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Abstract—Synthetic aperture imaging radiometers (SAIRs) are
powerful instruments for high-resolution observation of planetary
surfaces at low microwave frequencies. This paper is concerned
with the reconstruction of radiometric brightness temperature
maps from SAIR interferometric measurements. Even in the absence of modeling errors and radiometric noise, a systematic error,
or bias, has been observed in the reconstructed maps. The origin
of this bias is analyzed and an efficient solution is proposed for
reducing it. The core reconstruction procedure is not changed, and
no additional measurements are needed. Throughout the scientific
rationale, particular emphasis is laid on numerical simulations
carried out for the Soil Moisture and Ocean Salinity space mission,
a project led by the European Space Agency and devoted to the
remote sensing of soil moisture and ocean salinity from a low-orbit
platform.
Index Terms—Aperture synthesis, imaging radiometry, inverse
problem, reconstruction bias, regularization.

I. I NTRODUCTION

T

HE two-dimensional L-band interferometer Microwave
Imaging Radiometer by Aperture Synthesis (MIRAS) is
the single payload of the Soil Moisture and Ocean Salinity
(SMOS) space mission led by the European Space Agency
[1], [2]. The problem of retrieving the radiometric temperature
distribution of a scene under observation from interferometric
data has been widely addressed [3]–[5], and the errors that may
affect the reconstructed maps have been identified [6] and studied in depth [7], [8]. A linear algebra framework has been given
to this problem [9], [10] showing that it has to be regularized in
order to provide a unique and stable solution [10], [11].
This paper is devoted to the systematic error, or bias, which
has been observed in the reconstructed maps, even in the absence of modeling errors and radiometric noise [10]. Removing
such biases is an important issue, as systematic errors as small
as 0.1 K may induce a 0.2 to 0.3 PSU error in the retrieved sea
surface salinity. The modeling of the instrument and a regularized reconstruction procedure are briefly recalled in Sections II
and III. The origins of the bias are addressed in Section IV.
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Two components are analyzed: the first one is related to the
antenna voltage pattern of the reference radiometer [12], while
the second one depends on the temperature contents in the
aliased regions of the observed scene. Section V describes
an approach for reducing this bias. New a priori information
is added to the regularized reconstruction procedure without
the aid of any additional measurement. Numerical simulations
conducted within the frame of the SMOS project are the basis
of the analysis and the results presented in Sections IV and V.
II. I NSTRUMENT M ODELING
Synthetic aperture imaging radiometers (SAIRs) devoted to
Earth observation measure the correlation between the signals
collected by pairs of spatially separated antennas Ak and Al
which have overlapping fields of view, yielding samples of the
visibility function V (u), also termed complex visibilities [13],
of the brightness temperature map T (ξ) of the observed scene.
The relationship between V (u) and T (ξ) [14] has been recently
revisited in order to take into account mutual effects of close
antennas [15]. It is now given by

1
T (ξ) − Trec
Fk (ξ)F l (ξ) 
V (ukl ) ∝ √
Ωk Ωl
1 − ξ2
ξ≤1


× rkl

−ukl ξ
fo



e−2jπukl ξ dξ

(1)

