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Abstract. The Black Sea regional reanalysis serves as an es-
sential tool for understanding the Black Sea’s response to
climate variability and advancing regional ocean monitoring
efforts. In particular, the Black Sea reanalysis (BLK-REA)
is built with high spatial resolution, 1/40° horizontal grid
and incorporating 121 vertical levels. The model implemen-
tation includes lateral open boundary conditions (LOBC) at
the Marmara Sea, allowing more accurate inflow/outflow dy-
namics through the Bosphorus Strait. BLK-REA assimilates
sea level anomaly (SLA) and in-situ observations and ap-
plies a heat flux correction via sea surface temperature re-
laxation. The data assimilation system uses a background er-
ror covariance matrix evaluated through monthly EOFs over
decadal periods to capture seasonal and decadal variability,
and an observation-based mean dynamic topography is used
for SLA assimilation. When compared to available obser-
vations, the numerical results show high accuracy, with the
largest temperature errors observed in the upper layers, pri-
marily linked to the formation of the seasonal thermocline
during the summer months. The SLA anomaly error is con-
sistently around 0.02 m from the year 2000 onwards, and re-
gions with elevated SLA errors are closely associated with
the Rim Current and its mesoscale variability. These results
highlight the added value of a dedicated high-resolution re-
gional reanalysis, as BLK-REA shows superior skill com-
pared to a state-of-the-art global reanalysis in representing
sea level, temperature, and salinity, particularly in the up-
per and intermediate layers of the Black Sea. Furthermore,
BLK-REA plays a crucial role in generating Ocean Monitor-
ing Indicators, which are essential for tracking and assess-

ing long-term physical changes in the Black Sea. For exam-
ple, temperature data indicate ongoing warming in the 25 to
150 m layer, where the Cold Intermediate Layer is located.
The system is regularly updated, with the next version ex-
pected to improve both the model and DA components. For
a future perspective, the next BLK-REA will expand the do-
main to include the Azov Sea and will feature an enhanced
Bosphorus LOBC.

1 Introduction

The Black Sea is a semi-enclosed basin linked to the Mar-
mara Sea through the Bosphorus Strait, the narrowest part
of the Turkish Strait System (TSS). The TSS continues
through the Dardanelles Strait, which connects the Marmara
Sea to the Mediterranean. Salty waters originating from the
Mediterranean Sea flow into the Black Sea through the TSS,
serving as its main source of salinity. Despite this influx of
saltier waters, the Black Sea is mainly considered a freshwa-
ter basin, characterized by a negative balance between evap-
oration (E), precipitation (P), and runoff (R): E — P — R.
This imbalance is compensated by a two-layer exchange
through the Bosphorus Strait, where a stronger flow of the
fresher upper layer moves southward toward the Marmara
Sea (Besiktepe et al., 1994; Altiok and Kayisoglu, 2015). The
surface circulation in the Black Sea is primarily driven by the
Rim Current, a semi-permanent cyclonic (counterclockwise)
jet that flows along the edges of the basin. Along its path,
this current interacts with multiple cyclonic gyres within its
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core and anticyclonic (clockwise) eddies along its periph-
eries, such as the Batumi and Sevastopol eddies (Oguz et al.,
1993; Korotaev et al., 2003).

An important feature of the Black Sea is the Cold Inter-
mediate Layer (CIL), a cold water mass generated each win-
ter through surface cooling and convective mixing. The CIL
helps the ventilation of the sub-surface of the Black Sea (Oz-
soy and Unliiata, 1997) and is typically defined by water tem-
peratures below 8 °C and extends between depths of 30 to
80m (Ivanov et al., 2001). The formation of the CIL in the
Black Sea is primarily driven by convective processes dur-
ing cold winters, where cool surface waters become denser
and sink to intermediate depths. Recent studies have em-
phasized that CIL variability is not solely controlled by lo-
cal winter conditions but is the result of a complex interplay
between atmospheric forcing, lateral advection, and oceanic
circulation (Korotaev et al., 2014; Miladinova et al., 2018;
Capet et al., 2020). For example, the Rim Current and associ-
ated mesoscale eddies create localized upwelling and down-
welling regions, influencing the CIL distribution (Podymov
et al., 2023).

Understanding the circulation and physical processes of
the Black Sea from the past to recent years can be sup-
ported by ocean reanalyses. These products use state-of-
the-art models driven by atmospheric forcing and data as-
similation, which integrates high-quality multi-year satellite
and in situ datasets to reconstruct historical ocean conditions
(Haines, 2018; Yang et al., 2025). They are crucial for mon-
itoring, as they provide insight into the ocean’s evolution in
response to external forcing, and they allow for the assess-
ment of how environmental changes may affect marine biota,
ecosystems, and activities dependent on the health of marine
environments.

This work presents a new high-resolution Black Sea re-
analysis (hereafter referred to as BLK-REA), developed
within the Copernicus Marine Service, which updates the
model components and the variational data assimilation sys-
tem, assimilating both in situ and satellite observations to
provide a consistent reconstruction of the Black Sea’s phys-
ical state. BLK-REA incorporates improved lateral open
boundary conditions (LOBCs) to better represent exchange
flows through the Bosphorus Strait, an improved freshwa-
ter budget, and a high-resolution model configuration that
allows better representation of mesoscale and submesoscale
processes. Assimilation of satellite and in situ datasets en-
sures that the reconstructed historical ocean state is physi-
cally consistent and captures the evolution of key monitoring
indicators for the Black Sea. Previous Black Sea reanalyses,
also developed within the framework of the Copernicus Ma-
rine Service, have served as valuable tools for understand-
ing the Black Sea’s physical variability and supporting as-
sessments of long-term oceanic changes. For example, they
revealed a recent warming of the Black Sea’s surface, ob-
served in both sea surface temperature (SST) and subsur-
face temperature (Mulet et al., 2018; Lima et al., 2021). An
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ocean monitoring indicator (OMI) based on ocean heat con-
tent (OHC) in the upper 300 m has also shown warming in the
Black Sea. This increasing trend, as indicated by both reanal-
ysis data and temperature measurements from Argo floats
(Lima et al., 2020; Stanev et al., 2019), has contributed to
the reduced presence of the CIL in the Black Sea in recent
years.

Beyond OHC, Black Sea reanalysis has served as the foun-
dation for other OMIs also produced within the scope of the
Copernicus Marine Service. Using its velocity fields, Peneva
et al. (2021) created an index for the Rim Current, showing
that the annual mean current speed fluctuated by approxi-
mately 30 % between 1993 and 2019, with a positive trend
of about 0.1 m s~! per decade. Ilicak et al. (2022) analyzed
the meridional overturning circulation in the Black Sea and
identified a strong correlation between the CIL and a newly
proposed index representing the maximum overturning cir-
culation in density space. Gunduz et al. (2022) proposed an
index to characterize the upwelling system along the Turkish
coast. Their study revealed significant year-to-year variations
in upwelling intensity and duration, driven primarily by wind
patterns. In addition, they also found that recent declines in
the CIL may have further influenced the properties of the up-
welled waters.

