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Abstract Previous studies that intercompared global Level-4 (L4) sea surface temperature (SST) analyses
were centered on the assessment of the accuracy and bias of SST by comparing them with independent near-
surface Argo profile temperature data. This type of assessment is centered on the absolute value of SST rather than
on SST spatial properties (gradients), which is more relevant to the study of oceanographic features (e.g., fronts,
eddies, etc.) and ocean dynamics. Here, we use, for the first time, the spectrum of singularity exponents to assess
the structural and dynamical quality of different L4 gap-filled products based on the multifractal theory of
turbulence. Singularity exponents represent the geometrical projection of the turbulence cascade, and its singular
spectrum can be related to the probability density function of the singularity exponents normalized by the scale.
Our results reveal that the different schemes used to produce the L4 SST products generate different singularity
spectra, which are then used to identify a potential loss of dynamical information or structural coherence. This
new diagnostic constitutes a valuable tool to assess the structural quality of SST products and can support data
satellite SST producers efforts to improve the interpolation schemes used to generate gap-filled SST products.

Plain Language Summary Gap-filled sea surface temperature (SST) gridded products are generated
by combining satellite and, in some cases, in situ observations. Previous studies intercomparing the different
SST products focused on assessing the differences between the SST products and in situ observations. However,
what is relevant for ocean dynamics studies is the local spatial differences of the SST fields. In this work, we
propose a new diagnostic that allows us to assess the dynamical quality of SST products. This new diagnostic is
based on the multifractal theory of turbulence and enables the identification of the regions where the SST fields
do not properly describe ocean dynamics. This diagnostic is a valuable tool that can help the data satellite SST
producers to improve the way the different observations are blended in order to build SST fields that are more
dynamically coherent.

1. Introduction

Sea surface temperature (SST) plays a key role in the understanding, monitoring and prediction of heat, fresh-
water and momentum flux exchanges at the ocean-atmosphere interface. Changes of SST force small and large-
scale changes in the atmospheric boundary layer—and above—on seasonal, decadal and climatic timescales
(O'Neill et al., 2010; Perlin et al., 2014; Renault et al., 2019). Because of the important role it plays in climate
(Deser et al., 2010) it has been designated an Essential Climate Variable used to monitor, predict and assess the
impact of climate change. SST is also required as a boundary condition for ocean, weather and climate forecasting
models (Chelton & Wentz, 2005; Robinson et al., 2012). Therefore, having accurate SST data is essential from
operational to climate applications.

SST has been monitored since mid-1850s (Rayner et al., 2006). Observations are obtained from various in situ
platforms including moored and drifting buoys, Argo floats and ships of opportunity. Global and synoptic
observation of SST is only feasible from earth-observation satellites (O'Carroll et al., 2019). The Group for High
Resolution Sea Surface Temperature (GHRSST; www.ghrsst.org; Donlon et al., 2009) is a self-organizing group
of international researchers and operational practitioners aiming to coordinate the provision of SST products
developed and distributed by different agencies and research institutes. During the past decade, the GHRSST
community has strongly encouraged the development of high spatial resolution gap-free SST data and analysis
products to satisfy the need of users. These GHRSST formatted Level-4 (L4) SST products combine multiple
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satellite SST observations from multiple sensors/platforms, usually also including in situ observations
(Beggs, 2010; Donlon et al., 2009). However, the different interpolation schemes and related configurations used
to blend SST observations induce significant differences between L4 SST products (Dash et al., 2012; Martin
et al., 2012). The assessment and intercomparison of SST L4 products is key for data providers to improve their
algorithms and for users to select the best product for their applications. GHRSST provides users with some
guidelines identifying the most important issues they need to consider when choosing a SST product
(Beggs, 2021; GHRSST Project Office et al., 2023) but the difficulty of finding and then choosing the appropriate
product is still seen as a major obstacle by many in the user community.

