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Abstract: In this work, a new methodology is proposed in order to derive vertical total electron content
(VTEC) maps from the radiometric measurements of the Soil Moisture and Ocean Salinity (SMOS)
mission as an alternative approach to those based on external databases and models. This approach
uses spatiotemporal filtering techniques with optimized filters to be robust against the thermal noise
and image reconstruction artifacts present in SMOS images. It is also possible to retrieve the Faraday
rotation angle from the recovered VTEC maps in order to correct the effect that it causes in the SMOS
brightness temperatures.
Keywords: faraday rotation angle (FRA); vertical total electron content (VTEC); L-band; radiometry;
Interferometry; soil moisture; ocean salinity (SMOS)

1. Introduction
Over the past few years, the earth has been undergoing significant climate change and extreme
weather events. Even though the water cycle is the most influential process in this situation, it is
still relatively poorly understood. For this reason, its understanding remains a priority field under
study by different research groups. Earth’s water cycle and climate are intrinsically linked to some
geophysical variables. Two of those variables are soil moisture and ocean salinity, which change
constantly depending on the exchange of water between oceans, atmosphere, and landmasses [1].
Global measurements of both parameters were not available with a suitable temporal and spatial
resolution until 2009.
In November 2009, The European Space Agency launched the SMOS (Soil Moisture and Ocean
Salinity) mission to observe soil moisture over the earth’s landmasses and salinity over the oceans
at a global and frequent scale [2,3]. Its unique payload is MIRAS (Microwave Imaging Radiometer
by Aperture Synthesis), a two-dimensional Y-shape synthetic aperture radiometer operating in the
L-band (1.413 GHz) [4]. After more than 10 years in operation, MIRAS continues to provide good
quality full polarimetric brightness temperature (TB) [5] to generate continuous and global maps of
both geophysical variables.
MIRAS was designed to measure the radiation emitted from the earth (i.e., the brightness
temperatures (TBs)). Each scene is measured with multi-incidence angles, which are taken into account
when processing the data to construct an image (snapshot) over the extended alias-free field of view
(EAF-FoV). A block of full polarimetric data per scene is obtained every 2.4 s [6].
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As microwave radiation from Earth propagates through the ionosphere, the electromagnetic
field components are rotated at an angle, called the Faraday rotation angle (FRA), which depends
on the vertical total electron content (VTEC) of the ionosphere, the frequency, and the geomagnetic
field. At the SMOS operating frequency (1.4135 GHz), the Faraday rotation is not negligible and
must be compensated for to get accurate geophysical retrievals. It can be estimated using a classical
formulation [7] that makes use of total electron content (TEC) and geomagnetic field data provided by
external sources.
The Faraday rotation angle can alternatively be retrieved from the SMOS radiometric data. This is
possible thanks to improvements in the image reconstruction algorithms developed in the last few years,
particularly regarding the third and fourth Stokes parameters [6]. However, estimating the Faraday
rotation from SMOS radiometric data per each pixel in the SMOS field of view is not straightforward
because of the presence of spatial errors in SMOS images. Spatial ripples are due to calibration
inaccuracies, image reconstruction artifacts, and antenna pattern uncertainties [8] that limit the quality
of the retrieval. A previous work showed that the FRA can be dynamically retrieved at boresight per
snapshot directly from SMOS full-polarization TB by applying filtering techniques [9]. The results
show a good performance, but the FRA at boresight is not representative for the entire SMOS field of
view as shown in [10].
The possibility of retrieving the Faraday rotation from SMOS radiometric data opens up the
opportunity to estimate the total electron content of the ionosphere by using an inversion procedure
from the measured rotation angle in the SMOS field of view. Currently, the SMOS ocean salinity
team computes the VTEC over the ocean from the SMOS third Stokes measurements following the
procedure detailed in [11]. These VTEC retrievals have been shown to improve the salinity retrievals.
This methodology considers only the SMOS field of view region with the highest sensitivity of TB to
VTEC, and it calculates the VTEC starting with a first order approximation initiated with the VTEC
value from an external database. This value is then assigned to the entire SMOS field of view not taking
into account the VTEC spatial variation within it. Therefore, this methodology is dependent not only
on an external VTEC database but also on a forward radiative model.
The present work proposes a novel methodology to derive VTEC maps from SMOS radiometric
data over the EAF-FoV. This methodology is expected to work independently on the target measured
by the instrument. It applies spatiotemporal filtering techniques to overcome the issues involved.
The structure of this paper is as follows: Section 2 details the different data sources and the methods
used for deriving the VTEC maps from SMOS measurements. The results obtained with the novel
methodology are shown and discussed in Section 3. Finally, conclusions are drawn in Section 4.
2. Data and Methods
2.1. Faraday Rotation
The rotation angle in the polarization of an electromagnetic field is directly proportional to
the VTEC of the ionosphere, the geomagnetic field, and the sensor orientation, according to the
following equation [7,12]:
Ω f = 1.355 ∗ 104 ∗ f −2 ∗ B0 ∗ cos ΘB ∗ sec θ ∗ VTEC,

