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Abstract —Internet-based system of Space Monitoring Data Center (SMDC) of Skobeltsyn Institute of
Nuclear Physics of Moscow State University (SINP MSU) has been developed to predict and analyze radi-
ation conditions in near-Earth space. This system contains satellite measurement databases and operational
models and devoted to collect, store and process space weather monitoring data in the near real-time.
SMDC operational services acquire data from ACE, SDO, GOES, Electro-L, Meteor-M satellites and
use them for forecasting, now-casting and post-casting of space weather factors. This paper is intended
to give overview of operational services of SMDC Internet-based system and demonstrate their possibilities
and limitations to analyze space weather phenomena and predict radiation and geomagnetic conditions in
the near-Earth space during February 14-March 5, 2014. This prolonged period of high level solar and
geomagnetic activity demonstrates various manifestations of the space weather: solar proton events, geo-
magnetic storms and outer radiation belt (RB) dynamics. Solar sources of interplanetary space disturbances
and their influence on geomagnetic and radiation state of the Earth’s magnetosphere were described using
output coming from SMDC’ Web-based applications. Validation of SMDC’s operational models was
performed based on the quality of description of the physical conditions in near-Earth space during space
weather events observed from February 14 to March 5, 2014. The advantages and disadvantages of SMDC
operational services are illustrated and discussed based on comparison with data obtained from satellites.
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1 Introduction

Half a century after the beginning of the space age, radiation
safety of space missions is becoming more and more critical.
Physical (mainly, particle radiation) conditions in space con-
trolled by solar activity (space weather) influence satellite oper-
ations and may provoke failures in electronic parts. With the
development and increasing complexity of space technology
humanity has become much more dependent on the processes
that occur in near-Earth space (Albertson et al., 1973; Lanzerotti
et al., 1999). Due to enhanced role of space-based technological
systems (navigation, communication, etc.) in modern epoch, the
ability to quickly assess and predict these processes is of the key
importance for successful space activity (Baker et al., 2004).
Operational control of the state of near-Earth’s space and
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continuous monitoring of the key parameters of space environ-
ment is strongly needed to mitigate space weather risks. With an
increasing number of space missions, there is the growing prob-
lem of operational receipt, storage and real time processing of
the data from space measurements. These data as well as
modern computing and communication tools however provide
new opportunities for reliable analysis and forecasting of space
environment conditions, based on operational applications
developed during the last decade in world space weather
centers.

Space weather, as an applied branch of space physics, is a
strategically important field of science, especially for the leading
space powers which have already a significant commercial and
industrial presence in space (Schrijver et al., 2015). One of the
most important factors of space weather is radiation. Actually,
this phenomenon can have electromagnetic or corpuscular
origin but in this paper we will consider only particle radiation.
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The Sun, directly (Solar Energetic Particles [SEPs] penetration
into the magnetosphere) or indirectly (outer electron radiation
belt (RB) variations during geomagnetic disturbances), influ-
ences the Earth’s radiation environment. Monitoring of the radi-
ation conditions in space gives information on particle fluxes at
given orbits. On the other side, physical models of the space
environment allow to reconstruct physical conditions in differ-
ent space domains, based on measurements taken from a few
spacecraft. In that regard, we need to continue the experimental
and theoretical study of solar-terrestrial relationships and their
possible impact on technological systems to get more measure-
ment data and to develop more reliable models. Such studies are
strongly needed to ensure the safety of the crew and passengers
of aircraft on polar routes, and manned spaceflights, as well as
to prevent failures of electronic equipment during the increase
of fluxes of SEP.

The ultimate goal of research in this field is to create a
complex set of coupled operational models “from Sun to Earth”
(Schrijver et al., 2015) that allow to predict the radiation risk for
spacecraft at different orbits, and also to estimate the occurrence
risk of technological disasters due to magnetic storms and vari-
ations in charged particle fluxes. The solution of this problem is
to collect all relevant space-related data sets from multiple
satellites of various purposes and capabilities as well as from
ground stations, and develop the operational services that use
space weather models and collected data to provide forecasts.
This approach becomes especially important in the modern
epoch, since excellent technical capabilities exist to transfer data
from satellite to Earth, as well as to process and visualize this
data almost immediately.

A lot of space weather centers around the world provide real-
time information on space conditions based on monitoring data
and modeling: Space Weather Prediction Center (SWPC/
NOAA) (http://www.swpc.noaa.gov), iNTEGRATED Space
Weather Analysis System (iISWA) (https://ccmce.gsfc.nasa.gov/
iswa/), European Space Situation Awareness (SSA) Space
Weather system (http://swe.ssa.esa.int), as well as national and
university centers. The main monitoring space missions provide
real-time data for analysis and forecasting of space weather
conditions based on operational models. The monitoring data
contains usually measurements from geostationary satellites
(NOAA/GOES), spacecraft in solar wind (ACE, WIND,
DSCOVR), solar imagers (SDO, SOHO, STEREOQ), on-ground
measurements from magnetic stations, ionospheric radars etc.
Continuous satellite monitoring is the main part of space weather
systems (Cheng et al., 2006; Schrijver et al., 2015; Granja et al.,
2016; Kraft et al.,, 2019). Space weather centers collect the
measurements and provide access to satellite data, and forecast-
ing models online through the websites. Each set of data sources
and models is unique in its own way, and usually represents
some part of the whole picture of space weather.

