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Abstract

The spaceborne platform has unprecedently provided the global eddy-permitting (typically about 0.25°) products
of sea surface salinity (SSS), however the existing SSS products can hardly resolve mesoscale motions due to the
heavy noises therein and the over-smoothing in denoising processes. By means of the multi-fractal fusion (MFF),
the high-resolution SSS product is synthesized with the template of sea surface temperature (SST). Two low-
resolution SSS products and four SST products are considered as the source data and the templates respectively to
determine the best combination. The fused products are validated by the in situ observations and intercompared
via SSS maps, Singularity Exponent maps and wavenumber spectra. The results demonstrate that the MFF can
perform a good work in mitigating the noises and improving the resolution. The combination of the climate
change initiative SSS and the remote sensing system SST can produce the 0.1° denoised product whose global
mean standard derivation of salinity against Argo is 0.21 and the feature resolution can reach 30−40 km.
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1  Introduction
As an essential climate variable (ECV), the ocean salinity

plays an important role in the global water cycle, climate change
and ocean circulation (Vinogradova et al., 2019). However, to
date the salinity observations have been sparse and sporadic be-
fore the realization of the remote sensing of salinity in the last
decade. Based on the L-band (about 1.4 GHz) sensor, three mis-
sions can measure sea surface salinity (SSS) from space, includ-
ing the soil moisture and ocean salinity (SMOS) (Font et al., 2010)
(2009 to present), the Aquarius (Le Vine et al., 2010) (2009−2015)
and the soil moisture active passive (SMAP) (Entekhabi et al.,
2010) (2015 to present). These missions can typically provide the
quasi-weekly SSS products on an eddy-permitting grid (1° for
Aquarius). Even so, the reliance of the resolution on the size of
the antenna and the low sensitivity of salinity to the brightness
temperature have limited the resolution and accuracy of SSS
products (Reul et al., 2020). Besides, the quality of remotely
sensed salinity data is vulnerable to radio frequency interference
(RFI), land-sea contamination and spatial-temporal drifts
(Martín-Neira et al., 2016). As a result, the quality of the first ver-
sions of the SSS products is quite poor. Taking the first SMOS SSS
product as an example, the global standard deviation (STD) of
the level 2 (L2) data with respect to Argo can reach over 1 (Boutin
et al., 2012; Reul et al., 2012).

Due to the ongoing efforts of researchers to advance the cap-
abilities of retrieval and correction algorithms, the new versions
of SSS products are more reliable, of which the typical STD of the
quasi-weekly level 3 (L3) SSS products with respect to the in situ
near surface salinity can be about 0.2 in the open ocean (Bao et al.,
2019; Boutin et al., 2018; Meissner et al., 2018; Olmedo et al.,
2017; Tang et al., 2017). These remotely sensed data products

have thus promoted studies on large-scale salinity-related ocean
phenomena, such as El Niño and the Southern Oscillation (EN-
SO) (Hasson et al., 2018; Qu and Yu, 2014). However, the SSS
maps are still too noisy to highlight mesoscale motions. Besides,
the SSS maps are intrinsically deficient in mesoscale research
due to the limited footprint of the SSS sensors. Most of the former
works employed the monthly SSS data or relaxed the SSS to a
coarser resolution, thus only the about 100 km eddies or fronts
may be extracted (Kao and Lagerloef, 2015; Maes et al., 2014;
Melnichenko et al., 2017). Consequently, the key to improving
the resolution of SSS data lies in the mitigation of noises without
blurring the mesoscale features.

In general, the mitigation of noise is often accompanied by
the decrease of resolution. Most of the existing L3 products are
denoised by means of a two dimensional (2D) filter (e.g., the
Gaussian filter) or objective analysis (OA) (Reul et al., 2020). Al-
though effective in eliminating noise, the utilization of the 2D fil-
ter inevitably results in artificial cross-isohaline mixing, lowering
the capability to resolve mesoscale eddies and fronts (Buon-
giorno Nardelli et al., 2016). Besides, the 2D filter is only applic-
able to white noises and fails to eliminate spatially-varying noise
(Turiel et al., 2014). Therefore, efforts to synthesize satellite-de-
rived SSS data in combination with other sources of data are ne-
cessary (Vinogradova et al., 2019).

One solution to synthesize high-quality SSS is based on the
fusion of in situ near surface salinity (NSS) data. The NSS can be
taken as the reference in the neural network to correct the satel-
lite salinity (Mu et al., 2019; Vernieres et al., 2014) or can be dir-
ectly blended with the satellite salinity via OA (Droghei et al.,
2016). This approach is generally considered to be reasonable be-
cause the uncertainty of the in situ NSS is usually lower than the  
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satellite salinity. However, there can be large differences between
the quasi-pointwise in situ NSS and the footprint-averaged SSS as
measured by the satellite due to the near surface stratification
and the sub-footprint variability (Boutin et al., 2016). Moreover,
the in situ NSS is too sparse to improve the resolution of the SSS
map.

Another solution is to take other satellite data as the template
under the hypothesis of the similarity between the SSS and the
template. Typical algorithms include the SST-based-covariance
optimal interpolation (OI; Buongiorno Nardelli, 2012) and the
multi-fractal fusion (MFF) algorithm (Umbert et al., 2014), which
are claimed to improve the resolution of SSS maps taking SST as
the template. Given that the parameters of OI are difficult and
rely on the covariance of the SST, the fusion of OI is not suffi-
ciently flexible to be transplanted to multiple SST templates.
Consequently, this method will not be discussed further in this
paper. As for the MFF, the essence of the (scalar) multifractal fu-
sion is to carry out a local regression between the gridded SSS
and the gridded SST (Olmedo et al., 2016; Umbert et al., 2014).
This non-parametric method has proved to be effective in boost-
ing the capability of the SSS map in resolving mesoscale eddies
(Isern-Fontanet et al., 2016; Umbert et al., 2015). This technique
has been applied to the SMOS SSS, producing the nominal 0.05°
SMOS Barcelona Expert Center (BEC) L4 SSS products (Olmedo
et al., 2017) based on the SST of the operational sea surface tem-
perature and sea ice analysis (OSTIA; Donlon et al., 2012).
However, this product cannot effectively resolve the features that
are finer than 100 km (Buongiorno Nardelli et al., 2016). This is-
sue results partly from the over-smoothing of the OSTIA. As re-
vealed by Reynolds and Chelton (2010) and Chin et al. (2017), the
feature resolution of OSTIA is about 100 km despite its nominal
resolution of 0.05°.

Consequently, the existing L4 salinity product cannot actu-
ally attain mesoscale resolution. The quality of the fused SSS
product synergized by MFF is determined by the input SSS data
and the SST template (which will be discussed in Section 2.1). For
one thing, several centers are processing the SSS data and dis-
seminating the products, of which the best one for MFF input has
not been discussed. Furthermore, the oversmoothed OSTIA has
been demonstrated to be an inappropriate template. Please note
that multiple sensors including the about 1 km infrared sensors
can measure the SST from space (Ciani et al., 2020), thus SST
products can theoretically reach mesoscale or even finer resolu-
tion. Nevertheless, the selection of the SST template has not been
fully considered by researchers.

In this paper, both the input data of the SSS and the template
data of the SST are evaluated and selected for MFF. The fused
products are validated by in situ observations and the use of vari-
ous methods to determine the most appropriate combination of
the SST and the SSS.

This paper is organized as follows. In Section 2, the MFF
method and the evaluation methods are described. In Section 3,
the data and experiments employed are highlighted. In Section 4,
the templates for fusion are selected and the synthesized products
are evaluated. The discussion and summary are presented in Sec-
tions 5 and 6, respectively.

2  Methods

2.1  Multi-fractal fusion method
It is challenging to derive the quantitative relationship

between the SSS and the SST because of the complexity of the
governing equations. The multi-fractal theory provides a new ap-
proach for quantifying the relationship between the SSS, the SST

and other ocean scalars from a geometric perspective (Turiel
et al., 2005; Isern-Fontanet et al., 2007; Nieves et al., 2007;
Olmedo et al., 2016; Turiel et al., 2008; Umbert et al., 2014). Justi-
fication of this theory has been provided by Umbert et al. (2014)
and Olmedo et al. (2016). A concise overview of the theoretical
basis of multi-fractal fusion now follows.

x⃗
The association between the geometric structure of the SSS

and the SST at any point  can be expressed as [see Olmedo et al.,
(2016) for more details]

{
Tψ |∇S| (⃗x, r) = αS(⃗x)rh(⃗x) + o(rh(⃗x)),

Tψ |∇θ| (⃗x, r) = αθ (⃗x)rh(⃗x) + o(rh(⃗x)),
(1)

Tψ |∇S| (⃗x, r) Tψ |∇θ| (⃗x, r)
ψ

αS(⃗x) αθ (⃗x)

where ( ) represents the modulus of the
gradient of the SSS (SST) projected on a given wavelet function ;

( ) denotes the amplitude factor of the SSS (SST); r is
the non-dimensional scale parameter. The singularity exponent
h is a dimensionless quantity depicting the fractal structure. Note
that h is the same for the SSS and the SST and represents the cor-
respondence of their fractal structures.