(1)

where Ω f represents the FRA in degrees; f , the frequency in GHz (1.4135 GHz); B0 , the geomagnetic
field in Tesla; ΘB , the angle between the magnetic field and the wave propagation direction; θ, the angle
between the wave propagation direction and the vertical to the surface or so called incidence angle;
and VTEC, the vertical total electron content in TEC Units (TECU) [1016 electrons/m2 ]. Both the
geomagnetic field and the VTEC are given at a geodetic altitude of 450 km.
The geomagnetic field is obtained from the data set of the International Geomagnetic Reference
Field (IGRF) [13]. In the SMOS Level 2 operational processor, the vertical electron content used to
correct the FRA is read from a SMOS auxiliary data field called “consolidated TEC” [14] (referred to
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It is known that the VTEC and therefore the FRA vary with solar activity, which can be assessed
using sunspot numbers [18], and in a geographical and temporal way [7,19]. SMOS data is here
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From these figures, it is perceived that descending orbits present much higher FRA and higher
dynamic ranges than ascending ones. In the afternoon local time, the surviving amount of VTEC
generated by sunlight during the preceding hours is higher than in the morning local time [19]
and because SMOS is in a 6 am—6 pm sun-synchronous orbit, the resulting FRA range is large.
Consequently, in the first stage, the analysis was focused on descending orbits. A preliminary analysis
was done during the March equinox of 2011 [20], but it was later decided to extend the study to the
March equinox of 2014 as well, because, as can be perceived in Figure 3, the highest peak of FRA in the
SMOS mission up until now corresponds to that period of time.

(a)

(b)

(c)

(d)

Figure 2. FRA in the Soil Moisture and Ocean Salinity (SMOS) boresight coordinates of 3 days in
different periods: (a) descending orbits in March 2014 (high sun activity), (b) descending orbits in
2011
RemoteJanuary
Sens. 2020,
12, (low
1604 sun activity), c) ascending orbits in March 2014 (high sun activity), d) ascending5 of 18
orbits in January 2011 (low sun activity).

(a)

(b)

Figure 3. Latitude–time Hovmöller plots of the boresight FRA for the full mission for: (a) descending
orbit, (b) ascending orbits.