Additionally, Black Sea reanalysis has played an important
role in the practical development of the Black Sea physics
forecast system (Ciliberti et al., 2022) and, more recently,
in generating hourly datasets of velocity components and
sea surface height (SSH) for driving wave reanalysis within
the framework of the Black Sea Monitoring and Forecasting
Centre (BLK-MFC) under the Copernicus Marine Service
(Ciliberti et al., 2021). One of the main challenges in devel-
oping a reanalysis for the Black Sea is the scarcity of in-situ
observational data to be assimilated, particularly in certain
periods, such as the 1990s. This data scarcity is even more
pronounced in deeper layers. The absence of observational
data requires the use of a robust model capable of accurately
simulating the physical processes involved in the Black Sea.
Thus, significant progress has been made in improving the
quality of the BLK-REA model component with respect to
its previous version, including the implementation of a new
configuration with LOBCs to better simulate exchange flows
through the Bosphorus Strait, such as the inflow of saltwater
from the Marmara Sea. Also, the freshwater balance in the
model has been refined by incorporating atmospheric forc-
ing with hourly precipitation data, alongside monthly mea-
surements of the Danube River discharge.

These improvements emphasize the importance of devel-
oping a regional reanalysis that integrates specific configu-
rations and physical parameterizations tailored to accurately
represent the unique characteristics of the Black Sea, which
is challenging to achieve with global reanalyses. The latter
often rely on fixed parameter adjustments optimized for other
regions in the global ocean. In addition, a regional reanaly-
sis typically utilizes higher-resolution models, allowing for a
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more accurate representation of mesoscale and submesoscale
processes, which are often unresolved or only partially cap-
tured by the coarse resolution of current global reanalyses.
A quantitative comparison between BLK-REA and a state-
of-the-art global reanalysis (GLORYS12; Lellouche et al.,
2021) over the Black Sea, presented in Appendix A, further
illustrates these differences and highlights the added value of
maintaining a dedicated regional reanalysis for this basin.
This article is organized as follows: Sect. 2 provides a de-
tailed description of BLK-REA configuration, which was re-
leased in December 2024. Section 3 presents the main BLK-
REA results and their validation, as well as the updated OMIs
for the Black Sea based on BLK-REA. Section 4 summarizes
the key findings and outlines improvements and data needs
for future versions. Appendix A provides a comparison be-
tween BLK-REA and GLORYS12 in the Black Sea, present-
ing quantitative evaluations of key ocean variables, including
SST, sea level anomaly (SLA), temperature, and salinity.

2 Methodology

Most of the methodology and configurations follow the pre-
vious Black Sea Reanalysis version (Lima et al., 2021), such
that this section focuses on the main changes and enhance-
ments present in the newly released version.

2.1 Ocean Model

The BLK-REA model component is the Nucleus for Euro-
pean Modelling of the Ocean (NEMO version 4.0, Madec
and the NEMO team, 2019) configured for the domain (Azov
and Marmara Seas are not included). NEMO is implemented
at a horizontal resolution of 1/40° and 121 vertical geopo-
tential levels. This horizontal resolution provides a spatial
discretization of approximately 2.5km, which conforms to
the mesoscale eddy-resolving scale; the Rossby radius of
deformation in the Black Sea is approximately 20km. The
model is driven by atmospheric fluxes derived from ECMWF
ERAS reanalysis with spatial and temporal resolutions of
1/4° and 1 h, respectively. The atmospheric forcing consid-
ers the following variables: components of 10 m wind, to-
tal cloud cover, 2m air temperature, 2 m dew point temper-
ature, mean sea level pressure and precipitation. The system
computes momentum, heat, and water fluxes at the air-sea
interface using bulk formulae originally developed for the
Mediterranean Sea (Castellari et al., 1998; Pettenuzzo et al.,
2010), which have also been employed in other Black Sea
systems (Ciliberti et al., 2022; Lima et al., 2021). Addition-
ally, the system applies daily SST relaxation for heat flux
corrections based on the ESA-CCI SST-L4 product (Good et
al., 2020).
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2.1.1 Lateral open boundary conditions

One of the key challenges in modeling the Black Sea dynam-
ics is accurately simulating the outflow and inflow through
the Bosphorus Strait. This is essential for correctly repre-
senting the surface and intermediate depth salinity patterns
and sea surface height (SSH) trends, as the Bosphorus acts
as the sole passage for saltwater entering the Black Sea,
and the only exit of the surface Black Sea water. The previ-
ous Black Sea reanalysis approach applied closed boundary
conditions, requiring temperature and salinity restoration to
achieve more accurate results. Additionally, SSH was con-
trolled by treating the Bosphorus as an inverse river with a
controlled flow to prevent artificial SSH trends. The present
version incorporates open boundaries, using results from the
Unstructured Turkish Straits System (U-TSS) model (Ilicak
et al., 2021), leading to a more accurate representation of
these dynamics. U-TSS is built upon the Shallow Water Hy-
drodynamic Finite Element Model (SHYFEM; Micaletto et
al., 2022). SHYFEM employs an unstructured finite element
grid in the horizontal dimension and assumes hydrostatic ap-
proximation, solving depth-integrated shallow water equa-
tions in the vertical. The model features a horizontal reso-
lution ranging from 500 m in deeper regions to 50 m in shal-
lower areas, enabling a detailed representation of the Turkish
Straits: Dardanelles and Bosphorus. Additionally, it incorpo-
rates 93 geopotential coordinate levels in the vertical dimen-
sion. The current reanalysis simulation utilizes LOBCs from
monthly-averaged fields of temperature, salinity, U and V
velocity components, and SSH from a 4-year U-TSS simula-
tion covering the period 2016-2019. Flather’s boundary con-
dition is applied to the barotropic component, while the flow
relaxation scheme is utilized for tracers and baroclinic com-
ponents, as implemented in NEMO. Custom interfaces be-
tween U-TSS and BLK-REA have been developed to adapt
the U-TSS model outputs for the BDY module in NEMO
(Chanut, 2005).

Due to computational constraints, the LOBCs at the
Bosphorus Strait were derived from monthly-averaged out-
puts of a U-TSS simulation covering the period 2016-2019.
A monthly climatology from this period was applied consis-
tently over the full reanalysis timeline (1993-2022) to rep-
resent seasonal variability. Although this approach does not
capture interannual signals at the boundary, the internal dy-
namics of the Black Sea, combined with the data assimilation
of satellite and in situ observations, help maintain physical
consistency throughout the basin.

2.2 Observations

The system assimilates sea level anomaly (SLA) data
from the dataset European Seas Along-Track L3 Sea
Surface Heights Reprocessed, Tailored for Data As-
similation, available in the Copernicus Marine Ser-
vice catalog (SEALEVEL_EUR_PHY_L3_MY_008_061,

Ocean Sci., 22, 1051-1072, 2026



1054

https://doi.org/10.48670/moi-00139; Faugere et al., 2022).
To maximize the number and spatial coverage of in-situ ob-
servations assimilated into the model, we combine multiple
datasets using a predefined priority order, ensuring that du-
plicate profiles are excluded, as follows:

1. Global Ocean CORA In-situ Observa-
tions — Yearly Delivery in Delayed Mode
from Copernicus Marine Service (IN-

SITU_GLO_PHY_ TS_ DISCRETE_MY_013_001;
https://doi.org/10.17882/46219) (Szekely et al., 2019;
Szekely et al., 2024).

