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Abstract

The practical need for operational monitoring of the position dynamics of the auroral oval
is due to the negative technospheric manifestations of space weather effects observed in this
spatial region. However, the well-known software tools for modeling the auroral oval solve
this problem inefficiently from the point of view of informativeness and ergonomics. The pa-
per proposes an approach to dynamic visualization of the characteristics of the auroral oval,
which is available at the program level in the form of a traditional web application with the
ability to render visual elements in the browser, as well as in the format of a standalone ser-
vice like RESTful-API. The developed solution provides visualization of the following parame-
ters: the probability of observing the glow of the upper layers of the atmosphere with the na-
ked eye, the electric and magnetic potentials of the field in the region of the northern auroral
belt, as well as various types of auroral precipitation. It is assumed that the proposed ap-
proach will make it possible to significantly increase the efficiency of the study of parameters
in the auroral oval region by specialists and scientists in the relevant fields. At the same time,
the high internal and low external connectivity of the developed software modules allow them
to be integrated into third-party applications of various profiles and purposes.

Keywords: auroras, auroral oval, geoinformation systems, component-oriented ap-
proach, API, web application.

1. Introduction

Auroras are a clear confirmation of the invasion of charged particle streams into the at-
mosphere and direct evidence of the existence of solar-terrestrial connections. Their compre-
hensive research is currently determined by the urgent needs of practice.

It is known that auroras visually appear at night mainly in the northern and southern polar
caps, and in some cases - to the equator from the aurora zones. According to known stand-
ards (for example, standard 25645.109 84 [1]), auroras are most often observed in the area of
the auroral oval - an area of the ionosphere that is a projection of the plasma layer and cusp
along the geomagnetic field lines. In this case, it is important to distinguish between the so-
called instantaneous and averaged auroral ovals, the first of which characterizes a ring actual-
ly observed above the Earth’s surface, and the second - a certain oval figure, the size and
shape of which is determined by the configuration of the magnetosphere and the parameters
of the solar wind [2].

Research shows that during magnetically quiet periods the diameter of the auroral oval is
~3000 km, while on the day and night sides the boundary of the auroral zone is 10-16° and
20-23° from the magnetic pole, respectively. During periods of solar activity, the auroral oval
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expands and auroras can be observed 20-25° south or north (for the northern or southern
hemisphere, respectively) of the boundaries of their usual manifestation.

The auroral oval region, as a rule, is characterized by the most active manifestations of
space weather, which include, in particular, overload of power lines caused by geo-induced
currents, failures of short-wave radio communication systems, etc. [3]. In addition, auroral
latitudes are characterized by the presence of sharp gradients and high levels of ionospheric
plasma turbulence, which provokes failures and reduces the stability of signals from radio
communication systems and GPS/GLONASS navigation satellite systems [4].

In this regard, the importance of monitoring of the dynamics of the auroral oval position
for assessing associated phenomena is obvious. Moreover, from the point of view of the pos-
sibilities of predicting the position of the auroral oval, the assessment of the corresponding
probability can be carried out with finite accuracy in space and time. The very possibility of
the forecast is due to a finite time shift (~1 hour) due to the propagation of the solar wind
from the interplanetary satellite to the magnetosphere boundary, information about which is
the basis for modeling the position of the auroral oval.

The main source of information about the structure of the auroral oval is measurements on
low-orbit satellites of auroral electron fluxes that cause auroras. The results of such meas-
urements do not depend on ionospheric illumination and atmospheric cloudiness, and are
also more sensitive compared to ground-based and satellite optical observations. Thus, in
particular, the OVATION-prime (OP) auroral oval model, based on data from more than 20
years of observations of electron and proton fluxes of different energies on DMSP (Defense
Meteorological Satellite Program) satellites, has become widespread [5].

