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Abstract—Sea surface temperature (SST) serves as a crucial
ancillary input field to the retrieval algorithm for sea surface
salinity (SSS) from L-band satellite radiometers, such as Soil
Moisture and Ocean Salinity mission, Aquarius, and Soil Moisture
Active Passive mission. It is needed for inverting the radiative
transfer model equation of the ocean surface emissivity, which
depends both on ocean surface salinity and ocean surface temperature. Our analysis studies the sensitivity of the performance
of the Aquarius salinity retrieval algorithm to the ancillary SST
that is used in the algorithm. We have retrieved Aquarius salinities using four different SST fields as ancillary input, namely,
the National Oceanic and Atmospheric Administration (NOAA)
Advanced Very High Resolution Radiometer (AVHRR)-only Optimum Interpolation SST (OISST), the SST from WindSat, the
SST from the Canadian Meteorological Center (CMC), and the
Multi-scale Ultra-high Resolution (MUR) SST from the National
Aeronautics and Space Administration’s Jet Propulsion Laboratory. The retrieved Aquarius SSS is compared with ground truth
data; thus, the performance of the salinity retrieval algorithm in
all four cases can be evaluated. The WindSat, CMC, and MUR
SST products, which are all based on or are assimilating SST measurements from the passive microwave (MW) sensors, give better
performance than the NOAA AVHRR-only OISST, which does not
use any MW SST data, but which is solely based on the in situ
data and observations from the infrared AVHRR sensor. The CMC
SST gives the best overall performance for the retrieved SSS. The
sensitivity of the SSS retrievals and therefore the performance
differences between the various ancillary input fields increases in
cold water.
Index Terms—Enter L-band, microwave radiometry, ocean
salinity, ocean temperature, passive microwave remote sensing.

I. I NTRODUCTION

T

HE Aquarius/SAC-D L-band radiometer/scatterometer
system has been designed to provide sea surface salinity
(SSS) salinity maps at a 150-km spatial scale at an accuracy
of 0.2 psu [1] over monthly averages. The instrument provided
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science data starting August 25, 2011 before the observatory
suffered a mission-ending hardware failure on June 7, 2015.
This leaves a legacy data set of SSS measurements of more
than 45 months. The SSS retrieval algorithm has undergone
numerous improvements and refinements [2]–[7]. The most
recent Version 4.0 [5] has been released on July 17, 2015, and it
has been validated that it fulfills the primary mission accuracy
requirement of 0.2 psu [8].
The SSS retrieval algorithm takes Aquarius antenna temperatures (TA ) as input and transforms them into brightness
temperatures TB0 for a flat ocean surface. In this process, a
series of spurious signals need to be removed step by step:
1) cosmic, galactic, solar, and lunar radiation; 2) antenna cross
polarization; 3) radiation from land surfaces near ocean–land
boundaries; 4) Faraday rotation in the Earth ionosphere;
5) atmospheric attenuation by oxygen, water vapor, and liquid
cloud water; and 6) effects from the wind-roughened ocean
surface. The Aquarius measurements are also filtered for radiofrequency interference (RFI) [9], [10]. The final step in determining SSS is to match this measured TB0 at the flat
ocean surface with the value that is obtained from the Fresnel
equations that characterize the electromagnetic emission from
a specular ocean surface based on the Meissner–Wentz model
for the permittivity (dielectric constant) of sea-water [11], [12].
Because the model function for TB0 depends on sea surface
temperature (SST), it is necessary to use an ancillary SST field
as input to the SSS retrieval algorithm.
The purpose of this paper is to investigate the sensitivity
of the SSS retrievals to the ancillary SST input field. We
have run and evaluated the performance of the Aquarius SSS
retrieval algorithm with four different SST fields as ancillary input: the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer
(AVHRR)-Optimum Interpolation SST (OISST), the weekly
SST averages from WindSat, the Canadian Meteorological
Center (CMC) daily SST, and the Multi-Scale Ultra-High Resolution (MUR) SST from the Jet Propulsion Laboratory (JPL).
All these products are distributed through the Group for HighResolution SST (GHRSST). The last three SST products are
all based on or assimilate SST measurements from spaceborne
microwave sensors, whereas the NOAA AVHRR-only OISST
does not ingest any microwave SST, but rather uses infraredderived SSTs.
Our paper is organized as follows. In Section II, we provide
a simple estimate of the sensitivity of the SSS retrieval on
SST. Section III gives an overview over the evaluated SST data
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sets. The results on the performance comparison of Aquarius
SSS retrievals are presented in Section IV. Section V briefly
summarizes our main results and conclusions.
II. E STIMATE OF THE S ENSITIVITY
OF SSS R ETRIEVALS TO SST
The purpose of this section is to provide a simple estimate of
the sensitivity of the retrieved SSS to the ancillary SST field.
This estimate is based on the physics of the electromagnetic
microwave emission of a flat ocean surface at the L-band.
Although the results of this section will not be used in the
following data analysis, we believe that the findings are useful
for demonstrating and understanding the major cause of the
sensitivity of the SSS to the ancillary SST.
The crucial step, in which the ancillary SST field T enters
the Aquarius SSS retrieval algorithm, is in the calculation of the
brightness temperature TB0,mod = E0 (T, S) · T that is emitted
by a flat ocean surface. The flat surface emissivity E0 (T, S)
is given by the Fresnel equations of specular reflection and is
determined by the model of the dielectric constant of sea water
[11], [12]. It depends both on the T (SST) and on the S (SSS).
The SSS retrieval algorithm matches the model for TB0 to the
Aquarius measurement in a maximum likelihood estimate. In
addition, the specular reflection of the SST ancillary field is also
used in the SSS retrieval algorithm to calculate the correction
for atmospheric absorption [2] and to derive the correction for
the wind-roughened surface [10], but the magnitude of these
two corrections is an order of magnitude smaller compared
with the size of TB0 . We can obtain a simple estimate of the
sensitivity of the retrieved Aquarius SSS to the ancillary SST
input field from the matching condition
TB0,meas = TB.0.mod(T, S) = E0,mod (T, S) · T.