where ukl is the spatial frequency associated with the two
antennas Ak and Al (namely, the spacing dkl between the antennas normalized to the central wavelength of observation λo ),
the components ξ1 = sin θ cos φ and ξ2 = sin θ sin φ of the
angular position variable ξ are direction cosines (θ and φ
are the traditional spherical coordinates), Trec is the physical
temperature of the receivers, Fk (ξ) and Fl (ξ) are the normalized voltage patterns of the two antennas Ak and Al with
equivalent solid angles Ωk and Ωl (the overbar indicates the
complex conjugate), rkl (t) is the so-called fringe-wash function
which accounts for spatial decorrelation effects, t = ukl ξ/fo
is the spatial delay and fo = c/λo is the central frequency of
observation.
Denoting by  the number of antennas of the interferometric
array, the number of complex visibilities (i.e., the number of
baselines dkl ) provided by the interferometer is equal to nv =
( − 1)/2 when accounting for the Hermitian property of (1).
However, the list of spatial frequencies ukl is not necessarily
nonredundant since two different pairs of antennas may lead to
the same spatial frequency [16].
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Since SAIR have limited physical dimensions, the spatial
frequencies ukl sampled by an interferometer are confined to a
limited region of the Fourier domain: the so-called experimental
frequency coverage H [17]. In the case of MIRAS, a Y-shaped
array fitted with equally spaced antennas has been selected.
Consequently, the visibility samples are obtained from raw data
inside a star-shaped window over an hexagonally sampled grid
Gu in the Fourier domain [1].
Finally, for computational purposes, numerical integration
is used to represent the integral (1) as a summation over n2
integrand samples, here the n2 pixels of the spatial grid Gξ
which is the dual grid of Gu . The number of pixels in the grids
Gu and Gξ has to be chosen in such a way that the Shannon
criterion is satisfied and the numerical quadrature is sufficiently
accurate [10].
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 is the diagonal matrix whose nonzero elements are
where W
 in H. As demonstrated and illustrated in [10],
the values of W
this map has to be compared to the temperature map to be

and not to the original one T .
reconstructed Tw = U∗ WUT
Indeed, Tw is the map reconstructed with an “ideal” instrument
(with identical antenna patterns and no fringe washing) and
apodized with the same window W so that it is at the same
spatial resolution as Tr (whereas T is at a higher resolution and
could not be compared to Tr ). The corresponding error map
∆Tr = Tr − Tw is characterized with its mean ∆T r , or bias,
and its standard deviation σ∆Tr
∆T r =



∆Tr (ξ)/nAFOV

AFOV

(5)
III. R ECONSTRUCTION P ROCEDURE

σ∆Tr =

A new regularized approach has recently been proposed, and
selected by the European Space Agency for implementation
in the ground segment prototype, for retrieving a unique and
stable estimate Tr of the radiometric temperature distribution
T of a scene under observation from complex visibilities V
[10]. Like many other reconstruction procedures, this method
makes use of the modeling operator (or matrix) G which is the
discrete linear operator from the object space E into the data
space F describing the basic relation (1). It has been shown
that this approach provides the best estimate Tr inasmuch
as all the available information is taken into account in the
(regularized) inversion [11]. The information required to build
the G matrix is not relevant for this paper since the origin of the
reconstruction bias is not linked to unknown modeling errors
and it appears even when the modeling G matrix is perfectly
known [10].
Referring to a physical concept, namely the limited resolution of SAIR, this regularized approach finds the temperature
map Tr which has its Fourier transform confined to the experimental frequency coverage H. This band-limited solution
realizes the minimum of the constrained optimization problem

min V − GT 2F
T ∈E
(2)
(I − PH )T = 0
where PH = U∗ ZZ∗ U is the projector onto the subspace E (of
the object space E) of the H band-limited functions, U is the
Fourier transform operator, and Z is the zero-padding operator
beyond H. The unique solution of (2) is given by
Tr = U∗ ZA+ V

(3)

where A+ = (A∗ A)−1 A∗ is the More–Penrose pseudoinverse
of the rectangular matrix A = GU∗ Z.
In order to filter out the Gibbs effects due to the sharp
frequency cutoff associated to the limited experimental frequency coverage H, Tr is damped by an appropriate windowing
function W [18]

Tr = U∗ WUT
r

(4)



(∆Tr (ξ) − ∆Tr )2 /nAFOV .