2.2. Data Sources
2.2.1. SMOS Brightness Temperatures
MIRAS measures the brightness temperature of each scene providing a full-polarimetric block
(Tx, Ty, and Txy) every 2.4 s [16]. The MIRAS Testing Software (MTS), developed by the Polytechnic
University of Catalonia (UPC), is an independent processor used as a breadboard to test calibration
and image reconstruction algorithms before their introduction into the SMOS Level 1 operational
processor [21]. The SMOS brightness temperatures used in this work were processed by MTS from
level 0 (raw data) up to level 1C (geolocated brightness temperatures).
2.2.2. Geomagnetic Field and the Consolidated VTEC Databases
The directly proportional relationship between the FRA and the VTEC is determined by Earth’s
electromagnetic field. Thus, a geomagnetic field dataset is needed. This dataset corresponds to the
12th Generation International Geomagnetic Reference Field (IGRF) [13], which is calculated by the
International Association of Geomagnetism and Aeronomy (IAGA). It can be found in [17] and it has a
geographical resolution of 5◦ in longitude and 2.5◦ in latitude for the entire globe as well as a daily
temporal resolution.
SMOS level 1 data includes the consolidated VTEC. It is built by the SMOS Data Processing
Ground Segment (DPGS) [14], and it can be obtained in the SMOS dissemination service website [15].
The data also has a geographical resolution of 5◦ in longitude and 2.5◦ in latitude for the entire globe
but a temporal resolution of 2 h.
2.2.3. SMOS Level 2 VTEC (DTBXY Product)
The SMOS level 2 processor computes the VTEC with a methodology that uses the third Stokes
parameter and an external database of VTEC. The VTEC value is calculated for the zone of the snapshot
with highest sensitivity of TB to VTEC, which corresponds to pixels in the area around ξ = 0, η = 0.2
(ξ = 0 ± 0.025, η = 0.2 ± 0.025). Then, that value is used for the entire EAF-FoV. This VTEC is
called A3TEC [11].
This A3TEC dataset is provided in the product called AUX_DTBXY (Delta TB) [15]. The latitude
and the VTEC value per overpass are found in fields 32 and 34 respectively [22].
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2.2.4. GPS VTEC
This third VTEC source consists on VTEC maps with a temporal resolution of 2 hours and a
geographical resolution of 5◦ in longitude and 2.5◦ in latitude calculated from daily sets of GPS
differential code bias values [23]. The IGS Ionosphere Working Group (Iono-WG) calculates the VTEC,
which is named IGS Global Total Electron Content (IGSTEC). It is stored in IONEX format, and it can
be downloaded from the official server (CDDISA at GSFC/NASA).
2.3. FRA End-to-End Simulator
In order to evaluate different approaches to retrieve VTEC maps, a first version of a FRA simulator
was presented in [10]. This simulator was refined until it worked properly for the assessment.
The improved FRA simulator is explained in this section.
For each snapshot, the ξ and η coordinates defined in the antenna frame (director cosine plane)
are translated to Earth’s surface coordinates. The incidence angle θ and the geometric rotation angle ϕ
are computed using standard geometry [16]. Then, a simple geophysical model is used to simulate
the Earth’s emissions. Ocean TB are built by assuming a Fresnel model with a typical salinity value
of 35 psu and a typical sea surface temperature of 294 K. Open ocean TB images per polarization,
assuming a uniform ocean, are shown in the top row of Figure 4 (left: X-pol, middle: Y-pol, right:
Remote Stokes
Sens. 2020,
11, x
7 of 20
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parameter).
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(left: X-pol,
X-pol,
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ocean Fresnel
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FRA.
middle: taking into account the FRA, bottom: adding the effect of noise in addition to the FRA.

To add the Faraday rotation for each pixel, Equation (1) is used together with both the VTEC and
VTEC maps can be calculated with the FRA estimated using the TB. These maps can then be
the geomagnetic databases. This Faraday rotation angle derived from external datasets shall be referred
used in the correction of the FRA per pixel in the field of view (FoV) of every snapshot of the trace.
to as “database FRA” from now on in this paper. Once calculated, it is added to the geometrical angle

2.4. VTEC Retrieval from Radiometric Data
From the brightness temperature snapshots, the FRA can be retrieved by applying Equation
Error! Reference source not found.Error! Reference source not found.. An indetermination emerges
en both the numerator and the denominator tend to 0 (𝑇𝐵 𝑥𝑥 ≈ 𝑇𝐵 𝑦𝑦 and 2ℜ𝑒(𝑇𝐵 𝑥𝑦 ) ≈ 0); that occurs
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(ϕ) to obtain the total rotation per pixel when simulating Earth’s emissions. Open ocean TB images
taking into account the FRA are shown in Figure 4 (middle row).
Then, the effect of measurement noise is included in the simulator. To do so, first the radiometric
sensitivity per polarization is calculated. The radiometric sensitivity corresponds to the smallest
radiometric temperature that the instrument can detect. It is defined in the antenna reference frame
as follows [24]:
q
p
Tsys
Ωa
∆Tsens = ∆S √
1 − ξ2 − η2 αw Nv
(4)
2
Bτe Fn (ξ, η)
√
where ∆S corresponds to the elementary area in the (ξ, η) grid defined by 3d2 /2; d refers to the
distance between antennas normalized to the wavelength (d = 0.875 in SMOS); Tsys corresponds to
the addition of the average antenna temperature (TA ) and the average receiver noise temperature at
the antenna plane (TR ), both being different per polarization (see typical values for the open ocean in
Table 1); B is the receiver noise equivalent bandwidth that in MIRAS equals 19 MHz; τe is the effective
finite integration time (τe = τi ∗ Q, where τi corresponds to the integration time that is 1.2 s for pure X
and Y epochs and 0.4 s for mixed epochs and Q = 0.552 for SMOS 1 bit/2 level digital correlator [25]);
Ωa is the antenna equivalent solid angle that equals 1.4; Fn (ξ, η is the antenna pattern measured on the
ground; αw is the used window factor that in this case is a Blackman window (αw = 0.45); and Nv is
the total number of visibilities samples that in MIRAS is 2791.
Table 1. Average antenna temperature, TA , and average noise receiver temperature, TR , at the antenna
plane (typical values for open ocean).
Polarization

