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Abstract. We analyze strong space weather disturb-
ances during first ten days of September 2017, using the
geomagnetic Dst index, parameters of normals to inter-
planetary shock fronts, direct measurements of inter-
planetary magnetic field, solar wind, and cosmic ray
parameters. By applying spectral analysis methods to
interplanetary medium data, we analyze MHD waves at
the pre-front of two interplanetary shocks responsible
for geomagnetic disturbances on September 6 and 7,
2017. The main results are as follows: the contribution
of three branches of MHD waves (Alfvén, fast and slow
magnetosonic) to the observed spectrum of the inter-
planetary magnetic field modulus has been established.
We have confirmed the conclusion that the generation
of Alfvén waves and fast magnetosonic waves is due to

the presence of low-energy proton fluxes (E,~1 MeV)
at the pre-front of interplanetary shocks. We have also
discovered a predominant contribution of slow magne-
tosonic waves to the observed spectrum of the inter-
planetary magnetic field modulus, but its reason is yet
unknown. It is noted that different orientations of the
normals to the interplanetary shock fronts and to the
direction of the interplanetary magnetic field average
vector on spacecraft located fairly close to each other
may indicate waviness of the shock front structure.

Keywords: interplanetary magnetic field, solar
wind, MHD waves, interplanetary shock, geomagnetic
storm, cosmic rays, Forbush decrease.

INTRODUCTION

The study of space weather is a very important area of
research in solar-terrestrial physics at present. These stud-
ies are of particular importance for the Far North regions,
where different economic sectors are currently intensive-
ly developing, and terrestrial negative space weather ef-
fects are most pronounced. At the same time, the emphasis
is on the study of various interplanetary medium parame-
ters, which change significantly with sudden changes in
space weather. In this regard, it should be noted that the
solar wind (SW) turbulence is one of the significant space
weather factors. Many works concentrate largely on high-
amplitude Alfvén waves (AW). It is believed that AW has
a significant impact on the development of severe geo-
magnetic storms and Forbush decreases in galactic cosmic
rays (GCRs). There is a view [Borovsky, Funsten, 2003;
Borovsky, 2023] that it is the contribution of AW that is
one of the main drivers of the interaction between SW and
Earth's magnetosphere. The turbulence effect is interpreted
as an increase in the viscous interaction between SW
streams and the magnetosphere, which, in particular, leads
to the development of a geomagnetic storm. Rezeau and
Belmont [2001], for example, address the question about
penetration of MHD waves into the inner magnetosphere
through the magnetopause. In [D'Amicis et al., 2022;
Jankovicova et al., 2008], Alfvén turbulence characteristics
in fast and slow SW are compared and it is shown that
there are Alfvén fluctuations in the streams of both types.
A number of papers examine the relationship between
MHD turbulence and large-scale SW disturbances — in-
terplanetary coronal mass ejections (CMES), energetic
storm particles, solar energetic particles, and SW corotat-
ing interaction regions [Luttrell, 1986, 1987; Luttrell,

Richter, 1987; Starodubtsev et al., 2007; Grigoryev et al.,
2008; Desai et al., 2012; Riazantseva et al., 2020; Go-
lolobov et al., 2023].

Here, the term "energetic storm particles" refers to a
CR flux with E~1 MeV reflected or accelerated at the
front of quasi-parallel interplanetary shocks (IS). The
flux of these particles increases by several orders of
magnitude relative to the background within ~1 day
before the arrival of a shock at a recorder and has a
maximum at the SW front.

The above works have delved into the power spectra
of the interplanetary magnetic field (IMF) and fluctua-
tions in the SW velocity and density in an inertial fre-
quency range above ~10~* Hz, occurring both before and
after quasi-parallel fast IS. Yet, the question about the
nature, i.e. the mechanism and place of generation of
MHD waves, is still not completely clear.

In this regard, the purpose of this work is to eluci-
date the nature and distribution of MHD waves in the
inertial region of the SW turbulence spectrum in the
vicinity of IS, which caused significant geophysical
effects in early September 2017.