AFOV

The instantaneous field of view of MIRAS being subject to
Earth and sky aliasing because of the antenna spacing of the
Y-shaped interferometric array [1], [2], both quantities ∆T r
and σ∆Tr are computed in the alias-free field of view (AFOV)
by summing the values of the error map over the nAFOV pixels
belonging to this region of the synthesized field of view.
The results presented in the next sections are based on
numerical simulations conducted within the frame of the SMOS
project and with inputs from the SMOS End-to-End Performance Simulator (SEPS) [19]. All these simulations have been
performed for a Y-shaped array equipped with  = 69 antennas. The number of available complex visibilities V (ukl ) is
equal to nv = 2346, while there are only nf = 1395 spatial
frequencies in the star-shaped frequency coverage H. Only
one reference radiometer consisting of an antenna element
equipped with an accurately calibrated receiver has been added
to the interferometric array in order to measure the visibility
function for the zero spacing V (0). The dimension of the
sampling grids Gu and Gξ has been fixed to n2 = 128 × 128.
The size of the real-valued matrices G and A are therefore
(2nv + 1) × n2 = 4693 × 16 384 and (2nv + 1) × (2nf + 1) =
4693 × 2791, respectively.
IV. O RIGIN OF THE R ECONSTRUCTION B IAS
Referring back to (5), the reconstruction bias is only one
component of the systematic reconstruction error which
has been observed even in the absence of modeling errors
and radiometric noise [10]. It has been attributed to the highfrequencies components of the observed scene which contribute
to the complex visibilities while the instrument provides only
the capability to retrieve a band-limited brightness temperature
map. However, as illustrated in Fig. 1 with the spatial
frequency filtering characteristics of MIRAS, the instrument
is not sensitive to spatial frequencies that are higher than its
maximum baseline. Indeed, this basic property is revealed
with the aid of numerical simulations conducted for an input
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Fig. 1. Variations of the transmission factor T of MIRAS with
 the spatial
frequency R of an input cosine wave of the form T = cos(2πR ξ12 + ξ22 ): T
is defined as the ratio between the amplitude of the retrieved cosine wave
Tr and that of the original one T , R is expressed with the same units the
spatial frequencies ukl are. Circles are results of numerical simulations, and the
solid line curve is the expected behavior for an SAIR
√ with such a star-shaped
frequency coverage H with R1 = 21 and R2 = 3R1  36.4.


cosine wave T (ξ) = cos(2πR ξ12 + ξ22 ) with various spatial
frequencies R in a range higher than the length of the maximum
baseline and by computing the ratio T between the amplitude
of the retrieved cosine wave Tr and that of the original one T .
According to the shape of the experimental frequency coverage
H, the following behavior is expected (and actually observed)
for this transmission factor: T = 1 below R1 (the radius of the
circle inscribed in H), T = 0 above R2 (the radius of the circle
circumscribed around H) and T varies linearily from 1 down to
0 for R1 ≤ R ≤ R2 . As a consequence, the reconstruction bias
cannot be attributed to the high-frequencies components of the
observed scene since they are filtered out by the instrument
itself.
With regard to this band-limited imaging property, the
situation of MIRAS is very similar to that of any interferometer
in radio astronomy (such as the very large array [20], for example). In particular, the truncation of the experimental frequency
coverage H is responsible for the standard deviation component
of the systematic error because of the presence of the wellknown Gibbs oscillations in the reconstructed maps. However,
some specific features may be responsible for the systematic bias.
1) Due to the short spacing between the antennas, the synthesized field of view of MIRAS is much larger than
with any interferometric array in radio astronomy. Since
the antenna patterns are also wider than in radio astronomy, nonnegligible effects of individual antenna patterns
should be taken into account.
2) In radio astronomy, typically observed fields have a background level close to zero whereas for the SMOS mission
the average temperature of the Earth is not close to zero.
Since the spacing and the geometry of the array are also
responsible for Earth (and sky) aliases in the synthesized
field of view, the influence of these regions could be
very critical.