Φ(⃗x)

According to Umbert et al. (2014), a proportional relationship
can be derived based on Eq. (1) via a smooth, slow-varying func-
tion .

∇S(⃗x) = Φ(⃗x)∇θ(⃗x), (2)

Φ(⃗x)

Φ(⃗x)
a(⃗x)

where  is considered to be a matrix, however the integration
of the gradient of the SSS would introduce large systematic errors
(Olmedo et al., 2016). As a result, the  has to be simplified as
a scalar  quantity and Eq. (2) can thus be integrated directly
giving Eq. (3).

S(⃗x) = a(⃗x)θ(⃗x) + b(⃗x), (3)

b(⃗x) = ⟨S(⃗x)⟩ − a(⃗x) ⟨θ(⃗x)⟩
⟨·⟩

where the intercept b is calculated by ,
where  is the local average operator, namely, a local 2D filter.
Then Eq. (3) can be transformed into Eq. (4).

S(⃗x) = a(⃗x)(θ(⃗x)− ⟨θ(⃗x)⟩) + ⟨S(⃗x)⟩ . (4)

The right part of Eq. (4) consists of two terms. The first term is
characterized by the difference between the SST map and the
filtered SST map. It is this term that transmits the frontal or sin-
gular structures of the SST map to the SSS map. Determined by
the feature resolution of the template, this singular term is the
guarantee that MFF will improve the resolution of the SSS map.
The second term is the background SSS, where both the small-
scale signals and the noises are removed.

2.2  Evaluation methods

2.2.1  Denoising performance
In situ (Argo or mooring buoys) near the surface are used to

validate the denoising performance of the fused SSS. Consider-
ing the innate differences resulting from the sub-footprint variab-
ility and the near surface stratification (Boutin et al., 2016), differ-
ences of >1 between the in situ NSS and the SSS products are ex-
cluded. The standard deviation (STD) and mean of the differ-
ence between the in situ NSS and the satellite-derived SSS are
calculated to quantify the level of noise and the bias of the
product, respectively.
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2.2.2  Wavenumber spectra
The feature resolution of the SSS map may be quantified by

the wavenumber spectra. A reasonable slope for the SSH spectra
in the mesoscale band should be between −11/3 [predicted by
the surface quasi-geostrophic (SQG) turbulence] and −5 [pre-
dicted by the quasi-geostrophic (QG) turbulence] (Xu and Fu,
2011, 2012), while the spectrum of a passive tracer should be
about −2 along the isopycnals (Callies and Ferrari, 2013). Given
that the temperature and the salinity are not always density-com-
pensated (as well as other reasons that are beyond the scope of
this paper), the spectral slopes of the SST and the SSS products
do not totally follow the −2 law but usually range from −3 to −2
(Chin et al., 2017; Ciani et al., 2020; Droghei et al., 2018; Reynolds
and Chelton, 2010).

The calculation of the wavenumber spectrum is based on the
method of Buongiorno Nardelli et al. (2016). Considering that the
frontal variations in the ocean are mainly meridional, only the
meridional spectrum is discussed in this paper. At each longit-
ude, the SSS values are linearly detrended and then transformed
by the fast fourier transformer (FFT). The Blackman-Harris win-
dow is applied to reduce the leakage of the spectral power. The
plot of the wavenumber spectra is the logarithmic plot with x-ax-
is as the wavenumber and y-axis as the power spectral density
(PSD, computed by the amplitude of FFT).

Note that “feature resolution” in this study refers to the cap-
ability of one product to resolve the features of oceanic motions.
This capability is characterized by the sharp decline of the
wavenumber spectrum. Please note that no standard or quantit-
ative definition of feature resolution has been defined authoritat-
ively. Hereafter, we define the “feature resolution” as the reflec-
tion point between the reasonable cascade of PSD and the sharp
drop of PSD that results from the over-smoothing. In contrast,
there is usually a reflection point where the spectrum becomes
flat, which is defined as the “effective resolution” hereinafter, cor-
responding to a signal-to-noise ratio of about 1. Generally speak-
ing, the “true resolution” of a specific product should be between
two reflection points.

3  Data

3.1  SSS data
Although multiple SSS products are available, only the SMOS-

based products can provide the long record of data from 2010 to
the present. Two SMOS-based SSS products are thus considered
in this paper.

The SMOS BEC L3 binned SSS product is retrieved from the
non-Bayesian algorithm (Olmedo et al., 2017). This product
blends the SSS data measured by SMOS and binned onto a
0.25° × 0.25° grid. The temporal resolution of 9-d running. A
series of reprocessing has been employed, including a geophysic-
ally-consistent filtering criterion, an empirical correction to re-
duce the biases, an interpolation scheme to improve the near-
coast values and an estimate of the uncertainty (Olmedo et al.,
2021). Consequently, the systematic errors have been effectively
removed and the effect of noises has been mitigated. There are
two versions of BEC L3 SSS products, namely the “high-resolu-
tion version” (hr) and the “low-resolution” (lr) version. The hr
version retains the potential mesoscale features from SMOS re-
trievals, while the lr version has removed part of mesoscale fea-
tures through the 50 km Gaussian filter. The hr version is selec-
ted as the source data considering the fusion of a truly high-resol-
ution SSS product.

The climate change initiative (CCI) SSS dataset is produced

by the European Space Agency (ESA) CCI project. This product
blends the data from three existing SSS missions including
SMOS, Aquarius and SMAP. It has been sampled spatially on a
25 km equal area scalable earth (EASE) grid with a sampling time
of 1 d. The blending is based on the optimal interpolation and a
series corrections and calibrations, e.g., the correction of latitud-
inal biases and the correction of individual SSS. The comparis-
ons with in situ data indicate much better performances than the
ones obtained with a single satellite data product (Boutin et al.,
2020).

3.2  SST data
Two types of sensors can measure the SST from space, i.e., the

microwave sensor and the infrared sensor. The microwave
sensor is unaffected by cloud cover but the resolution is lower
(about 25 km), while the infrared sensor can measure the near-
coastal values and the resolution is higher (about 9 km or 1 km).
Although multiple SST products blend the data from multi-
sensors, the differences in the specific data used and the fusion
scheme can result in a divergence in data quality. Four SST
products are considered in this paper and are now introduced.

The optimum interpolation SST (OISST) is a (1/4)° daily
product that can provide a long-term record of the SST. This
dataset incorporates multi-source observations including those
via satellites, ships, buoys, and Argo floats. The advanced very
high resolution radiometer (AVHRR)-only product is employed
here.

The OSTIA SST is a daily product and has a nominal spatial
resolution of 0.05° × 0.05° (Donlon et al., 2012). The OSTIA pro-
gram is run by the Met Office and the dataset is provided by the
Copernicus Marine Environment Monitoring Service (CMEMS).
This product fuses in situ and satellite data from both infrared
and microwave radiometers by means of objective analysis.

The office of satellite and product operations (OSPO) SST
analysis is a daily product on a global 0.054° grid. This analysis
blends the data from AVHRR, the visible infrared imager ra-
diometer suite (VIIRS), the geostationary operational environ-
mental satellite (GOES) imager, the Japanese advanced meteoro-
logical imager (JAMI) and in situ data.

The remote sensing systems (REMSS) MW_IR OI SST product
is also employed. The product blends microwave data and in-
frared data (MW_IR) at 9 km resolution. The spatial resolution is
0.1° and the temporal resolution is daily.

3.3  In situ data
The near surface salinity for the Argo floats of the global argo

observational data set from the China Argo Real-time Data Cen-
ter (Li et al., 2019) was used for validation. This data set is the
quality re-controlled product of all of the profiles in the Global
Data Assembly Center (GDAC). Only the data with quality con-
trol (QC) flag = 1 (“the highest quality”) are considered. To match
the daily SSS map, the shallowest Argo salinity above 10 m in a 9-d
temporal window was selected. The SSS field was then interpol-
ated onto the positions of these Argo floats by means of the bilin-
ear interpolation. In this way, a pair of SSS measurements togeth-
er with their co-located Argo near surface salinity (NSS) observa-
tions were obtained for comparison purposes.

