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Abstract. The existence of relatively large formations in developed turbulent flows is an important distinguishing feature and it requires a special approach to modeling. A significant
part of the energy carried by large structures significantly affects the processes of interaction
between the atmosphere and the ocean, modulating the intensity of heat and momentum
flows. Experimental data obtained by contact method at the sub-satellite polygon demonstrate
the presence of submesoscale structures in the marine boundary layer, identified by various
methods. Wavelet analysis is the most informative method available for analysing in-situ data.
The instrument ensemble used on the oceanographic platform, consisting of Sigma, ADCP
and Vostok-M instruments, allows us to study the effects associated with both the vorticity of
the wind wave field and with larger-scale formations with multi-day periods. A wide set of measured hydrometeorological parameters makes it possible to evaluate the coherence functions
between various physical characteristics, including the intensity of turbulent flows. A direct
comparison of the results obtained by various methods unfortunately does not give unambiguous conclusions. Both good quantitative and qualitative agreement and differences between the
results are observed. The scale of the structures identified by the intensity of turbulence ranges
is from 2 to 42–44 hours (linear scale is 0.3–15 km), and scales determined by wind speed and
current velocity are over 70 hours. In most cases a high correlation of the detected structures in
the marine environment with atmospheric processes.
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1. Unsteadiness of hydrophysical fields and coherent structures
Most non-stationary models describing the interaction of the atmosphere and the ocean, except for
the seasonal one, usually take into account only the synoptic and (less often) daily variability of the
studied characteristics. Their fluctuations on smaller scales, as a rule, are not included to the models.
For example, in [1, 2] and in a number of others the different models and the different time scales
were considered to describe the upper mixed layer of the ocean, but variations in dynamic effects of
the order of the inertial period and more were taken into account. Nevertheless there is quite a lot of
evidence for the existence of mesoscale and submesoscale spatial structures, which can significantly
affect the intensity of turbulent exchange processes both in the boundary layers of the sea and the atmosphere and also its influence on the interaction between two media.
Such relatively large-scale formations in a turbulent flow are quite common and have been described by Townsend [3]. In modern literature, in accordance with experimental results, a coherent
structure is defined as “a connected large-scale turbulent liquid mass with vorticity correlated in phase
in the entire area of the space occupied by the structure” [4]. The discovery of quasi deterministic
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(coherent) structures, as a widespread phenomenon in many types of flows, has led to a revision of
ideas about turbulent motion [5]. Such deterministic structures can carry up to 80 % of the total energy of the turbulent flow. In modern studies, this phenomenon is paid increased attention. Both numerical experiments (LES modelling) and direct measurements usually supported by visualization of
flows are carried out. A number of generalizing materials are presented, for example, in reviews [6, 4].
In the last two decades of turbulence research, there has been confidence that the transfer characteristics of momentum, energy, and other quantities in turbulent shear flows are determined for
the most part by large-scale vortex motion rather than by small-scale chaotic motion. Moreover, the
shape, intensity and scale of such organized movements are different in different flows [4].
Forming of distinct coherent structures, such as convection waves and billows in the atmosphere,
and fronts and eddies in the ocean, contributes to the intermittency and variability of exchange processes near the surface [7–9].
Large coherent structures in the ocean and their atmospheric response are observed in the tropical
Pacific where with weak winds internal waves contribute to the structure of the surface temperature
field and consequently to surface heat fluxes. Studies of coastal upwelling phenomena in the California
current have made it possible to describe a system of near-surface vortices and high-energy jets embedded in the main southern surface current. The scale of such features which can be interpreted as
quasi-deterministic structures is usually less than 100 km [9].
The existence of submesoscale structures in the conjugate layers of the atmosphere and ocean
should appear as quasi-periodic changes in the turbulent characteristics, which of course leads to
changes of interaction intensity. Although strictly speaking the presence of such quasi-periodicities
is not sufficient confirmation of coherent structures existence, since point measurements even made
simultaneously in different regions of the turbulent flow leave the probability for another interpretation. However, the presence of quasi-periodic changes in both turbulence intensity and various hydrophysical values will be a sign of coherent structures existence in the boundary layers of the sea and
atmosphere.
Comprehensive detailed measurements of hydrophysical characteristics and thorough analysis are
necessary to achieve a better understanding of the problems of momentum transfer, latent and explicit
heat and gas fluxes at the air-sea surface. All these fluxes are controlled by turbulence (including coherent structures) in air and in water, which in turn are strongly influenced by the surface wave field
[10]. A more detailed study of the turbulent structure near the surface will help to more accurately take
into account the transfer of heat, dissolved elements, gases and pollutants at small scales and in determining the effective transfer coefficients for large-scale problems as subgrid values.
Especially relevant research in situ because the results of experiments in laboratories cannot always
be successfully applied to practical tasks.

