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Abstract: Sea surface salinity (SSS) is one of the Essential Climate Variables (ECVs) as defined by
the Global Climate Observing System (GCOS). Acquiring high-quality SSS datasets with the high
spatial-temporal resolution is crucial for research on the hydrological cycle and the earth climate.
This study assessed the quality of SSS data provided by five high-resolution ocean reanalysis prod-
ucts, including the Hybrid Coordinate Ocean Model (HYCOM) 1/12° global reanalysis, The Coper-
nicus Global 1/12° Oceanic and Sea Ice GLORYS12 Reanalysis, the Simple Ocean Data Assimilation
(SODA) reanalysis, the ECMWEF Oceanic Reanalysis System 5 (ORAS5) product and the Estimating
the Circulation and Climate of the Ocean Phase II (ECCO2) reanalysis. Regional comparison in the
Mediterranean Sea shows that reanalysis largely depicts the accurate spatial SSS structure away
from river mouths and coastal areas but slightly underestimates the mean SSS values. Better SSS
reanalysis performance is found in the Levantine Sea while larger SSS uncertainties are found in the
Adriatic Sea and the Aegean Sea. The global comparison with CMEMS level-4 (L4) SSS show gen-
erally consistent large-scale structures. The mean ASSS between monthly gridded reanalysis data
and in situ analyzed data is -0.1 PSU in the open seas between 40°S and 40°N with the mean Root
Mean Square Deviation (RMSD) generally smaller than 0.3 PSU and the majority of correlation co-
efficients higher than 0.5. Comparison with collocated buoy salinity shows that reanalysis products
well capture the SSS variations at the locations of tropical moored buoy arrays at weekly scale.
Among all the five products, the data quality of HYCOM reanalysis SSS is highest in marginal sea,
GLORYSI2 has the best performance in the global ocean especially in tropical regions. Compara-
tively, ECCO2 has the overall worst performance to reproduce SSS states and variations by showing
the largest discrepancies with CMEMS L4 SSS.
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1. Introduction

Salinity, as an Essential Climate Variable (ECV), significantly affects the hydrological
cycle, ocean circulation, and earth climate. As a passive tracer in the ocean, the spatial
distribution of Sea Surface Salinity (SSS) shows highly consistent patterns with the evap-
oration-minus-precipitation (E-P) field in most areas of the global ocean. The structure
and evolution of SSS depict how the freshwater input from precipitation, river runoff, ice
melting, etc. are redistributed throughout the ocean, and how such sea surface signals will
propagate downward and then affect the full volume of seawater through diffusive and
advective processes [1]. For this reason, salinity has been widely used as an indicator of
the intensifying hydrological cycle under global warming [2,3]. As a key participant in
ocean dynamics, salinity also contributes to the horizontal pressure gradients and vertical
stability by changing the seawater density along with temperature, which further affects
the evolution of thermohaline circulation [4] and mixing processes [5]. These changes are
closely linked to the air-sea fluxes and are ultimately associated with the earth climate [6].
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The global salinity maps are mainly obtained from satellite retrievals, in situ meas-
urements, and ocean reanalysis. Among them, ocean reanalysis products are superior to
objectively analyzed products in providing increased spatiotemporal resolution and a
multi-variate dynamical consistency [7-9]. However, they still suffer from low accuracy
compared with that of directly observed data, which is especially true in coastal areas [10],
marginal seas [11] and polar regions [12,13] where the currently available salinity obser-
vations are not sufficient to constrain the dynamical model. Over the last decade, the per-
formance of ocean reanalysis has significantly improved thanks to increased model reso-
lution [14], better physics [15], better atmospheric forcing data [16], more abundant obser-
vation input [17] and, advanced assimilation schemes [18]. This is evidenced by assess-
ment studies showing higher verification skill scores in successive versions of reanalysis
products.

Recent studies suggest that the assimilation of observed salinity help improve the
overall quality of ocean reanalysis by providing more accurate initial state estimates for
the dynamical models as the imbalance between temperature and salinity is effectively
reduced, which ultimately results in the improvement of El Nifio Southern Oscillation
(ENSO) prediction skills [19]. To date, many institutions have developed ocean reanalysis
systems (ORAs) to build up historical ocean data products and provide initial conditions
for ocean forecast system, which provides long-term historical salinity data at high spatial
and temporal resolutions. Due to the scarcity of in situ salinity observations, earlier ver-
sions of reanalysis products tend to assimilate observed temperature data, whereas the
assimilation of observed salinity is either absent or directly constructed from a local tem-
perature-salinity (T-S) relationship [20]. After the launch of the International Argo Project,
the real-time temperature and salinity profiles in the upper ocean has been collected and
achieved global coverage from 2006 onwards. As a result, most ocean reanalysis products
after 2006 have assimilated both temperature and salinity profiles.

