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Abstract Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) data are used to inves-
tigate the magnetic field structures in the vicinity of the
magnetopause. Generally, the tendency that the farther away
from the Earth, the weaker the detected magnetic field is ex-
pected inside the dayside magnetopause. Here we show two
cases which conflict with the expectation that the magnetic
field gradient direction reverses from inward to outward in a
short time interval. After a further analysis, it is found that
the THEMIS probes encountered a magnetopause indenta-
tion moving along the magnetopause towards the dawn in
one case, and for the other case, they crossed an evolutive
indented magnetopause that was produced locally and then
recovered to its normal state. These two magnetopause in-
dentation may be related with the fast magnetosheath flow.
Accordingly, we suppose that the fast magnetic gradient di-
rection reverse is caused by the abnormal magnetic field dis-
tribution adjacent to the deformed magnetopause.
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1 Introduction

The magnetopause is the interface between the magneto-
sphere which consists of tenuous high energy plasma and
strong magnetic fields originated from the Earth, and the
magnetosheath which fills with dense low energy plasma
and weaker magnetic fields originated from the Sun. The lo-
cation and shape of the magnetopause are determined by the
total pressure (the sum of dynamic pressure, thermal pres-
sure and magnetic pressure) balances between the magneto-
sphere and the magnetosheath (Spreiter et al. 1966). When
the dynamic pressure of the solar wind (SW) is enhanced,
the total pressure in the magnetosheath increases and the
magnetopause is pushed closer to the Earth, which results
in the magnetic field compression and enhancement of the
magnetic pressure in the magnetosphere. The total pressure
on both sides of the magnetopause reaches equilibrium again
at a later time.

There are lots of models to describe the location and
shape of the magnetopause (e.g., Fairfield 1971; Petrinec
et al. 1991; Shue et al. 1998; Song et al. 1999). They are
all based on statistical results of observations of magne-
topause crossings. The fitted shape of the magnetopause
assumed in the models is a smooth surface. However, the
magnetopause surface waves can arise or grow due to the
boundary-inherent Kelvin-Helmholtz-instability (KHI), or
be generated by external sources, e.g., SW pressure pulses
or waves and disturbances originating in the foreshock re-
gion (e.g., Fairfield et al. 1990; Fujita et al. 1996; Glassmeier
and Heppner 1992; Plaschke et al. 2013). Local distortions
of the magnetopause may be driven by flux transfer events,
Kelvin-Helmholtz waves, and the magnetosheath pressure
pulses related to magnetic reconnections, flow shears, hot
flow anomalies, foreshock cavities, and transient density
events, etc. (Dmitriev and Suvorova 2012). All of these
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make the magnetopause no longer a smooth surface. In fact
in the literature, some events of magnetopause indentation
due to the local distortion have been depicted from multi-
ple spacecrafts data analysis. Shue et al. (2009) reported an
local indentation on the magnetopause, 1 RE deep and 2
RE wide, and proved that it resulted from an increase of the
solar wind velocity in the magnetosheath, associated with
the radial magnetic field in the solar wind. Tkachenko et al.
(2011) reported a series of magnetopause indentation struc-
tures moving to the dawn flank, and inferred that they may
be caused by changes of the orientation of the magnetic field
and by enhancements and decreases of the plasma density in
the magnetosheath.

Recent studies inferred that the magnetopause indenta-
tion plays an important role in magnetosphere-ionosphere
coupling (Han et al. 2016, 2018). A particular auroral form
observed around dayside ionospheric convection throat re-
gion, called throat aurora (Han et al. 2015), has been sug-
gested to be the ground signature of magnetopause inden-
tations (Han et al. 2016, 2018). It has been confirmed that
the occurrence rate of throat aurora is rather high (Han
et al. 2017), which implies that the indentation often occurs
at the magnetopause. Han et al. (2019) provided observa-
tional evidence for showing the throat aurora being associ-
ated with magnetopause reconnection, and thus, Han (2019)
proposed a model and suggested that the magnetopause in-
dentations are most likely caused by magnetopause recon-
nection. These studies using ground-based optical obser-
vations have suggested that magnetopause indentations are
commonly exist. Further investigation should be made to
provide more evidences from satellite observations.