The tropical atmosphere ocean (TAO) mooring array can
provide time series for salinity. This data set undergoes a series of
QC measures and only those data whose QC flag = 1 (“good”) are
used. The daily observations of 1-m salinity are employed as the
NSS.
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3.4  Data source
The Argo profiles of global argo data set (V3.0) can be avail-

able by the official website: http://www.argo.org.cn/index.php?m=
content&c=index&a=lists&catid=26. The buoys data of TAO are
available at http://www.pmel.noaa.gov/gtmba/. The BEC SSS is
available at http://bec.icm.csic.es/ocean-global-sss/. The CCI
SSS can be obtained from https://catalogue.ceda.ac.uk/uuid/
aea368301bff448bbbea7e90e66819e5. The OISST is available at
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.ht
ml. The OSTIA data set (SST_GLO_SST_L4_NRT_OBSERVA-
TIONS_010_001) is disseminated by Copernicus Marine Service:
https://resources.marine.copernicus.eu/. The OSPO data set can
be retrieved from https://www.ncei.noaa.gov/access/metadata/
landing-page/bin/iso?id=gov.noaa.nodc:GHRSST-Geo_Polar_
Blended-OSPO-L4-GLOB. The REMSS data set is available at ht-
tps://www.remss.com/measurements/sea-surface-temperature/
oisst-description/.

4  Results

4.1  Selection of SST templates
As shown in Eq. (4), the feature resolution of the fused SSS

product relies mainly on the template of the SST. Consequently,
the selection of the SST template is an essential step in the fusion

of the high-resolution SSS product. The wavenumber spectra for
the four candidate SST templates were computed to decide the
best template. The selection criterion is the best agreement
between the feature resolution and the nominal resolution. Four
regions were considered, i.e., the Southern Indian Ocean (SIO;
10°−50°S, 70°−100°E ), the Gulf Stream (GS; 30°−50°N, 30°−80°W),
the Kuroshio Current (KC; 25°−50°N, 140°−180°E) and the Tropic-
al Pacific (TP; 30°S−30°N, 120°−180°W). Among these four re-
gions, the GS and the KC are two of the most energetic regions
that are characterized by strong currents and abundant eddies,
while the SIO and TP are characterized by salinity fronts. As
shown in Fig. 1, the spectrum for each product cuts off at the
Nyquist frequency according to the grid resolution. It can also be
seen that in the four selected regions, the PSD of the OISST is al-
most the highest of the four products at large scale, but it decays
rapidly at 100−150 km and the slope drops to −5. This demon-
strates that the feature resolution of the OISST is far coarser than
the nominal resolution of about 50 km. Only those motions
whose scales are larger than 150 km can be effectively reflected.
The spectrum of the OSTIA at 50−150 km is very close to that of
the OISST and is also characterized by the sharp drop of the PSD.
It turns out that the OSTIA is such an over smoothed product that
its feature resolution is at the same level as that of the OISST,
despite the far higher nominal resolution (0.05°) of the former.
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Fig. 1.   The meridional wavenumber spectra for the four SST products. a−d. Southern Indian Ocean (SIO), Gulf Stream (GS), Kuroshio
Current (KC), and Tropical Pacific (TP). k denotes the wavenumber.
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The spectrum of the OSTIA flattens out at about 75 km in the TP
(Fig. 1d) and at about 35 km in the SIO, GS, and KC (Figs 1a−c). In
this case, the scale that is finer than 35 km is totally dominated by
white noises. The PSD of the OSPO is clearly higher than that of
the OSTIA at the mesoscale band. The slopes of the OSPO in the
SIO (Fig. 1a), KC (Fig. 1c) and TP (Fig. 1d) remain at about −3 at
the scale of 50−200 km. This indicates that the mesoscale mo-
tions can be resolved by the OSPO in these three regions. In the
GS (Fig. 1b) area, the spectrum of the OSPO decreases rapidly at
100 km, corresponding to the relatively low capability of the
OSPO in resolving mesoscale eddies in the GS. Note that a moun-
tain-like pattern occurs from 35 km to the finer scale, which res-
ults from the ineffective interpolation of low-resolution data onto
the high-resolution grid. This reflects the fact that the grid resolu-
tion of the OSPO (0.05°) is “wasted”. The PSD of the REMSS can
decay naturally from the large scale to the mesoscale in all four
regions except for the GS. A reasonable spectrum for the slope of
between −2 and −3 occurs in the SIO (Fig. 1a), the KC (Fig. 1c)
and the TP (Fig. 1d), except for the narrow flattening trend near
the Nyquist frequency. This demonstrates that the effective resol-
ution of the REMSS is around 30−40 km, which is very close to the
grid resolution (0.1°, about 20 km). The spectral behavior is sup-
portive of the high quality of the REMSS for research on meso-
scale motions. It must be noted that the product is not perfect,
considering the anomalous spectrum in the GS (Fig. 1b) at about
50 km. Nevertheless, the REMSS is the only product that can ef-
fectively resolve motions with a scale of 50 km among the four

SST products.
Based on the above analysis, the OISST and the OSTIA can-

not effectively resolve the mesoscale features within 100 km,
while the grid resolution of the OISST is roughly comparable with
the effective resolution. Considering that the potential applica-
tion of ocean salinity to climatological analysis, the OISST is con-
sidered to be suitable to play the role of a low-resolution tem-
plate. For the two 0.05° SST products, i.e., the OSPO and the OS-
TIA, there is a significant mismatch between the nominal resolu-
tion and the feature resolution. Taking the OSPO or the OSTIA as
the template would not only fail to synthesize high-resolution
SSS products, but also increase the burden of computation and
storage. Conversely, the REMSS is verified to be a truly eddy-
resolving product and its grid resolution is comparable to its fea-
ture resolution. Consequently, the REMSS is selected as the high-
resolution template in the SSS fusion.

4.2  Validation against in situ data
After selection of the SST templates, four combinations of

MFF fusion were considered for this study, namely, the OISST
and REMSS as the templates along with the BEC and CCI as the
source data. To highlight the merits of MFF, the original product
and the 50-km Gaussian-filtered products were also validated. By
subtracting the salinity of the satellite data from the NSS of Argo,
the differences between the salinity products for each satellite
and Argo were compared, as shown in Fig. 2. There are many
large differences in the original data of the BEC (Fig. 2a), which
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Fig. 2.   The differences between the different salinity products and Argo (located at the pixels). BEC: BEC-based products; CCI: CCI-
based products; ori: original product; Gauss: Gaussian-filtered product; OISST: multi-fractal fusion product with OISST template;
REMSS: multi-fractal fusion product with REMSS template.
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are mainly located in the low-latitude sea area of the Pacific
Ocean (corresponding to a heavy precipitation area in the inter-
tropical convergence zone), the strong current area in the west-
ern boundary, the diluted water areas (Bay of Bengal, Amazon
River Estuary, etc.) and the sea areas with large evaporation (Ara-
bian Sea, Mediterranean Sea, etc.), etc. The largest difference of
salinity was more than 0.5. The CCI data (Fig. 2e) effectively elim-
inated the salinity errors in these corresponding regions, and in
the Southern Hemisphere, a large area with a reduction in the
difference was evident. This indicates that the CCI data can ef-
fectively reduce both the random errors and the systematic bias
of the SSS. There are still clear differences between the CCI data
in those strong flow areas and those diluted water areas, but this
does not necessarily demonstrate the errors of the CCI data.
These large values are in good agreement with the inconsistent
observations revealed in the study by Yan et al. (2021), indicating
that most of these differences are likely be attributed to the inher-
ent differences between the in situ observations and the re-
motely sensed observations.

Through comparison of the different panels in the same
column, it can be noted that the differences between the fused
products and the original products are not visually significant. Al-
though a seemingly small reduction of salinity error (e.g.,
0.05−0.10) cannot be highlighted easily in the figure, the im-
provement of data quality is quite significant considering the
magnitude of the error (about 0.2−0.3) of the SSS products.

However, a large number of extreme value pixels in the BEC
products are effectively removed in the CCI products, e.g., in the
tropical Pacific and the Amazon plume. This suggests that the
calibration and correction processes of the CCI can effectively
mitigate the errors, while the fusion algorithm provides a com-
plementary means for improving the quality of the SSS products
only.