Quality assessment of SSS reanalysis is not frequently seen in recent studies. Instead,
only those focusing on the salinity profiles simulated by several individual reanalysis sys-
tems been widely conducted. For example, the author of [21] assessed the quality of upper
salinity content above 1500m reproduced by ten reanalysis systems. The author of [10]
indicates that data assimilation has effectively improves the fit of ORAS5 to the in situ
salinity measurements. The long-term variations of salinity anomalies as reproduced by
multiple regional reanalysis products have been comprehensively assessed by several re-
cent studies [22-24]. Moreover, most previous validation efforts, no matter in the global
or regional scale, have generally focused on single or limited numbers of reanalysis prod-
ucts. The Ocean Reanalysis Intercomparison project (ORA-IP) initiated in 2011 help pro-
ceeded the intercomparison and validation of in salinity from an ensemble of existing
global ocean reanalysis [25,26]. However, some eddy-resolving reanalysis products, such
as the 1/12° HYCOM and GLORYS12 products, are not in the scope of the above studies
but are still worthy of a comprehensive assessment due to their capacity to resolve
mesoscale ocean structures. Moreover, previous evaluation studies have generally fo-
cused on the mean state and variations of SSS at single spatial or temporal scale, since the
emphasis is mainly placed on the quality of temperature and ocean current data.

This paper is organized into four sections. Data and comparing methods are summa-
rized in section 2. The results of comparison against objectively analyzed datasets in a
typical marginal sea, in the global ocean and in the tropical areas are described in Section
3. The conclusions and discussions are presented in Section 4.

2. Materials and Methods

2.1. Ocean Reanalysis

Five state-of-the-art ocean reanalysis products with high resolution, long time span
and global coverage are included in this study, including the Hybrid Coordinate Ocean
Model (HYCOM) 1/12° global reanalysis, the Copernicus Global 1/12° Oceanic and Sea
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Ice GLORYS12 Reanalysis, the Simple Ocean Data Assimilation (SODA) reanalysis, the
ECMWEF Oceanic Reanalysis System 5 (ORAS5) product and the Estimating the Circula-
tion and Climate of the Ocean Phase II (ECCO2) reanalysis. Critical information of the
above 5 products is summarized in Table 1.

Table 1. List of ocean reanalysis products

Product Model Forcing Res(;;il(:ion As;/i;;iﬁzt;on Assimilated Data
Satellite SST
e
profiles
3D-Var Altimeter SLA

E
GLORYS12 N 31\140 ERA-Interim 1/12° Reduced-order AVHRR SST

Kalman Filter = CORA T/S profiles

WODO09 T/S pro-
Linear Determinis- files
tic Sequential Filter ~ Satellite SST
ICOADS SST

GHRSST-PP SST
WOCE T/S profiles
TAO, Argo, XBT
T/S profiles
EN4 T/S profiles

NEMO . o 3D-Var FGAT corrected by
ORASS 34 ERAnterim - ~1/2 (NEMOVAR)  XBT/MBT data
HadISST2 + OSTIA

SODA3 MOMS5 DEFS5.2 1/4°

ECCO2  MITgem NCEP/NCAR  1/4° Least Squares Fit

HYCOM is an eddy-resolving Ocean General Circulation Model (OGCM) with
primitive equations Boussinesq approximation, which can be used for a diverse range of
investigations from coastal to open sea circulation [27]. Among multiple HYCOM ocean
products, the outputs of Global Ocean Forecast System 3.0 (GOFS 3.0) are utilized in this
study. The GOFS 3.0 GLBu Reanalysis product from 1993 to 2013 is selected and temporal
coverage is extended to November 2018 by including the GOFS 3.0 GLBu Analysis
product. The HYCOM Reanalysis/Analysis product has 1/12° spatial resolution, which is
capable to resolve mesoscale ocean structures. The measurements from altimeters, XBTs,
Argo, and other buoys are assimilated into the HYCOM model via the Navy Coupled
Ocean Data Assimilation (NCODA) system on a daily basis. More descriptions of these
products are available from https://www.hycom.org/dataserver/gofs-3ptl/analysis.

GLORYSI12 is another eddy-resolving ocean and sea ice reanalysis implemented in
the CMEMS framework [28,29]. The GLORYS12V1 Reanalysis product is interpolated
from GLORYS2V4, which is the output of the Nucleus for European Modeling of the
Ocean (NEMO) model after assimilating the Sea Surface Height (SSH) data from multiple
satellites and T/S profiles collected by various platforms. The reduced-order Kalman filter
is used for data assimilation, while the three-dimensional variational (3D-VAR)
assimilation scheme is additionally applied to correct the slowly-evolving large-scale
errors [28]. The NEMO model is initialized by EN 4.2.0 monthly gridded climatology and
driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-
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Interim atmospheric reanalysis, The time range of GLORYS12V1 Reanalysis is from
October 1992 to December 2019 with a spatial resolution of 1/12°.

The SODA3 reanalysis system is primarily based on the Modular Ocean Model
version 5 (MOMS5) with a horizontal resolution of 0.25°x0.25° and vertical 50 uneven layers
[30]. Among the multiple versions of SODA3 reanalysis, the SODA 3.11.2 product is
assessed in this study. The hydrographic input of SODAS3 from the World Ocean Database
13 (WOD13) is assimilated by using the least squares fit algorithm, the data volume of
which has increaby sed 40% compared with the WODQ9 assimilated by SODAZ2.
Additionally, SODA3 ingested an upgraded version of in situ SST product (ICOADS
version 5 release 2 SST) [31]. Note that SODA3 does not assimilate sea level and ocean
current observations.