The magnetic fields in the magnetosphere consist of the
Earth’s main magnetic field and the magnetic fields cre-
ated by the current system, e.g., ring current, tail current,
Chapman-Ferraro magnetopause current and so on (Chap-
man and Ferraro 1930; Ganushkina et al. 2015). The mag-
netic field just inside the magnetopause is most susceptible
to the shape and location of the magnetopause. In a stable
and uniform solar wind, the magnetopause is often be re-
garded as a smooth surface. In this case, the dayside mag-
netospheric magnetic field gradient points inward. It can
be simulated by the magnetospheric magnetic field model
(Tsyganenko 1989, 1996), and was verified by observations
with multiple spacecrafts. So far, the magnetic field distri-
bution near the indented magnetopause has not been inten-
sively investigated. Here we report two magnetopause cross-
ing events, which are identified to be associated with mag-
netopause indentations. For these two events, the dayside
magnetospheric magnetic gradient direction reversed from
inward to outward in a short time interval, we call it fast
magnetic gradient direction reverse (FMGDR). The detailed
analysis for the two events is described in Sect. 2 and dis-
cussed in Sect. 3. In Sect. 4, a brief summary is given.

2 Indented magnetopause crossings

The THEMIS fleet was launched into a near-equatorial,
highly elliptical orbit on 17 February 2007 (Angelopoulos
2008). The five THEMIS probes were lined up in the same
orbit like a string of pearls before a modification of their or-
bits was performed at the end of 2007. Each of the THEMIS
probes carries an identical instrumentation including a flux-
gate magnetometer (FGM), an electrostatic analyser (ESA),
a solid state telescope (SST), a search coil magnetometer
(SCM) and an electric field instrument (EFI). In this paper,
the magnetic field measurements from FGM (Auster et al.
2008) and plasma measurements provided by ESA (McFad-
den et al. 2008) with time resolution of ∼ 3 s are used.

2.1 Event 1: 00:44 UT-00:56 UT on 22 July 2007

Between 00:44 UT and 00:56 UT on 22 July 2007, the
THEMIS fleet was moving outbound near the subsolar point
as shown in the left panel of Fig. 1. The THEMIS probes
are represented by squares with different colors. The ar-
rows represent the velocity with the length denoting the rel-
ative speed of each probe, and the red arc is the magne-
topause calculated by the Shue et al. (1998) model. Since
the time period was very short and the velocity (∼1 km/s) of
probes were small, we consider that the probes were fixed
at each point. THB was located at (11.44,−2.16,−3.10)
RE , THC was located at (10.92,−2.41,−2.94) RE , THD
was located at (10.92,−2.45,−2.92) RE , THE was lo-
cated at (10.74,−2.40,−2.91) RE and THA was located
at (9.27,−3.10,−2.39) RE . THB was leading on this out-
bound pass and followed by THC, THD, THE and THA in
sequence. THC and THD were very close to each other (here
we treat them as one satellite THC&D) and the distance be-
tween THA and THB was about 2 RE .

The right panel of Fig. 1 shows the interplanetary con-
dition observed by WIND during this time interval. The ob-
servations are simply shifted based on the location of WIND
and the velocity of solar wind (dt = (XWIND − R0)/Vx , dt

is the time used to shift, XWIND is the X component of the
location of WIND, R0 is the location of the magnetopause
nose, Vx is the X component of solar wind velocity). The pa-
rameters from top to bottom are: three components of inter-
planetary magnetic field (IMF), cone angle of IMF, velocity
of the solar wind, solar wind number density. The analyzed
time interval is bounded by two vertical dashed lines. It can
be seen that there was no clear pressure pulse. At the begin-
ning of this time interval, the cone angle of IMF was small
and it kept increasing to a big value at the end of the time
interval.

