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Abstract—Geosynchronous magnetopause crossings (GMCs) were analyzed during geomagnetic storms on
February 26, March 23, and April 23, 2023. GMC-associated magnetosheath intervals were identified using
magnetic data acquired from the GOES-16 and GOES-17 spacecraft. A comparative analysis of various mag-
netopause models was performed on the base of solar wind conditions measured by the THEMIS-E space-
craft and the Wind interplanetary monitor. The analysis of models was based on statistical parameters for
determining magnetosheath intervals. It was shown that for all three storms, the model presented in [1]
demonstrated the best accuracy. For events of moderate magnetic storms against the background of small
negative Bz component of the interplanetary magnetic field (IMF), good results are obtained with the model
described in [2]. For extreme events with very high solar wind pressures and/or very strong negative IMF Bz,
the model shown in [3] exhibits good accuracy, and satisfactory accuracy is also demonstrated by models pre-
sented in [4, 5]. It was shown that the accuracy of the models was affected by the following factors and effects:
the choice of interplanetary monitor, the dependence of the model on the solar wind pressure, the Bz satura-

tion effect, the dawn—dusk magnetopause asymmetry, and the effect of prehistory.

DOI: 10.1134/S001095252360035X

INTRODUCTION

The problem of predicting intersections with the
magnetopause of the geostationary orbit remains rele-
vant at the present time [6]. Geostationary magneto-
pause crossings (GMCs) occur when the magneto-
sphere approaches Earth at geocentric distances of less
than 6.6 Earth radii (Rg), causing geostationary satel-
lites to enter the magnetosheath and even the interplan-
etary medium [7]. In practical terms, this implies the
spacecraft venturing beyond the magnetosphere, which
leads to a loss of orientation due to the magnetic field
and the impact of dense plasma flows, as well as ener-
getic particles of solar and heliospheric origin. This can
result in damage or even loss of geostationary satellites
[8—11]. Furthermore, understanding the dynamics of
the magnetopause under strongly disturbed interplane-
tary and geomagnetic conditions observed during
GMCs allows a deeper understanding of the interaction
between the solar wind and the magnetosphere.

By the present time, a variety of models have been
developed to predict GMCs under interplanetary con-
ditions [2—35, 12, 13]. These models take into account
various nonlinear effects that do not manifest in the
magnetopause dynamics under unperturbed condi-
tions. One such effect is the so-called “saturation of
the impact” of the negative Bz component of the inter-
planetary magnetic field (IMF). Specifically, there is a
saturation threshold for the impact of IMF Bz on the
magnetopause, below which the magnetopause no

longer responds to further intensification of a large
negative Bz [4, 12, 14, 15].

Another effect is the morning—evening asymmetry
ofthe magnetopause [ 14, 16]. It involves the magneto-
pause shifting toward the evening for large negative
IMF Bz, causing GMCs to be more frequently
observed in the afternoon sector under the same con-
ditions. The asymmetry effect is considered in only
some models [1-3, 5].

Yet another effect is the prehistory [17], i.e., the
dependence of the magnetopause response not only
on current, but also on previous conditions in the
interplanetary environment. The prehistory effect was
proposed to explain false predictions of the magneto-
sphere during the initial phase of magnetic storms
when all models confidently predicted GMCs, but
geostationary satellites did not observe them. This
effect is considered in the model of [3].

Several studies have been conducted for the com-
parative analysis of various GMC models during a
series of magnetic storms [17—20]. These studies
revealed a significant dispersion in the deviations of
model predictions from observations during different
storms. As a result, it has been challenging to deter-
mine the model with the best accuracy for GMC. This
paper presents the results of a comparative analysis of
several magnetopause models for predicting GMCs
during magnetic storms on February 26, March 23,
and April 23, 2023.
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METHODS
Experimental Data

