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SMOS and L-band observations

• SMOS (2009-)
• Synthetic aperture of ~7.5 m: 

resolution of 25-60 km
• Multi-angular (0-60º) 

• Other L-band missions
• SMAP (2015-), Aquarius (2011-2015)

• Large number of applications beyond soil 
moisture and ocean salinity

Piles et al. 2009
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4. pen issues and future opportunities 

In the following, open issues and future opportunities for satellite- 
derived soil moisture products are elaborated further, aiming to close 
the gap between application requirements and product characteristics. 
Moreover, recommendations are provided for next-generation opera-
tional satellite soil moisture datasets that will better meet user re-
quirements and advance our collective scientific understanding. 

4 1 High spatial and temporal resolutions 

Although several kilometre-scale soil moisture products have been 
released recently, the major challenge in the retrieval of such high- 
resolution products from SAR data is how to accurately parameterize 
soil roughness and account for the impacts of observation angle (Ver-
hoest et al., 200  Zhu et al., 201 ). Other challenges include retrieval 
uncertainty quantification and data continuity. In order to make use of 
the existing long-term coarse-resolution soil moisture products from e. 
g., ESA CCI SM, downscaling algorithms provide a means to improve the 
spatial resolution of soil moisture datasets. In addition to microwave 
observations, optical thermal band observations have been used to 
either downscale microwave-based coarse-resolution soil moisture (e.g., 
Merlin et al., 2012  Peng et al., 2015a  Portal et al., 201 ) or to directly 
estimate soil moisture (e.g., Babaeian et al., 201  Rahimzadeh-Bajgiran 
et al., 2013  Wang et al., 201 ). The advantages of optical thermal band 
measurements include their very high spatial resolution (e.g., 10 meters 
from Sentinel-2) and sub-daily temporal resolution (e.g., geostationary 
satellites). A recent study by Sabaghy et al. (2020) has comprehensively 
evaluated existing downscaled soil moisture products from optical  
thermal-, SAR- radiometer-, and oversampling-based methods with 
both in situ and airborne soil moisture over the Yanco validation site in 
Australia. Downscaling approaches such as the optical and thermal- 
based Vegetation-Temperature Condition Index (VTCI) method 

presented in Peng et al. (201 ) were found to perform well, but its re-
sults were also highly in uenced by cloud cover. Moreover, using a data 
assimilation approach in a synergistic retrieval of soil moisture from 
optical and SAR data is also promising. For example, Marzahn et al. 
(201 ) used a joint weak constrained data assimilation approach to 
retrieve soil moisture and other land surface variables with high accu-
racy. Therefore, it seems promising to generate long-term high -resolu-
tion soil moisture products through the synergistic use of microwave and 
optical thermal measurements using data assimilation and machine 
learning methods (Ahmad et al., 2010  Draper et al., 2012  Kolassa et al., 
201  Lievens et al., 201 b). 

While the generation of global soil moisture maps with sub-daily 
temporal resolution is not feasible with a single satellite platform 
(without a land data assimilation system), the combined use of micro-
wave observations from multi-satellite constellations such as ASCAT 
onboard the Metop-A, B, and C platforms will probably lead to the 
generation of sub-daily microwave soil moisture products in the fore-
seeable future. Moreover, optical thermal measurements from geosta-
tionary satellites with hourly temporal resolution might help to 
overcome this limitation through their integration with microwave ob-
servations (Hain et al., 2012  Piles et al., 201  Zhao and Li, 2013). 
Future missions and instruments also provide new insights on moni-
toring soil moisture at high temporal and spatial resolution. One po-
tential such mission, the ESA Geosynchronous-Continental Land 
Atmosphere Sensing System (G-CLASS Hydroterra  (Hobbs et al., 201 ), 
plans to launch SAR satellites in geosynchronous orbit (GEO). These SAR 
satellites are expected to monitor diurnal soil moisture dynamics on an 
hourly timescale. Another mission is the Copernicus Imaging Microwave 
Radiometer (CIMR), which is designed to provide sub-daily observations 
in Ku to L-band at the global scale (https cimr.eu). Furthermore, 
CubeSat missions such as the Cyclone Global Navigation Satellite System 
(CYGNSS) are expected to play an important role in measuring soil 
moisture from space at high spatial and sub-daily temporal resolution 
(Al-Khaldi et al., 201  Kim and Lakshmi, 201 ). 

