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Abstract—An enhanced spatial resolution brightness temper-
ature product is proposed for future conical scan microwave
radiometers. The technique is developed for Copernicus Imaging
Microwave Radiometer (CIMR) measurements that are sim-
ulated using the CIMR antenna pattern at L-band, and the
measurement geometry proposed in the Phase A study led by
AIRBUS. An inverse antenna pattern reconstruction method
is proposed. Reconstructions are obtained using two CIMR
configurations, namely using measurements collected at L-band
by the forward (FWD) scans only, and combining forward and
backward (FWD+BWD) scans. Two spatial grids are adopted,
namely 3 km × 3 km and 36 km × 36 km. Simulation results,
referred to synthetic and realistic reference brightness fields,
demonstrate the soundness of the proposed scheme that provides
brightness temperature fields reconstructed at a spatial resolution
up to ∼ 1.9 times finer than the measured field when using the
FWD+BWD combination.

Index Terms—Resolution enhancement, inverse problem, mi-
crowave radiometer, multi-channel data fusion.

I. INTRODUCTION

The Copernicus Imaging Microwave Radiometer (CIMR)
is one of the six high-priority missions within the European
Copernicus Expansion program. CIMR will be a conical- scan-
ning multi-frequency microwave radiometer, that will support
the Integrated EU policy for the Arctic and Copernicus needs
by providing observations of sea-surface temperature, sea-ice
concentration and sea-surface salinity with a focus on high
latitude regions [1]. Although most of these ocean and sea
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de Catalunya 08034, Barcelona, Spain, and also with the Department of
Physics, Castelldefels School of Telecommunications and Aerospace Engi-
neering, UPC- BarcelonaTech 08034, Barcelona, Spain

A. M. Zurita is with AIRBUS Defence Space, Space Systems, Madrid,
Spain

C. Estatico is with the Dipartimento di Matematica, Università degli Studi
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TABLE I
CIMR CHANNELS SPATIAL RESOLUTION AND RADIOMETRIC

SENSITIVITY

Frequency (GHz) Spatial Resolution (km) Ne∆T [K]

1.414 60 0.3
6.925 15 0.2
10.65 15 0.3
18.6 5 0.4
36.5 5 0.7

ice variables can be estimated using global-scale visible and
infrared remotely sensed measurements, the temporal sampling
is severely limited by weather conditions, which are specially
challenging in polar regions. Hence, passive measurements
provided by microwave radiometers are required as they allow
to estimate ocean and sea ice variables even under cloudy
weather conditions.

State-of-the-art operational microwave radiometers provide
measurements of poor spatial resolution, in particular at the
lowest frequency channels, and this limits their operational
use in coastal and marginal ice zones. CIMR is designed to
provide measurements with an increased accuracy and spatial
resolution than the state-of-the-art ones. It will be equipped
with a deployable mesh reflector with a 7.4 m diameter that
provides measurements over a ∼ 1900 km swath using both
V- and H-polarized channels at L,C,X,Ku, and Ka bands,
with a Noise Equivalent Delta Temperature (Ne∆T) ranging
from 0.2 to 0.7 K (Table I). CIMR mission will fly at 830 km
altitude in a dawn-dusk Sun-synchronous orbit designed to
guarantee 95% global coverage every day with one satellite
with sub-daily coverage over the polar regions. It will spin
at around 8.2rpm with an on-board zenith angle (OZA) of
55◦. CIMR is designed to perform measurements over both a
forward scan (FWD), and a backward scan arcs (BWD) with a
time lag between FWD and BWD scans of 260 s (Fig. 1). The
footprint size of each CIMR frequency channel is limited by
the size of the mesh reflector and the measurement integration
time, see Table I.

