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Abstract—The study verifies the Black Sea wave model using field data obtained from the Katsiveli research plat-
form. The WAM and mesoscale MM5 and WRF atmospheric models, which are used to calculate the wind field
for the wave model, were recently adjusted to the Black Sea region at the Marine Hydrophysical Institute. The
results of the work are presented as characteristics of the simulation quality used in world practice in other
regions. The scatter index for a significant wave height is 70% in summer and 50% in winter. The values of the
scatter index of wave parameters and wind speed appear to be at the same level as in semi-enclosed seas on the
northern side of the Mediterranean Sea. It is shown that atmospheric simulation correctly reproduces the inter-
action between synoptic processes and the mountain range extending alongshore. Error sources in wave simu-
lation are discussed. The most significant drawback is the possibility of mesoscale instability in the atmospheric
model without assimilation of observation data within the computational domain.
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1. INTRODUCTION

In recent decades, significant progress has been
made in simulating sea waves, which makes it possible
to solve practical problems of wave prediction with a
high degree of reliability; these can be used for safe nav-
igation, application of shelf resources, assessment of
wave climate and its trends, and the solution of scien-
tific problems on meteorological wave phenomena
using model simulations. These problems can be solved
by using the results of global atmospheric simulation in
mesoscale atmospheric and wave models, which need
preliminary adjustment to a specific region. The MM5
and WRF mesoscale atmospheric models, together
with the WAM wave model, which have been adjusted
to the Black Sea region at the Marine Hydrophysical
Institute in Sevastopol (before 2014, the Marine Hydro-
physical Institute belonged to the National Academy of
Sciences of Ukraine), are currently being used to assess
the wave climate [2], short range meteorological and
wave predictions [16], wave studies [15], and typical
coastal atmospheric phenomena in the Black Sea [1].
Scientific aspects of the problem are the selection of
correct parameterizations of natural processes in
regional models, allowance for regional peculiarities [3,
7], and further verification of the models, which
requires a specific validated approach.

The operational quality of wave models differs sig-
nificantly if an open ocean or enclosed seas are con-
sidered. Traditionally, this is characterized by the scat-

ter index SI, which is the ratio of the root-mean-
square simulation error of a physical value to its mean
observed value. The SI values for wind velocity, signif-
icant wave height, and period of the wave spectrum
peak evaluated in the global forecast currently reach
15% [20]. However, over the scales of the Mediterra-
nean Sea, the SI value increases up to 30–70% [8, 11,
12]. Since the vector field of wind velocity at a level of
10 m, which is the result of atmospheric simulation, is
used as the input for the wave model, the quality of
wave simulation is strongly determined by the quality
of the atmospheric simulation. In particular, the wave
characteristics in the northern part of the Mediterra-
nean Sea are simulated worse than in its southern part
owing to the existence of coastal mountainous terrain
on the northern side, which is not adequately taken
into account by atmospheric models [8, 11]. It is likely
that targeted validation of the wave model in the Black
Sea has not yet been performed. Our work attempts to
make up for this disadvantage to some extent.

A standard approach to this problem implies that
the data from three sources should be compared: the
results of the model simulations, satellite data, and
field records from meteorological and wave buoys [8,
12]. Usually, the fields of the wind and wave character-
istics reconstructed from satellite data are calibrated
using available field data [12]. This, in turn, makes
possible the systematic comparison of the model and
satellite fields in the entire studied basin. However,
data from meteorological and wave buoys in the Black
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Sea do not enjoy free public access. Therefore, strictly
speaking, the reliability of the satellite data in the
Black Sea (e.g., the known joint SeaWind dataset [22])
requires confirmation. In this work, the results of
model simulations of wave characteristics are com-
pared with field data from the Stationary Oceano-
graphic Platform of the Experimental Department of
the Marine Hydrophysical Institute in Katsiveli. Note
that the waves observed at a specific point of the closed
basin develop under wind forcing over the entire area
of the basin. Therefore, comparison of the measured
wave characteristics with simulated ones results in an
indirect method for verification of atmospheric mod-
els and assessment of their “integral quality” related to
the entire wind field over the sea. The aim of our work
is to obtain such an assessment for the Black Sea in the
form of characteristics used in similar assessments for
the Mediterranean Sea and global model. We also
show possible causes of the observed discrepancies.