Several intercomparisons of L4 SST products have been performed (Dash et al., 2012; Fiedler, McLaren,
et al., 2019; Martin et al., 2012; Woo & Park, 2020; Yang et al., 2021). Most of these focused on assessing the
performance in terms of accuracy, bias and the spatial homogeneity using near-surface Argo data that many
GHRSST data producers reserve specifically for product assessment. Other assessments have focused on the
spatio-temporal variability, and more specifically, on the extended observation of SST alterations, such as long-
term trends, concluding that most of the L4 data sets are compatible with climate applications (Yang et al., 2021).
However, this type of assessment is focused on the accuracy, the absolute value, of SST rather than on its pre-
cision. It is the latter that is of importance in most studies of ocean features (e.g., fronts, gradients, eddies) and of
ocean dynamics, especially at the submesoscale. Feature resolution, or the effective spatial resolution of a
product, is not necessarily related to grid resolution and is generally quantified using spectral analysis (Reynolds
et al., 2013) or scale analysis (Skakala et al., 2019). Fiedler, Mao, et al. (2019) used spectral analysis in the Gulf
Stream region to show that the new flow-dependent formulation, they proposed, contributed to an improvement of
the effective spatial resolution, while Yang et al. (2021) examined the spectral content of SST fields in the
equatorial Pacific for several L4 SST data sets in order to ensure that the interpolation to a 1° common grid did not
compromise the interpretation of the long-term temporal variability diagnosis. Fiedler, McLaren, et al. (2019) and
Martin et al. (2012) approached feature intercomparison via a qualitative comparison of the horizontal SST
gradients. It is difficult to provide a quantitative metric for the quality of SST gradients because of the lack of a
sufficiently large set of in situ observations with which to compare these gradients, although very recent works
have tackled this issue at a regional scale: Wick et al. (2023) for the northwest tropical Atlantic, and Koutantou
et al. (2023) for the Arctic Ocean and Alaskan coastal waters.

Research related to L4 fields falls into two categories: studies undertaken to evaluate the quality of the data sets and
those focusing on the use of these data sets to address oceanographic problems. The latter may be further subdivided
into those addressing large scale-100+ kms—and those undertaking studies at the meso- and submesoscale. In the
following we provide a brief overview of these studies. Of significant interest with regard to processes at the
submeso- to mesoscale are studies of fully developed turbulence, studies generally requiring spatially dense SST
fields. Progress in this area since the early geometric approach of Meneveau, Sreenivasan, and collaborators
(Meneveau & Sreenivasan, 1991; Sreenivasan, 1991) has been slow, in part due to some technical limitations such
as the lack of computational resources and the relatively poor quality of earlier L4 fields.

The validity of the multifractal framework has been evaluated for the oceans in multiple studies (e.g., among others
Lovejoy et al., 2001; Seuront & Stanley, 2014; Turiel et al., 2005). For SST, Isern-Fontanet et al. (2007) confirmed
that satellite observations present multifractal structures, implying that the multifractal formalism can be applied to
SST observations to extract properties of the underlying flow. And, later, Isern-Fontanet et al. (2022) applied this
framework to uncover how the intensity of the strongest fronts contribute to the global statistical properties of SST.
Here, we take a step forward and use the multifractal theory of turbulence to assess different SST products from a
dynamical and structural perspective, focusing on the representation of the energy cascade of turbulence. The paper
is organized as follows: Section 2 puts the multifractal theory of turbulence in the context of oceanography;
Section 3 describes the assessed SST data sets and Section 4 the algorithms used for this study; Sections 5 and 6
describe the results and discuss them, respectively; and finally, Section 7 summarizes the conclusions.

2. Theoretical Framework

Coarse grained SST gradients are constructed by low-pass filtering the magnitude of the thermal gradient as

WT1,(6) = [ 6(eS)vniE+s)a o

R
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where X is the position vector, d = 2 is the dimension of the embedding space (2 in this case, as we deal with

images); ¢ is the scale of the filter G(}), which is a normalized positive function with fast decay to zero as
|X| = oo; T(?c) is SST and V = (9,, d,) is the gradient operator (Eyink, 2005; Turiel et al., 2008). At small enough

scales, coarse grained thermal gradients can be approximated by the dominant term of a generalized Taylor series
as in Arneodo et al. (1995) and Muzy et al. (1994), which is given by

o)~ (5)” .

where £, > ¢ is the integral scale of the flow. The scaling exponents h(}) , known as singularity exponents, are a
generalization of Holder exponents and quantify the degree of continuity of SST around the point X. Indeed, if
h(?c) € (n,n+ 1) with n being a positive integer, |VT|f(?c) is differentiable n times but not n + 1 (Arneodo

et al., 1995). Recall that singularity exponents of gradients can be negative, that is, gradients can contain sin-
gularities (Frisch, 1995). This way of locally characterizing the regularity of the function at each point constitutes
the basis of the so-called Multifractal Microcanonical Formalism (MMF), which is not only capable of deter-
mining the local scaling exponent at each point, but also of providing insights about the geometry of the flow
(Turiel et al., 2008). From an oceanographic point of view, singularity exponents can be interpreted as a measure
of the steepness of the front, with the most abrupt fronts being those with the smallest values of & (Isern-Fontanet
et al., 2022).