2. Global Ocean In-situ Near-Real-Time Obser-
vations from Copernicus Marine Service (IN-
SITU_GLO_PHYBGCWAV_DISCRETE_ MYNRT_
013_030; https://doi.org/10.48670/moi-00036, E.U.
Copernicus Marine Service Information (CMEMS),
2024).

3. SeaDataNet historical in-situ data collections (My-
roshnychenko and Simoncelli, 2018; Myroshnychenko,
2020).

In addition to the standard quality-control procedures ap-
plied by the data providers, several supplementary screen-
ing steps are implemented to minimize the impact of spuri-
ous observations. Only measurements explicitly flagged as
good are retained for all variables, and basic physical range
checks are applied to temperature and salinity. For CTD pro-
files, only downcasts are used. For Argo floats and gliders,
a vertical-resolution criterion is applied in the upper ocean,
excluding profiles with data gaps larger than 40 m in the first
300 m to ensure adequate representation of the thermocline.
Finally, in rare cases where the assimilation of specific obser-
vations (e.g., T /S profiles or along-track SLA) induces in-
stabilities in the model solution, targeted visual inspection is
performed to identify and exclude the problematic data prior
to rerunning the assimilation, as neglecting these cases may
lead to a model blow-up.

In data assimilation, the in situ instrumental errors assume
different values for 7 and S and vary in the vertical dimen-
sion based on statistics derived from Ingleby and Huddleston
(2007). The in-situ representation errors are defined as a mul-
tiplicative factor applied to the depth-dependent instrumental
errors and vary horizontally on the model grid according to
previous model-observation statistics. In this component, the
same spatially varying factor is applied to T and S, which is
a simplification justified by the similar spatial sampling pat-
terns and statistical structure of the 7/S in situ observational
datasets. Representation errors account for unresolved physi-
cal processes, subgrid-scale variability, and model errors that
are not part of instrumental uncertainties. Both components
of in situ errors are kept constant over time. For SLA ob-
servations, the instrumental error is set to 4 cm, and the rep-
resentation errors vary spatially and monthly following Oke
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and Sakov (2008). Similar to the previous version, a back-
ground quality check is implemented in the data assimilation
system to reject observations that deviate significantly from
the model prior solution. Rejection by background quality
control does not necessarily indicate erroneous data, but of-
ten reflects large innovations that would otherwise introduce
undesirable shocks in the model state. The quality control
procedures and data rejection thresholds are applied as de-
scribed in Lima et al. (2021), with no changes introduced in
BLK-REA.

In contrast to the previous version of the reanalysis (Lima
et al., 2021), which used a model-derived mean dynamic
topography (MDT), an enhancement in the present version
is the use of an observation-based mean dynamic topog-
raphy MDT to compute the model-equivalent SLA in data
assimilation. Sensitivity tests indicated that this choice im-
proves the assimilation skill of SLA, leading to systemat-
ically reduced RMSD values. The observation-based MDT
field is available in the Copernicus Marine Service catalog:
https://doi.org/10.48670/moi-00138 (E.U. Copernicus Ma-
rine Service Information (CMEMS), 2024).

2.3 Data Assimilation

The data assimilation system, OceanVar, utilizes a three-
dimensional variational (3D-Var) assimilation algorithm.
OceanVar was initially developed for the Mediterranean Sea
(Dobricic and Pinardi, 2008) and subsequently extended to
the global ocean (Storto et al., 2011) and Black Sea (Cilib-
erti et al., 2022; Lima et al., 2021). The new system utilizes
OceanVar, following the same equations outlined in Lima et
al. (2021), with particular emphasis on the cost function (J)
equation presented as follows:

1o rp-1 1 Tp-!
J = 5ox B ox 4 o (Hox —d) R (Hix —d) (1)

where §x = x, — xp, is the increment, i.e., the difference be-
tween the analysis (x,) and background (x), d = y — H (xp)
is the misfit between an observation vector y and its modeled
correspondent (in the observation space) where H, the ob-
servation operator, maps the model fields to the observation
locations. OceanVar is a multivariate scheme, i.e., the state
vector x can contain the following model state variables: 7',
S, SLA, and horizontal velocities (¥ and v). However, only
the first three variables are employed in the present BLK-
REA implementation. B and R are respectively the back-
ground and observation covariance matrices. R is diagonal
in the observation space and includes the sum of instrumen-
tal and representation errors, along with an additional error
component that depends on the time difference between each
observation and the analysis time. The latter component is
weighted according to this temporal distance.

In OceanVar, the variational cost function is solved using
the incremental formulation (Courtier, 1997), with precondi-
tioning of the cost function minimization achieved through
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a change-of-variable transformation. Thus, to avoid invert-
ing the B matrix and to precondition the minimization of the
cost function, the B matrix is defined as B=V V7 where
V is decomposed into a sequence of linear operators: V =
V; VaVy. The V operator represents the background error co-
variance matrix, capturing the interdependencies among vari-
ables. Furthermore, a new control variable, v = V*x (and
thereby §x = Vv), is introduced for the minimization pro-
cess through the application of a transformation. Thus Eq. (1)
becomes:

17 1 Tp-1
J=§v v+§(HVv—d) R (HVv—d) 2)
In the present version, the linear operators V; and V; fol-
low the same formulation described by Lima et al. (2021).
The dynamic height operator in V), imposes local hydro-
static and geostrophic balance among SLA, temperature, and
salinity increments, following Storto et al. (2011), with a
level of no motion assumed at 1000 m, where this balance
is valid. This restricts SLA assimilation to deep-water re-
gions. V}, represents horizontal correlations, modeled with
a first-order recursive filter (Farina et al., 2015) and a fixed
correlation length-scale of 20km. Instead, V), incorporates
background-error 7' and § vertical covariances that are mod-
elled through 45-mode multivariate Empirical Orthogonal
Functions (EOFs) and derives from a previous integration in-
cluding the assimilation of SLA, T and S profiles, using the
full model resolution. In addition, the new approach is non-
stationary and a different set of EOFs are applied considering
the following decades: 1984—1993, 1994-2003, 2004-2013,
and 2011-2020. EOFs are calculated for each month from
anomalies estimated from daily 7', S and SSH fields with re-
spect to the long-term monthly mean of the corresponding
decade.