To further quantify the differences between satellite-based sa-
linity and Argo salinity, the bias, the STD and the correlation
coefficients (Corr) were computed and the values are shown in
Fig. 3. In addition to the regions in Fig. 1, four additional regions
were considered, including the global ocean (Glo; 60°S−60°N,
180°W−180°E), the Agulhas Current (AC; 20°−40°S, 20°−60°E), the
Bay of Bengal (BoB; 10°−30°N, 80°−100°E) and the Amazon plume
(Amazon; 10°S−10°N, 30°−60°W,). It can be seen in Fig. 3a that
both the BEC and the CCI are unbiased globally. Meanwhile, the
Corrs for all products were >0.9. The STD for the original data of
the BEC was 0.39, which was much larger than that of the CCI
(0.22). Both the Gaussian filter and the MFF can effectively re-
duce the STD for the BEC, especially for the MFF fusion product
with the template of the OISST (STD about 0.28). The denoising
performance was not significant in terms of the CCI product, in-
dicating that most of errors were eliminated in the original data.
For the SIO (Fig. 3b) and the TP (Fig. 3e), the STDs for the CCI-re-
lated products were 0.15 or lower, and the Corrs were around
0.98. These statistics demonstrate the high quality of the CCI in
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Fig. 3.   The statistics for the different SSS products with respect to Argo. Eight regions were examined. For each panel, the bias, the
STD, and the correlation coefficient are plotted from top to bottom, respectively. a−h. Global ocean between 60°S and 60°N (Glo);
South Indian Ocean (SIO); Gulf Stream (GS); Kuroshio Current (KC); Tropical Pacific (TP); Agulhas Current (AC); Bay of Bengal (BoB);
Amazon plume (Amazon). BEC: BEC-based products;  CCI: CCI-based products;  ori:  original product;  Gauss:  Gaussian-filtered
product; OISST: multi-fractal fusion product with OISST template; REMSS: multi-fractal fusion product with REMSS template.
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the open ocean. The STDs for the BEC-based products in these
two regions were still significantly inferior to that of the CCI_ori
product, even though the Gaussian filter and MFF can lower the
STD.

In the GS region (Fig. 3c), the original BEC product showed a
significant negative bias of −0.14 and a high STD of 0.6, while the
original CCI product was slightly biased (0.02) and had a much
lower STD (0.42). Instead of improving the quality of the SSS
product, the Gaussian filter actually increased the STD of the CCI
and decreased the Corrs of both the BEC and the CCI. Neverthe-
less, the MFF can still take effects in the GS, especially for the
BEC-fused product with the template of the OISST. The statistics
for the KC (Fig. 3d) were dissimilar to those for the GS, but more
similar to those for the SIO. Both the MFF and the Gaussian filter
can effectively reduce the STD and improve the Corr, especially
for the BEC products. A similar pattern of statistics can also be
seen for the AC (Fig. 3f), except for the extremely low correlation
value, i.e., lower than 0.8. Especially, the Corrs of the BEC-based
product can be as low as 0.66, albeit the correlation has been sig-
nificantly improved by the MFF. This demonstrates that the re-
motely sensed SSS product cannot perform satisfactorily in de-
picting the structure within the AC.

In the Bay of Bengal (BoB) (Fig. 3g) and the Amazon plume
(Fig. 3h), neither the Gaussian filter nor the MFF can effectively
improve the statistics of the SSS products. Note that the Gaussian
filter is an effective tool for mitigating the random errors, while
the performance of the MFF depends on the template of the SST.
The poor performance of the Gaussian filter and the MFF high-

lights the special distribution of errors in these two regions. The
variation of the salinity in the BoB and the Amazon is dominated
by the motion of freshwater. The variation of the freshwater is in-
dependent of the variation in the temperature. Meanwhile, the
low sensitivity of the remote sensor to freshwater can import
large systematic errors into the SSS products. Consequently, the
MFF and the Gaussian filter are not applicable. In this case, the
quality of the SSS products is determined by a series of al-
gorithms concerned with data retrieval, calibration, and correc-
tion, resulting in divergent statistics for the two products. In the
BoB, the STDs/Corrs of the CCI-based products were signific-
antly lower/higher than those of the BEC-based products, while
the positive biases of the BEC-based products turned negative for
the CCI-based products. For the Amazon, the STDs/Corrs for the
BEC-based products were comparable to that of the CCI-based
products. Meanwhile, the biases were amplified in terms of the
CCI-based products.

The SSS products were further validated by the 1-m salinity of
the TAO buoys. Only the data whose quality flag was 1 were con-
sidered. As revealed in Tang et al. (2017), several buoys on the
date line were erroneous and thus were excluded. The results are
shown in Fig. 4, where the color bar is consistent with Fig. 3, i.e.,
the lighter color corresponds to a better agreement with TAO.
The statistics for the different products at each mooring buoy are
plotted in terms of 8 pixels, the distribution of which is shown in
the bottom diagram in Fig. 4.

As can be seen from Fig. 4a, the BEC-based SSS products (i.e.,
the upper four pixels at each mooring buoy) were biased by
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Fig. 4.   The bias (a), the STD (b) and correlation coefficient (c) for the different SSS products with respect to the series of TAO. Each
star point labels the position of the mooring buoy, encompassed by the distribution of 2 pixel × 4 pixel. As shown in the diagram at the
bottom, the upper four pixels represent the BEC-based products while the lower four pixel represent the CCI-based products. BEC:
BEC-based products; CCI: CCI-based products; ori: original product; Gauss: Gaussian-filtered product; OISST: multi-fractal fusion
product with OISST template; REMSS: multi-fractal fusion product with REMSS template.
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>0.1 at multiple sites, and the biases cannot be removed by the
Gaussian filter or the MFF, e.g., the data for the four buoys at
170°W. The CCI-based products (i.e., the lower four pixels at each
mooring buoy) effectively calibrated the bias at most buoys,
whereas there were still some buoys with heavy bias, such as the
three buoys at 147°E. In Fig. 4b, the STDs for all products at all
buoys were within 0.3, which is consistent with the results in
Fig. 3e. It is easy to check that the STDs for the CCI-based
products was lower than that for the BEC-based products at most
buoys. Meanwhile, the contribution of the Gaussian filter and the
MFF to reducing the STD (i.e., the color of pixel gradually becom-
ing lighter from left to right) can be seen, e.g., at several buoys at
137°E. Focusing on Table 1, the STD of salinity can be reduced
from 0.25 to about 0.2 for BEC and from 0.14 to 0.11 for CCI.
There was no significant difference between the STDs of the

Gaussian-filter products and those of the MFF products, indicat-
ing that the comparable denoising capability of the two al-
gorithms. Similar characteristics can also be found in Fig. 4c,
namely, the better performance of the CCI-based products versus
the BEC-based products and the comparable performance
between the Gaussian filter and the MFF, which can be high-
lighted from the correlation coefficients in Table 1. On the one
hand, the Gaussian filter and MFF were carried out only from the
spatial dimension perspective, while the time series of the moor-
ing buoys were not effectively denoised. On the other hand, the
eddy motions in the tropical ocean are not quite active. Con-
sequently, the performance of the MFF was not significant com-
pared with the Gaussian filter for the validation with respect to
the mooring buoys. Nevertheless, the evidences are supportive of
a denoising capability for the MFF at least at large scales.

4.3  Assessment of the resolution
The resolution of the different SSS products can be assessed

qualitatively from inspection of the images shown in Fig. 5. The
images of the two original SSS products were noisy, where hardly
any organized motions such as front and eddies can be seen. The
contours of the BEC (Fig. 5) were much more congested than
those of the CCI (Fig. 5), however, it cannot be determined
whether mesoscale signals have been totally masked by the
noise. Although the Gaussian filter can improve the quality of the
BEC (Fig. 5), the map for the SSS was still dominated by noise,

 

Table 1.   Bias, STD, and correlation coefficients (Corr) of differ-
ent salinity products w.r.t TAO 137e5n corresponding to Fig. 4
Metrics BEC- or CCI-based Ori Gauss MFF_OISST MFF_REMSS

