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A new scheme for retrieving ocean surface salinity from
simulated multi-angular SMOS brightness temperature
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Abstract: The European Space Agency will launch the first salinity satellite for remotely sensing the global soil moisture and o-
cean salinity (SMOS) at a sun-synchronous orbit in 2009. One of the payloads on the satellite is a synthetic aperture microwave
radiometer (MIRAS), which is an innovative instrument designed as a two-dimensional (2D) interferometer for acquiring bright-
ness temperature (7Ty) at L-band (1.4 GHz). MIRAS allows measuring Ty at a series of incidences for full polarizations. As the
satellite travels, a given location within the 2D field of view is observed from different incidence angles.

The authors develop a new scheme to retrieve the sea-surface salinity (SSS) from SMOS’s Ty at multi-incidence angles in a
pixel, utilizing the properties of emissivity changing with incidence angles. All measurements of a given Stokes parameter in a
pixel are first fitted to incidence angles in three order polynomial, and then the smoothed data are used for retrieving the SSS.
The procedure will remove the random noise in T; greatly.

Furthermore, the new method shows that the error in retrieved SSS is very sensitive to the system biases in the calibrated Ty
of the sensor, but the error in the retrieval is also a system bias, which can be corrected by post-launch validation. Therefore ,
this method may also serve as a means to evaluate the calibration precision in Tj.
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1 Introduction retrieval algorithm is implemented in the Level-2

Salinity Prototype Processor (1.2SPP)[!. The algorithm

Both soil moisture and ocean salinity are important

variables for weather, climate, and extreme-event
forecasting. The European Space Agency’s Soil Mois-
ture and Ocean Salinity (SMOS) satellite, which is
scheduled for launch in 2009, will be equipped with
a synthetic aperture microwave radiometer (MIRAS)
instrument, an innovative 2-D synthetic aperture inter-
ferometer at L-band "2/ to estimate the sea surface
salinity (SSS) with an accuracy of 0.1-0.2 per salini-
ty unit(psu)when retrievals are averaged over a 10-30
day period and over an open ocean area of 200 km %200
km"! as required by the Global Ocean Data Assimi-
lation Experiment (GODAE). Such accuracy is also re-
quired to realize the scientific targets in global water
cycles and environment changes'®.

As part of the preparation of the Level-2 ground

segment processing for the SMOS mission, a salinity

is based on an iterative inversion method that compares
the brightness temperature (7j) reconstructed from the
measured visibilities at different incidence angles with
the T} simulated by a full forward model™.

Because the sensitivity of SMOS signal in a single
measurement will generally increase from 0.2 K at the
center to 3.0 K at the edges of the swatch, theoreti-
cally a single observation cannot retrieve SSS with an
accuracy of 0.1-0.2 psu. In order to meet the require-
ment to the accuracy of the retrieval, there usually
are two kinds of method to retrieve SSS from SMOS
measurements. One is to try to improve the salinity ac-
curacy by averaging all the retrieved SSS from a set of
Ty measurements at a given incidence angle; another
is first to average all possible measurements at the
same angle and then to retrieve SSS using the aver-

aged Ty in order to reduce the noise in the measure-
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ment. Both methods suffer the problem that the noise
in a single observation could not be removed com-
pletely. Furthermore, received oceanic Ty is changing,
since instrument noises and ocean state vary spatially
differently with time, so the averaged T may lose the
real variation in the ocean-atmosphere parameters re-
flected in Tj.

In the paper, a new retrieval scheme is developed to
obtain SSS from SMOS Ty, i.e.,

and horizontal brightness temperatures (T, and Ty,) of

using both vertical

1.4 GHz at multi-incidence angles in a pixel. The
scheme utilizes the property of ocean emissivity chang-
ing with incidence angles at any given frequency.
Section 2 describes the multi-angular imaging of
SMOS. In Section 3, we present the methodology to
simulate multi-angular SMOS T and a new scheme to
retrieve SSS from the simulated Ty. In section 4, a
series of tests are presented in order to assess the per-
conclusions and

formance of the algorithm. Finally,

perspectives are given for the readers.

2 Multi-angular imaging of SMOS

MIRAS applies an aperture synthesis technique to
obtain high spatial resolution over a large swath,
which is similar to the way of the Earth rotation syn-
thesis in radio astronomy used to gain angular resolu-
tion. The MIRAS L-band radiometer is dual polarized
(with an optional fully polarimetric mode), and it
has, by virtue of the aperture synthesis and wide field
of view (FOV), a multi-angular imaging capability 7",
Due to the motion of the platform, each pixel is mea-
sured several times with different spatial and radiomet-
ric resolutions and incidence angles. As shown in Fig.
1, any pixel on the Earth’s surface is observed at dif-
ferent incidences and azimuth angles with different spa-
tial resolutions.