ORASS is a global ocean and sea-ice ensemble reanalysis product for the ECMWF
OCEANS5 system in its behind-real-time stream, which provides historical ocean and sea-
ice conditions from 1979 to present [14]. ORAS5 used NEMO 3.4.1 model with a tripolar
grid allowing eddies to be simulated approximately between 50°S and 50°N. The
horizontal resolution is ~25 km in tropical ocean and increases to 9 km towards the polar
regions. The atmospheric forcing field for the NEMO model in ORASS is derived from the
ERA-Interim reanalysis product. Data assimilation is conducted with NEMOVAR in its
3D-Var First Gauss at Appropriate Time (FGAT) configuration to assimilate T/S profiles
from EN4, XBT and MBT, SST and sea ice from HadISST2 and OSTIA operational product,
as well as sea-level anomalies (SLAs) from AVISO DT2014 [32].

ECCO2 data syntheses are derived from a global full-depth-ocean and sea-ice
configuration of the Massachusetts Institute of Technology general circulation model
(MITgcm) by a least squares fit to the available satellite and in-situ observational data.
ECCO2 employs a cube-sphere grid projection that permits relatively even grid spacing
throughout the ocean and avoids singularities in polar regions. ECCO2 has 50 vertical
levels ranging from 10 m near the sea surface to approximately 450 m at the bottom 6150
m. The data assimilation is achieved by using a Green’s function approach to constrain
limited variables, including SLA from altimeter data, sea surface temperature from
GHRSST-PP, temperature and salinity profiles from WOCE, TAO, ARGO, XBT and other
platforms.

2.2. In Situ Analyzed Product

As a reference for validation, the CMEMS Level-4 (L4) SSS product is utilized which
provides global gap-free L4 analyzed maps of SSS and Sea Surface Density (SSD). This
product is developed by the National Research Council (CNR) production unit and
distributed by the CMEMS platform (Product ID:
MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013). The SSS and SSD fields are
generated through a MultiVariate Optimal Interpolation (MVOQOI) algorithm that combines
both the Soil Moisture and Ocean Salinity (SMOS) satellite SSS and in situ salinity
measurements with satellite SST. The CMEMS L4 SSS product has been similarly used as
a reference for the validation of L4 SSS products in the Mediterranean Sea, where
improving the quality of SSS data is challenging due to the scarcity of in situ
measurements. Therefore, we use the CMEMS L4 product for validation both in the global
ocean and within the marginal sea.

2.3 Mooring Buoy

Long-term salinity records from the Global Tropical Moored Buoy Array (GTMBA)
are introduced as ground truth for assessment in tropical ocean. Each buoy provides con-
tinuous salinity observation data near the sea surface (~1 m) with a high temporal resolu-
tion in the entire reanalysis period we selected for this study. The GTMBA consists of
Tropical Atmosphere Ocean (TAO) data in the Pacific [33], the Pilot Research Moored Ar-
ray in the Tropical Atlantic (PIRATA) [34] and the Research Moored Array for African-
Asian Australian Monsoon Analysis and Prediction (RAMA) in the Indian Ocean [35].
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They record temperature and salinity every 10 minutes, and the raw data have been post-
processed into hourly data with the accuracy of 0.2 PSU [36]. To compare with reanalysis
SSS, only surface salinity measurements at Im with high QC flag are taken into account.
A 7-day moving average is applied to the postprocessed hourly time series for a consistent
temporal resolution with the collocated reanalysis data.

2.4 Assessment Strategy

The assessment of SSS reanalysis in this study is primarily based on the calculation
of fundamental statistic parameters, including the ASSS (SSSreanatysis — SSSinsitu), the standard
deviation, the Root Mean Square Deviation (RMSD), and the pearson correlation coeffi-

cient together with p-value. The correspondoing algorithm for each parameter is listed in
Table 2.

Table 2. Algorithm for calculating fundamental statistic parameters for assessment in this study.

Statistical Parameter Algorithm
SSS Mean D SSs,
i=1
ASSS SSSreanalysis - SSSin situ (€
: coc\2
STD Z (SSS —SSS)
= )
n
RMSD Z (SSSreanalysis - SSSin situ )2
= ®)
n
Z (Sssreanalysis - Sgreanalysis)(sssin situ STSin situ)
cct - 4)
\/Z (SSSreanalysis - Sgreanalysis)z ’ (SSSm situ SS_Sin situ )2
i=1

IThe p-values of the correlation coefficient are obtained from the MATLAB toolbox with a signifi-
cance level of 0.05.

The strategy of assessment is described as follows. First, the performance of SSS rea-
nalysis within subpolar marginal seas is evaluated by a comparison against CMEMS L4
SSS in the Mediterranean Sea. The regional assessment is primarily based on the estima-
tions of error structure in each SSS reanalysis by calculating the mean SSS values, standard
deviation, ASSS and RMSD consistently ona 0.25° grid. After that, taking CMEMS L4 SSS
as reference, a global comparison is conducted by illustrating the spatial distribution of A
SSS, RMSD and correlation coefficient from 60°N to 60°S excluding polar regions. We also
analyze the mean ASSS and RMSD values at four different spatial resolutions, 0.25°, 1°
and 3° and 10°. Finally, the quality of weekly SSS variations in the tropical ocean as re-

produced by five SSS reanalysis products are validated against the long-term SSS records
provided by GTMBA.