The inner organization of the turbulent flow provided by the singularity exponents can be used to divide the
oceanic region under study into subsets according to the common values of singularity exponents, namely:

F, = {52 |h(E) = ho}, 3)

where the fractal components F,, define a hierarchy of sets that is intimately related to the statistical properties of
the flow and particularly to the turbulent cascade (Isern-Fontanet & Turiel, 2021). To partition the oceanic region
into subsets, we define the singularity spectrum, which is a concave function of 4 according MMF (Frisch, 1995),
as the fractal dimensions of the different fractal components F), that is:

D(ho) = dy () = dF({ae | h(E) = ho}), @

where di(A) is the fractal dimension of set A.

It follows that the singularity spectrum D(h) is a statistical feature of the multifractal structure as it completely
defines the statistical properties of the cascade process. Roughly speaking, D(h) characterizes the “volume”
occupied by the fronts with intensity 4. As the singularity components F, are of fractal character, the distribution
of singularity exponents p(/) at a given observation scale behaves as:

d—D(h)
p(h) ~ (b,%) , 5)

where, as above, £/¢, — 0 Pont et al. (2013). Moreover, the singularity spectrum D(/) can also be related to the
more classical approach to turbulence through the scaling exponents of the structure functions of temperature
(e.g., Isern-Fontanet et al., 2022).

3. Data

We intercompare five SST data sets, four of which combine observations from different satellites, and in some
cases in situ temperature measurements, to generate daily gap-free (L4, optimally interpolated for these data sets)
global SST fields. We have also included a single sensor Level-3 (L3) data set that has a 3 days temporal
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Table 1
Descriptive Comparison Summary for the Sea Surface Temperature (SST) Products Described in Section 3
Data set Institute, Country Level Product version Observation input  Horizontal spacing grid Main reference
SST_AMSR2_REMSS Remote Sensing Systems, USA L3 8.2 MW 0.25° x 0.25° Wentz et al. (2021)
SST_CMC Canadian Meteorological Center, Canada L4 3.0 IR + MW + in situ 0.21° x 0.1° Brasnett (2008)
OSTIA Met Office, UK L4 2.0 IR + MW + in situ 0.05° x 0.05° Good et al. (2020)
SST_CCI Met Office, UK (ESA SST CCI project) L4 2.1 IR 0.05° x 0.05° Merchant et al. (2019)
SST_MUR Jet Propulsion Laboratory, USA L4 4.1 IR + MW + in situ 0.01° x 0.01° Chin et al. (2017)

Note. All data sets have a daily temporal resolution, but the SST_AMSR2_REMSS with a 3 days temporal resolution. Input observations are derived from satellite
Infrared (IR) and/or microwave (MW) sensors.

resolution to increase global coverage. The intercomparison of the SST products is performed for 2016. We
describe below the main characteristics of the SST products used in this study (for a summary description see
Table 1). Given the number of sensors, the satellites carrying these sensors, the resulting L4 products and the
organizations flying these sensors and/or producing the data products, with the exception of their occurrence in
subsection titles, we expand the associated acronyms in the acronym list at the end of this document rather than in
the body of the text.

3.1. Remote Sensing Systems (REMSS)

The second generation Advanced Microwave Scanning Radiometer 2 (AMSR2) was launched in 2012, on the
Japanese satellite “Shizuku” (Global Change Observing Mission—Water [GCOM-W1]; Heygster et al., 2017;
Kachi et al., 2017). The 3-day averaged AMSR2 data (v8.2) with a grid spacing of 0.25° were used in this study
because of their relatively complete global coverage. The data set, produced by Remote Sensing Systems and
sponsored by the NASA AMSR-E Science Team, can be downloaded from REMSS's web site: https://data.remss.
com/amsr2/ocean/L3/, accessed on 11 August 2022. For more details please refer to Wentz et al. (2021).