TA [K]

TR [K]

X
Y

76.8
95.5

203
206

The effect of noise is added to the TB with a normal distribution of zero mean and the standard
deviation equal to the radiometric sensitivity of each pixel. Figure 4 (bottom row) shows typical open
ocean TB images with FRA, including the effect of noise.
MIRAS measures sequentially for each polarization at different instants in time. When processing,
one single instant is used for all polarizations. This introduces an error when translating the brightness
temperatures from the x − y polarization (antenna frame) to h − v polarization (ground plane) that is
unavoidable in the processing.
VTEC maps can be calculated with the FRA estimated using the TB. These maps can then be used
in the correction of the FRA per pixel in the field of view (FoV) of every snapshot of the trace.
2.4. VTEC Retrieval from Radiometric Data
From the brightness temperature snapshots, the FRA can be retrieved by applying Equation (3).
An indetermination emerges when both the numerator and the denominator tend to 0 (TB xx ≈ TB yy
and 2<e(TB xy ) ≈ 0); that occurs at low incidence angles [26]. To avoid it, pixels with incidence angles
lower than 25◦ are discarded. Figure 5a shows a database VTEC snapshot from a descending SMOS
overpass over the Pacific Ocean on March 20th, 2014. Figure 5b shows the retrieved VTEC snapshot
where some pixels are affected by the indetermination of Equation (3). Figure 5c shows the retrieval
once pixels causing the indetermination of Equation (3) are rejected with the chosen threshold.
Once the FRA is retrieved, the VTEC is calculated using Equation (1). This equation presents
an indetermination when the geomagnetic field is orthogonal to the wave propagation direction,
which occurs close to the Equator, in a zone where the FRA vanishes. To avoid this indetermination,
pixels accomplishing ΘB ≈ π/2 are rejected by using an appropriate threshold established empirically
(cos ΘB < 0.27). Figure 5d shows another database VTEC snapshot from a descending SMOS overpass
over the Pacific Ocean on the same date, March 20th, 2014, in order to compare it with its retrieval

geomagnetic field is orthogonal to the signal path.
After retrieving VTEC snapshots, the geolocation is done at an altitude of 450 km in an ETOPO5
grid (1/12°).
Error! Reference source not found. shows the VTEC maps of a descending SMOS overpass in
he Pacific
Ocean
(March 20th, 2014) processed with the simulator (taking into account the effect
of18
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After retrieving VTEC snapshots, the geolocation is done at an altitude of 450 km in an ETOPO5
grid (1/12◦ ).
Figure 6 shows the VTEC maps of a descending SMOS overpass in the Pacific Ocean (March
20th, 2014) processed with the simulator (taking into account the effect of the noise). In order to have a
reference, the database VTEC can be seen in the left (Figure 6a). Because both the geographical (5◦
in longitude and 2.5◦ in latitude) and temporal resolution (2 h) of the “Consolidated TEC” is coarse,
a spatiotemporal interpolation is done in order to obtain the VTEC in that SMOS overpass in an
ETOPO5 grid. In Figure 6b, the retrieved VTEC is shown, where it is noticeable how the effect of noise
introduces errors in the retrieval.
To reduce the effect of noise and artifacts in the retrieved VTEC from SMOS data, spatiotemporal
filtering techniques are required [9]. The sizes of both filters were optimized with the simulator that
takes into account the effect of noise. To do so, the size of the spatial filter was set to 0.179 in the director
cosine plane (10 times the minimum ∆ξ = 0.0179) in TB snapshots and the length of the temporal filter
was varied from 15 to 83 snapshots with a step of 4 snapshots. Figure 7a shows the root mean square
error (RMSE) of the deviations with respect to the database VTEC of this optimization. The temporal
filter is an averaging triangular window considering the current snapshot with the highest weight.
Its size was then fixed to 43 snapshots (optimum value from Figure 7a) and the size of the spatial filter
was optimized by varying its radius from 0.1253 to 0.2506 with a step of 0.0179. The RMSE of this
optimization is shown in Figure 7b, where it can be seen that the optimum size of the spatial filter
corresponds to a radius of 0.1969 in the cosine plane. Finally, a fine tuning was done for the size of
both filters to select which ones to use. The optimum temporal filter corresponds to 43 snapshots,
again, and the spatial filter to 0.189 in the ξ − η plane (Figure 7c). It is important to remark that the
temporal filter is applied to TB snapshots, and the spatial filter to VTEC snapshots at the antenna
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frame. The spatial filter was also tested over the ground instead of at the antenna reference frame.
To do so, the window size of the spatial filter was calculated to be equivalent to the spatial filter at
the antenna, which corresponds to a radius of approximately 190 km over the ground. There was
not a clear improvement in the retrieval, but there was an important difference in the execution time,
with the calculation over the ground being much slower. Therefore, the spatial filter was applied at the
antennaRemote
reference
frame.
Sens. 2020, 11, x
9 of 20