Fig. 2. Variations of the bias ∆T r with the location of a particular antenna
having its voltage pattern with the FWHM set to 65◦ while the 68 other
antennas of MIRAS have equal voltage patterns with the FWHM set to 65◦ or
different ones with their FWHM in the range 65◦ ± 1◦ or 65◦ ± 2◦ . There are
21 front antennas and two back ones per arm. The reference antenna is one of
the latter and is always located at coordinate −1 just behind the center of the Y .

Consequently, the following two origins, or two components,
of the reconstruction bias have been investigated:
1) an instrument-dependent component, which has revealed
the key role played by the voltage pattern of the reference
radiometer;
2) a scene-dependent component, which has shown the influence of the aliased regions of the observed scene.
Simulations have been performed in this section with very
simple synthetic scenes in order to reveal these effects while
in Section V other simulations have been conducted with more
realistic scenes taken from the SEPS [19].
A. Instrument-Dependent Component
Simulations have been first conducted for an array with one
particular antenna pattern having a full-width at half-maximum
(FWHM) permanently set to 65◦ (i.e., close to the nominal
MIRAS value), while the FWHM of the other antennas is
also set to 65◦ or randomly distributed over 65◦ ± 1◦ and
65◦ ± 2◦ . The observed scene is a very simple brightness temperature distribution T equal to 300 K over the Earth and 0 K
elsewhere, so that the AFOV is also free from aliases from
the sky. The variations of the bias ∆T r with the location of a
particular antenna on one arm of the Y-shape array are shown in
Fig. 2. As expected, ∆T r is equal to zero when all the antennas
have the same voltage pattern (i.e., when the instrument is an
ideal one). This is no longer the case when the antennas have
different voltage patterns, except when the particular one plays
the role of the reference antenna. It should be noted that in
such a case the voltage pattern of the reference antenna is here
equal to the average pattern of the other antennas of the array
(whatever the spread of these patterns). For the other locations,
the bias does not depend on the location of the particular
antenna and is an increasing function of the disparity between
the voltage patterns, at a rate here close to 1 K/◦ .
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Fig. 3. Variations of the bias ∆T r with the FWHM of the voltage pattern of
the NIR. The 68 other antennas of MIRAS have equal voltage patterns with the
FWHM set to 65◦ or different ones with their FWHM in the range 65◦ ± 1◦
or 65◦ ± 2◦ .

The same simulations have been repeated with the particular
antenna having its voltage pattern now with the FWHM set to
70◦ , so that its pattern is no longer equal to the average pattern
of the other antennas. Compared to the previous simulations,
the result is almost identical except when the particular antenna
plays the role of the reference antenna. Indeed, now the voltage
pattern of the reference antenna differs significantly from the
average pattern of the other antennas and consequently the bias
is no longer equal to zero, but about 6 K. Moreover, in such a
situation the value of ∆T r is larger than any values obtained
for the other locations occupied by the particular antenna and it
does not depend on the spread between the voltage patterns.
Finally, shown in Fig. 3 are the variations of ∆T r with the
FWHM of the reference antenna while all the other antennas
have voltage patterns, either with the same FWHM set to 65◦
or with different ones in the range 65◦ ± 1◦ and 65◦ ± 2◦ . The
value 65◦ for the FWHM of the reference antenna is clearly a
minimum for the bias, which increases linearily with the absolute difference between the FWHM of the reference antenna
and that of the average pattern of the other antennas. However,
the obtained minimum is zero because a single varying parameter (the FWHM) has been used for modeling differencies
between antenna patterns. When considering actual antennas,
this will no longer be true and the same curve will exhibit
a minimum larger than zero (see Section V-A).
One may wonder whether or not the conditions of the previous simulations are particular ones with respect, for example,
to the extent of the synthesized field of view which is about
82.6◦ or with the one of the Earth seen from an altitude of
755 km which is 63.4◦ . Accordingly, the same simulations have
been performed with different random distributions and with
different values for the FWHM (in the range 50◦ to 80◦ ) of each
voltage pattern. The same behavior has been observed regarding
the variations of the reconstruction bias with the location of an
antenna with a particular voltage pattern (Fig. 2) or with the
FWHM of the voltage pattern of the reference antenna (Fig. 3).
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Fig. 4. Variations of the bias ∆T r with the spacing d between the antennas
for an instrument with different antenna patterns. For the dotted line curve, the
pattern of the NIR is equal to the average of the other patterns, while for the
solid curve it is not. Temperature maps are displayed for three typical values of
d (dark gray is 300 K, and light gray is 0 K).

