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Abstract. The paper presents the development of the Black
Sea community nowcasting and forecasting system under the
Black Sea GOOS initiative and the EU framework projects
ARENA, ASCABOS and ECOOP. One of the objectives of
the Black Sea Global Ocean Observing System project is a
promotion of the nowcasting and forecasting system of the
Black Sea, in order to implement the operational oceanography in the Black Sea region. The first phase in the realization
of this goal was the development of the pilot nowcasting and
forecasting system of the Black Sea circulation in the framework of project ARENA funded by the EU. The ARENA
project included the implementation of advanced modeling
and data assimilation tools for near real time prediction. Further progress in development of the Black Sea nowcasting
and forecasting system was made in the frame of ASCABOS
project, which was targeted at strengthening the communication system, ensuring flexible and operative infrastructure
for data and information exchange between the Black Sea
partners and end-users. The improvement of the system was
made in the framework of the ECOOP project. As a result it
was transformed into a real-time mode operational nowcasting and forecasting system. The paper provides the general
description of the main parts of the system: circulation and
ecosystem models, data assimilation approaches, the system
architecture as well as their qualitative and quantitative calibrations.

1

Introduction

The basis for operational oceanography is the observing system providing regular oceanographic data in real time mode.
Operational observations together with modern computers,
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(dorofeyev viktor@mail.ru)

numerical models and data assimilation methods allow developing the marine environment nowcasting and forecasting. Nowcasting and forecasting of marine environment is
similar to the meteorological weather prediction. Integrating structurally different sets of observations which are made
available by satellite sensors, moorings, floats and ship-based
measurements in the marine nowcasting and forecasting systems allows continuous evolution of the ocean fields in a convenient form with rather high accuracy.
The initiatives for setting up a Black Sea marine nowcasting and forecasting system under the umbrella of the European Commission Framework programmes started with the
FP5 ARENA project (A Regional Capacity Building and
Networking Programme to Upgrade Monitoring and Forecasting Activity in the Black Sea Basin) during the mid2000s. It is further improved in the FP6 ASCABOS project
(A Supporting Programme for Capacity Building in the
Black Sea Region towards Operational Status of Oceanographic Services) and transformed into a real-time mode operational system in the ECOOP projects (European COastalshelf sea Operational observing and forecasting system) during the second half of the 2000s. The overall goal of ECOOP
was to consolidate, integrate and further develop existing European coastal and regional seas operational observing and
forecasting systems into an integrated pan-European system.
Different basin-scale models mainly resulted from MERSEA
system provided initial and boundary conditions for the
coastal forecasting. The Black Sea community nowcasting
and forecasting system was essential part of the ECOOP.
The development and operation system involved a partnership and collaborative efforts of various institutions from the
Black Sea riparian states as they joined together in different
groups for modelling, observations, data assimilation, data
management and serving with limited financial resources.
The present form of the Black Sea nowcasting and forecasting system offers a suite of interdisciplinary models and data
assimilation schemes that are linked to regional atmospheric
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model products, and observational sensors mounted on a variety of platforms.
A critical element of this remarkable achievement in a
rather short time was a long history of scientific collaboration on the Black Sea oceanographic research. The circulation and ecosystem models were run simultaneously at
Marine Hydrophysical Institute (MHI), Ukraine and Institute
of Marine Sciences (IMS), Turkey. MHI was also responsible for retrieving satellite data, their processing and assimilation into the models. The meteorological data were provided
by the high resolution regional atmospheric model which
is fully operational at National Meteorological Administration (NMA) in Romania as a regional implementation of the
French global atmospheric model ALADIN. The input data
to the oceanic models are collected through Internet or downloaded from the data base management system. The model
products were also stored by the data base management system at IMS. A back up system exists in NIMRD (Romania)
which was also responsible to disseminate the forecast products and analyses data to the institutions such as Institute
of Oceanology, Bulgarian Academy of Sciences (IO-BAS),
Bulgaria, IGF (Georgia), NMA (Romania), Shirshov Institute of Oceanology (SOI), Russia and MHI (Ukraine) to run
their high-resolution sub-regional models.
The presented paper consists of the next main parts: description of the Black Sea circulation models used in the
nowcasting and forecasting system with schemes of data assimilation; the circulation model calibration; description and
calibration of the biogeochemical model; and architecture of
the Black Sea nowcasting and forecasting system.

2

Black Sea circulation models and data assimilation
approach

Achievements of the operational oceanography during the
last decade are considerably connected with significant improvement of the ocean models skill, assimilation procedures
(Agoshkov et al., 2010) and increase of computers power.
Numerical models of the oceanic circulation and ecosystems
(Zalesny et al., 2008; Zalesny and Tamsalu, 2009) can be operated now even on personal computers reproducing rather
accurately the state of the marine environment and future
changes according to the external forcing.
2.1

Description of the circulation models

The Black Sea general circulation models used by the nowcasting and forecasting system are based on the finitedifference approximation of the primitive equations. One
of the models is developed by MHI and it is written in the
Cartesian coordinate system. The model uses z-coordinate
in the vertical direction. It uses Philander – Pacanovsky
(Pacanovsky and Philander, 1981) parameterisation of the
vertical turbulent viscosity and diffusion. Another model is
Ocean Sci., 7, 629–649, 2011

