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B craTtbe onmcaH pazpaboTaHHBIN TPOTrPAMMHBIN MHCTPYMEHT, OOBEAMHSIIONINI B ce0e YMCIeHHbIe MOIETN, TUAPO-
JIOTMYECKHE JaHHBIC, CPEACTBA MOATOTOBKMU, aHAJIU3 PE3yIbTaTOB U MH(GOPMALIMIO O HAOIIOACHUSIX TI0 TeMaTUKe BHY-
TPeHHMX BOJIH B MUpoBOM oKeaHe. [1penaraeMblii oaxo HampasJieH Ha MOBbIIeHNE 3D (hEKTUBHOCTU MCCISTOBaHUS
MyTeM aBTOMAaTU3alMK PYTUHHBIX OMepalnii, MOBTOPSIFOIIMXCS TIPY KaXJI0M YMCIEHHOM 3KcrnepuMeHTe. Pazpaborana
HoBas Bepcus mporpammHoro komruiekca (IGWResearch2). Ctpykrypa KoMIuiekca Obljia CyIecTBEHHO IiepepaboTaHa
W IOTOJIHEHA HOBBIM (DYHKIIMOHAJIOM C YUYETOM aHaju3a 3arpocoB Mojib3oBaTteseil. buutn pazpadboTtaHbl KOMMYHUKAI-
OHHBIE OJIOKM VIS IPOBENEHMS OOJIAYHBIX BBIYUCICHUH, MHTETPpAIlMM UCXOMHBIX JaHHBIX U PE3YJIBTaTOB pacyera B 00-
JJaYHOE XpaHuIuIie. Takoit moaxo Mo3BoJIsIeT EPEHECTH BHIYMCIUTENIBHBIN MPOIIecC ¢ paOOYMX CTAHIIMI HAa BEIYMCIIM -
TENIbHBIN cepBep ¢ 6oJiee TTPOU3BOAUTEIBHBIM anmapaTHBIM obecrieueHreM. Ob6IauHOe XpaHUJIUIIE TaeT BO3MOXKHOCTh
00OMEHUMBATHCS JAHHBIMU MEXIY IMOJIb30BaTEISIMUA U XPAaHUTh PE3YJIbTaThl pacyeToB Ha cepBepe. [Tonb3oBaTeIbcKUil MH-
Tepdeiic mepepadboraH, noOaBaeHa MOIIAroBas CUCTeMa MHUIIMAIM3AUKY MOJIETTN C aBTOMaTUIeCKO KOPPEKTUPOBKOM
Ha OCHOBE TEOpETUYECKHUX OolleHOK. Pazpaboran 6ok nHterpauuu ¢ ceppucaMu HWUJI MITuTK HI'TY um. P. E. Anek-
ceeBa: aBTOpU3alMeil M OHJaitH 06a30i1 MTaHHBIX HAOTIONEHWIT BHYTPEHHUX BOJIH, IMO3BOJISIONINI 0TOOpaXxarb MHMOp-
MallMIo O TUIaxX, ICTOYHMKAX U AaTe HaOJII0IeHUT Ha MHTepaKTUBHOI KapTe. B cTrathe paccMmarpuBaloTcss 0COOEHHOCTH
peanmn3alu KoMIuiekca, 0630p UCTOIb3yeMbIX MOJENei, JaHHBIX U YMCIEHHBII 9KCTIEPUMEHT, BBITIOJTHEHHBIN TTPU 110~
MOIIIM KOMITJIEKCA.
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The development of a software package IGWResearch?2 is considered in the paper. This package contains numerical
models, hydrological data, data preparation tools, analysis tools and observations’ information related to internal waves in
the World Ocean. The proposed approach is pursuing a goal to increase research efficiency by automation of routine opera-
tions repeatable with every numerical computation run. A new version of the software package was developed. The software
structure was changed significantly and extended based on users’ requests. Communication modules for cloud computing
and cloud storage were developed. This approach brings the possibility to transfer a computational process from worksta-
tions to a dedicated high-performance server. Cloud storage provides an ability for users to exchange numerical results and
other data and store their data on the server. The graphical user interface was upgraded. A step-by-step configuration tool
for the initialization of numeric models was added. This tool provides an ability to automatically correct user input based
on weakly nonlinear theory estimations. New tools for the laboratory of modeling of natural and anthropogenic disasters
of NNSTU n. a. R. E. Alekseev services access were developed. They extend the package with web-site based authorization
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and provide online access to the database of internal waves’ observations. These tools provide information about internal
waves’ locations, their types, and dates on the interactive map. A numerical experiment using the software package is pre-
sented in the paper.