Accordingly, it can be inferred that the reference antenna
plays a key role regarding the reconstruction bias because its
measurement is directly linked to the average temperature of
the scene. Surprisingly enough, for the bias to be minimal, it is
not necessary that all the voltage patterns be the same. From the
linear algebra point of view, the condition necessary and sufficient for minimizing the bias is that the voltage pattern of the
reference antenna should be as close as possible (in the leastsquare sense) to the average pattern of every antenna of the
interferometer, whatever the spread between their patterns.
B. Scene-Dependent Component
Coming back now to the inverse problem to be solved, i.e.,
find an estimate Tr of T consistent with the interferometric data
V = GT , the difficulty of the situation is coming from these
regions of the observed scene T which are seen by each individual antenna but are aliased in the field of view synthesized
by the instrument because of the spacing d between antennas
(as demonstrated in [18], the extension of this hexagonal field
of view in the direction
cosines frame attached to the instrument
√
is equal to 2λo / 3d 1.32 because d = 0.875λo ). Since the
contribution of these regions to the complex visibilities V
cannot be subtracted prior to inversion (because the temperature
distribution within these regions is not known), this term is
an input error which propagates through the reconstruction
process. The corresponding reconstruction error is a bias rather
than a random contribution because this contribution does not
exhibit a random distribution and is scene dependent.
The level of this bias should therefore grow with the spacing
between the antennas since the extent of the aliased regions is
an increasing function of d. This is illustrated by the results of
numerical simulations shown in Fig. 4 for a simple brightness
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pattern for the NIR is an aggravating condition for the level
of the bias.
Accordingly, it can be inferred that this scene-dependent
component of the bias cannot be reduced by the hardware,
except by reducing the spacing between the antennas. Only a
numerical approach can reduce this bias by removing, as far as
possible, the contribution of the aliased regions of the observed
scene from the visibility measurements prior to inversion.
V. R EDUCTION OF THE R ECONSTRUCTION B IAS

Fig. 5. Variations of the bias ∆T r with the ratio ρ between the area of the
region where T = 0 and the area of the AFOV for an instrument with different
antenna patterns. For the dotted line curve, the pattern of the NIR is equal to
the average of the other patterns, while for the solid curve it is not. Temperature
maps are displayed for three typical values of ρ (dark gray is 300 K, and light
gray is 0 K).

temperature map T equal to 300 K over the Earth and 0 K
elsewhere, so that the AFOV is always free from aliases from
the sky. It should be noted that a nonaverage pattern for the NIR
is an aggravating condition for the level of the bias.
The spacing between the antennas of MIRAS has already
been chosen and frozen to the value d = 0.875λo . According to
the previous figure, a bias coming from aliased regions should
therefore be expected. The level of this bias should depend on
the amount of the folding energy coming from these regions of
the observed scene which are aliased in the synthesized field of
view. This is illustrated by the results of numerical simulations
shown in Fig. 5 for a simple brightness temperature map T
equal to 300 K over a region of the Earth which is widening
from the vicinity of the subsatellite point up to the whole Earth
horizon, and to 0 K elsewhere so that influence of the aliases
is controlled by the extent of the region where T is equal to
300 K. As expected, two domains clearly appear on the graph
showing the variations of ∆T r with the ratio ρ between the
numbers of pixels (or the areas of the regions) where T = 0 K
and in the AFOV. For ρ = 1, the 0 K/300 K transition coincides
with the geometrical limits of the AFOV. When ρ < 1, i.e.,
when the region where T = 300 K does not extend beyond the
AFOV, the bias is close to zero. On the other hand, when ρ > 1,
i.e., when some regions where T = 300 K are aliased, the bias
increases steeply. The vicinity of ρ = 1 is a transition region
in which the bias is not exactly zero because the transition
from the AFOV to aliases is not as sharp as suggested by
a geometrical point of view. Indeed, the windowing function
W introduced for smoothing the Gibbs oscillations is also
responsible for smoothing the 0 K/300 K transition with some
leakage effect. Here, again, it should be noted that a nonaverage

