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About the Optimal Grid for SMOS
Level 1C and Level 2 Products

M. Talone, Member, IEEE, M. Portabella, J. Martínez, and V. González-Gambau

Abstract—Remotely sensed measurements acquired by the
European Space Agency’s Soil Moisture and Ocean Salinity
(SMOS) satellite are processed in a uniform equal-area grid, the
Icosahedral Snyder Equal Area (ISEA) 4H9. Brightness temper-
ature measurements are projected onto that grid (the so-called
Level 1C), as well as sea surface salinity and soil moisture es-
timates (Level 2). The ISEA grid has been chosen for its char-
acteristics of equal area and almost uniform intercell spacing.
Nevertheless, when considering the SMOS viewing geometry, the
measurement footprint size, and the processing applied to those
measurements, this choice may be revisited. With this objective,
the ISEA 4H9 grid is compared to other equal-area grids with
different sizes and orientations with respect to the satellite track.
The best configuration resulted to be a 25-km-width grid symmet-
rical with respect to satellite track. This grid appeared to be better
suited for improving SMOS Level 2 retrieval algorithms as well
as to serve as input for higher level data production, since it best
accounts for the instrument’s viewing geometry and substantially
reduces the correlation between adjacent grid cells.

Index Terms—Grid, Icosahedral Snyder Equal Area (ISEA),
Soil Moisture and Ocean Salinity (SMOS).

I. INTRODUCTION AND RATIONALE

THE European Space Agency (ESA)’s Soil Moisture and
Ocean Salinity (SMOS) satellite is the first satellite em-

barking a 2-D interferometric radiometer [1], [2]. SMOS’
unique payload is the Microwave Imaging Radiometer by
Aperture Synthesis (MIRAS) [2], a 2-D L-band interferometric
radiometer consisting of 69 antennas uniformly distributed in
a Y-shaped array. Due to the particular geometry of MIRAS,
SMOS’s field of view (FOV) has the form of a distorted
hexagon [3]. Several parameters vary within the FOV for a
single snapshot, among them the incidence angle (0◦–65◦),
the spatial resolution (from 30 to 100 km, depending on the
pixel position), and the radiometric accuracy and sensitivity
(approximately 1.3 K standard deviation over the FOV and from
1.8 to 4.5 K, respectively, depending on the position of the pixel
in the FOV [4]).
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At every snapshot, MIRAS’ 69 antennas collect the radi-
ation coming from the Earth surface and generate a set of
“visibilities.” Brightness temperatures are calculated from the
cross-correlation of these visibilities. The result is an image of
the brightness temperatures acquired at the antenna frame and
expressed in the cosine domain (ξ, η).1 At this point, the bright-
ness temperatures are projected from the antenna frame onto the
Earth surface. All of the projected measurements of the same
half-orbit (from pole to pole) constitute the Level 1C (L1C)
product. Staring from the L1C product, the SMOS Level 2 (L2)
processor generates an L2 product, i.e., geophysical estimates
in a single satellite overpass. For every grid cell, several bright-
ness temperature observations belonging to different snapshots
and with different incidence angles (sum of θ and ϕ in1)
and radiometric characteristics are used to produce a single
soil moisture (SM) or sea surface salinity (SSS) estimate. The
number of brightness temperatures used depends on the across-
track position of the grid cell; the set of L1 measurements
needed to produce an L2 estimate is referred to as dwell-line.
SSSs and SMs are retrieved following a Bayesian approach,
minimizing a cost function that includes both remote-sensing
observations and auxiliary a priori information. Additional
products are generated based on the Level 2 data but with
different grids, by spatiotemporal average/optimal interpolation
of these data (Level 3 products,), while Level 4 products consist
of derived geophysical parameters obtained using SMOS data
jointly with external information.

SMOS’ L1C and L2 products are distributed in the Icosahe-
dral Snyder Equal Area (ISEA) 4H9 grid [5], [6]. The ISEA
4H9 grid is a hexagonal equal-area grid characterized by an
almost constant intercell distance of approximately 15 km (half
of the size of the smallest SMOS measurement).