2.4 Strategies and experiment setup

The experiment is initialized in 1991 with a rest state of tem-
perature and salinity fields derived from the World Ocean
Atlas climatology (WOA 2018, Garcia et al., 2019). Follow-
ing a spin-up of 2 years (1991-1992), the BLK-REA starts
in 1993. The data assimilation is applied every 2d, i.e., if the
model initializes at time ¢, the next data assimilation cycle is
performed at the time ¢ 4- 2. The observation window is 4d
centered at the analysis time, so that each cycle assimilates
observations from 2 d before until 2 d after the analysis time.
Figure 1 shows SST increments (in °C) over the Black Sea
on 9 January 2020, overlapped with along-track SLA and in
situ profile data assimilated during a single DA cycle in the
BLK-REA. The subplot highlights the Marmara Box and its
bathymetry, where boundary conditions from U-TSS are ap-
plied along faces A, B, and C. In the Black Sea, the limited
availability of in-situ observations for assimilation leads to
systematic errors in certain variables during specific periods,
particularly in the deeper layers. To mitigate this bias, large-
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scale bias correction (LSBC) toward WOA2018 decadal cli-
matologies is applied below 700 m. The formulation and ad-
ditional details on the LSBC scheme are described in Lima
et al. (2021).

3 Results and discussion

This section presents validations of key variables from the
BLK-REA. The validations are quasi-independent, as they
consider both assimilated observations and those excluded
during the data assimilation process due to specific adjust-
ments (e.g., background quality control). However, fully in-
dependent observational datasets, in the sense of being com-
pletely separate from the assimilated data, were not available,
which should be taken into account when interpreting the val-
idation results. In addition, this section presents results for a
set of OMIs derived primarily from the BLK-REA, whose
evaluation is discussed in a dedicated subsection.

Additional analyses comparing BLK-REA with GLO-
RYS12 over the Black Sea are presented in Appendix A.
These analyses provide supporting quantitative evidence of
the added value of BLK-REA over the Black Sea, comple-
menting the results presented in this section, with the SST
evaluation based on fully independent observations.

3.1 Validation

Spatial seasonal maps of reanalysis SST are compared to
satellite data in the period 1993-2022 and their difference
shows a predominance of model negative biases in winter
and spring, and positive biases in summer and fall, with a
few exceptions as follows (Fig. 2; left). Positive values of
0.1 up to 0.3°C are visible in some regions during win-
ter, such as close to the Danube river mouth and along the
southwest coast. Negative biases are present adjacent to the
Kerch Strait, and the lowest negative biases, of more than
1.0 °C, are exhibited in the upwelling region along the west-
ern Anatolian coast in summer. Most of the central-eastern
area is covered by negative bias in fall. SST RMSD (Root
Mean Squared Difference) maps indicate that errors are gen-
erally lower in spring and higher in fall (Fig. 2; right). In
general, larger values can be seen close to large river mouths
such as near the Dnieper in winter and Danube in winter,
spring, and summer. The highest errors, exceeding 1 °C, are
observed along the western Anatolian Turkish coast in both
summer and fall. In this region, a similar overestimation of
upwelling phenomena was observed in the results of the pre-
vious Black Sea reanalysis, which was attributed to the influ-
ence of stronger winds (Lima et al., 2021). Recent analyses
have indicated that the air-sea bulk formulation may be re-
sponsible for the intensified upwelling, and we plan to refine
this model component in future releases of the Black Sea re-
analysis.

Ocean Sci., 22, 1051-1072, 2026
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Figure 1. SST increments (in °C) over the Black Sea on 9 January 2020, shown with a blue—white-red color scale. Triangles mark the
positions of the main river inflows, while along-track SLA observations and in situ profile data (mostly Argo floats during this period;
showing their positions as x) are also displayed. Each color corresponds to a different day within a 4d observation window centered at
00:00 UTC on 9 January 2020. The subplot highlights the Marmara Box (red rectangle) and its corresponding bathymetry, where boundary
conditions from U-TSS are prescribed along faces A, B, and C. No assimilation is performed inside the Marmara Sea, and thus the SST

increments there are zero.

The Hovmoller diagram (time-depth) of RMSD for tem-
perature computed as a lateral average, reveals a distinct sea-
sonal cycle in the upper water column (Fig. 3), with lower
errors in winter that increase during summer, exceeding 2 °C
in the upper 50 m. This summer increase is associated with
the model’s misrepresentation of the seasonal thermocline,
which is partially corrected through data assimilation. Be-
low 100 m, errors remain low, staying below 0.25 °C for al-
most the whole period. Before the Argo floats era (mid-to-
late 2000s), the scarcity of in-situ data limited the effective-
ness of data assimilation, compromising both the model cor-
rection and the validation process.

The Hovmoller diagram of temperature biases predomi-
nantly shows positive values, occasionally exceeding 1°C
near the surface, with intermittent periods of negative biases
(Fig. 3). The most pronounced discrepancies are observed
within the seasonal thermocline depths. There is a tendency
for biases to shift from positive in upper layers to negative
values at deeper layers, down to 100 m. This may be related
to the misrepresentation of the vertical position of the sea-
sonal thermocline in the BLK-REA results compared to ob-
servations over time.

Unlike temperature, the Hovmoéller diagram of RMSD for
salinity does not exhibit a clear seasonal cycle. Errors ex-
ceed 1 psu during short periods (Fig. 3), particularly in the
upper layers, where high uncertainties are likely derived from
precipitation biases in ERAS, simplified river runoff forcing,
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and the internal freshwater budget computed via the model’s
bulk formulae. Apart from these peak values, errors are rela-
tively higher between 50 and 100 m. Within this layer, errors
tend to decrease over time, reaching values below 0.25 psu in
the most recent years of validation. Once again, the scarcity
of observations compromises the validation process before
2004. Below 200 m, errors remain very low, with values con-
sistently below 0.1 psu.

Salinity biases show a predominance of positive values
(Fig. 3). The Hovmoller diagram reveals two main charac-
teristics: BLK-REA diverges more from observations in the
upper 200 m, with values alternating between positive and
negative biases. Below 200 m, biases approach zero and re-
main predominantly positive. Since 2014, the values tend to
be closer to zero, with biases showing a relative reduction in
the upper 200 m.

During the validation stage, the elevated 7/S errors
around 1996 (salinity) and 1998 (temperature) in the Hov-
moller diagrams (Fig. 3) may be linked to observations that
were not assimilated but included in the quasi-independent
validation. These peaks are likely due to such observations,
but also sparse coverage, and local model biases.

Figure 4 presents the temporal and spatial averaged RMSD
and biases for temperature, comparing the reanalysis results
with in-situ observations. For a better spatial analysis, we di-
vide the Black Sea into three different regions: western, cen-
tral, and eastern. The largest temperature errors occur in the
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Figure 2. Seasonal maps of the mean bias (left) and RMSD (right) of the SST (°C) with respect to the satellite ESA-CCI product over the
period between 1993 and 2022. From top to bottom: winter, spring, summer, and fall.

upper layers and are primarily associated with the formation
of the seasonal thermocline in summer, as previously shown
in the Hovmoller diagrams for temperature (Fig. 3). In this
layer, RMSD reaches a maximum of approximately 1.5 °C
in the western and eastern regions, and about 1.25 °C in the
central region. In the upper water column, temperature bi-
ases are negative in the eastern and central regions. In the
western region, the bias is positive from the surface down to
50 m, reaching values of up to 0.1 °C, and becomes negative
between 50 and 100 m, aligning with the values observed in
the central region. The largest errors are observed in the east-
ern region. Errors gradually decrease with depth, with RMSD
reaching values lower than 0.25 °C at 150 m, biases becom-
ing closer to zero.