CIMR will provide both un-gridded and gridded products.
The former preserves the native scan geometry; while the latter
consists of CIMR measurements projected onto an image grid.
This study focuses on the generation of gridded products.
Several approaches have been proposed in the literature to deal
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Fig. 1. Schematic overview of the CIMR measurement geometry. Adapted
from CIMR Mission Requirement Document [2]

with the generation of gridded products starting from swath-
based radiometer or scatterometer measurements that call for
a trade-off among noise, spatial and temporal resolutions.
The simplest approach consists of the so-called “drop-in-
the-bucket” method that is also known as gridding (GRD)
algorithm. This method, which results in a low-noise and
low-resolution product, is the straightforward approach to
obtain gridded products [3]. An alternative choice consists
of using image reconstruction methods that result in finer
spatial resolution gridded products, although at the expense
of some noise amplification. These enhanced spatial resolution
products are of paramount importance especially when dealing
with passive microwave radiometer applications related to
coastal areas and when the measurements collected by the
different microwave radiometer channels have to be combined
to provide reliable estimations of the geophysical parameter of
interest. This is the case, for instance, of sea ice concentration
estimation [4], [5]. Several image reconstruction methods have
been proposed in the literature to estimate the brightness
temperature field on a finer spatial resolution grid that consist
of solving a linear underdetermined ill-conditioned system of
equations. In the context of the NASA-sponsored MEaSUREs
program, finer spatial resolution products are obtained using
the well known Backus-Gilbert (BG) method [6]–[11] and an
improved version of the scatterometer image reconstruction
method (SIR) specialised to the radiometer case (rSIR) [10],
[11]. In addition to these methods, other approaches have been
proposed consisting of exploiting linear algebra tools to deal
with the ill-posedness of the inverse problem. They typically
rely on the 2 -norm to constrain the sought solution [12]–
[15]. In [16]–[19] iterative regularizing methods to enhance the
spatial resolution of microwave radiometer measurements are
designed where constraints on the sought solution are imposed
both in the Hilbert and Banach spaces. Recently, an iterative
image reconstruction algorithm that jointly exploits lower-
and higher-frequency channels of a multichannel microwave
radiometer is proposed and verified over both simulated and

actual Special Sensor Microwave Imager (SSM/I) measure-
ments [20]. In [21] a method that relies on the combination
of measurements collected by the lower and higher-frequency
channels of a multi-frequency radiometer was proposed. The
latter is based on the Smoothing Filter-based Image Mod-
ulation technique (SFIM) and it has been used in [22] for
an intercomparison between remotely sensed soil moisture
product . In [23], [24] an enhanced Soil Moisture and Ocean
Salinity (SMOS) brightness temperature is obtained using a
number of deconvolution algorithms showing that a product,
whose spatial resolution can be enhanced by a factor 1.77, can
be achieved. In [25] the enhancement of the MWRI microwave
radiometer measurements collected by the Chinese FY-3C
mission is addressed using a deep learning (DL) method.

In this study, L-band CIMR-like measurements computed
from realistic reference temperature brightness fields are sim-
ulated using the actual L-band CIMR antenna pattern and
the actual CIMR measurement geometry. Reconstructions at
enhanced spatial resolution are obtained using a gradient-like
iterative regularization method with constraints in the Hilbert
space. Two enhanced resolution spatial grids, namely 3 × 3
km and 36×36 km, are used to mimic the two measurements
configurations. The latter consists of exploiting noisy CIMR
measurements collected using the FWD scans only or combin-
ing FWD+BWD [11], [26], [27]. Numerical results show that
an enhanced spatial resolution brightness temperature product
can be achieved starting from measurements obtained by a
system that mimics the actual CIMR measurement geometry.
The rest of the paper is organised as follows: in Section
II the theoretical background is briefly reviewed. In Section
III the experimental setup is described and some meaningful
showcases are presented and discussed both quantitatively and
quantitatively. The concluding remarks are drawn in Section
IV.

II. THEORETICAL BACKGROUND

The Fredholm integral equation that links (neglecting atmo-
spheric effects) the CIMR radiometer measurement at a given
channel with the brightness temperature can be written as [10]:

TA = Ḡ−1

∫∫
Ω

G(s)TB(s)ds (1)

where Ḡ ≡
∫∫

Ω
G(s)ds is the antenna solid angle, being G(·)

the smooth integral kernel that depends on the antenna gain
pattern, TA(·) stands for the measured antenna temperature,
and TB(·) is the unknown brightness temperature field to be
reconstructed. The integration variable s = (γ, θ) contains the
azimuth (γ) and elevation angles (θ)[10]. The linear direct
problem described by (1) can be cast in a discrete setting in
the form [16], [18], [19]:

Ax = y , (2)

where the matrix A contains the sampling of the CIMR
projected antenna pattern, the x ∈ Rm vector consists of
the brightness temperature TB to be retrieved, and y ∈ Rn

is the vector of noisy measurements. The system (2) is ill-
conditioned, since it comes from an ill-posed continuous linear
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problem, and it is also underdetermined, since the unknown
TB has to be retrieved on a finer spatial resolution grid, i.e.
n > m. This implies that constraints on the sought solution
must be imposed to deal with the underdetermined nature of
the problem; while regularising schemes must be adopted to
mitigate the noise amplification when inverting the system
(2). In this study, the discretised problem (2) is inverted by
minimizing the 2-norm of the following residual:

Ω2 =
1

2
‖Ax− b‖22 =

1

2

n∑
i=1

(Ax− b)2
i . (3)

This task can be accomplished using a gradient-like regu-
larisation scheme, i.e., an iterative method where the number
of iterations plays the role of regularisation parameter [28].
The generic k + 1 iteration is given by [17]:

xk+1 = xk + λkpk (4)

where x0 stands for the initial guess and xk for the k-th
iteration, λk > 0 is the step-size, and pk is a descent direction
at the point xk for Ω2. In this study pk = −∇Ω2 (xk) is
used. The latter is at the basis of the Landweber and steepest
descent methods [29]. Since ∇Ω2 (xk) = A∗ (Axk − b), the
xk+1 iteration (4) becomes:

xk+1 = xk − λA∗ (Axk − b) (5)

where A∗ denotes the adjoint operator of A. It can be
demonstrated that an optimal choice for the step-size λ is given
by [16]:

λk = λ =
1

‖A∗A‖
(6)

To find the regularising parameter k, i.e., the number of
iterations to be performed to achieve an accurate enough re-
construction, the discrepancy principle is used [26]. It consists
of choosing the smallest iteration number k such that:

‖Axk − b‖ ≤ ε (7)

where ε is an estimate of the 2-norm of the error, i.e.,∥∥n2
∥∥ = ε and c ≥ 1 rules the tradeoff between regularization

and noise amplification [18].

III. NUMERICAL EXPERIMENTS

In this section the methodology to simulate CIMR-like
measurements is first described; then, the objective metrics to
discuss the enhanced spatial resolution product are discussed
and finally, some meaningful numerical experiments are pre-
sented and discussed.

A. Simulated CIMR measurements

The forward model (2) is implemented according to the
block diagram depicted in Fig. 2. Three reference fields are
discussed, see Fig. 3a and 3b-3c that refer to a synthetic scene
and a realistic one, respectively. The synthetic scene (Fig.
3a) is used to estimate the pixel response function, i.e, the
impulse response function that includes the effect of the recon-
struction, of a given pixel. Hence, it provides information on

the effective resolution of the image reconstruction algorithm.
In this study, we follow the guidelines provided in [11] and
we simulated a synthetic truth image that consists of 1 × 1
pixel Kronecker Delta Function whose TB is 106 K, located
in the middle of the observed scene. The realistic reference
field (Fig. 3b-3c) consists of an actual Advanced Microwave
Scanning Radiometer 2 (AMSR2) Ka-band scene collected
over the Western part of the Mediterranean sea that includes
part of Italy, France, Spain and North African countries. The
scene is obtained averaging AMRS-2 data over 1 month to
reduce noise, and the image dynamics is adjusted to match L-
band microwave radiometer measurements. The native spatial
resolution is downgraded to 36 × 36 km, see Fig. 3 b, and
3×3 km, see Fig. 3c, for the purposes of this study. Note that,
to reduce the size of the scene interpolated over the 3× 3 km
spatial grid, only the central part of Fig. 3 b is considered to
generate the reference field of Fig. 3c.

Fig. 2. Block diagram to depict the generation of noisy CIMR measurements
onto the CIMR native spatial grid.