2. DESCRIPTION OF DATA

2.1. Field Measurements

Field data were obtained at the Stationary Oceano-
graphic Platform (33°59´ E, 44°23´ N) near the town
of Katsiveli on the southern Crimea coast during three
representative time periods: October 2012–April 2013,
July–October 2012, and September–October 2011.
The platform is located at a distance of 0.5 km from
the shore over a depth of approximately 30 m.
A mountainous plateau about 1000 m in elevation
extends along the coastline approximately 4 km from
the shore. The elevation gradually decreases between
the plateau and the coast. The form of the platform, its
location relative to the coastline, and a schematic sec-
tion of the coastal zone topography normal to the
coast are given in [5, 16,] and many other works.

The wind speed and direction were recorded at a
height of 21 m with a time sampling of 1 min by the
“Davis Vantage Pro 2” meteorological station installed
on the platform. The wind velocity vectors averaged
over 20-min intervals, whose centers corresponded to
the time instant of the simulation point, were used for
comparison with simulations.

Surface waves were recorded with a frequency of
10 Hz using an array of resistance wave recorders with
string diameters of 0.25 mm. Each sensor measured
the sea surface elevation with an error smaller than
1 cm, while wave heights were up to 4 m. Five strings
were located at the vertices of a regular pentagon with
a radius of 25 cm, and one was located at its center.
This made it possible to determine the frequency and
angular characteristics of waves with lengths ranging
from 1.5 to 100 m. Perturbations introduced by the
wave staffs to the measured wave field were minimized
by an original suspension system. The entire construc-
tion was locked in place on a lifting support at a dis-
tance of 10 m from the closest pillar of the platform.

The wave staff array was either lifted of lowered as a
whole for direct calibration of the measuring recording
system, while the values of its vertical displacements
were measured exactly [6]. The design scheme of the
system is described in [4]. A special design was applied
for wave recording from October 2012 to April 2013,
which consisted of one string wave recorder with
increased strength characteristics, making it possible
to record waves with heights up to 10 m. The technical
details of the system were retained as described above,
but the data were transmitted via radio channel to an
onshore receiving device.

The wave data passed quality control, and unreli-
able fragments were filtered out [6]. Intervals of con-
tinuous records 1 h long were used to compare with
simulations. The frequency and directional frequency
spectra of sea surface elevations,  and 

, were estimated for each of the
intervals. Two-dimensional spectra were calculated
using the maximum entropy method [17]. A signifi-
cant wave height, the mean frequency and direction of
the waves of the spectral peak,

 (1)

 (2)

 (3)

were determined from the spectra according to the defi-
nitions in [12], where  is the dispersion of the sea sur-
face elevations. Although the values of the period and
direction of waves of the spectral peak are traditionally
used in comparison with field observations, several
wave systems are frequently observed in our work both
in the field data and simulated frequency-angular spec-
tra, whose characteristics are difficult to compare.
Therefore, below we restrict ourselves to comparison of
the integral spectral characteristics 

2.2. Simulation of the Atmosphere

We used the data of following types as the input to
the wave model, which we obtained from atmospheric
simulation over the Black Sea. The data are character-
ized by different spatial resolutions.

1. As the basis source we used the results of
NCEP/NCAR global operational analysis, carried out
by the US National Center of Atmospheric Research
using all available data: land measurements, vertical
profiles, satellite data, etc. The fields of atmospheric
characteristics with a spatial resolution of 0.5° (appro-
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ximately 50 km) and time sampling of 6 h are free acces-
sible on the Internet [13].

2. Wind velocity fields with a higher spatial resolu-
tion were obtained at the Marine Hydrophysical Insti-
tute using the MM5 mesoscale atmospheric model and
its modern version Weather Research and Forecasting
(WRF) [21]. The models were developed at the US
National Center of Atmospheric Research, while at the
Marine Hydrophysical Institute they were adjusted to
the Black Sea region, by selecting the most appropriate
schemes for parameterization of the physical processes
and specifying in more detail the properties of the
underlying surface and terrain topography, in particular
[3]. The simulation domain covers the entire Black Sea
basin (39°–49° N, 25°–45° E); the results of global
active analysis are used as the lateral boundary condi-
tions. We performed a retrospective analysis with a spa-
tial resolution of 18 km and time sampling of 1 h using
the MM5 model for the entire Black Sea region that
covers the time interval 2000–2013.

3. Since 2007, the Marine Hydrophysical Institute
has carried out operational weather forecasting in the
Black Sea region using the MM5 model. The spatial
resolution for the entire Black Sea region was 10 km,
and the time sampling was 1 h. The prediction results
are free accessible on the Internet [19]. The size of the
computational domain is 39°–49° N, 25°–45° E, so it
covers the entire Black Sea basin and makes it possible
to analyze the synoptic situation and mesoscale pecu-
liarities. The results of the NCEP/NCAR global oper-
ational forecast are used as the lateral boundary con-
ditions [13]. Short-term meteorological prediction is
currently being done at the Marine Hydrophysical
Institute for the Azov and Black Sea regions simulta-
neously using two mesoscale atmospheric models,
MM5 and WRF.