Bias BEC 0.05 0.06 0.05 0.06

CCI 0.05 0.07 0.06 0.06

STD BEC 0.25 0.19 0.21 0.20

CCI 0.14 0.11 0.12 0.11

Corr BEC 0.43 0.54 0.50 0.52

CCI 0.79 0.85 0.84 0.85
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Fig. 5.   Maps of the different SSS products in the region of the Kuroshio Current on March 15, 2016. The same contours are plotted in
each panel ranging from 32.0 to 35.5 at the interval of 0.1. BEC: BEC-based products; CCI: CCI-based products; ori: original product;
Gauss: Gaussian-filtered product; OISST: multi-fractal fusion product with OISST template; REMSS: multi-fractal fusion product with
REMSS template.
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which corresponded to the spatially dependent noise that can-
not be mitigated by the Gaussian filter. Nevertheless, the noise
has been effectively eliminated in terms of the CCI’s Gaussian fil-
ter product (Fig. 5), where the frontal structure and large eddies
can be clearly observed. The better application of the Gaussian
filter demonstrates that the calibration and correction processes
of the CCI can take effect in removing the systematic errors. Tak-
ing the OISST as the template, the MFF products can eliminate
the noises of the BEC product (Figs 5c and g), even when these
noises cannot be effectively denoised by the Gaussian filter. This
indicates that the MFF can not only remove the white noise, but
also mitigate the spatially-dependent noises. In the case of the
CCI data, compared with the Gaussian filter product, the MFF
product presented a stronger and narrower salinity front. The ra-
tionale for the frontal structure will be further validated by the
wavenumber spectra. The MFF products (Figs 5d and h) with the
high-resolution REMSS template presented detailed structures,
such as the small eddies. The BEC_REMSS contained more
small-scale structures than the CCI_REMSS, however, it cannot
be demonstrated whether these structures corresponded to sig-
nals or noises given the lack of mesoscale observations.

The singularity exponent (SE) is an exponent representing the
fractal structure, i.e., the geometric structure (Hoareau et al.,
2018). The isoline of the SE extracted from the ocean scalers (e.g.,
SST, SSS, chlorophyll) should be consistent with the streamline
(Nieves et al., 2007; Turiel et al., 2008; Pont et al., 2009). The more

detailed and clearer SE isolines correspond to higher resolution,
while the negative values correspond to strong currents. The
computation of the SE relies on the horizontal gradient and can
be obtained via the graphical user interface (GUI) provided by
the BEC singularity analysis service (https://bec.icm.csic.es/
data/singularity-analysis-service/). The SE maps corresponding
to Fig. 5 are shown in Fig. 6. Hardly any stream-like SE structures
can be seen from the products of BEC_ori, BEC_Gauss and
CCI_ori (Figs 6c, b, and c), e.g., the main axis of the Kuroshio ex-
tension was masked by noise. The Gaussian filter product of CCI
(Fig. 6f) showed a smoothed SE structure in the region. However,
the SE map was extremely fuzzy, indicating that the detailed
fractal structure was removed by the Gaussian filter. As for the
two products fused by the template of the OISST (Figs 6c and g),
the SE maps showed clear frontal structures. Comparing panel
Figs 6f and g, the maps demonstrates that the fractal structure
was blurred as a result of applying the Gaussian filter but the
structure can be restored by the MFF. However, the fractal struc-
ture of the BEC_OISST product was notably different from that of
the CCI_OISST product, which suggests that the horizontal gradi-
ent of at least one product was distorted. In Figs 6d and h, fine
streamlines were shown and a number of mesoscale eddies were
effectively depicted. Nevertheless, the Kuroshio extension was
obscure in the BEC_REMSS product. It would appear that the
gradient of the BEC product is problematic, and this needs to be
confirmed in future work.
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Fig. 6.   Maps of the singularity exponents for the different SSS products in the region of the Kuroshio Current. The same contours are
plotted in each panel ranging from −0.5 to 0.5 at the interval of 0.01. BEC: BEC-based products; CCI: CCI-based products; ori: original
product; Gauss: Gaussian-filtered product; OISST: multi-fractal fusion product with OISST template; REMSS: multi-fractal fusion
product with REMSS template.
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To analyze quantitatively the feature resolution of the different
products, the wavenumber spectra of the four regions were ex-
amined. The spectra are presented in Fig. 7. In the SIO (Fig. 7a),
the PSD of the original BEC data was the highest and the slope is
quite flat, which demonstrated the dominance of white noises.
The PSD of the original CCI data was relatively low and the slope
was reasonable, indicating that the quality of the CCI data is
higher than that of BEC. The PSD of the two Gaussian filter
products dropped rapidly at 200 km, corresponding to a de-
crease in the capability to resolve the motions within 200 km. The
spectra begin to oscillate around 120 km, which means that sig-
nals finer than this scale can no longer be resolved by the Gaussi-
an filter products. The Gaussian filter is based on the average of
the moving window, which results in the pseudo mixing across
isohalines and consequently a degradation in the effective resol-
ution. Two fusion products based on the OISST template showed
lower PSD values. 150 km was the node where the slope drops
sharply, i.e., features finer than 150 km were blurred in the two
OISST-based products. The spectral behavior of the two fusion
products was basically consistent with the SST template. Similar
to the OISST, the spectra levelled off at about 75 km, correspond-
ing to the dominance of white noise at a scale finer than 75 km.

In the SIO (Fig. 7a), the spectra of the two fusion products
based on the REMSS template were similar. The PSD decayed

from the large scale to 30−40 km following a reasonable slope of
between −2 and −3. Then the spectra become flatter and the PSD
was dominated by white noises. The situation of the TP in Fig. 7d
was similar to that of Fig. 7a. It can be judged that in these two
open oceanic regions, the effective resolution of the two salinity
products based on the OISST template was approximately 75 km,
and that based on the REMSS template was approximately 40 km.

For the two strong current regions in Figs 7b and c, the PSD
for the BEC_ori was significantly higher than that for any other
product. Besides, the flat slope of the BEC_ori indicated the high
level of noise in this product, which has been revealed qualitat-
ively in the salinity and fractal maps of Figs 2 and 3. The PSD of
CCI_ori was consistent with that of other products at large scale,
however, the slope was flatter than −2 and the PSD was signific-
antly higher than the other products, corresponding to a relat-
ively low signal-to-noise ratio at the mesoscale. As for the
products synergized by the Gaussian filter, the common problem
of over-smoothing was also reflected in the data, while the PSD of
the CCI_Gauss product was extremely low, highlighting the loss
of resolution as a result of denoising. The slope of the fusion
products based on the OISST template was close to −3, which was
more reasonable than that in Fig. 7a, indicating that the slightly
higher feature resolution of the fusion products in the strong cur-
rents. Judging from the inflection points of the spectra, the effect-
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Fig. 7.   The meridional wavenumber spectra for the SSS products. a−d. Southern Indian Ocean (SIO), Gulf Stream (GS), Kuroshio Cur-
rent (KC) and Tropical Pacific (TP). BEC: BEC-based products; CCI: CCI-based products; ori: original product; Gauss: Gaussian-
filtered product; OISST: multi-fractal fusion product with OISST template; REMSS: multi-fractal fusion product with REMSS template.
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ive resolution of the MFF_OISST product in the two strong cur-
rent regions was about 75 km. The spectral slope of the fusion
products based on REMSS was about −3, and the spectrum lev-
elled off at a scale of about 40 km in the GS. In the KC, a similar
behavior in the spectra can be observed except that the levelling-
off point was at about 30 km. Therefore, the sharp drop of the
spectra never appears for the REMSS-based products, demon-
strating the considerably high feature resolution in the two strong
current regions.

Comparing the fusion data based on the two different tem-
plates, it can be seen that the high-resolution template can in-
deed improve the feature resolution of the SSS products, and the
shape of the spectra of the MFF fusion data were consistent with
the SST template in Fig. 1. Besides, the MFF can counteract the
differences between the CCI and the BEC in spectral behaviors.
Taking Figs 1a and d as an example, the spectrum of the BEC_
REMSS and that of the CCI_ori were almost coincident despite
the significant differences between the spectra of BEC_ori and
that of CCI_ori. Nonetheless, the spectra of BEC_REMSS and
CCI_REMSS can be significantly divergent when their original
products are widely different, e.g., in Figs 1b and c.

Comparing Figs 1 and 7, the MFF could make the spectral be-
havior of the source data (SSS) approach that of the template
(SST). The successful application of MFF relies on the similarity
in the spectral behaviors of SST and SSS given that both of them
exhibit the characteristics of the passive tracer to some degree.
Consequently, not all ocean scalars are suitable to play the role of
the template. For example, the spectrum for the SSH has been
demonstrated to have a slope between −5/3 (predicted by the
surface quasi-geostrophic turbulence) and −5 (predicted by the
quasi-geostrophic turbulence) (Vergara et al., 2019), which
means that the SSH cannot be an effective template to synthesize
the SSS due to the much steeper slope.