the implementation of the Princeton Ocean Model (POM),
that is also expressed in the Cartesian coordinates in the horizontal directions and terrain following sigma coordinate in
the vertical. The Princeton University model has an advantage with respect to the former one in terms of its more sophisticated parameterization of the turbulent viscosity and
diffusion using the Mellor-Yamada 2.5 level turbulence closure (Mellor and Yamada, 1982) that permits a more realistic
representation of the surface mixed layer and the sub-surface
cold intermediate layer. The horizontal currents, vertical velocity, temperature, salinity and turbulent diffusion coefficients obtained by the POM are used to run the ecosystem
model in an offline mode.
Both the MHI model and POM equations are discretized
on the C-grid (Arakawa, 1966). The momentum equations in
the MHI model are presented in Lamb form which conserves
energy and potential enstrophy in the barotropic divergencefree case (Demyshev et al., 1992). The MHI model has
35 non-uniformly spaced levels which are compressed towards the free surface and the bottom. Horizontal grid
resolution is 5 km in both directions that resolves well the
mesoscale processes with the Rossby radius of deformation
of about 20–25 km in deep part of the Black Sea (Dorofeyev
et al., 2001). Leap-frog scheme is used for time discretization with periodical switch on of the Matsuno scheme to
avoid time slipping feature of the Leapfrog scheme. Vertical coefficients of turbulent viscosity and diffusion were
parameterised by Philander –Pakanovsky formula as it was
suggested by Friedrich and Stànev (Friedrich and Stànev,
1988). Horizontal turbulent viscosity coefficient and diffusion coefficient were chosen constant and equal to 5 × 107
and 5 × 105 cm2 s−1 respectively.
POM has 7 km horizontal grid step and 26 sigma–levels,
which are more frequently near the sea surface and near the
bottom. An advantage of the POM model consists of more
sophisticated parameterization of the vertical turbulent diffusion and viscosity coefficients. Therefore the results, obtained with the POM model, were used as input parameters
for the Black Sea ecosystem model.
The surface and lateral boundary conditions of the models are provided by the regional atmospheric model, and the
climatic data for the river runoffs, water and salt transports
through the Kerch and Bosphorus Straits. Surface forcing
is an output of the ALADIN atmospheric model of National
Meteorological Administration of Romania. ALADIN atmospheric model, the limited area version of the global spectral
model ARPEGE/IFS of MeteoFrance, is a tool for the dynamical adaptation and simulation of hydrostatic meso-scale
phenomena. It has horizontal space resolution of 24 km and
provides 54 h forecast for the Black Sea of wind stress, evaporation and precipitation, sensitive and latent heat flux, long
and short wave radiation every 6 h. Because the Black Sea
is a semi-enclosed basin, the lateral boundary conditions are
no-slip and zero heat and salt fluxes everywhere except the
Bosphorus and Kerch Straits and some major rivers where
www.ocean-sci.net/7/629/2011/
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coefficients for the temperature and salinity fields are presented on Fig.1.

the temperature and salinity boundary conditions are specific
at inflow conditions. Diffusive heat and salt fluxes are set to
zero in the straits outflow points.
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2.2

Data assimilation approach

100

Data assimilation is a procedure permitting to combine observations with model simulations for adequate simulation
of the marine environment real state (Ghil and MalanotteRizzoli, 1991). Operational Black Sea circulation model assimilates real-time satellite altimetry and sea surface temperature.
Sea level anomalies provided by AVISO service were converted into the sea level height (SSH) according to the algorithm described by Korotaev (Korotaev et al., 2001). It is
then assimilated into the model using the optimal interpolation approach and permits to correct the simulated fields by
observations. The correction is performed at the moment of
observations and has the following form:
_
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Fig. 1. Normalized weight coefficients for extrapolation of temper-

Figure 1 Normalized weightature
coefficients
of temperature and salinity wit
and salinityfor
withextrapolation
depth.

Wn · [ς̄ (xn ,yn ,t)−ς (xn ,yn ,t)]

(1)

n=1

where x,y,z are spatial coordinates, tis time, S(x,y,z,t) is
2. Cross-correlation between salinity and sea level is pretemperature
(SST)
retrieved from NOAA AVHRR data was assi
any field which characterises the seaSea
statesurface
(below we
shall
sented as a product of two factors:
call it as salinity) and is predicted by the model to the mothe model. Reception and pre-processing
of AVHRR data was carried out by MHI g
ment of observation, ς(x,y,z,t) is the sea level field which
P̄ Sς (r,z) = P̄ Sς (r) · P̄ Sς (z)
(8)
is predicted by the model, N
is
the
number
of
observations
retrieved from AVHRR
measurements on 1km grid was interpolated then on the m
_
3. A statistic of errors of the predicted fields is proporof a field ς and ς̄ (x,y,z,t) is its observed value. S(x,y,z,t)
tional
to theAVHRR
natural statistics
of the was
same fields.
assimilation
of takes
SST derived
from
sensors
carried out by rep
is the optimal estimation ofThe
the field
S(x,y,z,t) that
into account observations of the field ς(x,y,z,t). Weight
Under these assumptions, the variance, auto-correlation
simulated
within theandupper
mixed layer
by the
observed
SST. The m
coefficients Wn are calculated
through thetemperature
cross-covariance
cross- correlation
functions
estimated
from obserfunction P Sς of errors of salinity S and sea level ς forecast
vations are used in the simulations. Normalized weight
depthPwas
determined
by combining
the simulated temperature and salinity profile
ς ς of errors
and the auto-covariance function
of the field
coefficients for the temperature and salinity fields are
ς (Knysh et al., 1996).
presented
on Fig.
1.
and Obukhov’s formula (Obukhov,
1946),
which
follows from the turbulent energ
Let us present error covariance functions in the form
Sea surface
temperature (SST)
retrieved
fromand
NOAA
0 0
is impenetrable
for IR
radiation
some gaps c
P Sς (x,y,z,x 0 ,y 0 ,t) = σ S (x,y,z,t)Bearing
· σ ς (x 0 ,y 0 ,t) ·in
P̄ Sςmind
(x,y,z,xthat
,y ,t)the
(2) cloudiness
AVHRR data was assimilated in the model. Reception and
0 0
0 0
pre-processing
AVHRR
data was carried
by MHI SST is
P ςς (x,y,x 0 ,y 0 ,t) = σ ς (x,y,t)on
· σ ς (xSST
,y ,t) · maps
P̄ ςς (x,y,x
,y ,t) (3) from
derived
AVHRRofdata.
Therefore,
the out
observed
group. SST retrieved from AVHRR measurements on 1 km
S
ς
where σ (x,y,t) and σ (x,y,t) are standard deviations of
grid was interpolated
then Then
on the interpolated
model grid. Thevalues
assimila-are assimi
interpolated using the SST prediction
as a base.
errors of salinity and sea level predictions, respectively, P̄ Sς
tion of SST derived from AVHRR sensors was carried out by
is the cross-correlation function
errors of the sea
level and
wasofexplained
above.
Such approach
avoid artificial
frontsmixed
on the simu
replacing thepermits
simulated to
temperature
within the upper
salinity fields and P̄ ς ς is auto-correlation function of errors
layer by the observed SST. The mixed layer depth was deterof the sea level. Let the following
maps.assumptions:
mined by combining the simulated temperature and salinity
profiles analysis and Obukhov’s formula (Obukhov, 1946),
1. Errors of the predicted fields are stationary in time as
SST
and
SSH
assimilation
permits
toturbulent
keep the
surface
layer thermodyna
which follows
from the
energy
balance. Bearing
in
well as horizontally uniform and isotropic. Then
mind that the cloudiness is impenetrable for IR radiation and
topography of permanent
close enough to the real state. However o
σ S = σ S (z)
(4) pycnocline
some gaps can appear on SST maps derived from AVHRR
data.
thethe
observed
is optimally
observations in the Black
do Therefore,
not cover
deepSST
layers
of theinterpolated
basin with require
σ ς = const
(5) Sea
using the SST prediction as a base. Then interpolated values
areare
assimilated
as it and
was explained
above. approach
Such approach
Profiling floats observations
too rare
only special
elaborated
(6)
P̄ Sς = P̄ Sς (r,z)
permits to avoid artificial fronts on the simulated SST maps.
SSTpermit
and SSH
keep the surface
(Demyshev et al., 2010)
to assimilation
assimilatepermits
them.toTherefore
the stratificat
P̄ ςς = P̄ ςς (r)
(7) should
layer thermodynamics and topography of permanent pycn2 . simulated by the model.
where r 2 = (x − x 0 )2 +basin
(y − y 0 )is
oclineThe
closemodel
enough is
to the
state. and
However
operational
notreal
perfect
after
long enough int

