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The plasma transport between the plasmasphere and the ionosphere in response to the interplanetary conditions is still not fully
understood until now. Simultaneous observations of the plasmasphere and ionosphere from the newly developed Chinese Meridi-
an Project provide a new opportunity for understanding the characteristic of the plasma transport and the coupling mechanism
between these two regions. We investigate the response of the plasmasphere (L=2) and ionosphere to the solar wind dynamic
pressure pulse during geomagnetically quiet period of 21-27 March 2011. The response of the plasmasphere shows a significant
depletion. The plasmaspheric density nearly decreases by half in response to the solar wind dynamic pressure pulse, and subse-
quently recovers to the original level in 1-2 d. Meanwhile, the maximum electron density of the ionospheric F2 layer (NmF2) and
the total electron content (TEC) increase by 13% and 21%, respectively, and then gradually recover, which is opposite to the be-
havior during magnetic storms. Preliminary analysis shows that the plasmaspheric depletion may be mainly caused by the south-
ward interplanetary magnetic field and changing dawn-dusk electric field. The plasmaspheric density variations seem to be con-

trolled by both the IMF and ionospheric conditions.
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Geospace which consists of solar wind, magnetosphere and
ionosphere is a complex coupling system. The mass ex-
change between these regions is one important physical
process. How does it respond to the variations of solar wind
and geomagnetic conditions is a fundamental issue in space
physics.

Understanding the relationship between the variations of
the magnetospheric plasma density and ionospheric electron
density has been an important topic since the 1960s. Using
the ducted whistlers observations, Carpenter [1] showed that
the inner magnetospheric electron density at the radial dis-
tance (about 2-4 Rg) has been affected by the intensity of
the severe magnetic storms. Chi et al. [2], analyzed the de-
creases of the plasmaspheric density at L = 2 and the iono-
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spheric electron density during magnetic storms simultane-
ously observed by the ground-based stations and global po-
sitioning system (GPS) monitors. They suggested that the
plasmaspheric depletion was caused by the strong electric
field convection of the magnetopause. Additionally, Chi et
al. [3] also showed that the ionosphere importantly regulat-
ed the variation of magnetospheric plasma density based on
the prominent increases of the inner magnetospheric plasma
density (L < 4) and the ionospheric electron density at local
afternoon sector during the 2003 Halloween magnetic storm.
Similarly, a reduction of the outer magnetospheric plasma
density (4 < L < 8.5) was due to a strong convection of the
magnetosphere and the ionosphere. Recently, Wang et al. [4]
found the reduction of the ionospheric electron density oc-
curred before the plasmaspheric density reached its mini-
mum using the data from MHT geomagnetic station in 2011
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in the meridian chain of comprehensive ground-based space
environment monitors in the eastern hemisphere (or Chinese
Meridian Project for short) [5]. Therefore, they suggested
that the plasmaspheric depletion was very likely due to the
reduced plasma supply from the ionosphere and the plas-
maspheric dynamics seemed to be controlled by the iono-
sphere. Spasojevic and Sandel [6] analyzed the data from
the Extreme Ultraviolet (EUV) imager on the IMAGE satel-
lite Images and concluded that the loss rate of the plasmas-
pheric He" ions varied with the interplanetary dawn-dusk
electric field E,, and was correlated with the duration of
strongly positive interplanetary dawn-dusk electric field E,
when it was stronger than 2.5 mV/m during a weak geo-
magnetic disturbance interval. Generally speaking, the
southward interplanetary magnetic field (IMF Bz) mainly
triggered the geomagnetic storm. As an important type of all
kinds of interplanetary disturbances, solar wind dynamic
pressure pulsations affect the coupling between the solar
wind-magnetosphere-ionosphere  system. However the
plasmas transport between those regions is still controver-
sial in space physics. Guo et al. [7] analyzed the correlation
of ions densities such as O, H" and He" in cusp region with
solar wind dynamic pressure and geomagnetic Kp index.
They found that these ions densities had a strong positive
correlation with solar wind dynamic pressure. To further
explore the controlling factors of plasmaspheric density and
the plasma transport process between the magnetosphere
and the ionosphere, we use the data from the ground-based
station of the newly developed Chinese Meridian Project
and investigate the plasma transport process in response to
the single solar wind dynamic pressure pulsation during a
geomagnetically quite period.