The objective of this study is to demonstrate that the SMOS
grid can be improved both in orientation and size, leading to
a lower cross-correlation between adjacent measurements. The
independence of the measurements is, in fact, among the most
critical parameters affecting the quality of both the retrieval at
Level 2 and the exploitation of the data at Levels 3 and 4. The
Bayesian algorithm for retrieving SM/SSS at Level 2 is based
on the assumption of independence among the measurements of
the same dwell-line; likewise, the optimal interpolation proce-
dures applied at Level 3 and 4 take for granted the independence
of the error of contiguous grid cells.

Considering the instrument geometry and the particular re-
trieval algorithm applied for SMOS, an optimal grid should
ensure the best correspondence between measurement footprint

1(ξ, η) = (sin(θ) cos(ϕ), sin(θ) sin(ϕ)), where θ is the angle from the
normal to the instrument plane (0 ≤ θ ≤ π/2) and ϕ is the angle in the
instrumental plane (0 ≤ ϕ ≤ π/2) [2].
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Fig. 1. Entire set of snapshots used in the study. The horizontal dotted lines
identify a zone devoid of artifacts.

and grid cell, in terms of the following: 1) the minimum overlap
of measurement footprints per grid cell; 2) the minimum pres-
ence of uncovered areas; and 3) a maximum correspondence
between the original and projected measurements, i.e., a ratio
between the area of the measurement footprint and the area of
the grid cell tending to 1. At the same time, it should provide
4) the minimum overlap among measurements belonging to
the same dwell-line (acquired in different snapshots). Finally,
considering the need of monitoring the status of the instrument
to detect possible drifts or malfunctioning (for calibration and
validation purposes), 5) the level of homogeneity of the instru-
mental characteristics along a dwell-line should be taken into
account in the selection of an optimal grid.

To test these characteristics, a set of snapshots has been
simulated, and the independent brightness temperature has been
projected onto different grids to be compared with the currently
used ISEA 4H9.

The data and tools used to set up the experiment are presented
in Section II. The methodology followed to define the best ori-
entation and size as well as the results obtained are described in
Section III. Finally, the main conclusion is drawn in Section IV.

II. DATA AND TOOLS

To assess the quality of the current SMOS grid, a total of
500 snapshots have been simulated, observing at ground an
area in the Pacific Ocean framed between 55◦S and 5◦S in
latitude and 100◦W and 70◦W in longitude. For computational
reasons, the study has been restricted to the part of the semiorbit
centered on the South Pacific subtropical region. However, the
conclusions can be extended to the entire semiorbit since the
area of the grid cell does not change with latitude, and the change
of the SMOS’ FOV, only due to the change of the curvature of
the Earth and of the distance satellite–Earth, can be considered
negligible. The entire zone of interest is shown in Fig. 1, where
the first and last snapshots are highlighted in light gray. The two
horizontal dotted lines identify the latitude boundaries (between
20◦S and 40◦S) used to calculate the statistics in Section III; this
is, in fact, free from the artifact transition areas at the beginning
and end of the track.

As mentioned in the introduction, for each snapshot, inde-
pendent brightness temperature measurements are generated in
the antenna frame from the cross-correlation of the measure-
ments of the different antennas (visibilities). The visibilities

Fig. 2. Independent SMOS measurements (a) in the antenna frame and
(b) projected onto the Earth map according to a Robinson projection.

can be transformed into brightness temperature by a sort of
bidimensional Fourier transformation, applying the so-called
G-matrix [7]; the difference between the ideal Fourier transfor-
mation and the G matrix is that the latter accounts for the actual
differences in the antenna patterns of the 69 antennas as well as
for the correlation of the receptor filters. The lowest resolution
to transform visibilities into brightness temperatures is set by
the instrument characteristics and given by (NT ×NT ), with
NT = 3 ·NEL + 1, where NEL is the number of element per
arms (21) [4]. Using a resolution of (64 × 64) points ensures
the maximum independence among measurements of the same
snapshot. The obtained brightness temperatures are projected
onto the ground using ESA’s Earth Observation Customer
Furnished Item (EOCFI) [8] Orbit Propagation libraries and
the official auxiliary files used in the SMOS Data Product
Generation Center (DPGS) [9].