The system matrix A in eq. (2) contains the sampled
antenna pattern at the grid points of the reference field x,
i.e., A = (A1,A2, . . . ,Am)

T with Ai ∈ Rm. In this study,
the L-Band CIMR antenna pattern was provided by AIRBUS
and it was simulated using GRASP antenna reference software
[30], considering realistic feed horn patterns, reflector optics
and mesh characteristics. The 2D antenna pattern in ground
coordinates is depicted in Fig. 4a. At L-Band, the mesh
characteristics and the reflector illumination give a smooth
pattern. With a native resolution of 74 × 45 km, it scans the
Earth with an across-scan and along-scan overlap of roughly
34% and 67%, respectively (Fig. 4b). While the first is dictated
by geometry and rotation speed, the second is controlled, in
addition, by the sampling time, which can be adjusted to
balance the overlap and noise. In this case, 4 samples per
integration time are considered.

To analyse the reconstruction performance with respect
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to the level of oversampling, two measurement set-ups are
considered: (a) measurements collected by FWD scans only
(see blue dots in Fig. 5), (b) measurements collected by both
FWD and BWD scans over the same area (see red and blue
dots in Fig. 5).

Noisy measurements are generated considering a realistic
noise upper bound of 1 K (see Table I). The latter is a bit larger
than the expected CIMR one (see [2]) and, therefore, it repre-
sents a worst case to test the reconstruction performance. For
each experiment, simulated CIMR measurements are linearly
interpolated onto the finer spatial resolution grid to discuss
the performance of image reconstruction against the straight-
forward linear interpolation. Simulated CIMR measurements
in their native spatial grid are not shown to save space.

B. Enhanced resolution product and performance analysis

The enhanced spatial resolution product is obtained from the
noisy simulated CIMR measurements discussed above using
the gradient-like regularization scheme summarised in Section
II. The reconstruction’s performance is quantitatively analysed
using the following objective metrics:

• Improvement Factor (IF): It provides quantitative infor-
mation on the ability to reconstruct spot-like disconti-
nuities. It is the contrast of the reconstructed, and the
measured brightness fields of an isolated target:

IF =
bmrf

bmrec
(8)

where:

bm =

√
area of the binary mask

π
(9)

is obtained by evaluating the −3 dB area of the reference
(bmrf ) and reconstructed (bmrec) brightness temperature
fields. The larger is IF, the larger is the improvement of
the spatial resolution. IF approaching unity means that
the brightness field is reconstructed at a spatial resolution
similar to the measured one, i.e., the improvement of the
spatial resolution is negligible.

• The minor (a) and the major (b) axes of the ellipse that
best fits the −3 dB contour of the spot-like discontinuity
in the measured and reconstructed fields.

• Sharpening Factor (SF): It provides quantitative informa-
tion on the ability to reconstruct abrupt discontinuities:

SF =
γm
γrec

(10)

where γ is an angle defined in Fig. 6 to provide informa-
tion on the broadening of the measured (γm) and the
reconstructed (γr) fields with respect to the reference
one. The larger is SF, the better is the sharpening of the
reconstructed field with respect to the measurements.

• The point-wise correlation (CO) between the reference
and the reconstructed fields.

• The normalised distance (ND) between the reconstructed
and the reference fields:

ND =
‖xrec − xref ‖Fro

‖xref ‖Fro
(11)

Fig. 3. Reference fields considered in this study: (a) 1× 1 pixel Kronecker
Delta Function located in the middle of the observed scene. An enlarged
version of the hot spot is also annotated in the figure. Realistic reference field
obtained averaging AMSR-2 brightness fields and downgraded to a 36 ×
36 km (b) and 3× 3 km (c) spatial resolution.
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Fig. 4. L-Band CIMR antenna pattern and across-scan and along-scan
overlapping, simulated using GRASP antenna reference software. (a) 2D L-
Band pattern projected on-ground at 0◦ scan angle for the nominal CIMR
altitude. This assumes that the subsatellite point is located at (0,0) (along-
track, across-track). The dashed white line marks the 3 dB contour from the
peak directivity; (b) 3 dB contour lines on-ground with the sampling pattern
resulting from the rotation speed, the satellite movement and the sampling
time.

where ‖ ·‖Fro is the Froebenius norm, and xrec (xref ) is
the reconstructed (reference) brightness temperature field.