slides to its own climate. Typical trends are about 0.05 degrees per year and 0.1 ppt p

www.ocean-sci.net/7/629/2011/

Ocean Sci., 7, 629–649, 2011

the permanent pycnocline. The model trends are not important for a short term fore

632

G. K. Korotaev et al.: Development of Black Sea nowcasting and forecasting system

observations in the Black Sea do not cover the deep layers of
the basin with required density. Profiling floats observations
are too rare and only special approach elaborated last time
(Demyshev et al., 2010) should permit to assimilate them.
Therefore the stratification of the basin is simulated by the
model. The model is not perfect and after long enough integration it slides to its own climate. Typical trends are about
0.05 degrees per year and 0.1 ppt per year in the permanent
pycnocline. The model trends are not important for a short
term forecast but it should be corrected when the model run is
long enough. In our case we have initialized the model stratification in January 2005 and then it is simulated by model
more than five years until the end of ECOOP and further in
the framework of My Ocean project. Assimilation of the
temperature and salinity profiles obtained by averaging of
the climatic arrays over the basin area was used in the model
which operated during ECOOP to avoid undesirable trends.
This method has significant drawback as the climatic profiles
are unable to trace decadal variability of vertical stratification. Nevertheless assimilation of the climatic profiles make
possible to prevent slow sliding of the model to its own climate.

3

Circulation model calibration

The circulation models have been subject to extensive set
of qualitative and quantitative tests prior to the operational
phase. Next two subsections present some of those tests to
show the model ability to reproduce major characteristics of
the Black Sea dynamics and important features of the temperature and salinity stratification.
3.1

Qualitative model calibration

The Black Sea is an elongated basin situated between 40◦ 560
and 46◦ 330 N with the maximum dimension along the longitude equal to 1148 km. The southern end of the Crimea
peninsula and the north point of the Anatolian coast convexity determine the narrowest place of the Black Sea with the
width about 260 km dividing the whole basin on eastern and
western sub-basins. The Black Sea is deep enough. Its mean
depth is about 1300 m and its maximal depth is more than
2200 m. A broad shelf with the depth of 0–100 m occupies
the northwestern part of the sea where concentrated 80 % of
the river fresh water discharge. All precipitation and half of
river fresh water inflow are evaporated. The rest part of the
Black Sea water outflows through the Bosphorus Strait. Water exchange through the Bosphorus Strait has a two-layer
structure. The Marmara Sea water of higher salinity is transported to the Black Sea along the bottom of the strait. Volume transport of the upper flow (near 0.02 Sv) exceeds twice
the lower one. Correspondingly, the salinity of the Marmara
Sea is approximately twice higher than that on the surface of
the Black Sea. Inflow of the salt water through the BosphoOcean Sci., 7, 629–649, 2011