We use the NCEP/NCAR results of global analysis,
reanalysis, and forecast of the Marine Hydrophysical
Institute as the input data for the wave model; for brev-
ity, we denote the corresponding data as 1, 2, and 3.

2.3. Wave Model for the Black Sea and Approach 
to Comparing Simulation and Measurement Data

We used the WAM (cycle 4) for wave simulation,
which is currently used for forecasting and analysis of
wind waves in the World Ocean and internal basins
[14, 18]. The basis of the model is the equation for the
wave action spectrum that describes the wave propa-
gation in the presence of currents and takes into
account the interaction between the wave components
in a four-wave approximation. The right hand part of
the equation is supplemented by the terms describing
the wave generation by wind and their dissipation due
to wave breaking. The WAM model is designed to cal-
culate the directional frequency spectrum of waves
with the dispersion relation for a finite sea depth [14].

The entire basin of the Black Sea was simulated
over a regular grid with a step of 10 km. The time step
providing stability of the numerical scheme was 5 min.
The currents in the Black Sea were traditionally not
taken into account because the available information
about them is not sufficiently reliable. The fields of the
wind velocity and direction at a height of 10 m were
input to the WAM model from data of 1–3 types using
linear spatial and temporal interpolations. The direc-
tional frequency spectrum  at the point of the
simulation grid closest to the measurement point was
used for comparison with measurements.

We selected the frequency range 0.04–0.4 Hz to
calculate the spectra based on the following consider-
ations. Figure 1 shows the semiempirical dependences
of significant wave heights and periods of the spectral
peak waves on the wave fetch and wind velocity. We
used formulas [14], which take into account the fact
that the wave spectrum tends to the limiting Pierson–
Moskowitz spectrum in the course of wave develop-
ment. The figure shows the curves at fixed frequencies
of the spectral peak and the range of wind velocities of
is interest to us. The figure for wave fetch means that
waves should travel distance Х to reach the indicated
peak frequency at the given wind velocity. The dura-
tion of wave forcing on developing waves was esti-
mated using the formula  where  is the

( , )S f ϑ

,GT X C= GC

Fig. 1. Fetch (Х), duration of wind action (Т), and significant wave height (HS) as functions of wind velocity. Numerals show fre-
quency of spectral peak in Hz. 
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group velocity of the spectral peak waves. The curves
break down when wind velocity decreases and the
indicated peak frequency cannot be reached, because
it is lower than the limiting Pierson–Moskowitz spec-
tral peak frequency. The graphs give us an idea about
the values of wave characteristics that can be expected
at the measurement point.

Wave spectra with frequencies within 0.15–0.3 Hz
are usually observed at the Katsiveli platform. Swell
usually exists when wind velocities are smaller than 3–

5 m/s; hence the significant wave heights  remain at
a level of 0.2–0.3 m or higher. It follows from the figure
that a fetch of tens and hundreds of kilometers is needed
for the development of such waves. Therefore, simula-
tion of waves at the location of the platform requires
simulation over the entire Black Sea basin. The figure
also shows that wind conditions that influence the
waves in Katsiveli have been achieved over the Black
Sea in the period preceding the observations, which is
several (up to 10) hours long. It is most likely that if the
frequency of the wind wave peak in Katsiveli is 0.4 Hz
or higher, the heights of such waves according to the fig-

ure for  will not exceed the contribution of the wave
background related to the swell. On the basis of these
considerations, the wave spectra were simulated for the
region covering the entire Black Sea. The prognostic
(simulated) frequency interval of the spectrum was lim-
ited to the maximum frequency of 0.4 Hz.

Note that, currently, simulation of the wave char-
acteristic using nested grids became widespread [10],
which makes it possible to account for the coastline in
detail. In our case, when we limit the calculation to a
maximum frequency of 0.4 Hz, such detailed elabora-
tion makes no sense, because we take into account
only the waves formed over an area greatly exceeding
the characteristic distance between the platform and
the coast. On the other hand, wave components with

SH

SH

frequencies lower than 0.4 Hz can be present in the
model spectrum, which arrive from directions actually
located in the shadow zone formed by the details of the
coastline. We consider only the spectra in the interval
of wave arrival azimuths 45°–255° corresponding to
the directions to the open sea so as to exclude these
components from comparison with measurements.
We emphasize that spectral peaks with frequencies
lower than 0.4 Hz, which are in the excluded domain,
are not present in the spectral estimates obtained from
measurements.