Satellite experimental data on key parameters of
space plasma and the magnetic field were obtained
from the CDAWeb database (https://cdaweb.
gsfc.nasa.gov/). The analysis focuses on events when
geostationary satellites observed the magnetopause. A
GMUC is defined as the moment when the spacecraft
exits the magnetosphere into the magnetosheath and
the moment it returns from the magnetosheath to the
magnetosphere. Magnetic data from geostationary sat-
ellites GOES-16 and GOES- 17 with a temporal resolu-
tion of 0.1 s were used for this purpose. The GOES-16
and GOES-17 spacecraft were located at geographic
longitudes of 285° and 255°, crossing the local noon at
17:00 and 19:00 UT, respectively. The magnetosheath
was identified as strong deviations in the magnetic
field measured on the GOES spacecraft from the
quasi-stationary geomagnetic field. Deviation is con-
sidered strong if the Bz component becomes negative
or field intensity Bt becomes less than 100 nT. In this
case, Bz on GOES does not necessarily have to be neg-
ative if the IMF Bz is positive. In the latter case, entry
into the magnetosheath is caused by extremely strong
solar wind pressure.

Data on the solar wind and IMF were obtained
from the Wind interplanetary monitor and THEMIS-FE
spacecraft. The Wind monitor is located more than
200 Ry from Earth toward the Sun. The data from
THEMIS-E were used when the spacecraft entered the
interplanetary medium before the shock front. On the
Wind spacecraft, magnetic data from the MFI instru-
ment and plasma data from the SWE instrument have
a resolution of ~100 s. On THEMIS, data from the
FGM instrument and plasma data from the ESA
instrument in reduced mode have a resolution of ~3 s.
The ACE spacecraft data were not used due to severe
degradation of its plasma instrument.

The analysis also involved data on the SYM-H
index with a resolution of 1 min obtained from the
World Data Center in Kyoto (https://wdc.kugi.kyoto-
u.ac.jp/aeasy/index.html). The SYM-H index, like the
hourly Dst, is a measure of the intensity of the ring cur-
rent, more precisely, its symmetric part, calculated
with higher temporal resolution.

The connection of interplanetary conditions to the
state of the magnetosphere, i.e., the time delay for
measurements in the interplanetary medium, was
determined in the first approximation based on the
time of direct propagation of the solar wind. However,
the time delay may vary with changes in the orienta-
tion of interplanetary structures. Refining alignment
was performed based on two criteria [21]: (1) the main
criterion, using cross correlation between solar wind
pressure and SYM-H, and (2) the additional criterion,
using correlation between Bz and By components of
IMF with measurements in the magnetosheath on
GOES spacecraft.
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Due to the significant variation in temporal resolu-
tions, time series of different parameters were scaled to
a common resolution of 1 s. With this accuracy, mag-
netopause crossings were determined. For low resolu-
tions, extrapolation of the current value to the next
measurement moment was carried out. All vector
quantities were presented in the fully aberrated GMC
coordinate system [22], taking into account the veloc-
ity of the Earth’s rotation around the Sun and the non-
radial nature of the solar wind, which often accompa-
nies GMCs [21].

Magnetopause Models

The study considers six models that have been previ-
ously successfully used for GMC determination [20]:
the asymmetric KS model [1], the Sh model [4], the
neural network DS model [5], the asymmetric
Ch model [13], the three-dimensional Li model [2], and
the predictive PM model [3]. The models are character-
ized by different dependences on various parameters.

In particular, the KS, Sh, and Ch models calculate
geocentric distance to the magnetopause Rm as a
function of cone angle Ca from the X axis, directed
from Earth to the Sun, as well as dynamic solar wind
pressure Pd and IMF component Bz in the GSM
coordinate system:

Rm = F(Ca, Pd, B7). (1)

The Ch model takes into account the aberration
effect of the magnetosphere due to the rotation of the
Earth around the Sun. The KS model considers the
asymmetry effect of the magnetosphere with negative
IMF Bz, leading to a shift of the magnetopause towards
the evening. The neural network DS model represents
the quasi-three-dimensional shape of the magneto-
pause as a function of GSM latitude (GSMLat), longi-
tude (GSMLon), Pd, and IMF components By and Bz
ina GSM:

Rm = F(GSMLat,GSMLon, Pd, Bz, By). 2)

The three-dimensional Li model represents the
magnetopause as a function of GSMLat, GSMLon,
Pd, Bz, IMF strength B, and angle of inclination of the
Earth’s dipole w:

Rm = F(GSMLat,GSMLon, Pd, Bz, B,\). 3)

The predictive PM model allows calculating the
total pressure required for GMC at a given point