3.2. Canadian Meteorological Center (CMC)

The Canadian Meteorological Center (CMC) generates a daily operational analysis of SST at L4, adhering to
GHRSST standards. This analysis incorporates Infrared (IR) satellite data from Advanced Very High Reso-
lution Radiometer (AVHRR) instruments on National Oceanic and Atmospheric Administration (NOAA)-18,
NOAA-19, Meteorological Operational satellite-A, and Meteorological Operational satellite-B, along with
microwave (MW) data from AMSR2 on the GCOM-W1 satellite. Additionally, in situ SST observations from
drifting buoys and ships in the International Comprehensive Ocean-Atmosphere Data Set program are used.
Statistical interpolation techniques are employed to refresh the global grid analysis with a 0.1° resolution on a
daily basis. The resulting product is made available through the GHRSST project and can be downloaded from
the PO.DAAC website at: https://podaac.jpl.nasa.gov/dataset/CMC0.1deg-CMC-L4-GLOB-v3.0. For more
details please refer to Brasnett (2008).

3.3. Operational Sea Surface Temperature and Ice Analysis (OSTIA)

The Operational Sea Surface Temperature and Ice Analysis (OSTIA) system is run by the UK's Met Office (Good
et al.,, 2020). OSTIA provides daily gap-free maps of foundation SST with a horizontal resolution of
0.05° x 0.05°, using in-situ and satellite data from both IR (AVHRR, Visible-Infrared Imager-Radiometer Suite,
Geostationary Operational Environmental Satellites_ IMAGER and Spinning Enhanced Visible and Infra-Red
Imager) and MW radiometers (AMSR2, TRMM Microwave Imager, Special Sensor Microwave Imager/
Sounder and SSM/I) provided by the GHRSST project. The OSTIA reanalysis we use in this study is the near real
time version 2 distributed by Copernicus Marine Environment Monitoring Service (CMEMS) https://data.marine.
copernicus.eu/product/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001/description (last accessed on 31
October 2023).
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3.4. Climate Change Initiative (CCI)

The second version (2.1) of the European Space Agency (ESA) Climate Change Initiative (CCI) data set offers
global daily estimates of SST derived from observations captured by various IR sensors, including AVHRR,
Advanced Along Track Scanning Radiometer, and Sea and Land Surface Temperature Radiometer. These CCI
SST estimates aim to provide a consistent and reliable climate data record with minimal bias. The data set
comprises cohesive maps of daily average SST on a 0.05° X 0.05° grid, effectively filling in data gaps through
optimal interpolation. The ESA SST CCI L4 analyses were generated using the OSTIA system (Good
et al.,, 2020). This data set is made available through CMEMS and can be accessed at https://data.marine.
copernicus.eu/product/SST_GLO_SST_L4_REP_OBSERVATIONS_010_024/description (last accessed on 31
October 2023). For more details please refer to Merchant et al. (2019).

3.5. MUR

A GHRSST L4 analysis of SST is produced as a retrospective data set (with a 4-day delay) and a near-real-time data
set (with a 1-day delay) at the “PO.DAAC.” This analysis is performed using wavelets as basis functions within an
optimal interpolation framework on a global grid with a resolution of 0.01°. The Version 4 Multiscale Ultrahigh
Resolution (MUR) L4 analysis is built upon nighttime GHRSST observations acquired from various instruments,
including MW radiometers such as AMSR-E, AMSR2, WindSat, as well as IR radiometers like MODerate-
resolution Imaging Spectroradiometer and AVHRR. In situ SST observations from the NOAA iQuam project
are also incorporated. Ice concentration data obtained from the archives at the European Organization for the
Exploitation of Meteorological Satellites Ocean and Sea Ice Satellite Application Facility High Latitude Processing
Center are utilized to enhance SST parameterization in high-latitudes. Alongside SST, the data set includes
additional variables for certain granules, such as SST anomaly derived from a MUR climatology and the temporal
proximity to the nearest IR measurement for each pixel. The initial funding for this data set was provided by the
NASA MEaSURESs program, and it is currently supported by the PO.DAAC. Itis distributed as part of the GHRSST
project through the PO.DAAC website at https://podaac.jpl.nasa.gov/dataset/MUR-JPL-L4-GLOB-v4.1. For
more details please refer to Chin et al. (2017).