rus Strait determines the density stratification of the sea. The
deep-sea salinity is near 22.5 ppt against 18–18.5 ppt on the
surface. A well-pronounced permanent pycnocline is situated on the depth of 150–300 m that makes internal Rossby
radius be equal to 25 km.
Monthly-mean atmospheric circulation is of a cyclonic
character above the Black Sea during the whole year. Prevailing of cyclones provides positive wind stress curl for the
whole year with maximum in winter and minimum in summer. The positive wind stress curl and the buoyancy contrast
between the fresh river inflow and salt water supply through
the Bosphorus Strait induce cyclonic circulation in the sea.
A permanent feature of the upper layer circulation is the Rim
Current, encircling the entire Black Sea and forming a largescale cyclonic gyre. The Rim Current is located above the
continental slope and has the width of 40–80 km. Direct observations of current velocity from surface buoys show that
the maximum speed of the stream is usually 40–50 cm s−1
increasing sometimes up to 80–100 cm s−1 . The shape of the
coastline probably conditions appearance of two smaller cyclonic gyres in the western and the eastern parts of the basin.
The Rim Current is concentrated above the shallow pycnocline and the volume transport by the current is estimated as
3–4 Sv. A general opinion is that shallow and sharp pycnocline restricts propagation of seasonal signal from the surface
and seasonal variability is concentrated in the upper 100 m.
General cyclonic circulation induces the rise of the dynamical sea level toward the coast. Full range of spatial variability
of the dynamical sea level depends on a season and changes
from 25 to 40 cm so that the mean amplitude of the sea level
spatial variability is about 15 cm (Blatov et al., 1984).
Large-scale hydrographic surveys, satellite observations
and eddy-resolving numerical simulations show that the instantaneous surface currents differ from a simple gyre due to
the strong mesoscale variability (Sur et all., 1994; Kortaev et
al., 2003). Permanent and transient mesoscale anticyclones
are observed at the right side from the jet. The most prominent feature is the anticyclonic eddy in the southeastern corner of the basin. Strong meanders of the Rim Current and
mesoscale eddies are formed near the Bosporus Strait and
along the Anatolian coast. The area of the bottom slope between the northwestern shelf and the deep part of the sea is
also the region of the increased mesoscale variability resulted
from the Rim Current meandering. The internal Rossby radius, which is equal to 25 km, defines a typical length scale
of mesoscale features. The mesoscale variability of the sea
level may have the amplitude of 10–15 cm as the velocity of
surface mesoscale currents achieves 50 cm s−1 .
Surface geostrophic currents derived from altimetry (Korotaev et al., 2001) manifest obviously annual cycle of the
basin circulation. The Rim Current is the most intense in
winter-spring seasons. Summer circulation attenuates significantly and in the autumn season the Rim Current usually brakes on the set of mesoscale eddies. Simple explanation of the Black Sea seasonal cycle of circulation is done
www.ocean-sci.net/7/629/2011/

coastal side of the Rim Current zone. The Batumi anticyclone is present in the south-eastern
corner of the basin as the most intense and persistent of the Black Sea coastal eddies. The Rim
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2 Short-term evolution of the sea surface topography.
Fig. 2. Short-term evolution of the sea surface
topography.

by (Korotaev et al., 2001, 2003). Increase of the cyclonic
vorticity of the surface wind in January produces intensification of the upwelling on the bottom of Ekman layer, which
induces the rise of pycnocline. The shallowest pycnocline
observes a quarter of period (i.e. three months) later. However, the rise of pycnolcline in the central part of the basin
should be compensated by its deepening near the coast due
to the conservation of the fluid volume. The deepening of
pycnocline occurs above the continental slope where the onshore velocity component breaks the geostrophyc balance.
The displacement of the pycnocline near the coast is significantly higher than its rise in the open sea as the volume of
fluid replaced in the center of the basin should be preserved
along the beach. Therefore, the slope of pycnocline toward
the coast increases significantly at the beginning of spring.
The intensity of the Rim Current, which is in geostrophic
balance, is highest at the same time. The weakening of the
wind stress curl in summer vice versa is accompanied by the
deepening of pycnocline in the open sea ant its rise near the
coast. The reduction of the pycnocline slope is manifested at
the attenuation of the Rim Current.
The overall circulation system possesses a set of quasipersistent anticyclonic eddies on the coastal side of the Rim
Current zone (Kortaev et al., 2003). The most notable features include the Bosphorus, Batumi, Sukhumi, Caucasus,
Kerch, Crimea, Sevastopol, Constantsa, and Kaliakra anticyclones. The Bosphorus eddy is observed on the average for
260 days per year with a mean lifetime of about 85 days. The
Batumi anticyclone forms in early March and lives usually
www.ocean-sci.net/7/629/2011/

until the end of October. An average it is observed during
210 days per year. The Sukhumi eddy is manifested about
120 days per year and exists typically for about a month once
it forms. It is mostly observed in autumn-early winter months
after the collapse of the Batumi gyre. The Caucasus eddy appears about 160 days per year starting at spring. The Kerch
eddy is also one of the most pronounced features of the Black
Sea eddy dynamics with an average persistence of 240 days
and a mean lifetime of 80 days. The spring and autumn seasons are found to be more favoured periods for its presence.
The Crimea anticyclone occurs mainly in August-September,
and is observed around 115 days per year. The mean period
for each event is about a month. The winter and summer are
found to be most preferred periods for formation of the Sevastopol eddy. It is observed for about 150 days per year and
has the mean lifetime of 50 days. The Constantsa and Kaliakra anticyclones are observed for about 190 days per year
with a typical lifetime of about 50 days.
A chain of eddies is observed also along the Anatolian
coast but usually they have more intermittent character and
travel slowly eastward along the coast. The Sakarya, Sinop
and Kizilirmak eddies tend to exhibit more quasi-permanent
character due to controls exerted by regional topographies.
The Black Sea circulation model was first calibrated by
the climatological data. The attention was focused particularly on reproduction of the Black Sea Rim Current and its
seasonal variability as well as main coastal anticyclonic eddies (e.g. Batumi gyre). Other specific features for the model
calibration are the reproduction of the main halocline, the
Ocean Sci., 7, 629–649, 2011

Strait and along the Anatolian coast. Usually such mushroom-like structures are obse

the sea surface on satellite images, but rarely captured by direct observations that requ
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resolution synoptic sampling at the right time and location.
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and salinity field simulations. Standard deviations of simulated fields against the observed ones were calculated on
each depth level (Dorofeyev and Korotaev, 2004a). These
functions are presented on Fig. 7. The standard deviation of
the model analysis is compared with the natural variability
of the temperature and salinity fields, i.e. with the standard
deviation of the climatic data against observations.
Figure 7 shows, that the altimetry assimilation brings the
most significant improvement in salinity field. It is natural, because density stratification in the Black Sea depends
mainly on salinity. Assimilation of altimetry allows describing about 25 % of the salinity natural variability within the
halocline where the difference between simulated and measured fields is the most significant. In the regions of high
vertical gradients even small error in the isohaline depth produces large error. However simulated salinity maps agree
well with observations, as it was shown earlier by (Dorofeyev
and Korotaev, 2004a).
Standard deviation of temperature is the largest near the
surface (here the error is greater than in the case of comparison with buoy data). It means that the thermodynamics of the
top sea layer in the model is too simplified. An explicit description of the mixed layer dynamics is necessary to include
for better reproduction of surface temperature by the model.
Additional extremes of the temperature standard deviation
are observed near the thermocline and within CIL. Increase
of the error near the thermocline has the same reason, as in
the case of salinity.
The correlation coefficients of simulated and observed
fields of temperature and salinity are large enough. The highest correlation for both fields occurs within the pycnocline
with approximately 0.65 for salinity and 0.45 for temperature.
The comparison of the model output with ComsBlack hydrography has shown reasonable consistency of the simulations against observations in deep layers of the basin and further points to the importance of SST assimilation.
3.2.2