Fig. 1. Sensitivity of the v-pol brightness temperature to SST for the three
Aquarius horns: solid line (horn 1), dash–dot line (horn 2), and dashed line
(horn 3). In computing the curves, we set the SSS to 35 psu. The nominal values
for the EIAs of the three horns are 29.36◦ , 38.44◦ , and 46.29◦ , respectively.

(1)

If we assume that the matching is done only for the vertical
polarization (v-pol), we can formally take the partial derivative
of (1) with respect to T , i.e.,
dTB,0,meas (v-pol)
dT
 


∂TB,0,meas (v-pol)
dS
∂TB,0,meas(v-pol)
+
·
.
=
∂T
∂S
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Equation (2) can be solved for the derivative dS/dT , which
determines the sensitivity of the retrieved SSS to the ancillary
SST, i.e.,


∂TB,0,meas (v-pol)
∂T
dS
.
= −
(3)
∂TB,0,meas (v-pol)
dT
∂S

In this simplified approach, dS/dT is thus given by the sensitivity ratio between the v-pol emitted TB0 from a specular
ocean surface to SST and SSS, respectively. The sensitivities
on the right-hand side of (3) are effectively determined by the
functional dependence of the sea water dielectric constant on
T and S [11], [12]. Their values can be numerically calculated
from the expressions for the model function for the v-pol TB0
by perturbing the values for SST and SSS. The resulting curves

Fig. 2. Sensitivity of the v-pol brightness temperature to the SSS for the
three Aquarius horns: solid line (horn 1), dash–dot line (horn 2), and dashed
line (horn 3). In computing the curves, we have set the SSS to 35 psu. The
nominal values for the EIAs of the three horns are 29.36◦ , 38.44◦ , and 46.29◦ ,
respectively.