The Chinese Meridian Project is a near-Earth space en-
vironment monitoring network. It consists of 15 ground-
based observatories located roughly along the 120°E geo-
graphic longitude meridian and the 30°N geographic lati-
tude. Each observatory is equipped with multiple instru-
ments such as radio instruments, magnetometers, optics and
sounding rocket to continuously monitor the space envi-
ronment from the middle-upper atmosphere (20-30 to hun-
dreds of km from the Earth surface), ionosphere and mag-
netosphere, and up to the interplanetary space. With simul-
taneous observations of the geomagnetic field and iono-
sphere, the Chinese Meridian Project provides an excellent
opportunity to explore the plasma transport and the coupling
process between the magnetosphere and ionosphere.

In this study, we investigate the variations of the equato-
rial plasma density in the plasmasphere (L = 2) in response
to solar wind dynamic pressure pulsation using the geo-
magnetic field data from the Chinese Meridian Project.
Meanwhile, with the total electron content (TEC) inferred
from GPS monitor and the ionosphere F2 layer critical fre-
quency foF2 from the digisonde, we estimate the iono-
spheric electron density, and further analyze the plasma
transport between the plasmasphere and ionosphere in re-

Chin Sci Bull

November (2013) Vol.58 No.33 4127

sponse to the solar wind pressure pulsation.

1 Methodology

Using the geomagnetic field data from the Chinese Meridi-
an Project, we calculate the equatorial plasma density in the
plasmasphere from the ultra low frequency waves (ULF)
sensing the magnetic field line resonance (FLR). In order to
obtain the plasma density, the resonance signals of the
magnetic field have been identified to calculate the oscillat-
ing eigenfrequency of a specified magnetic field line. We
use both the gradient technique (Baransky et al. [8]) and the
cross-phase method (Waters et al. [9] and Kawano et al.
[10]) to obtain the resonance frequency of the resonating
magnetic field line midway between the two closely spaced
stations at specific latitudes from the dynamic spectra of the
phase difference and power density ratio of the H compo-
nent. Waters et al. [9,11] first applied the cross-phase
method to obtain the clear phase difference spectrum. The
cross-phase technique is based on the principle that the
phase difference of FLR of the H component observed by
two closely spaced stations located along the same longi-
tude maximizes at the eigenfrequencies of the field line
midway between the two stations. As for the gradient
method, the resonant frequency (fr) is estimated from the
dynamic power spectrum of the H component for the reso-
nating magnetic field line whose foot point is halfway be-
tween the two stations and contents the requirement of the
power density ratio passing through near unity (log(1) = 0),
while the errors in FLR are 3-5 mHz [12]. It is found that
the eigenfrequency of the fundamental mode of field line
resonances is in the Pc3 frequency range (22-100 mHz) at
mid- and low-latitudes.

The resonant frequency depends on the length of the
magnetic field line, the strength of the geomagnetic field
and the plasma density along the magnetic field line. The
plasma mass density can be then inferred from the observed
eigenfrequency if the appropriate models of the magnetic
field and the plasma density are utilized. At mid- and
low-latitude regions, we choose the dipole magnetic field
model because of the closed magnetic field lines. The plas-
ma density p can be estimated as p oc ¥, where r is the
geocentric radial distance from the Earth center and m is the
plasma density index. In particular, for this range of lati-
tudes (1.8 < L <2.2), an index m in the range of 0-2 may be
appropriate [14] and the inferred equatorial plasmaspheric
density p, is not sensitive to the particular choice of m
within this range, so we choose the index m =1 in our cal-
culation. Furthermore, the equatorial plasma density p, also
follows pyoc (fr) > with fr along the magnetic field line at a
special latitude.