DATA AND METHOD

As initial data we wuse 1-hour Dst data
[https://wdc.kug i.kyoto-u.ac.jp/dst_provisional/index.html
], neutron monitor data from the station Apatity
[http://pgia.ru/cosmicray] on the intensity of low-
energy CRs measured by the WIND spacecraft (SC)
[https://omniweb.gsfc.nasa.gov/ftpbrowser/wind_epact_ste
p_flux_hr.html], 1 min direct measurements of IMF and
SW parameters made by SC WIND and DSCOVR
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[https://lomniweb.gsfc.nasa.gov/form/sc_merge_min.html],
and average parameters of normals to IS fronts rec-
orded by these two SC [https://lweb.cfa.harvard.edu/
shocks].

To determine properties of MHD waves in the inertial
region of the SW turbulence spectrum in the frequency
range ~10“-102 Hz, we have employed the method and
technique for calculating various spectral characteristics of
IMF and SW plasma parameters, detailed in [Starodubtsev
etal., 2023].

When identifying MHD waves, we took into account
that waves of different types are characterized by corre-
lation (in our case, we applied its analog in the frequency
domain — coherence) between certain interplanetary me-
dium parameters. Thus, the coherence between B and U is
typical of AW and determines their contribution to the
observed IMF turbulence spectrum; the coherence between
IMF and the SW plasma density n, of fast magnetosonic
(FMS) waves; and the coherence between n and U indi-
cates the existence of a certain number of slow magneto-
sonic (SMS) waves in the interplanetary medium [Topty-
gin, 1983; Luttrell, 1986, 1987; Luttrell, Richter, 1987].

RESULTS AND DISCUSSION

To achieve this purpose, we have analyzed the
strong interplanetary medium disturbances occurring
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in early September 2017. The observed space weather
changes in Earth's orbit at that time were caused by an
increase in sporadic solar flare and coronal activity in
active region AR12673 .Several powerful flares of X-
ray class M and X were recorded in it, which generated
solar CRs of low and relativistic energies, as well as
CME [https://lumbra.nascom.nasa.gov/SEP; https://www.
spaceweather.com]. Various terrestrial responses of this
interplanetary disturbance have been discussed from
different points of view in many papers (see, e.g.,
[Bruno et al., 2019; Clilverd et al., 2018; Mishev et al.,
2018; Safargaleev, Tereshchenko, 2019; Struminskii et
al., 2020; Kravtsova, Sdobnov, 2021; Yakhnin, Yakh-
nina, 2022; Mostafa et al., 2022; Despirak et al., 2020,
2023; Maksimov et al., 2023].

Some powerful geophysical effects were observed
on Earth at this time. Figure 1, a—e illustrates variations
in IMF and SW plasma parameters in near—Earth space
(a—c), as measured by the WIND spacecraft, and their
corresponding manifestations in the geomagnetic field
and the GCR intensity (d, €).
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Figure 1. Time dependence of the IMF B and B, component (a), SW density (b) and velocity (c) according to WIND
data, as well as Dst (d) and CR intensity (e), recorded by the neutron monitor at the CR station Apatity, for September 1—
10, 2017. Vertical dashed lines indicate the time of recording of two IS by WIND SC, which were located near the libra-