(GSMLat, GSMLon) as a function of IMF Bz and Dst
variation:

Pmp = F(GSMLat,GSMLon, Bz, Dst). 4)
Total solar wind pressure Psw is calculated as
Psw = Pd + Pt + Pm, 5

where dynamic pressure Pd accounts for the contribu-
tion of helium, Pt is the thermal pressure of the solar
wind plasma, and Pm is the magnetic pressure of the
IME. If Pmp < Psw, the geostationary spacecraft should
cross the magnetopause and enter the magnetosheath.
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Statistical Analysis

The accuracy of the models is determined by statisti-
cal parameters proposed in previous works [19, 22]. Spe-
cifically, for each individual event, statistics HT, MT, FA,
and CR (in seconds) are calculated based on the obser-
vations and model outputs, as shown in Table 1. For
example, Hit time HT accumulates intervals when the
geostationary satellite is in the magnetosheath, and
model distance to the magnetopause Rm is less than
distance to the satellite Rg. Miss time M T corresponds
to the model’s inability to indicate the satellite’s entry
into the magnetosheath. False Alarm time FA corre-
sponds to the model’s erroneous prediction of the
magnetosheath. Correct Rejection time CR corre-
sponds to the model’s correct prediction of the satel-
lite’s position inside the magnetosphere. Obviously,
the sum of all statistics equals the total duration of the
analyzed interval in seconds:

N =HT + MT + FA+ CR. (6)

To compare models based on statistics H7, MT,
FA, and CR, the following statistical parameters are
calculated:

pcp=HT +CR (7)
N

Parameter PCP (Probability of Correct Prediction)
indicates the capability of the model to correctly pre-
dict intervals when the satellite was in the magne-
tosheath and the magnetosphere: PCP = 0 means
complete inability, and PCP = 1 means perfect predic-
tion of all intervals.

= L‘ (8)
HT + MT
The parameter POD (Probability of Detection)
shows the capability of the model to predict magne-
tosheath intervals: POD = 0 means complete inability,
and POD = 1 means perfect prediction of all magne-
tosheath intervals.

POD

FAR=—14 9)

HT + FA
The parameter FAR (False Alarm Rate) indicates
how often the model makes mistakes in predicting
magnetosheath intervals: FAR = 0 means no false pre-
dictions of the magnetosheath, and FAR = 1 means all
predictions of magnetosheath intervals are false.

_MT - FA (10)
MT + FA

The parameter OUR (Overestimation Underesti-
mation Ratio) shows the balance of the model. If the
model systematically overestimates the distance to the
magnetopause, OQUR approaches 1. Obviously, for
such a model, FAR will be relatively small, but POD
will also be low. For a model that systematically under-
estimates the distance to the magnetopause, OUR
approaches —1. Such a model will have a high FAR,

OUR

DMITRIEV

Table 1. Statistics table

Magnetosheath Magnetosphere
Rm < Rg HT FA
Rm > Rg MT CR

but also a large POD. For a balanced model, OUR is
close to 0.

RESULTS

In the first half of 2023, GMCs were observed in
the geostationary orbit by the GOES-16 and GOES-17
satellites during three events coinciding with the main
phase of magnetic storms on February 26, March 23,
and April 23. The main phase of these storms occurred
in the second half of the day, providing conditions for
observing GMCs on the GOES-16 and GOES-17 sat-
ellites.

FEvent on February 26, 2023

The magnetic storm of February 26, 2023, was
moderate (minDst = —69 nT). It began with an SSC at
19:23 UT and reached its maximum at 22:30 UT.
GMCs were observed by GOES-17 from 20:44 to
21:10 UT, with a total time in the magnetosheath of
488 s. Figure 1 shows the moments of intersections,
interplanetary and geomagnetic conditions, and
model outputs for this interval. During this time,
GOES-17was in the postnoon sector around 14:00 LT.
GOES- 16 was rather far from noon, around 16:00 LT,
and, therefore, did not observe GMCs.

Interplanetary conditions were measured by the
Wind spacecraft, for which the time delay was about
49 min. Figure 1 presents an overview of the condi-
tions. In reality, the time delay varied depending on
the solar wind speed and the orientation of interplan-
etary structures. Therefore, the entire interval was
divided into 10-min sectors, and the time delay was
determined for each sector.