Automated monitoring of the position of the auroral oval based on well-known empirical
models is implemented by a number of currently existing information systems, which are
primarily web-based services. So, for example, the NOAA web service
(https://www.swpc.noaa.gov/products/aurora-30-minute-forecast) [5], which is based on
the OVATION-prime model, has become widespread and is used by the National Oceanic and
Atmospheric Administration (NOAA) [5] for short-term forecasting of the intensity of auroras
and provides visualization of the probability of airglow in the area of the auroral oval (Figure
1, a). The visualization results provided by the service are actively used both by scientific or-
ganizations in the process of conducting various types of research, and by travel agencies to
attract tourists to the high-latitude regions of the planet to observe the auroras.
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Figure 1 — Examples of visualization results for auroral oval models

In addition to the above-mentioned NOAA service, there are other software products that
are focused primarily on regional monitoring of fragments of the auroral oval. A great exam-
ple of such web applications are products developed by the University of Alaska (Fairbanks,
USA) (https://www.gi.alaska.edu/monitors/aurora-forecast) (Figure 1, b), as well as the Ice-
landic Meteorological Service (https ://en.vedur.is/weather/forecasts/aurora/) (Figure 1, c).

Another Russian software product is built on the basis of the Auroral Precipitation Model
(APM) [6, 7] and is available at URL: http://apm.pgia.ru/. The model is built on a database of
geomagnetic activity, represented by Dst and AL index values, and allows one to obtain the
global distribution of the characteristics of precipitating electrons in the coordinates “correct-
ed geomagnetic latitude - local geomagnetic time” (Figure 1, d). It is important to clarify here
that the Dst index represents the deviation of the magnetic field variation from the quiet lev-
el, averaged over the values measured at the control chain of magnetic stations located at low
latitudes, and the AL index corresponds to the maximum negative deviation of the H compo-
nent of the magnetic field from the average quiet level at stations of the auroral zone. From
the point of view of software implementation, this service does not allow building the speci-
fied model for real current values of Dst and AL-indices (they are supposed to be set manual-
ly), and is also characterized by the lack of interactivity of images, cartographic substrates
and support for geoinformation tools, which together reduces the effectiveness of the tool.

In addition, the NORUSCA model developed within the framework of the Norwegian-
Russian project for forecasting the characteristics of the auroral oval using data from the vir-
tual 15-minute Kp index (WING), which, in turn, is determined based on the dependence of
the Kp index on solar wind parameters, is known [8, 9]. It is also important to clarify here
that the Kp index is a planetary index that characterizes the global disturbance of the Earth’s
magnetic field in a three-hour time interval. The model allows to construct an auroras oval for
1 to 2 hours in advance, depending on the speed of movement of charged particles from the
Sun. The corresponding results are available at http://kho.unis.no. The application is a sin-
gle-user type and is available only in desktop or mobile format.



Summarizing the experience of research of the above and other similar software products,
we can highlight a number of their characteristic shortcomings. These include, in particular,
the impossibility of dynamic visualization and scaling, the lack of visual information about
the current state of space weather, as well as geographic information tools for manipulating
analysis parameters and graphical interpretation of spatial data.

In this regard, it is relevant to develop an interactive geographic information system that
provides dynamic visualization of the parameters of the auroral oval with the possibility of
their user analysis using geoinformation methods and tools based on real values of space
weather parameters. It is expected that the solution to the identified scientific and technical
problem will make it possible to develop tools for a better understanding by researchers and
interested parties of the physics of various types of processes in auroral and adjacent zones.

The experience gained by the authors in the field of software development [10, 11] led to
the conclusion that the basis for solving this problem should be the use of geoinformation and
web-based technologies, which will expand the circle of application users, on the one hand,
and will also significantly reduce the requirements for client computing power, on the other.

2. Characteristics of input data

The project discussed in the paper is aimed at visualizing the following parameters in the
region of the auroral oval: the probability of observing the glow of the upper layers of the at-
mosphere with the naked eye, the electric and magnetic field potentials in the region of the
northern auroral belt, as well as various types of auroral precipitation. Computational models
that generate the corresponding spatial data sets are implemented in the form of executable
software scripts located on the server side of a web-based application.

The initial data are the results of satellite observations, available via standard network data
transfer protocols and provided by providers in accordance with a given time stamp in the
form of a set of attribute and spatial information. The data provided by the services is format-
ted in text data streams in CSV-like and/or JSON format [12], which allows them to be effi-
ciently processed in appropriate server scripts.

So, for example, one of the visualized parameters which is the probability of observing au-
roras with the naked eye can be determined in accordance with the OVATION-prime predic-
tive model, which in turn implements a short-term (30 min) forecast of auroras based on
space weather and solar wind parameters. In this case, a delay value of 30 minutes corre-
sponds to a solar wind speed of ~800 km/s; however, in reality, the delay time varies from
less than 30 minutes to an hour or more, depending on the average solar wind speed.