The SMOS synthetic antenna consists of 69 antenna
elements distributed along three equally spaced arms,
resulting in a planar Y-shaped structure. Discrete sam-
ples of the complex visibility functions are obtained
from the cross correlations between simultaneous sig-
nals obtained from pairs of antenna elements. The im-
age reconstruction process computes a Ty field consis-
tent with this discrete visibility function. The T; field

and the visibility function are related by a discrete

form of an integral relationship that is somewhat analo-
gous to a Fourier transform *'. The SMOS measure-
ments are affected by strong radiometric noises. It de-
pends not only on the incidence angle but also on the
across-track distance, as shown by Fig.3 in[9]. To
reduce the impact of random errors, it is necessary to
spatially and temporally average the parameters ob-
tained from SMOS retrievals (each of which is derived
from measurements obtained from multiple views of a
given area on Earth (i.e., a “footprint” ) , where
each measurement corresponds to a footprint on the or-
der of 40-50 km in diameter in order to reduce the

noise of the retrieved parameters! ™',

incidence angle

distance across track / km

0 5 10 15 20 2|5 30 35 40 45 50

Fig.1 Typical MIRAS alias-free FOV, ground incidence

angle, and pixel size represented in ground coordinates”

During a satellite overpass, however, numerous
measurements are acquired at the same location on the
Earth’s surface, resulting in nearly collocated (on the
Earth) measurements with incidence angles ranging
from 0° at nadir to approximately 55° at the edge of
the swath. This capability can be exploited to reduce

the impact of radiometric noise on salinity retrieval.

3 Geophysical parameter retrieval al-

gorithms

3.1 Simulation of SMOS brightness temperature

Ty measured at L-band not only depends on SSS but
also on sea-surface temperature (SST), wind speed
(WS) and atmosphere condition, because SST and SSS
influence the dielectric constant of sea water, while

WS is related to surface roughness.
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Retrieving method begins with simulating L-band Tj
at incidence angles from 0° to 55° by atmospheric
millimeter propagation model (MPM)!™' and fast ocean
emissivity model (FASTEM3) 7 from 2324 no-rain
(liquid water content L <0.2 mm)profiles of reference
geophysical parameters distributed by EUMETSAT/
ECMWF SAF program'™). The database includes global
atmospheric profiles on ocean surface and sea-surface
parameters of each site, which represent all possible
ocean states and atmosphere conditions. To avoid geo-
graphically correlated errors, an independent data set
of SSS with a mean of 35 psu and root mean square
(RMS) of 5 psu was added to the profiles (see [15]
for an impact study of potential correlations if this effect is
not taken into account). FASTEM3 in RTTOVS8.5 soft-
ware developed by EUMETSAT Satellite Application
Facility on Numerical Weather Prediction is used to sim-
ulate ocean-surface emissivity and reflectivity of L-band.

The emissivity model can compute all four Stokes
parameters of ocean microwave radiation. Because in
real measurements of SMOS there are instrumental and
reconsiruction errors, which increase with the inci-
dence angles, we add Gauss random noises to the
simulated Ty to test our retrieving method, as shown
in Fig.2. We independently simulate the noises for H
(horizontal ) and V (vertical) polarizations at different
incidence angles. The RMS of the added Gauss ran-
dom noises is 0.2K at incidence angle of 0°, and in-
creases to 3K at 55°. These noisy Ty represent the
SMOS measurements and are used to retrieve SSS with

our inverse algorithms.

3.0 Added noise dis tribution
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Fig.2  An example of added Gauss noise to the simulated Ty

in each incidence angle at a given pixel

3.2 Retrieval algorithm
Ocean brightness temperature Ty received by SMOS

can be modeled as,

Ty=Ty+1 [ Tustr(To+7Ty) ], (1)
where, Ty and Ty, are the upwelling and downwelling
atmospheric brightness temperatures, respectively. Ty is
sea-surface emitted brightness temperature and Ty=e *
Ts, where e is sea-surface emissivity, and Ts is SST.
Ty is cosmic background temperature and 7T3.=2.7 K, r
is ocean surface reflectivity, and 7 is atmospheric
transmittivity of the whole atmospheric path.