5  Discussion

⟨S(⃗x)⟩

a(⃗x)(θ(⃗x)− ⟨θ(⃗x)⟩)

In this study, both the conventional Gaussian filter and the
MFF method were applied to eliminate the noises in the SSS data.
Through the verification of Argo and TAO, both the Gaussian fil-
ter and the MFF can effectively reduce the errors of the original
SSS products, especially in the case of the BEC data, where the re-
duction of global mean STD can reach 0.09 (Fig. 3). However, as
demonstrated in the BEC-based products in Figs 5 and 6, the
Gaussian filter can mitigate the random errors but performed an
unsatisfactory work in removing the spatially-varying errors. Ac-
cording to Eq. (4), the local average term  plays a similar
role to that of a Gaussian filter in mitigating the random errors.
Consequently, the transmission term  takes
effects in mitigating the spatially-varying errors. Nevertheless, the
denoising performance of MFF is only slightly better than the
Gaussian filter, indicating that the transmission term contributes
less than the local average term in reducing the magnitude of
noises.

The coarse SE structure in Fig. 5f and the sharply dropped
spectra in Fig. 7 indicate that the denoising performance of Gaus-
sian filter comes at the expense of the degradation of feature res-
olution. As for the MFF, both the random errors and the spatially-
varying errors can be removed (e.g., Figs 5c and d), while the fea-
ture resolution of the fused products can be improved instead
corresponding to the SST templates. The results are supportive of
the better performance of MFF compared to conventional Gaus-
sian filter.

The quality of the fused SSS product is determined by the
source data of SSS and the template of SST. In terms of two SSS

inputs, the original BEC product and the original CCI product
present significant differences. In Figs 2−4, the BEC_ori was
much noisier than the CCI_ori, e.g., the global mean STDs
against Argo salinity were 0.39 and 0.22, respectively. Please note
that the RMSD reduction of the Gaussian filter or the MFF is quite
limited compared to that of changing the source data from BEC
to CCI. In Fig 5a, the MFF and the Gaussian filter can lower the
STD of BEC_ori from 0.39 to 0.30, which is also significant but is
less effective than using the CCI product directly. On the other
hand, the maps of the BEC-based products in Figs 5−6 suggest
that unsolved problems are likely to exist in the BEC product. The
isohalines of the BEC-based products were more chaotic (Figs 5a
and 6a) than the CCI-based products (Figs 5e and 6e), corres-
ponding to the dominance of noises in the original BEC product.
In addition, the unorganized map of BEC_Gauss in Figs 5b and
6b demonstrates the heavy spatially-varying noises of BEC
product. Even these noises can be removed by MFF in Figs 5c
and d and Figs 6c and d, the structure of the of Kuroshio Current
extension and the corresponding SSS front cannot be highlighted
by the BEC-based products. In contrast, the frontal structures
were much clearer in terms of the CCI-based products in Figs 5g
and h and Figs 6g and h. It turns out that the selection of a suit-
able SSS input is the fundamental step of fusion since part of the
defects in the source data cannot be compensated by the MFF al-
gorithm.

The most suitable templates were firstly selected from four
SST products by means of the wavenumber spectra. The selec-
tion criterion was the best agreement between the feature resolu-
tion and the grid resolution. In Fig. 1, the wavenumber spectra
demonstrate the sharp degradation of feature resolution of
OISST, OSTIA and OSPO at the scales finer than 100 km. The
nominal 0.05° OSTIA and OSPO products are oversmoothed and
thus not recommended to play the role of the template. Con-
sequently, the OISST was selected as the low-resolution template
(0.25°) and the REMSS was selected as the high-resolution tem-
plate (0.1°). In Fig. 3, the MFF can effectively denoise the original
BEC product, while the denoising performance is not quite sens-
itive to the template, e.g., the global mean STD against Argo was
0.28 for BEC_OISST and 0.3 for BEC_REMSS (0.2  for CCI_OISST
and 0.21 for CCI_REMSS) in Fig. 3a. From Figs 5−6, the clearer
frontal structure can be seen from CCI_OISST product, while
CCI_REMSS product can present finer features such as meso-
scale eddies. From the spectral behaviors in Fig. 7, CCI_REMSS
showed a reasonable slope (between −2 and −3) at the scales of
100 km to 40 km, while a sharp drop of PSD occurred at about
150 km and a flat spectrum was shown at scales finer than 100 km
in terms of CCI_OISST. These evidences demonstrate the import-
ance of template selection and its role in improving the feature
resolution.

Comparing the above factors, namely the source data and the
template, we can find that the source data mainly determine the
magnitude of noises while the template dominates the feature
resolution of the fused product. Please note that the fused
products of BEC still presented even higher STD (0.28) than the
original product of CCI (0.22) in Fig. 3a. In addition, the fused
products of BEC showed different pattern with those of CCI in
Figs 5 and 6, despite the similar spectral behavior in Fig. 7. Con-
sidering that the Kuroshio extension is not clearly shown by BEC-
based products, we tend to believe that the BEC product is less
suitable than the CCI product in synthesizing mesoscale SSS
products. Although MFF has been demonstrated to be an effect-
ive tool in denoising and super-resolution, efforts are still worth
taking in improving the retrieval, calibration and correction of re-
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motely sensed SSS.
It must be noted that in those regions where the freshwater

processes are active, such as BoB, neither the Gaussian filter nor
the MFF can effectively eliminate the errors (Fig. 3). This result is
not surprising since both random errors and systematic errors ex-
ist in these regions. Meanwhile, the poor resemblance between
SSS and SST in these regions make the MFF algorithm less ap-
plicable. Consequently, the MFF could possibly increase the STD
instead (e.g., the CCI_OISST product in Fig. 3g).

The time series of TAO cannot reflect effectively the merits of
the MFF-fused products using the high-resolution REMSS tem-
plate as in Fig. 4. This is due largely to the fact that the MFF is
based on the geometric similarity but cannot take effects in the
temporal dimension. It should be noted that the existing SSS
products are quasi-weekly running products so that the remotely
sensed salinity is under-sampled. As revealed in Yan et al. (2021),
the temporal under-sampling can lead to a series bias between
the SSS products and the in situ salinity. It is reasonable that
the time series cannot be improved using two spatial filter al-
gorithms. Future work will seek to address improvements in the
denoising performance in the temporal dimension.

6  Conclusions
Based on the use of the MFF algorithm and the Gaussian fil-

ter together with the 0.25° OISST and 0.1° REMSS as templates,
this study has synthesized multiple SSS products to optimize the
fusion scheme. Through comparison with the in situ data and
various indicators, the quality of the fused SSS products has been
compared. The results show that the biases, the STDs and the
Corrs for the BEC_based products are inferior to those of the CCI-
based products for all regions. The Gaussian filter and the MFF
can reduce significantly the STD and improve the correlation of
the BEC except in the case of the BoB and the Amazon. However,
the improvement of fusion algorithm on the CCI data is quite
limited. In the global ocean out with the high latitude, the fused
products of BEC have a bias of 0, a STD of 0.3 and a Corr of 0.97
with respect to Argo, while the fused products of CCI have a bias
of 0, a STD of 0.2 and a Corr of 0.98. Meanwhile, for the strong
currents of the KC, the GS, and the AC, the statistics for the BEC
are significantly inferior to those of the CCI products. However,
in the BoB and the Amazon, although the CCI yields better qual-
ity than the BEC, there are still large differences between the CCI
and the in situ salinity. These differences probably reflect the in-
trinsic differences between the satellite observations and the in
situ observations due to the sub-footprint variability and the near
surface stratification (Boutin et al., 2016).

The BEC product is much noisier. Both the SSS map and the
fractal structure demonstrate the higher signal-to-noise ratio of
the CCI data. Nevertheless, the original products of the BEC and
the CCI are still too noisy to depict mesoscale features. Although
the Gaussian filter can effectively remove the random errors, the
feature resolution of SSS could be degraded at the same time.
This oversmoothed product can only be used in the climate re-
search but cannot reflect mesoscale features. Through fusion of
the MFF with the OISST template, the effective resolution of the
BEC and the CCI products can reach about 75 km, whereas the
mesoscale features are quite fuzzy, corresponding to the sharp
drop in the wavenumber spectra. Nevertheless, the MFF-fused
products with the REMSS template can reach a feature resolu-
tion of 30−40 km. The mesoscale features are effectively reflected
by the maps of the SSS and the SE, especially for the CCI_REMSS
product.