SINP MSU has a strong expertise of particle detectors devel-
opment. During a long time (starting from second Sputnik) it was
responsible for radiation instrumentation onboard most of the
satellites created in Soviet Union and in Russia. Space
Monitoring Data Center (SMDC) of SINP MSU acquires and col-
lects data from Russian satellites equipped by detectors manufac-
tured at SINP MSU. Two web-sites (http://smdc.sinp.msu.ru) and
the modern SMDC space weather site (http://swx.sinp.msu.ru,
English  version  http://swx.sinp.msu.ru/index.php?lang=en)

provide access to data on energetic particle fluxes obtained from
Russian scientific missions (CORONAS series, Tatyana,
Tatyana-2, Vernov, . . .) as well as from Russian weather satellites
(Electro-L and Meteor-M series). These measurements comple-
ment the data from GOES, ACE, DSCOVR, SDO and some
other monitoring satellites as well as data from on-ground facili-
ties that usually are used for space weather issues. Space Weather
web-site (http://swx.sinp.msu.ru/) gives advanced possibilities
for various datasets visualization and cross-comparison. Graphi-
cal applications give opportunity to analyze simultaneously data
from different sources.

SMDC Space Weather web-site also provides access to
operational and forecasting models of SMDC as web-based
applications:

o the solar wind forecast at L1 point. In this application, the
velocities of recurrent High-Speed Streams (HSS) are pre-
dicted for about of 3-day period based on the coronal
hole’s parameters;

o forecast of the solar wind parameters and Interplanetary
Magnetic Field (IMF) at the Earth’s orbit; plasma and
magnetic field measurements at L1 point are used as input
for simple propagation model;

e Dst index forecast in term of the perceptron type of arti-
ficial neural networks (ANNs) depending on solar wind
measurements at L1 point;

o forecast of the fluxes of outer RB relativistic electrons
with the energy greater than 2 MeV based on perceptron
type of ANNSs.

All forecasts use the measurements collected in SMDC inte-
grated database. Data obtained from GOES, ACE, DSCOVR,
Electro-L1, Electro-L2, Meteor-M1, Meteor-M2 spacecraft as
well as images from the SDO satellite are used as inputs for
various SMDC operational services. Joint analysis of data com-
ing from multi-satellite measurements as well as from opera-
tional models allows to carry out near real-time report on the
state of the Earth’s environment. One of the main scopes of
SMDC is to provide to satellite operators in Russia the reliable
information on radiation conditions in space to ensure the radi-
ation safety of Russian spacecraft.

In this paper, we present the data that can be obtained and
analyzed in the framework of SMDC Space Weather system
during February 14-March 5, 2014 period when several space
weather events took place. The detailed study of the monitoring
data obtained during prolonged period with events of different
nature gives good opportunity to reveal strong and weak aspects
and demonstrate the advantages and disadvantages of SMDC
Space Weather services. Overview of SMDC data sources
and operational services that can be accessed by Space Weather
Internet resource http://swx.sinp.msu.ru is presented in
Section 2. This is followed by Section 3 where we describe
the overall space weather conditions during prolonged period
of solar and geomagnetic activity on February 14-March 5,
2014. Unlike the usual case studies devoted to analysis of the
single specific event we take the long enough period containing
a rich set of solar, interplanetary medium’ and magnetospheric
phenomena.

Implementations of operational models in the SMDC
Space Weather system as well as SMDC data services give
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Fig. 1. Main page of SMDC web-site (http:/smdc.sinp.msu.ru/index.py).

opportunity to provide the complex analysis of the data
“from Sun to Earth” including solar activity (Sect. 4),
magnetospheric state (Sect. 5) and radiation conditions (Sects.
6 and 7). SMDC operational models presented here are
described in more detail in separate papers (Kalegaev, 2011;
Shugay et al., 2011; Myagkova et al., 2017). In parallel to pre-
senting the outputs of the Space Weather services the ongoing
physical processes are shortly discussed and interpreted in
Section 8. Comparison of the results obtained with third party
data allows to validate the operational models implemented in
SMDC web-site. Such analysis gives the way to improve the
reliability and increase the accuracy of the space weather
applications.

2 Overview of MSU’s SMDC data, models
and operational applications

SINP MSU provides access to near real-time space
experimental data, as well as to operational forecasting models
pertaining to space weather phenomena, mainly related to
radiation conditions, through interactive applications of two
SMDC web-sites http:/smdc.sinp.msu.ru/ and http://swx.sinp.
msu.ru. Both web-sites use the same database which works
under PostgreSQL. While http://smdc.sinp.msu.ru/ is aimed to
give simple access to data collected in SMDC data base,
http://swx.sinp.msu.ru web-site is intended to describe current
space weather conditions using near real-time information
coming from different data sources or from operational models.

Particle fluxes measured on-board several Russian weather
satellites and scientific space missions can be obtained through
http://smdc.sinp.msu.ru/ web-site. There are, mainly, the histor-
ical data from the past space experiments. Figure 1 represents
the main page of http://smdc.sinp.msu.ru/ web-site. Table 1
shows data availability for some missions presented at this
SMDC web-site.

