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Abstract

Waves in the Ultra Low Frequency (ULF) band owe their existence to solar wind turbulence and transport momentum and energy
from the solar wind to the magnetosphere and farther down. Therefore an index based on ULF wave power could better characterize
solar wind—-magnetosphere interaction than Kp, Dst, AE, etc. indices which described mainly quasi-study state condition of the system.
We have shown that the ULF wave index accurately characterize relativistic electron dynamics in the magnetosphere as these waves are
closely associated with circulation, diffusion and energization of relativistic electrons in the magnetosphere. High speed solar wind
streams also act as a significant driver of activity in the Earth’s magnetosphere co-rotating interaction region and are responsible for
geomagnetic activities. In the present paper, we have analyzed various cases related with very weak (quiet) days, weak days, storm days
and eclipse events and discussed the utility of the ULF wave index to explain the magnetospheric dynamics and associated properties. We

have tried to explain that the ULF wave index can equally be useful as a space weather parameter like the other indices.

© 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The energy transfer during the interaction of turbulent
solar wind and terrestrial magnetosphere drives a number
of processes and phenomena occurring in the magneto-
sphere, ionosphere and lower atmosphere. One of the
method to characterize these interactions is the study of
ULF waves, which are excited by the Kelvin—Helmholtz
instability at the flank of magnetopause (Li et al., 2012),
external solar wind impulses (Antonova, 2000), drift and
drift-bounce resonance processes in the magnetosphere/
ionosphere (Yeoman and Wright, 2001). The analysis of
ground based 1-10 mHz ULF wave power, upstream solar
wind speed and MeV electron flux across the outer radia-
tion belt from the SAMNET and IMAGE arrays during
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the complete solar cycle period 1990-2001, show strong
correlation between ULF wave power and solar wind
velocity (Mann et al., 2004), and both are individually well
correlated with MeV electron fluxes. ULF waves are capa-
ble of monitoring the small scale structures within the field
aligned current (Scoffield et al., 2005, 2007). The Plasma-
sphere-magnetosphere mass loaded ion density variation
from dawn to dusk and the plasmapause motion (Fraser,
2003), modulation (Yang et al., 2010) and acceleration
(Zong, 2009) of the magnetospheric electrons.

The turbulent character of solar wind magnetosphere
system could not be explained by the usual geomagnetic
indices such as AE, Au, AL, K,,, Dst and polar cap index
(PCI), which were developed to characterize the quasi-
steady state level electrodynamics of near-Earth environ-
ment. This leads to the introduction of a ULF wave power
index (Kozyreva et al., 2004) which could conveniently
describe the turbulent character of solar wind-magneto-
sphere system (Romanova et al., 2007). Using the ULF
wave index, it has been verified that when the solar wind
is more turbulent, the effective degree of its coupling to
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the magnetosphere is higher (Borovsky and Funsten, 2003;
Romanova et al., 2007) and the level of IMF turbulence
does not depend on IMF north south orientation. ULF
wave indices have also been found useful in the study of
relativistic electron dynamics (Kozyreva et al., 2007;
Romanova et al., 2007; Romanova and Pilipenko, 2009)
and space weather applications (Pilipenko et al., 2007;
Singh et al., 2010, 2011).

In this paper, we have analyzed the ULF wave index
data and have discussed its relevance in the characteriza-
tion of solar wind-magnetosphere coupling and the associ-
ated magnetospheric plasma dynamics. The correlation of
ULF wave index with relevant space weather parameters,
viz., solar wind velocity (¥), noise spectral power (Np), z
component of IMF Bz, Dst, K, etc. for few very weak
(quiet) storm, weak storm, and super storm events are ana-
lyzed and discussed.

2. Construction of ULF wave index

The usual geomagnetic indices characterized the quasi
study state level of the involved phenomena and the effects
introduced by the presence of turbulence of the solar wind/
magnetosphere system remain uncharacterized. In order to
overcome this limitation ULF wave index is introduced
(Kozyreva et al., 2007), which depends upon the ULF wave
power and hence includes turbulence of the solar wind
magnetosphere system. The index is constructed using the
hourly averaged spectral wave power in Pc 5 wave fre-
quency band based on data from a global array of stations.
The spectral power density [Bf-(nTz/Hz)] in the selected fre-
quency band is computed for the two horizontal compo-
nents of the wave field. The discrete Fourier Transform
technique is used to evaluate the integrals of oscillatory
functions in a one hour window.