3. Results

3.1. Regional Assessment in the Mediterranean Sea

Unlike other open sea regions, the Mediterranean Sea is characterized by very high
salinity because water balance over this basin is fundamentally characterized by an excess
of evaporation over precipitation and river runoff. High-resolution ocean reanalysis
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contributes to a better understanding of the SSS dynamics in this marginal sea, but unfor-
tunately, the SSS reanalysis performance is significantly limited by the sparcity of in situ
salinity measurements to be used for data assimulation and objective analysis. The quality
of satellite SSS in the Mediterranean Sea also suffers from errors caused by Radio Fre-
quenct Interference (RFI) and land contaminations, which are not as valuable for data as-
similation as in situ SSS measurements. Therefore, a regional assessment of reanalysis S5S
in the Mediterranean Sea is necessary to examine whether ocean reanalysis has the capac-
ity to reproduce SSS dynamics in a marginal sea and which of the various SSS reanalysis
products are more suitable for scientific applications in a typical marginal sea. Figure 1
shows the spatial distribution of in situ SSS measurements in the Mediterranean Sea pro-
vided by various platforms that has been merged by CMEMS L4 product. The in situ SSS
measurements cover more than 70% areas of the Mediterranean Sea except for some
coastal areas. This deficiency can be partly mitigated by merging satellite SSS. Therefore,
CMEMS 14 SSS is suitable to serve as reference in this marginal sea which combines the
CORA reanalysis and SMOS CATDS product to obtain a better SSS state estimation over
this basin.
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Figure 1. (Upper) Topography and subregions divided in the Mediterranean Sea, including zonel:
Alboran Sea, zone 2: Algerian Sea, zone 3: Balearic Sea, zone 4: Tyrrhenian Sea, zone 5: Southern
Mediterranean, zone 6: Adriatic Sea, zone 7: Ionian Sea, zone 8: Libyan Sea, zone 9: Aegean Sea and
zone 10: Levantine Sea. (Bottom) Data volume of in situ SSS measurements in the Mediterranean
Sea as obtained from profilers, buoys, glider, drifter, CTD provided by the World Ocean Database
18 and ship measurements provided by Global Ocean Surface Underway Data, which has been in-
gested by the CMEMS L4 SSS product.

Figure 2 and Figure 3 shows the spatial distribution of mean SSS and STD values in
the Mediterranean Sea as obtained from five reanalysis products and CMEMS L4 SSS from
January, 2005 to December, 2016, respectively. Their large-scale SSS patterns show gener-
ally consistent structures between ocean reanalysis and in situ analyzed products, such as
the relatively fresher water in the Alboran Sea, the high salinity water in the Levantine
Sea and the obvious SSS front in the Adriatic Sea and Aegean Sea. The SSS values ranges
from 35.5 in the Alboran Sea to 40 PSU in the Western Mediterranean with a smooth pos-
itive gradient extending in the zonal direction. The ORAS5 product shows the highest
mean SSS value (36.7 PSU) compared with CMEMS L4 SSS (35.8 PSU), HYCOM (35.9 PSU),
GLORYSI12 (35.6 PSU), ECCO2 (34.7 PSU) and SODA3 (35.1 PSU) data. Similarly, the STD
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patterns also present significant discrepancies among six products. All five reanalysis
products tend to overestimate the SSS variances with the highest mean STD value of 0.45
PSU from SODA 3.11.2 compared with that of HYCOM (0.23 PSU), ECCO2 (0.28 PSU),
ORASS (0.29 PSU) and GLORYS12 (0.42 PSU), which is more than twice as large as that of
CMEMS L4 SSS (0.19 PSU). The above suggests that HYCOM reanalysis has best perfor-
mance in reproducing the mean SSS state and its variations in the Mediterranean Sea.

To further verify the above statistics, Figure 4 shows the corresponding spatial distribu-
tion of ASSS and Correlation Coefficient (CC) of five reanalysis products against CMEMS
L4 in situ analyzed SSS. The small ASSS values are generally collocated with high CC
values, which has as wider distribution in the eastern part of the Mediterranean Sea than
the western part possibly due to the less influence from Atlantic water masses away from
. Large ASSS and low CC values are mainly distributed near the coast and in the gulfs,
such as in the north part of the Balearic Sea, in the Northern end of the Adriatic Sea and
Aegean Sea. The overall negative ASSS values are synchronously seen from each reanal-
ysis product with the smallest ASSS (0.07 PSU) and highest mean CC (0.47) belonging to
the HYCOM reanalysis product. Comparatively, the ECCO2 and SODA3 products con-
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Figure 2. Mean SSS field in the Mediterranean Sea averaged from (a) HYCOM reanalysis, (b) GLO-
RYS12, (c) ORASS, (d) ECCO2, (e) SODA 3.11.2 and (f) CMEMS L4 SSS on a consistent 0.25°x0.25°
grid. The unit is in PSU.
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Figure 3. Same as Figure 1 but for the STD field. The unit is in PSU.