Current solar activity, geomagnetic and radiation conditions
in the Earth’s magnetosphere and heliosphere can be accessed
in the near real-time mode using SMDC’ Space Weather
web-site (http:/swx.sinp.msu.ru). As Space Weather resource,
this internet service uses data coming from different active space
missions, like Meteor-M2, Electro-L2, GOES-14, GOES-15,
SDO, DSCOVR and so on. From the other hand, SWX data ser-
vices allow also to get and analyze historical data collected in
SMDC database. Advanced graphical applications give possibil-
ity to compare data coming from different data sources. In the
rest of this paper we will consider only SMDC’ space weather
web-site (http://swx.sinp.msu.ru), referred below as SWX.
Figure 2 shows its main page representing the current conditions
in the Earth’s environment: Solar X-ray flux, Kp index of geo-
magnetic activity, 10 MeV proton flux and subrelativistic elec-
tron flux at GEO with 5 min update rate. Now, the data sources
are GOES-14, GOES-15 and Electro-L2 satellites as well as
Potsdam’s Geophysical Center.

SWX web-site collects the data coming from different
sources: satellites, on-ground stations, data centers, quantitative
models. Special software, Satellite Data Downloading
System (SDDS), is developed to collect and process the data.
SDDS services convert the primary data coming from different
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Table 1. Satellite data availability at SMDC SINP MSU.

Satellite/Instrument Measurements Launch date Orbit Res. First data Last data
Meteor-M1/SKL Charged particle 17/09/2009 LEO ls 01/11/2009 -
Meteor-M2/SKL Charged particle 08/07/2014 LEO ls 12/08/2014 -
Meteor-M2/MSGI Charged particle 08/07/2014 LEO Is 12/08/2014 -
Electro-L1/SKL Charged particle 20/01/2011 GEO Is 22/03/2011 30/05/2016
Electro-L2/SKL Charged particle 11/12/2015 GEO ls 09/02/2016 -
Electro-L2/SKIF Charged particle 11/12/2015 GEO Is 09/02/2016 -
Tatyana-1/SKL Charged particle 21/01/2005 LEO ls 21/01/2005 05/03/2007
Tatyana-2/DUFIK UV flushes 17/09/2009 LEO <ls 21/10/2009 20/01/2010
Vernov/RELEC Charged particle 08/07/2014 LEO <ls 05/08/2014 10/12/2014
CORONAS-Photon/Electron-Pesca Charged particle 30/01/2009 LEO ls 04/03/2009 30/11/2009
CORONAS-F/MKL Charged particle 31/07/2001 LEO 14 s 15/08/2001 31/12/2003
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Fig. 2. SMDC’ SWX web-site main page (http://swx.sinp.msu.ru/index.php?lang=en).

sources into unified format and load data into different tables of
data base. There are two ways for users to retrieve data from
SMDC storage: either request data directly from their programs
using the RESTful API of SDDS or retrieve data interactively
using Web-applications. One of the advantages of SMDC data
system is that the system allows users to retrieve data from
different satellites as a single array of time series with
different cadence. This feature is very useful in data analysis
and enables physicists to focus on their work and not to spend
time on data preparation. First of all, it reduces the effort in
collecting data sets from different sources and converting them
into a unified format suitable for further use. The latter work is
usually time-consuming and error-prone. Secondly, when
various data sets are put together, they give a more precise

overall picture of the subject to be studied. Being presented
together, these data sets can be used for measurements cross-
calibration, to diagnose errors in measurement of the satellite
instruments.

Operational applications on Space Weather web-site provide
real-time analysis and assimilation of experimental data as well
as forecasting and post-casting of radiation conditions in near-
Earth space. These applications use data from mentioned above
spacecraft collected in a single database. Space Weather web-
site represents the space environment physical conditions in
the near real-time (page “Space Weather Now”, see http:/
swx.sinp.msu.ru/weather.php?lang=en). This page gives access
to measured data and also to some calculations in terms of
SMDC operational services.
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Page “Tools” (http://swx.sinp.msu.ru/tools/ida.php?lang=en
&gcem=1) contains several applications that give access to data
from SMDC database. Interactive data Analysis Tool (IDA)
allows to display the data from different sources (satellite
measurements, geomagnetic indices) for a given time interval.
One can create templates to generate the standard set of the
figures. Some predefined templates are accessible on the IDA
Tool page. Hourly averaged data are used in this service. Data
Visualisation and Analysis Tool (DaVisAT) gives access to
satellite and on-ground data with different time resolutions.
Sun Viewer (SunView tool) is catalogue of hourly Sun images
obtained by SDO/AIA for different wavelengths. All these
instruments can be used to carry out the analysis of the space
weather conditions for a given time interval. IDA and DaVisAT
tools were used to create the most of the figures presented in this
paper.

Page “Applications” (http://swx.sinp.msu.ru/apps/geospace_
now.php?lang=en&gcm=1) gives access to data from the mod-
els and services that working at SMDC in operational mode.
“Geospace Now” gives a brief summary on Space Weather con-
ditions (Sun X-ray, Geomagnetic and Radiation conditions)
now and during the current week. “Heliosphere” gives forecast
of quasi-stationary solar wind velocity based on image analysis
of the Sun from the SDO/AIA space observatory. “Magneto-
sphere” gives access to several models that forecast the physical
conditions in the near-Earth’s space. There are short-term (~1 h)
forecasts of Dst, solar wind plasma and IMF at the Earth’s orbit,
magnetopause subsolar distance, as well as middle-term (1 day)
forecast of relativistic electron fluences at the geostationary
orbit. Page “3D Magnetosphere” allows to reproduce magneto-
spheric magnetic field structure by Alexeev et al. (2001),
Kalegaev (2011) in the real-time as well as for a given time
moment. Page “Models” is intended to give access to the inter-
active models that can be used for scientific investigations but
does not reach the “operational” level.