The ULF wave power in the frequency band Af = f; — f7,
averaged over two horizontal components for the ith station
in the unit nT is written as

Fy 1/2
ArY // | B[(f)df] (1)

bl
2 j=12

where f; and fz are the lower and higher frequency of the
band. If there are Nst number station which recorded ULF
waves having a signal power above a certain threshold va-
lue (Kozyreva et al., 2007) then ULF wave power is ob-
tained by averaging the computed power from each
station which is written as

1 Nst
= e (2)

SEI

The ULF wave power P represents the ULF wave index
in nT. Earlier ULF index was (nT)?*/Hz, similar to the spec-
tral power density. The details of the limitations and com-
putational techniques are given by Kozyreva et al. (2007)
and Romanova et al. (2007).

3. Relation between relativistic electron dynamics and ULF
wave index

The relativistic electrons in the inner magnetosphere
cause environmental impacts, affect space hardware in
the Medium Earth Orbits (MEQOs) and Geostationary
Earth Orbits (GEOs) and have effects upon the space
weather (Friedel et al., 2002). The enhancements of these
electrons are observed to associated with magnetic storms
(Reeves, 1998), although same events are reported to
occur without a storm or during a mild storm. Out of var-
ious mechanisms proposed to explain the relativistic elec-
tron dynamics in the outer radiation belt (Friedel et al.,
2002), ULF waves in the Pc 5 band have emerged as an
important source of energy to the relativistic electrons
(O’Brien et al., 2001). Theoretical mechanisms attributed
to MeV electron acceleration by the action of ULF wave
fields include; enhanced radial diffusion in ULF wave elec-
tric fields (Elkington et al., 2001), magnetic pumping (Liu
et al., 1999); transit time acceleration in compressional
ULF waves (Summers and Ma, 2000), etc. Mann et al.
(2004) showed that the relativistic electron flux variations
are well correlated with the solar wind velocity and the
ULF wave power at high L-shells. The correlations were
found to be very high during the late declining phase of
the solar cycle. Further, the ULF wave power measured
from the ground station between L = 3 and 6.6 was found
to be most correlated with the MeV electron flux at GEO,
independent of the L-shell of the ground station, although
the magnitude of the wave power itself remains a strong
function of L value.

Studies have shown that relativistic electron enhance-
ments may be linked to intervals of enhanced and sustained
ULF activity in the magnetosphere (Baker et al., 1998;
Rostoker et al., 1998; Mathie and Mann, 2000; Romanova
et al., 2007). The enhanced level of ULF wave activity pre-
cedes the peak of relativistic electron flux for two to four
days. This time delay implies the cumulative effect of radial
diffusion process to over all relativistic electrons enhance-
ments. Thus, the long lasting ULF wave activity is more
important for the relativistic electron bursts than instant
intense bursts of wave activity. As relativistic electron
enhancements are observed to be well correlated with the
solar wind velocity, we have computed and shown the var-
iation of ULF wave index with the solar wind velocity
(Fig. 4), which increases with the increase in solar wind
velocity. The correlation coefficient is 0.25.