An example of the independent measurements in the antenna
frame and their projection onto the Earth map (according
to a Robinson projection) are shown in Fig. 2(a) and (b),
respectively.

As it can be noticed, the projection strongly distorts the
measurement dimension [Fig. 2(b)]; this distortion is propor-
tional to the distance from the boresight (black dot at (ξ, η) =
(0,−0.52)). In particular, the measurements at the border of
the FOV, i.e., those at the far right and left, and at the top of the
FOV, can reach 50–100 km of width in the longer dimension,
respectively.

Once projected, the measurements are split according to the
projection grid; the following three different types of grids are
compared.

1) ISEA: In its version 4H9, it is the currently used grid
for SMOS L1C and L2 products; the area of each cell
is constant, while the distance between the centers of two
adjacent cells slightly varies around 15 km (4H9).

2) A constantly spaced (15 km) uniform grid, with no sym-
metry with respect to the satellite track.

3) A constantly spaced (15 km) uniform grid, symmetric
with respect to the satellite track

In Fig. 3(a)–(c), one of FOVs is shown as an example; grids
A, B, and C are superimposed, respectively. To avoid con-
fusions, throughout this letter, the circular/elliptical measure-
ments will be simply called footprints, while the hexagonal/
square/rhomboid cells on ground will be referred to as grid
cells.
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Fig. 3. Example of intersection between SMOS’ FOV and (a) ISEA 4H9,
(b) grid B (25 km), and (c) grid C (25 km).

III. METHODOLOGY AND DISCUSSION

SMOS, in its current configuration, operates in full-
polarimetric mode—all of the four Stokes parameters are ac-
quired every four snapshots (the measurement strategy is quite
complex and is illustrated in [10]); however, for simplicity,
polarizations are considered separately, and only the case of
X-pol is analyzed, which implies using only one every four
snapshots. The results and conclusions drawn in this study
obviously apply as well to the other SMOS polarizations.

A. Grid Type

MIRAS’ major features are strongly dependent on the view-
ing geometry and, in particular, on the across-swath position
[5], including the radiometric sensitivity, spatial resolution,
and angular coverage. As a consequence of that, the SM/SSS
retrieval itself is highly connected to the across-swath position
of the grid cell. This is a typical characteristic of many satellite
remote sensing instruments with swath-viewing capabilities
(e.g., push-broom polar orbiters), such as the scatterometers
onboard the European Remote Sensing satellite [11], [12] and
the MetOp series [13] as well as the Sea-Viewing Wide FOV
Sensor (SeaWIFS) on the OrbView-2 satellite (at Level 2) [14],
among others. In such cases, a nonfixed grid symmetrical with
respect to the satellite track has been chosen and proven to
be very useful for the improvement of the Level 2 algorithms,
simplifying the characterization of the errors, the optimization
of the inversion, and the quality control and calibration of the
measurements [15], [16].

To assess the effect of using different grids, the misalignment
between the actual footprint location and the grid cell has been
calculated as the standard deviation of the across-track position
inside three 25-km-wide strips centered at the boresight, at the
middle, and at the edge of the FOV, respectively (Fig. 4). This
has been computed for the ISEA 4H9 grid, the 15-km uniform
square grid, and the 15-km grid symmetrical to the satellite track.
The choice of a width of 25 km guarantees the absence of along-
track holes due to the misalignment between grids and strips.

Results are shown in Table I, in terms of standard deviation
in the cosine domain (ξ) as well as its equivalent in kilometers.
This depends on the along-track position of the grid cell inside

Fig. 4. Three 25-km-wide strips at constant across-track position. The solid
line is at boresight, the dashed line is at the middle of the FOV, and the dotted
line is at the edge of the FOV.