significantly larger negative biases especially in the Ionian Sea, the Libyan Sea and the
Aegean Sea where several ASSS values reach as large as -1 PSU. It is noted that ECCO2
has very large ASSS values and very low CC values among the five model reanalysis,
which corresponds to the significantly lower mean SSS in Figure 2 and anomalous large
STD values in the middle part of the Mediterranean Sea. The GLORYS12 product, alt-
hough well reproduce the mean SSS field across the basin, still presents too large SSS var-
iances compared with that of CMEMS L4 SSS data.
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Figure 4. Horizontal distribution of mean ASSS (left) and RMSD (right) values with respect to
CMEMS L4 objective analyzed SSS. From top to bottom: HYCOM, GLORYS12, ORAS5, ECCO2 and
SODAS3. The unit of ASSS is in PSU and the CC values are unitless.

Ten subregions in the Mediterranean Sea are divided to evaluate the SSS reanalysis
performance in different ocean conditions, including the Alboran Sea, the Algerian Sea,
the Balearic Sea, the Tyrrhenian Sea, the Southern Mediterranean, the Adriatic Sea, the
Ionian Sea, the Libyan Sea, the Aegean Sea and the Levantine Sea. (Figure 1, upper panel).
Statistics for each region are quantified separately in the Taylor diagrams of Figure 6. Tay-
lor diagram is a statistical tool to evaluate the simulation capacity of multiple numerical
models[37]. It combines the correlation coefficient, the standard deviation and RMSD in
the same semicircle diagram in order to visualize the overall data quality by distance in
plane space. Generally, the performance of SSS reanalysis are not optimistic in the major-
ity of subregions in the Mediterranean Sea, with most CC values smaller than 0.5, normal-
ized RMSD values larger than 1 and normalized STD values larger than 1, respectively.
The performance of HYCOM is generally better than other four reanalysis products in
most subregions except for the Alboran Sea where ORAS5 shows higher CC and lower
normalized RMSD. Statistics from the Taylor diagrams also suggest that the SSS data qual-
ity from SSS reanalysis products are generally consistent with each other at the same sub-
region of the Mediterranean Sea. Among them, the Levantine Sea is more suitable for the
application of SSS reanalysis products especially those with eddy-resolving resolutions.
However, the very low CC values and large normalized RMSDs and STDs appear in the
Aegean Sea, the Libyan Sea and the Adriatic Sea.

Overall, the HYCOM SSS reanalysis is closest to the in situ SSS measurements in
terms of mean state estimates and variances, which is also supported by the smallest bi-
ases and highest CC values against the collocated in situ SSS data. This is probably


https://doi.org/10.20944/preprints202212.0316.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 December 2022 944/preprints202212.0316.v1

attributed to the abundant observation input and the usage of hybrid coordinate that ben-
efits the simulating of vertical mixing and salt water transport in a marginal sea with com-
plex deep topography. Comparatively, SODA3 and ECCO?2, which is characterized by
lower spatial resolutions compared with the other three eddy-resolving reanalysis prod-
ucts, shows worse SSS reproduction performance in the Mediterranean Sea.
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Figure 5. Taylor diagram of monhtly ocean reanalysis products versus CMEMS L4 SSS for the ten
zones of the Mediterranean Sea, including (a) the Alboran Sea, (b) the Algerian Sea, (c) the Balearic
Sea, (d) the Tyrrhenian Sea, (e) the South Mediterranean, (f) the Adriatic Sea, (g) the Ionian Sea, (h)
the Libyan Sea, (i) the Aegean Sea, (j) the Levantine Sea. The unit is in PSU for biases and RMSDs.
Statistics beyong the scope (smaller than 0 for CC, larger than 2 for normalized STD and larger than
2.5 for normalized RMSD) are not marked in the figures.

Additionally, it is worth noting that the above statistics should be treated with cau-
tion since the in situ SSS measurements located near the coast and inside the gulfs may
also carry large errors, which brings uncertainties to the objectively analyzed CMEMS L4
SSS product. For example, anomalous gradient of ASSS and CC values appear in narrow
areas of the Aegean Sea. The same is true for the Adriatic Sea and the northern Algerian
Sea where significant ASSS and CC gradient appears and the number of in situ SSS meas-
urements is very limited (Figure 1).