4. ULF wave index and magnetospheric dynamics

The presence of turbulence in the solar wind plays effec-
tive role in the degree of its coupling with the magneto-
sphere. Therefore the presence of turbulence should have
profound effects on the large scale dynamics of the magne-
tospheric system. This arises through eddy velocity and
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diffusion. Turbulence also affects the ULF wave amplitude.
At high latitudes ULF frequencies match the fundamental
Eigen frequency of shear standing Alfven waves between
the conjugate ionospheres along magnetic field lines
stretched into the magneto tail (Rankin et al., 2000; Lui
and Cheng, 2001). These waves can also be interpreted as
a manifestation of internal magnetospheric phenomena like
shear Alfven field line resonances (FLRs) and global mag-
netospheric cavity/waveguide waves (Samoson et al., 1992;
Walker et al., 1992). Borovsky and Gosling (2001) have
explained that the geomagnetic activity occurring across
the magnetospheric regions is related with the amplitude
of MHD turbulence in the solar wind. Borovsky et al.
(1998) tried to simulate solar wind—magnetosphere interac-
tion in terms of flowing fluid interaction with an object.
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The upstream turbulence produces eddy viscosity of the
fluid (Borovsky and Funsten, 2003), which along with the
molecular viscosity is coupled to obstacles (Wu and Faeth,
1994; Volino, 1998). This correlates with the idea that the
high Reynolds number fluid experiments are complemen-
tary to low Reynolds number MHD simulation. As the
amplitude of solar wind turbulence increases, the viscous
interaction between solar wind and magnetosphere
increases. An enhanced upstream turbulence causes more
momentum transfer from the magnetosheath into the mag-
netosphere, resulting in more stirring of the magnetosphere
and this causes more geomagnetic activity. Thus, correla-
tions between the turbulence and geomagnetic activity indi-
ces such as AE, AU and AL (Rostoker, 1972) and Polar
Cap Index PCI (Troishichev et al., 1988) and K,,, Dst
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Fig. 1. Variations in the solar wind parameters (velocity V, density Np, IMF Bz, Dst) for four magnetic super storm days.
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and Ap (Mayaud, 1980) are established. Some of the
important physical consequences of the approach are:

(a) The correlations are owed to a filter-effect wherein
DC electric fields of the solar wind are filtered and
AC electric field components penetrate into the mag-
netosphere (Garrett et al., 1974). Thus, when the fluc-
tuations are larger the magnetosphere is driven
harder by the solar wind.

(b) The fluctuations produce locally enhanced surface
currents at the magnetopause that drives the mag-
netic field line reconnection harder (Schindler,
1979). More turbulent solar wind results in a higher
degree of coupling to the magnetosphere, which has
also been confirmed by the ULF wave index
(Pilipenko et al., 2007). Under southward IMF condi-
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tion (Bz <0), AE grows linearly with an increase of
|Bz|, whereas for the northward condition (Bz > 0),
the average AE values do not strongly depend on
the solar wind driver (Borovsky and Funsten, 2003).

The role of solar wind parameters on the magnetospheric
dynamics is illustrated with the help of Fig. 1(a)~(d). Which
show the variations in the solar wind parameters (velocity
and density) and Bz component of the IMF for the four
analyzed super storms based on OMNI database (http://
nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/high_re-

s _omni/). The Dst variation shows the different phases of
geomagnetic storms. It is seen that, first, a compression
region with a high solar-wind density (up to 60 cm™>)
approaches the Earth’s magnetosphere, leading to
development of the initial phase of magnetic storm. The
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Fig. 2. Variations of K,, Dst and ULF wave index during storm periods.

Please cite this article in press as: Singh, A.K., et al. ULF wave index as magnetospheric and space-weather parameters. J. Adv. Space Res. (2013),

http://dx.doi.org/10.1016/j.asr.2013.07.040



http://www.nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/high_res_omni/
http://www.nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/high_res_omni/
http://www.nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/high_res_omni/
http://dx.doi.org/10.1016/j.asr.2013.07.040

A.K. Singh et al. | Advances in Space Research xxx (2013) xxx—xxx 5

compression region is followed by a high velocity stream
(~300-800 km/s) with a low solar wind density. Such a var-
iation in the solar wind parameters substantially differs
from their behavior during CME events or magnetic clouds
(Burlaga et al., 1981; Kozyreva et al; 2004), where a sharp
increase in the solar wind density and velocity takes place
simultaneously, as was observed during the magnetic storm
of May 14-18, 2005 (Fig. 1d). It is also seen that in Fig. 1(b,