SST calibration

Calibration of SST was one of the major issues of the
ECOOP project as the space SST observations were available in all basins where coastal forecasting activity was carried out. Development of common SST validation standards,
which provide a basis for model confidence diagnosis, definition of a quality controlled validation database structure
from distributed data centres and common protocol to calculate standard validation criteria was realized at the design
of online model validation system to provide NRT model
confidence. An experience of MERSEA, MFSTEP, ODON
projects and other ongoing operational forecasting activity
was taken into account for the selection of important characteristics and proper protocols.
On-line validation of SST analysis and three days forecast
was carried out by the coastal forecasting systems and diswww.ocean-sci.net/7/629/2011/

637

played on the ECOOP site. However SST maps produced by
the basin-scale systems which provided boundary conditions
for the coastal prediction, particularly the Black Sea basinscale nowcasting/forecasting system, were calibrated off-line
to achieve reasonable accuracy.
Data of IR scanner AVHRR are available in the Black Sea
region through the direct reception on HRPT receiving stations in Marine Hydrophysical Institute (MHI) in Sevastopol,
Ukraine. Up to four IR images of the Black Sea surface are
available daily. MHI processes this data regularly in the real
time retrieving and mapping the Black Sea surface temperature. Standard NOAA algorithm is used for the retrieving
of SST but the threshold for the filtration of cloudiness is adjusted to the Black Sea conditions. Ground truth validation of
IR SST against surface drifting buoys data shows its rms accuracy around 0.5–0.7◦ (Ratner and Bayankina, 2004). SST
maps retrieved from NOAA satellite observations are used to
calibrate basin-scale circulation model.
Figure 8 presents typical example of SST maps retrieved
from AVHRR data, analysis simulated by the model and their
difference. The bias of two maps is equal 0.21 ◦ C, standard
deviation is equal 0.67 ◦ C and correlation coefficient is equal
0.82. Statistics was simulated by averaging over the cloud
free are of the Black Sea basin. At the same time the lower
panel on the Fig. 8 shows that the difference between measured and simulated SST in the most part of the basin area
is in the range ±0.5◦ C. More significant difference observes
in the vicinity of frontal zones where model provides higher
temperature.
Temporal evolution of the statistics is shown on Fig. 9.
Mainly the statistics is similar to that presented on Fig. 8.
However, sharp changes of the bias are observed on Fig. 9.
Probably they are related with inconsistency of the space
SST, as the model provides smooth evolution of simulated
fields.
The daily averaged simulations of SST by the basinscale model were compared also with similar data of surface
drifters. It is shown (Ratner and Bayankina, 2004) that the
standard deviation is in the range 0.5–0.7 ◦ C (i.e. it is in the
same range as the accuracy of SST retrieving from AVHRR
data). Accuracy of SST forecast is reduced with the time of
prediction. Typically bias lies in the range ±0.4 ◦ C on the
three day forecast. Standard deviation increases up to 0.9 ◦ C
for one day forecast, up to 1.1 ◦ C for two days forecast and
up to 1.2 ◦ C for three days forecast. Correlation coefficient
decreases approximately linearly with the prediction time up
to reducing on 10 % to the third day.
3.2.3

Drifters with thermistor chain

Drifters with thermistor chain were elaborated under the support of Science and Technical Center in Ukraine (project N
2241) to be able calibrate upper layer thermodynamics of the
Black Sea circulation model. Drifting buoys with thermistor chain provide direct measurements temperature profiles
Ocean Sci., 7, 629–649, 2011
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3.2.4. Profiling floats

Temperature and salinity profiles are also compared with data provided by profiling

floats. Figure 12 demonstrates the standard deviations for temperature and salinity fields

which are similar to those obtained by using earlier by the ComsBlack surveys (Dorofeev and

Korotaev, 2004b). The most significant deviation of simulated and measured temperature is

observed in the thermocline layer (10-30m). Temperature minimum in the cold intermediate

layer on in-situ profile is more significant than on temperature profile, simulated by the model

The difference between simulated and observed temperature decrease significantly with depth.

The simulated salinity profiles differ most significantly from mesurements in the layers
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Figure 12 demonstrates the standard deviations for temperature and salinity fields, which are
www.ocean-sci.net/7/629/2011/

resolution surface
n part of the sea during the same period and was transported
on current
the maps
eastobtained
by by means of the imagery processing (Korotaev et al.,
2008) show that the Rim current has fine structure in the form of narrow and intense

submesoscale jets. However the current grid size of the model (5 km) is able to resolve
iodically produced as clearly seen on 31 January in Fig. 13.
eddies but
not submesoscale
G. K. Korotaev et al.: Development of Black Sea nowcasting andmesoscale
forecasting
system

structures. Future improvement of the Black
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operational model should include explicit representation of submesoscale features.
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to zonal and meridional components of the current velocity respecSurface
drifting buoys with data transmission via IRIDIUM provide a possibility to validate
tively.
high-frequency variability of surface currents. IRIDIUM data transmission allows to determine
buoy coordinates often enough to describe trajectory loops related to the inertial oscillations.
The comparison of measured and simulated current velocity oscillations at inertial frequency

3.2.5

Surface velocity

(Figure 15) shows that they can strongly disturb instant surface current velocity. The model
often reproduces the phase of inertial oscillations whereas their amplitude usually is
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numbers 7 and 14 were under the influence of Rim Current.
Buoy number 14 has been captured by the current for almost
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been captured by the stream of Rim Current on 23 January.
It moved along the offshore side of the jet and has practically
left the current on February 2002 and picked up again as they
move eastward along the coast of Turkey. The buoy number
17 was located in the open part of the sea during the same
period and was transported on the east by mesoscale jets periodically produced as clearly seen on 31 January in Fig. 13.
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coefficient is equal to 0.7. Nevertheless, it is seen on Fig.14 that the
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4