4 2 Root zone soil moisture estimation 

It is still challenging to estimate root zone soil moisture from satellite 
observations (Crow et al., 201 c), although several studies have 
implemented a soil water index based on an exponential filtering of 
surface soil moisture retrievals, which mimics the infiltration (Albergel 
et al., 200  Wagner et al., 1 ). Other efforts have been made to 
produce root-zone soil moisture through the assimilation of satellite- 
based surface soil moisture retrievals into land surface models (e.g., 
Balsamo et al., 201  Das and Mohanty, 200  De Lannoy and Reichle, 
201  Kumar et al., 201  Kumar et al., 200  Ridler et al., 201  Walker 
et al., 2001). The ASCAT, SMOS, and SMAP soil moisture retrieval teams 
as well as the Global Land Evaporation Amsterdam Model team (Mar-
tens et al., 201  Miralles et al., 2011) have released root zone soil 
moisture datasets (Brocca et al., 2012a  Mecklenburg et al., 201  
Reichle et al., 201 a  Reichle et al., 201 b  Reichle et al., 201 ). These 

Table 2 
User requirements concerning satellite soil moisture products defined for selected applications. The summary is based on literature review and expert interviews.  

Application Usage Accuracy Soil moisture 
depth 

Temporal 
resolution 

Other 

NWP Assimilation of soil moisture or low-frequency microwave 
brightness temperature into NWP system 

Accurate temporal 
dynamics 

Surface and root 
zone 

Daily or sub-daily Reliable near real-time 
products 

Climate Evaluation of model performance and investigation of land- 
atmosphere interactions 

Accurate temporal 
dynamics 

Surface and root 
zone 

Monthly or sub- 
monthly 

Long-term soil moisture 
climatology 

Hydrology Hydrological modelling and estimation of water cycle 
components 

Accurate absolute soil 
moisture 

Surface and root 
zone 

Sub-daily (e.g., 
hourly) 

Reliable quality 
information 

Agriculture Precision agriculture and erosion modelling Accurate absolute soil 
moisture 

Root zone Weekly and sub- 
weekly 

Reliable quality 
information 

Ecosystem Ecosystem monitoring and ecological modelling Accurate absolute soil 
moisture 

Root zone Weekly Reliable quality 
information  

Table 3 
Applications that would benefit from soil moisture information on different 
spatial scales. The requirements level is indicated from high (!!!) to low (!).   

Low spatial 
resolution 
("25km) 

Medium spatial 
resolution 
(10km, 5km) 

High spatial 
resolution 
(#1km) 

NWP !! !!! !!
Climate modelling !!! !!! !
Watershed based runoff 

modelling 
! !!! !!

Precipitation  
Evapotranspiration 
estimation 

!!! !!! !!!

Landslide prediction ! !! !!!
Flood forecasting ! !! !!!
Drought monitoring !!! !!! !!!
Precision agriculture  ! !!!
Erosion modelling  ! !!!

 Peng et al                                                                                                                                                                                                                                      

• ECMWF NWP global models resolution: 9 km

Peng et al. (2021)
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A strong El Niño event developed in mid-2015 and persisted 
until mid-2016 (Fig. 1a)13. This event caused a drop of tropi-
cal AGC of !0.95 [!1.00, !0.76] PgC in 2015—of which !0.74 
[!0.86, !0.62] PgC was in Africa (Fig. 1c) and !0.20 [!0.26, !0.1]  
PgC was in America (Fig. 1e)—which was attributed mainly to 
extremely dry and warm climatic conditions (Supplementary  
Fig. 13a and Supplementary Text 6). The 2015 loss in Africa  
occurred in all biomes, with the largest losses in woodland, shru-
bland and savannah regions. By contrast, carbon losses and gains 
were evenly balanced in tropical Asia in 2015. Of note, AGC losses 
continued in 2016, with a biomass loss of !0.65 [!0.82, !0.38] 
PgC, mostly in Asia (!0.35 [!0.50, !0.26] PgC) followed by Africa 
(!0.19 [!0.22, !0.15] PgC) and America (!0.12 [!0.3, +0.11] 
PgC), in response to more severe anomalies in both surface soil 
moisture and land surface temperature in 2016 compared with 2015 
(Supplementary Fig. 13a and Supplementary Text 6). Combining 
the two years 2015 and 2016 together, the average AGC carbon 
losses (!0.80 [!0.59, !0.96] PgC yr!1) are in the range of the net 

land–atmosphere abnormal CO2 source simulated by land surface 
models (!1.1 [!2.5, +0.1] PgC yr!1)16.