4. Methods

We computed the singularity exponents at the resolution scale using the equation

&5 log|VT|, —log(|VT|,) 1
h(x) ~ ‘ O s 6
) log(¢/24) log(¢/2) ©
where d is the dimension of the space; (-) stands for the spatial mean; and
4 1
ro1 ™
0 (Nmax)d

with N, being the number of observations, is the quotient between the resolution scale and the integral scale
(Turiel et al., 2006). Notice that, the error in the estimation of the singularity exponents depends on the number of
observations as (d log Nm.dx)_l, which implies that a minimum number of observations are needed to keep the
errors in the method small. As a rule of thumb, Pont et al. (2013) propose that the number of observations should
be Npax

Equation 6 were obtained using the filtering method proposed by Pont et al. (2013). The above equation was

> 1007, which is true for all the analyzed data sets. In this study, the coarse-grained thermal gradients of

applied to each daily SST map of every data set (see Figure 1). Then, the singularity spectrum of each snapshot of
SST singularity exponents was computed using the histogram method (easily derived from Equation 5),

log N; — log Nyax

D(h) ~d—
() log(Z/¢0)

®)

where N; is the number of grid cells having a singularity exponent in the range [hi—%, h,-+%) and

£/t = (Z [.N,-)_b. We discarded the grid points surrounding the land mask to avoid spurious values due to the
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Figure 1. Example of singularity exponents for a daily sea surface temperature (SST) image corresponding to the 29 September 2016 for: (a) Advanced Microwave
Scanning Radiometer 2_Remote Sensing Systems (AMSR2_REMSS), (b) Canadian Meteorological Center (CMC), (c) Operational Sea Surface Temperature and Ice
Analysis (OSTIA), (d) Climate Change Initiative (CCI) and (e) Multiscale Ultrahigh Resolution (MUR).

land-sea transition and we used d = 2 and 6k = 0.08 in the range from & = —1 to & = 3 for computing D(h).
Translational invariance was imposed on each singularity spectrum in order to correct for any shift that may exist
in the singularity exponents (Turiel et al., 2006). Invariance was achieved by requiring that (Wf) does not
depend on the scale Z.

5. Results

We observe in Figure 1 that the patterns of SST singularity exponents are similar for all of the data sets, with the
possible exception of MUR. The most intense thermal fronts, brighter lines in the figure associated with the
smaller singularity exponents, are located in the most dynamical and frontally rich regions, such as the western
boundary currents (Gulf Stream, Kuroshio, Agulhas) or the equatorial and antarctic circumpolar currents.
Figure 2 shows the singularity exponents for the Agulhas current region to facilitate the comparison between the
data sets. The spatial pattern of the most intense SST fronts are similar for all of the data sets. However, the
singularity exponents of the most intense thermal fronts obtained for the SST MUR are higher (less brighter) than
the ones of the rest of data sets, indicating that the intensity of thermal fronts in the SST MUR data set is lower
compared to the other data sets.

We computed the singularity spectrum D(h) (Equation 8) for each daily SST map in each of the data sets
(Figure 3). Since all data sets attempt to reproduce the same field, we should expect the same singularity spectrum
for all data sets regardless of their spatial resolution because the singularity spectrum is independent of the scale.
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Figure 2. Example of a daily sea surface temperature (SST) singularity exponents for the Agulhas region corresponding to the 29 September 2016 (same as in Figure 1)
for: (a) Advanced Microwave Scanning Radiometer 2_Remote Sensing Systems (AMSR2_REMSS), (b) Canadian Meteorological Center (CMC), (c) Operational Sea
Surface Temperature and Ice Analysis (OSTIA), (d) Climate Change Initiative (CCI) and (e) Multiscale Ultrahigh Resolution (MUR).

This scale independence of the singularity spectrum and the analysis of the scales for which microcanonical
multifractal holds for SST has been shown previously in Isern-Fontanet et al. (2007). However, since the new
diagnostic we propose here is based on this statement and in order to make this paper self-contained, we have
include a figure to illustrate the singularity analysis applied to the same AMSR-E SST image at different reso-
lution scales: 0.25° (the nominal resolution), 0.5° and 1° (see Figure 4). We obtained the same structures and
values for the singularity exponents with coarser resolution as we degrade them. The gaps of missing data of the
singularity exponents are larger as we degrade the scale since we discard the adjacent pixels of missing data
before computing the gradient. The singularity spectrum for all the scales considered is the same (Figure 4d),
illustrating its scale invariant property.