Figure 1 shows strong variations in IMF compo-
nents Bz and By, accompanied by high solar wind
pressure Psw > 12 nPa. According to the classification
provided in [23], this geo-effective structure is typical
for a compressed interplanetary layer of the Sheath
type, which forms behind the interplanetary shock
wave ahead of the fast magnetic cloud (MC) associ-
ated with a coronal mass ejection from the Sun. Thus,
in this case, the GMC was caused by high Psw against
avery strong varying IMF Bz in the region of the inter-
planetary structure of the Sheath type.

As seen in Fig. 1, the intervals of the magne-
tosheath are characterized by strong deviations of the
magnetic field measured on the GOES satellite from
the quasi-stationary geomagnetic field. In the interval
from 20:45 to 20:55 UT, the Bz values on the GOES
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Fig. 1. Geosynchronous magnetopause crossings (GMCs) on February 26, 2023, based on geostationary GOES-17 data and
interplanetary conditions from the Wind spacecraft (panels top to bottom): distance to the magnetopause according to the

KS (solid curve), Li (blue dashed curve), and Sh (blue dotted

curve) models; distance to the magnetopause according to the

DS (solid curve) and Ch (blue dashed curve) models; GOES- 17 data on the total magnetic field (solid curve) and GSM Bz com-
ponent; GSM components of the IMF Bz (solid curve) and By (blue dotted curve); total solar wind pressure Psw (solid black
curve) and pressure required for the GMC according to the PM model (blue dashed curve); Dst variation of the geomagnetic
field; GOES-17local time in aberrated GSM coordinates. Vertical dashed and dotted lines denote the GMC, exit and return to
the magnetosphere, respectively. The time shift for the Wind spacecraft data is 49 min.

satellite were predominantly positive, while the IMF
Bz was negative. This may be due to the fact that the
Wind spacecraft observed another structure of the
solar wind that did not reach Earth. In general, the
magnetosheath was observed when solar wind pres-

Table 2. Statistical characteristics of models for February 26,
2023

Model OUR FAR PCP POD
KS-Wi 0.114 0.726 0.585 0.507
KS-TH —0.856 0.646 0.567 0.957
Sh-Wi 0.925 1.000 0.744 0.000
Sh-TH —0.136 0.608 0.661 0.726
Ch-Wi 1.000 0.000 0.774 0.000
Ch-TH 0.778 0.404 0.786 0.365
DS-Wi 1.000 0.000 0.774 0.000
DS-TH 1.000 0.000 0.774 0.000
Li-Wi —0.238 0.706 0.553 0.699
Li-TH —0.991 0.695 0.449 0.997
PM-Wi 1.000 0.000 0.774 0.000
PM-TH 0.995 1.000 0.756 0.000

COSMIC RESEARCH Vol.62 No.2 2024

sure Psw was high, varying from 13.5 to 17 nPa; IMF
Bz varied from —10 to —2 nT; and SYM-H index varied
from —14 to —37 nT.

The top two panels of Fig. 1 show the distances to
the magnetopause calculated by various models. It is
evident that the Sh, Ch, and DS models systematically
overestimate the distance to the magnetopause and,
therefore, cannot predict GMCs. A similar situation
occurs with the PM model, which systematically over-
estimates the solar wind pressure required for GMCs.
The accuracy of various models is presented by statis-
tical parameters in Table 2 in the first rows. For mod-
els with systematic overestimation, statistical parame-
ters OUR=1, FAR=0, and POD = 0; i.e., in this case,
these models degenerate. Among the others, the KS
and Li models demonstrate the highest accuracy. The
interval from 20:40 to 20:43 UT should be noted,
when these models underestimate the distance to the
magnetopause and show a false magnetosheath inter-
val. This may be due to the imperfections of the mod-
els as well as the different structure of the solar wind
observed by the Wind spacecraft.