Thus, in comparison to the observations, we use
the wave characteristics determined from the spectra
calculated using formulas (1)–(3), but integration in
these formulas is performed over a frequency interval
lower 0.4 Hz and an interval of wave arrival azimuths
of 45°–255°.

3. RESULTS

Figure 2 makes it possible to compare the field data
with model simulations using data 3. The figure shows
the significant wave height and mean wave frequency
calculated using formulas (1)–(2) for the winter sea-
son of 2012–2013. It follows from the plot that in calm

periods, the value of  remains at a level of 20–30 cm,

while the calculated values of  are sometimes one
order of magnitude smaller. These situations corre-
spond to the observations of weak swell in conditions
when swell is not present in the model simulation. One
can see sharp “peaks” at certain time instants in the plot

of the mean wave frequency, where the calculated  is
significantly higher than the measure one. The fact
that the wave models do not describe well the decay of
swell waves has been many times described in the liter-
ature; see, for example, [9]. Although the correct
description of the waves in calm weather can hardly be

SH
SH

f

Fig. 2. Significant wave height (a) and mean wave frequency (b) in winter period of 2012–2013. Dots show field data; line shows
simulation 3 (operational atmospheric forecast of Marine Hydrophysical Institute with resolution of 10 km). 
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of practical importance, the mentioned discrepancies
influence the statistical characteristics of the simula-
tion quality.

Stormy conditions in the plot are distinguished
from the peaks of significant wave heights. The calcu-

lated values of  near the peaks can be either lower
(as in March 2013), or higher than the observed values.
Such discrepancies can be as high as tens of percent.
As we shall see later, the cause of such significant dis-
crepancies is related to errors in simulations of wind
speed in the atmospheric models. However, despite
the mentioned causes, Fig. 2 demonstrates a clear cor-
relation between the measured and calculated values.

SH

The abovementioned facts can be related to compari-
son of all simulations with all data.

Figure 3 shows a fragment of records in 2011. The
figure demonstrates detailed time evolution of the data
including mean wave direction (see formula (3)).
Here, the geographical azimuth was taken as the wave
direction from which the waves arrive (similar to the
wind direction). Figure 3 also makes it possible to
compare the results of the simulation based on data 1
and 3. On October 10, one can see an anomalously

strong divergence of curves for ; we discuss this

below. The deviations of  for the other dates, as also

deviations of , and  shown in the figure are typical.

Figure 4 shows examples of the scatter diagrams for
significant wave heights and mean frequency plotted
by means of joining the data of all periods of measure-
ments. The gray scale shows the relative frequencies of
the points with given measured and calculated values.
The diagrams illustrate the degree of correlation
between the results of simulation and measurements.
It follows from Fig. 4 that the simulation using data 1

underestimates the values of  while the simulation
using data 3 overestimates them. At the same time, the
scatter diagrams for the medium values of wave fre-
quencies are practically the same for the simulations
with data 1 and 3.

Let us now characterize the degree of quantitative
correspondence by calculating the following charac-
teristics of simulation quality: bias

 (4)

where U is a scalar value; subscripts mod and mes are
related to the simulated and measured values, while
the angular brackets denote averaging over a set of
data; root-mean-square deviation

 (5)

the linear regression coefficient slope, determined
from equation

 (6)

using the least square method; the scatter index
according to two definitions

 (7)

the correlation coefficient

SH
SH
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Fig. 3. Data fragment in October 2011. (a) Significant wave
height, (b) mean wave frequency, (c) mean direction of
waves. Dots show field data; solid line shows simulation 1
(NCEP/NCAR operational atmospheric analysis with
resolution of 50 km); dashed line shows simulation 3
(operational atmospheric forecast of Marine Hydrophysi-
cal Institute with resolution of 10 km). 