(a)

(b)

Figure
6. VTEC
orbit
overthe
thePacific
Pacific Ocean,
20 20th,
, 2014:
(a) database
VTEC and
Remote
Sens.
2020,
xof a descendent
10 of and
20
Figure
6.
VTEC
of11,
a descendent
orbit
over
Ocean,March
March
2014:
(a) database
VTEC
(b) simulated VTEC retrieval.
(b) simulated VTEC retrieval.
th

To reduce the effect of noise and artifacts in the retrieved VTEC from SMOS data, spatiotemporal
filtering techniques are required [9]. The sizes of both filters were optimized with the simulator that
takes into account the effect of noise. To do so, the size of the spatial filter was set to 0.179 in the
director cosine plane (10 times the minimum ∆𝜉 = 0.0179) in TB snapshots and the length of the
temporal filter was varied from 15 to 83 snapshots with a step of 4 snapshots. Error! Reference source
ot found.a shows the root mean square error (RMSE) of the deviations with respect to the database
VTEC of this optimization. The temporal filter is an averaging triangular window considering the
current snapshot with the highest weight. Its size was then fixed to 43 snapshots (optimum value
from Error! Reference source not found.a) and the size of the spatial filter was optimized by varying
ts radius from 0.1253 to 0.2506 with a step of 0.0179. The RMSE of this optimization is shown in Error!
Reference source not found.b, where it can be seen that the optimum size of the spatial filter
corresponds to a radius of 0.1969 in the cosine plane. Finally, a fine tuning was done for the size of
both filters to select which
to 43 snapshots,
(a) ones to use. The optimum temporal filter corresponds
(b)
again, and the spatial filter to 0.189 in the 𝜉 − 𝜂 plane (Error! Reference source not found.c). It is
mportant to remark that the temporal filter is applied to TB snapshots, and the spatial filter to VTEC
snapshots at the antenna frame. The spatial filter was also tested over the ground instead of at the
antenna reference frame. To do so, the window size of the spatial filter was calculated to be equivalent
to the spatial filter at the antenna, which corresponds to a radius of approximately 190 km over the
ground. There was not a clear improvement in the retrieval, but there was an important difference in
the execution time, with the calculation over the ground being much slower. Therefore, the spatial
filter was applied at the antenna reference frame.

(c)
Root mean square error of the retrieved VTEC with respect to the database VTEC when
Figure 7.Figure
Root7.mean
square error of the retrieved VTEC with respect to the database VTEC when
optimizing (a) the size of the temporal filter with a coarse binning, (b) the size of the spatial filter with
optimizing (a) the size of the temporal filter with a coarse binning, (b) the size of the spatial filter with a
a coarse binning, setting an optimum temporal filter size, and (c) the size of the spatial filter with a
coarse binning,
setting
an optimum
temporal
size,optimum
and (c) temporal
the size filter
of the
spatial filter with a fine
fine binning,
setting
the temporal
filter withfilter
the most
size.
binning, setting the temporal filter with the most optimum temporal filter size.

Hence, the methodology consists of:
1. Applying a temporal filter as a triangle filter with a window of 43 TB snapshots.
2. Computing the FRA from the TB using Equation Error! Reference source not found.,
ejecting pixels with incidence angles lower than 25° in order to avoid the
indetermination in pixels with 𝑇𝐵 𝑥𝑥 ≈ 𝑇𝐵 𝑦𝑦 and 2ℜ𝑒(𝑇𝐵 𝑥𝑦 ) ≈ 0.
3. Computing the VTEC from the retrieved FRA using Equation Error! Reference source
ot found., rejecting pixels with a threshold of cos Θ𝐵 < 0.27 to avoid the
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Hence, the methodology consists of:
1.
2.
3.
4.
5.