The model itself is implemented at the level of software scripts executed on the server side
and returns a text dataset in GeoJSON format as a result [12]. Each geospatial primitive (spa-
tial point) in the corresponding server response represents a combination of three compo-
nents - geographic latitude and longitude (spatial data) and the probability value of observing
the aurora at the corresponding point in space. Data is transmitted via the secure HTTPS pro-
tocol via port 443 in a standard request-response format [13].

Another parameter—the boundaries of auroral precipitation—is formed based on the re-
sults of a server script that implements the APM auroral precipitation model [6, 7], which, in
turn, was obtained from direct observations of the characteristics of precipitation particles
from DMSP series satellites. The input information for the scenario is the values of the mag-
netic activity indices AL and Dst, which can be obtained from the resource of the World Geo-
magnetic Data Center in Kyoto (WDC for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-
u.ac.jp/wdc/ Sec3.html)) [14]. A significant drawback of this resource is the lack of data from
February 28, 2018, which does not allow constructing a planetary distribution of various au-
roral precipitation zones in later time periods. In the research prototype of the application
presented by the authors, it is proposed to use the values of AL and Dst indices of magnetic
activity according to forecast data from the Laboratory for Atmospheric and Space Physics at



the  University of Colorado (USA), available at:  https://lasp.colorado.
edu/home/spaceweather/ [15].

The data is presented in the format of a CSV text file consisting of two fields: a timestamp
of the form “YYYY/DD-HH:MM:SS” (DD is the serial number of the day in the year) and the
directly predicted value of the corresponding magnetic activity index. Due to the limited
availability of the designated resource via web protocols for third-party applications, in the
project under consideration, access to data is implemented through additional software ex-
tractors of text information using the corresponding APIs.

The parameters of the electric and magnetic potential in the auroral zone are calculated
based on the Weimer model [16, 17], which is also implemented in software as a server script
module, initiated for execution by a request from the client side of the corresponding applica-
tion. The input data for the specified software scenario are the parameters of the solar wind
and interplanetary = magnetic  field recorded by the DSCVR  satellite
(https://www.ngdc.noaa.gov/dscovr/portal/index.html). It is important to note that, in ac-
cordance with Weimer's model, spherical harmonic functions can be used to determine po-
tential values only in a narrow region of high latitudes. At lower latitudes, potentials are cal-
culated from several functions of longitude in the Fourier series with a discrete step in lati-
tude [18]. The corresponding data is presented in a file independent of the program script it-
self, which is accessed via the same secure HTTPS network protocol via port 443.

3. Visualizing Modelling Results

In general, the results of modeling parameters in the auroral oval region are sets of spatial
data with corresponding attribute values. Visualization and processing of such data is tradi-
tionally carried out using geographic information systems and technologies that provide the
ability to use a wide range of tools, models and methods of geoinformatics.

The basis of a geospatial image is a basic geospatial object with a corresponding map back-
ground. As a rule, such objects are flat two-dimensional maps or virtual three-dimensional
globes. Since this project focuses on the auroral oval region, it seems appropriate to use
three-dimensional geospatial visualization. This choice is due to the fact that virtual globes
using the Mercator map projection (WGS 84) have the best technical characteristics for visu-
alizing spatial data in the upper and lower latitudes compared to flat maps, where such visu-
alization is in most cases accompanied by graphic artifacts [19].

Directly visualized data on a virtual globe should be represented by a set of geospatial
graphic primitives, which in most cases include a spatial point, a broken line (polyline) and a
polygon. Due to the specificity of the analyzed data in the area of the auroral oval, in the pro-
ject under consideration, visualization is implemented using geospatial broken lines and pol-
ygons. At the same time, each variant of geospatial interpretation has its own color scheme,
which makes it possible to increase the efficiency of visual perception of the displayed infor-
mation by the end user.

The choice of the type of geospatial primitive for visualization is determined by the specif-
ics of the interpreted data [20]. So, for example, to visualize the probability of observing the
glow of the upper layers of the atmosphere with the naked eye, as well as the electric and
magnetic field potential in the region of the northern auroral belt, the project under consider-
ation uses a set of broken lines. In this case, polylines are level lines that are formed from ini-
tial spatial data, represented by spatial points with corresponding attribute values. To gener-
ate level lines (isolines), a separate software module is provided on the server side of the ap-
plication, which takes as input a set of spatial points and values in them, and returns a set of
isolines as a result. The specified script implements the corresponding spatial interpolation
algorithms for irregular monitoring networks, and also directly performs the procedure for
generating level lines from spatial data and filtering the result obtained.