According to Peichl et al. ™', rain in the atmo-
sphere produces a non-negligible radiative contribution
when the rain intensity exceeds about 10 mm +h™' (at
the SMOS footprint scale). Attenuation effects of rain
deserve further study, so it is not discussed here.

There are three atmospheric components to be con-
sidered for non-raining atmosphere: dry atmosphere,
water vapor, and clouds. Ideally, each of the quanti-
ties identified in (1), i.e., 7, Ty and Ty, is the
sum of the three component contributions. Our numeri-
cal simulations using the MPM model ') show that at
L-band the differences between Ty and Ty, are less
than 0.1 K. For the purpose of SMOS SSS inversion,
the line-by-line model (such as MPM) is not neces-
sary to simulate the atmospheric effects at L-band for
time-saving and operational applications; therefore,

in this paper a simplified regressed algorithm of 7, Ty,

and Ty, is developed as the following,

To=Ty=Tyw(1-7), (2)
where Ty is atmospheric effective temperature,,
Tyw=aTs+b. ( 3 )

Atmospheric transmittivity 7 at incidence angle 6
can be represented by its nadir transmittivity 7, at in-
cidence angle of 0° by,

InT=sech + Int,. (4)

From simulated atmospheric radiation by MPM and
the above profiles, we obtain a=0.6968, and b=
62.038 at L-band for (3). The difference between T
in (1) simulated with the simplified atmosphere algo-
rithm of (2)-(4) and those simulated by line-by-line
model of MPM is less than 0.05 K at the low inci-
dence angles and less than 0.1 K at 50°.

3.3 Retrieval scheme

A two-step inversion scheme is used to retrieve SSS
from the simulated T, described in section 3.1. The
first step of the SSS retrieving is polynomial curve fit-

ting of the measured Ty, according to the incidence
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angle at which T, is measured,

Ty ,)=ps- @ +p,- 0+p - 0+p,, (5)
where, Ty, is a set of curve-fitted brightness tempera-
tures, po—p; are coefficients of the polynomial.

Thanks to multi-angular imaging capability, each of
the ground cells is measured several times with differ-
ent incidence angles. The coefficients po—p; of each
ground cell in (3) could be derived by regressing
multi-angular noisy Ty with their incidence angles. In

the nadir and near central regions, there are more
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samples of T, to obtain the coefficients py—p; than
those at the edge of the swath, as indicated by Fig.1.

With the help of relationship given by (5), noises
in measured 7y could be greatly removed, as indicated
in Fig.3. In Fig.3, black points represent noisy Ty at
0° -55° incidence angles, circles represent regressed
Ty _,, and lines represent original simulated 7, without
noise. The interval of incidence angles in Fig.3 is 1°,
which means 56 samples are used to obtain the coeffi-
in(5).
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Fig.3 Comparison of noisy Ty, regressed Ty , and original simulated Tj without noise

Then the Maximum Likelihood Estimation (MLE)
that minimizes the differences between the regressed T ,
and Ty simulated by (1) isused toinverse SSS 7). Figure 4
illustrates the progress of retrieving SSS by the MLE.
First, a guessed SSS is given, and other parameters,
such as SST, WS, wind direction (WD), and 7 are

input using those from the given profiles. These first

ECMWF 2324 profiles of no rain atmosphere

with sea surface parameters: SSS, SST, WS, WD

MPM model
FASTEM3

Simulated 7, at L-band with
incidence angle from 0 to 55 degree

Randomly generated noises range from 0.2 K
to 3K at incidence angle from O to 55 degree

—» Adding

guessed values are adjusted to minimize a cost func-
tion. The cost function is the sum of the squared dif-
ference between the “measured” and the simulated T%.
All differences are weighted with their uncertainties,
respectively. Then, the errors are obtained by taking

the differences between the reference SSS and this re-

trieved SSS.

Given SST+ASST, WS+AWS,
WD+ AWD, 7+ Az

v

Atmospheric algorithm
FASTEM3 Algorithm

v

Guessed T, in incidence

angle from 0 to 55 degree

v v

Simulated SMOS pixel T, measurements | —p | MLE |

v

| SSS |

Fig.4 SSS retrieving flowchart
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4 Retrieving tests

In order to evaluate the influence of the uncertain-
ties of SST, WS, WD and 7 to the SSS retrieval from
the simulated T, described in section 3.1, we add dif-
ferent levels of noise ASST, AWS, AWD, A7 to the
corresponding parameters. Since SMOS can measure
four Stokes parameters at the same time, we may use
Ty or Ty for the MLE. We may also try to use Stokes
I, where I equals to Ty, plus Ty, for SSS retrieving
since [ is not sensitive to WD.