TABLE I
MISALIGNMENT BETWEEN FOOTPRINT AND GRID CELL LOCATIONS

the FOV; its minimum and maximum values are reported in
brackets.

The standard deviation of the across-track position (both in
terms of ξ and in kilometers) decreases by a factor of 2–6
(maximum on the edge of the FOV) using grid C instead of
the currently used grid A.

B. Grid Size

Considering the impact of the Level 2 grid on the quality of
the higher level products (Level 3 and Level 4), the oversam-
pling introduces substantial correlation between adjacent grid
cells. In optimal interpolation and data assimilation in general,
a Bayesian-based cost function is minimized. This cost function
has two terms: the observational term and the background term,
which include the inverse of the observation error covariance
matrix O and the inverse of the background error covariance
matrix B, respectively. Background error cross-correlations
(error correlations between adjacent cells), i.e., off-diagonal
terms, are estimated and used in the minimization (these are
needed to cope with the inherent underdetermination of the data
assimilation, i.e., much less observations than grid cells and
parameters to be resolved). Observation error cross-correlations
are very difficult to estimate, and as such, off-diagonal terms in
the O matrix are not considered (set to zero). In data assimila-
tion, many observations are removed (thinning) to avoid obser-
vation error correlations (between adjacent cells). The footprint
overlapping introduces measurement error cross-correlations,
which are usually not taken into account, leading to lower
quality L3 OI maps. If taken into account (i.e., by thinning),
a substantially lower amount of measurements will be used,
which will also negatively impact the quality of the OI maps. By
reducing or removing measurement error cross-correlations, it
is possible to maximize the amount of measurements available,
therefore optimizing the impact on L3 OI maps quality [17].
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Fig. 5. Average number of grid cells per footprint using grid C and consid-
ering different grid sizes from 15 to 100 km. The dashed line represents the
average value, while the solid lines are the maximum and minimum values.

TABLE II
AVERAGE PERFORMANCE AS A FUNCTION OF THE GRID CELL AREA

To minimize the oversampling, different grid sizes have been
compared. A preliminary test to roughly determine the optimal
grid size (once chosen grid C after the grid-type evaluation) has
been performed: the minimum, the average, and the maximum
number of grid cells per footprint have been calculated using
an equispaced grid, with grid sizes of 15, 25, 35, 50, and
100 km. These grids are shown in Fig. 5, where the dashed
line represents the average value, while the solid lines are the
maximum and minimum values.

The threshold of a single grid cell per measurement is
highlighted in gray. All of the figures have been obtained
considering only the zone bound in latitude between 20◦S and
40◦S and discarding those footprints intersecting the relative
grid cell with less than 5% of their area.

The same values are shown in Table II, along with the ratio
between the average area used per footprint and the grid cell area.

Considering the global performances (Fig. 5 and Table II),
when using a 15-km-wide grid, the average number of grid cells
sharing the same footprint is always higher than 1 and ranges
between 1.39 and 2.75; taking into account the areas of the
footprint and of the grid cell, for each measurement, 2.54 times
the grid cell area is used on average. As expected, the curves
decrease when the grid size increases and reach their value
closest to one when the grid size is 25 km (with a ratio between
the footprint and the grid cell areas of 0.9). Hence, according to
Fig. 5 and Table II, to minimize the overlapping of the footprints
and at the same time fulfill the requirement of one grid cell per
measurement, a grid of around 25 km should be chosen.

However, due the high variability of the geometric and ra-
diometric features of the SMOS measurements, a more detailed
analysis must be performed. The average number of grid cells
per footprint has been analyzed as a function of the incidence
angle—over the dwell-line—and as a function of the across-

Fig. 6. Average number of grid cells sharing the same footprint as a function
of the incidence angle for a certain grid cell. Solid lines indicate that the grid
cell is at the boresight, dashed lines indicate that it is at the middle of the FOV,
and dotted lines indicate that it is at the edge of the FOV.

track position. For convenience, the grid size range has been
restrained to the 15–35-km range. The results for the first
analysis—over the dwell-line—are shown in Fig. 6(a) (15 km),
(b) (25 km), and (c) (35 km), where the average number of
grid cells sharing the same footprint, calculated over 2◦ bins, is
plotted as a function of the incidence angle for certain across-
swath positions. Note that only the intersections involving more
than 95% of the grid cell area have been considered. As in
Fig. 4, the solid line indicates the grid cells at the boresight
(nadir), the dashed line indicates the middle of the FOV, and
the dotted line indicates the edge of the FOV.