Key words: internal waves, software package, weak non-linear theory, cloud computing

1. Introduction

Similar to the surface waves that are on the border of water and air, the internal waves of the ocean prevail at
the interface of water layers of different density. The presence of such layers is due to different temperatures and
salinity of the liquid at different depths. Internal waves are a sub-mesoscale phenomenon both in time and in
space. Typical wavelengths range from hundreds of meters to tens of kilometers, and typical periods range from
a few minutes to several hours. Internal waves are very important because of their ability to transfer energy from
one part of the ocean to another. As a result, they affect the marine ecosystem, impact the bottom topography,
marine, and hydraulic structures [1].

The waves generate convergent and divergent flows on the surface and are visible in the images of radar and
optical sensors [2]. Such observations were reported for many water bodies of the planet. Especially numerous
observations are available for the South China Sea, where internal waves of large amplitudes are generated reg-
ularly [3].

Numerical modeling of the internal waves’ propagation and transformation processes is one of the tools for
studying such phenomena. For modeling, data are required to set the hydrological conditions. Such data can be
obtained from open sources — international oceanographic atlases containing the distribution of temperature
and salinity fields on a certain geographical grid [4]. As a rule, such atlases have different data formats and re-
quire preliminary processing.

Numerical models for describing the above processes based on the weakly nonlinear theory of long waves
have been being developed for many years and have been proved efficient [5—9]. In the framework of this
theory, the wavelength should significantly exceed the depth of the liquid. Wave dynamics is described by a
one-dimensional evolutionary equation to a first approximation [10] (Korteweg — de Vries (KdV)). An updat-
ed model, considering corrections of the subsequent orders of smallness, is the KdV equation with combined
nonlinearity (Gardner equation) [11, 12]. Models of this class may also address the rotation of the Earth and
dissipative effects [13].

Thus, the creation of a tool that combines numerical models, hydrological data, training tools, data analysis
and information about observations on the subject of internal waves could enhance the study of this phenom-
enon and automate routine operations repeated with each numerical experiment. The first attempt to create
and combine some of these components in a single software tool was made in our previous project [14]. Based
on the results obtained, user reviews and modern technologies, the software package was revised and extended.
A description of new approaches and blocks is presented in this article.

2. A brief overview of the models used

The package contains the following calculation blocks: a calculation block of the density field of seawater
[15], a calculation block for mathematical modeling of the internal waves propagation and transformation in
a stratified fluid with a geometrically complex configuration (variable topography) in the field of gravity and
Coriolis based on the equations by Korteweg-de-Vries, Gardner [11] and Gardner-Ostrovsky [12], calculation
blocks for modeling wave propagation in a weakly inhomogeneous ocean in the framework of ray theory [16,
17], calculation block for particle transport in the field of internal waves [18].

In this article, we restrict ourselves to the description of the block related to the model of equations of the
KdV family. The basis of the computational module is the extended nonlinear evolutionary Korteweg — de
Vries equation with combined nonlinearity (Gardner equation):

o n

1-o, (1

on 2, 0N
—+(c+tan+o —+
o Teromram) L +p
where 1 is a displacem,ent of the isopycnic surface at the maximum of the vertical mode; ¢ — s is the phase

velocity; oo — quadratic nonlinearity coefficient; o.; — cubic nonlinearity coefficient; f — dispersion coefficient
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(c, 0, a,and B — are the characteristics of the internal waves obtained from the data on the stratification of
the liquid). Equation (1) in the case of a horizontally inhomogeneous ocean along the section, considering the
rotation of the Earth and friction in the near-bottom turbulent boundary layer, assumes the following form:

X)OX (X 3 2
% [a00U), 4 (NO(X) 2 |28 B 0% keIOX) oy I p o o
oxX A(X) 2 (X) 5 ct(X) o5 ax) 2¢(X)
where &(5,X)=n(5,X)/0(X), § :J'%—t — time in the corresponding reference system, X — coordinate
c(x

along the wave propagation path, Q — linear gain coefficient found from the natural condition of flow energy
conservation in an inhomogeneous medium, f — the Coriolis parameter, k — coefficient of friction, which is
chosen phenomenologically.