10

0.4

11 12 13 14

0.3

0.2

0.1

f av
, 

H
z

(b)

10

360

11 12 13 14

270

180

90

0

θ a
v
, 

d
e
g

(c)

October 2011

10

2.0

11 12 13 14

1.5

0.5

0

H
S
, 

m

(a)

1.0



OCEANOLOGY  Vol. 56  No. 2  2016

WIND WAVES IN THE COASTAL ZONE OF THE SOUTHERN CRIMEA 219

We characterize the quality of simulations of wave
direction by the bias of the mean direction and stan-
dard error deviation:

 (9)

where the mean angles were calculated by averaging of

 similar to (3). It is likely that cases of small sig-

nificant wave height (for example,  m)
are not very interesting for estimating the quality of
wave direction calculation. We carry out averaging in
formulas (9) with a weight proportional to the signifi-
cant wave height to suppress their contribution. Let us
calculate these characteristics for the entire data set and
for the three-month-long periods of June 15, 2012–
September 15, 2012 (summer) and December 1, 2012–
March 1, 2013 (winter). Table 1 gives the corresponding
mean values of the measured significant wave heights
and mean wave frequency, and the coefficients of their
variations determined as the ratio of the standard devi-
ation to the mean value.

Table 2 presents the characteristics of the simulation
quality of significant wave heights, mean wave fre-
quency, and mean wave direction based on simulations
1–3 from the joint data set. Table 2 also includes two
columns showing the divergence between the two
model simulations. Here, column “2 and 1” means that

( )
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SDE bias
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= ϑ − ϑ −

exp( )iα
0.3 0.5SH < −

during the simulations using formulas (4)–(9), data 1

were substituted from the measured values, which are

compared with data 2; column 3 and 1 has a similar

sense. These columns compared with the first three col-

umns of the tables show that the divergences between

the results of simulations and measurements are not

much greater than the divergences between simulations.

Table 3 makes it possible to compare the simulation

quality in the summer and winter seasons.

It follows from the table that the scatter index for 

is at a level of 40–60%, which is determined worse

than wave simulation in the open ocean [20]. How-

ever, these values correspond to the scatter indices in

the coastal zone on the northern side of the Mediter-

ranean Sea (25–70% as reported in [8, 12]).

SH

Fig. 4. Scatter diagrams of wave characteristics. (a) significant wave height, (b) mean wave frequency. Comparison with simula-
tion 1 is shown on left (NCEP/ NCAR operational atmospheric analysis with a resolution of 50 km), comparison with simulation
3 is shown on right (operational atmospheric forecast of Marine Hydrophysical Institute with resolution of 10 km). Dashed
straight line shows complete correspondence; solid straight line shows result of linear regression. 
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Table 1. Mean characteristics of field data

Characteristics 

of data
Entire data set Summer Winter

 m 0.52 0.39 0.67

 % 64 60 55

 Hz 0.24 0.25 0.22

 % 15 13 15

,SH
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All simulations show that the bias of  appears at