This assumption can be verified using data from the
THEMIS-FE spacecraft obtained just before the bow
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Fig. 2. Same as Fig. 1, but the interplanetary parameters were measured on the THEMIS-E spacecraft with a time shift of 1 min.

shock, as shown in Fig. 2. The conditions in this
region are slightly different, so the magnetosheath was
observed at pressures Psw from 15.8 to 22.4 nPa, while
IMF Bz varied from —13.9 to +3 nT. Higher pressure
and strong negative IMF Bz in the interval from 20:40
to 20:45 UT caused false magnetosheath intervals in
the KS, Sh, Ch, and Li models. Thus, in this case,
there is an imperfection in the models, consisting in
underestimating the distance to the magnetopause
with strong negative Bz at the early stage of magnetic
storm development when the ring current is not yet
developed, and the Dst variation is small. This effect is
taken into account in the PM model, which did not
show a false magnetosheath. A similar situation is
observed in the intervals from 20:50 to 20:55 UT and
21:05 to 21:03 UT when the KS, Sh, and Li models
also show a false magnetosheath, and the PM model
does not. On the other hand, almost all models, except
DS, performed well in the magnetosheath interval
from 20:56 to 20:59 UT when the solar wind pressure
exceeded 22 nPa, and Bz dropped below —10 nT.

Statistical parameters for various models are pre-
sented in Table 2 in the second rows. In this case, the
Sh model demonstrates the highest accuracy with a
good balance (OUR close to 0) and high PCP,
although its POD is not as high as in the KS and Li
models. However, these models in this case strongly
underestimate the distance to the magnetopause,
manifested in a large negative OUR and relatively high

FAR. The highest PCP = 0.786 and low FAR = 0.404
are demonstrated by the Ch model; however, it has a
relatively high percentage of overestimating the dis-
tance to the magnetopause (OUR = 0.778), leading to
weak predictions of magnetosheath intervals with the
lowest POD = 0.365. Considering all statistical char-
acteristics, it can be concluded that, for this event, the
best models are KS, Sh, and Li.

Event on March 23, 2023

The magnetic storm of March 23, 2023, was an ini-
tial intensification (minDst = —70 nT) of a strong
storm, which started with an SSC at 06:00 UT and
reached its maximum at 14:41 UT. On this day, data
from the GOES-17 satellite are not available. GMCs
were observed by the GOES-16 satellite in the pre-
noon sector around 09:00 LT in a short interval from
14:12 to 14:30 UT, with a total magnetosheath time of
421 s, as shown in Fig. 3. During this period, the
THEMIS spacecraft was in the magnetosheath.

Interplanetary conditions were measured by the
Wind spacecraft, and the time delay for them was
49 min. As seen in Fig. 3, magnetosheath intervals are
characterized by a large negative Bz. In general, the
magnetosheath was observed when the solar wind
pressure Psw was very high, ranging from 16.5 to
30 nPa, IMF Bz varied from —8 to 0 nT, and Dsf was
around —35 to —44 nT. The magnetosheath intervals

COSMIC RESEARCH  Vol. 62 No.2 2024
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Fig. 3. Same as Fig. 1, but for March 23, 2023. Time shift is 51 min.

ceased after 14:32 UT when the solar wind pressure
Psw dropped almost 15-fold in 10 min from 30 to
2 nPa. The sharp decrease in Psw against weak Bz is
manifested in a large negative excursion in the SYM-H
index, from —35 nT at 14:30 UT to —70 nT at 14:41 UT;
thus, it was not an intensification of the ring current [7].
The close correlation between Psw and SYM-H proves
the correctness of the selected time delay. As in the
previous event, the characteristic dynamics of IMF
components and solar wind pressure indicate that
GMC:s are associated with conditions in the interplan-
etary structure of the Sheath type.

It can be seen in Fig. 3 that the first magnetosheath
interval from 14:11:19 to 14:18:33 UT was predicted
only by the KS model. The second short interval at a
very high Psw = 30 nPa from 14:28:45 to 14:30:29 was

Table 3. Statistical characteristics of models for March 23,
2023

Model OUR FAR PCP POD
KS-Wi —0.946 0.595 0.436 0.980
Sh-Wi 1.000 0.000 0.571 0.000
Ch-Wi 1.000 0.000 0.571 0.000
DS-Wi 0.839 0.663 0.548 0.080
Li-Wi 0.428 0.702 0.472 0.249
PM-Wi 0.428 0.702 0.472 0.249

COSMIC RESEARCH Vol.62 No.2 2024

predicted by the KS, Li, DS, and PM models. The Sh
and Ch models systematically overestimated the dis-
tance to the magnetopause and did not show GMCs.
According to the statistical parameters presented in
Table 3, it can be concluded that all models are unbal-
anced (large |OUR)) in this event. The KS model pro-
vided the best accuracy for entering the magnetosheath,
with POD = 0.98 and the lowest FAR. The Li and PM
models also demonstrated reasonable accuracy with
relatively high PCP and POD. Thus, in this case, the
KS, Li, and PM models have the best accuracy.