Using the data of fluxgate magnetometers equipped at
the ground geomagnetic stations Mohe (MHT) and Man-
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zhouli (MZL), we estimate the fundamental mode frequency period (5-7 d) in 2011 should be first identified from the
of the resonant frequencies of Pc3 geomagnetic pulsation solar wind data of OMNI data on the CDAWeb website. We
and further use it to invert the plasma densities. The required that the value of the solar wind dynamic pressure

fluxgate magnetometers at these stations record the geo- should sharply increase more than twice of the initial value.
magnetic H, D and Z components. The sample rate is 1 Hz And there should have simultaneous observations of the
and the noise level of the systems is about 0.1 nT. The loca- geomagnetic field data from the fluxgate magnetometers at
tions of the stations MHT and MZL are listed in Table 1. MHT and MZL and of the ionospheric data from the
The resonance point halfway between the two stations has digisonde and GPS monitors at MHT. Under these selection
an L value approximately equal to 2.14. At the same time, criteria, one solar wind dynamic pressure pulsation event
the digisonde at MHT gives 15-min time resolution of the from March 21 to March 27 was identified. The corre-
foF2 values, and TEC monitor provides 30-s time-resolution sponding solar wind observations are shown in Figure 1.
data. The 1-min OMNI data of the solar wind plasma pa- From the top to bottom, the panels present the three com-
rameters and interplanetary magnetic field from March 21 ponents of the interplanetary magnetic field in GSE coordi-
to March 27 are obtained from the CDAWeb website. nate, the magnetic field intensity, solar wind speed, solar

wind dynamic pressure, solar wind proton number density,
solar wind electric field and the symmetry changing mag-

2 Event analyses netic field index SYM-H (high time resolution Dst index) of
the geomagnetic field H component, respectively. The value
A single solar wind dynamic pressure pulsation event dur-  of solar wind dynamic pressure sharply increases three

ing a relative geomagnetically quiet (SYM-H > —30 nT) times from 2.52 nPa at 0515 UT (Universal Time) to 7.43
nPa at 1018 UT on March 22, 2011, and then rapidly de-
creases to 3.03 nPa at 1100 UT. During this period, the in-

Table 1 Locations of stations terplanetary magnetic field (IMF) B, is northward, and the
. Magnetic  Magnetic  Geographic  Geographic L magnitude of IMF remains steady and starts to increase at
Stations . itude longitude latitude longitude  value the end of the negative dynamic pressure pulsation. The
MHT 48.6 195.9 53.5 122.4 2.29 solar wind speed V remains invariant about 320 km/s. The
MZL 44.9 1912 496 1175 1.99 solar wind dynamic pressure Pd is thus mainly controlled

by solar wind number density N prominently results in the
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Figure 1 The solar wind parameters on March 21-27, 2011. From the top to bottom, the panels show three components of the interplanetary magnetic field,
the total magnetic field intensity, solar wind speed, solar wind dynamic pressure, solar wind proton number density, the dawn-dusk electric field and geo-
magnetic index.
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variation of the solar wind dynamic pressure. The electric
field E, increases negatively to —2.79 mV/m and the SYM-
H index keeps unchanged. Therefore this is a single solar
wind dynamic pressure pulsation. On March 23, the south-
ward IMF B; and the eastward electric field E, dominate in
the interval. During the whole interval, the absolute value of
the SYM-H index is less than 20 nT, which suggests a geo-
magnetically quiet period. The solar wind speed V slowly
increases to 542 km/s and then gradually decreases to about
320 km/s. The IMF B, fluctuates between southward and the
northward. The magnetic field intensity decreases and then
recovers to the initial value after the next solar wind dynamic
pressure pulsation around the end of March 23. The other
interplanetary parameters remained basically unchanged.
Figure 2 shows the phase difference spectrum, log pow-
er-ratio spectrum and coherence spectrum of the H compo-
nent at MHT and MZL during March 21-24, 2011, where
LT = UT + 8. In the top panel ((a)—(d)), the red-yellow re-
gion of the magnetic field line resonance indicates a large
phase difference in the phase difference spectrum. In the
middle panel ((a)-(d)), the appearance of the bipolar pattern
in the bright region of the log power-ratio spectrum sug-
gests the FLR signals at the two stations, respectively. And
the resonant frequencies of the field line resonances de-