Another geospatial primitive used in the project is a spatial polygon, which is used to visu-
alize various types of auroral precipitation. The result of executing the server script that im-



plements the APM model consists of three spatial polygons, each of which corresponds to a
zone of auroral precipitation (area of hard diffuse precipitation, auroral oval, area of soft dif-
fuse precipitation). The color scheme is applied to the generated spatial polygons directly on
the client side of the application.

The generation and visualization of sets of graphic primitives on the client side are imple-
mented in a dynamic mode, which allows one to evaluate changes in time and space of the
corresponding parameters in the area of the auroral oval. This option provides for a time-
sequential (with a user-specified sampling step) change of spatial layers characterized by the
corresponding spatial label. The absence of layer overlay during the visualization procedure
creates for the end user the effect of animated switching of geospatial images, and the ability
to stop the procedure allows you to study the data for the corresponding time interval in more
detail.

The settings available in the application allow to switch the color scheme of the data visual-
ized using geospatial primitives in the auroral oval region. To make the geospatial image
more informative, a visualization of the terminator linked to the corresponding time stamp is
provided. In this case, if necessary, to increase the readability of the geospatial image, the
terminator can be disabled.

In accordance with the Web 2.0 concept [21], control of the visualization of geospatial lay-
ers in the auroral oval region is implemented in asynchronous mode, which is reflected in the
corresponding format of interaction with the server: the object model tree of a web page with
a virtual globe does not change completely, but only partially, affecting hide the layer without
reloading the geospatial base object with the map underlay.

To simplify user navigation in the visualization mode of the analyzed parameters, the ap-
plication provides mechanisms that implement geoinformation methods of direct and reverse
geocoding, which allows you to shift the focus of the image to the desired spatial point. In ad-
dition, with appropriate settings of user agents, a geolocation function is possible, allowing
you to move the focus directly to the geographic location of the user device.

4. Application Architecture

The web-based framework of the application ensures its mass distribution and accessibility
to a wide range of end users with minimal qualifications in the field of information technolo-
gy. At the same time, this imposes a number of serious restrictions on technologies for soft-
ware implementation of the functions of processing, analysis and visualization of relevant ge-
ospatial information. This fact is appropriately reflected in the architecture of the presented
web application.

The traditional approach to designing web applications is based on the use of a three-tier
client-server architecture, in which a web server is used as a mediator component, which re-
spectively manages the interaction between the client and server components. At the same
time, the client-server architecture pattern successfully implements the concept of separating
data from its presentation, providing for the possibility of redistributing computationally
complex functions between several server nodes with the possibility of subsequent vertical
and/or horizontal scaling to increase the reactivity of the resulting applications [22].

It is known that in web applications, increasing reactivity, testability, flexibility and exten-
sibility is only possible by weakening the relationships between software modules on both the
client and server sides. Consistent hierarchical decomposition is the basis of the component-
oriented approach that is widespread today, providing the ability to reuse autonomous (or
loosely coupled) software components, including third-party applications [23].

A distinctive feature of the component approach to application development is the devel-
opment and operation of software components that are autonomous relative to each other
within a given environment. In this case, the environment is understood as the computing
environment in which the web application operates: platforms, frameworks, code interpreters
and compilers, etc. However, the architecture itself is designed in such a way that its compo-



nents do not depend on each other and are easily replaceable during refactoring and/or scal-
ing the application.

Each component of the application has characteristic properties, the most important of
which is introspection, which presupposes that each component has metadata necessary and
sufficient for its use as part of the application when interacting with other software modules.
As a rule, the metadata is the component interface, which regulates the set of input parame-
ters, as well as a set of output data both in the context of the domain used and syntactic fea-
tures.

To implement the necessary functionality in the application under consideration, compo-
nents are identified that ensure the formation of a set of spatial data, on the one hand, as well
as components that implement their cartographic interpretation, on the other. At the same
time, in accordance with the principles of modular decomposition of web applications, groups
of components implement client and server components, respectively, as well as objects that
ensure interaction with external data sources.