The same analysis for salinity is shown in Fig. 5. The
western region exhibits the highest near-surface RMSD, with
values reaching over 0.8 psu in the upper 100m, despite
high observational coverage. In contrast, RMSD values are
lower in the central and eastern regions, remaining below
0.2 psu in the upper layers. These high values in the west-
ern region are mainly due to limitations in freshwater in-
puts from major rivers: only the Danube uses monthly vary-
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ing discharge, while other rivers follow climatologies with-
out intra-annual variability, producing persistent local biases.
Prescribed boundary conditions near the Bosphorus Strait
improve the physical representation but also introduce uncer-
tainties. Data assimilation can partially improve model rep-
resentation under these circumstances by incorporating ob-
servations with strict quality control, but some errors can still
persist. Salinity biases show regional differences. In the west-
ern region, positive biases are pronounced near the surface,
rapidly transitioning to negative values and reaching about
—0.04 psu between 25 and 50 m. In contrast, biases in the sur-
face layers of the central and eastern regions remain closer to
zero but increase in the subsurface starting at 50 m, follow-
ing the pattern observed in the western region. At a depth
of around 100m, all regions exhibit relatively high salin-
ity biases, with the eastern region showing the highest val-
ues, reaching up to 0.04 psu. In general, salinity biases de-
crease beneath 100 m and approach zero at depths greater
than 200 m.

In the eastern region, a slight increase in temperature and
salinity biases occurs below 700 m (Figs. 4 and 5). This pat-
tern likely arises from sparse deep-layer observations prior

Ocean Sci., 22, 1051-1072, 2026
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Figure 3. Hovmoller (time—depth) diagrams of temperature (left) and salinity (right) in the Black Sea from 1 January 1993 to 31 December
2022. Rows show bias (top), RMSD (middle), and number of observations (bottom). Temperature is in °C and salinity in PSU.

to 2003 (as shown in the Hovmoller diagrams, Fig. 3), limi-
tations in model initialization, and unresolved physical pro-
cesses within the model. The introduction of Argo profiling
floats from 2003 increased deep data coverage, revealing bi-
ases that were previously undetected and never corrected; be-
low 700 m, LSBC toward WOA2018 climatology is not suf-
ficient to constrain the model. In addition, some observations
excluded from assimilation were still included in validation,
further contributing to the apparent increase in errors. Even
with strict quality control, some measurement errors or in-
consistencies may have persisted.

Spatial maps of the SLA RMSD reveal the highest val-
ues, ranging from 2.5 to 4 cm, with occasional peaks exceed-
ing 4 cm, predominantly along the basin’s periphery (Fig. 6).
These elevated deviations are closely linked to the Rim Cur-
rent and its inherent mesoscale variability. In contrast, SLA
RMSD values in the central basin are generally lower, around
2 cm. Notably, areas with large RMSD values align with re-
gions of strong eddy kinetic energy (EKE), which we use to
assess mesoscale activity (Fig. 7). This pattern is particularly
evident along the Anatolian, Caucasian, and Crimean coasts,
where well-known mesoscale characteristics are present (Ko-
rotaev et al., 2003). SLA errors show slight variations across
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seasons, with particular attention given to high values along
the Caucasian coast. These values extend further offshore
in winter. Additionally, higher SLA errors occupy a larger
area around the Batumi eddy region during fall. Error val-
ues are relatively high along the Crimean coast, particularly
in the western region, where the persistent influence of the
Sevastopol eddy contributes to elevated mesoscale variabil-
ity. However, these errors tend to decrease during summer.
Kubryakov and Stanichny (2015) reported that the total num-
ber of detected eddies exhibits local maxima in both the Sev-
astopol and Batumi eddy regions, reflecting the dynamic na-
ture of coastal circulation in these areas. These complex dy-
namics may not be adequately resolved by the model, poten-
tially contributing to elevated SLA errors in these areas.
This interpretation is further supported by EKE maps
(Fig. 7), which consistently show high energy levels in these
regions, indicating intense mesoscale activity that aligns with
the SLA discrepancies viewed in Fig. 6. EKE maps show
elevated values along the Rim Current, particularly along
the Caucasian coast. To ensure a clean comparison with
altimetry-derived estimates, BLK-REA EKE was computed
from the geostrophic component only, using SSH from the
model. BLK-REA EKE values generally exceed those de-
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water column, from left to right: winter, spring, summer, and fall.

rived from altimetry, especially in the Batumi and Sevastopol
eddies, where peak values reach about 300cm?s~2 in fall
and spring, respectively, compared to altimetry-based esti-
mates of around 220 cm? s~2. This difference likely reflects
multiple factors, including the spatial smoothing inherent to
the 0.25° Level-4 altimetry product, the reduced capability of
altimetry to capture smaller-scale variability due to mapping
and interpolation procedures, and possible over-energetic be-
haviour of the model arising from its higher resolution, phys-
ical parameterizations, and potentially insufficient dissipa-
tion of mesoscale energy.

3.2 Ocean monitoring indicators

We present a set of OMIs computed from the BLK-REA:
OHC anomalies, Rim Current interannual variability, and
meridional overturning circulation. These indicators are used
to monitor key aspects of the Black Sea state and its vari-
ability. For the OHC OMI, the evaluation is further sup-
ported by a multi-product ensemble analysis combining
BLK-REA, GLORYS12, ARMOR3D (Greiner et al., 2025),
and CORAS.2 (Szekely et al., 2019), enabling quantitative
comparison and uncertainty estimation using independent
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products. For the remaining indicators, such as the Rim Cur-
rent index and meridional overturning circulation, ensemble-
based analyses are not feasible due to the limited availability
of high-resolution velocity data for the Black Sea. Assess-
ments are therefore based on comparisons with studies using
earlier versions of the Black Sea reanalysis.

3.2.1 Ocean heat content

Figure 8 illustrates the time evolution of basin-averaged tem-
perature, with the 8 °C isotherm selected to track the Black
Sea CIL over time. The formation of the CIL is mainly as-
sociated with water cooling during the winter season, and
its presence is consistently observed until 2008. From 1993
to 2008, the CIL extends from the surface to approximately
100 m in depth. After 2008, this pattern exhibits a significant
shift, as temperatures rise, leading to the frequent disappear-
ance of the CIL. Nevertheless, instances of CIL formation are
also observed in 2012, with a reduced extent in 2017, con-
sistent with Argo float measurements (Stanev et al., 2019).
More recently, a very weak CIL formed in March 2022, as
documented by Cokacar et al. (2024), who attributed this
event to intense cold-air masses that caused severe weather

Ocean Sci., 22, 1051-1072, 2026
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Figure 6. Seasonal maps of the mean RMSD (top) of the SLA (cm) with respect to the satellite along-track SLA product over the period
between 1993 and 2022. Bottom maps indicate the number of observations for each season.
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conditions across southern Europe, including the Black Sea,
and influenced CIL formation.