C. Numerical Experiments

The first experiment refers to the reconstruction of the spot-
like discontinuity of Fig. 3a to analyse the performance in
terms of the point spreading function. Note that the latter can
vary according to the selected pixel; hence, we refer to a pixel
located in the center of the swath [11]. Noisy measurements
obtained by the forward model of Fig. 2 are depicted in Fig.
7a when using FWD scans only, and in Fig. 7b when using
the FWD+BWD case. Following the guidelines provided in
[11], for visualization purposes, the measured brightness field
is linearly interpolated onto the finer spatial resolution grid
and the brightness temperature is normalised to the maximum

Fig. 5. Boresight position of each footprint related to the along-scan
measurements depicted for a number of FWD (blue circles) and BWD scans
(red circles).

Fig. 6. Pictorial sketch of the angle γ used to define the SF metric. The
red curve stands for a measured/reconstructed profile; while the blue one is
related to the reference profile.

value and depicted according to a decibel (dB) scale to visually
inspect the −3 dB size of the measured hot spot. As expected,
the radiometer measurement process results in a smoothed hot
spot. However, by visually contrasting Fig. 7a and 7b one can
note that the FWD+BWD combination results in a measured
hot spot calling for sharper edges and lower over-smoothing.
This can be quantitatively confirmed by the metrics a and b
together with their geometric average listed in Table II. The
reconstructed field at enhanced spatial resolution is depicted in
Fig. 7c and 7d when using FWD only, and in the FWD+BWD
cases, respectively. The reconstructed field is sharper than the
measured one in both the FWD and the FWD+BWD cases,
although fluctuations due to the Gibbs phenomena apply in
the area nearby the hot spot. To quantitatively discuss the
performance of the reconstruction, quantitative metrics are
evaluated, see Table II. The quantitative parameters confirm
that a sharper field is reconstructed in both the along- and
the across-scan directions. The best performance is achieved
by the FWD+BWD combination that benefits from the in-
creased overlapping among adjacent beams resulting form the
combination of FWD and BWD scans, and provides a sharper
reconstructed field. This behaviour is also confirmed by the IF
metric (8) that is equal to 1.68 and 1.49 for the FWD+BWD,
and the FWD cases, respectively. Hence, the reconstruction
method yields an effective spatial resolution that is finer than
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TABLE II
PERFORMANCE ANALYSIS RELATED TO THE REFERENCE FIELD OF FIG.
3A. NOTE THAT “AVERAGE” STANDS FOR THE GEOMETRIC AVERAGE OF

THE a AND b PARAMETERS DEFINED IN SECTION III-B

Measured Field (km) Reconstructed Field (km)

FWD

a 55 32
b 83 64
average 67.5 42.2
IF 1.49

FWD+BWD

a 45 24
b 72 48
average 56.9 33.9
IF 1.68

the measurement one.
The second experiment is related to the reference field

depicted in Fig. 3b. The noisy measurements, linearly inter-
polated onto the reference field grid, are depicted in Fig. 8a
and 8b when using FWD scans only, and in the FWD+BWD
case, respectively. The measured brightness field is smoothed
by the radiometer measurement process, and this results in
a smoother land/sea transition that makes the coastlines very
blurred. In addition, the islands of Sardinia and Corsica are not
well-separated as well as the Sicily island, that appears linked
to the Italian peninsula. Some of the islands of the Balearic
archipelago can be hardly recognised. Negligible differences
can be observed by visually contrasting the measured fields
of Fig. 8a and 8b. This implies that, at this spatial grid, the
joint exploitation of FWD and BWD scans does not result
in improved performance in the linearly interpolated gridded
measurements. The reconstructed field at enhanced spatial
resolution is depicted in Fig. 8c and 8d for the FWD scans
and the FWD+BWD scans combination, respectively. It can
be noted that sharper edges and coastlines are observed in
both the reconstructions and, in addition, the Balearic islands
(on the left-hand side of the image) are better delineated
and separated. The same applies for the separation between
Sardinia and Corsica islands, and the separation between Sicily
island and the Italian peninsula that improves with respect to
the measured field. Note that Gibbs’ oscillations that have
appeared are inherently related to the minimization of the
energy norm (3). By visually contrasting the reconstructed
fields of Fig. 8c and 8d one can note that the joint exploitation
of FWD+BWD scans reduces Gibbs’ related fluctuations. This
is due to the larger overlapping among the projected beams
(Fig. 5) that, at once, results in a larger redundancy in the
measurements. To provide a deeper analysis of the reconstruc-
tion’s performance, brightness temperature profiles evaluated
along with the horizontal (a) and vertical (b) transects (Fig.
3b) kept over the reference, measured and reconstructed fields
are depicted in Fig. 9. The brightness temperatures profiles
related to the horizontal transect of Fig. 3b are depicted in
Fig. 9a for both the FWD and FWD+BWD cases. The two
panels share the same legend depicted in Fig. 9b. The linearly
interpolated measured profiles resulting from the FWD and
FWD+BWD cases do not exhibit remarkable differences. The
reconstructed profile at enhanced spatial resolution is sharper
than the measurements in both the FWD and FWD+BWD