Figure 1. The location of the stationary oceanographic platform of MHI in Katsiveli, Crimea.
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2. Field measurements of hydrophysical characteristics in the marine boundary layer
Experimental studies of the turbulent structure in the surface layer were carried out on a stationary
oceanographic platform in sub-satellite polygon of Marine Hydrophysical Institute of the Russian
Academy of Sciences (MHI) in the Crimea (Figure 1). The set of measuring equipment included
a Vostok-M current velocity meter, ADCP, a Sigma-1 turbulimeter, a string wave recorder and a number of others. At the same time, standard weather observations were carried out: wind speed, temperature and humidity and so on. The Sigma-1 measuring complex [11] registers many parameters: 3D velocity fluctuations: temperature, electrical conductivity, pressure and their pulsation components, that
make it possible to estimate the intensity of turbulence. Measurements are taken from the sea side with
an appropriate range of flow directions in order to avoid the influence of the platform; the instruments
are located at a sufficient distance from the supporting structures.
Thus, the conditions in the measurements area are close to the open sea conditions.
More detailed information about the experiments and methods for estimating the intensity of turbulence is given in [12].
3. Methods for identifying structures
Given the importance of relatively large-scale formations in turbulent flows, their detection in the upper sea layer and parameterization are necessary for more adequate description of both the air-sea
interaction and substances transport. The following are some methods for identifying structures that
have been used with more or less success in practice [13].
(1) Visualization. This method is an essential element of flow analysis. In some cases, it may be the
only way to identify structures but in natural conditions it is not always available. A more suitable option may be the PFD (Pseudo Flow Visualization) method. It allows you to simply handle a large amount of data, highlight the large-scale organization of the flow, considering the
initial speed data. To obtain information about the flow in space along the axis, the Taylor hypothesis is used.
(2) Study of flow topology. We study the flow field in the vicinity of critical points where the velocity
vector c = {u, v, w} disappears. In these singularities, the direction of the flow field is not defined. After linearization of the equation c = grad(c) using the Taylor series expansion, the eige
nvalues are found. The contours separating adjacent singularities (vortices) correspond to the
condition that the imaginary part of the root vanishes.
(3) Spectral analysis. This method provides reliable information about the periods of intensity fluctuations in the analysed hydrophysical quantities. It is a well-studied method of analysis and has
the widest possible application.
(4) Wavelet analysis. This promising method makes it possible to identify and analyse not only periods
of fluctuations in the process intensity, but also its development over time [14]. Guidance on
the use of wavelets in geophysical exploration is given in [15]. For our experimental data, this
method turned out to be the most informative and convenient. Used wavelet transform
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where W(a, b) are wavelet coefficients; a is the scale of the wavelet transform; b is the shift along the
time axis; ξ is the initial signal; φ is the mother wavelet; t is time.
Morlet wavelet was used as the motherboard. In addition to the wavelet coefficients and the global
spectrum calculated from them, the autocorrelation function, also calculated from the wavelet coefficients, turned out to be useful [14]:
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where τ is the time delay of the signal.
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In addition to these methods for identifying structures, one can also note empirical orthogonal
decomposition, WAG (Window Average Gradient), the method of localization of vorticity peaks,
etc. [13].
4. The results of the analysis and discussion
The collected arrays of a wide set of hydrophysical values in the marine boundary layer were studied
for the existence of large-scale structures with a period of 1 hour or more. The main conclusion is as
follows: for all the observed parameters, there are multi-hour periodicities which in our opinion indicate the presence of different-scale structures. Figure 2 shows a histogram of the periods of reliably
detected oscillations of the main hydrophysical characteristics during the one operation period (two
weeks). Significant periodicities were determined from the global spectrum (calculated using wavelet
coefficients) as exceeding the red noise level [15].

Figure 2. Histogram of detected periodicities distribution in the atmosphere and sea boundary layers in June
a
2007. Notations: u* is air fiction velocity; Ta is air temperature; wrms is mean square vertical pulsations of water
velocity; Tw is water temperature; Ud is flow velocity.

The magnitude of the revealed periodicities in all intensity of turbulence, flow velocity, and other hydrophysical quantities was both intraday, lasting from one hour to 18 hours and longer over
70 hours.
Figure 3 shows the global spectrum of vertical velocity pulsations at a depth of 2 m with intraday
periods and the spectrum of red noise. The velocity pulsations were pre-filtered by a high-pass filter
with a threshold of 1 Hz to remove wave components. Here and in the illustrations below, the Morlet
wavelet is used as the mother wavelet.

Figure 3. On the left is the global spectrum of rms vertical velocity pulsations at a depth of 2 m, the corresponding spectrum of red noise (lower dashed line) and the 95 % confidence spectrum; on the right is the waveletautocorrelation function of the same series.
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In most cases, the observed structures in the sea subsurface layer and in the atmospheric near-water layer are correlated quite well. However, the coherence level between atmospheric and hydrophysical parameters varied greatly. Structures differing in scale were also observed, which evident to their
different origin. Figure 4 shows the autocorrelation functions for the air friction velocity and the root
mean square vertical velocity fluctuations in water at a depth of 1 m. It is clearly seen there are both
oscillations with the same period (~6 and 12 hours) and differing, almost no diurnal fluctuations in
this case in the surface layer although in other observations rather similar patterns have observed.

Figure 4. Autocorrelation functions for the friction velocity in air (left) and the rms vertical velocity pulsation in
the marine layer at a depth of 1 m. Daily cycling are clearly expressed in the air and are manifested more weekly
in water, structures in sea with periods of more than 40 hours are apparently not related to the atmosphere.

Based on the analysis of a large data array from field experiments we can make some generalizations and conclusions.
(1) Known methods for identifying organized structures in turbulent flows can be applied to the analysis of field observations in the marine environment. Unfortunately, a direct comparison of the
results obtained by various methods does not give unambiguous conclusions. Both good quantitative and qualitative agreement between the results and differences are observed.
(2) The use of wavelet analysis may be preferable for point measurements and obtaining synchronous
information about several hydrophysical parameters.
(3) The hardware set used on the oceanographic platform composed of Sigma, ADCP, and Vostok-M
instruments allows one to study effects related to both the vorticity of the wind wave field and
larger-scale formations with many-hour and many-day periods.
(4) The scale of the structures identified by the intensity of turbulence is from 2 to 42–44 hours
(roughly from 0.3 to 15 km), by wind speed and current velocity scales are reached over
70 hours.
(5) In about 70 % of cases, there is a strong correlation of structures in the marine environment with
atmospheric processes, i.e. there is an intense interaction of two environments on large scales.
The presented results will allow us to take into account the presence of submesoscale structures in
the developed multiscale models of turbulent exchange and increase their objectivity.
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