tion point L1
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As observed in [Mostafa et al., 2022], on September
6, 2017 at 23:44 UT there was a storm sudden com-
mencement (SSC) (d) in the geomagnetic field. It was
caused by the arrival of the first interplanetary shock
(1S1) (Figure 1, a—c). At the same time, Dst reached its
maximum value of +32 nT at 02:00 UT on September 7,
but no magnetic storm (Dst<—20 nT) was recorded (d).
It is generally accepted that the main reason for the de-
crease in Dst during magnetic storms is a long south-
ward turn of the IMF B, component, yet in this case this
was not observed. With the arrival of 1S2 at Earth at
~21:00 UT on September 7, a large geomagnetic storm
began during which Dst reached a minimum value of —
142 nT within 5 hrs (to ~02:00 UT on September 8).
This is due to the fact that the CME that reached Earth's
orbit was accompanied by a magnetic cloud (MC) with
long and large negative (southward) B, (~—20 nT) at the
end of September 7. Another MC with minimum B, ~—
18 nT in the middle of September 8 intensified this ge-
omagnetic storm: Dst began to recover, but from 12 to
16 UT decreased again from —63 to —122 nT (panel d).
Note that interplanetary CME consists of three parts:
IS, plasma compression region behind its front, and MC
[Howard, 2011]. The IS is generated by CME itself when
it moves at a super-Alfvén velocity relative to the medium.
The plasma compression region is a consequence of the
interaction of IS with the background SW parameters and
features an increased level of their turbulent fluctuations. A
magnetic cloud is solar plasma with a frozen-in magnetic
field whose field lines look like an expanding loop the ends
of which are presumably connected to the solar surface.
During the same period, two Forbush decreases were
recorded in the GCR intensity at the CR station Apatity
(panel e). The beginning of the first one on September 6,
2017 at ~23:00 UT was also caused by the arrival of 1S1,
and it almost coincided with SSC; in this case, a de-
crease in the CR intensity was ~2.0 %. The second For-
bush effect with a much higher amplitude ~7.5 % began
on September 7 at ~22:00 UT (panel e). It was also
conditioned by the arrival of CME, which occurred with
IS2 and MC. This decrease in CRs had a complex multi-
stage structure, and the second stage was associated
with the passage of MC through Earth's orbit on Sep-
tember 8, 2017 (panels a-€). Note also that the sharp
increase in the CR intensity in late September 10 is a
ground level enhancement in SCRs, known as GLE72
(panel €) [Mishev et al., 2018; Kravtsova, Sdobnov, 2021].
Return to the study of the properties of MHD waves
at the I1S1 and 1S2 pre-fronts. Figure 2, a, b in the XY
plane in the GSE coordinate system schematically
shows the positions of DSCOVR and WIND relative to
Earth on September 6 and 7, 2017 respectively. Along
the axes are distances in Earth radii Rg. Also indicated
is the average direction of the IMF vector projection
onto the XY plane (blue line) and normals ng, to the IS
front (red arrow); information is given on the mean angle
between them Qgg, [https://lweb.cfa.harvard.edu/shocks].
IS1 was recorded by DSCOVR on September 6 at 23:07
UT. It was described as a quasi-perpendicular IS with
Opnsh=84.9° (a). Quasi-perpendicular IS2 (Ognsy=65.1°)
was detected on September 7 at 22:28 (b). These IS

were also recorded by WIND SC: IS1 on September 6 at
23:02 UT, and it was quasi-parallel with @gny=42.1°
(a), and 1S2, which also arrived on September 7 at 22:28
UT, was already quasi-perpendicular with ®g,,=64.2°
(b). It is noteworthy that on September 7, quasi-
perpendicular 1S2 was registered by the two spacecraft
relatively close to each other (~50 Rg along the Y-axis
and ~25 Rg along the X-axis), whereas on September 6
quasi-perpendicular 1S1 was recorded by DSCOVR; and
quasi-parallel 1S1, by WIND.

When analyzing the mutual arrangement of SC and IS
properties for 2000-2014, we have identified 35 similar
cases. We believe that this might have been caused either
by twist of IMF lines like a rope, or by waviness of the
structure of the IS front itself. Borovsky [2020], by exam-
ining several papers devoted to statistics on the spatial dis-
tribution of locations of current sheets and their orienta-
tions, offers a flux-tube or “spaghetti” pattern of the solar
wind magnetic structure. The IMF flux tubes are, on aver-
age, oriented along the Parker spiral direction. On the other
hand, we use the term “waviness” and consider that, un-
like most IS models dealing with various physical pro-
cesses occurring in SW in the plane front approximation,
the front itself may in fact have a wavy surface rather
than a plane one.