The singularity spectra for the four L4 SST data sets, shown in Figure 3, deviate from the expected concave
singularity spectrum obtained for the L3 SST_AMSR2_REMSS data set (red lines in Figure 3). Of the L4 data
sets, MUR presents the closest behavior to the expected concave distribution given by the L3 SST AMSR-E
REMSS. However, it shows a narrower overall range, defined as the difference between the largest and small-
est singular values. This confirms that the amplitude of the most intense fronts are underestimated, as seen in the
example of the Agulhas region (Figure 2). The singularity spectra of the remaining three data sets (CMC, CCI and
OSTIA) deviate significantly from an expected smooth concave curve for exponents larger than order 0.3. The
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Figure 3. Singularity spectra D(h), each gray line corresponds to a daily singularity spectrum of sea surface temperature
(SST) for: (a) Advanced Microwave Scanning Radiometer 2_Remote Sensing Systems (AMSR2_REMSS), (b) Canadian
Meteorological Center (CMC), (c) Operational Sea Surface Temperature and Ice Analysis (OSTIA), (d) Climate Change
Initiative (CCI) and (e) Multiscale Ultrahigh Resolution (MUR). The red line corresponds to the median of the
AMSR2_REMSS singularity spectra.

large dips in D(h), such as the one at 0.6 in the OSTIA spectrum, indicate an unexpected loss of energy in the
associated product at the corresponding scales.

To better understand the loss of energy in the 0.3—0.6 range of the singularity spectrum of the OSTIA product, we
computed the fraction of days for which the singularity value fell within this range. For comparison we include the
same fraction for the AMSR?2 data set for which the shape of D(h) is closest to that expected (Figure 5). The most
striking differences are observed in the center of the large subtropical gyres, where the energy is relatively low
compared with that of frontal regions associated with strong open ocean currents, such as the Gulf Stream and
Kuroshio, following separation from the continental margin, or the Antarctic Circumpolar Current. These regions
of strong currents are characterized by the most negative singular values (Figures 1 and 2) and, as expected,
correspond to regions of lower probability for intermediate singular exponents (white regions in Figure 5 for the
AMSR? data set). The probability of intermediate singular values in the subtropical gyres for the OSTIA data set
is much lower than expected based on the AMSR2 data set. This may be due to smoothing by the L4 algorithms in
these regions, resulting in a more homogeneous SST than expected and the consequent loss of spatial structure
and energy.

In order to investigate whether the loss of energy or the smoothing of SST gradients is caused by the L4 algo-
rithms, we reinterpolated the OSTIA SST product to a 0.25° grid and repeated the analysis. As shown in Figure 6,
the singularity spectrum D(h) for the reinterpolated SST is closer to the expected concave shape given by
AMSR2_REMSS and it no longer shows the significant dip in intermediate singularity exponents (0.3-0.6). In
addition, the probability of having singularity exponents in that range has increased in the center of the large
subtropical gyres with respect to the original higher spatial resolution data set shown in Figure 5b. These results
further support the suggestion above that the interpolation system used in the L4 algorithm to fill the gaps in SST
observations and blend different SST observations is losing structural information found in the actual SST fields.
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Figure 4. Example of singularity exponents for the same global Advanced Microwave Scanning Radiometer 2_Remote Sensing Systems (AMSR2_REMSS) sea surface
temperature (SST) image corresponding to the 29 September 2016 at different resolution scales: (a) 0.25° (original grid), (b) 0.5° and (c) 1°, (d) singularity spectrum for
each resolution: 0.25° (gray), 0.5° (green), 1° (blue).

6. Discussion

We propose here an approach to assess and intercompare SST products from a dynamical and structural
perspective. The method is based on the multifractal theory of turbulence and consists in computing the singu-
larity spectrum of SST singularity exponents. The singularity exponents represent the geometrical projection of
the turbulence cascade and its singular spectrum can be seen as the probability density function of the singularity
exponents normalized by the scale. Departures of the observed singularity spectra from their expected theoretical
concave shape suggest limitations of the SST products to properly reproduce dynamical features in the SST fields;
for example, smoothing of intermediate SST gradients in the OSTIA product located mostly in the subtropical
gyres. We showed that this distortion may be caused by the different algorithms used to produce the gap-free L4
SST products.