3 Overall space environment conditions
in near-Earth Space

Analysis and cross-comparison of data from multi-satellite
measurements as well as magnetospheric modeling can provide
information concerning the mechanisms responsible for the
different dynamical processes taking place in the Earth’s
magnetosphere. Space environment conditions and its effects
during the time period February 14-March 5, 2014 are pre-
sented using tools available on the SMDC Space Weather
website. Time profiles of basic parameters describing the
influence of the Sun on the Earth’s magnetosphere (solar
emission, solar wind and IMF) as well as parameters represent-
ing the magnetospheric response (relativistic electron fluxes,
Dst-variation) are shown in Figure 3.

These pictures can be obtained using IDA tool of the
SWX website (http://swx.sinp.msu.ru/tools/ida.php?lang=en
&gem=1). During the considered time interval, the radiation
environment in near-Earth space was very unstable, two com-
plex SEP events (Fig. 3d) and several magnetic storms
(Fig. 3f and g) occurred in the Earth’s environment. These phe-
nomena are related to solar flares observed by GOES-15 X-Ray
instrument (see Fig. 3a).

The sources of the geomagnetic disturbances were the solar
wind pressure pulses (Fig. 3b) in combination with the south-
ward IMF excursions (Fig. 3¢). Several HSS of solar wind from
coronal holes (CH) and coronal mass ejections (CMEs) pro-
duced the conditions in solar wind responsible for geomagnetic
disturbances. As a consequence of the high geomagnetic
activity influenced by solar wind variations, several dropouts
of relativistic electron fluxes occurred during the considered
time period (Fig. 3e). Solar wind pulses under different IMF
directions provided magnetospheric responses of various types.

Dynamics of the magnetospheric parameters during the
considered time interval are presented using the operational
models in Section 5.

4 Coronal hole sources of near-Earth
solar wind streams

Prediction of the solar wind stream characteristics is impor-
tant for early determination of physical conditions in near Earth
space. To predict the arrival of HSS from CH and CMEs to
Earth, one needs first to determine the coronal sources of these
streams, which can be identified by specific signatures. To select
the quasistationary HSSs and interplanetary CME that arrived at
near-Earth orbit from February 14 to March 5, 2014 we used
images obtained by SDO/AIA (Lemen et al., 2012) (https://
sdo.gsfc.nasa.gov) and SOHO/LASCO (Brueckner et al.,
1995) together with information about CME parameters from
Coordinated Data Analysis Workshops (CDAW) (https://
cdaw.gsfc.nasa.gov), Solar Eruptive Event Detection System
(SEEDS) (http://spaceweather.gmu.edu/seeds/secchi.php). We
used data about the Interplanetary Coronal Mass Ejections
(ICMEs) from the catalog by I. Ricardson and H. Cane
(http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable?2.
htm) and GMU CME/ICME List by Phillip Hess, Jie Zhang and
Yutian Chi (http://solar.gmu.edu/heliophysics/index.php/GMU _
CME/ICME_List).

The sources of recurrent HSSs are CH, which can be
identified as large regions of open magnetic field lines or seen
in the EUV wavelength range as large dark areas (Fig. 4).
Figure 4 is a synoptic map for CR 2147. We constructed this
map from the hourly images in the channels 19.3 nm obtained
by SDO/AIA after drawing of the CH contours using a thresh-
old algorithm (Shugay et al., 2011). During the period under
consideration, several CHs passed through the central meridian.
We used the EUV-imaging based empirical model (Shugay
et al., 2011, 2014) to predict the speed and time of arrival of
HSSs associated with CHs at near-Earth orbit. Operational
service at SMDC web-site (http://swx.sinp.msu.ru/models/
solar_wind.php?gcm=1&lang=en) allows to see the results of
an online HSSs speed forecast at L1 point based on EUV-
images. The arrival time of the HSSs from the two separate
parts of the mid-latitude positive polarity CH1 were estimated
February 17-21 and 21-26. The SW stream from the CH2
was expected from February 28 to March 3. The estimated max-
imum speed of the HSSs were 462, 435 and 454 km sfl,
respectively for three intervals (Fig. 5). The difference in the
observed and predicted speed and arrived time of the HSSs is
connected with the forecast errors and the presence of the
ICMEs, the arrival of which is not predicted by EUV-imaging
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Fig. 3. Time profiles of (a) Sun’s X-ray fluxes, (b) solar wind pressure, (c) the magnetic field value and the IMF Bz-component, (d) SEP fluxes,
(e) energetic electron fluxes, (f) the Dst-index, and (g) Kp-index (http:/swx.sinp.msu.ru/tools/ida.php?gem=1).
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Figure 3. Continued.

based model. ICME can be associated with CME due to flares
in the active regions, eruptions by the prominence and are cap-
able of causing strong geomagnetic disturbances. In the separate
paper we will consider the CMEs that could have affected the
physical conditions in near-Earth space during the period under
consideration. It should be noted that during the maximum
phase of the solar cycle (2014 year) the forecast of quasi-station-
ary solar wind streams gives the worst results compared to other
years 24 solar cycles. This is reflected in the paper (Reiss et al.,
2016), that presents the results of the forecast by Empirical So-
lar Wind Forecast (ESWF) and Wang-Arge-Sheeley (WSA)
models for the period 2011-2014.