Applying a temporal filter as a triangle filter with a window of 43 TB snapshots.
Computing the FRA from the TB using Equation (3), rejecting pixels with incidence angles lower
than 25◦ in order to avoid the indetermination in pixels with TB xx ≈ TB yy and 2<e(TB xy ) ≈ 0.
Computing the VTEC from the retrieved FRA using Equation (1), rejecting pixels with a threshold
of cos ΘB < 0.27 to avoid the indetermination that emerges from that equation.
Applying a spatial filter with a radius of 0.189 in the director cosine plane of VTEC snapshots.
Generating VTEC maps in an ETOPO5 grid at 450 km of altitude.
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By applying Equation (1) with the database VTEC, an FRA reference can be obtained. Likewise,
the FRA can be computed from the retrieved VTEC for all the pixels in the EAF-FoV. Figure 9 shows
the database FRA (red) and the simulated retrieved FRA (green) as a function of latitude of a pixel
with ξ = 0 and η = 0.2, as well as the error of the FRA retrieval with respect to the database FRA.
The gap in the retrieval comes from the rejected pixels in the zone of the orthogonality that is between
the geomagnetic field and the wave propagation direction (incidence angle), where it can be seen how
the FRA vanishes.
The methodology is able to recover the FRA following the geophysical and temporal variation
with a negligible error (with a RMSE of 0.07◦ ), showing good performance.

(a)

(b)

Figure 9. FRA vs. latitude of a pixel along the descending orbit: (a) database FRA (red) and retrieved
simulated FRA (green), (b) error of the retrieved simulated FRA with respect to the database.

(a)

(b)

Figure 8. VTEC of a descendent orbit over the Pacific Ocean, March 21st, 2011 processed with the
simulator
applying the proposed methodology: (a) recovered VTEC, (b) VTEC error with respect
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3. Results and Discussion
3.1. VTEC Retrievals from SMOS Data
Considering the promising results obtained when assessing the methodology with the simulated
data,
SMOS
radiometric
were
processed
derive VTEC
maps.
Results
of the
retrieveddata
VTEC
with
SMOS to
radiometric
data,
and the difference between the
retrieved VTEC and the database VTEC (used here as a reference) are shown in Figure 10 (top).
VTEC Retrievals
from SMOS
Data pattern with higher differences in the edges of the swath.
The3.1.
recovered
VTEC presents
a systematic
This pattern did not appear in the retrieved VTEC from simulated TB. It needs to be characterized at
some point in future research.
In order to mitigate the effect on the swath laterals, some empirical approaches were assessed.
The first approach used only the alias free-field of view (AF-FoV) instead of using the EAF-FoV region.
By doing so, the retrieval of FRA could only be performed over a much narrower swath after a complete
SMOS overpass. Hence, a second attempt was based on assigning the average VTEC of the AF-FoV to
the entire EAF-FoV in each snapshot [9], disregarding the TEC variability along the snapshot. The
third and selected approach consists of extending the value of the VTEC in the pixels of the AF-FoV
closest to the EAF-FoV to the latter. The processed orbit using that approach and its difference with
respect to the database VTEC are shown in Figure 10 (bottom).
The lateral bands of the southern hemisphere become softened. In the northern hemisphere,
a similar softening happens, though not as noticeably as in the southern hemisphere. Additionally, the
retrieved VTEC is generally lower than the database VTEC, something that in the simulation does not
happen. Table 2 shows the root mean square of the difference (RMSD) between the retrieved and the
database VTEC in the EAF-FoV and the difference between the retrieved VTEC in the AF-FoV extended
to the EAF-FoV with respect to the database VTEC. For a reference, the statistics of the simulated
retrieval are also presented. The statistics are calculated in a range of latitudes between 60◦ N and 60◦ S.
Table 2. Statistics of the VTEC retrieval with respect to the database VTEC: (a) with simulated data,
(b) with the retrieval in the EAF-FoV, (c) with the retrieval in the AF-FoV extended to the EAF-FoV.
Retrieval with

RMSD [TECU]

Simulated data
Retrieval in the EAF-FoV
Retrieval in AF-FoV and extension to the EAF-FoV

0.48
15.69
10.81

Remote Sens. 2020, 11, x

13 of 20

Remote Sens. 2020, 12, 1604

12 of 18

(a)

(b)

(c)

(d)