for the three derivatives, namely, ∂TB0 /∂T , ∂TB0 /∂S, and
dS/dT as a function of SST for the three Aquarius horns are
shown in Figs. 1–3. As the water becomes colder, the sensitivity
of TB0 to SST increases (see Fig. 1) and the sensitivity of TB0
to SSS decreases (see Fig. 2). As a consequence, the sensitivity
of SSS to SST is largest in cold water (below 10 ◦ C) and it
decreases with increasing SST. For intermediate temperatures
(10 ◦ C–20 ◦ C), the surface-emitted brightness temperature
(see Fig. 1) is almost insensitive to SST. According to (3), the
retrieved salinity is also insensitive to SST in the intermediate
temperature range, which is evident in Fig. 3. In warm water
(above 20 ◦ C), the sensitivity of TB0 to SST starts increasing
again, although the sign changes compared with that of cold
water (see Fig. 1). At the same time, the sensitivity of TB0 to
SSS also keeps increasing with increasing SSS (see Fig. 2). As
a consequence, the sensitivity of SSS to SST starts increasing
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Fig. 3. Estimate of the sensitivity of the retrieved SSS to SST used as given
by the derivative dS/dT in (3) as function of SST for the three Aquarius
horns: solid line (horn 1), dash–dot line (horn 2), and dashed line (horn 3).
In computing the curves we have set SSS to 35 psu. The nominal values for the
EIAs of the three horns are 29.36◦ , 38.44◦ , and 46.29◦ , respectively.

slightly above 20 ◦ C, although the absolute value is smaller
than it is in cold water. The sign of the derivative in Fig. 3 also
implies that an increase in the ancillary SST field will increase
the retrieved SSS in cold water and decrease the retrieved SSS
in warm water. We also note that the sensitivity curves in Fig. 3
are largely independent of the Earth incidence angle (EIA).
The actual Aquarius Version 4.0 SSS retrieval algorithm uses
both v-pol and horizontal polarization (h-pol) and performs a
maximum-likelihood estimate in determining SSS [4], [7]. The
curves in Fig. 3 change very little if the h-pol, rather than the
v-pol, is used in the matching (1). We can, therefore, expect
that our conclusions about the sensitivity of SSS to SST also
hold for the actual Aquarius Version 4.0 SSS retrievals. Most
importantly, we anticipate that the differences in the ancillary
SST input field will impact the SSS retrievals strongest in cold
water and therefore be most visible at high latitudes.
III. S TUDY DATA S ETS
A. Aquarius Data
Our analysis is based on the Version 4.0 Aquarius Official Release Level 2 SSS from NASA PO.DAAC [13]. Using
the provided quality control (Q/C) flags, the data have been
screened for contamination from land and sea ice if the gain
weighted average of either land or sea-ice fraction within
the field of view exceeds 0.1%. In addition, the observations
with high galactic and high lunar radiation, and those which
are likely contaminated by undetected RFI, have been also
excluded. The time period of our analysis spans the entire
Aquarius mission, August 25, 2011–June 7, 2015.
B. SST Data Sets
The rationale for deriving the SSS using these four different
SST data sets is to demonstrate the effect on the SSS retrievals
attributable to the choice of SST data used. Each of these data
sets described next is exemplary in the type of input SST data