TABLE III
OBJECTIVE METRICS RELATED TO THE PROCESSING OF THE REFERENCE

FIELD OF FIG. 3B. THE METRIC SF IS EVALUATED AT THE ABRUPT
DISCONTINUITIES MARKED AS “P1” AND “P2” IN FIG. 9

CO ND SF (P1) SF (P2)

FWD 0.9941 0.0497 2.74 1.44
FWD+BWD 0.9983 0.0267 3.95 2.68

cases, and it better fits the reference profile. The FWD+BWD
combination results in a reconstructed profile slightly better
than the FWD one in terms of both sharper edges and reduced
Gibbs’ fluctuations. The vertical transect (Fig. 9b) shows
that the linearly interpolated measured profile related to the
FWD+BWD combination better fits the reference profile with
respect to the FWD scans only, specially at abrupt discontinu-
ities. A notable example is related to the separation between
the islands of Sardinia and Corsica, see the light blue ellipse,
labelled as ”P1” in Fig. 9b, which is better reconstructed
using the FWD+BWD combination. The same applies for
the land/sea transition, see the reddish ellipse labelled as
”P2” in Fig. 9b. In addition, the FWD+BWD combination
results in lower Gibbs’ fluctuations. To quantitatively discuss
the reconstruction’s performance the figures of merit CO,ND
and SF are listed in Table III. The CO and ND metrics
are evaluated over the whole image, while the SF metric is
evaluated considering the abrupt discontinuities enclosed in the
ellipses labeled as ”P1” and ”P2” in Fig. 9. The figures of merit
confirm that the FWD+BWD combination always provides the
best reconstruction performance. Note that the IF metric (Eq.
(8)) is not evaluated, since the observed scene is such that the
36 km grid does not offer hot spots calling for a brightness
temperature large enough to evaluate IF.

The third experiment is related to the reference field de-
picted in Fig. 3c, and it aims at discussing the performance
of the enhanced product using a 3 km × 3 km spatial grid.
The measured noisy fields, obtained using FWD scans and
the FWD+BWD combination, and linearly interpolated onto
the 3 km × 3 km grid, are depicted in Fig. 10a and 10b,
respectively. Even in this case, the radiometer measurement
process makes edges and land/sea transitions very blurred
even in the interpolated image and makes the Balearic islands
hardly recognizable. Negligible differences can be observed
by contrasting Fig. 10a and 10b. The measured field resulting
from the FWD+BWD combination results in sharper edges,
and better delineated Balearic islands, if compared to the
resulting field from FWD scans only. However, the latter
calls for a better separation between Sardinia and Corsica
islands. The field reconstructed at enhanced spatial resolution
is depicted in Fig. 10c and 10d for the FWD and FWD+BWD
combination, respectively. By visually inspecting reconstruc-
tions one can note that sharper edges and better defined
coastlines are achieved. The larger islands (Sardinia and Cor-
sica) are better separated, and the Balearic islands are better
delineated. By visually inspecting reconstructions related to
FWD only, and FWD+BWD combination one can note that,
even in this case, the latter results in the best performance,
see for instance the better separation between Sardinia and
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Fig. 7. Noisy CIMR measurements linearly interpolated onto the finer spatial grid (first row) and reconstructed field at enhanced spatial resolution (second
row) related to the reference field of Fig. 3a and obtained using FWD scans only (first column) and using the FWD+BWD combination (second column).
Note that, since TB values larger than -3 dB are shown, side lobes are not visible in the above images.