A number of studies have examined the level of IMF
turbulence depending on IS properties. For example,
Pitna et al. [2016], by analyzing 34 predominantly qua-
si-perpendicular IS, have shown that the level of fluctu-
ations behind IS fronts increases by almost an order of
magnitude as compared to their level before IS fronts,
but the authors did not specify the type of MHD turbu-
lence. On the other hand, Luttrell and Richter [1987]
found AW in a region before and after quasi-parallel
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Figure 2. Mutual arrangement of Earth, as well as the
DSCOVR and WIND spacecraft in the XY plane (GSE coor-
dinate system) on September 6 (a) and 7 (b), 2017. Blue seg-
ments denote directions of IMF at IS pre-fronts; the red arrows
indicate normals to the IS front. Names of the spacecraft and
respective angles @gyg, are presented
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supercritical 1S; FMS waves were identified by them
upstream from quasi-parallel supercritical 1S. Barkhatov
et al. [2001] have shown that a low level of turbulence is
observed when the IMF direction is perpendicular to the
normal to the IS front and the level of turbulence in-
creases during the passage of quasi-longitudinal IS.

To figure out how the SW turbulence behaves and
which types of MHD waves are at IS pre-fronts in the case
of interest, we have calculated spectral characteristics of
the IMF modulus, which contains all the information that
is in its components, for two time intervals (1 and 2) at the
IS pre-fronts. They are marked with corresponding rectan-
gles 1 and 2 in Figure 3, where SW B, n, U recorded by the

of interplanetary shocks

DSOVR (a-c) and WIND (d-f) spacecraft are shown.
The power spectra of fluctuations of B for these two inter-
vals for each spacecraft are exhibited in Figure 4, a, b. The
power of IMF fluctuations Pg| at the 1S2 pre-front (solid
curves) is seen to be significantly higher than that at the
IS1 pre-front (dashed curves). This is quite consistent with
the conclusions drawn in [Starodubtsev and Shadrina,
1998], where the turbulence generated before IS is demon-
strated to be carried away and redistributed behind the
front. This implies that the increased level of turbulence
before 1S2 serves as a background on which additional
turbulence is then generated.
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Figure 3. IMF magnitude B, SW plasma density n and velo
WIND (d-f) measurements on September 6-7, 2017. Dashed and s
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Figure 4. Power spectra of IMF fluctuations as function of frequency according to DSCOVR (a) and WIND (b) data for time

intervals 1 and 2. Confidence interval is 95 %
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Figure 5. Coherence coefficients 7" between B and U, B and n, as well as between U and n (a—c) as function of frequency,
as well as corresponding power spectra of AW, FMS and SMS waves (d-f) as measured by DSCOVR for time intervals 1 and

2. Confidence intervals are 95 %

The level of MHD-wave turbulence of a certain type
can be determined from the coefficients of coherence
between IMF and the SW velocity 7y, IMF and the SW
density I'g,, SW velocity and density 7, [Starodubtsev
et al., 2023 and references therein]. They define the
contribution of MHD waves of a certain type to the ob-
served turbulence spectra of IMF, which contains in-
formation about waves of all types, oscillations and dis-
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continuities always present in SW plasma.

The corresponding calculation results based on
DSCOVR and WIND data are presented in Figures 5, a—f
and 6, a—f respectively. They indicate that in the time in-
tervals considered the contribution of SMS waves prevails
in the observed turbulence spectrum, as evidenced by the
coherence coefficients (see Figures 5, a—c and 6, a—). In
the IS1 pre-front on DSOVR (Figure 5, c), the contribution



MHD waves at the pre-front of interplanetary shocks

WIND
1,0 1,0 1,0 ;
W
----1 5
a 2 b c h
08} N 08} 08} R
LB St
- Voo 1 o
2 °°r 1 & ol
[\ k ‘\ l' ‘l )
10 107
_ ‘N
‘N I
o
5 =
= s
S 2
uw
" Q
95%
il 1 1