7107

used, namely, in situ, infrared, and/or microwave SSTs. We will
address the question of which one of these data sets leads to the
highest quality SSS retrieval in this paper.
1) NOAA AVHRR-OISST: The NOAA AVHRR Optimally
Interpolated (AVHRR-OISST) [14]–[16] was the original data
set implemented in the Aquarius retrievals because of the biasfree SST estimates with respect to in situ data. This data set
does not include any microwave-derived SSTs. It has been used
as the ancillary field SST in the algorithms used for all Aquarius
data releases up to the current Version 4.0. The AVHRR-OISST
product is distributed through the GHRSST project and can
be downloaded through the Physical Oceanography Distributed
Active Archive Center (PO.DAAC) at: https://podaac.jpl.nasa.
gov/dataset/NCDC-L4LRblend-GLOB-AVHRR_OI. It combines both AVHRR infrared-derived SSTs and in situ SSTs
using optimum interpolation (OI). The Pathfinder Version 5
product is used when available, whereas the NOAA AVHRR
operational product is used as a second choice. The product is
available as daily 0.25◦ grids. Details on the optimal interpolation technique used and the AVHRR-OI data set may be found
in [15].
2) WindSat SST: WindSat provides a microwave-only SST
that allows for the direct comparison between an infrared-only
(AVHRR-OISST) data set and a microwave-derived SST. The
major advantage of the microwave sensor is the capability to
retrieve SSTs under cloudy conditions. Additionally, it provides
better SSS retrievals in areas of high water-vapor content and
aerosols. Our analysis uses the Remote Sensing Systems (RSS)
Version 7.0.1. WindSat daily 0.25◦ SST fields [17]. The RSS
WindSat SST retrieval algorithm uses all WindSat channels at
6.8, 10.7, 18.7, 23.8, and 37.0 GHz. The WindSat SST data have
been filtered for contamination from land, sea ice, and rain. In
order to obtain global coverage when using the WindSat SST
as ancillary input to the Aquarius SSS retrieval algorithm, we
created running 7-day averages from the daily WindSat SST
files that are centered on each day. Because the local ascending
node times of Aquarius and WindSat are both approximately
18:00, it is possible to find matchups between Aquarius and
WindSat observations within a typical time collocation window
of 60 min. However, the swath of the WindSat SST field is very
narrow and, therefore, many Aquarius SSS observations get lost
if we use actual WindSat swath SST matchups in the Aquarius
SSS processing algorithm.
3) CMC SST: The CMC product provides a data set that includes both infrared and microwave-derived SSTs. In situ data
are also incorporated from the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS) data set. Thus, this SST
data set should have the advantage of incorporating all three
types of SST data, namely, infrared, microwave, and in situ. This
product is distributed through the GHRSST project and can
be downloaded from the PO.DAAC web site (https://podaac.
jpl.nasa.gov/dataset/CMC0.2deg-CMC-L4-GLOB-v2.0). The
Level 4 SST analysis is produced daily, on an operational basis,
at the CMC. This data set merges infrared SSTs available at
varying points in the time series from the Along-Track Scanning Radiometer (ATSR) series of radiometers onboard ERS-1,
ERS-2, and Envisat, and from the AVHRR onboard NOAA-16,
17, 18, 19 and METOP-A. The microwave SSTs are from the
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Tropical Rainfall Measuring Mission microwave imager (TMI),
the Advanced Microwave Scanning Radiometer onboard the
Earth Observing Satellite (AMSR-E) and WindSat onboard the
Coriolis satellite. In situ observations of SST from drifting
buoys and ships from the ICOADS program are included. The
CMC SST data are placed on a 0.2◦ grid for daily maps.
Unlike the AVHRR-OI, the CMC SST data set combines both
infrared (ATSR, AVHRR) and microwave (TMI, AMSR-E,
WindSat) using optimal interpolation [18].
4) MUR SST: The MUR SST data set differs from the
previous two data sets in some key ways. Like the CMC, it
uses both infrared- and microwave-derived SSTs (AMSR-E and
WindSat). In situ data are used as reference for the removal
of biases. This MUR SST product has greater numbers of
cloud-free infrared-derived SSTs because of the addition of
SSTs from the Moderate Resolution Imaging Spectroradiometer onboard both the Aqua and Terra platforms. MUR SSTs are
distributed as part of the GHRSST project and are available
through the PO.DAAC at:https://podaac.jpl.nasa.gov/dataset/
JPL-L4UHfnd-GLOB-MUR. More information on the algorithm and its implementation may be found in [19]. Briefly,
the data set is produced using a series of wavelets as a basis
function in an optimal interpolation. Daily maps are produced
on a global 0.011◦ global grid in near real time with a one
day lag.
C. Matchup With Aquarius Observations
The NOAA AVHRR-OI, CMC SST, and MUR SST fields
are daily averages. The WindSat SST fields are weekly running averages. In all cases, the SST product data fields are
linearly interpolated in space and time to the Aquarius swath
observations. The temporal resolution of the SST fields that
are used in our analysis does not allow for assessing if the
diurnal variations in the SST ancillary field might impact the
SSS retrievals. We expect this impact is small and that it does
not change the main conclusions of our study. As shown in
[20], the diurnal warming of the ocean surface layer is sizeable
during midafternoon and at low wind speeds. The Aquarius
local ascending/descending node times are at 18:00 and 6:00,
respectively, and thus, the diurnal warming is small. In addition,
low wind speeds predominantly occur in warmer water and, as
discussed in Section II, the major impact of the ancillary SST
fields is expected to occur at high latitudes, where the average
wind speeds are large, and therefore, rapid mixing of the ocean
surface layer occurs and wipes out any diurnal SST warming.
IV. P ERFORMANCE E VALUATION
A. Level 2 Swath Observations
Aquarius L2 SSS are retrieved in 1.44-s intervals. In order to
evaluate the performance of the SSS retrievals for the different
SST ancillary input fields, we use the standard deviation σ between the SSS from Aquarius and the daily HYbrid Coordinate
Ocean Model (HYCOM) upper ocean layer SSS field [21]–[24]
as a metric. The HYCOM SSS is first resampled to 0.25◦ ×0.25◦
spatial resolution and then is linearly interpolated in space and