Processing and graphical interpretation of geospatial data is usually associated with com-
putationally expensive procedures. In accordance with the plugin approach widely practiced
in modern web applications, it is advisable to identify a group of server components respon-
sible for preparing and processing spatial data. At the same time, the performance and reac-
tivity of server software components is directly determined by the degree of their external and
internal connectivity.

It is known that it is possible to optimize the functioning of a web application if, for exam-
ple, the principle of openness/closedness is implemented: “Software entities (classes, mod-
ules, functions, etc.) should be open for extension, but closed for modification.” This is in-
tended to ensure flexibility and extensibility of the software system, which, on the one hand,
implies the ability to quickly make changes to the program, as well as the ability to add new
entities and functions to the system without disturbing its basic structure. At the same time,
this architecture also provides the ability to reuse software modules in third-party systems.

When decomposing a software system, it is necessary to strive for minimal dependence of
modules on each other, on the one hand, and maximum dependence of the internal compo-
nents of a module (High Cohesion + Low Coupling principle) [24]. At the same time, the high
interconnectivity of the components within the module is manifested in the fact that the
module is focused on solving one narrow problem and does not imply the implementation of
heterogeneous functions.

A wide range of component-oriented architectural approaches are actively practiced in
modern development, which are mainly reflected in the use of specialized design patterns for
web applications. The most widespread among the patterns that provide strong internal and
weak external coherence of software components are the “Observer” and “Mediator” architec-
tural patterns [25].

Thus, the “Observer” pattern assumes the presence in the application architecture of an
additional control software module, conventionally designated as an “observer module”. The
role of the observer module in the application is reduced to the formation of a generalized
message coming from internal or third-party components of the architecture, and intended
for the corresponding local program modules. Interaction between software modules is im-
plemented according to the “sender-subscriber” principle, according to which the main mod-
ule is the sender of messages, and all other modules are its subscribers. The message metada-
ta indicates the identification parameters of the desired destination module (usually a URI).
In the background, modules monitor the appearance of new messages and, if the metadata
matches their own identifier, they accept the corresponding packet.

Another template — “Mediator” — also assumes the presence of an additional control mod-
ule (the so-called mediator). However, unlike the previous approach, the messages generated
during interaction are not publicly available and are sent by the mediator directly to the re-
cipient module, thereby relieving all other software components of the need to continuously
monitor all changes in incoming information flows.



Both architectural patterns assume the presence of an additional software module (observ-
er or mediator) that manages information interaction between other application components.
The key advantage of this approach is ensuring maximum independence of application com-
ponents, which allows them to be distributed and used according to the web API principle in
accordance with the RESTful software interaction method (REpresentational State Transfer)
[26].

So, for example, a set of spatial isolines generated on the server side, characterizing the
probability of observing auroras in a regular spatial grid, has a characteristic API interface.
This method of interaction allows you to vary the corresponding data visualization by various
(including those other than local in relation to the virtual directory) software services and sys-
tems using the standard secure HTTPS protocol.

Moreover, each software component developed within the framework of the proposed so-
lution encapsulates the features of the computational processes embedded in it in such a way
that a set of corresponding boundary parameters was sufficient for its identification. So, for
example, the formation of a resulting set of spatial polygons in accordance with the APM
model is possible using a software component, the boundary values of which are a timestamp,
Dst and AL index values, on the one hand, and the resulting GeoJSON data, on the other.

From the point of view of web-oriented architecture, the proposed solution is an applica-
tion based on the “model-view-controller” pattern. The pattern implements a key design
principle of separating data from presentation. At the same time, an ORM (Object-Relational
Mapping) model is provided between data coming from third-party sources and business log-
ic, which provides for the unambiguous mapping of information into the model based on the
corresponding data schema.

Control actions within the framework of the proposed scheme (Fig. 2) are formed from the
side of the controller module and are initiated by user actions or requests from third-party /
local software modules. In this case, the model (according to the “Observer” pattern) is in
continuous interaction with the data through periodic and trigger messages, responses to
which initiate the sending of corresponding messages to the controller.

It is important to note that in the proposed scheme the controller acts as a mediator that
interacts with other software modules. At the same time, the software components present in
the architecture with their metadata are registered in the module registry associated with the
mediator and provide there, in particular, the URI address necessary for direct access.