The ion spectral energy flux density and ion bulk velocity
measurements between 00:44 UT and 00:56 UT are shown
in Fig. 2. It can be seen that four (THB, THC, THD, THE)
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Fig. 1 (left): The projection of
the locations of five THEMIS
probes on the X–Y plane at
00:50:00 UT on 22 July 2007.
THEMIS probes are marked by
differently colored squares. The
red curve denotes the
magnetopause calculated by the
Shue et al. (1998) model. The
black arrows show the
movement direction of probes.
(right): The solar wind
parameters observed by WIND.
From top to bottom: three
components of IMF, IMF cone
angle, solar wind velocity,
number density of solar wind.
The analyzed time interval is
bounded by two vertical dashed
lines

Fig. 2 The left and right panels
are the ion spectral energy flux
density and ion bulk velocity
measurements in the GSM
coordinate system from the
THEMIS fleet between 00:44
UT and 00:56 UT on 22 July
2007, respectively. The
magnetopause crossing times
are marked by the vertical
dashed lines

of the five THEMIS probes crossed the magnetopause twice
during this interval. At the very beginning, the THEMIS
fleet was in the magnetosphere where the high energy ions
and strong magnetic fields are dominated. At 00:49:40 UT,
the outermost probe, THB, crossed the magnetopause first.
Then THD, THC and THE crossed the magnetopause in se-
quence within less than 1 minute. Between 00:50:36 UT and
00:51:14 UT, all the spacecrafts of the THEMIS fleet (ex-
cept THA) were located in the magnetosheath. At 00:51:14
UT, THE returned to the magnetosphere first. Then THC,
THD and THB crossed the magnetopause immediately after
THE in sequence. The two crossing times for each probe are
marked by the two vertical dashed lines in each subfigure.
The outermost probe, THB, stayed in the magnetosheath for

the longest time. The innermost probe, THA, was always
located in the magnetosphere with no magnetopause cross-
ing during the analyzed interval. The right panel of Fig. 2
shows that THB observed a rather fast anti-sunward flow in
the magnetosheath at 00:50:21 UT. It increased up to 250
km/s at 00:50:36 UT and disappeared before THE crossed
the magnetopause at the second time.

For comparison, we put the magnetic field strength
curves for all probes during the same interval together in
Fig. 3. At 00:44 UT, the order of the magnetic field strength
from small to large was THB, THC&D, THE, THA (the
strength observed by THB was 25% lower than that ob-
served by THA). It means the magnetic gradient pointed in-
ward normally. Subsequently, the magnetic field strength be-
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gan to increase with different growth rates, which caused the
intersections of the magnetic field strength curves. After the
intersection of the curves of THB and THC&D&E (see the
yellow area in Fig. 3), the magnetic field at the location of
THB exceeded that at the location of THC&D&E. It means
that the magnetic gradient between THB and THC&D&E
changed direction and pointed outward. When the curves of
THC&D&E and THA intersected with each other, the mag-
netic gradient between the location of them also reversed
the direction. The variation of the magnetic field strength
in the inbound (THEMIS fleet crossed the magnetopause to

Fig. 3 The magnetic field strength observed by THEMIS fleet between
00:44 UT and 00:56 UT on 22 July 2007. The discussed FMGDRs are
marked by yellow bars

the magnetosphere) magnetopause crossing was somewhat
like the mirror image of the outbound crossing, except that
the magnetic field strength was overall a little smaller than
that observed at the first crossing. Likewise there were in-
tersections between different magnetic filed curves. Each
intersection means that the magnetic field gradient between
the two probes reversed.