Several CHs and CMEs related both to flares and to the
eruption of prominences can be associated with the sources of
SW streams at 1 AU during the period under consideration.
The interaction of different SW streams can lead to the
increased geoeffectiveness of SW streams observed in the near
Earth space. Analysis of SDO/AIA images allows to determine
the sources of quasistationary HSSs and to predict their speed at
the Earth’s orbit. The current model implemented in SWX does
not predict the arrival time and speed of transient streams now.
Among the future tasks, there is the inclusion of the model
which can predict the speed and arrival time of an ICME in
the automatic online SW speed forecast scheme.
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Fig. 4. Synoptic map with CHs areas constructed from the EUV
images in the channels 19.3 nm obtained by SDO/AIA during the
period from 11 February to 9 March, 2014 (CR 2147, time is directed
from right to left). The two separate parts of the mid-latitude positive
polarity CH1 were observed during 12-18 February (yellowrectan-
gle) and the equatorial negative polarity CH2 — 23-26 February (blue
rectangle).

5 Geomagnetic activity

Solar activity impacts the magnetosphere in several ways.
Geomagnetic response is related to solar wind variations due
to HSS or CME propagation. Geoeffective (southward) IMF
direction accompanied by solar wind pressure pulse can lead
to a magnetic storm. The level of geomagnetic disturbances
depends on the relationships between solar wind parameters
and IMF in the near-Earth space. SMDC space weather opera-
tional service based on processing of solar FUV images allows
middle term forecasting the solar wind velocity in the Earth’s
environment with prediction time about of 3 days ahead (see
Sect. 4). On the other hand, spacecraft measurements in the
solar wind flow at L1 point give possibility of the short term
(about of 1 h) forecasting of plasma/magnetic field parameters
at the Earth’s orbit as well as of geomagnetic and radiation con-
ditions in the Earth’s magnetosphere.

5.1 The magnetopause stand-off distance forecast

Physical conditions on Earth’s orbit can be obtained propa-
gating solar wind parameters from L1 point (where they are

%0:0000 20 402,14 00:00:00 2014 g, 16 00:00:00 2014 g, 18
ut

\ — V3, (ACE, SWEPAM Corrected) [km/s] — Vy, (by SDO 193A) [km/s] ‘

200000 20 %4.02.29 —— 2014.02.55 —— 2014.02.54 a0 2014.02.05

measured by ACE or calculated based on Sun observations in
terms of the model like that presented in Sect. 4) to the Earth’s
location. A simple convection delay or “phase front” method
described by Pulkkinen & Rastitter (2009) was used at SMDC
as an operational service to describe solar wind and IMF
propagation from ACE position to the Earth environment.
Figure 6a—c compares solar wind parameters (IMF Bz, density
and velocity), calculated by SMDC model and those from
OMNI database. Correlations for results are 0.93 for density,
0.88 for Bz and 0.98 for velocity. Solar wind parameters at
the Earth’s orbit appear in the OMNI database after half a year.
Unlike OMNI database, SMDC gives possibility to get solar
wind data near the Earth in real time.

SMDC service makes it possible to calculate in real time the
magnetopause stand-off distance on the base of some existing
magnetopause model (http:/swx.sinp.msu.ru/apps/rss/index.
php?gcm=1). Taking into account that solar wind has to spend
about 1 h (it depends on solar wind speed value) to reach the
Earth’s magnetosphere from L1, the calculations from
Kuznetsov & Suvorova (1998) or Shue et al. (1998) models
can provide short-term forecast of the magnetopause stand-off
distance. The time profile of the magnetopause stand-off dis-
tance calculated by Shue et al. (1998) model during February
14-March 5, 2014 is presented on Figure 7.

5.2 Geomagnetic field structure forecast by
the A2000 magnetospheric paraboloid model

Variations of the magnetospheric structure and the
associated charged particle motion in near-Earth space are
controlled by solar wind. Understanding the magnetospheric
magnetic field dynamics under solar wind influence is one of
the key issues of space weather. Dynamical magnetospheric
models make it possible to predict the variations of the magnetic
field and charged particle populations in the Earth environment
based on the solar wind parameters forecast (see Alexeev et al.,
1996, 2003; Kalegaev & Makarenkov 2008; Ganushkina et al.,
2010; Kalegaev, 2011; Tsyganenko & Andreeva 2015 and ref-
erences therein). Both, empirical-type (Tsyganenko 2002) and
so-called first-principle-type models (Alexeev et al., 2003)
reproduce magnetic field changes due to solar wind influence.
Although the modern MHD models allow to obtain much more

Sfwy

OO:oa,-oo 20“‘02‘28 00:00;00 201, 00:09,.00 20

Fig. 5. The green curve is the quasistationary HSSs speed predicted by EUV-imaging based model; the red curve is the observed SW speed; the
black dot-lines relate to the arrival of a ICME shock at Earth (http:/swx.sinp.msu.ru/models/solar_wind.php?gcm=1&lang=en).
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Fig. 6. Time profiles of (a) the IMF Bz-component, (b) solar wind density, and (c) speed calculated by SMDC model (green) and obtained from
OMNI database (http://swx.sinp.msu.ru/apps/solar_wind.php?gcm=1&lang=en, red).

extended information about the physical conditions in Earth ~ magnetospheric models are still in great demand. The main
environment including magnetosphere — ionosphere — ring  advantages of such models are a better time performance in
current coupling (see e.g., Pembroke et al., 2012), dynamical =~ comparison with MHD models and the possibility to describe
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Fig. 7. The time profile of the magnetopause stand-off distance (http://swx.sinp.msu.ru/tools/ida.php?gcm=1).

the dynamics of the main large-scale current systems in the
magnetosphere.