Thus, in accordance with the proposed architecture, a web-based application is a collection
of software components with weak external connections and strong internal coherence. Each
component can be used independently from other software modules, receiving control from
internal or third-party software components according to the provided input parameters.
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Each of the software components in the proposed solution is assigned its own unique URI,
which is also a parameter of its absolute addressing. This parameter provides support for the
GET method for setting input parameters, which allows you to access the corresponding
software component using a standard network protocol.

In general, there is a RESTful interpretation of each software module, which assumes its
web API architecture. In this case, access to the module is implemented (and encapsulated)
through a standard software interface, the descriptors of which must be transmitted as com-
ponent metadata in the header of the corresponding message.

5. Program implementation of the solution

To qualitatively and quantitatively evaluate the effectiveness, as well as test the proposed
solution, a research prototype of a web-based geographic information system was developed,
providing visualization and geostatistical analysis of geophysical parameters in the area of the
auroral oval. The presented prototype is in the public domain and is accessible at the URL
https://aurora-forecast.ru using the standard secure HTTPS protocol via a web browser in-
stalled on the user’s computer.

The stack of software technologies used is represented by the Django framework, which
provides the use of the Python programming language for developing server scripts, on the
one hand, and coding the client component of the application based on the traditional
HTML5 / CSS3 / JavaScript combination, on the other. The framework by default imple-
ments the Model-View-Controller (MVC) architectural pattern, thereby ensuring the imple-
mentation of the principle of separating data from its presentation.

In addition to the MVC design pattern, the proposed approach of combining the “Observ-
er” and “Mediator” patterns was introduced into the architecture of the developed web GIS,
which as a result made it possible at the software level to achieve autonomy of the designed
software modules, respectively ensuring the implementation of various processing, analysis
and visualization operations geospatial information. At the same time, the designated soft-
ware modules, taking into account their implementation, ensure use as RESTful services,
which is possible due to the availability of universal access to them through a unique URI.

Program modules registered in the architecture are represented in the urls.py component,
which, in accordance with the principles of the MVC structure of the Django project, is classi-
fied as a registry of modules that the controller directly operates (in this case, in the role of a
mediator / intermediary). Acting as an intermediary, the controller module ensures the rela-
tive independence of program modules from each other, transmitting the corresponding in-
formation flows according to the metadata of the module registry.

In addition to the standard HTML/CSS/JavaScript client bundle, which implements user
interface elements for organizing the interaction of the application consumer with rendered
spatial data, a number of third-party software libraries are connected to the developed web
GIS. At the same time, due to the relative stability of the corresponding content, CDN (con-
tent delivery network) technology is used for this purpose, expanding the project in question
to third-party libraries in their original source. This approach, on the one hand, is character-
ized by high performance without using its own computing power, and ensures continuous
updating of software mechanisms, on the other.

One of the most important third-party components of the developed web GIS is the ArcGIS
software library, which is accessible through a web API and provides the developer with a
powerful tool for geospatial analysis and visualization. The specified library is intended for
use in JavaScript scripts on the client side and is available via a CDN connection.

6. Interface of the Solution

The developed web GIS is built on the principle of designing SPA applications (Single Page
Application) and is a dynamic web page visually divided into two functional areas. One of



them is responsible for displaying the parameters of the solar wind and space weather in the
form of interactive graphs, where the time axis indicates the values of time stamps in UTC
format, and the y-axis represents the corresponding values of the analyzed parameters.

The second component of the developed interface is a direct cartographic image of geo-
physical parameters in the area of the auroral oval. The central element of this component is
an interactive virtual globe with a basic cartographic background loaded from a remote WMS
Server.

On a virtual globe in the format of dynamically loaded layers, geophysical parameters se-
lected by the user are visualized. Each dynamic layer option has its own color scheme, which
is described on the same visual panel in the form of a so-called cartographic legend.

To ensure the user's interactive work with the application, support for a number of geoin-
formation tools is implemented. For example, in the developed application, direct and reverse
geocoding functions are available, which allows the end user to quickly access a geospatial
point using the full-text name of the corresponding geoposition. In addition, Web GIS sup-
ports fast geospatial visualization tools and displays the cursor position on the screen con-
verted to geodetic coordinates (latitude and longitude) to the user.

Parameters for displaying a spatial layer on a virtual globe can be set by the user through
the control panel, where options are available for switching between layers, as well as control-
ling the color scheme (monochrome or complementary palette), terminator, etc. To avoid
blocking the application while calling the server for spatial data, all requests are implemented
in asynchronous mode.