Event on April 23, 2023

The magnetic storm on April 23, 2023, was a strong
one (minDst = —165 nT). It began at 09:00 UT and
reached its maximum at 22:00 UT. On that day, data
from GOES-17 are not available. GMCs were
observed by GOES-16 in the noon sector around
12:00—13:00 LT in the interval from 18:11 to 19:37 UT.
The total time in the magnetosheath was 3586 s. Mag-
netosheath intervals and interplanetary and geomag-
netic conditions, as well as model readings, are shown
in Fig. 4. Interplanetary conditions were measured by
the Wind spacecraft. The average time delay was
37 min. In reality, it varied depending on the solar
wind speed and the orientation of interplanetary
structures. Therefore, the entire interval was divided
into 15-min sectors, and for each sector, an individual
time delay was determined, ranging from 34 to 41 min.
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Fig. 4. Same as Fig. 1, but for April 23, 2023. Time shift is 37 min.

Magnetosheath intervals were observed against a
very strong negative IMF Bz from —13 to —25 nT,
resulting in large negative values of Bz measured by
GOES in the magnetosheath. Solar wind pressure Psw
varied from 7.4 to 16.2 nPa, and the SYM-H index
ranged from —69 to —121 nT. In Fig. 4, a prolonged
and very strong negative IMF Bz is evident against a
relatively low solar wind pressure Psw of about 10 nPa,
which is characteristic of interplanetary structures of
the MC type [23].

In Fig. 4, it is seen that the models predict magne-
tosheath intervals quite well. However, the models also
often show erroneous magnetosheath intervals,
underestimating the distance to the magnetopause.
Especially, the KS model significantly underestimates
the distance. Statistical parameters of the models are
compared in the first rows of Table 4. It is clear that all
models, except Sh, are poorly balanced, and their
|OUR is far from 0. The DS and PM models demon-
strate the highest PCP > 0.6 and relatively low FAR.
The KS, Ch, DS, and Li models show the highest
accuracy for predicting magnetosheath intervals with
POD > 0.8. It should be noted that the high POD of the
KS model is due to a strong underestimation of the
distance to the magnetopause. Overall, the KS, DS,
and PM models have the best characteristics.

It is interesting to compare the model predictions
based on the THEMIS-E data obtained just before the
bow shock, as shown in Fig. 5. In this case, this region

features higher solar wind pressures ranging from 12 to
19 nPa and more extreme IMF Bz from —30to —13 nT.
More extreme conditions at the beginning and end of
the interval from 18:00 to 18:12 UT and 19:36 to
20:00 UT caused false magnetosheath intervals for all
models. It should be noted that two short intervals at
18:30—18:36 UT and 19:27—19:30 UT, when the
THEMIS-E spacecraft was in the magnetosheath,
were excluded from the analysis.

Table 4. Statistical characteristics of models for April 23,
2023

Model OUR FAR PCP POD
KS-Wi —0.957 0.464 0.544 0.979
KS-TH —0.915 0.430 0.569 0.958
Sh-Wi —0.162 0.471 0.509 0.586
Sh-TH —0.733 0.399 0.603 0.883
Ch-Wi —0.582 0.448 0.555 0.809
Ch-TH —0.912 0.419 0.586 0.959
DS-Wi —0.735 0.402 0.630 0.898
DS-Wi —0.969 0.394 0.630 0.987
Li-Wi —0.733 0.507 0.463 0.851
Li-TH —0.994 0.433 0.569 0.997
PM-Wi 0.501 0.299 0.600 0.414
PM-TH —0.532 0.374 0.620 0.809
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The most extreme interplanetary conditions were
observed from 18:36 to 19:30 UT when the GOES-16
satellite was in the magnetosheath. It is important to
note that, when IMF Bz < 20 nT, the KS, Sh, Ch, Li,
and PM models do not respond to changes in Bz and
follow variations in solar wind pressure Psw. A notable
example is the interval from 18:57 to 19:00 UT when the
negative Bz dropped to maximum values of —30 nT.
However, the models did not show a decrease in the
distance to the magnetopause. On the contrary, they
demonstrated a slight increase in distance, associated
with a dip in Psw, so that the Sh model even predicted
a false return of the magnetosphere. This behavior of
the models is explained by taking into account the sat-
uration effect of the impact of IMF Bz near —20 nT.