Two approaches are presented here for reducing the scenedependent component of the bias. The driving idea is to subtract, from the complex visibilities V , the contribution V of
a brightness temperature distribution T, which is “as close
as possible” to the observed scene T . More precisely, instead
of solving the inverse problem V = GT in the least-square
sense with the regularized approach (2), the differential system
δV = GδT is solved for δT with δV = V − V and V = GT.
The same regularized inversion is used and the temperature map
T is added to the solution δTr thus obtained, so that the solution
(3) now writes
Tr = U∗ ZA+ (V − GT) + T.

(6)

Of course, the artificial scene T should be synthesized without
any additional measurements. Moreover, it should contain “as
far as possible” the aliased temperature distribution responsible
for the scene-dependent component of the bias so that, ideally,
the regularized inversion procedure is not perturbed by aliasing.
Numerical simulations have been performed with a set of
antenna voltage patterns taken from the SEPS [19] which have
been randomly distributed over the simulated instrument so that
any of these voltage patterns could play the role of the reference
antenna. Five different brightness temperature distributions,
also taken from the SEPS [19], have been used for these simulations. The corresponding maps are represented for the X and
Y polarizations in Fig. 6 (TX and TY brightness temperatures
are combinations of horizontal and vertical polarizations over
the Earth [21]). The corresponding reconstruction biases and
standard deviations, before any correction, are given in Table I
for the best and the worst situations with regard to the voltage
pattern playing the role of the reference antenna (the best being
when the voltage pattern of the reference antenna is close to
the average pattern of the other antennas, the worst being when
it is far from this average pattern). The level and the location
of sharp details (such as coastlines, islands, lakes, etc.) as
well as the steepness of the Earth/sky transition which varies
from one scene to another and also from one polarization to
another for the same scene (see [22, App. 2]) are responsible
for the notable differences observed in Table I. For example, the
reconstruction errors for the “Pacific” and (to a lesser extent)
“Africa” scenes are lowest mainly because the transition between Earth and cold sky is smooth, as ocean radiometric
temperatures near the horizon are comparately cool. This is
quite the contrary for the other scenes which have high-level
Earth/sky transition and/or sharp details. The voltage pattern
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TABLE I
RECONSTRUCTION ERROR BEFORE CORRECTION

Fig. 7. Variations of the bias ∆T r , the standard deviation σ∆Tr and the
  with TE (TS being equal to 3.7 K) for a simulation
quadratic error V − V
made with the “Africa” scene in X polarization.

X one since the bias corresponding to the best situation is often
smaller in Y polarization.
A. Simplest Approach

Fig. 6. Five test scenes used for the numerical simulations in (left) X and
(right) Y polarizations in the frame attached to the instrument (west is pointing
to the right). From top to bottom, they are named Sahara, Pacific, Europe,
Caspian, and Africa.

of the antenna assigned to the reference radiometer has also
an impact since the condition given at the end of Section IV-A
proves to be better satisfied for the Y polarization than for the