Pixels with more than 5% forest losses (covering 16% of the 
tropics) as identified by Hansen et!al.31 (Methods), displayed a net 
carbon loss of !0.09 [!0.14, !0.07] PgC yr!1 in the aboveground 
vegetation compartment for 2010–2017 (Supplementary Table 2). 
Net carbon losses due to deforestation were offset by a net carbon 
uptake of +0.20 [+0.14, +0.24] PgC yr!1 across pixels with less 
than 5% deforestation. This sink was found mainly in tropical Asia 
(+0.10 [+0.06, +0.13] PgC yr!1) and America (+0.09 [+0.06, +0.12] 
PgC yr!1). Trends for 2010–2017 showed carbon losses in the arc of 
deforestation of southern Amazonia, in the Democratic Republic of 
Congo and in Indonesia (Fig. 2a,b). The carbon uptake was found 
in the Central African Republic and in the northernmost regions of 
tropical Asia and Central America (Fig. 2a,b).

We defined gross carbon losses as accumulated yearly losses, 
excluding regrowth years. Overall, gross carbon loss from areas of 
deforestation (forest losses >5%) was !0.78 [!0.61, !1.04] PgC yr!1  
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Fig. 2 | Spatial patterns and trends in tropical carbon changes. a–e, Yearly net changes (a), trends (b), gross gains (c) and gross losses (d) in AGC, and 
yearly net changes in forest-loss rates31 (e) for 2010–2017. Yearly net changes, trends and gross gains and losses in AGC were estimated on the basis of 
the medians of the changes in AGC estimated by ten sets of the fitted relationships between L-VOD and AGC (n!=!51,395, 11,992, 51,361 and 47,199 for 
a–d, respectively). Yearly trends in AGC are represented by significantly positive and negative trends (linear trend; P!<!0.05). Gross losses in AGC are 
calculated by cumulating negative changes in AGC for consecutive years from 2010 to 2017.

NATURE PLANTS | www.nature.com/natureplants

Pantropical carbon stocks evolution

• L-band observations allow to study the 
coupling of the water and carbon cycles 
thanks to the vegetation optical depth (VOD)

• Multi-angular observations are needed for a 
proper estimation of VOD

• Spatial resolutions of <10 km will also allow 
biomass monitoring at regional scale

Fan et al., 2019, Nature Plants
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Soil freeze/thaw. Rauitiainen et al. (2016, RSE)

Example over the Antarctic Peninsula 
during 3 summer seasons

Mean annual duration of the melt season between      
2010-2019

Leduc-Leballeur et al., 2020,, The Cryosphere.

Higher resolution needed to monitor 
melting events close to the coast

Higher resolution needed (complex 
land cover)

Sea ice contamination in 
the Arctic affects the 
estimation of salinity 
(Supply et al. 2022, RSE) 
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Tara - Mission microbiome
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Ocean applications

Chlorophyll ASalinity

• High resolution is also needed for 
ocean studies: river plumes, meso-
scale physics, coastal regions, ...

SST

Salinity spatial variance (D’Addezio et al. 2019, RSE):
70 % for 50 km footprints
85 % for 20 km footprings
95 % for 10 km footprints

Olivier et al. (2022, Biogeosci. Discussions)

Previous presentations this week by: A. Supply, G. Alory, J. Boutin…
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Summary of requirements

Community study of land, ocean and cryosphere research and operational applications (ESA 
funded)
• While 1 km will be the ideal value for many applications, 10 km will be a breakthrough 

with respect to the current generation of sensors
• Temporal sampling < 3 days 

Kerr, Escorihuela et al. 2020
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2.2 REQUIREMENTS CLUSTERING 
Once the original requirements have been converted to system requirements, they have been 

grouped to narrow down the design. Figure 3, Figure 4 and Figure 5 show the percentage of the 
requirements met for the different applications vs the spatial, temporal and radiometric accuracy of 
the system, for the three levels (Threshold, Breakthrough and Goal). The target of the system is to 
cover as many requirements as possible. 