a level of a few centimeters; the bias of  is at a level of

0.01 Hz or lower; the bias of  is at a level of 10° or

lower. The values of slope for  show that the simu-

lations based on data 1 always underestimate the wave

heights, whereas simulations with data 2 and 3 overes-

timate this value. The values of slope for  show that

all simulations overestimate the mean wave frequency

in summer and underestimate it in winter. Judging

SH
f

ϑ
SH

f

from the values of scatter indices SI and SI2, the mean

wave frequency is modeled with a better quality than

the significant wave height; in addition,  and  in

the winter season are modeled better than in the sum-

mer season. We note that correlation coefficient r for

 is always lower than for , which can be related to

insufficiently adequate description of swell in the wave

model. The mean wave direction is modeled with a

significant error at a level of 40° (see line SDEdir in the

SH f

f SH

Table 2. Characteristics of simulation quality over entire data set

Parameter
Characteristics 

of quality

Number of simulation Comparison of simulations

1 2 3 2 and 1 3 and 1

bias, m –0.0579 0.0522 0.0270 0.1152 0.0851

RMSE, m 0.2101 0.3291 0.3091 0.2498 0.2223

SI, % 40.5724 62.5780 59.7795 53.7660 48.2459

SI2, % 33.8285 52.3287 49.8784 40.9492 35.9888

slope 0.8963 1.0979 1.0730 1.2073 1.1815

r 0.8260 0.7502 0.7738 0.8705 0.8984

bias, Hz 0.0097 0.0057 0.0071 –0.0042 –0.0020

RMSE, Hz 0.0395 0.0430 0.0426 0.0336 0.0284

SI, % 16.4467 17.9395 17.7540 13.5036 11.4264

SI_2, % 16.3061 17.7776 17.5982 13.0344 11.1343

slope 1.0378 1.0177 1.0256 0.9743 0.9871

r 0.6555 0.5701 0.6016 0.7907 0.8512

biasdir, o 14.2216 3.8878 7.5029 –7.4019 –5.6345

SDEdir, o 35.2711 39.8423 40.4287 38.0324 34.7409

SH

f

ϑ

Table 3. Characteristics of simulation quality in summer and winter periods

Parameter
Characteristics 

of quality

Summer, data type Winter, data type

1 2 3 1 2 3

bias, m –0.0680 0.0391 –0.0027 –0.0591 0.1094 0.0732

RMSE, m 0.1967 0.3266 0.2878 0.2187 0.3491 0.3798

SI_1, % 50.0048 83.0066 73.1503 32.4322 51.7596 56.2202

SI_2, % 43.6228 70.0091 62.0261 28.0619 45.2316 48.8693

Slope 0.8854 1.1488 1.0688 0.9092 1.1485 1.1181

r 0.7829 0.6889 0.7329 0.8377 0.7598 0.7481

bias, m 0.0198 0.0139 0.0219 0.0006 –0.0047 –0.0026

RMSE, m 0.0475 0.0496 0.0508 0.0299 0.0385 0.0380

SI_1, % 18.7043 19.5068 20.0171 13.3730 17.2244 17.0248

SI_2, % 18.7815 19.5895 20.1754 13.2131 16.9232 16.7800

Slope 1.0714 1.0439 1.0776 0.9990 0.9730 0.9839

r 0.4153 0.2423 0.3228 0.7087 0.5568 0.5921

biasdir, o 10.3160 –1.4992 2.0814 – – –

SDEdir, o 34.1436 36.3131 38.5470 – – –

SH

f

ϑ
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tables). Note that the divergences between the values

of  in different simulations are at the same level (see
Table 2).

It is seen from Tables 2 and 3 that the coefficient of
correlation between the measured and modeled wind
wave parameters decreases systematically (although
insignificantly) with increasing resolution of the
atmospheric model used for simulation of wind fields.
The same can be said about the RSME scatter values.
Below, we consider the possible causes of these diver-
gences between the measurement data and simulation
results. First of all, we have to assess the simulation
quality of wind fields used as the input data for the
wave model.

4. SIMULATION OF THE ATMOSPHERE 
AS A POSSIBLE SOURCE OF DISCREPANCY

The available data make it possible to directly com-
pare wind velocity simulations with field measure-
ments from the Katsiveli platform. However, owing to
the fact that the platform is located in the coastal zone,
it is desirable to use simulations with increased spatial
resolution for comparison. Such simulations were spe-
cially performed using the WRF model in the mea-
surement period of September–October 2011. The
reanalysis data with a resolution of 18 km (simulation 2)
were used as the boundary conditions for downscaling
in three nested domains with a center at the location
point of the platform [7]. The domains were squares
with sides of 829, 276, and 93 km, and the grid steps
were 9, 3, and 1 km. For brevity, we denote these sim-

ϑ
ulations as 4, 5, and 6, respectively. Thus, six types of
data with spatial resolutions of approximately 50, 18,
10, 9, 3, and 1 km were available for analysis. The
results of these simulations at the nodes of a vertical
grid at a height of 20 m, which is the closest to the
measurement height (21 m), were used for comparison
with measurements.

The simulation should a priori correctly describe
the synoptic variability of the atmospheric fields
owing to application of the nested grid method when
detailed structure in the given region is simulated for
known large-scale fields (data 1). Therefore, the
results of simulations should demonstrate the interac-
tion of synoptic processes with the main peculiarity of
the underlying surface topography, with the mountain
ridge extending along the coast. Figure 5 shows the
wind velocity components along the ridge (Ux) and

normal to the ridge (Uy) according to measurements

and simulation 5. An azimuth of 65° was selected as
the general direction of the ridge; the eastern direction
corresponds to positive Ux values, and the northern

direction corresponds to positive Uy values.

The wind flow in this period was generally directed
along the ridge. It was characterized by variations over
scales of a few days. These main features of the wind
field are well described by the model. However, varia-
tions on the scale of one day or less are worse repro-
duced, especially the wind component normal to the
ridge. For example, in the period from September 25
to 29, one can distinguish f luctuations of Uy with

approximately a daily period, which the simulations
do not reproduce. However, simulation describes a

Fig. 5. Wind velocity components along ridge (Ux) and normal to ridge (Uy). Black line shows field measurements; thick gray line
shows simulation 5 (WRF model with resolution of 3 km). 
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number of characteristic regional effects. For example,

in the period from September 24 to 26, the wind over

the entire Black Sea was northerly. During such a syn-

optic situation, the wind velocity over the Katsiveli plat-

form can be either very small when the platform is in the

wind shadow zone or, on the contrary, the velocity can

be high during the slope wind with local intensification

at the foot of the ridge. One can see in Fig. 5 that the

wind in this period was weak, but in a period of a few

hours (night–morning on September 25) the wind

sharply intensified. The model reproduces this situa-

tion well.