Indeed, most SST retrievals are designed for global accuracy and are not designed to preserve under all obser-
vation scenarios the full amplitude of SST contrasts associated with submesoscale to mesoscale features in the
near-surface SST fields (Merchant et al., 2009). Most of the algorithms retrieving SST from brightness tem-
peratures are designed to minimize the SST error variance across some relatively large scales. However, what
controls the ability to reproduce changes of SST at small scales is given by the sensitivity of brightness tem-
perature to SST.
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Figure 5. Fraction of days per year (2016) for which the singularity exponents are in the range [0.3, 0.6], in which the
singularity spectra departs from the expected behavior (see Figure 3) for: Advanced Microwave Scanning Radiometer
2_Remote Sensing Systems (AMSR2_REMSS) (a) and Operational Sea Surface Temperature and Ice Analysis (OSTIA) (b).

The MUR data set is the L4 product with the most concave singularity spectrum (Figure 3). This data set is based
on the Multi-Resolution Variational Analysis (MRVA), with differences from the approaches used to produce the
other L4 data sets that might result in better performance regarding the structural properties of the final SST fields.
Although the MRV A method performs a weighted least-squares optimization similar to the objective interpo-
lation commonly used to produce the other L4 products, it first decomposes the input data into additive com-
ponents based on the spatial scale before data-fusion is performed independently for each of these scale
components. It also uses multiple time scales; that is, a 5-day data window used for reconstruction of mesoscale
features and data windows of only a few hours for the smaller scale features. Another attribute of MRV A that may
have a big impact in preserving the characteristics of SST fronts is that it is a mesh-less interpolation method,
preserving the original measurement coordinates without resorting to a pre-gridding procedure such as nearest
grid-point interpolation (Chin et al., 2017).

In addition to gap-filling methods, interactions between SST sampling regimes and aspects of geophysical
variability may influence the singularity spectra. In particular, the MUR data set uses only night-time SST
inputs, whereas others use day and night data. Geophysical variability that differentially affects the surface
expression of dynamically driven gradients may therefore contribute to the contrast between MUR and others.
Near-surface diurnal warming occurs in areas of light winds and strong insolation, and it is observed that in
such conditions the surface warm layers tend to mask the underlying mixed-layer temperature gradients
(Katsaros & Soloviev, 2004; Katsaros et al., 2005). We note that the observed smoothing effect causing non-
concave spectra is contributed to strongly by the sub-tropical gyres, where conditions can be favorable for
diurnal warm layer formation (Gentemann et al., 2008), suppressing gradients observable in day time SSTs. In
that regard, OSTIA and CMC L4 pre-processing SST systems reject all daytime SST observations for surface
winds under 6 m/s to produce estimates of “Foundation SST,” so it seems unlikely that diurnal warming affects
CMC, OSTIA or MUR. Further research should assess whether this contributes to the differences between
analyses significantly.

Our results suggest that in order to produce coherent L4 SST fields with the turbulent characteristics of the
oceanic flow, the interpolation schemes used should take into account the multiplicative cascade properties.
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Figure 6. (a) Singularity spectra D(h) for the reinterpolated Operational Sea Surface Temperature and Ice Analysis (OSTIA)
sea surface temperature (SST) (each gray line corresponds to a daily singularity spectrum of SST). (b) Fraction of days per
year (2016) for which the singularity exponents are in the range [0.3, 0.6] for the reinterpolated OSTIA SST (as in Figure 5).

7. Conclusion

We proposed a new approach based on the multifractal theory of turbulence for assessing SST products from a
dynamical and structural perspective. We showed that the evaluation of the singularity spectrum of SST sin-
gularity exponents and its departure from the predicted behavior allows us to assess the different limitations of
each SST product. Particularly, we found that most of the data sets analyzed tend to smooth intermediate SST
gradients typically allocated in the subtropical gyres regions. It appears that the sampling properties of the input
SST products and the methodologies for gap filling are not capable of reflecting the full structural information of
SST for the full range of spatial scales on which L4 analysis is attempted. Open questions remain about how
deviations from the expected concave structure of the singularity spectrum relate to the methodological choices of
producers. Further work needs to be done in that direction to find a combination of quantitative metrics for
intercomparing the singularity spectrum of each data set.