For interplanetary data from the THEMIS-FE
spacecraft, statistical parameters of the models are
presented in the second rows of Table 4. It is clear that,
for all models, OUR has shifted to large negative val-
ues, which is associated with more extreme interplan-
etary conditions. The more or less balanced PM
model, for which OUR remained at the level of 0.5, can
be considered an exception. This model demonstrates
high accuracy PCP = 0.62 and a record-low level of
false predictions FAR = 0.374, although the prediction
of the magnetosheath is not the best with POD = 0.809.
Models KS, Ch, DS, and Li show high POD > 0.9.
However, this is accompanied by a high level of false
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predictions of the magnetosheath FAR > 0.4 and low
accuracy PCP < 0.6. The DS model is an exception,
with FAR = 0.394 and the highest accuracy PCP = 0.63.
Thus, considering all statistical characteristics, the best
models for interplanetary data from the THEMIS-E
spacecraft are DS, PM, and Sh.

RESULTS AND DISCUSSION

Table 5 summarizes the general characteristics of
interplanetary and geomagnetic conditions for all
three events, and the best models for each event and
interplanetary monitor are indicated. The event of
February 26, 2023, is characterized by low storm activ-
ity and moderate solar wind disturbances with high
solar wind pressures Psw and large negative values of
the IMF Bz. The models KS, Li, and Sh demonstrated
the highest accuracy in predicting GMCs and magne-
tosheath intervals in this event. The event of March 23,
2023, is characterized by very high solar wind pres-
sures, weak negative IMF Bz, and a relatively low level
of geomagnetic activity. In this event, the KS, Li, and
PM models showed good accuracy. It can be noted
that both GMC events were associated with the arrival
of an interplanetary magnetosheath, i.e., Sheath-type
structures. In the event on April 23, 2023, magne-
tosheath intervals were observed against the back-
ground of strong storm activity and very strong nega-



228

Table 5. General characteristics of events and GMC models
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Event Psw, nPa Bz, nT Dst, nT Models Structures
Feb. 26, 2023 Wind 13.5...17 —10...—2 —14...-37 KS, Li Sheath
Feb. 26, 2023 THEMIS 15.8..22.4 —14...3 —14...-37 KS, Sh, Li
March 23, 2023 Wind 16...29.9 -8..0 —35...—44 KS, Li, PM Sheath
April 23, 2023 Wind 7.4...16.2 —25..-13 —69...—121 KS, DS, PM MC
April 23,2023 THEMIS 12...19 -30...—17 —69...—121 Sh, DS, PM

tive IMF Bz, characteristic of an interplanetary struc-
ture of the MC type. In extreme conditions, the PM,
DS, KS, and Sh models provided the highest accuracy.

Thus, the KS model demonstrated fairly high accu-
racy in predicting GMCs in all three events. The Li
model predicts GMCs well in events with low storm
activity and small negative IMF Bz. For extreme
events with high pressures and/or very strong negative
IMF Bz, the PM model showed good accuracy. The
models Sh and DS predicted GMCs well during strong
geomagnetic disturbances against the background of
strong negative IMF Bz and high solar wind pressures.

Comparing models based on data from different
interplanetary monitors, it is necessary to consider
their distance from Earth, due to the presence of
small-scale structures in the solar wind. Obviously,
data from near-Earth monitors are more preferable. In
addition, the degradation of plasma instruments
should be taken into account when calculating solar
wind pressure. As is evident in Table 5, the modern
THEMIS spacecraft, launched in 2007, shows about
20% higher Psw than the Wind spacecraft, launched in
1994. It should be noted that the main bulk of GMCs
were analyzed and modeled using interplanetary data
from the Wind and ACE monitors. By now, their
plasma instruments have degraded, especially on the
ACE spacecraft. Therefore, additional calibration of
plasma data from distant interplanetary monitors with
data from near-Earth spacecraft like THEMIS is
required.