4.1 Case 1: no error in all input parameters

We assume that there is no error in all input param-
eters, i.e., ASST=0K, AWS=0 m-s™', and AWD=
0°, and atmospheric contributions are directly calcu-
lated by applying MPM on each profile. If we denote
dl for SSS RMS error of using the Stokes I to retrieve
SSS, and dh for that of using Ty,, and dv for Ty, we
have d/=0.2 psu, dh=0.27 psu, and dv=0.25 psu.
Furthermore, we find ( is not sensitive to SSS,
where ) =Ty, —Ty,. The retrieved SSS using the Stokes
I versus true SSS are shown in Fig. 5, whose RMS of SSS
is 0.2 psu. Therefore, if there is no error in all input
parameters of SSS, WS, WD, and 7, the retrieved
SSS will be accurate to 0.2 psu.

50

451

40+

35+

Retrieved SSS

30}

25t

20

20 2I5 3IO 3I5 4:0 4I5 50
True SSS

Fig.5 Retrieved SSS by Stokes I versus true SSS
4.2 Case 2: atmospheric contribution

Simplified atmospheric algorithms (2)—(4) will sure-
ly bring errors into SSS retrievals. To evaluate these
errors, we use the algorithm of 7, Ty and Ty in (2)
—(4) instead those from MPM by real profiles, which
assumes that there is no error in atmospheric radiation.
We find that the RMS of SSS retrievals are d/=0.19
psu, dh= 0.26 psu, and dv=0.24 psu, respectively.

Therefore, the atmospheric algorithms (2) —(4) are

basically accurate for SSS reversion, i.e., atmospheric

algorithm errors can be ignored.

4.3 Case 3: wind direction’s effects on SSS re-
trievals

To evaluate wind direction’s effects on SSS re-
trievals, we set WD to be 0° for all simulations, i.e.,
we ignore wind direction contribution in emissivity. The
results of the retrieval are d/=0.38 psu, dh=0.53 psu,
and dv =0.60 psu, respectively. The results indicate
that wind direction has a large effect on retrieved SSS.
4.4 Case 4: all inputs from microwave remote

sensing products

In actual practice of SMOS SSS retrieving, SST,
WS, WD and 7 are from other sources of database;
for example, other remote sensing products, in-situ
measurements, and output from the European Centre
for Medium-Range Weather Forecasts (ECMWF).

If only microwave remote sensing products are used
for inputs, and errors are assumed to be Gaussian, i.
e., assuming ASST = +1 K, AWS = #1.5 m s,
AWD=20°, and Ar=+0.0002, then we have d/=0.91
psu, dh=0.90 psu, and dv=0.93 psu, respectively.
4.5 Case 5: all inputs from all possible remote

sensing products and some in-situ measure-
ments

If all possible remote sensing products and some in-
situ measurements with accuracy of ASST =+0.5 K,
AWS=+1.0m+s™", AWD=20°, and A7=+0.0001 are
used, then d/=0.61 psu, dh=0.61 psu, and dv=0.63
psu, respectively.

Table 1 summarizes the SSS errors for the five cases
discussed above. It shows that if there is no error in
all input parameters, RMS of the SSS will be at 0.2
psu, which is the target of SMOS mission for SSS. It
is, however, impossible to have no error, since the
process of SSS retrieving involves various errors in the
algorithms, measurements, input data, and the true
SSS for validating the retrieval. Therefore, the most
likely results are those of Cases 4 and 5, which means
that 0.61 psu (from Case 5) to 0.91 psu (from Case
4) may be realized by using all possible input param-
eters’ database. Thus, global maps of SSS with RMS
less than 1 psu may be quickly produced in a day. The
results seem to improve the capability of SMOS in a sin-

gle observation and its applications in climate models.
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Tab.1 Summary of RMS of the SSS from Cases 1-5
Case Input Parameter Noise dI/psu dv/psu dh/psu
1 ASST=0 K, AWS=0 m-s™', AWD=0°, Ar=0 0.2 0.25 0.27
2 ASST=0 K, AWS=0 m-s™', AWD=0°, modeled 7, Tpy and Typ 0.19 0.24 0.26
3 ASST=0 K, AWS=0 m-s™, Ar=0, WD=0° (no wind direction considered ) 0.38 0.53 0.60
4 ASST=1 K, AWS=1.5 m-s™', AWD=20°, Ar=0.0002 0.91 0.91 0.93
5 ASST=0.5 K, AWS=1.0 m-s™", AWD=20°, Ar=0.0001 0.61 0.61 0.63

4.6 Sensitivity of SSS retrieval error to calibra-
tion biases

Here, two kinds of calibration biases are added to
the simulated Ty for testing the sensitivity of the re-
trieved SSS to system errors. One is a constant bias for
a given channel of SMOS; the other is linearly-increased
biases added to their corresponding measurements.