Using a grid of 15 km, the same footprint is shared by
approximately 1.5 grid cells up to 30◦, when this number
rapidly increases up to 5. Lower values are found for points at
the boresight, while at the middle of the FOV, it is always higher
than 1.5. Note that very few measurements are available at the
edge of the FOV, all around 40◦ incidence angle and shared
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Fig. 7. Average number of grid cells sharing the same footprint as a function
of cross-track position (ξ). Solid lines are the average values calculated in bins
of 0.02 in the ξ-axis.

by two grid cells (at 15-km grid size). When the grid size is in-
creased to 25 km, the slope of the curve substantially decreases,
as well as its mean value. The average number of grid cells
sharing the same footprint is mostly between 0.9 and 1.5 up
to 50◦, with the lowest values for the cells at the boresight. For
the cells located at the middle of the FOV, this number is almost
constant at 1.2 between 20◦ and 50◦ and reaches 2 at 60◦. For
the cells at the edge of the FOV, it is around 1.2. Considering the
last grid size (35 km), the average number of grid cells sharing
the same footprint is lower than 1 up to 40◦ for all of the cells
and then slowly increases up to 1.7 at 60◦. According to these
results, 25 km is confirmed as the optimal grid cell size.

The last test, designed to highlight the effect of the across-
track position, consists of compressing the along-track dimen-
sion all over the artifact-free area (i.e., between the horizontal
dotted lines in Fig. 4). The result is shown in Fig. 7, where the
mean value of the average number of grid cells per footprint
is plotted as a function of the across-track position (ξ); the
dots indicate the average number of grid cells per measurement,
while the solid line indicates its average value per bins of 0.02
in the ξ-axis.

As it can be noticed, the main pattern is similar for dif-
ferent grid sizes, due to its high correlation with the number
of measurements. However, the amplitude of the oscillation
and the mean value are substantially reduced when the grid
size increases. For the 15-km-wide grid, the mean value is
approximately 1.75 ± 0.25, which becomes 1 ± 0.1 for a grid
of 25 km and 0.75 ± 0.1 for a grid of 35 km.

In summary, considering both the global performance and
also the behavior as a function of the incidence angle and the
across-track position, the 25-km grid seems to represent the op-
timal grid size, being a tradeoff between minimizing the over-
lap between adjacent grid cells and preventing the presence
of gaps in the retrieved SSS/SM field. Among the possible
different orientations of the grid, keeping symmetry to the
satellite track (i.e., a grid dependent on observation geometry)
will help in detecting data processing issues (related to, for
example, calibration, error characterization, inversion, quality
control, monitoring, etc.), thus contributing to the geophysical
retrieval quality improvement and, in general, to the instrument
calibration and validation activities.

IV. CONCLUSION

With the objective of improving the SMOS L1C–L2 grid
(currently the ISEA 4H9), various grid types and sizes have
been evaluated. Similar to other satellite remote sensing mis-
sions, a 25-km-wide equal-area grid symmetrical with respect
to the satellite track is shown to best fit the SMOS viewing
geometry and footprint sizes, and therefore, it is optimal for
validation and geophysical retrieval purposes. Moreover, such
grid is also convenient for data assimilation and higher level
data production (L3 and L4) since it substantially reduces
spatial correlation between adjacent grid cells, contributing to
the improvement of the quality of the products. As a final
remark, it must be mentioned that only the signal received by
the main lobe (90% of the total) has been considered for this
study and that the inclusion of the signal received by secondary
lobes could increase the correlation among neighbor grid cells
and lead to a further enlargement of the optimal grid.
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