0.15
. 100
5 _.0.10
o N F;
gZ005 § 50
e 0 0
. 015 1
%%0.10
= 0
o
Z,‘,g 0.05/ §
£ -1
g 015 1.0
5’53‘0'10 e
2=005
Q
o 0 o begstiecgs Ml
012 3 456 7 8 9 10 11 12
Universal time (h)
(a)
0.15 ——
& : 100
S 5010 i
£<005 § P
o 0 0
. 015 i W
2F0.10
8o 0
8“30'05
| 0l 5 -1
0.15[ % 1.0
8 :
§ 5010 5 Bos
2L 005 '
o
© 9 ey 0
012 3 456 7 8 9 10 11 12

Universal time (h)

(©)

Chin Sci Bull

Phase diff.

Coherence Log power-

Coherence Log power-

November (2013) Vol.58 No.33 4129

crease as the geomagnetic latitude increases [9]. Addi-
tionally, the middle region is also the resonance signals re-
gion of the field line midway between the two stations. In
the bottom panel ((a)—(d)), the bright color corresponds to a
large coherence.

It can be seen that the FLR signals can be observed in a
short time period during 0000-1000 UT (0800-1800 LT)
every day. This is because that Pc3 waves (22-100 mHz) of
ULF fluctuations of the FLR monitored at the ground sta-
tions at mid- and low-latitude can be only observed at the
dayside. And the fundamental mode eigenfrequencies of
field line resonances are in the frequency range at the cor-
responding geomagnetic latitude.

On March 21, FLR signatures appear obviously. The
fundamental mode frequencies at about 30-35 mHz can be
clearly identified and it decreases over the interval
04000900 UT from the phase difference and log pow-
er-ratio spectrum shown in Figure 2. On March 22, FLR
signatures occurs again and remains stable on the same in-
terval 0400-0900 UT, and the eigenfrequencies of the field
line are slightly higher than that on the same time (0600 UT)
in the previous day. Meanwhile, the bipolar pattern [9]
identifies from the log power-ratio spectrum indicates the
eigenfrequencies of the FLR decreases as the geomagnetic
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Figure 2 Phase difference and log power-ratio and coherence spectrograms of the H component for the station pair MHT-MZL. Each diagram shows the
spectrogram for the local time interval 0800-2000 during March 21-24, 2011. (a) March 21; (b) March 22; (c) March 23; (d) March 24.
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latitudes increase [10] because of the log power value at
the higher latitude is corresponding to the lower resonance
frequencies. On March 23, FLR signatures are prominent
obviously at the dayside, and the fundamental mode eigen-
frequencies of field line resonances are almost at 40-50
mHz and more higher than that of during the previous day.
It reaches the day before, and even at 46 mHz at 0600 UT in
the phase difference spectrum. Similarly, the bipolar pattern
observes a larger coherence in the log power-ratio spectrum
and an enhanced power shows the larger power of the FLR.
On March 24, FLR signatures are weaker than that in the
previous day and show the clear bipolar pattern. The fun-
damental mode eigenfrequency of the FLR is about 47 mHz
at 0600 UT. On the following days of March 25-26 (not
shown), the fundamental mode frequency is also evident,
and the eigenfrequency slowly declines and is close to 30
mHz at 0600 UT on March 21.