Ecosystem model

The main part of the Black Sea ecosystem model is a biogeochemical model. The 3D biogeochemical model coupled with the circulation model is based on the one given
by Oguz et al. (2001). It has one-way coupling with circulation model through current velocity, temperature, salinity
and turbulent diffusivity. The biogeochemical model extends
to 200 m depth with 26 z-levels, compressed to the sea surface. It includes 15 state variables. Phytoplankton is represented by two groups, typifying diatoms and flagellates.
Zooplankton are also separated into two groups: microzooplankton (nominally <0.2 mm) and mesozooplankton (0.2–
2 mm). The carnivorous group covers the jelly-fish Aurelia
aurita and the ctenophore Mnemiopsis leidyi. The model
food web structure identifies omnivorous dinoflagellate Noctiluca scintillans as an additional independent group. It is a
consumer feeding of phytoplankton, bacteria, and microzooFigure 15 Comparison of the measured (black) and simulated (red) inertial oscillations.plankton, as well as particulated organic matter, and is conFig. 15. Comparison of the measured (black) and simulated (red)
sumed by mesozooplankton. The trophic structure includes
inertial oscillations.
also nonphotosynthetic free living bacteriaplankton, detritus
3.2.6. Deep velocity
and dissolved organic nitrogen. Nitrogen cycling is resolved
Data of profiling
allowbuoys
evaluation
of the currents
weekly averaged
accuracy.into three inorganic forms: nitrate, nitrite and ammonium.
signal.floats
Drifting
measure
along deep
a linevelocity
whereas
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speedissimulation
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simulated
velocity
averagedbyinthe
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box 5×5
km.on theNitrogen is considered as the only limiting nutrients for phyHigh
resolution
surface
current
maps
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by
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depth 200 m. However weekly mean currents even on the depth 1550 m measured by of
profilingtoplankton growth. So all these variables are presented in
3
the
imagery
processing
(Korotaev
et
al.,
2008)
show
that
the
float and simulated by the model are in good consistency (Dorofeev and Korotaev, 2004b).the model equations in units mmolN/m . Additional components of the biogeochemical model are dissolved oxygen
Rim current has fine structure in the form of narrow and inRelative error is about 30-35% and correlation coefficient is in the range 0.65-0.72.
and hydrogen sulfide. The local temporal variations of all
tense submesoscale jets. However the current grid size of the
variables are expressed by equations of the general form
model (5 km) is able to resolve mesoscale eddies but not sub4. Ecosystem model
mesoscale structures. Future improvement of the Black Sea
The main
part of the Black
ecosystem
modelexplicit
is a biogeochemical
model.of
The 3D∂F
operational
modelSeashould
include
representation
∂(uF )
∂(vF )
∂((w + ws )F )
+
+
+
(9)
submesoscale
features.
biogeochemical model coupled with the circulation model is based on the one given by Oguz ∂t
∂x
∂y
∂z
drifting
buoys
data transmission
IRIDet al. (2001). It Surface
has one-way
coupling
withwith
circulation
model throughvia
current
velocity,
∂F
∂
(Kv
) + <(F ),
= Kh ∇ 2 F +
IUM provide a possibility to validate high-frequency varitemperature, salinity and turbulent diffusivity. The biogeochemical model extends to 200m
∂z
∂z
ability of surface currents. IRIDIUM data transmission aldepth with 26 z-levels, compressed to the sea surface. It includes 15 state variables.
lows to determine buoy coordinates often enough to dePhytoplankton scribe
is represented
by twoloops
groups,related
typifying
and flagellates.
Zooplanktonwhere <(F ) is the interaction term, which expresses a baltrajectory
todiatoms
the inertial
oscillations.
ance of sources and sinks of each of biological and geoare also separated
into two groups:
microzooplankton
(nominally
< 0.2mm
The comparison
of measured
and simulated
current
veloc-) and
chemical variables F ; wS represents the sinking velocity
ity (0.2
oscillations
inertial frequency
15) shows
mesozooplankton
-2mm). Theatcarnivorous
group covers (Fig.
the jelly-fish
Aurelia that
aurita and
for diatoms and detrital material and is set to zero for other
they can strongly disturb instant surface current velocity.
the ctenophore Mnemiopsis leidyi. The model food web structure identifies omnivorouscompartments; (u,v,w) – components of the current velocThe model often reproduces the phase of inertial oscilladinoflagellate Noctiluca scintillans as an additional independent group. It is a consumerity, Kh ,Kv – horizontal and vertical coefficients of turbutions whereas their amplitude usually is underestimated. Evlent diffusion. The last parameters are provided by physical
idently, the accuracy of the inertial oscillation simulations
model (the circulation model). The biogeochemical model,
depends strongly on the quality of atmospheric forcing.
described here, uses the MHI or POM model output, so its
space resolution is equal to the space resolution of appropri3.2.6 Deep velocity
ate circulation model.
Data of profiling floats allow evaluation of the weekly avFluxes of all biogeochemical variables are set to zero on
eraged deep velocity accuracy. In general, relative accuracy
the sea surface, bottom in shallow part of the basin and on
of the current speed simulation by the model is highest on
the lateral boundaries, except river estuaries, where nitrate
the depth 200 m. However weekly mean currents even on
fluxes are set up proportional to rivers discharges and nitrate
the depth 1550 m measured by profiling float and simulated
concentrations. On the lower liquid boundary in the deep
by the model are in good consistency (Dorofeyev and Koropart of the basin concentrations of all parameters set to zero
taev, 2004b). Relative error is about 30–35 % and correlation
except ammonium and hydrogen sulfide (sulfide and ammocoefficient is in the range 0.65–0.72.
nium pools).
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basin, respectively, during the late 1970s and early 1980s (after Oguz et al., 2001). The model
data were chosen approximately at same places during 1978 year. The model results are in a
good agreement with measurements.
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Figure 18 Seasonal cycles of phytoplankton, mesozooplankton, Noctiluca and medusa Aurelia