107

Figure 6. The same for WIND measurements

of SMS waves to the observed IMF power spectrum varies
from 70 to ~90 % depending on frequency; and for the 1S2
pre-front, from 40 to >80 %. On WIND (Figure 6, c¢) for
the first time interval, their number varies from 40 to ~90
%,; for the second, their contribution is ~100 % for all fre-
quencies. Such a significant predominance of the contribu-
tion of SMS waves over the rest in the observed IMF pow-
er spectra turned out to be a big surprise for us. The reason
for this remains unknown, and further detailed studies on a
large statistical material are required to uncover it. At pre-
sent, however, one thing is clear: since, unlike AW, MS
waves feature large damping decrements and cannot prop-
agate over long distances, FMS and SMS waves must be
generated locally in SW in the direction toward the Sun
near Earth's orbit at a distance to 0.2-0.3 AU from the
place of their observation.

On the other hand, the coherence coefficients charac-
terizing AW and FMS waves in both cases (see Figures 5,
a, b and 6, a, b) are quite low and do not exceed 40-50 %
at some frequencies. Only in region 1 at the 1S1 pre-front
as measured by WIND at a frequency of 10 Hz /g, reach-
es 60 %, which may be caused by the presence of storm
particles in this region of space.

If we now multiplied the observed power spectra of |B|
fluctuations in time intervals 1 and 2 (see Figure 3) by
the corresponding coherence coefficients (see Figures 5,
a—c and 6, a—c), it would be easy to calculate the power
spectra of fluctuations of all three MHD wave branches,
which are recorded in near-Earth space by both spacecraft
[Berezhko, Starodubtsev, 1988]. The corresponding power
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spectra for MHD waves of each type are exhibited in
Figures 5, d—f and 6, d-f. If we put them together, we
should ideally get the power spectrum |[B|. This is illus-
trated in Figure 7, a, b. For interval 1 there are spectra of
MHD waves of each type we have identified, their sum,
and the observed power spectrum of |B| fluctuations.
The sum X of spectra of MHD waves of three types
(AW, FMSW, and SMSW) within the 95 % interval is
seen to agree well with the observed spectra of |B|. This
proves the correctness of the method, we apply, of iden-
tifying spectra of MHD waves of a certain type by ana-
lyzing SC data on interplanetary medium parameters.
We attribute the small discrepancies between the total
spectra of MHD waves and the observed power spectra
of |B| to the oscillations and discontinuities frozen in
SW plasma, which always exist in the interplanetary
medium and are transferred along with SW from their
source to the observation point.

Note that it is almost impossible to visually distin-
guish between oscillations and waves in observations.
Unlike waves, oscillations are static structures frozen in
SW and transferred together with it in space, whereas
waves have their own velocity relative to SW and can
propagate in it both upstream and downstream. In other
words, MHD waves, unlike oscillations, are characterized
by the presence of a wave vector whose parameters can
be determined, for example, by applying the methods of
direction cosines and spectral analysis to direct measure-
ments of IMF components [Starodubtsev et al., 2023].
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CONCLUSIONS

Thus, the analysis allows us to draw the following
conclusions.

1. We have identified the contribution of three
branches of MHD waves (AW, FMS and SMS waves)
to the observed power spectrum of IMF at IS pre-fronts
recorded by DSCOVR and WIND, located near the li-
bration point L1 on September 6 and 7, 2017.

2. In the events under study at the IS pre-fronts the
predominant contribution of SMS waves to the observed
power spectra of |B| has been found. The reason for this
remains unknown. Taking into account the damping dec-
rement of MHD waves of different types, it is clear that
SMS waves should be generated locally in SW near Earth's
orbit. We assume that entropy waves may play a certain
role in this.

3. It is possible that the observation of differently
oriented angles between the normals to the front and the
direction of the mean IMF vector in the same event of
recording of IS passage by SC located relatively close to
each other can serve as evidence of the wavy structure
of IS fronts or the spaghetti-type structure of IMF.
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