3. Data

For hydrological conditions settings, three atlases with different resolution and territorial coverage are inte-
grated into the package: WOA18 [19] (World Ocean Atlas), GDEMv3 [20] (Generalized Digital Environmental
Model Database), and RCO [21] (Rossby Center Ocean). The coastline is set by the bathymetry atlas ETOPO1
[22] considering it contains a higher resolution of the topography and coastline in comparison with hydrological
atlases. Atlas GDEMvV3 contains arrays of monthly average climatic data, with a vertical distribution of tem-
perature and salinity at 58 depth levels, as well as blocks of averaged data for January and July. Atlas WOA18
contains blocks of averaged data for months and seasons at 57 depth levels. The RCO Atlas comprises monthly
averaged data obtained by the Rossby Centre Ocean Model, particularly, high-resolution temperature and sa-
linity data for the Baltic Sea between 4’ longitude and 2’ latitude at 41 depth levels, with a 6 hours time step from
1961 to 2005. The other characteristics are presented in Table 1.

4. Overview of the software package features

Hydrological data is used to calculate density fields, buoyancy frequencies, and also the coefficients of the
Gardner equation. Hydrological atlases are in different formats; therefore, a data import module was added to
the package. Its main function is to convert the initial data into a format supported in the software package, as
well as to associate atlas variables with the package variables. The NetCDF library format [23] was chosen as
the primary as it offers several advantages. These include a compact binary storage system, the ability to include
several physical parameters bound to an assigned coordinate grid, as well as tools for metadata handling. These
tools enable writing parameter descriptions, measurement units, data sources, organizations, etc. to the data
file. A user can import a data set and calculate the necessary fields or use the built-in data set that can be down-
loaded from the laboratory server using the package.

The new version of the package was transferred to the project-based system. Thus, all calculations, data, and
other parameters can be combined into a single entity in the form of a project. Such a data set fully describes all
the work done during the simulation and can be transferred between users via cloud data storage.

Table 1
Characteristics of the hydrology and bathymetry atlases

ETOPOI1 WOAIS RCO GDEMv3

bathymetry, bathymetry, bathymetry,

Data type bathymetry hydrology hydrology hydrology

Variables depth depth, temperature, salinity | depth, temperature, salinity | depth, temperature, salinity
Grid resolution 1/60 degrees 1/4 degrees 1/15, 1/30 degrees 1/6 degrees
Territorial coverage, latitude 90°S. —90° N 89.875° S — 89.875°N 53.925° N — 65.825° N 78°S —90° N
Territorial coverage, longitude | 180°W — 180°E | 179.875°W —179.875° E 9.5167°W — 30.1834° E 180° W — 180° E
Bathymetry Limits 10421 m 1500 m 249 m 9999 m
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Fig. 1. Software interface.

The package includes visualization for several data types: two-dimensional visualization of the fields of in-
ternal waves’ characteristics, regarding the geographical grid; display and editing of color maps; plotting graphs
and histograms of density profiles, sections, displaying statistical data. The new user interface has been rede-
signed in accordance with the users’ requests. It implements a step-by-step structure for initializing a numerical
model, fig. 1.

Conditions checks at each step are carried out automatically using various algorithms. For example, for
running a model based on the Gardner equation, it is possible to carry out analytical estimates of the initial
perturbation limiting amplitudes automatically and check the given initial amplitude for physical correctness.
Thus, the user receives recommendations related to physical limitations, depending on the data entered. Data
sampling tools allow interactive selection of data area on the map, including cross-sections, for subsequent
processing.

5. Software Cloud Mode

Numerical modeling suggests the fulfillment of several tasks associated with the data preparation, initialization
of the model, the calculation initiation, and analysis of the results. Additionally, the numerical calculation can be
performed outside the user’s workstation on more productive hardware provided via the Internet on request.

The advantages of this approach are more powerful resources, the ability to run multiple calculations in a
queue, efficient sharing of equipment, as well as shared cloud data storage.

This approach is implemented in the presented software package. The package system underwent disinte-
gration into modules, during which several modules were allocated: working with data, calculation, and com-
munication blocks. A calculation queue has been implemented that allows run calculations efficiently without
overloading the server, fig. 2.