In conclusion, the MFF product of the CCI with the REMSS

template has lower error and higher resolution, and is poten-
tially applicable to mesoscale research in the open ocean and in
the strong current regions. However, in terms of the BEC
products, only the large-scale features in the BEC_OISST product
and the BEC_Gauss product are reliable. In those regions where
freshwater motions are active, e.g., the BoB and the Amazon, the
effects of both the Gaussian filter and the MFF are diminished,
while the quality of the SSS products relies on the retrieval, cor-
rection, and calibration processes for the original data.

References 

  Bao Senliang, Wang Huizan, Zhang Ren, et al. 2019. Comparison of
satellite-derived sea surface salinity products from SMOS,
Aquarius, and SMAP. Journal of Geophysical Research: Oceans,
124(3): 1932–1944, doi: 10.1029/2019JC014937

  Boutin J, Chao Y, Asher W E, et al. 2016. Satellite and in situ salinity:
understanding near-surface stratification and subfootprint
variability. Bulletin of the American Meteorological Society,
97(8): 1391–1407, doi: 10.1175/BAMS-D-15-00032.1

  Boutin J, Martin N, Yin Xiaobin, et al. 2012. First assessment of SMOS
data over open ocean: Part II-sea surface salinity. IEEE Trans-
actions on Geoscience and Remote Sensing, 50(5): 1662–1675,
doi: 10.1109/TGRS.2012.2184546

  Boutin J, Reul N, Koehler J, et al. 2020. Overview of the CCI+SSS
project. In: Proceedings of the 22nd EGU General Assembly.
EGU,doi: 10.5194/egusphere-egu2020-7513

  Boutin J, Vergely J L, Marchand S, et al. 2018. New SMOS Sea Surface
Salinity with reduced systematic errors and improved variabil-
ity. Remote Sensing of Environment, 214: 115–134, doi: 10.
1016/j.rse.2018.05.022

  Buongiorno Nardelli B. 2012. A novel approach for the high-resolu-
tion interpolation of in situ sea surface salinity. Journal of At-
mospheric and Oceanic Technology, 29(6): 867–879, doi: 10.
1175/JTECH-D-11-00099.1

  Buongiorno Nardelli B, Droghei R, Santoleri R. 2016. Multi-dimen-
sional interpolation of SMOS sea surface salinity with surface
temperature and in situ salinity data. Remote Sensing of Envir-
onment, 180: 392–402, doi: 10.1016/j.rse.2015.12.052

  Callies J, Ferrari R. 2013. Interpreting energy and tracer spectra of
upper-ocean turbulence in the submesoscale range (1–200 km).
Journal of Physical Oceanography, 43(11): 2456–2474, doi: 10.
1175/JPO-D-13-063.1

  Chin T M, Vazquez-Cuervo J, Armstrong E M. 2017. A multi-scale
high-resolution analysis of global sea surface temperature. Re-
mote Sensing of Environment, 200: 154–169, doi: 10.1016/j.rse.
2017.07.029

  Ciani D, Rio M H, Nardelli B B, et al. 2020. Improving the altimeter-
derived surface currents using sea surface temperature (SST)
data: A sensitivity study to SST products. Remote Sensing,
12(10): 1601, doi: 10.3390/rs12101601

  Donlon CJ, Martin M, Stark J, et al. 2012. The operational sea surface
temperature and sea ice analysis (OSTIA) system. Remote Sens-
ing of Environment, 116: 140–158, doi: 10.1016/j.rse.2010.10.
017

  Droghei R, Buongiorno Nardelli B, Santoleri R. 2016. Combining in
situ and satellite observations to retrieve salinity and density at
the ocean surface. Journal of Atmospheric and Oceanic Tech-
nology, 33(6): 1211–1223, doi: 10.1175/JTECH-D-15-0194.1

  Droghei R, Buongiorno Nardelli B, Santoleri R. 2018. A new global
sea surface salinity and density dataset from multivariate ob-
servations (1993–2016). Frontiers in Marine Science, 5: 84, doi:
10.3389/fmars.2018.00084

  Entekhabi D, Njoku E G, O’Neill P E, et al. 2010. The soil moisture
active passive (SMAP) mission. Proceedings of the IEEE, 98(5):
704–716, doi: 10.1109/JPROC.2010.2043918

  Font J, Camps A, Borges A, et al. 2010. SMOS: The challenging sea
surface salinity measurement from space. Proceedings of the
IEEE, 98(5): 649–665, doi: 10.1109/JPROC.2009.2033096

  Hasson A, Puy M, Boutin J, et al. 2018. Northward pathway across the
tropical North Pacific Ocean revealed by surface salinity: How

  Yan Hengqian et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 7, P. 112–124 123

https://doi.org/10.1029/2019JC014937
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1175/BAMS-D-15-00032.1
https://doi.org/10.1109/TGRS.2012.2184546
https://doi.org/10.5194/egusphere-egu2020-7513
https://doi.org/10.5194/egusphere-egu2020-7513
https://doi.org/10.5194/egusphere-egu2020-7513
https://doi.org/10.5194/egusphere-egu2020-7513
https://doi.org/10.5194/egusphere-egu2020-7513
https://doi.org/10.1016/j.rse.2018.05.022
https://doi.org/10.1016/j.rse.2018.05.022
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1175/JTECH-D-11-00099.1
https://doi.org/10.1016/j.rse.2015.12.052
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1175/JPO-D-13-063.1
https://doi.org/10.1016/j.rse.2017.07.029
https://doi.org/10.1016/j.rse.2017.07.029
https://doi.org/10.3390/rs12101601
https://doi.org/10.1016/j.rse.2010.10.017
https://doi.org/10.1016/j.rse.2010.10.017
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.1175/JTECH-D-15-0194.1
https://doi.org/10.3389/fmars.2018.00084
https://doi.org/10.1109/JPROC.2010.2043918
https://doi.org/10.1109/JPROC.2009.2033096


do El Niño Anomalies Reach Hawaii?. Journal of Geophysical
Research: Oceans, 123(4): 2697–2715, doi: 10.1002/2017JC
013423

  Hoareau N, Turiel A, Portabella M, et al. 2018. Singularity power
spectra: a method to assess geophysical consistency of gridded
products-application to sea-surface salinity remote sensing
maps. IEEE Transactions on Geoscience and Remote Sensing,
56(9): 5525–5536, doi: 10.1109/TGRS.2018.2819240

  Isern-Fontanet J, Olmedo E, Turiel A, et al. 2016. Retrieval of eddy
dynamics from SMOS sea surface salinity measurements in the
Algerian Basin (Mediterranean Sea). Geophysical Research Let-
ters, 43(12): 6427–6434, doi: 10.1002/2016GL069595

  Isern-Fontanet J, Turiel A, García-Ladona E, et al. 2007. Microcanon-
ical multifractal formalism: Application to the estimation of
ocean surface velocities. Journal of Geophysical Research:
Oceans, 112(C5): C05024, doi: 10.1029/2006JC003878

  Kao H Y, Lagerloef G S E. 2015. Salinity fronts in the tropical Pacific
Ocean. Journal of Geophysical Research: Oceans, 120(2):
1096–1106, doi: 10.1002/2014JC010114

  Le Vine D M, Lagerloef G S E, Torrusio S E. 2010. Aquarius and re-
mote sensing of sea surface salinity from space. Proceedings of
the IEEE, 98(5): 688–703, doi: 10.1109/JPROC.2010.2040550

  Li Zhaoqin, Liu Zenghong, Xing Xiaogang. 2019. User Manual for
Global Argo Observational data set (V3. 0) (1997–2018) (in
Chinese). Hangzhou, China: China Argo Real-time Data Cen-
ter, 33

  Maes C, Reul N, Behringer D, et al. 2014. The salinity signature of the
equatorial Pacific cold tongue as revealed by the satellite SMOS
mission. Geoscience Letters, 1(1): 17, doi: 10.1186/s40562-014-
0017-5

  Martín-Neira M, Oliva R, Corbella I, et al. 2016. SMOS instrument
performance and calibration after 6 years in orbit. In: Interna-
tional Geoscience and Remote Sensing Symposium (IGARSS).
Beijing: IEEE, doi: 10.1109/IGARSS.2016.7729526

  Meissner T, Wentz F J, Le Vine D M. 2018. The salinity retrieval al-
gorithms for the NASA Aquarius version 5 and SMAP version 3
releases. Remote Sensing, 10(7): 1121, doi: 10.3390/rs10071121

  Melnichenko O, Amores A, Maximenko N, et al. 2017. Signature of
mesoscale eddies in satellite sea surface salinity data. Journal of
Geophysical Research: Oceans, 122(2): 1416–1424, doi: 10.
1002/2016JC012264.Received