Fig. 18. Seasonal cycles of phytoplankton, mesozooplankton, Noctiluca and medusa Aurelia biomasses derived from modelling (left) and
biomasses derived from modelling (left) and in-situ measurements.
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Figure 20 Evolution of the annual-mean phytoplankton biomass in the upper 50m layer for the

community until mid of 90s is due to increase of nutrient volume in the upper layer of the
Black Sea.
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Figure 21 Spring-mean maps of the surface phytoplankton distribution for different years.
Fig. 21. Spring-mean maps of the surface phytoplankton distribution for different years.

the biogeochemical model were the results obtained with the
POM circulation model.
Figure 20 demonstrates evolution of the annual-mean phytoplankton biomass in the upper 50 m layer for the deep part
of the Black Sea basin. The phytoplankton biomass increases
approximately twice from value about 1.2 gC m−2 in early
seventies to 2 gC m−2 in mid nineties and then it decreases.
These changes in the phytoplankton biomass can also be seen
in evolution of the surface concentration. The phytoplankton
community exhibits a major bloom during the late winterearly spring season, following the period of active nutrient
accumulation in the surface waters at the end of the winter
mixing season and as soon as the water column receives sufficient solar radiation. The intensity of the spring bloom altered drastically during the time period we consider. This is
www.ocean-sci.net/7/629/2011/

illustrated on the Fig. 21 showing spring-mean maps of the
surface phytoplankton concentrations. The greatest values
are observed in early 90s – period of intense eutrophication
in the Black Sea. This growth of the phytoplankton community until mid of 90s is due to increase of nutrient volume in
the upper layer of the Black Sea.
Changes in marine biology of the Black Sea during these
three decades were accompanied by modification of the vertical geochemical structure. The most pronounced signature of
the geochemical changes is an increase of nitrate concentration in the oxic/suboxic interface zone from 2 to 3 mmol m−3
in the late 1960s to 6–9 mmol m−3 during the 1980s and early
90s, and then decrease to the value of about 4 mmol m−3 in
late 90s – early 2000s. Figure 22 presents nitrate profiles, derived from modelling, for the point placed approximately in
Ocean Sci., 7, 629–649, 2011

western gyre for three different years which correspond early, intense and post-eutrophication
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phases of the Black Sea ecosystem. The values of the nitrate maximum are in good
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correspondence with the measurements obtained on cruise vessels
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Fig. 22. Derived from modeling nitrate profiles (in µM) versus sigma-t (in kg m−3 ) for the central western gyre (left) and nitrate profiles
Figure 22 Derived from modeling nitrate profiles (in M ) versus sigma-t (in kg m-3 ) for the
measured by cruise vessels (Oguz and Gilbert, 2007).

central western gyre (left) and nitrate profiles measured by cruise vessels.

the central western gyre for three different years which corsignificantly during the next years to avoid manual operation.
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reproducing
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2001). The sub-group NOAASST is assigned to the prescale spatial features and reaction on the mesoscale dynamprocessing of IR/AVHRR data received by the HRPT station
ics. Figure 23 demonstrates maps of the surface chlorophyllat MHI to retrieve the SST. The sub-group METEO includes
a computed by the model (left panel) and MODIS climate,
downloading of meteorological analysis and forecast of the
which correspond to winter, spring, summer and autumn.
sea surface wind, heat fluxes and precipitation/evaporation
Satellite color scanner measurements were used to comfrom the web of NMA (Romania) and their repacking. The
pare the results of the modeling with satellite data. Figgroup MHI-casting consists of the collection of software for
ure 24 demonstrates temporal variability of the basin averthe numerical process control. It provides numerical simuaged surface chlorophyll for the deep part of the basin delation of the Black Sea circulation, data assimilation in the
rived from modeling (blue line) and SeaWiFS data (red line)
circulation model and simulation of the surface wave field.
during 2007 year. Satellite data are two week composited
The group of the output includes three sub-groups ARCH,
maps of the surface chlorophyll-a concentration, prepared for
GRAF and NET for the data archiving, graphic presentation
the Black Sea region (http://blackseacolor.com). The most
of the system products and data distribution via Internet.
evident deviation between satellite data and the results of the
The scheme of the data flow is presented on Fig. 25. The
modeling can be observed in the winter seasons. Green line
output
of the system is three dimensional temperature, salincorresponds to RMS deviation of the model data from Seaity
and
current velocity fields. Products of the system on
WiFS data.
the sea surface were regularly presented on the web site
http://dvs.net.ua/mp as images and in digital form.
Examples of the system products presented on the web are
6 Architecture of the nowcasting and forecasting system
shown on Fig. 26.
A pilot version of the Black Sea nowcasting/forecasting system (Korotaev et al., 2006) was built in the framework of FP5
ARENA project. It operated during five days in July 2005
in the manual mode. The system architecture was improved
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Satellite color scanner measurements were used to compare the Ocean
results
of the modeling

with satellite data. Figure 24 demonstrates temporal variability of the basin averaged surface

in the winter seasons. Green line corresponds to RMS deviation of the model data from
SeaWiFS data.
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6. Architecture of the nowcasting and forecasting system

A pilot version of the Black Sea nowcasting/forecasting system (Korotaev et al., 2006)
was built in the framework of FP5 ARENA project. It operated during five days in July 2005
in the manual mode. The system architecture was improved significantly during the next years
to avoid manual operation. During ECOOP project phase it operated in real time mode. It
forms version V0 of the model currently used in the My Ocean Black Sea Marine Forecasting
Centre.
The software controlling the system is presented by three groups. The group of input and
pre-processing consists of three sub-groups: ALTIMETRY, NOAASST and METEO. The
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7