Figure
10. VTEC
of a descendent
Pacific
Ocean,
March
2014
obtained
from
Figure
10. VTEC
of a descendent
orbitorbit
overover
the the
Pacific
Ocean,
March
20th20th,
, 2014
obtained
from
SMOS
SMOS
radiometric
data:
(a)
retrieved
VTEC,
(b)
VTEC
difference
with
respect
to
the
database
VTEC,
radiometric data: (a) retrieved VTEC, (b) VTEC difference with respect to the database VTEC, (c)
(c) retrieved
withrefined
the refined
methodology
(extensionof
of alias
alias free-field
view
(AF-FoV)
to the
retrieved
VTEC VTEC
with the
methodology
(extension
free-fieldofof
view
(AF-FoV)
to the
laterals), (d) difference of the retrieved VTEC with the refined methodology and the database VTEC.
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Figure 11 shows the retrieved FRA (from the VTEC shown in Figure 10c) as a function of the
latitude. The database FRA (red) is compared against the retrieved FRA (green) at a pixel in the
center of the swath (ξ = 0 and ηx0.2) and its difference is shown in Figure 11b. When processing
SMOS radiometric data with the proposed methodology, even though it is possible to recover the FRA
geophysical and temporal variation, there is a difference with respect to the database FRA.
Greater differences are perceived in the southern hemisphere. In the northern hemisphere and up
to 10◦ S, both FRAs are very similar, a scenario that does not happen when analyzing pixels in the
laterals of the overpass (not shown). This is noticeable in Figure 10d. Still, the root mean square of the
difference between the retrieved FRA and the FRA database (Figure 11b) is 1.5◦ , which represents only
6.50% of the dynamic range of the database FRA.
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Figure 11. FRA vs. latitude of a pixel along the descending orbit: (a) database FRA (red) and retrieved
Figure 11.
FRA vs. latitude of a pixel along the descending orbit: (a) database FRA (red) and retrieved
FRA with SMOS radiometric data (green), and (b) retrieved FRA difference with respect to the
FRA with SMOS radiometric data (green), and (b) retrieved FRA difference with respect to the database.
database.

3.2. Comparison of Retrieved VTEC from SMOS with Other External VTEC Sources

Greater differences are perceived in the southern hemisphere. In the northern hemisphere and
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from Remote
GPS
[23].
In this section, a comparison of the VTEC retrieved with the proposed methodology and that
from other sources presented in Section 0 is presented. Error! Reference source not found. shows the
TEC of the middle pixel of the swath as a function of the latitude provided by different sources. The
line in red corresponds to the database VTEC, the green line to the recovered VTEC using the
proposed methodology, the magenta line to the A3TEC (VTEC from the DTBXY product), and the
blue line to the IONEX VTEC coming from GPS data [23].
The retrieval with the proposed methodology (green line) follows the temporal-geophysical
variation that the A3TEC (magenta) presents. Both of them come from SMOS radiometric data. The
gap around 20° N corresponds to the zone where the geomagnetic field is orthogonal to the wave
propagation direction causing the Faraday rotation to vanish. The A3TEC provides data in that zone
but tends to the value of the database VTEC, which is expected, because in the procedure to retrieve
it, that auxiliary database is used as a first guess, and in that zone, the sensitivity of the TB to TEC is
very low. The retrieved VTEC with the proposed methodology has fewer ripples than the A3TEC. It
was found that the origin of those ripples is due to the remaining noise as reported in [11]. IONEX is
always above the VTEC value retrieved from SMOS data, both using the methodology proposed in
this paper and the VTEC from DTBXY products, which is in agreement to [11]. The presented
methodology proposes
alternative to
the VTEC
currentcoming
methodology
used in sources.
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found that the origin of those ripples is due to the remaining noise as reported in [11]. IONEX is
always above the VTEC value retrieved from SMOS data, both using the methodology proposed in this
paper and the VTEC from DTBXY products, which is in agreement to [11]. The presented methodology
proposes an alternative to the current methodology used in order to eliminate the dependency on any
external database VTEC.
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Figure 12. Comparison of the VTEC coming from different sources.
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Figure 13. VTEC of all descending orbits on March 20th, 2011: (a) database VTEC, (b) retrieved VTEC