The paraboloid model of Earth’s magnetosphere A2000
(Alexeev et al., 2001, 2003) is implemented at SMDC to
describe magnetic field structure and dynamics in the Earth’s
environment depending on the empirical data (solar wind
parameters and geomagnetic indices, see Alexeev et al.,
2003). The storm-time dynamics of the magnetosphere can be
reproduced through the temporal variations of the solar wind
and IMF upstream of the Earth’s bow shock. Figure 8 represents
the 3D magnetospheric structure (http:/swx.sinp.msu.ru/3d.
php?lang=en) calculated in terms of paraboloid model A2000
with the solar wind conditions near the Earth on February 16,
2014 at 00:00 UT, obtained from the solar wind parameters
measured by ACE spacecraft at L1 and propagated to the Earth
orbit using the approach presented in Section 5.1. Such
approach allows to get magnetospheric magnetic field structure
with prediction time about of 1 h depending on solar wind
velocity.

5.3 Geomagnetic activity forecast

One of the most important space weather parameters is the
Dst-index. Its variations describe the level of geomagnetic
activity. Prediction of Dst-index is very important task for
advance warning of the geomagnetic storm magnitude. For
example, Space Research Institute (Moscow) provides real-time
predictions of the geomagnetic storm magnitude (Podladchikova
& Petrukovich 2012) that are updated every hour and are
published on http://spaceweather.ru.

University of California, Berkeley (http:/sprg.ssl.berkeley.
edu/dst_index/welcome.html) produces a prediction of Dst index
1 h ahead using data from ACE spacecraft, based on the modi-
fication of the empirical formula of Burton (Burton et al.,
1975). The Swedish Space Weather Center (http:/src.irf.se/
en/forecasts/) predicts the next hourly value of the Dst index
using the recurrent Elman neural network. Patra et al. (2011) pro-
vide Dst predictions using physical WINDMI model based on
the calculation of ring currents in the magnetosphere-ionosphere
system, using input data from ACE spacecraft. Revallo et al.
(2014) proposed Dst index 1 h ahead forecasting model based
on artificial neural networks (ANNs) combined with an analyti-
cal model of the SW — Earth’s magnetosphere interaction.

Fig. 8. Magnetic field structure at 00:00 UT on 16.02.2014 (http:/
swx.sinp.msu.ru/3d.php?lang=en).

SMDC implements a Dst index prediction service that uses
scientific models based on ANN technology (Dolenko et al.,
2005; Myagkova et al., 2017). SMDC operational service gives
online 1 h prediction of Dst index using in-situ ACE spacecraft
measurements of solar wind and IMF parameters in terms of
ANN approach (http://swx.sinp.msu.ru/models/dst.php?gcm=1
&lang=en). Results of the Dst predictions calculated during
period on 14 February—5 March, 2014 are shown in Figure 9.
Figure shows that both geomagnetic disturbances as well as sud-
den commencement on 15 February 2014 have been reproduced
with sufficient accuracy.

6 Solar proton events

The time profiles of energetic proton fluxes during February
14-March 5, 2014 are shown in Figure 3d. Two events were
observed during the period studied: on February 20 and
February 25, 2014 (ftp:/ftp.swpc.noaa.gov/pub/indices/SPE.
txt). The first SEP was associated with a solar flare at
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Fig. 9. The Dst-variation time profiles — measured (red) and forecasted (green) by the artificial neural network (http://swx.sinp.msu.ru/models/

dst.php?gcm=1&lang=en).

07:55 UT on February 20 (M3; S15W67; AO11976; 22 pfu).
The second SPE was associated with a solar flare starting at
00:39 UT and peaking at 00:49 UT on February 25 (X4.9;
S12E82; AO11990; 103 pfu). The second SEP event was
described in detail in the article (Lario et al., 2016).

Russian spacecraft Meteor-M and Electro-L. series have
SINP MSU scientific instrumentation on-board to measure
SEP fluxes. These data can complement measurements of
ACE and GOES spacecraft that are the main source of data
about radiation conditions in near-Earth space for space weather
centers. Time profiles of data measured by the low-orbiting
polar satellite Meteor-M1 and by the geostationary satellite
Electro-L1 are presented in Figures 10 and 11, respectively.
Meteor-M1 data show the average value over a satellite span
on the Northern and Southern Earth’s polar cups. Polar satellite
measurements give opportunity to study low energetic solar
particle fluxes which cannot be measured on geostationary
orbits. Separate observations in the Northern and Southern
Earth’s polar cups are also important during the beginning of
an SEP event when particle fluxes are often sufficiently aniso-
tropic and collimated. Asymmetric SEP entries into the northern
and southern polar cups can be detected during such events by
simultaneous observations of two LEO satellites (Fig. 10).

A set of Solar Energetic Particle Events (SEPE) catalogs of
20-23th solar cycles has been created at SINP MSU (Logachev
et al., 2014, 2016) and can be also accessed through the SMDC
web-site http://swx.sinp.msu.ru/apps/sep_events_cat/index.php?
gem=1&lang=en).

7 Relativistic electrons of the Earth’s
outer RB

Outer RB relativistic electron flux dynamics is probably
the most investigated but incomprehensible problem of
magnetospheric physics. The studied period was interesting
due to various phenomena occurring in the solar wind that

influenced the Earth’s magnetosphere (see Sect. 3). These factors
affected also outer RB relativistic electron flux dynamics.
Electron intensity-time profiles measured at GEO by GOES-13
and Electro-L1 satellites for the studied period are presented in
Figure 3e. One can distinguish several distinctly visible intervals
in Figure 3e representing different electron fluxes response to
interplanetary medium impacts. The basic features are observed
by satellites (dropouts on 16-17, 19-21, 23-24 and 27-28
February, 2014 and consequent particle fluxes enhancements)
and can be analyzed by SMDC tools together with solar wind
plasma parameters and IMF direction and amplitude.