Another important function of the developed application is the ability to retrospectively
forecast relevant geophysical data. To do this, the presented web GIS provides a control ele-
ment that allows you to select the desired date and time in UTC format. Geospatial rerender-
ing allows the user to visually analyze the spatial distribution of data given a given timestamp.

The developed application provides the user with the ability to visualize the spatial layer,
including in retrospective mode. To do this, you need to select the desired date and time in
UTC format using the visual element presented in the application interface. In this case, di-
rectly in the date selection element itself, at the program level, days are deactivated for which
it is impossible, for one reason or another, to generate a set of spatial data.

Another distinctive feature of the application is support for dynamic visualization of spatial
layers with analyzed parameters. For this purpose, the interface provides an element of the
“TimeSlider” class, which allows the user to automatically and/or manually switch between
layers corresponding to certain timestamps. When working with the application, the user se-
lects the starting and ending time points for analysis, as well as the sampling step (at this
stage, a value from 5 to 30 minutes can be selected).

The developed application provides dynamic visualization of spatial layers according to
two parameters - the probability of observing the glow of the upper layers of the atmosphere
with the naked eye, as well as the electric and magnetic field potentials in the region of the
northern auroral belt. The user-selected visualization option (monitoring network parame-
ter), which by default acts as the base for creating an integrated layer, is considered relevant
for calculating time dynamics.

It should be noted that executing a request for dynamic visualization involves sending a se-
ries of requests to third-party sources using an established protocol. Each received response
leads to the formation of a set of spatial data corresponding to one point in time. Upon com-
pletion of a series of requests to third-party (or local, depending on the parameter), a single
integrated spatial layer with corresponding time parameters is formed.

Switching spatial frames using the TimeSlider class control is focused on working with the
generated integrated spatial layer. The software script associated with the specified control
parses the spatial data of the integrated layer and divides it into frames in accordance with
the specified time interval. The tools available to the user for continuous or discrete viewing
of spatial frames provide the possibility of appropriate dynamic visualization.



At the software level, the dynamic rendering function is directly linked to controlling the
visibility of spatial layers, which allows for a smooth transition between rendering frames,
each of which corresponds to a specific timestamp. It is important to note that when imple-
menting this function, a single integrated data layer is formed, and each graphic primitive in
it is assigned its own time parameter value. The redundancy characteristic of this approach is
a necessary necessity and has virtually no effect on the reactivity of the application as a whole.

The component-oriented architecture of the developed application allows it to be used in
two versions. First, end users can access the application through a browser and interact with
it through client-rendered controls. At the same time, interaction with the server in asyn-
chronous mode makes it possible to ensure fairly high ergonomic characteristics of the appli-
cation. On the other hand, the component-oriented approach provides a functional decompo-
sition of the system into separate autonomous software modules. Each of them, in accordance
with the principles of the specified architecture, is given its own unique URL. The latter, in
turn, can be used by third-party software systems and provides connection to third-party pro-
jects (not only with a web interface) of corresponding software modules.

At the same time, it seems appropriate to note that in the project, at the level of each soft-
ware module (in this case we are talking mainly about the server side of the application archi-
tecture), CDN (Content Delivery Network) support is deliberately disabled. This allows you to
avoid possible collisions associated with caching of the corresponding software services for
similar client requests to them.

Each autonomous software module is focused on generating a specific set of spatial data
based on given input parameters, which are primarily date and time values. The result of exe-
cuting the software module is a spatial layer in GeoJSON format, available both for visualiza-
tion by well-known geographic information systems and technologies, and for analysis using
specialized geostatistical libraries.

7. The discussion of the results

The web-based GIS developed in accordance with the proposed solutions is hosted and
freely available to users at https://aurora-forecast.ru. To work with the application, the user
needs a browser and a stable connection to the Internet.

Support for client-side hardware acceleration of web graphics enables rendering of high-
quality spatial images with varying levels of detail. The main spatial object in this case is a
three-dimensional virtual globe with support for interactivity and the ability to scale.

Figure 3 shows screen forms of the application using the example of dynamic visualization
of thematic spatial layers. Thus, Figure 3, a presents a variant of visualizing the probability of
observing auroras in the form of a dynamic layer. The formation of the layer is implemented
in accordance with user-specified time stamps of the beginning and end of the analyzed peri-
od. The result of the server request is a spatial layer decomposed into frames, each compo-
nent of which corresponds to a specific time stamp from a user-specified range. A visual ele-
ment at the bottom of the user screen allows you to control the display of spatial frames in
continuous or discrete mode.