The first system’s operation step implies authorization. Since each employee of the laboratory of modeling
of natural and anthropogenic disasters of NNSTU n. a. R. E. Alekseev possesses a login and password for the
site, thus authorization is performed through the site (http://Imnad.nntu.ru/) by requesting data by the com-
puting server from the laboratory server site server of the laboratory.

The implementation of the remote access system is based on three components — an FTP file transfer server
(vsftp), a MySQL database, and a communication unit implemented in C ++ using Qt libraries. The commu-
nication unit at the user’s request performs authorization in the laboratory site infrastructure and carries out job
scheduling, status monitoring, and calculation management through the database. The remaining components
receive the tasks from the database and perform jobs according to priority and server load.
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Fig. 2. Block diagram of the cloud computing implementation
in the software package.

An additional advantage of the system is the ability to store data and calculation results on the server, as well
as exchange these data between users through the system settings of the access rights. Any user of the system can
provide access to individual calculations or data to another user.

All calculations are performed using the IGWResearch application, launched on the user’s workstation.
The interface provides source data download and view for the model initialization, a list of running and sched-
uled calculations, tools for managing the calculation and status information request, as well as instruments for
visualization and download the results from the server.

6. Integration with an online database of internal waves’ observations

A communication unit was added to the developed software package to access the online database of inter-
nal waves’ observations in the oceans [24]. The base was created and maintained by the team of the LMNAD
NNSTU n. a. R. E. Alekseev. An online version is also available on the laboratory website [25].

The database consists of brief information about the source of observation, the location coordinates of the
recorded event, the date of the event, and the type of observation. At the moment, about 2300 events are record-
ed, systematized by the type of registration (satellite image, density profile, graph, etc.). The database is updated
by scientific articles analysis and other open sources, for example [26].

The interaction with the database module allows visualization of the recorded observations on the map, and
the brief information display for each observation in the preview mode, fig. 3.

‘When necessary, the user can switch to full viewing mode for the selected observation and additional infor-
mation, including graphic and text data, that are available from the laboratory’s website, which guarantees work
with the current version of the database.

& — satellite image O — map O — graph Depth, m
- —0
75° N
50° N +—1000
2N +—2000
00
250§ —3000
50° S —4000
75°S 1
—5000

100° W 0° 100° E
Fig. 3. View mode of the internal wave observations database.
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Markers plotted on the map have differentiation according to the data recording type and presented in dif-
ferent shapes and colors. When necessary, built-in filters can be applied, allowing a view of a certain type of data
only. Filtering data by type of registration, date, location of the water area is available. The presence of links to

the data source allows access to the original site.

Statistics modes are also available, presented in the form of data sources distribution histograms over a geo-
graphical location and season or time interval, which can be useful in analyzing the water area and the frequency

of occurring phenomena.

7. Example of numerical calculation

When studying the wave regime of the water
area, it is advisable to study the existing recordings
of wave activity. This information is available in the
database of internal waves’ observations. For ex-
ample, consider the waters of the Baltic Sea. It is
known that even in non-tidal seas, internal waves
can be generated during various dynamic process-
es. The presence of markers on the map in the Bal-
tic Sea, associated with recorded observations, is
shown in fig. 4.

Parameters of the medium are set by designat-
ing a section, along with which the simulation is
performed. The beginning and the end of the sec-
tion are set on the interactive map, while the user
obtains information about the coordinates of the
endpoints and the distance between them, fig. 5.

Sincethe Baltic Seaisnon-tidal, the direction of
internal waves’ propagationisalmostentirely deter-
mined by the source of generation and the proper-
ties of the medium. In this example, we consider the
internal wave soliton transformation southeast of
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Fig. 4. In situ internal waves observations in the Baltic Sea.
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Fig. 5. Environment setting tool.
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Gotland island, in the proximity of which there are satellite observations of surface manifestations of internal
waves. The RCO atlas was chosen as the January initial data for the experiment. The length of the selected
section was 53 km, the coordinates of the initial point of the section: 18° 35°5”” E, 56° 30°43”> N and the
coordinates of the endpoint of the section: 19° 22°29”* E, 56° 42°57”” N. The density field along the section
is shown in fig. 6. As an illustration, we used a simplified model based on the Gardner equation for an inho-
mogeneous medium (not considering the effects of Earth’s rotation and dissipation) to focus on the features
of wave transformation along a horizontally variable path. The values of the coefficients of the Gardner equa-

tion along the section are shown in fig. 7.