Fig. 4. Change in performance of the Aquarius L2 SSS retrievals as a function
of SST used in the algorithm based on the standard deviation between Aquarius
and HYCOM SSS as defined in (4). The bin size is 1 K. The circles/solid line
are the results from using WindSat SST (see Section III-B2) as the ancillary
SST field in the SSS retrieval, the triangles/dash–dot line are the results from
using CMC SST (see Section III-B3), and the squares/dashed line are the results
from using MUR SST (see Section III-B4). A positive/negative value for the
performance change indicates performance degradation/improvement relative
to the NOAA AVHRR-OISST product currently used for the Aquarius Version
4.0 SSS product.

time to the Aquarius Level 2 swath observations. As we are
interested in the performance relative to the NOAA AVHRROI-derived baseline SSS product, which is used in Version 4.0,
we plot the root-mean-square (rms) differences, i.e.,

Δσi = ± |σi2 (Aq-HYCOM) − σ02 (Aq-HYCOM)|. (4)
The index i = 1, 2, 3 in (4) indicates the retrievals with the
WindSat, CMC, and MUR ancillary SST fields, respectively.
The baseline case using the NOAA AVHRR-OI is labeled as
i = 0. The ± sign in (4) applies if the standard deviation σi
has increased/decreased from i = 0, and thus, the algorithm
performance has decreased/increased compared with the baseline case.
Fig. 4 shows the results for Δσi as a function of SST, where
we have averaged over all three Aquarius horns. As expected
from the sensitivity discussion in Section II, the SSS differences
between the different ancillary SST input fields increase with
a decreasing SST. It is evident that all three SST fields that
use microwave satellite SST information perform better than
the NOAA AVHRR-only OI baseline case. Among the three
SST fields, the best overall performance is achieved when
using the CMC SST. We have also checked that there are no
significant biases as function of SST when retrieving Aquarius
SSS using the four different SST ancillary fields i = 0, . . . , 3
by comparing each of the SSS retrievals to HYCOM.
B. Monthly Averages
The Aquarius mission accuracy requirement is set for the
global rms uncertainty of monthly averaged Aquarius SSS
retrievals. Therefore, it is warranted to evaluate the performance between the various ancillary SST fields for the global
monthly SSS averages. The rms uncertainty in the Aquarius
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TABLE I
T OTAL RMS U NCERTAINTIES OF AQUARIUS M ONTHLY 3◦ × 3◦ SSS
AVERAGES ( IN P RACTICAL S ALINITY U NITS ) T HAT W ERE E STIMATED
F ROM T RIPLE C OLLOCATIONS B ETWEEN AQUARIUS , ARGO AND
HYCOM SSS M APS FOR THE F OUR A NCILLARY SST F IELDS
U SED IN THE AQUARIUS A LGORITHM

Fig. 5. Change in performance of Aquarius monthly 3◦ × 3◦ SSS averages
based on the Aquarius rms error that is estimated from triple collocations
between Aquarius, ARGO, and HYCOM SSS maps as defined in (6). The
time period is September 2011–May 2015. The circles/solid line are the results
from using WindSat SST (see Section III-B2) as the ancillary SST field in the
SSS retrieval, the diamonds/dash–dot line are the results using CMC SST (see
Section III-B3), and the squares/dashed line are the results using MUR SST (see
Section III-B4). A positive/negative value for the performance change indicates
performance degradation/improvement relative to the NOAA AVHRR-OISST
field.