Corsica and the stronger signal resulting from the Balearic
islands. To provide a deeper analysis of the reconstruction’s
performance, brightness temperature profiles evaluated along
with the horizontal (a) and vertical (b) transects (Fig. 3c)
kept over the reference, measured and reconstructed fields
are depicted in Fig. 11. The brightness profiles related to
the horizontal transect of Fig. 3c are depicted in Fig.11a
for both the FWD and FWD+BWD cases. The two panels
share the same legend depicted in Fig. 11b. The reconstructed
profile at enhanced spatial resolution is sharper than the
measurements and it better fits the reference profile, see e.g.
the land/sea transition enclosed in the reddish ellipse labelled
as ”P” in Fig. 11a. The FWD+BWD combination results
in a reconstructed profile slightly better than the FWD one
in terms of reduced Gibbs’ fluctuations over land, see e.g.
the reconstruction of the Sardinia island in the right part of
the plot. The vertical transect (Fig. 11b) shows that, again,
the profile reconstructed at enhanced spatial resolution using
FWD+BWD scans performs best in terms of reconstruction of
abrupt discontinuities. A notable example related to both the
horizontal and vertical transects is the Mallorca island, see

the light blue ellipses, which is better reconstructed using the
FWD+BWD combination. This behaviour is also confirmed
by visually contrasting an enlarged version of the Mallorca
and Menorca islands, see Fig. 12, where the −3 dB binary
masks associated with the fields measured using FWD (Fig.
12a) and FWD+BWD (Fig. 12c) are shown along with the
reconstructed fields for the FWD (Fig. 12b) and FWD+BWD
(Fig. 12d) cases. It can be noted that the two islands are
not resolved by the CIMR measurement. These latter are
separated in the enhanced spatial resolution product. In addi-
tion, the FWD+BWD combination provides a sharper and less
oversmoothed reconstruction of the islands. To quantitatively
discuss the performance of the reconstructions the figures of
merit CO, ND, IF and SF are listed in Table IV. The metric IF
is evaluated with respect to the Mallorca island, over the area
enclosed in the boxes of Fig. 12. Note that for the CIMR-like
measurements case the area of the Mallorca island has been
evaluated considering the ideal border depicted as a dotted
red line in Fig. 12a and Fig. 12c. The metric SF refers to the
abrupt discontinuity enclosed in the ellipse labeled as “P” in
Fig. 11a (coast of Valencia, Spain). All the figures of merit



8

Fig. 8. Noisy CIMR measurements (linearly interpolated onto the finer spatial grid) related to the reference field of Fig. 3b and obtained using FWD scans
only (a) and the combination of FWD and FWD+BWD scans (b). Reconstructed fields at enhanced spatial resolution obtained using FWD scans only (c) and
the combination of FWD and FWD+BWD scans (d).

Fig. 9. Brightness temperature profiles related to the along-scan (a)
and across-scan (b) transects depicted in Fig. 3b evaluated using the field
reconstructed at enhanced spatial resolution and the measured field obtained
using the FWD only and the FWD+BWD combination. Note that the reference
profile is also annotated.

show that the reconstruction performance improves when the
FWD+BWD combination is used.

TABLE IV
OBJECTIVE METRICS TO DESCRIBE THE RECONSTRUCTION’S

PERFORMANCE OF THE METHOD UNDER REALISTIC NOISY
MEASUREMENTS RELATED TO THE REFERENCE FIELD OF FIG. 3C

CO ND SF (P1) SF (P2)

FWD 0.8766 0.0188 1.57 1.21
FWD+BWD 0.9209 0.0142 1.89 1.42

TABLE V
MEAN VALUE AND RMSE BETWEEN THE RECONSTRUCTED AND THE

REFERENCE FIELDS FOR THE 36 × 36 KM AND THE 3 × 3 KM GRIDDED
PRODUCTS

Mean Value [K] RMSE [K]