 
Figure 3: Percentage of requirements fulfilled vs spatial resolution of the system 

 
Figure 4: Percentage of requirements met vs temporal resolution of the system 
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SMOS
Launched in 2009

Resolution 40km

Sensitivity 2K

69 antennae
Three 4.5 m arms

ULID 
demonstrator

SMOS-HR
Phase A ongoing

Resolution better than 15 km

Sensitivity 2K

> 200 antennae
Four  8.5 m long arms

SMOS-Next
Resolution 4km

Sensitivity 2K

Hub SMOS-HR like satellite 
and > 50 nano-satellites ULID like

1st generation 2nd generation

3rd generation

Multi-angular capabilities + high spatial resolution à large interferometer array
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• Complete irregular layouts were also tested
• Possible to calibrate
•Would require new imaging algorithms
•Many constrains for actually building 
the such a system

• The fourth arm antennae (red) could be redundant …
• … but if the position of the  antenna in this arm are 
modified in a quincunx way the spatial frequencies 
coverage is improved : interlacing a shifting grid 

• Reduction of the aliasing in reconstructed images 

9420 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

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

VI. CONCLUSION

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

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

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

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

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

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

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

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

APPENDIX A ANTENNAS LAYOUTS

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

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

Fig. 24. Optimized irregular configuration of antennas for the square.
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VI. CONCLUSION

Missions such as SMOS, SMAP, and Aquarius are useful for
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has a certain probability of permanent failure after its expected
useful lifetime. When a failure in one or more antennas happens,
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inversions that are better than a simple cutoff of the singular
values of the G matrix or a mere Tikhonov regularization.
Indeed, the larger the G matrix, the more numerically unstable
and sensitive to noise the reconstruction. There is room for math-
ematical research on this problem. Another research direction
is the denoising of the snapshots acquired by the instrument.
A potential approach would take advantage of the knowledge

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

APPENDIX A ANTENNAS LAYOUTS

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

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

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

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

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

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

W 0
c = W 0

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

s $ 2R (respectively,
W 0

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

acteristics of the problem, such as SB, !0, and "0.
In both cases, it is also easy to explicitly compute the penalty

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

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

PSA
(ax, ay) =

!
min

"
Ls

2
+

Ws

2
, ax

#

max

"
Ls

2
$ Ws

2
, ay

#$
.

In the case of the cross, we have

PSA
(ax, ay) =

"
min

"
Ls

2
, ax

#
,min

"
Ws

2
, ay

##
.

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

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

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

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

V. RESULTS AND ANALYSIS

A. Results: Layouts

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

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

3Note that the square and cross quincunxes as presented here are really
effective configurations in terms of coverage of the u$ v plane, but are not

Irregular array 
(Krzakala et al. 2021, IEEE JSTARS) 

Patent FR3071068 (Kerr et al. 2019)
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Figures of merit for selecting an elevation for SMOShr:
750 Km vs. 685 Km.

Page 7 of 27.

2. Cartesian sampling grids

The arrays under consideration, referred to as the square-shaped and the cross-shaped arrays, have the
regularity  required  to  work  with  regularly  sampled  Cartesian  grids.  Shown  on  Figures 2 and 3 are
examples of a such arrays with 4 arms populated with equally spaced antennas with a spacing 2d along
the arms. Thanks to the translation of one arm (in red on the figures) with respect to the three others, the
shortest spacing between the antennas is d and therefore the sampling step of the Fourier grid extending
the frequency coverage is u = d/.

Figure 2.- A cross-shaped array (left) and the corresponding frequency coverage (right).

Figure 3.- A square-shaped array (left) and the corresponding frequency coverage (right).
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Earth  alias-free field of view for angles < 55º
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Challenge: similarity of the antenna 
patterns once they are located in the 
payload arms close to other antennas

E. Anterrieu (CESBIO), A. Bornaud (CNES), 
L. Costes (Airbus DS) 

Jeannin et al.  