3.2. Global Assessment

Figure 6 shows the global SSS maps at June, 2017 from five reanalysis and CMEMS
L4 SSS product. The reason for selecting the year 2017 is that El Nifio and La Nifa have
less influence on earth climate. The global SSS structures from five reanalysis and in situ
analyzed product are generally consistent in terms of large-scale spatial patterns, includ-
ing the low salinities located in polar regions, the Eastern Indian Ocean and the East Pa-
cific Fresh Pool (EPFP); high salinities located in the subtropical north and south Atlantic;
extremely low salinity in the Baltic Sea. It is noteworthy that ocean reanalysis appears to
depicts more refined SSS structure than in situ analyzed product in open sea regions be-
tween 60°N and 60°S, which is possibly related to the high spatiotemporal resolution of
reanalysis data as produced by each corresponding OGCM. Among five reanalysis prod-
ucts, the ORAS5 SSS lacks the information in the Arctic due to the application of
ORCAO025.L75 grid configuration which excludes most areas in the Arctic. In this section,
the comparison analysis of 156 months (January 2005 to December 2017) of five reanalysis
SSS products is conducted at different space and time scales.
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Figure 6. Global SSS maps for (a) HYCOM, (b) GLORYS12, (c) ORASS, (d) ECCO?2, (e) SODA3 and
(f) CMEMS L4 product at June, 2017. The unit is in PSU.

Figure 7 shows the global maps and zonal averages of mean ASSS from five reanaly-
sis with respect to the CMEMS L4 SSS. The corresponding global maps of RMSD and CC
values are shown in Figure 8. In tropical to subtropical regions, each reanalysis shows
acceptable error (Mean bias ~0.1 PSU) away from the coast with the majority of ASSS val-
ues smaller than 0.3 PSU and correlation coefficients larger than 0.6 (passing the 95% sig-
nificance test). Exception occurs in the ECCO2 product where the majority of global ocean
is covered by large ASSS values, high RMSD values and low CC values. For the rest four
reanalysis product, several regions with significant biases could be identified, which is
similar to the validation results of satellite SSS [38,39]. Large ASSS values are mainly dis-
tributed along the coastlines of each continent, which is mainly attributed from the land
contamination effect and the under sampling of drifting observation platforms that are
either assimilated in the reanalysis products or merged by the objectively analyzed SSS.
An example is the Amazon river mouth where the mean RMSD values exceed 0.5 PSU
with both positive and negative ASSS values located nearby. Also, large RMSD and low
correlation coefficient values are found in the East/Japan Sea, the Bay of Bengal and the
Sea of Indonesia where there are sparce in situ SSS measurements to be used for data
correction. A wide range of fresher biases in the higher latitudes is partly caused by the
weak association between sea ice melting and salinity variances in ocean circulation mod-
els, especially for those that are not coupled with sea-ice models. Additionally, areas with
significant near surface ocean stratification also contain large differences between reanal-
ysis and in situ measurements, such as the Eastern Pacific Fresh Pool (EPFP) where the
correlation is significant with the p-values smaller than 0.05 but the ASSS and RMSD val-
ues are significantly larger than the open sea.
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Figure 7. Comparison of ASSS in five reanalysis SSS against the CMEMS L4 SSS product, including
(a) HYCOM, (b) GLORYSI12, (c) ORASS5, (d) ECCO2 and (e) SODA3. (f) The zonal average of ASSS
values from 60°N to 60°S. The unit is in PSU.
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Figure 8. Comparison of RMSDs and correlation coefficients in five reanalysis SSS against the
CMEMS L4 SSS product. The unit is in PSU for RMSD values.

Figure 9a shows the global average of the regional temporal RMSD between reanal-
ysis SSS and in situ analyzed SSS for the spatial scales of 0.25°x0.25°, 1°x1°, 3°x3° and
10°x10°. The RMSD values are generally consistent among SSS reanalysis data with re-
spect to CMEMS L4 SSS. Again, the exception belongs to ECCO2 product, which presents
more than twice as large as the RMSD values in all the four spatial scales. The mean RMSD
decreases from ~0.23 PSU at 0.25°x0.25° scale to ~0.12 PSU at 10°x10° scale. This means the
reanalysis SSS products show smaller differences with the in situ SSS data in larger spatial
scales. The RMSD values are contributed by the differences in time-mean SSS values and
differences in temporal SSS anomalies (deviation from the time mean) between reanalysis
and in situ analyzed SSS. To separate the SSS differences contributed by the time mean
values and temporal anomalies, we also examine the STD of the differences between five
reanalysis SSS and CMEMS L4 SSS. The time-mean SSS differences do not contribute to
STD values as what they do to the RMSD values.

Figure 9b shows the global average STD values of SSS differences between reanalysis
SSS and CMEMS L4 SSS at various spatial scales. The global mean STD values for the 0.25°
x0.25°,1° x 1°, 3° x 3°, and 10° x 10° scales are 0.16, 0.12, 0.10, and 0.06 PSU for HYCOM,
0.19, 0.15, 0.11, and 0.07 PSU for GLORYS12, 0.19, 0.15, 0.12, and 0.07 PSU for SODA3 and
0.18, 0.14, 0.11, and 0.07 PSU for ORASS5, respectively. In contrast, the STD values for
ECCO?2 are significantly larger, which is attributed to the larger non-seasonal STD values.
Note that the RMSD and STD values with respect to in situ analyzed SSS not only contain
the errors of SSS reanalysis, but also the errors of gridded in situ SSS product. Figure 9¢,d
illustrates the corresponding global averaged STD values for the seasonal and non-sea-
sonal anomalies of SSS differences between reanalysis and in situ analyzed SSS. The non-
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seasonal anomalies are related to the SSS differences in representing non-seasonal signals
associated with phenomena such as tropical instability waves [40], El Nifio-Southern Os-
cillation [41], Madden-Julian Oscillation [42], and Indian Ocean Dipole [43]. It is notewor-
thy that the global average STD values for non-seasonal SSS anomalies is significantly
larger than that for seasonal SSS anomalies under each spatial scale, and the differences
among SSS reanalysis is mainly reflected in the non-seasonal anomalies.
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Figure 9. (a) Global average of temporal RMSD values between each reanalysis product and
CMEMS L4 SSS product on four spatial scales indicated by legends along the horizontal axis. Global
average of temporal STD values for the differences between each reanalysis product and CMEMS
L4 SSS product on four different spatial scales for (b) total anomaly, (c) seasonal anomaly and (d)
non-seasonal anomaly. The RMSD and STD values are in the unit of PSU.