Figure 3 — Screen forms for dynamic visualization of spatial layers

A similar example is shown in Figure 3, b, which presents a variant of visualization of the
electric and magnetic potential in the auroral zone in the northern hemisphere. The render-
ing is carried out by analogy with the previous example and provides the ability to visually
analyze a dynamic spatial image with various scaling options and frame-by-frame playback
modes.

The static visualization mode involves the formation of a geospatial image in accordance
with a user-specified time stamp. Depending on the selected parameter for visualization, the
corresponding layer is formed in the form of spatial isolines. Management of the generated
geospatial image is implemented through appropriate tools, including mechanisms for direct
and reverse geocoding, geostatistical analysis, color scheme management, etc. (Fig. 4).

To assess the quality of the developed geographic information system, a series of tests were
carried out, aimed both at identifying functional inconsistencies in the operation of the appli-
cation and at analyzing its behavior in various situations. Experimental studies were carried
out on the client side using a computer (CPU Intel Core i5 10300H GHz, RAM 4 GB, Internet
connection speed ~52.4 Mbit/s) and on the server side - based on a web server with a 72 * In-
tel(R) processor Xeon(R) Gold 6140 CPU @ 2.30 GHz.

3077.38 km

Figure 4 — Screen form of static visualization of spatial layers

The performance and fault tolerance of the application were assessed through load testing.
The results of the studies showed that the maximum performance of the software system on
the presented configuration was 15 connections (4,816 processed requests) / hour.

The quality assessment of the application in terms of compliance with actual and expected
functionality was carried out in accordance with standard 28195-89. In accordance with this
methodology, the reliability, maintainability, ease of use, efficiency, versatility and correct-



ness of the software system were assessed. Testing was carried out under normal and extreme
(situations related to the lack of input data were considered) conditions, as well as exception-
al situations (low-speed Internet connection, high load on the server, manually entering re-
quest parameters for the server). According to the results of computational experiments, the
software system performs its functions correctly. In extreme and exceptional situations, the
program displays appropriate error messages and continues to operate normally.

8. Conclusion

The relevance of creating an interactive information system for visualizing geophysical pa-
rameters in auroral latitudes is largely determined by the need to monitor the position of the
auroral oval in the decision-making process in applied areas. It is precisely these areas that
are characterized by the most pronounced manifestations of space weather, destructive for
systems and objects of the technosphere (for example, failures in radio communication sys-
tems and GPS/GLONASS navigation satellite systems).

Analysis of well-known software products showed their low efficiency due to the impossi-
bility of scaling and dynamic visualization, lack of interactivity and geoinformation profile
tools. The problem is aggravated by the lack of aggregated data on the current state of space
weather on known resources.

In this regard, a web-based interactive geoinformation system has been proposed and de-
veloped, providing dynamic visualization of the parameters of the auroral oval with the possi-
bility of their user analysis using geoinformation methods and tools based on real values of
space weather parameters.

From the point of view of software implementation, a distinctive feature of the proposed
solution is an architecture based on a component-oriented approach. The low external and
strong internal coherence of program modules achieved in this way makes it possible to use
them as independent services (based on the RESTful API principle), on the one hand, and in-
creases the extensibility of the application as a whole, on the other.

From a functionality point of view, the developed application provides visualization of the
following parameters in the auroral oval region: the probability of observing the glow of the
upper atmosphere with the naked eye, the electric and magnetic field potentials in the north-
ern auroral belt, as well as various types of auroral precipitation. Visualization of spatial lay-
ers is available in static and dynamic modes, which allows you to both analyze the values of
the corresponding parameters at a given point in time and evaluate their dynamics over a cer-
tain time interval with a sampling step set by the user. Support for geoinformation tools and
the ability to control the appearance of a spatial image expand the capabilities of users when
working with the application compared to possible analogues. Another distinctive feature is
the presentation of aggregated space weather data in the application at relevant points in
time, which also increases the information content of the results of the application as a whole.

In terms of quality, the results of testing the developed application showed that it correctly
performs its functions. In extreme and exceptional situations, software scripts generate the
necessary error messages and continue to operate as normal.
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