To understand the structure of the magnetopause dur-
ing the analyzed interval, the minimum variance analysis
(MVA) method (Sonnerup and Scheible 1998) is applied to
calculate the normal of the magnetopause tangential plane at
the time when a magnetopause crossing was recorded. The
normals calculated using the MVA method and using the re-
ferred magnetopause model (Shue et al. 1998) are compared
(see Table 1). It can be seen that the change of the mag-
netopause normal in azimuth angle (X–Y plane) is bigger
than that in the elevation angle (X–Z plane). Figure 4 shows
the determined tangential planes of all the magnetopause
crossings each probe encountered (short colored lines), the
nominal magnetopause plane (large red arc) and the ob-
served plasma flow vectors (black arrows) projected on to
the X–Y plane. Figures 4a–d present the snapshots during
which the four probes THB, THD, THC, THE crossed the
magnetopause for the first time in sequence, and Figs. 4e–h
correspond to their second magnetopause crossings. The ex-
act crossing time is marked on the title of each panel. In
Fig. 4a, THB crossed the magnetopause for the first time
and observed an inward bulk velocity of ions. Likewise,

Table 1 The comparison of the local magnetopause normals calculated by MVA method and Shue et al. (1998) magnetopause model

Time Probe Direction Normal Normal Angle

hh:mm:ss (MVA method) (Magnetopause model) (θ , ϕ)

Event 1 00:49:40 THB Outbound (0.97, 0.17, 0.17) (0.97, −0.13, −0.18) (20.4, 17.5)

00:50:21 THD (0.98, 0.14, 0.14) (18.7, 15.6)

00:50:22 THC (0.98, 0.15, 0.13) (18.1, 16.2)

00:50:36 THE (0.90, −0.35, 0.25) (25.1, −13.7)

00:51:14 THE Inbound (0.70, −0.70, 0.13) (18.1, −37.5)

00:51:28 THC (0.85, −0.48, −0.20) (−0.9, −22.0)

00:51:30 THD (0.82, −0.56, −0.08) (6.0, −26.8)

00:51:40 THB (0.58, −0.79, 0.17) (20.5, −46.2)

Event 2 22:24:34 THB Outbound (0.44, −0.86, −0.24) (0.92, −0.35, −0.15) (−5.0, −41.6)

22:24:59 THC (0.73, −0.62, −0.28) (−7.3, −19.0)

22:25:01 THD (0.48, −0.82, −0.30) (−8.6, −38.3)

22:25:03 THE (0.17, −0.97, −0.19) (−2.0, −58.7)

22:27:22 THE Inbound (0.49, −0.82, −0.29) (−8.0, −37.8)

22:28:41 THD (0.74, −0.67, −0.02) (7.7, −20.8)

22:28:45 THC (0.87, −0.50, 0.01) (9.5, −8.5)

22:32:18 THB (0.82, −0.56, −0.02) (7.8, −13.0)

Note—(θ,ϕ) indicate the elevation and azimuth angle between the normals calculated by MVA method and Shue et al. (1998) magnetopause
model
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Fig. 4 Comparisons of the
tangential planes calculated by
MVA (short colored lines) and
nominal magnetopause planes
calculated by Shue et al. (1998)
(large red curves). The black
arrows are the plasma velocity
observed by the THEMIS fleet

when THC and THD first crossed the magnetopause, they
encountered the same inward motion plasma (see Figs. 4b
and 4c respectively). At the same time, the anti-sunward ve-
locity of ions in the magnetosheath was enhanced, which
should be the reason for the inward motion of the mag-
netopause. Figure 4d corresponds to the situation for the
time when THE crossed the magnetopause for the first time.
The magnetopause tangential plane continued moving in-
ward and the bulk velocity of ions was also inward because
the anti-sunward velocity of ions observed by THB in the
magnetosheath was the largest at this time. Note that the
orientation of the magnetopause plane observed by THE
had a drastic change compared to those observed by THC
and THD, which can be explained by a moving indentation.
As shown in Figs. 4e–h, when THE, THC, THD and THB
crossed the magnetopause at the second time, the tangential
plane they crossed changed a direction relative to those for
the first crossing and the bulk velocity of ions became out-
ward. On the other hand, the anti-sunward velocity of ions in
the magnetosheath disappeared at the second crossing of the

THEMIS fleet. The magnetopause started moving outward
to its nominal position.

