DTA SEE TVDI VTCI

Full name
shortwave 
infrared 

transformed 
reflectance

normalized 
shortwave-

infrared (SWIR) 
difference bare 
soil moisture 

indices

Apparent
thermal 
inertia

Diurnal
temperature
amplitude

soil 
evaporative 
efficiency 

Temperature 
and 

Vegetation 
Dryness 
Index

vegetation 
temperature

condition 
index

Why it can 
be used as a 

proxy for 
soil 

moisture

water absorption difference 
between shortwave-infrared bands, 
greater amounts of water in the soil 

result in a more significant 
difference in soil reflectance

Variations in surface 
thermal inertia—the 

resistance to temperature 
variations—can be 

indicative for variations in 
soil moisture

LST-VI triangular feature space
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• Downscaling factors • Downscaling methods
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3rd Year Results Reporting
Task 3: Enhancement of the spatial-temporal resolution of remote sensing products 
by combine use of multi-source satellites

• STR-based result

• ATI-based result

• SEE-based result

p Downscaling results in the Luan River Basin
• The spatio-temporal downscaled R values of reflectance-

based downscaled SM products are better than that of other factors

• SM spatial maps can clearly reveal water bodies

28



EO Data Delivery

Data access (list all missions and issues if any). NB. in the tables please insert cumulative figures (since July 2020) for 
no. of scenes of high bit rate data (e.g. S1 100 scenes). If data delivery is low bit rate by ftp, insert “ftp” 

ESA /Copernicus Missions No. 
Scenes

1. ESA SMOS SCLF1C (ftp) 137,224

1. ESA SMOS AUX_ECMWF (ftp) 137,249

2. CATDS SMOS L3TB (ftp) 8582

2. CATDS SMOS AUX (ftp) 729

5.

6.

Total:

Issues:

ESA Third Party Missions No. 
Scenes

1. 

2. 

3. 

4.

5.

6.

Total:

Issues:

Chinese EO data No. 
Scenes

1. FY-3 B,C,D 835

2.CFOSAT 8915

1. 

2.  

3. 

6.

Total:

Issues:
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Chinese Young scientists' contributions in 
Dragon 5

Name Institution Poster title Contribution including period of research

Panpan Yao AIRCAS A global daily soil moisture
dataset derived from
Chinese FengYun-3 MWRI

A new soil moisture dataset was derived from Chinese
FengYun-3 series satellite(NNsm-FY), using Machine
learning technology and SMAP L band soil moisture.

Jiaqi Zhang AIRCAS Characterizing the Channel
Dependence of Vegetation
Effects on Microwave
Emissions from Soils

Investigating the channel dependence of vegetation
effects on microwave emissions from soils using a
higher-order vegetation radiative transfer model.

Xiaowen Gao AIRCAS Snow density retrieval in 
Quebec using space-borne 
SMOS observations 

This research established a method to retrieve snow 
density below vegetation canopy using L-band SMOS 
observations and achieved a bias of 9.4 kg/m3 and an 
RMSE of 83 kg/m3 at 43 stations located in Quebec, 
Canada.
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3rd Year Results Reporting

Academic exchanges

• Chinese PhD student Zheng Jingyao visited
CESBIO SMOS team for one year (2022.9-2023.9)

• Collaboration on two articles

Zheng, Zhao, Rodriguez-Fernandez, 
Merlin et al. JAG, 2021

Zheng, Zhao, Rodriguez-Fernandez, 
Kerr et al. RSE, under Revision
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