The period of high level solar and geomagnetic activity
from February 14 to March 5, 2014 represents multiple exam-
ples of RB dynamics that can be better understood using fore-
casting models which take into account solar wind input data.

7.1 Forecast of Relativistic Electron Flux at GEO
by ANNs

It should be noted that the processes in the outer electron
RB most likely have a nonlinear character. This leads to the fact
that outer RB has a certain “memory”, i.e., that its instant state is
not completely determined by instant values of external
parameters, and the duration of “memory” and relaxation
processes for RBs are different for various conditions of the
Earth’s magnetosphere.

Relativistic electrons of the outer RB are sometimes called
“killer electrons”, as they are very dangerous for electronic
devices, in particular, for the microcircuits used in spacecrafts,
and can cause a breakdown in their normal operation (e.g., [ucci
et al., 2005). Due to continuous growth of the spacecraft total
number and also complication and miniaturization of satellite
electronics, the number of the failures connected with influence
of space weather factors will increase. Therefore, the possible
prediction of the reaction of the outer RB to changes of the
physical parameters of IMF and solar wind becomes more
and more critical.
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Fig. 11. Time profiles of SEP fluxes measured by Electro-L1 from February 14 to March 6, 2014.

High correlation between electron fluxes at geosynchronous
orbit and SW parameters was described back in 1979 (Paulikas &
Blake, 1979), and this is the most important experimental result
for prediction. (Baker et al., 1990), demonstrated that integral day
values (fluence) of the flux of electrons with energy >2 MeV,
measured at geosynchronous orbit, can be predicted 1 day ahead,
using a linear filter with solar wind speed as the input. Later,
during elaboration of Relativistic Electron Forecast Model
(REFM), this method was developed in order to increase the
prediction quality and horizon. Prediction carried out with the
help of REFM is presented at the portal of Space Weather
Prediction Center, http://www.swpc.noaa.gov.

An alternative approach to prediction of relativistic electron
fluxes in the outer ERB is based on the use of ANNs. This
approach is realized in Koons & Gorney (1990), Ling et al.
(2010) to predict electron flux at geostationary orbit.

Neural network prediction of daily average values of rela-
tivistic electron fluences in the outer RB can be found at SMDC’
SWX web-site with prediction horizon from 1 to 3 days (http://
swx.sinp.msu.ru/models/rb_electrons/index.php?gcm=1&lang=
en). The operational model uses solar wind and IMF parameters,
geomagnetic indices and the measured electron flux as input
(Myagkova et al., 2017) to predict electron fluence.

The results of electron flux forecast as well as velocity of
solar wind are presented in Figure 12. One can see that the
forecast of the electron flux with the aid of the ANN made it
possible to predict a large-scale fall of the electron fluxes with
energy >2 MeV to the GEO during the magnetic disturbance
on February 16 and their subsequent enhancement. The contin-
uation of the growth of electron fluxes with energy >2 MeV at
GEO during magnetic disturbances on February 18-21 without
a characteristic drop in the electron flux in the main phase of the
magnetic storm was also predicted correctly. However, response
of the relativistic electron flux to the high-speed stream of solar
wind and to the geomagnetic disturbance on February 28 was
not described correctly: the network predicted a decrease in
the electron fluxes standard for the magnetic storm (see
Fig. 12). Also, the network erroneously predicted a decrease
in electron fluxes on March 4, corresponding to the arrival of
the solar wind pressure pulse. Periods of the inaccurate descrip-
tion of the electron fluences are marked by blue boxes in the
Figure 12.

This allows us to assume that among the inputs of the
artificial neural network, some additional parameters responsible
for the dynamics of the fluxes of relativistic electrons in the geo-
stationary orbit are absent now. Cross-comparison of the model
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Fig. 12. Forecasting of relativistic electron fluxes — (red — measured, green — forecast) — top panel; velocity of solar wind and Dst — bottom
panels. Blue bars shows the periods when dynamics of the relativistic electron fluences was predicted incorrectly.

calculations with the measurements allows us to validate and
improve the operational models.

8 Discussion

The main goal of this study is to reveal strong and weak
aspects of SMDC Space Weather services and demonstrate their
possibilities to describe the different manifestations of space
weather. Time interval of February 14-March 5, 2014, as noted
above, was rich in various phenomena on the Sun, in the solar
wind and in IMF and consequently in the Earth’s magneto-
sphere. SMDC tools give possibility to analyse measurement

data from different sources as well as modelling data simultane-
ously in a single workspace. Great abundance of space weather
phenomena registered during this time interval gives a good
opportunity to reveal advantages and disadvantages of SMDC
Space Weather applications. Let us list some phenomena and
physical processes that took place in near-Earth space during
the studied period of high solar activity:

e The SW pressure pulse under northward IMF on 15
February 2014 caused the magnetopause inward motion
and magnetospheric compression up to ~6 Rg. One can
expect that the outer RB shifted to lower L-shells. Dst
increase and dropout of energetic electron flux at GEO
with slow recovery have been observed.
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o ICME shock and IMF southward turning on 18—19 Febru-
ary 2014 caused a geomagnetic storm (Dsty,,x ~ —120 nT)
accompanied by a decrease and subsequent recovery of
the outer radation belt electron fluxes at GEO to prestorm
level.