According to the information shown in Fig. 4, the
THEMIS fleet may encounter an indentation moving along
the magnetopause towards the dawn and developing deeper
due to the influence of the fast anti-sunward ion flow in the
magnetosheath. The sketch picture is shown in Fig. 5 with
the gray area standing for the magnetosphere and the blank
area standing for the magnetosheath. At 00:49:40 UT, THB
crossed the leading edge of the local magnetopause indenta-
tion (see Fig. 5a). On the other hand, as the indentation was
moving to the dawn, the ions observed by THB should have
an inward velocity relative to the tangential plane. Likewise
when the leading edge of the indentation moved to the loca-
tion of THC&D, it observed an inward velocity (see Fig. 5b).
At this time, the anti-sunward velocity of ions observed by
THB was enhanced, it compressed and pushed the indenta-
tion to a deeper location. Subsequently, the trailing edge of
the indentation crossed the probe THE (see Fig. 5c). After
00:50:36 UT, the anti-sunward ion flow began to decrease
and disappeared at 00:51:14 UT, the indentation contracted
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Fig. 5 Schematic pictures of the
indented magnetopause. The
THEMIS probes are represented
by differently colored squares.
The gray area is the
magnetosphere. The blank area
is the magnetosheath. The red
arrows are the bulk velocity of
ions measured in the
magnetosheath with the length
denoting the relative speed of
ions. The black arrows represent
the directions in which the
magnetopause is moving

Fig. 6 (left): The projection of
the locations of five THEMIS
probes on the X–Y plane at
22:28:00 UT on 07 August
2007. (right): The solar wind
parameters observed by WIND.
The format is the same as
in Fig. 1

and its trailing edge encountered THE for the second time
(as shown in Fig. 5d). In the rest of the time, the indenta-
tion continued to move toward the dawn and rebounce. The
trailing edge of the indentation encountered THC&D and
the THB, as shown in Figs. 5e and 5f. The observed ions
moved outward relative to the tangential plane. According
to the above analysis, it is expected that the probes (except
THE) observed a left-leaned discontinuity and then became
right-leaned relative to the nominal magnetopause plane,
and the ion first moved inward and then outward in pace
with the twice magnetopause crossings due to the motion of
the deformed local magnetopause, i.e., the indentation. This

picture is well consistent with the observations presented in
Fig. 4.

2.2 Event 2: 22:23 UT-22:33 UT on 07 August 2007

Between 22:23 UT and 22:33 UT on 07 August 2007,
the THEMIS fleet was moving outbound near 10:00 LT,
as shown in the left panel of Fig. 6. During this short
time interval, THB was located at (6.14,−5.28,−1.45)
RE , THC was located at (9.06,−5.33,−2.30) RE , THD
was located at (8.42,−5.36,−2.12) RE , THE was lo-
cated at (8.36,−5.38,−2.09) RE , THA was located at
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Fig. 7 The left and right panels
are the ion spectral energy flux
density and ion bulk velocity
measurements in the GSM
coordinate system from the
THEMIS fleet between 22:23
UT and 22:33 UT on 07 August
2007, respectively. The
magnetopause crossing times
are marked by the vertical
dashed lines

(8.20,−5.27,−2.08) RE . The configuration of the THEMIS
fleet was the same as that for Event 1: THB was the outer-
most probe, followed by THC, THD and THE, and THA
was the innermost probe. The distance between THA and
THB was about 3 RE . The right panel of Fig. 6 shows that
there was no clear pressure pulse during the analyzed time
interval and the solar wind pressure was relatively stable.

The ion spectral energy flux density and ion bulk velocity
measurements between 22:23 UT and 22:33 UT are shown
in Fig. 7. It can be seen that the probes of the THEMIS
fleet except THA crossed the magnetopause twice succes-
sively. At the very beginning, the THEMIS fleet was in the
magnetosphere. At the first crossing, THB encountered the
magnetopause at 22:24:34 UT, then THC, THD and THE
crossed the magnetopause immediately after THB almost
at the same time. At the second crossing, THE returned to
the magnetosphere at 22:27:22 UT, then THD and THC re-
turned to the magnetosphere about one and a half minutes
after THE. At 22:32:18 UT, THB experienced its second
magnetopause crossing. THA kept staying in the magneto-
sphere during this 10-min interval.