The Dst index shown in the first panel of Figure 3
(http://wdc.kugi.kyoto-u.ac.jp/index.html) is greater than
—20 nT in this interval, which suggests this is a geomag-
netically quiet period. The second panel of Figure 3 shows
the solar wind speed. It increases to 542 km/s and then de-
clines to 320 km/s after March 23. The third panel of Figure
3 gives the solar wind dynamic pressure. There is a single
dynamic pressure pulsation event occurring on March 22.

November (2013) Vol.58 No.33

The phase-difference spectrograms have been examined
from March 21 to March 27. The fundamental mode eigen-
frequencies of the magnetic field line resonances, which are
compared with that from the log power-ratio spectrograms
and 3-5 mHz difference for the local time 1400 LT (0600
UT), are given in the fourth panel of Figure 3. Similarly, the
eigenfrequency increases to the maximum after the solar
wind dynamic pressure pulsation and then decreases and
recovers to the origin value on March 21, which may be
caused by the disturbed geomagnetic environment in re-
sponse to the strengthened FLRs made by the solar wind
dynamic pressure pulsation. Additionally, the error bar in-
dicates the standard deviation of all the eigenfrequency
values identified at intervals of one hour during the day.

The fifth panel of Figure 3 gives the equatorial plasma
mass density at L = 2 for the local time 1400 LT (0600
UT). The plasma density decreases to 56% of the original
value and to the lowest value on March 21 before the dy-
namic pressure pulsation, then gradually increases and re-
covers to the initial value in about 1-2 d. After that, IMF B,
and the electric field E, remains basically invariant, and
during the same period the plasmapheric density gradually
increases and recovers to the initial value to refill the plas-
masphere. However, the depletion of the plasmasphere occurs
during the period the solar wind speed rapidly increases.
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Figure 3 The plots of the solar wind parameters, eigenfrequencies and ions densities on March 21-27, 2011. From the top to bottom panels shown Dst
index, solar wind speed, solar wind dynamic pressure, fundamental mode frequencies of field line resonances at L= 2 for the local time 1400 (0600 UT),
equatorial plasma mass densities, the ionospheric F2 layer maximum electron density values (NmF2) and the total electron content (TEC) values during
geomagnetically quiet period of March 21-27, 2011. The solid line and dashed line in the last panel indicate the peak value on March 21 and the maximum

TEC daily peak value on March 23, respectively.
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The bottom two panels of Figure 3 show the NmF2 value
from the digisonde and the vertical TEC value from GPS
measurements above MHT. As can be seen in the two pan-
els present the highest values in the early afternoon and the
lowest values just before sunrise. Unlike the variation of the
plasma density, the increases of the daily NmF2 and TEC
peak values by approximately 13% and 22%, respectively,
occur after the dynamic pressure pulsation and rise to the
highest values, and then a reduction of the peak values by
14% and 21% recovers to the initial value on March 21. The
daily NmF2 and TEC peak values increase slightly after the
solar wind dynamic pressure pulsation, which are distinctly
different from that decreases before the plasmaspheric den-
sity drops during magnetic storms.

3 Summary and discussion

In this paper, we obtained the fundamental mode eigenfre-
quency of the FLR by applying both the phase difference
and log power-ratio technique to the magnetometer data
from two ground stations of the Chinese Meridian Project.
Moreover, under the assumptions of the dipole magnetic
field and plasma density model, we examined the variation
of the plasmaspheric density in response to a solar wind
dynamic pressure pulsation during geomagnetically quiet
period of March 21-27, 2011. The equatorial plasma densi-
ty at L = 2 nearly decreased by roughly 50% in response to
the solar wind dynamic pressure pulse, and then recovered
to the initial value. Additionally, the electron density of the
ionosphere increased and then gradually recovered to the
original level, which is a typical case of plasmasphere de-
pletion in response to the solar wind dynamic pressure pul-
sation during a geomagnetically quiet period. This result is
consistent with the findings that the plasmaspheric density
decreased at mid- and low-latitude during the magnetic
storm proposed by Chi et al. [2] and Villante et al. [15] and
our previous result that showed a corresponding decrease of
the plasmaspheric density during moderate magnetic storm
events in 2011.