Image reconstruction in 5 MHz sub-bads
Anterrieu (2021, CESBIO report)

Band width : 21 MHz    
RFI filtering in  1-1.5 MHz  sub bands Patent WO/2021/001408 
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Parameter SMOS SMOS-HR

Array shape Y-shape
4.5 m arms

cross-shape
8.3 m arms

Longest baseline 7.5  meters 12 meters

Orbit height 758 km 680 km

Resolution after apodisation 27-50 km 15-20  km

Number of antennas/baselines 69/2346 167/13861

Antenna spacing  / visibilities sampling 0.875 λ / 0.875 λ 0.956 λ / 0.675 λ

Effective swath/revisit time 1150 km / 3 days max 920 km / 3 days max

Tilt/ Incidence angle range 32.5º / 0-60º 20º / 0-55º

Band / Sub-bands RFI filtering / sub-bands imaging 19 Mhz / - / - 21 MHz  / 1-1.5 MHz/ 5 MHz

Polarization full-pol, alternative acquisitions Full-pol simultaneous acquisitions

Quantization/Correlation/Effective integration time 1 bit / 0.7 x integration time 8 bits / 2 bits / 0.9 x  integration time

Radiometric sensitivity: single snapshot/geophysical 
retrievals

3 K / ~ 1 K 1.4 – 2.6 K  /  < 1 K
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L’approche formation de faisceau a été comparée à l’approche interférométrique: pour 
SMOS elle est moins sensible (0.5 K rmse) à la disparité des diagrammes d’antennes 
(action en cours).

Formation de faisceau

Interférométrie

DTX DTY

1.99 K
rmse

1.92 K

1.50 K
rmse

1.44 K

Anterrieu et al. (en prep.)

Digital beam forming
(Anterrieu et al. 2022, 
Remote Sensing) 