Specific form of the SEP event on 20 February was
formed due to the interaction with interplanetary medium
structures (see Sect. 4) that the SEPs met on their way
from Sun to Earth. ICME shock with very high bulk
speed (>650 km s~!) and IMF Bz < 0 produced a moder-
ate geomagnetic storm (Dsty,.x ~ —80 nT), Dst-like vari-
ation of electron flux were observed at GEO. Electron flux
recovery was detected at GEO during the next 2 days.
Small pressure pulse under southward IMF on 23 Febru-
ary caused a moderate geomagnetic storm (Dstj.x ~
—50 nT) and electron flux decrease mainly at outer
L-shells.

Classical time profile of solar energetic proton event is
observed at GEO on 25 February.

Small pressure pulse under southward IMF caused a
moderate geomagnetic storm (Dstp.x ~ —90 nT) on
27-28 February 2014. The magnetopause moved inward
up to ~6 Rg. Electron fluxes at GEO showed Dst-like
variations.

Huge amount of measurement data available during
prolonged period of solar and geomagnetic activity gives
opportunity for a complete analysis of the various magneto-
spheric phenomena occurring in Earth environment. SMDC
software and databases allow to collect and process data coming
from different sources: satellites, ground stations, operational
models, neural networks. SMDC services provide cross-
comparison of the data obtained from different satellites and from
different operational models as well. In general, SMDC opera-
tional models presented in this paper describe well measured
parameters of the near-Earth’s space environment. Simultaneous
analysis of experimental data and calculations allow to better
understand the mechanisms of Sun—Earth coupling. On the other
hand, the measurements-modelling cross-comparison shows
some drawbacks or disadvantages of the models that should be
eliminated in the future versions of the models.

The analysis of SDO/AIA images allows to determine the
sources of solar wind variations at Earth orbit. It was shown that
the forecast of the recurrent solar wind streams based only on
the coronal hole parameters gives underestimated values of solar
wind maximal velocities at L1 point. The interaction of several
SW streams can lead to an increase in their geoeffectiveness.
Among the future tasks on SMDC services development is
the inclusion into the automatic online solar wind speed forecast
scheme of the model that can predict speed and arrival time
taking into account parameters of the CME.

The comparison of the ANN RB forecasting model output
with the empirical data at GEO showed that the response of
the relativistic electron flux on the high-speed stream of solar
wind is not always predicted correctly. We assume that among
the inputs of the artificial neural network, some additional
parameters responsible for the dynamics of the fluxes of
relativistic electrons in the geostationary orbit should be taken
into account.

One of the main goals of this paper has been to reveal prop-
erties of SMDC services that could be improved in the future.

Comparison of the model predictions with the measured data
during February 14-March 5, 2014 period gives possibility to
validate the models, outline their advantages and limitations
and propose the ways to improve them. Their further validation
and improvement should be continued based on future analysis,
comparison with the other models and additional case studies.

9 Conclusion

SMDC of Moscow State University provides mission sup-
port for Russian satellites and gives operational analysis and
forecasting of radiation conditions in space. SMDC Space
Weather web-site (http://swx.sinp.msu.ru/) gives access to
current data about the level of solar activity, geomagnetic and
radiation state of Earth’s magnetosphere and heliosphere in
the near real-time mode. The scientific models of space environ-
ment factors have been converted into operational engineering
services. They are implemented as space weather Web-
applications that provide forecasts of geomagnetic and radiation
condition in near-Earth space.

The SMDC web-site provides:

three to five days ahead forecast of the parameters of
high-speed solar wind streams based on the coronal hole’
parameters;

short-term forecast of solar wind parameters and IMF at
the Earth’s orbit by ACE (or DSCOVR) measurement;
online prediction of Dst index 0.5-1.5 h ahead using
ANN by the parameters of SW and IMF measured by
the ACE spacecraft;

middle-term forecast of relativistic electron fluxes of the
outer RB;

instant structure of geomagnetic field lines for a given
time on the base of the magnetospheric paraboloid model
A2000 using measurements of solar wind and IMF as
input parameters.

SMDC Space Weather services were used to describe and
analyze space weather phenomena that took place during the
period from February 14 to March 5, 2014. Prolonged period
of high level solar and geomagnetic activity gives opportunity
to demonstrate how well SMDC services describe the different
aspects of space weather like solar proton events, geomagnetic
storms and outer RB variations. Cross-comparisons of the data
obtained from different data sources, both satellites and models,
make it possible to validate the existing operational services and
understand better the ways for their future improvements.
In general, SMDC applications describe well the radiation and
geomagnetic conditions in space during studied period.
On the other hand, one can see also some drawbacks or disad-
vantages of the models. For example, solar wind velocity mid-
term predictions based on Sun observations in FUV wavelength
range are needed in corrections by adding the prediction of the
CME arrival time and velocity at L1, that was not taken into
account in the model implemented on SMDC web-site. The
model of the relativistic electron fluences sometimes demon-
strates unexpected behavior. The possible reason of this is the
absence of the important input parameters for the ANN.
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Comparison of the model calculations with the measure-
ments during multiple consequent case-studies gives possiblity
not only to better understand the origin of these events and their
sources in space but also to determine the forecasting models
drawbacks and improve them in future. SMDC team is planning
the continuous development and modification of the operational
models and space weather services as a natural and necessary
process due to unavoidable unexpected situations and other
deviations from a standard used in the design of a model.
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