3.3. Comparison with Tropical Moored Buoys

The Global Tropical Moored Buoy Array (GTMBA) provide daily in situ SSS meas-
urements at several fixed locations in the tropical ocean. These long-term daily sampling
data are valuable for validation of reanalysis SSS data at daily to weekly scale. The weekly
time series of reanalysis SSS at each buoy locations were selected using the nearest grid in
the 0.25°x0.25° boxes after applying a 7-day average filtering. Note that ORAS5 product
is excluded from this weekly assessment since the smallest time resolution of ORAS5 SSS
is per month.

Figure 10 shows the CC values of four reanalysis SSS with respect to 1m salinity ob-
served by TAO buoys in the Pacific Ocean, PIRATA buoys in Atlantic and RAMA buoys
in the Indian Ocean at weekly scale, respectively. The corresponding ASSS values are
shown in Figure 11 with the RMSD values supplemented in Figure S1. We selected the
time range of January, 2015 to December, 2015 as each buoy has more than 30 collocated
weekly samples for comparison during this period. Generally, the GLORYS12 reanalysis
data best agrees with the buoy salinity with the correlation coefficient exceeding 0.6 in
81% of the TAO buoys, 56% of the PIRATA buoys and 73% of the RAMA buoys, all of
which has passed the significance test with p-values smaller than 0.05. SODAS3 has slightly
worse performance with the corresponding rates of 66% for the TAO buoys, 50% for the
PRIATA buoys and 61% for the RAMA buoys. Comparatively, HYCOM and ECCO2 have
further worse and generally similar performance in reproducing the weekly SSS varia-
tions in tropical ocean, especially in the Atlantic Ocean where each PRIATA buoy is la-
beled by consistent high and low CC values from the two reanalysis products. However,
the performance represented by CC values does not exactly match that of given by ASSS
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values. The lowest ASSS values still belong to the GLORYS12 product whereas the largest
values appear in ECCO2. HYCOM and SODA3 consistently underestimate the SSS at most

locations, indicating the similar performance to reproduce the mean state of SSS at least
in the year of 2015.
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Figure 10. Comparison of CC values between five SSS reanalysis products with respect to the salin-

ity data measured by GTMBA buoys at 1m depth at weekly scale. The time range is from January 1,
2015 to December 31, 2015.
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Figure 11. Same as Figure 10 but in terms of ASSS values.

Figure 12 shows the histogram of ASSS, RMSD and CC values between reanalysis
SSS and GTMBA buoy array data, which are largely consistent at weekly scale except for
the ECCO2 product. The ASSS values of each reanalysis product are mostly distributed
between -0.2 to 0.2 PSU, which fundamentally follow the Gaussian distribution. Among
them, HYCOM has more positive ASSS with buoy with a peak distribution of -0.1 PSU. In
contrast the absolute majority of negative ASSS values are found from ECCO2 product
with a peak distribution of 0.4 PSU. This agrees with the spatial comparison against
CMEMS L4 SSS in tropical regions (Figure 8). The distribution of RMSD and CC between
reanalysis SSS and buoy SSS also conforms to the acceptable RMSD values and high CC
in tropical seas (Figure 7c). RMSD values are mainly distributed between 0.1 to 0.3 PSU
with the least mean RMSD from GLORYS12 (0.21 PSU) and highest mean RMSD from
ECCO2 (0.35 PSU). Similarly, the CC values are close to 1 with more than 70% values
distributed between 0.5 and 1. Among four reanalysis products, GLORYS12 has the high-
est mean CC while ECCO2 presents the lowest value. Overall, the distribution of ASSS,
RMSD and CC are generally consistent in each model reanalysis, among which GLO-
RYS12 has best performance in reproducing weekly SSS states and variations in tropical
ocean, and ECCQO2, as similar to that found in global and regional assessment, has the
worst overall data quality at weekly scale.
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Figure 12. Histogram of ASSS, RMSD and CC values between HYCOM (purple), GLORYS12 (dark
red), ECCO2 (yellow), SODA3 (magenta) and GTMBA buoy salinity at 1 m. (a) weekly ASSS, (b)

weekly RMSD, (c) weekly CC values. The numbers in the top right legend are the corresponding
average ASSS (a), RMSD (b) and CC (c) values.