Figure 13. VTEC of all descending orbits on March 20th, 2011: (a) database VTEC, (b) retrieved VTEC
using radiometric SMOS data with the proposed methodology, and (c) differences between the
using radiometric
SMOSVTEC
data and
with
proposed
differences
between
the retrieved
retrieved
thethe
database
VTECmethodology,
with a RMSD of and
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total
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VTEC and the database VTEC with a RMSD of 17.84 total electron content units (TECU).
Greater differences between the recovered and the database VTEC are concentrated at northern,
high latitudes, close to ice edges. There were significant differences over the Bering, the Beaufort, and
the Barents Seas on that date (see zoomed in portions of Figure a and Figure c, respectively). We
analyzed whether this was related to TB contamination by RFIs (radio-frequency interferences)
sources. In 2011, there were RFIs affecting the Bering Sea, which were switched off in 2012 [27]. The
VTEC retrieval of a descending orbit over the same region on March 20th, 2012 was processed and it
is shown in Figure b. When the RFI was shut down, it was possible to recover a VTEC that was less
affected by errors. Similarly, a descending orbit over the Barents Sea on March 22nd, 2019 was
processed (when the RFI source was already switched off) and it is shown in Figure c. Once again, it
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Greater differences between the recovered and the database VTEC are concentrated at northern,
high latitudes, close to ice edges. There were significant differences over the Bering, the Beaufort,
and the Barents Seas on that date (see zoomed in portions of Figure 14a,c, respectively). We analyzed
whether this was related to TB contamination by RFIs (radio-frequency interferences) sources. In 2011,
there were RFIs affecting the Bering Sea, which were switched off in 2012 [27]. The VTEC retrieval
of a descending orbit over the same region on March 20th, 2012 was processed and it is shown in
Figure 14b. When the RFI was shut down, it was possible to recover a VTEC that was less affected by
errors. Similarly, a descending orbit over the Barents Sea on March 22nd, 2019 was processed (when
the RFI source was already switched off) and it is shown in Figure 14c. Once again, it was confirmed
that RFIs were affecting the VTEC retrieval in 2011 (Figure 14c).
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different incidence angles, instead of using only the FoV region with the highest sensitivity to TEC,
and extending this value across the FoV as does the methodology detailed in [8].
The analysis of the retrieved VTEC maps has been focused over the ocean, where the impact of
ionospheric corrections is stronger. These maps have been inter-compared with the database VTEC,
the IONEX GPS data, and the A3TEC products. The retrieved VTEC maps provide values generally
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incidence angles, instead of using only the FoV region with the highest sensitivity to TEC, and extending
this value across the FoV as does the methodology detailed in [8].
The analysis of the retrieved VTEC maps has been focused over the ocean, where the impact of
ionospheric corrections is stronger. These maps have been inter-compared with the database VTEC,
the IONEX GPS data, and the A3TEC products. The retrieved VTEC maps provide values generally
lower than those of the external VTEC database and the IONEX GPS data, which is in agreement
with the differences found when comparing the other SMOS-derived product (A3TEC) with the same
two external data sources [8]. However, SMOS-derived VTEC products cannot be fully validated by
comparing them with the external VTEC database and the IONEX GPS data, since the spatial resolution
of the latter ones is much coarser than that provided by the SMOS products. The comparison between
both SMOS-derived VTEC products reveals greater differences in the northern hemisphere. The origin
of these discrepancies needs to be investigated.
Further work is needed to evaluate the feasibility of providing global SMOS-derived VTEC maps,
including ocean, land, and ice. The main challenge is to obtain accurate TEC retrievals over land
areas in (i) regions where SMOS TB measurements are degraded by strong RFI contamination and
(ii) regions where TB at horizontal and vertical polarizations are very similar (such as in dense forests),
making the TEC retrieval ill-conditioned. A dedicated study of retrieved VTEC over land to assess the
performance of the proposed method on a global scale is currently on-going. Besides, the Faraday
rotation vanishes in regions of the earth where the geomagnetic field is orthogonal with the signal
path. Therefore, the retrieval of VTEC in these regions is not possible and maps will present data
gaps. Improvements over the ocean also need to be addressed. The retrieved VTEC maps present a
remaining systematic pattern (more noticeable in the northern hemisphere, as shown in Figure 14c)
that might be introduced by the instrument when measuring the Faraday rotation (not present in the
simulation experiments). Ongoing work is focused on characterizing this FRA systematic pattern in a
region and for a period with very low FRA values, so the measurement can be assumed as a systematic
error of the instrument, and a correction can be built upon that.
The recovered VTEC maps could be used in the SMOS Level-2 processor to correct the Faraday
rotation, which could potentially improve geophysical retrievals, as reported when using the A3TEC
method [11]. As a preceding step to analyze the impact of using these VTEC maps on salinity retrievals,
the computation of the OTT (ocean target transformation) will be evaluated and used in order to correct
the spatial bias presented in the TB as is done by the SMOS ocean salinity team [28]. If an improvement
in the stability of the OTT is achieved, more accurate salinity retrievals by using these VTEC maps
would be expected.
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