The warming signal is evident in the Hovmoéller diagram
of temperature anomalies, which shows a predominance of
positive values starting in 2009. Occasionally, positive values
are interrupted by negative anomalies in the upper layers, as
seen in years with the presence of the CIL: 2012, 2017, and
2022.

The analysis of ocean heat content in the Black Sea fol-
lows the formulation outlined by Lima et al. (2020), as de-
scribed by the equation below:

2
OHC = / p()Cp (Tm - Tclim) dZ (3)
Z

1

with po equal to 1020kgm™> and ¢p equal to
3980Jkg~!°C~! are, respectively, the density and spe-
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cific heat capacity; and dz indicates a certain ocean layer
limited by the depths z; and z2; Ty, corresponds to the
monthly averaged temperature and T, is the climatologi-
cal temperature of the corresponding month. In this study,
OHC is calculated as the deviation from the reference period
of 1993-2014. Following Lima et al. (2020), a multi-product
ensemble analysis is used to support the evaluation of OHC
variability. The ensemble mean and spread are computed
from BLK-REA, GLORYS12, ARMOR3D, and CORAS5.2,
while individual BLK-REA OHC values are shown sepa-
rately. The temporal evolution of the ensemble mean and
the BLK-REA OHC is presented in Fig. 9. For BLK-REA,
the analysis covers the period 1993-2022, whereas the
ensemble analysis is restricted to 2005-2022, corresponding
to the period of increased and more consistent Argo float

Ocean Sci., 22, 1051-1072, 2026
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The monthly anomaly estimates considered the climatological period 1993-2014 of each corresponding month. The blue dashed line indicates

the mean position of the 8 °C isotherm (top).

coverage in the Black Sea, which ensures improved temporal
sampling and comparability across products.

The OHC in both the 0-10 and 0-100 m layers shows an
overall warming trend, with values of 0.08 and 0.51 Wm™2,
respectively (Fig. 9). Table 1 shows OHC trends within other
layers to compare the values with those reported by Lima
et al. (2021), who analyzed OHC trends using the previous
Black Sea reanalysis during the period 1993-2018. In gen-
eral, the newest BLK-REA shows lower OHC trends. In the
0-10m layer, the OHC curve shows several positive peaks
around 1 x 108 Jm™2 in 2010, 2012, 2018, and 2020. In con-
trast, negative peaks are observed in 1993, 1997, and 2001.
An interesting observation is that although the CIL is present
in 2012, there are positive anomalies in the upper layers that
year. This suggests that colder waters from the upper layers,
which subducted in 2011, may have reached the CIL levels in
2012. These features are visible in the Hovmoller diagrams

Ocean Sci., 22, 1051-1072, 2026

of basin-averaged temperature anomalies (Fig. 8). The CIL
signal is clearly present in the 0—100 m layer in 2012. Ad-
ditionally, the OHC shows a clear agreement with the CIL
cold content observed in the data, which was estimated by
Capet et al. (2020) using temperature observations from var-
ious platforms. Specifically, years of higher heat content cor-
respond to a reduction in CIL cold content, while years of
lower heat content coincide with an increase in CIL cold
content. In more recent years, the CIL cold content values
are nearly zero, except for 2012 and 2017, when the values
exceeded 1.5 x 108 Jm™2 in 2012 and were slightly below
this threshold in 2017; see the green curve in Fig. 9. Corre-
spondingly, both years show a decrease in OHC, reinforcing
the relationship between CIL cold content and heat content
variability. The BLK-REA and ensemble-mean time series
exhibit a similar temporal evolution, while the relatively sta-
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Table 1. Trends estimations together with the 95 % confidence in-
terval (in brackets) for the ocean heat content anomaly (W m_2)
from BLK-REA for the periods 1993-2022 and 1993-2018, and
from the previous Black Sea reanalysis (Lima et al., 2021) for the
period 1993-2018.

19932022 | 1993-2018
BLK-REA | BLK-REA Lima et
al. (2021)
0-10m 0.08 (0.01) | 0.09 (0.01) 0.11 (0.01)
0-50m 0.35(0.02) | 0.37(0.02)  0.45 (0.04)
0-200m  0.74 (0.02) | 0.72(0.03) 0.81 (0.05)
0-1000m  0.84 (0.02) | 0.83(0.03) 0.83 (0.04)

ble ensemble spread suggests overall agreement among the
products throughout the analysis period.

3.2.2 The Black Sea overturning circulation

We follow the methodology of Ilicak et al. (2022), comput-
ing the meridional overturning circulation (MOC) in density
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space to better represent water mass transport in the Black
Sea. We divide the water mass structure of the Black Sea in
50 different o (o2; potential density anomaly with [kg m—>]
respect to a reference pressure of 2000 dbar) density bins and
compute the MOC using the formula:

1 1 XB2 0
W*(y»g)z—?/ / / H[E-O’(X, y»Z,t)]
o Jxpi1 —H

X v(x, y,z,t)dzdxds 4

where H is the Heaviside function and v is the meridional
velocity. We used 100 o density bins to remap the mass flux
fields.

A very narrow cell with positive values (clockwise circu-
lation) of approximately 0.03—-0.04 Sv is observed just be-
low 26 kg m~3 around 43° N (Fig. 10). However, at densities
higher than 26kgm™3, the MOC structure predominantly
exhibits negative values (indicative of anticlockwise circu-
lation), exceeding —0.03 Sv. At a density of approximately
25.5kgm~3, the MOC forms a dipole pattern, with slightly
positive values between 42 and 44.5° N and negative values
south of 42° N. Above this, the circulation remains anticlock-
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wise until approximately 23.75kgm™3, where a clockwise
pattern re-emerges between 23.75 and 22kgm™3 , with pos-
itive transport exceeding 0.02 Sv. Nonetheless, within this
layer, localized negative values are observed, particularly
around 45°N. In general, below 23.75kgm™3, there is a
predominance of anticlockwise circulation, especially in the
southern part of the basin, likely associated with the inflow of
Mediterranean Water into the Black Sea. Above this isopyc-
nal, positive values indicate a clockwise circulation, which is
linked to the formation of the CIL. These findings are con-
sistent with the results of Ilicak et al. (2022).