(a) Constant bias of 1 K at all incidence angles
added to the measurements of T}

Constant calibration biases of 1K are added to the
noisy T at all 56 incidence angles. Assuming that
ASST=0 K, AWS=0m-s™", AWD=0° and A7=0, we
find that RMS of the SSS retrieval are d/=1.80 psu,
dh =2.04 psu, and dv=1.67 psu, respectively, while
the standard deviations (STD) of the SSS retrieval are
d7=0.33 psu, dh=0.39 psu, and dv=0.36 psu, re-
spectively. The retrieved SSS using the Stokes I versus
true SSS shows that the system biases in Ty also lead
to the system biases in the SSS retrieval, but the STD
in the retrieval are basically the same as in the case

of no system biases (Fig.6).

50 T T T T T

45 _ 1

IS
S
T

Retrieved Salinity
[9%)
S
T

20 1 1 1 1 1
20 25 30 35 40 45 50

True Salinity

Fig.6 Retrieved SSS by Stokes [/ versus true SSS, with

bias of 1 K at all incidence angles added to the simulated T

(b) Variant biases added to the measurements of Tj

A set of variant biases of Ty, say a bias of 6/55K

(meaning that the added bias is /55K at incidence
angle 0, or if #=55°, the added error is 1K), are
added to noisy Ty of 56 incidence angles, respectively.
Assuming that ASST=0 K, AWS=0 m-s™', AWD =0°
and A7=0, we find that RMS of the SSS retrieval are
dl =0.94 psu, dh =1.04 psu, and dv =0.97 psu,
respectively, while STD of the SSS retrieval are dI=
0.23 psu, dh =0.29 psu, and dv =0.26 psu,
respectively. The retrieved SSS using the Stokes [
versus true SSS is shown in Fig.7.
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Fig.7 Retrieved SSS by Stokes [ versus true SSS, with

variant biases of 6/55K added to the simulated T} at each

incidence angle 6

Table 2 summarizes of Tests (a) and (b). It shows
that calibration bias at all incidence angles will cause
a large RMS of the SSS retrieval, but STD of the SSS
retrieval are only slightly higher than that of no
calibration bias in Case 1. Thus, the bias in retrieved
SSS can be in advance removed in actual retrieving

applications.

Tab.2 Summary of Tests (a) and (b) for RMS of SSS

Case dI/psu dv/psu dh/psu
RMS=1.80 RMS=1.67 RMS=1.80

@ STD=0.33 STD=0.36 STD=0.33
RMS=0.94 RMS=0.97 RMS=1.04

o) STD=0.23 STD=0.26 STD=0.29
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5 Summaries and implications

The MIRAS IL-band radiometer has a multi-angular
imaging capability, which means that each pixel is mea-
sured several times with different incidence angles due to
the motion of the platform. This capability is exploited to
reduce the impact of radiometric noise on salinity retrieval.
A two-step algorithm is developed to inverse SSS with the
help of relationship between Ty at different incidence an-
gles. A key step of the algorithm is polynomial curve fitting
of the measured noisy T to the incidence angles. After this
step, noise embedded in measured Ty that influences SSS
retrievals could be greatly reduced.

Gauss random noises of 02K to 3K, corresponding to
incidence angle from 0° to 55°, are added to the simulated
Ty to test the new scheme. The results of retrieving tests
show that the simplified atmospheric algorithms (2)—(4)
are basically accurate for SSS reversion, and wind
direction has distinct effects on SSS retrievals. The results
also indicate that accuracy of SSS inversed from noisy Ty
may be better than 1 psu for a single overpass, even if
ASST=+1K, AWS =+1.5m-s”, and A7=+0.0002.

From the analysis of the system biases in the calibrated
Ty, a conclusion can be further drawn that calibration bi-
ases, whether a constant bias or biases linearly increasing
with the incidence angles, will cause a large RMS of the
SSS retrieval, but STD of the SSS retrieval is only slightly
higher than that of no calibration bias. Thus, the bias in
retrieved SSS can be removed in advance, and these may
in turn be helpful to identify and remove calibration bias in
the measurements of Ty, since the calibration bias is
mostly reflected by the coefficient of py, a project being

conducted by us right now.
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