Discussion

coastal forecasting systems in the Black Sea. Started from

Examples ofdescribed
the systemin
products
presented
on 2001).
the web
are
shown
on upgraded
Figure
26.
“V0The
version”
it was
to the Black is
Seaassigned
GOOS sys- to
the algorithm
(Korotaev
et al.,
sub-group
NOAASST

tem “V2”. This last version consists of a regional system,
The pilot version of the Black Sea nowcasting and forecastcovering
the entire station
Black Sea at
area,MHI
and 3 to
sub-regional
sys-the
the pre-processing
of built
IR/AVHRR
dataofreceived
the HRPT
retrieve
ing system which was
in the framework
the FP 5 by
tems
covering
respectively:
the
North
Western
shelf,
the
ARENA and FP6 ASCABOS projects was significantly imBosphorus
and
Western
shelf,
and
the
South
coast
of
Crimea
provedsub-group
later during the
FP6 ECOOP
project. downloading
The basinSST. The
METEO
includes
of meteorological analysis and forecast of
and North East Black sea. The paper was targeted at the
scale forecasting became operational in the real-time mode
description of development of the basin-wide nowcasting and
from surface
the beginning
of the heat
ECOOPfluxes
project and
as
the sea
wind,
andserved
precipitation/evaporation
from the web of NMA
forecasting system. The circulation model, which is the core
mainframe system for further development of the operational

(Romania) and their repacking. The group MHI-casting consists of the collection of software
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for the numerical process control. It provides numerical simulation of the Black Sea
circulation, data assimilation in the circulation model and simulation of the surface wave field.

Figure 25 Data flow in the framework of the Black Sea nowcasting/forecasting system.
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Examples of the system products presented on the web are shown on Figure 26.

647

Fig. 26. Examples of the Black Sea nowcasting/forecasting system products: left – surface currents, right – sea surface temperature.

Figure 26 Examples of the Black Sea nowcasting/forecasting system products: left – surface currents,
right – sea surface temperature.

of the system, was improved during the ECOOP by including
and salinity trends in the permanent pycnocline.
More or less realistic simulations of the Black Sea dynama new parameterization of the vertical mixing processes. The
ics
are achieved due to assimilation of altimetry, space SST
models
have
been
subject
to
the
qualitative
and
quantitative
7. Discussion
and climatic temperature and salinity profiles. Simple assimtests, which are the essential part of the system. Archive cliilation
scheme
based on the
optimalwhich
interpolation
applied.
matic, hydrographical
surveys of
datathe
andBlack
measurements
from
The pilot version
Sea nowcasting
and
forecasting
system
was isbuilt
in
Further improvement of the system efficiency demands apthe drifter and profiling floats were used for the models calibrations.
plication of more
sophisticated
data assimilationimproved
approaches.
the framework of the FP 5 ARENA and FP6 ASCABOS
projects
was significantly
Optimal
interpolation
approach
raises
too
high
the
weight of
The model reproduces reasonably well upper layer therlater
during
the
FP6
ECOOP
project.
The
basin-scale
forecasting
became
operational
inofthe
the
assimilated
data
and
generates
artificial
variability
vermodynamics and vertical stratification of temperature and
tical
velocity
according
to
our
experience.
Simulation
of
the
salinity fields, particularly upper mixed layer, cold interreal-time
mode
from
the
beginning
of
the
ECOOP
project
and
served
as
mainframe
system
for
error
statistics
as
it
is
requested
by
the
Kalman
filter
techmediate layer and permanent pycnocline. Simulated curnique even in simplified manner reduces mentioned above
rent velocity displays the Rim Current and its seasonal and
further
development
of
the
operational
coastal
forecasting
systems
in theto Black
Sea. Started
problems. Therefore
transition
more sophisticated
data
mesoscale variability. Including quasi-permanent anticyassimilation
algorithm
is
crucial
for
the
improvement
of
the
clonic eddies onshore from the stream jet. At the same
system
efficiency.
It
is
important
also
to
assimilate
available
time there is a broad field of work to improve the model to
profiling float data to keep close to the reality the permanent
achieve better quantitative correspondence of the simulated
pycnocline position and gradients as it was explained earlier.
fields with observations. One of possible future improvement
In addition the Black Sea forecasting system was added
of the qualitative skill of the model is connected with further
with
the biogeochemical model. Together with the circulaperfection of the upper layer thermodynamics. Our experition
model
it allows describing evolution of the Black Sea
ence shows that current version of the model describes well
ecosystem.
Calibration tests showed reasonable qualitative
relatively slow evolution of the upper layer of the sea on seaconsistency
of
simulated biogeochemical parameters to the
sonal scales however less efficient when sharp atmospheric
general
concept
of the Black Sea ecosystem annual and infronts crossing the basin. We assume that more efficient paterannual
evolution.
Obtained results are encouraging but
rameterization of the mixed layer turbulence is requested in
future
improvement
of
the model should be done in a few
such conditions.
directions.
More
careful
qualitative calibration of the model
The accuracy of the upper layer simulations depends also
should
be
done
when
multidisciplinary
observations will be
on the quality of atmospheric forcing provided by meteoroavailable
in
the
basin.
Improved
model
should
include addilogical model. Simulations presented in the paper are based
tional
compartments
such
as
jellyfishes,
important
chemical
on the ALADIN family model runs with 24 km resolution.
elements.
Implementation
of
the
real-time
space
sea
colour
Increase of the spatial resolution of the regional atmospheric
data
assimilation
is
also
important
issue
of
the
future
system
forecast and careful analysis of available atmospheric forcing
development.
for the Black Sea should permit to improve the simulation of
The system architecture was improved significantly to
the basin thermodynamics.
avoid manual operation and during ECOOP project phase it
It was mentioned in the paper that the model demonstrates
operated in real time mode. The operational system estaba slow trend in the permanent pycnocline. More careful tunlished during ECOOP is the V0 version of the basin-wide
ing of vertical and lateral diffusion should help to reduce that
nowcating and forecasting system in the frame of the FP7
trend. Probably better space resolution of the model allowMy Ocean project.
ing explicit resolution of submesoscales permits not only to
simulate more realistic currents but also reduce temperature
www.ocean-sci.net/7/629/2011/
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