Next, we identify the maximum MOC in density space
for the Black Sea between 22.45 and 23.85kg m~3, corre-
sponding to depths of approximately 25 to 80 m (Ilicak et
al., 2022). The MOC declined from 0.1 Sv in 1993 to a min-
imum of nearly 0.01 Sv in 2010. After 2010, the MOC ex-
hibited alternating periods of increase and decrease, but with
an overall upward trend, reaching its highest values of al-
most 0.12 Sv in 2022. Stanev et al. (2019) reported that the
Black Sea MOC has weakened over the past 30 years, pos-
sibly due to anthropogenic global warming. In recent years,
the CIL has nearly disappeared, as shown by observational
data and reanalysis results (Stanev et al., 2019; Lima et al.,
2021; Capet et al., 2020), as also discussed in the OHC sec-
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tion (Figs. 8 and 9). Ilicak et al. (2022) associated the de-
cline in MOC with the loss of CIL cold content between
1993 and 2010. However, since 2010, the MOC has started
to increase, while the CIL is only present in 2012 and re-
mains very weak in 2017 and 2022. Different water mass
transformations could be the potential mechanisms behind
an increase in the MOC. Specifically, an increase in salinity
could compensate for the decrease in the formation of cold,
dense water, which would otherwise weaken the circulation.
Reanalysis model results show that there is an upward trend
of sea surface salinity (SSS) in the Black Sea. In addition,
running multiple cycles of decadal reanalysis simulations is
likely necessary to achieve a more accurate spin-up of the
deep ocean. However, to investigate the detailed dynamics
of the MOC in the Black Sea, further research is required.
This should involve using multi-cycle reanalysis model sim-
ulations combined with passive tracers, such as ideal age, to
better understand the circulation patterns and timescales.

3.2.3 The Rim Current interannual variability

The Rim Current is the dominant cyclonic gyre that defines
the general circulation of the Black Sea. The Black Sea Rim
Current Intensity Index (BSRCI) measures the strength of
this current in a given year relative to the multi-year aver-
age. It is based on the average surface current velocity in the
Rim area confined by the isobaths of 200 and 1800 m. Two
sections are chosen as representative for the Rim current: a
northern section between 33-39°E, and a southern section
between 31.5-35° E. For each section, the BSRCI is defined
as:

BSRCI = %" ¢ (5)

with Vo the annual average surface current speed in the
respective area and V| the long-term average over the pe-
riod 1993-2022. In this way, the index is close to zero when
the annual mean state is near normal, while positive values
indicate a stronger Rim Current, and negative values repre-
sent a weaker one (Peneva et al., 2021). The BSRCI OMI
provides the intensity of the Rim Current in both the North-
ern and Southern Black Sea. In this study, we present up-
dated results based on the latest data from the Black Sea re-
analysis. The values are predominantly negative before 2010,
with a notable negative peak below —0.2 in 1997 (Fig. 11).
After 2010, the values alternate between negative and posi-
tive, with positive peaks observed in 2014, 2017, 2020, and
2022. The BSRCI peak in 2014 exceeds 0.15 and reaches a
maximum of over 0.25 in the southern branch. The intensity
in both branches generally coincides, though the southern
branch typically exhibits higher values. Peneva et al. (2021)
also identified a peak in 2014 using results from the previous
Black Sea reanalysis. The current analysis reveals a trend of
+2.9 % per decade, which is a value compatible with Peneva
et al. (2021) as well.
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Figure 11. Time series of the Black Sea Rim Current Index (BSRCI;
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(N m™3 ) averaged for the Black Sea based on the ERAS reanalysis.

We also present the wind stress curl (Fig. 11), diagnosed
using the NEMO bulk formulation at the model’s native res-
olution, based on ERAS wind data. As previously suggested
by Stanev et al. (2000) and further examined by Peneva et
al. (2021), the wind stress curl plays a key role in modulat-
ing the Rim Current. Our results support this relationship,
showing strong agreement between years of enhanced mean
wind stress curl and increased intensity of the Black Sea Rim
Current Index (BSRCI), particularly in 2014 and 2018. This
correspondence is especially evident in the southern section
of the basin.

4 Discussion and Outlook

The new BLK-REA features a higher model resolution, pro-
viding a more consistent and accurate representation of Black
Sea physics. The updated configurations include the use
of LOBCs, allowing improved water exchange through the
Bosphorus Strait. This enabled further refinements in the
freshwater balance to be implemented, such as incorporating
hourly precipitation data and monthly runoff for the Danube
River. These improvements were not possible in the previous
Black Sea reanalysis, as its closed boundaries required a con-
trolled freshwater balance to prevent drifts in SSH. The com-
parison with a state-of-the-art global reanalysis further em-
phasizes the importance of maintaining a dedicated regional
reanalysis for the Black Sea (see Appendix A), as the higher
spatial resolution and region-specific configurations of BLK-
REA lead to superior skill in representing sea level, temper-
ature, and salinity, particularly in the upper and intermediate
layers where regional processes dominate.

Overall, the BLK-REA results are highly satisfactory for
key ocean variables, including 7', S, SLA. T accuracy ex-
hibits strong seasonality, with the basin-averaged RMSD of
SST reaching its lowest value in spring (0.43 °C) and its high-
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black) at the north section (BSRClIn; blue), south section (BSRClISs;
The black dashed curve represents the annual mean wind stress curl

est in fall (0.61 °C). At depths within the seasonal thermo-
cline, BLK-REA shows high RMSD errors for T in fall and
summer, while errors are lower in winter and spring. In con-
trast, salinity shows less seasonal variation, with the highest
errors consistently occurring in the 50-200 m layer through-
out most of the period (Fig. 3). Occasionally, salinity errors
are also elevated at the surface. SLA errors do not exhibit
clear seasonality and have remained around 0.02m since
2000; an acceptable level considering that the SLA observa-
tion error used in data assimilation is approximately 0.04 m.
Across all seasons, the highest SLA errors are observed along
the Rim Current, primarily due to high mesoscale activity
along its pathway.

The reanalysis has proven to be an important tool for in-
vestigating the warming trend in the Black Sea, highlighting
the recent disappearance of the CIL. Both T and OHC exhibit
a warming signal. In the 0—100 m layer, the warming trend is
occasionally interrupted, with decreases in OHC coinciding
with periods of CIL presence, as observed in 2012, 2017 and
2022 (Fig. 9). Between 1993 and 2010, the decline in CIL
formation may have influenced the MOC in the Black Sea.
However, further investigations are needed to understand the
recent increase in MOC and its relation with the CIL for-
mation. Our results also reveal the significant influence of
wind stress curl on the interannual variability of the Rim Cur-
rent, with a particularly strong signal observed in its southern
branch.

The BLK-REA dataset presented in this manuscript has
been available online in the Copernicus Marine Service cat-
alog since December 2024 and is extended monthly in In-
terim mode, which applies less refined configurations for
preliminary processing. The Interim results are replaced an-
nually with an extension of the reanalysis produced using
optimal configurations and the assimilation of reprocessed
data, which is considered the highest quality of observations.
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In alignment with the Black Sea near-real-time analysis and
forecasting system, preparations for the next BLK-REA are
already underway. Planned improvements include the inte-
gration of the Azov Sea in the model domain and the inclu-
sion of runoff data from the European Flood Awareness Sys-
tem (Thielen et al., 2009). The plan also includes extending
the reanalysis to cover previous decades, starting from 1980.
This will allow for the extension of the existing OMIs and
the preparation of new ones. In fact, tracking the warming
signal in the Black Sea is essential, and our plan is to ex-
pand the analysis of the impacts of this warming, including
monitoring marine heatwaves.