The right panels of Fig. 7 shows the ion bulk velocity ob-
served by THEMIS fleet. The main difference from Event
1 is that all the THEMIS probes except THA (staying in
the magnetosphere during this time interval) observed a fast
anti-sunward flow. The anti-sunward flow observed by THB
had a peak speed of 386 km/s at 22:25:13 UT, then the ve-
locity began to decrease. It decreased to nearly zero when
THE returned to the magnetosphere at 22:27:22 UT. Be-
tween 22:25:03 UT and 22:27:22 UT, THB, THC&D and
THE were all in the magnetosheath.

The magnetic field strength curves for all probes dur-
ing the same time interval are plotted in Fig. 8. Similar

Fig. 8 The magnetic field strengths observed by the THEMIS fleet
between 22:23 UT and 22:33 UT on 07 August 2007. The discussed
FMGDRs are marked by yellow bars

to Event 1, there are many intersections between different
curves. The main difference between the two events is that
the magnetic field strength observed by THA was always the
largest among the observations of five probes in Event 2.

Similar to Fig. 4, Fig. 9 shows the calculated tangen-
tial planes of the magnetopause crossing encountered by the
THEMIS probes (short colored lines), and the observed flow
vectors (black arrows) projected to the X–Y plane. For com-
parison, the nominal magnetopause planes are also plotted in
the large red curves. Figures 9a–d show the snapshots when
THB, THC, THD and THE crossed the magnetopause at the
first time for this event. It can be seen that the tangential
plane moved inward at a large angle relative to the nominal
magnetopause plane and the bulk velocity of ions was nearly
parallel to the tangential plane. Figures 9e–h are the snap-
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Fig. 9 Comparisons of the
tangential planes calculated by
MVA (short colored lines) and
the nominal magnetopause
planse calculated by Shue et al.
(1998) (large red curve). The
black arrows are the ion velocity
observed by the THEMIS
probes

shots when THE, THD, THC and THB crossed the magne-
topause for the second time. The tangential plane in Fig. 9e
remained the same angle with the nominal magnetopause
plane. It was roughly parallel to the nominal magnetopause
plane in Figs. 9f–h. The bulk velocity of ions observed at the
second crossing (except Fig. 9h) are roughly parallel to the
tangential plane, but it is much smaller than that observed at
the first crossing.

All observations of the variations in the calculated mag-
netopause tangential planes and ion flows can be explained
by an encountered of an evolving local indentation driven
by a fast magnetosheath flow observed by THB, as shown in
Figs. 9b–d. Figure 10 shows the schematic pictures for the
fast magnetosheath flow and distorted magnetopause evolv-
ing over time. In Fig. 10a, the fast anti-sunward magne-
tosheath flows impacted the magnetopause, causing the gen-
eration of the local magnetopause indentation. THB was lo-
cated at the upper part of the indentation, so the tangen-
tial plane leaned to the right relative to the nominal mag-
netopause plane. The velocity of the anti-sunward flow con-
tinued to increase and compressed the magnetopause closer
to the center of the Earth to encounter THC&D and THE
(as shown in Fig. 10b) successively. At the time between

Fig. 10 Schematic pictures of the indented magnetopause. The format
is the same as in Fig. 5
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Fig. 11 (a, b) are the relative
magnitude of the magnetic field
strength observed by THEMIS
fleet in the events reported by
Shue et al. (2009) and
Tkachenko et al. (2011),
respectively. FMGDRs are
marked by yellow bars

22:25:03 UT (Fig. 10b) and 22:27:22 UT (Fig. 10c), the
anti-sunward flow in the magnetosheath became weaker, in-
dicating that the indentation was recovering. In Fig. 10c,
the indentation became shallower and smoother and it dis-
appeared at 22:32:18 UT (see Fig. 10d). Thus the tangen-
tial planes observed by THC, THD and THB at the second
crossing were almost parallel to the nominal magnetopause
plane.