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

0
25
50
75
100
125

Depth, m Density
kg/m"3

Fig. 6. Density field along the selected cross-section.
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Fig. 7. Characteristics of internal waves and bathymetry along the
cross-section and the positions of turning points where the parameters
of the quadratic and cubic nonlinearity change signs (6.8 km and 22
km respectively).

30



OO0HOBIEHHBI MPOTPAMMHBII KOMIUIEKC JJIs1 MOJIeJIMPOBAHNS BHYTPEHHNX BOJH B MHPOBOM OKeaHe

At each section point, they are completely defined by the depth and
density stratification (see, for example, [27]) and drive the wave regime of
internal waves.

The initial perturbation is given in the form of the Gardner equation
[11] soliton with a 10-meter amplitude with a positive polarity. Since
the coefficient of quadratic nonlinearity (a) and the coefficient of cubic @—»a
nonlinearity (o) are positive at the beginning of the section, the weakly
non-linear theory predicts the existence of waves of both positive and <
negative polarity, but with amplitudes greater than the minimum critical
value (amplitudes of an algebraic soliton; see fig. 8). The result of the
propagation and transformation modeling of a soliton with an ampli-
tude of 10 m is shown in fig. 9 as a diagram, where x is the coordinate
along the section, § — is the time coordinate in the moving coordinate
system.

In 6.8 km from the section beginning, the coefficient of cubic nonlinearity changes sign, while the coeffi-
cient of quadratic nonlinearity remains positive and even increases. A change of cubic nonlinearity sign leads
to a change in the wave regime resulting in only one family of soliton solutions of positive polarity only (since
the coefficient a is positive) with a limited amplitude, defined as the ratio of the quadratic nonlinearity coef-
ficient to the modulus of the cubic nonlinearity coefficient (fig. 8). In addition to changing wave modes in the
second part of the section (from 6.8 km to 22 km, where the sign of the quadratic nonlinearity changes), there
is a significant horizontal heterogeneity of the marine environment (in particular, the bottom depth changes
significantly, as can be seen from fig. 7). It may explain the intense restructuring of the soliton. Starting from
the middle of the second part of the section, the nonlinear correction to the wave velocity tends to zero,
therefore transforming to a train of waves of comparable amplitude.

At a distance of 22 km from the start of the wave propagation, the quadratic nonlinearity coefficient changes
sign (from positive to negative). Following the Gardner equation, negative polarity solitons only can exist in
this case. In other words, in a transition to this zone, a soliton of positive polarity should cease to exist, which is

Fig. 8. Wave regimes estimate.
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Fig. 9. Result of the soliton propagation and transformation modeling.
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seen in the spatiotemporal diagram in the third part of the section. As can be seen from fig. 9, the amplitude of
the wavefield decreases from 10 m at the start of the path to 4 m at the end, while the soliton is converted into
a train of waves.

8. Conclusion

In this article, the authors presented the capabilities of the IGWResearch2 software package, examined
some features of the software implementation, and provided an example of numerical simulation. The package
supports internal waves modeling in a stratified fluid and contains a sufficient set of tools for numerical exper-
iment setup, management, and analysis. It does not require an examination of the source code and is designed
for a wide range of users.

The developed environment comprises a set of input data for initializing numerical models, several models
on the subject of internal waves and tools for experiment control and results’ analysis. It allows for efficient
calculations, including usage of cloud technologies and cloud data storage. The proposed approach made it
possible to increase the efficiency of numerical experiments by transferring the computational process from
workstations to a more efficient multiprocessor server. The calculations’ queueing enables computing resourc-
es’ handling on the server. Cloud storage shared between users of the system provides flexible access to data,
including experimental results exchange, as well as the sharing of raw data for numerical models’ initialization.
Integration of the Research Laboratory’s of the LMNAD NNSTU n. a. R. E. Alekseev services and infrastruc-
ture (access to the observation database, authorization mechanism) into the software package made it possible
to create a comprehensive tool for conducting numerical experiments.

The presented results were obtained with the funding of a grant from the Russian Science Foundation (project
No. 17-71-10101).
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