The model describes a specific phenomenon of this

region: formation of an alongshore jet when the wind

flows around the Crimean Mountains. Figure 6 shows

an example of the jet on October 9, 2011, at 12:00 UTC

(simulation 5). The jet is well seen in Fig. 5, which

shows the measurements of alongshore wind compo-

nent Ux. It is manifested as an intensification of wind

velocity up to 12–15 m/s in a narrow coastal zone

approximately 30 km wide.

Detailed simulations of wind velocity cover a period

of 28 days. Table 4 shows the characteristics of the qual-

ity for this simulation and wind directions for all types

of the model data calculated from formulas (4–9). All

the wind direction characteristics in formulas (9) were

averaged with a weight proportional to the wind veloc-

ity. The mean measured wind velocity is 6.10 m/s, and

its variation coefficient is 62%.

Note that the estimate for the scatter index of wind
velocity in Table 4 is at the same level as for the atmo-
sphere simulation in semienclosed seas on the north-
ern side of the Mediterranean Sea [8]. Comparison of
Table 4 with Tables 2 and 3 shows that the quality of
wind velocity and direction simulation is no better
than the quality of simulation of significant wave
height and mean direction of waves. This supports the
conclusion that atmosphere simulation is an import-
ant, and possibly, the main source of errors in the sim-
ulation of wave fields.

It was concluded in [16] that the two strongest
weather disasters in the Black Sea region in recent
years were predicted by the forecast of the Marine
Hydrophysical Institute (simulation 3 with a resolu-
tion of 10 km), but they were not predicted by the
global NCEP/NCAR forecast (data 1 with a resolu-
tion of 50 km). It was shown in [11, 12] that the simu-
lation quality of wind and waves in the Mediterranean
Sea increases with increasing spatial resolution of the
models. The quality of wind field simulation in the
region of the southern coast of Crimea also increases
with increasing resolution of the models; for example,
the alongshore jet shown in Fig. 6 is clearly pro-
nounced in the fields of the model wind velocity with
resolutions of 1 and 3 km (simulations 6 and 5), but it
is not present in simulations with a worse resolution.
However, it follows from Table 4 that the characteris-
tics of the quality of wind velocity simulation at the
point of the platform actually were independent of the

Fig. 6. Alongshore jet on October 9, 2011, at 12:00 UTC. Wind field is shown in grayscale and directed streamlines. Coordinate
axes are northern latitude and eastern longitude. Numerals on grayscale and contour lines show wind velocity in m/s. Black line
shows land–sea boundary.
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resolution. The authors of [8] also faced a similar situa-
tion. According to their interpretation, random motions
appear with increasing resolution of the model, which
add energy into the small-scale part of the spectrum of
wind velocity variations and lead to intensification in
the scatter of points in the scatter diagram.

Analysis of our results also reveals another possible
cause of divergence: “atmospheric model instability”
without data assimilation within the computational
domain. Figure 7 shows the wind fields over the Black
Sea corresponding to two types of simulations for
12:00 UTC on October 9, 2011. The simulations result
in two qualitatively different situations. Simulation 3
(spatial resolution is 10 km) results in propagation of a
mesoscale atmospheric front over the sea, whereas the
result of the global model demonstrates a field with low
gradients. Let us consider the corresponding effect for
the wave heights at the platform over 12 h (a time shift is
needed to take into account wave development over the
scale of the entire basin, see Fig. 1). A significant excess

of the simulated significant wave height based on the

wind field of type 3 over the measured values is seen in

Fig. 3 close to 12:00 UTC on October 9, 2011. At the

same time, the results of simulation 1 correspond to

the measurements. Thus, there was actually no sharp

front with wind velocities over 14 m/s in the warm sec-

tor before the front that results from simulation 3. It is

likely that the actual front was much less pronounced.