3 Discussion

In the literature, there are few analyses on the observations
of the magnetopause indentation phenomena. Here we re-
port two typical events and find the simultaneous occurrence
of the indentation of the magnetopause and FMGDR. On the
other hand, as shown in the right panel of Figs. 1 and 6, there
are no clear solar wind pressure pulse in these two typical
events. We also check the observation of GOES 11 (15:50
MLT) for the first case and GOES 11 (13:30 MLT) for the
second case, and no magnetic pulse was found. So we con-
sider that the FMGDR can not be caused by the global com-
pression and it may be caused by the magnetopause local
indentation.

The locally indented magnetopause was also reported by
Shue et al. (2009) and Tkachenko et al. (2011), but they did
not show the observational features of magnetic fields ad-
jacent to the indented magnetopause. Here we reinvestigate
their events from a perspective of magnetic field variations
affected by an indented magnetopause. Figure 11a presents
the magnetic field observation corresponding to the event
shown in Fig. 2 in Shue et al. (2009). For this case, the mag-
netopause was not indented at the first crossing and the mag-
netic gradient pointed inward. But at the second crossing,
the magnetopause was distorted by a small-scale fast anti-
sunward magnetosheath flow and rebounded subsequently.
During the second crossing, the FMGDR can be seen as
marked by yellow bar. Figure 11b presents magnetic field
observations corresponding to the event shown in Fig. 5 in

Tkachenko et al. (2011). For this case, the THEMIS fleet en-
countered an indentation moving to the dawn flank and the
four probes (except THA) crossed the magnetopause twice
successively. The observed magnetic field from outer probes
exceeds those from inner probes, which is similar to those
shown in Figs. 3 and 8. In summary, in the events includ-
ing those analyzed in this paper as well as those reported by
Shue et al. (2009) and Tkachenko et al. (2011), when the
THEMIS probes crossed the indented magnetopause, they
all observed FMGDR phenomena.

In fact whether FMGDR can be observed depends on the
relative position of the THEMIS fleet and the indented mag-
netopause. At the first crossing of Event 2, the magnetic
field strength observed by THB, THC, THD and THE were
enhanced, but that observed by THA remained unchanged
most likely because THA was too far away from the in-
dented magnetopause. THA was out of the influence area
of the indented magnetopause. As the indentation became
deeper, the magnetic field strength observed by THA began
to increase. On the other hand, It can be deduced that the
magnetic field strength at the edge of the indentation is the
largest as it is usually most compressed at the edge. If the
THEMIS fleet was configurated along the edge of the in-
dentation, FMGDR may not be observed. In addition, the
magnetic field strength observed at the second crossing was
lower than that observed at the first crossing in Event 1. It is
most likely related to the asymmetry of the indentation.

As mentioned in Sect. 1, there are many sources of the
magnetopause waves or local indentations. In these two
events, the indentations may be caused by the anomalous
fast anti-sunward magnetosheath flow as shown in Figs. 2
and 7. The source of the fast anti-sunward magnetosheath
flow and how it generated the magnetopause deformation
are out of the scope of this paper.

4 Summary

The large-scale magnetopause has been studied compre-
hensively over recent decades. Due to lack of simultane-
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ous observations from multiple spacecrafts before, the small
structures of the magnetopause have been rarely reported
and analyzed. Here we report two typical events of the in-
dented magnetopause crossing observed by THEMIS fleet.
FMGDR is observed in each crossing. We also reexam-
ined the magnetic field distribution near the magnetopause
when THEMIS encountered the magnetopause indentations
reported by Shue et al. (2009) and Tkachenko et al. (2011).
The same phenomena were found in their events. These ob-
servations show that FMGDR can be generated adjacent to
the indented magnetopause. Our paper gives a possible ex-
planation to the observed FMGDR.
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