However, a major challenge is the limited availability of
observations from 1980 onward. To address this gap, it may
be necessary to integrate additional in-situ datasets beyond
those available from SeaDataNet and Copernicus. Therefore,
continuous monitoring of the Black Sea — particularly by
enhancing observation systems — is crucial for maintaining
the quality of reanalysis. In recent years, ongoing advance-
ments in observation technologies and data integration have
become increasingly important to further improve reanalysis
accuracy and support long-term environmental studies.

Appendix A: Quantitative Skill Assessment of
BLK-REA against GLORYS12

Appendix A presents a quantitative assessment of the perfor-
mance of the regional reanalysis BLK-REA over the Black
Sea, in comparison with the state-of-the-art global reanalysis
GLORYS12, which features a coarser horizontal resolution
of 1/12° with 50 vertical levels, assimilates in situ obser-
vations, along-track SLA, and SST data, and is forced with
ERA-Interim atmospheric reanalysis (Dee et al., 2011) until
2018 and ERAS thereafter. Additional details on GLORYS12
can be found in Lellouche et al. (2021). The evaluation fo-
cuses on key oceanographic variables, including SST, sub-
surface temperature and salinity, and SLA, using skill metrics
to objectively quantify model performance. This comparison
demonstrates the improved accuracy achieved by the regional
BLK-REA, largely attributable to its higher horizontal reso-
lution (1/40°), basin-specific model configuration, and tai-
lored parameterizations. Overall, these analyses emphasize
the added value of maintaining a dedicated regional reanaly-
sis system for the Black Sea, complementing and supporting
the results discussed in the main text.

The SST evaluation is based on fully independent observa-
tions (Fig. A1), namely a high-resolution reprocessed Level-
4 satellite SST product specifically developed for the Black
Sea at 1/20° spatial resolution (Pisano et al., 2016; Embury
et al., 2024). The results show a consistently better perfor-
mance of BLK-REA over most of the analyzed period, with a
mean root-mean-square difference (RMSD) of 0.57 °C, com-
pared to a higher mean RMSD of 0.86 °C for GLORYS12.
Regarding the bias, BLK-REA values fluctuate around zero
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throughout the time series, while both products tend to ex-
hibit more positive bias values during summer. The mean
SST bias is 0.05°C for BLK-REA and 0.15°C for GLO-
RYS12.
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Figure A1. Time series of SST RMSD (top) and SST bias (bottom), comparing the BLK-REA (in blue) and GLORYS12 (in orange) against
a high-resolution reprocessed Level-4 satellite SST product (Pisano et al., 2016; Embury et al., 2024).

Until 2000, BLK-REA and GLORYS12 exhibit very sim-
ilar SLA skill, with RMSD values decreasing from levels oc-
casionally exceeding 4.5 cm in early 1993 to approximately
3 cm by the end of 2000 (Fig. A2). After 2000, BLK-REA
exhibits a clear improvement, with spatially averaged SLA
RMSD stabilizing around 2 cm for most of the time until
2022, well below the 4 cm instrumental error assumed in the
assimilation. This improvement reflects the increased avail-
ability of satellite altimetry, which represents the main ob-
servational constraint of the system, given the scarcity of
in situ 7'/S profiles during most of the period. In contrast,
GLORYS12 generally maintains higher RMSD values, re-
maining above 3 cm for most of the time and exceeding 4 cm
during some time intervals. A slight increase in BLK-REA
RMSD around 2016 coincides with the larger availability of
Argo profiles; their joint assimilation with SLA may have
marginally affected SLA performance due to the multivari-
ate nature of the system. Nevertheless, RMSD values remain
well within acceptable limits, and the comparison is intended
to provide a general overview of SLA skill rather than a de-
tailed attribution of small temporal fluctuations. For consis-
tency, SLA assimilation and validation are performed only in
regions deeper than 1000 m, which are arbitrarily assumed to
represent the level of no motion in the configuration of the
dynamic height operator.

Figure A3 presents the temperature skill over the en-
tire basin for BLK-REA and GLORYS12. Overall, BLK-
REA clearly exhibits better performance than GLORYS12
in terms of both RMSD and bias. Regarding RMSD, in the

https://doi.org/10.5194/0s-22-1051-2026

depth range of poorest skill — largely associated with the
seasonal thermocline — BLK-REA shows RMSD values be-
low 1.5 °C, whereas GLORYS12 exceeds 2.5 °C. BLK-REA
also demonstrates improved performance in the upper layers,
from the surface down to 500 m, where errors tend to con-
verge toward subsurface depths. In terms of bias, BLK-REA
maintains values close to zero throughout the water column,
with a slightly negative bias in the 20-80 m layer. In contrast,
GLORYS12 exhibits a much larger positive bias in the upper
layers between 0 and 140 m, which compromises the repre-
sentation of the Black Sea, reaching values close to 0.8 °C in
the 20—40 m layer.

Figure A4 shows the salinity skill for BLK-REA and
GLORYS12 over the entire basin. As for temperature, BLK-
REA again exhibits substantially better performance than
GLORYSI12. Both reanalyses display their largest RMSD
values in the near-surface layers; however, BLK-REA out-
performs GLORYS12 in terms of overall accuracy, with
RMSD values decreasing below 0.2 psu at greater depths.
In contrast, GLORYS12 maintains higher RMSD values
of around 0.5 psu from the surface down to approximately
80 m. With respect to bias, BLK-REA remains close to zero
throughout the entire water column. Conversely, GLORYS12
shows a positive salinity bias in the upper layers, reaching
values of about 0.2 psu in the upper 60 m, which may ad-
versely affect the representation of near-surface and interme-
diate water masses. At deeper levels, GLORYS12 still ex-
hibits slightly positive biases, which can reach values close
to 0.05 psu in depth ranges below 300 m.
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Figure A2. Time series of SLA RMSD (in cm) for the Black Sea, showing the BLK-REA (in blue) and GLORYS12 (in orange) compared
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(in blue) and GLORYS12 (in orange) against in-situ profiler data in the Black Sea from 1 January 1993 to 31 December 2022.
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Figure A4. Vertical profiles of RMSD (left), bias (middle), and number of observations (right) for salinity (psu), comparing BLK-REA (in
blue) and GLORYS12 (in orange) against in-situ profiler data in the Black Sea from 1 January 1993 to 31 December 2022.

Data availability. The BLK-REA dataset presented in this study
can be found in online repositories. The names of the reposi-
tory/repositories and accession number(s) can be found below:
https://doi.org/10.48670/mds-00356 (E.U. Copernicus Marine Ser-
vice Information (CMEMS), 2025).

The Copernicus Marine Service offering is regularly updated to
ensure it remains at the forefront of user requirements. In this pro-
cess, some products may undergo replacement or renaming, leading
to the removal of certain product IDs from the catalogue. If readers
have any questions or require assistance regarding these modifica-
tions, please feel free to reach out to the Copernicus Marine Service
user support team for further guidance. They will be able to provide
the necessary information to address concerns and find suitable al-
ternatives.
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