4. Discussion and Conclusions

In this study, the accuracy of five reanalysis SSS generated by high-resolution ocean
reanalysis systems has been validated against in situ gridded products CMEMS L4 SSS
and the tropical mooring buoys at different time and space scales. The in situ analyzed
SSS product used in this study has ingested both the remotely sensed SSS from SMOS
satellite and in situ SSS measurements from various platforms in CORA database. The
comparison is extended to more spatial and temporal scales than some previous efforts.
In situ analyzed products used in other studies are primarily based on Argo profilers,
vessels and other in situ platforms, which have a low spatial coverage in coastal areas and
marginal seas, and can be supplied by satellite salinity merged in CMEMS L4 SSS. By
comparing with in situ analyzed SSS data, we found reanalysis versus in situ RMSD gen-
erally lower than 0.5 PSU and the absolute ASSS values lower than 0.3 PSU. This study
evaluates the SSS data quality of five state-of-the-art ocean reanalysis products for the first
time, which is expected to provide reference for the study of ocean dynamics, hydrological
cycle and earth climate.

The capacity of five reanalysis products to reproduce SSS under extreme conditions
is demonstrated by a multi-scale comparison in the Mediterranean Sea against the
CMEMS 14 SSS, which has been used to validate multi-sensor L4 SSS in the Mediterranean
Sea in previous studies [44]. We found a consistent spatial SSS structure between reanal-
ysis SSS and in situ analyzed SSS with better performance away from the coast and gulfs.
Among five reanalysis products, the HYCOM reanalysis is closest to in situ measure-
ments. The comparison in ten subregions indicate that the performance of SSS reanalysis
is not optimistic in the majority of subregions in the Mediterranean Sea. Among them,
larger uncertainties are found in the Adriatic Sea, the Aegean Sea and the South Mediter-
ranean Sea, which is mainly attributed to the under-sampling of in situ measurements
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used for data assimilation and objective analysis, and partly related to the contaminations
and river inflow from land that were not fully considered in the ocean models. The above
suggest that in such regions with bad environment for SSS reanalysis, despite a wide
range of in situ salinity profiles can be used for data assimilation, some physical or empir-
ical methods are still required to further correct the mean state and variations of reanalysis
SSS, especially those generated by low resolution OGCMs. Our study also suggests the
difficulty of validating reanalysis SSS at high spatiotemporal scales in marginal seas, given
the paucity of in situ SSS measurements in semi-closed regions where Argo profiles are
not sufficient. Perfection of in situ observing system is crucial to improve the data quality
of SSS reanalysis in marginal seas and coastal regions, which is beneficial for dynamic
studies on the mesoscale salinity structures and cross-basin ocean fronts.

By comparing with in situ analyzed CMEMS L4 SSS, we concluded that the SSS re-
produced by reanalysis systems presents the mean bias of 0.1 PSU in open seas between
40°N and 40°S except for ECCO2 with 0.3 PSU mean ASSS. Several regions with large
discrepancies between SMOS and in situ SSS measurements were identified, suggesting
the need for an improved SSS retrieval algorithm in the future to eliminate SSS errors in
coastal areas, large river mouths and EPFP region. As the spatial scale increases, the un-
certainty of SSS decreases with the largest ASSS and RMSD values presented at 0.25°x0.25°
scale. Moreover, it is worth noting that the RMSD, STD and ASSS values reported in this
study are not solely attributed to the SSS uncertainties in reanalysis products. The insuf-
ficient data sampling rates may also contribute to the discrepancies between reanalysis
SSS and in situ SSS. It is also found that ocean reanalysis systems utilizing high resolution
dynamic models tend to depict more accurate SSS structures and variations compared
with those using low resolution models, suggesting that eddy-resolving ocean reanalysis
products are most suitable for investigations on hydrological cycles and ocean climate.

The comparison of collocated SSS time series from four reanalysis products tropical
mooring buoy data shows that GLORYS12 most accurately capture the SSS variations at
weekly scales. This is probably related to the application of both 3D-Var and reduced-
order Kalman filter to constrain salinity variations at higher temporal resolution. Similar
to the global comparison with in situ analyzed products, regional comparison results
against GTMBA buoys also comprises the statistical differences that may not only reflect
the uncertainties of ocean reanalysis, but also the malfunction of buoy sensors as found
by previous studies [38,39].

Finally, the new versions of ocean reanalysis and forecast products with longer time
coverage, higher spatiotemporal resolution and improved data assimilation schemes will
be published by various ocean institutions to provide better SSS estimations in the future,
such as the 1/25° HYCOM reanalysis/analysis product under the framework of Global
Ocean Forecast System 3.5 (GOFS 3.5) developed by the Naval Research Laboratory
(NRL). The launch of Surface Water and Ocean Topography (SWOT) planned in Decem-
ber, 2022 is expected to provide higher resolution Sea Surface Height (SSH) data to better
constrain the ocean circulation models, which will significantly improve the overall per-
formance of ocean reanalysis and empowers the capacity to better identify the signatures
of mesoscale ocean structures from sea surface salinity, such as eddies [45] and ocean
fronts [46]. In the future, we will be able to analyze salinity changes at global scale with
increased temporal/spatial resolution and get a better understanding on their underlying
link to the global hydrological cycle and climate change.
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