Modification and even generation of mesoscale atmo-

spheric phenomena in the regional models within the

domain of simulations with boundary conditions

specified at the domain boundaries is a well-known

peculiarity. If there is no data assimilation within the

simulation domain, the model can result in strong

divergence from the real state of the atmosphere. Cur-

rently, there are not enough available measurements

with high spatial resolution for data assimilation using

the mesoscale model. It is likely that such types of

modification are infrequent: in our simulations, there

was only one event in 28 days. However, this event

Fig. 7. Wind field at height of 20 m on October 9, 2011, at 12:00 UTC. (a) Simulation 3 (operational atmospheric forecast of
Marine Hydrophysical Institute with resolution of 10 km), (b) simulation 1 (NCEP/ NCAR operational atmospheric analysis
with resolution of 50 km). Notations same as in Fig. 6. 
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Table 4. Characteristics of simulation quality of wind velocity and direction

Characteristics

Data type

1 2 3 4 5 6

bias, m/s –1.7298 –0.7824 –0.0433 –2.0618 –0.7347 –0.1957

RMSE, m/s 3.1676 3.5874 3.4283 2.8498 3.1634 3.4411

SI, % 54.6242 61.0368 58.3311 48.5027 51.8024 58.5673

SI2, % 23.8158 38.0912 40.0862 26.5534 39.2431 46.1471

Slope 0.5630 0.6793 0.7842 0.5790 0.7893 0.8584

r 0.6736 0.4124 0.4821 0.6721 0.6170 0.6007

biasdir, 
o 5.7967 11.1342 15.8910 10.4986 11.3211 11.4869

SDEdir, 
o 46.3734 58.1434 51.3671 43.1418 41.1899 51.2616
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caused significant errors in wave height simulation.
Therefore, it is of practical importance to find a way to
avoid such errors.

5. CONCLUSIONS

We obtained an assessment of the simulation qual-
ity of wave fields in the Black Sea by comparison with
field measurements from the Stationary Oceano-
graphic Platform in Katsiveli. We used the WAM
model (cycle 4) and the wind velocity fields in the
Azov–Black Sea region obtained using the MM5 and
WRF mesoscale atmospheric models. These models
were adjusted to the region at the Marine Hydrophys-
ical Institute. Since the development of waves
observed at the platform occurs over the entire area of
the basin, the obtained estimates characterize the
“integral simulation quality” of waves in the Black Sea
and in the atmosphere over the sea. We present a the-
oretical justification for the selection of the maximum
frequency of 0.4 Hz when simulating wind waves in the
Black Sea. Correct comparison with measurements at
the point of the platform requires that the angular
range corresponding to the directions of wave devel-
opment from the coast (255°–45°) should be excluded
from the simulated spectrum. Special simulations of
the atmospheric fields with increased spatial resolu-
tion (up to 1 km) using the nested grid method were
performed to analyze the wind fields in detail. The
results are presented as the simulation quality charac-
teristics used in world practice in other regions (see
Tables 2–4).

The results show that the simulation quality of sig-
nificant wave heights and wind velocity in the coastal
zone of the southern coast of Crimea, characterized by
scatter indices within 40–60%, correspond to semien-
closed seas on the northern side of the Mediterranean
Sea, where the scatter index can be as high as 70% [8,
12]. The simulation quality of the mean wave fre-
quency is higher: it approaches the results of global
simulation (SI ~ 15%). Simulation of the mean wave
directions is less reliable (the characteristic error is at a
level of 40°). In the winter season, wave characteristics
are simulated more reliably than in the summer season
(see Table 3), so that the scatter index for the signifi-
cant wave heights in winter is 20% lower than in sum-
mer. Usually, swell with significant wave heights that
do not exceed 0.5 m is observed in weak wind condi-
tions, which is lacking in simulations. This (which may
not be important from the practical viewpoint) indi-
cates that swell decay in the wave model is inadequate.

The simulation quality of wind velocity does not
exceed the simulation quality of wave characteristics
(cf. Tables 2 and 4); thus, the atmospheric model may
be the main cause of errors in the simulation of wave
fields. Detailed comparison of the simulated wind
velocity with the measurement data shows that the
atmospheric model with increased spatial resolution
(1–3 km) describes qualitatively correctly the interac-

tion between the synoptic processes and the mountain
ridge extending along the shore, reproducing along-
shore jets, wind shadows, and sloping wind. At the same
time, we revealed the drawbacks of the model, which
can be divided into three types. First, the model poorly
reflects wind velocity variations on time scales of one
day or shorter, especially for the wind component nor-
mal to the ridge (see Fig. 5, plot Uy). Second, nondeter-

ministic motions exist (found earlier in [8]), which
appear when the model resolution increases. As a result,
increased resolution does not lead to improvement in
the characteristics of simulation quality of wind velocity
and waves (see Tables 4 and 2). Third, there may be a
situation of “model instability” in the simulation of the
atmosphere, which may occur due to lack of data assim-
ilation within the simulation domain (see Fig. 7). This
leads to significant errors in wave height simulations.
Currently, the third disadvantage is the most significant
and its elimination is considered the most important
problem in improving the regional atmospheric model
at the Marine Hydrophysical Institute.
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