VSDWLDO LQIRUPDWLRQ DERXW HDFK SL[HO QHLJKERUKRRG�
7KH FRQWUDFWLQJ SDWK LV D VXFFHVVLRQ RI FRQYROXWLRQ
OD\HUV� HDFK IROORZHG E\ D UHFWLILHG OLQHDU XQLW
�5H/8� DQG D �[� PD[ SRROLQJ RSHUDWLRQ ZLWK VWULGH
� IRU GRZQ VDPSOLQJ� 7KH QXPEHU RI IHDWXUH
FKDQQHOV LV GRXEOHG DW HDFK GRZQ VDPSOLQJ VWHS�
7KH H[SDQVLYH SDWK FRQVLVWV RI WKH UHSHDWHG
DSSOLFDWLRQ RI WUDQVSRVHG FRQYROXWLRQV ZLWK VWULGH �
WR XS VDPSOH WKH IHDWXUH PDSV� IROORZHG E\
FRQYROXWLRQ OD\HUV DQG D 5H/8 RSHUDWLRQ� 7KH
QXPEHU RI FKDQQHOV LV KDOYHG DW HDFK XS VDPSOLQJ
VWHS� 7KH FRQYROXWLRQDO OD\HUV IURP WKH FRQWUDFWLQJ
DQG H[SDQGLQJ SDWKV H[WUDFW KLJK�OHYHO IHDWXUHV IURP
WKH GDWD DQG IRUFH WKH LPDJH WR EH UHSUHVHQWHG
VSDUVHO\ LQ WKH FRQYROXWLRQDO�IHDWXUH VSDFH� 7KHLU
WDVN LV WR EXLOG D PDVN WKDW ZLOO EH DGGHG WR WKH ILUVW
OD\HU RXWSXW� IRU WKH SXUSRVH RI FRUUHFWLQJ
UHFRQVWUXFWLRQ LPSUHFLVLRQ OLNH VKDUSHQLQJ HGJHV RU
VPRRWKLQJ KRPRJHQHRXV DUHD�
,Q FRQWUDVW ZLWK SUHYLRXV HIIRUWV WKDW XVH QHXUDO
QHWZRUNV WR VROYH LQYHUVH SUREOHPV >�� �@� RXU PRGHO
LV WUDLQHG ZLWK UHSUHVHQWDWLYH GDWD GHULYHG IURP
6026 RSHUDWLRQDO SURGXFWV WKDW SUHVHQW D
SDUWLFXODUO\ ODUJH QXPEHU RI XQNQRZQV FRPSDUHG WR
WKH OLPLWHG QXPEHU RI PHDVXUHPHQWV� ,W KDV EHHQ
GHPRQVWUDWHG WKDW VXFK D SUREOHP LV LOO�SRVHG >�@� DV
WKH QXPEHU RI XQNQRZQV �WKH QXPEHU RI SL[HOV LQ
WKH %7 PDSV� LV ODUJHU WKDQ WKH QXPEHU RI HTXDWLRQV
�WKH QXPEHU RI YLVLELOLWLHV VDPSOHV�� +HUH WKH
SUREOHP LV XQGHU�GHWHUPLQHG E\ D IDFWRU FORVH WR ��
�WKH QXPEHU RI SL[HOV LV �� WLPHV ODUJHU WKDQ WKH
QXPEHU RI YLVLELOLWLHV VDPSOHV�� 2Q WKH RWKHU KDQG�
WKH QHWZRUN GHVFULEHG LQ >�@ LV WUDLQHG RYHU WDUJHW
LPDJHV ZLWK D QXPEHU RI SL[HOV ODUJHU WKDQ WKH
QXPEHU RI LQSXW VHQVRU GDWD E\ D PD[LPXP IDFWRU RI
���� DQG WKH QHWZRUN GHVFULEHG LQ >�@ LV WUDLQHG XVLQJ
DV PDQ\ LQSXW YDOXHV DV RXWSXW SL[HOV�
7KH GDWD ZHUH GLYLGHG DV IROORZV� ��� RI WKH
VQDSVKRWV ZHUH XVHG IRU WKH WUDLQLQJ� ��� ZHUH XVHG
IRU WKH YDOLGDWLRQ VWHS DQG WKH ODVW ��� ZHUH XVHG WR
WHVW WKH PRGHO
V SHUIRUPDQFHV DQG IRU WKH
FRPSDULVRQV ZLWK WKH DOJHEUDLF PHWKRG� $OO WKH
UHVXOWV SUHVHQWHG KHUH DUH WDNHQ IURP WKLV ODVW WHVW
GDWD VHW�

� � 5(68/76

:H FRPSDUH WKH UHFRQVWUXFWLRQ SHUIRUPDQFHV RI RXU
SURSRVHG PRGHO ZLWK WKH DOJHEUDLF UHJXODUL]HG
DSSURDFK XVLQJ WKH VDPH GDWD IURP WKH WHVW VHW� 7KH
DOJHEUDLF PHWKRG VXIIHUV IURP DOLDVHG UHJLRQV LQ WKH
UHFRQVWUXFWHG PDSV� ZKLFK UHGXFH WKH HIIHFWLYH ILHOG
RI YLHZ WR D GHIRUPHG KH[DJRQDO�OLNH VKDSH� DV VHHQ
LQ )LJXUH �F� 2Q WKH FRQWUDU\� RXU PHWKRG LV DEOH WR
UHFRQVWUXFW WKH HQWLUH ILHOG RI YLHZ� :H WKHUHIRUH

PHDVXUH WKH HUURU PHWULFV LQ WKH KH[DJRQ DUHD IRU
ERWK DSSURDFKHV� EXW DOVR LQ WKH IXOO UHFRQVWUXFWLRQ
IRU WKH GHHS OHDUQLQJ PRGHO� 7KH HUURU PHWULFV XVHG
IRU FRPSDULVRQ DUH WKH PHDQ DEVROXWH HUURU �0$(�
DQG WKH VWDQGDUG GHYLDWLRQ RI WKH HUURU �67'��

)LJXUH � � 5HFRQVWUXFWLRQ SHUIRUPDQFH RI RXU
SURSRVHG 'HHS 1HXUDO 1HWZRUN FRPSDUHG ZLWK WKH
DOJHEUDLF UHJXODUL]HG DSSURDFK� D� JURXQG WUXWK
EULJKWQHVV WHPSHUDWXUH PDS FDOFXODWHG E\ WKH 6026
RSHUDWLRQDO JURXQG VHJPHQW� E�F� LQYHUVLRQ RI WKH
YLVLELOLWLHV E\ WKH GHHS QHXUDO QHWZRUN �'11� DQG
DOJHEUDLF PHWKRG� G�H� UHFRQVWUXFWLRQV HUURU PDSV RQ
WKH IXOO ILHOG RI YLHZ DQG KH[DJRQDO VKDSH FHQWUDO
DUHD�

7KH UHVXOWV VKRZQ LQ )LJXUH � GHPRQVWUDWH WKH
DELOLW\ RI RXU PRGHO WR UHFRQVWUXFW EULJKWQHVV
WHPSHUDWXUH GLVWULEXWLRQ RYHU WKH HQWLUHW\ RI WKH ILHOG
RI YLHZ� IURP KLJKO\ XQGHUVDPSOHG YLVLELOLWLHV� 7KH
H[SORLWDEOH DUHD SURYLGHG E\ RXU PHWKRG FRPSULVHV
��� WLPHV PRUH SL[HOV WKDQ WKH DOJHEUDLF DSSURDFK�
9LVXDO LQVSHFWLRQ RI UHFRQVWUXFWHG LPDJHV DQG HUURU
PDSV LQ )LJXUH � UHYHDOV WKDW DOLDVLQJ DUWHIDFWV DUH
WRWDOO\ UHPRYHG LQ WKH GHHS QHXUDO QHWZRUN
UHFRQVWUXFWLRQV� DQG WKDW WKH KLJKHU HUURUV VHHP WR
EH FRQFHQWUDWHG RQ WKH SHULSKHU\ RI WKH LPDJHV�
7KH DYHUDJH PHWULFV RI WKH WZR DSSURDFKHV RYHU WKH
HQWLUH WHVW GDWDVHW IRU WKH PHDQ DEVROXWH HUURU �0$(��
WKH VWDQGDUG GHYLDWLRQ RI WKH HUURU �67'� DQG WKH

Multi-snapshot 
reconstruction
(Dunitz et al. 2021, 
IEEE CAMA) 
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Abstract—Launched in 2009, the SMOS satellite [1] pro-
duces observations of brightness temperature through passive
microwave radiometry in the protected radio astronomy portion
of the L-band. Although a given point on the Earth’s surface
may be visible for 100 consecutive correlator integration times,
brightness temperature measurements are produced one corre-
lation period at a time, producing temperature maps that are
both noisy and folded due to the antenna array’s undersampling
of the u-v frequency plane.

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

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

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

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

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

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

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

R
R+h}. Points near the center of the band B = &y"RH(y) (those
with |x| ' 0) are visible in many snaphots from a variety of incidence
angles !(x, y; ys) = sin#1 R

!

!
1# cos2 x cos2(y # ys) (where the dis-

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

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

"
R

R+h

#
.

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

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

!
R

R+h

"
is the horizon in geodesic coor-

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

DL: less noise
in the alias-free 
region

DL: Image with 
almost 
no aliasing

Classical 
imaging

Faucheron et al. in prep
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Downscaling or oversampling cannot replace native 
high resolution

Rodriguez-Fernandez et al. in prep
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Native resolution counts, also for downscaling !

Downscaling to 1 km
resolution

Aggregation  to 40, 20, 10 
and 5 km resolution

Evaluation

Rodriguez-Fernandez et al. in prep

The results are significantly better 
when the initial resolution goes 
from 40 to 5 km

DISPATCH
Merlin et al. 2008

National Airborne
Field Experiment 
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Summary

Ø SMOS is almost 13 year old. Working well but a follow up 
should be prepared

Ø SMOS-HR is a SMOS follow-up project under Phase A 
study at CNES
Ø No clear scenario for Phase B
Ø Open to collaborations : ESA, NASA, China…

Ø The goal is to ensure the continuity of L-band 
observations while increasing the spatial resolution by at 
least a factor of 2 … while preserving or improving the 
radiometric sensitivity

SMOS-HR Project manager: thierry.amiot@cnes.fr
PI: yann.kerr@cesbio.cnes.fr

co-PI: nemesio.rodriguez@cesbio.cnes.fr
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