A first approach for reducing the scene-dependent component of the bias is to subtract, from the complex visibilities V ,
the contribution V of a brightness temperature distribution T
made of a constant temperature TE over the Earth and a constant
temperature TS over the sky, so that the effect of the aliased
regions should be reduced. Since TE and TS are not known, they
are obtained through an optimization process which minimizes
the quadratic error between the complex visibilities V and V .
Shown in Fig. 7 is an example of the variations of the bias
∆T r and the standard deviation σ∆Tr , together with those of
the quadratic error V − V , with the parameter TE (TS being
equal to 3.7 K which is an average value when considering
hydrogen line and continuum contributions in addition to the
2.7 K cosmic background) for a representative simulation made
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TABLE II
RECONSTRUCTION ERROR AFTER V (0) CORRECTION

TABLE III
RECONSTRUCTION ERROR AFTER SIMPLE CORRECTION

with the test scene “Africa” in X polarization. In the absence
of any correction, i.e., for TE = 0 K, values computed for
∆T r and σ∆Tr are 2.00 and 2.30 K, respectively. However, a
minimum can be found for both quantities since ∆T r = 0.0 K
and σ∆Tr = 0.70 K when TE = 176.6 K. This optimum cannot
be reached because Tr , and therefore ∆Tr , is not known. Only
an approximate can be obtained through the minimization of the
quadratic error V − V  which also exhibits a minimum, but
for TE = 192.3 K. The corresponding values for the bias and
the standard deviation are ∆T r = 0.16 K and σ∆Tr = 0.71 K.
Consequently, in spite of different optimal values of TE for
∆T r , σ∆Tr and V − V , both the bias and the standard deviation have been significantly reduced. Finally, it has to be noted
that the trivial approach TE = V (0), here equal to 213.9 K,
leads to the values ∆T r = 0.41 K and σ∆Tr = 0.75 K.
The same behavior has been observed for the other scenes
shown on Fig. 6. The final values of ∆T r and σ∆Tr are given
in Table II after the low-cost correction with TE = V (0) and
in Table III after the simple correction with optimized TE and
TS , again for the best and the worst situations with regard to
the voltage pattern playing the role of the reference antenna,
like given in Table I. Differences from one scene to another
and between both polarizations, which were noticed before
applying any correction, are still observed. However, both the
bias and the standard deviation have been reduced significantly.
While the overall results presented in Table III appear slightly
better, both approaches lead to very close performances.

imizes the quadratic error between the complex visibilities
V and V .
Shown in Fig. 8 is an example for the variations of the bias
∆T r and the standard deviation σ∆Tr , together with those of the
quadratic error V − V , with the parameters TO and TL (TS
being equal to 3.7 K) for the same representative simulation
of Fig. 7. Without any correction, i.e., here for TO = TL =
0 K, ∆T r = 2.00 K and σ∆Tr = 2.30 K. Here, again, the
true minimum values for both quantities, ∆T r = 0.0 K and
σ∆Tr = 0.36 K, obtained when TO = 95 K and TL = 250 K,
cannot be reached because Tr , and therefore ∆Tr , is not known.
Only approximate results can be obtained through minimizing
the quadratic error V − V  which also exhibits a minimum
for TO = 94.9 K and TL = 248.6 K. The corresponding values
found for the bias and the standard deviation are ∆T r = 0.02 K
and σ∆Tr = 0.43 K. Consequently, in spite of different optimal
values of TO and TL for ∆T r , σ∆Tr and V − V , both
the bias and the standard deviation have been significantly
reduced.
The same behavior has been observed with the other scenes
for which an ocean/land mask is relevant (excluding therefore the “Europe” scene which is purely continental and the
“Pacific” one which is pure ocean). The final values of ∆T r and
σ∆Tr after this correction are given in Table IV. Here, again,
both the bias and the standard deviation have been reduced
significantly with respect to results presented in Tables II
and III. The reconstructed images Tr and the associated error
maps ∆Tr obtained without any correction and those corresponding to Figs. 7 and 8 obtained with the two approaches
presented in this section are shown in Fig. 9 for illustrating the
visual effect of the reconstruction error and the performances
of the two methods.