To roughly estimate the location of the plasmasphere for
the solar wind dynamic pressure pulsation event, we employ
the empirical formula of the plasmaspause location Lpp
from spacecraft and whistler observations at higher L-shells
[16]. The plasmaspause location Lpp increased from 4.2 to
4.8 after the coming of the solar wind dynamic pressure
pulsation event (Kp from 3+ to 2—). The plasmaspause nev-
er came inside of L = 2 for this event. This indicates that
the decrease of the plasmaspheric density at this L value is
unlikely due to the motion of the plasmaspause in this case.
After the solar wind dynamic pressure pulsation event, we
notice that there existed continuous variations of southward
IMF B, and significant changes of the solar wind electric
field E,, which may lead to the decrease of the plamaspheric
density. In addition, the enhanced magnetospheric convec-

November (2013) Vol.58 No.33 4131

tion caused by the solar wind electric field E, makes the
plasma drifting toward the magnetospheric boundary layer
on the dayside ionosphere and thus the plasmaspheric den-
sity induction. This result is similar to the conclusion made
by Spasojevic [6] that the loss rate of the plasmaspheric He*
ions by EUV Image measurements is correlated with the
amplitude of the interplanetary electric field E, during the
disturbed geomagnetic period. While the increases of the
inonspheric electron density in response to the solar wind
dynamic pressure may be caused by the uplifting of the F
layer through the ExB drift, which is the curl of the
dawn-dusk interplanetary electric field and the proximate
horizontal magnetic field, as the solar wind speed increases.
When the southward IMF B, and dawn-dusk electric field E,
change abruptly and recover gradually, the decrease of the
ionospheric TEC peaks is before the increases of the plas-
maspheric density. As a result, the ionospheric ions tran-
sport to the plasmasphere along the magnetic flux tube leads
to the increase of the plasmaspheric density and then recov-
ers to the origin value. A similar finding might be responsi-
ble for the refilling of the plasmasphere during the recovery
phase of the magnetic storm studied by Wang et al. [4]. Af-
ter the solar wind dynamic pressure pulsation, the plasmas-
pheric density increased by 88% of the minimum value and
recovers to a slightly higher level than the initial value,
while the ionospheric electron density decreases by 21% of
the maximum and recovered to the original level, and then
the increment is greater than the decrement. These results
suggest that a minor change in the ionospheric TEC may
result in a significant impact on the plasmaspheric density.
So these findings show the plasmaspheric depletion may be
mainly caused by the southward IMF B, and changing E, in
response to the solar wind dynamic pressure pulsation, and
the plasmaspheric refilling is a result of the decrease of the
ionospheric density. The plasmaspheric density thus seems
to be controlled by both the IMF and ionospheric condi-
tions.

The decreases of the plasmapheric density and the daily
NmF2 and TEC peak values do not depend on the strength
of the solar wind dynamic pressure pulsation at L = 2.
However, we need to investigate more events with different
intensity to make reliable conclusions in the future.

In conclusion, using the data of fluxgate magnetometers
from the data center of the Chinese Meridian Project to
analysis simultaneously the equatorial plasmaspheric densi-
ty and the ionospheric TEC, the plasmaspheric density de-
creases for both the magnetic storm event and the solar
wind dynamic pressure pulsation event. However, the varia-
tion of NmF2 and TEC in response to this solar wind dy-
namic pressure pulsation event are different from that those
during magnetic storms. During magnetic storm events, the
plasmaspheric depletion is probably due to the reduced
plasma supply from the ionosphere, while during this solar
wind dynamic pressure pulsation event the plasmaspheric
refilling may result from the ionospheric ions drift into the
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plasmasphere along the upward magnetic tubes. These re-
sults indicate the important roles of the interplanetary con-
dition and the ionosphere in controlling of the plasma
transport and the dynamic process of the plasmasphere.
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