36 × 36 km 0.07 1.7
3 × 3 km 0.03 2.6

D. Validation on real L-band measurements

To test the performance of the proposed approach on actual
L-band radiometer measurements we used the L-band conical
scanning radiometer operated by the Soil Moisture Active
Passive (SMAP), i.e., a real aperture radiometer that is very
similar to the L-band CIMR configuration. The SMAP passive
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TABLE VI
ERROR STATISTICS FOR THE RECONSTRUCTION OF FIG. 5A IN [11] USING

THE LW METHOD

Mean STD RMS

LW -0.63 4.44 4.49

sensor operates at L-band (1.41 GHz) with a 24-MHz band-
width. It collects measurements of the horizontal (H), vertical
(V), and third and fourth Stokes parameter polarizations with
a resolution of 40 km and a radiometric uncertainty of 1.3 K
[31]. The SMAP scanning concept is similar to the CIMR one
illustrated in Fig. 1, with a spin rate of 14.6 rpm and a swath
width of 100 km. The fourth experiment is to reconstruct on
a finer spatial resolution grid SMAP measurements acquired
in 2021 [32] over an area that includes Cuba, Haiti and the
Bahamas archipelago, see Fig. 13a where the observed area
is depicted in the SMAP native spatial grid. Note that black
pixels stand for gaps values that can occur under the conditions
explained in the data User Guide [32]. As expected, blurred
edges and coastlines appear in the native SMAP measurements
field. The field at enhanced spatial resolution is depicted in Fig.
13b where one can note better defined edges and coastlines.

E. Noise analysis

To fully discuss the performance of the enhanced resolution
brightness product, the noise associated to the reconstructions
is analysed in both the 36 × 36 km and the 3 × 3 km grids.
The mean value and RMSE between the reconstructed and
the reference fields are evaluated over a region of interest
(ROI) that appears homogeneous in the reference fields, see
reddish box in Fig. 3b and Fig. 3c. The ROI covers an
area of roughly 70000 km2 extending between the Balearic
islands and the island of Sardinia. The results of the noise
amplification analysis are shown in Table V. It can be noted
that reconstructions are almost unbiased in both the grids and,
although noise amplifies with decreasing the grid size, the
noise level is a bit smaller than the SMAP and CETB gridded
products discussed using the same metric in [11].

F. Comparison with previous methods

To inter-compare the performance of the proposed approach
with the state-of-the-art ones, we address the reconstruction of
the synthetic reference field presented in Fig. 5a of [11]. First,
the SMAP single-pass measured field is generated according
to [11] and, then, the field is reconstructed at enhanced
spatial resolution on the same 3.125 km grid used in [11]
using single-pass measurements. Finally, the error statistics
are evaluated and listed in Table VI. The proposed method
results in reconstruction performance similar to the one listed
in [11] (see Table III of [11]), which refers to the BG and
rSIR algorithms. In particular, a bit better STD and RMS are
achieved; while the mean error value worsens.

CONCLUSIONS

An enhanced spatial resolution brightness temperature prod-
uct is developed for CIMR noisy measurements collected
by future conical scanning microwave radiometer and tested
using simulated L-band CIMR data and actual SMAP ones.
CIMR measured fields are obtained using a realistic L-band
CIMR antenna pattern and simulating the CIMR measurement
geometry. The reconstruction of the field at enhanced spatial
resolution is accomplished using an inverse antenna pattern
gradient-like iterative method whose reconstruction’s perfor-
mance is discussed in a quantitative way through objective
metrics. The main outcomes can be summarised as follows:
a) the CIMR measurements can be successfully provided on
finer resolution grids; b) the reconstructions always outperform
simply gridded measurements in terms of sharpness and ability
to correctly delineate hot spots; c) the combination of FWD
and BWD results in reconstructions that always outperforms
the ones that exploit FWD scans only; d) the reconstructed
field is enhanced by a factor spanning from ∼ (FWD case)
up to ∼ 1.9 (FWD+BWD); e) the method works fine on
actual L-band SMAP measurements and results in slightly
improved performance in terms of CIMR noise amplification
with respect to state-of-the-art ones.
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