The ability to predict GMC:s is also determined by
the model’s quality and its dependence on interplane-
tary parameters. In particular, it has been shown that
the Sh model tends to overestimate the distance to the
magnetopause during GMC [18], which results in a
low FAR but also leads to a low level of magnetosheath
prediction POD and a large positive OUR. Under nor-
mal conditions, on the contrary, the model underesti-
mates the distance to the magnetopause [24]. This is
due to the unbalanced dependence of the model on
solar wind pressure.

Another problematic aspect is the saturation effect
of the dependence of the distance to the magneto-
pause on the IMF Bz. In the Ch model, the saturation
threshold depends on solar wind pressure [13]; in the
PM model, it depends on the level of geomagnetic
activity [3]; and, in the DS model, it has a complex

dependence on Psw and By. However, this problem is
still poorly researched. Therefore, the KS, Sh, and Li
models introduce a threshold as a constant near Bz =
—20 nT. In this case, the saturation effect was well
manifested during extreme interplanetary conditions
in the event of April 23, 2023 (Fig. 5), when the KS,
Sh, Li, and PM models did not respond to changes in
large negative IMF Bz, following only variations in
solar wind pressure.

The accuracy of models also depends on unac-
counted effects. One of them is the morning—evening
asymmetry for GMCs with large negative IMF Bz [16].
This effect is strongly overestimated in the KS and DS
models, causing them to systematically underestimate
the distance to the magnetopause in the morning and
noon sectors with strong negative IMF Bz. This leads
to large negative OUR and increased FAR, although it
ensures a high level of magnetosheath interval predic-
tion POD.

Another problematic effect is the prehistory effect
[17]. It is well known that the current state of the mag-
netosphere is determined by the integral dynamics of
interplanetary conditions. In particular, Dst variation
is an integral function of the impact of the induced
electric field of the solar wind [25]. The PM model
uses SYM-H as a 1-min analogue of Dst variation,
which can be considered a parameter depending on
prehistory. As seen in Table 5, taking this effect into
account indeed allowed avoiding the prediction of
false magnetosheath intervals, lowering FAR, and
improving the accuracy of the model at the initial
phase of magnetic storms.

In summary, it can be said that the strong spread in
the deviations of model predictions from observations
of magnetosheath intervals related to GMCs is deter-
mined by both external and internal model factors.
External factors include the quality of determining
interplanetary conditions affecting the magnetopause.
The model’s dependences on interplanetary environ-
ment parameters and the current state of the magneto-
sphere are internal factors.

CONCLUSIONS

Based on the magnetic data from GOES-16 and
GOES- 17, intervals were identified when geostation-
ary satellites entered the magnetosphere during mag-
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netic storms on February 26, March 23, and April 23,
2023. For these events, a comparative analysis of vari-
ous magnetopause models was conducted using data
from the THEMIS-E and Wind spacecraft. It was
demonstrated that the Wind monitor observes inter-
planetary conditions that can significantly differ from
those observed by the near-Earth THEMIS-FE space-
craft. Comparison of models, based on statistical
parameters for defining magnetosphere intervals,
yielded the following results.

(1) The asymmetric model KS [1] demonstrated
high accuracy for all three events [1].

(2) In events with low storm activity against a back-
drop of small negative values of IMF Bz, the three-
dimensional model Li [2] showed good results.

(3) For extreme events with very high solar wind
pressures and/or very strong negative IMF Bz, the PM
model [3] exhibited high accuracy.

(4) At high solar wind pressures and large negative
IMF Bz, good accuracy was demonstrated by the
models Sh [4] and the neural network model DS [5].

Based on the comparative analysis, it was shown
that the accuracy of the models is influenced by the
following factors and effects:

(1) dependence on solar wind pressure;

(2) saturation effect of the impact of large negative
IMF Bz on the magnetopause;

(3) asymmetry of the magnetopause morning—eve-
ning during large negative IMF Bz;

(4) prehistory effect.

Further development of GMC models should be
based on a more careful consideration of these key fac-
tors and effects using both existing and new experi-
mental data.
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