  Mu Ziyao, Zhang Weimin, Wang Pingqiang, et al. 2019. Assimilation
of SMOS sea surface salinity in the regional ocean model for
South China Sea. Remote Sensing, 11(8): 919, doi: 10.3390/
rs11080964

  Nieves V, Llebot C, Turiel A, et al. 2007. Common turbulent signa-
ture in sea surface temperature and chlorophyll maps. Geo-
physical Research Letters, 34(23): L23602, doi: 10.1029/
2007GL030823

  Olmedo E, González-Haro C, Hoareau N, et al. 2021. Nine years of
SMOS sea surface salinity global maps at the Barcelona Expert
Center. Earth System Science Data, 13(2): 857–888, doi: 10.
5194/essd-13-857-2021

  Olmedo E, Martínez J, Turiel A, et al. 2017. Debiased non-Bayesian
retrieval: A novel approach to SMOS sea surface salinity. Re-
mote Sensing of Environment, 193: 103–126, doi: 10.1016/j.rse.
2017.02.023

  Olmedo E, Martínez J, Umbert M, et al. 2016. Improving time and
space resolution of SMOS salinity maps using multifractal fu-
sion. Remote Sensing of Environment, 180: 246–263, doi: 10.
1016/j.rse.2016.02.038

  Pont O, Turiel A, Pérez-Vicente C J. 2009. Empirical evidences of a
common multifractal signature in economic, biological and
physical systems. Physica A: Statistical Mechanics and its Ap-

plications, 388(10): 2025–2035, doi: 10.1016/j.physa.2009.01.041
  Qu Tangdong, Yu Jinyi. 2014. ENSO indices from sea surface salinity

observed by Aquarius and Argo. Journal of Oceanography,
70(4): 367–375, doi: 10.1007/s10872-014-0238-4

  Reul N, Grodsky S A, Arias M, et al. 2020. Sea surface salinity estim-
ates from spaceborne L-band radiometers: An overview of the
first decade of observation (2010–2019). Remote Sensing of En-
vironment, 242: 111769, doi: 10.1016/j.rse.2020.111769

  Reul N, Tenerelli J, Boutin J, et al. 2012. Overview of the first SMOS
sea surface salinity products. Part I: Quality assessment for the
second half of 2010. IEEE Transactions on Geoscience and Re-
mote Sensing, 50(5): 1636–1647, doi: 10.1109/TGRS.2012.
2188408

  Reynolds R W, Chelton D B. 2010. Comparisons of daily sea surface
temperature analyses for 2007–08. Journal of Climate, 23(13):
3545–3562, doi: 10.1175/2010JCLI3294.1

  Tang Wenqing, Fore A, Yueh S, et al. 2017. Validating SMAP SSS with
in situ measurements. Remote Sensing of Environment, 200:
326–340, doi: 10.1016/j.rse.2017.08.021

  Turiel A, Isern-Fontanet J, Garcia-Ladona E, et al. 2005. Multifractal
method for the instantaneous evaluation of the stream func-
tion in geophysical flows. Physical Review Letters, 95(10):
104502, doi: 10.1103/PhysRevLett.95.104502

  Turiel A, Isern-Fontanet J, Umbert M. 2014. Sensibility to noise of
new multifractal fusion methods for ocean variables. Nonlin-
ear Processes in Geophysics, 21(1): 291–301, doi: 10.5194/npg-
21-291-2014

  Turiel A, Yahia H, Pérez-Vicente C J. 2008. Microcanonical multi-
fractal formalism—A geometrical approach to multifractal sys-
tems: Part I. Singularity analysis. Journal of Physics A: Mathem-
atical and Theoretical, 41(1): 015501, doi: 10.1088/1751-8113/
41/1/015501

  Umbert M, Guimbard S, Lagerloef G, et al. 2015. Detecting the sur-
face salinity signature of Gulf Stream cold-core rings in Aquari-
us synergistic products. Journal of Geophysical Research:
Oceans, 120(2): 859–874, doi: 10.1002/2014JC010466

  Umbert M, Hoareau N, Turiel A, et al. 2014. New blending algorithm
to synergize ocean variables: The case of SMOS sea surface sa-
linity maps. Remote Sensing of Environment, 146: 172–187, doi:
10.1016/j.rse.2013.09.018

  Vergara O, Morrow R, Pujol I, et al. 2019. Revised global wave num-
ber spectra from recent altimeter observations. Journal of Geo-
physical Research: Oceans, 124(6): 3523–3537, doi: 10.1029/
2018JC014844

  Vernieres G, Kovach R, Keppenne C, et al. 2014. The impact of the as-
similation of Aquarius sea surface salinity data in the GEOS
ocean data assimilation system. Journal of Geophysical Re-
search: Oceans, 119(10): 6974–6987, doi: 10.1002/2014JC010006

  Vinogradova N, Lee T, Boutin J, et al. 2019. Satellite salinity ob-
serving system: Recent discoveries and the way forward. Fronti-
ers in Marine Science, 6: 243, doi: 10.3389/fmars.2019.00243

  Xu Yongsheng, Fu L L. 2011. Global variability of the wavenumber
spectrum of oceanic mesoscale turbulence. Journal of Physical
Oceanography, 41(4): 802–809, doi: 10.1175/2010JPO4558.1

  Xu Yongsheng, Fu L L. 2012. The effects of altimeter instrument noise
on the estimation of the wavenumber spectrum of sea surface
height. Journal of Physical Oceanography, 42(12): 2229–2233,
doi: 10.1175/jpo-d-12-0106.1

  Yan Hengqian, Wang Huizan, Zhang Ren, et al. 2021. The inconsist-
ent pairs between in situ observations of near surface salinity
and multiple remotely sensed salinity data. Earth and Space
Science, 8(5): e2020EA001355, doi: 10.1029/2020EA001355

124 Yan Hengqian et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 7, P. 112–124  

https://doi.org/10.1002/2017JC013423
https://doi.org/10.1002/2017JC013423
https://doi.org/10.1109/TGRS.2018.2819240
https://doi.org/10.1002/2016GL069595
https://doi.org/10.1029/2006JC003878
https://doi.org/10.1002/2014JC010114
https://doi.org/10.1109/JPROC.2010.2040550
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1186/s40562-014-0017-5
https://doi.org/10.1109/IGARSS.2016.7729526
https://doi.org/10.3390/rs10071121
https://doi.org/10.1002/2016JC012264.Received
https://doi.org/10.1002/2016JC012264.Received
https://doi.org/10.3390/rs11080964
https://doi.org/10.3390/rs11080964
https://doi.org/10.1029/2007GL030823
https://doi.org/10.1029/2007GL030823
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.5194/essd-13-857-2021
https://doi.org/10.1016/j.rse.2017.02.023
https://doi.org/10.1016/j.rse.2017.02.023
https://doi.org/10.1016/j.rse.2016.02.038
https://doi.org/10.1016/j.rse.2016.02.038
https://doi.org/10.1016/j.physa.2009.01.041
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1007/s10872-014-0238-4
https://doi.org/10.1016/j.rse.2020.111769
https://doi.org/10.1109/TGRS.2012.2188408
https://doi.org/10.1109/TGRS.2012.2188408
https://doi.org/10.1175/2010JCLI3294.1
https://doi.org/10.1016/j.rse.2017.08.021
https://doi.org/10.1103/PhysRevLett.95.104502
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.5194/npg-21-291-2014
https://doi.org/10.1088/1751-8113/41/1/015501
https://doi.org/10.1088/1751-8113/41/1/015501
https://doi.org/10.1088/1751-8113/41/1/015501
https://doi.org/10.1088/1751-8113/41/1/015501
https://doi.org/10.1002/2014JC010466
https://doi.org/10.1016/j.rse.2013.09.018
https://doi.org/10.1029/2018JC014844
https://doi.org/10.1029/2018JC014844
https://doi.org/10.1002/2014JC010006
https://doi.org/10.3389/fmars.2019.00243
https://doi.org/10.1175/2010JPO4558.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1175/jpo-d-12-0106.1
https://doi.org/10.1029/2020EA001355

	1 Introduction
	2 Methods
	2.1 Multi-fractal fusion method
	2.2 Evaluation methods
	2.2.1 Denoising performance
	2.2.2 Wavenumber spectra


	3 Data
	3.1 SSS data
	3.2 SST data
	3.3 In situ data
	3.4 Data source

	4 Results
	4.1 Selection of SST templates
	4.2 Validation against in situ data
	4.3 Assessment of the resolution

	5 Discussion
	6 Conclusions
	References