SSS retrievals can be estimated from the triple collocations
[8] between Aquarius, ARGO [25], and HYCOM SSS values.
Although the HYCOM-analyzed SSS field does assimilate
information from the ARGO in situ measurements, it can be
assumed that the errors in the ARGO and HYCOM SSS are
approximately independent. On global and monthly timescales,
there are no significant biases between Aquarius, ARGO, and
HYCOM SSS [8]. Therefore, the individual rms uncertainties of
the Aquarius, ARGO, and HYCOM SSS can be computed from
the statistics for triple matchups. Specifically, the estimated rms
Aquarius uncertainty is
1
rms2i (Aq-ARGO)
rms2i (Aq) =
2


+ rms2i (Aq-HYCOM) − rms2i (Aq-HYCOM) . (5)

The index i = 0, . . . , 3 runs over the different SST ancillary
input fields as specified in Section IV-A. The rms of the mutual
differences on the right-hand side of (5) is computed over
ensembles of global monthly binned maps. As we did in the
case of the individual swath observation (see Section IV-A),
we consider again the performance of the three SST cases
i = 1, 2, 3 (WindSat, CMC, MUR) relative to the baseline case
i = 0 (NOAA AVHRR-OI) and therefore compute the following rms differences:

(6)
Δrmsi = ± |rms2i (Aq) − rms20 (Aq)| i = 1, 2, 3.
The results for Δrms are shown in Fig. 5 as monthly time series
and reveal a similar conclusion as in the case of the Level 2
swath data.
The performance estimate of the Aquarius salinity retrieval
in the validation study [8] excluded observations if the SST is
lower than 5 ◦ C or if the surface wind speed exceeds 15 m/s.
The reason for this is that at a very low SST, the sensitivity

of the brightness temperature to the SSS gets very small (see
Fig. 2) and, as a consequence, any small random or systematic
uncertainties that enter the retrieval algorithm get magnified. At
high wind speeds, the wind-induced emissivity signal becomes
large, and thus, uncertainties in the ancillary wind speed used
in the surface roughness correction [6] also grow. We have
followed the same approach when calculating the performance
estimate in Fig. 5 and did not include observations if the SST is
lower than 5 ◦ C or the surface wind speed exceeds 15 m/s.
During almost all months, the three SST ancillary fields
tested that use microwave measurements in their production
result in better performance than the NOAA AVHRR-OISST
product. The differences between the three cases i = 1, 2, 3 are
small for most months. Table I summarizes the values for the
total estimated rms uncertainties in the retrieved Aquarius SSS.
V. S UMMARY AND C ONCLUSION
We ran the Aquarius SSS retrieval algorithm with three
different ancillary SST fields and compared the SSS values
with those from the baseline SSS obtained using the NOAA
AVHRR-OISST product currently used in Version 4.0 of the
official data release. All of the three SST ancillary fields that
were evaluated (WindSat, CMC, MUR) are based on or assimilate microwave satellite SST data. We find that all three
of the SST products tested perform better in the SSS retrievals
than the baseline NOAA AVHRR-OI, which only uses infrared
and in situ SSTs but no microwave SST. SST that is retrieved
from the infrared sensors is known to degrade under clouds,
high water vapor (tropics), and aerosols (Saharan dust storms),
whereas the microwave SST is little or not affected in these
conditions. Although the infrared sensors can measure SST
at much higher spatial resolutions than microwave sensors,
this hardly constitutes an advantage for SSS retrievals with
L-band radiometers, which have large footprint sizes of typically 40–150 km.
We obtain the best overall performance in the Level 2 product
when using the CMC SSTs as the ancillary input to the Aquarius
SSS retrieval algorithm. Future plans are to change the ancillary
SST field used as the input to the algorithm from the NOAA
AVHRR-OI to the CMC SST in the upcoming Aquarius SSS
releases.
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Although our analysis was completed using Aquarius SSS,
we expect that the same conclusions will hold for the SSS
measurements from the other L-band sensors, such as SMOS
[26] or SMAP [27], [28].
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