Reproducing the multiplicative cascade of turbulence in the final L4 SST products is a key aspect from a
dynamical point of view, and for related applications such as front and eddy detection, among others. Further
work needs to be done to improve interpolation schemes to obtain more realistic SST products. Since the sin-
gularity spectrum is scale invariant, the new interpolation schemes could use a multi-scale approach by imposing
the singularity spectrum given by the coarser resolution SST observation from MW radiometers.

Acronyms

AATSR Advanced Along Track Scanning Radiometer
ACC Antarctic Circumpolar Current

AMSR2 Advanced Microwave Scanning Radiometer 2
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AMSR-E Advanced Microwave Scanning Radiometer—EOS
AVHRR Advanced Very High Resolution Radiometer
CCI Climate Change Initiative
CMC Canadian Meteorological Center
CMEMS Copernicus Marine Environment Monitoring Service
ECV Essential Climate Variable
ESA European Space Agency
EUMETSAT European Organization for the Exploitation of Meteorological Satellites
GCOM-W1 Global Change Observing Mission—Water
GHRSST Group for High Resolution Sea Surface Temperature
GOES Geostationary Operational Environmental Satellites
ICOADS International Comprehensive Ocean-Atmosphere Data Set
iQuam In situ SST Quality Monitor
IR Infrared
L3 Level-3
L4 Level-4
MEaSUREs Making Earth System data records for Use in Research Environments
METOP-A Meteorological Operational satellite-A
METOP-B Meteorological Operational satellite-B
MMF Multifractal Microcanonical Formalism
MODIS MODerate-resolution Imaging Spectroradiometer
MRVA Multi-Resolution Variational Analysis
MUR Multiscale Ultrahigh Resolution
NASA National Aeronautics and Space Administration
NOAA National Oceanic and Atmospheric Administration
Ol objective interpolation
OSI SAF Ocean and Sea Ice Satellite Application Facility
OSTIA Operational Sea Surface Temperature and Ice Analysis
PDF probability density function
PO.DAAC Physical Oceanography—Distributed Active Archive Center
REMSS Remote Sensing Systems
SEVIRI Spinning Enhanced Visible and Infra-Red Imager
SLSTR Sea and Land Surface Temperature Radiometer
SSM/1 Special Sensor Microwave/Imager
SSMI/S Special Sensor Microwave Imager/Sounder
SST sea surface temperature
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Four different L4 SST GHRSST formatted data set (CMC, OSTIA, CCI and MUR) and a L3 SST provided by
REMSS were used in the creation of this manuscript. All data sets are publicly available from the original data
providers:

o REMSS (Wentz et al., 2021) [Dataset] from https://data.remss.com/amsr2/ocean/L3/, accessed on 11 August
2022.

¢ CMC (Brasnett, 2008) [Dataset] from https://podaac.jpl.nasa.gov/dataset/CMCO0.1deg-CMC-L4-GLOB-v3.0,
accessed on 11 August 2022.

¢ OSTIA (Good et al., 2020) [Dataset] from https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_
NRT_OBSERVATIONS_010_001/description

o CCI (Merchant et al., 2019) [Dataset] from https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_
REP_OBSERVATIONS_010_024/description

¢ MUR (Chin et al., 2017) [Dataset] from https://podaac.jpl.nasa.gov/dataset/MUR-JPL-L4-GLOB-v4.1.

The SST derived singularity exponents [Dataset] described in Section 4 are available in https://doi.org/10.20350/
digitalCSIC/15293 (Gonzalez-Haro et al., 2022). The software used to process the data are available at Gonzalez-
Haro and Isern-Fontanet (2023). Figures were made with Matplotlib version 3.3.4 (Caswell et al., 2020; Hunt-
er, 2007), available under the Matplotlib license at https://matplotlib.org/. Maps were created using Cartopy,
released under a LGPL license with a shared copyright model at https://scitools.org.uk/cartopy/docs/latest/index.
html (Met Office, 2010-2015). Input and output netCDF files were read and created, respectively, using xarray
version 0.16.0 available at https://docs.xarray.dev/en/stable/ under the Apache License, Version 2.0 (the “Li-
cense”) (Hoyer & Hamman, 2017).
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