B. Adding More A Priori Information
The previous approach can be improved by introducing
a priori information on the subtracted brightness temperature
distribution T like coastlines or known variations with incidence angle [22]. The former information is here introduced
with the aid of an ocean/land mask so that the brightness
temperature distribution T is now equal to TO or TL over
the Earth and to TS over the sky. Here, again, TO , TL , and
TS are obtained through an optimization process which min-

VI. C ONCLUSION
The problem of the systematic error which is observed
in brightness temperature maps reconstructed from visibility
samples, even in the absence of modeling errors and radiometric
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  (contour
Fig. 8. Variations of the bias ∆T r (left, gray tone image), the standard deviation σ∆Tr (right, gray tone image), and the quadratic error V − V
levels) with TO and TL (TS being equal to 3.7 K) for a simulation made with the “Africa” scene in X polarization. The dotted line corresponds to the graph of
Fig. 7 with TO = TL = TE . The small circle is the location of the minimum for the previous approach with TE and TS , while the cross is the location of the
minimum for the actual approach with TS , TO , and TL .
TABLE IV
RECONSTRUCTION ERROR AFTER IMPROVED CORRECTION

noise, has been addressed. This systematic error has been
characterized by its average (or bias) and standard deviation
across the AFOV.
The origin of the bias has been studied and two major
generating mechanisms have been investigated. The first one is
related to the voltage pattern of the reference radiometer used
for measuring the visibility function for the zero spacing. Since
this measurement is related to the average temperature of the
observed scene, the pattern of this antenna has a strong impact
on the reconstruction bias. Due to manufacturing imperfections
and the influence of locations in the interferometer, all the
patterns cannot be expected to be identical. It has been shown
that for this bias contribution to be minimal, the antenna with
a pattern closest to the average one (in the least squares sense)
should be assigned to the reference radiometer.
The second bias component depends on the temperature
distribution in the aliased regions of the observed scene. These
temperatures have been shown to contribute to the complex
visibilities and they cannot be recovered because of the too
large antenna spacing. Since the retrieved temperature map
should be consistent with the data, these temperatures prop-

agate through the reconstruction process like any input error.
The corresponding bias cannot be reduced from the hardware:
only a numerical approach introducing a priori information can
reduce it by removing, as far as possible, the aliasing contribution from the complex visibilities prior to inversion. These
two bias generating mechanisms do not operate independently:
if the reference antenna pattern was strictly identical to the
average pattern, there would be no reconstruction bias. As this
ideal situation cannot be achieved, the second bias mechanism,
triggered by aliasing, comes into play.
Finally, an efficient approach for reducing both the bias and
the standard deviation of the systematic error has been presented and illustrated with numerical simulations. The driving
idea is to subtract, from the complex visibilities, the contribution of an artificial brightness temperature distribution which is
as close as possible to that of the observed scene without requiring any additional measurements and without any significant
additional numerical cost for the reconstruction process.The
first approach is a two-parameter linear optimization based on
a flat target model for the Earth, while the second is based
on a three-parameters model which takes advantage of the
knowledge of the coastline and accounts for the difference
between land and ocean so that the artificial brightness temperature distribution is closer to that of the observed scene.
The latter approach might be improved with two additional
parameters in order to take into account variations of the
brightness temperature with the incidence angle. Other strategies, including iterative ones where the subtracted temperature
distribution is updated after each reconstruction process, can
also be implemented. However, they would be more time consuming and would require additional measurements (snapshots)
over the observed scene. Furthermore, the proposed correction methods seem adequate to bring the reconstruction errors
down to levels compatible with requirements over both land
and ocean.
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Fig. 9. Example of an image to be reconstructed Tw (left) with the “Africa” scene in X polarization and the corresponding error maps ∆Tr = Tr − Tw (right,
from top to bottom) without any correction, with the V (0) low-cost correction, with the TS and TE simple model and with the TS , TO , and TL approach.
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