October 26-28, 2003
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the Bz values of the IMF, which varied during a few hours
from —40 to +20 nT. The large negative values of the Bz of
the IMF were not observed for long-duration time intervals
(longer than 3 h). On the contrary, the sign of the Bz com-
ponent of the IMF remained constant for more than a day
(Fig. 1b). For all these super storms, the K, index varied
between 8 and 9, whereas the characteristic features such
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Fig. 3. Examples of variation in ULF wave index, Velocity (¥) and Density (Np) of solar wind, Bz component of IMF and Dst index during (a) weak

storm days, (b) super storm days and (c) very weak storm (quiet) days.
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as the Dst values, main phase duration and recovery time
etc. varied. The corresponding ULF wave index for these
storms shown in Fig. la-d, is 2.33, 2.19, 2.36 and 2.02
respectively. We present another set of super storms in fig-
ure (2a—d) in which the variations of the ULF wave index,
Dst index and K, index are shown. During the magnetic
storm K, index increases and the Dst index decreases.
The ULF wave index increases. But there is no linear rela-
tionship between ULF wave index and Dst index or K,
index.

Fig. 2a, ¢ show that ULF wave index becomes maxi-
mum during the main phase of the magnetic storm. This
means that the ULF wave activity enhances at the time
of the main phase and the recovery phase ULF activity
decreases. If there occur sub storms in the recovery phase
(2b, d) then ULF wave activity remains high even during
the recovery phase of the geomagnetic storm. Analyzing
moderate magnetic storms (Dst varying between —150
and —100 nT) using the ULF wave index activity, Kozyr-
eva and Kleimenova (2008) reported that the intensity of
ULF wave activity is maximal during the main phase of
the magnetic storm rather than during recovery phase as
it was considered previously.

The shape of Dst variations during CIR storms is not
classical, as in the case with CME storms, and very often
it is difficult to identify the time boundary between the
main and the recovery phases of a storm as can be seen
from Fig. 2(a)—(d). The time interval after the minimal
Dst indices are reached, when dDst/dt becomes >0, is usu-
ally attributed to the recovery phase of a magnetic storm.
Two stages are often identified in the time dynamics of
the Dst index, namely, an early fast stage and a late slow
one. At the late stage of recovery, the Bz component of
the IMF becomes positive and the solar wind energy stops
entering the magnetosphere. However, such division of the
magnetic storm recovery phase into two stages clearly can
only be done for CME storms. A substantial difference in
the variations of the solar wind parameters and IMF for
CIR and CME storms is likely to show up as different wave
responses of the magnetosphere to external actions.

5. ULF wave index as a proxy to space weather parameter

ULF waves, generated via drift instabilities are trans-
mitted from the magnetosphere through the ionosphere
to the ground (Pilipenko, 1990). In this process, the solar
wind velocity is the only controlling factor of IMF wave
turbulence that also controls the ground based ULF activ-
ity (Engebretson et al., 1998). This is confirmed by the cor-
respondence between the hourly values of ground ULF
wave index and solar wind velocity (Romanova and Pil-
ipenko, 2009; Pahud et al., 2009). The ULF wave power
increases with increase of velocity and growth becomes less
steep for high velocity solar wind. The solar wind magnetic
field component Bz controls the reconnection and particle
injection processes and also contributes to the generation
of magnetospheric ULF wave activity. The asymmetry of

correlation function of the ULF activity and solar wind
velocity shows that the shear flow instability is not the only
mechanism to excite ULF waves, but the solar wind plasma
density enhancements also contribute into the ULF wave
excitation which is also supported by the observations
(Engebretson et al., 1998; Kleimenova et al., 2003). These
discussions briefly show that the proposed ULF wave index
could also explain geomagnetic disturbances which are the
result of turbulent be linked to solar wind interaction with
the magnetosphere and thus ULF waves index could the
space weather phenomena.

In order to link ULF wave index with the various
parameters of solar wind, we consider very weak (quiet),
weak and super geomagnetic storms which are shown in
Fig. 3. The variations in the Dst index, IMF Bz compo-
nent, solar wind density (Np) and velocity ( V), and surface
ULF index are shown. Sudden commencement of magnetic
storms (Fig. 3a—c) was characterized by a considerable
jump of the solar wind density and velocity and was
accompanied by an abrupt increase in the ULF index
(the pulsation amplitude increased by more than an order
of magnitude in this case). It is important to see that all
the three considered storms developed when solar wind
density is very low (~4cm™>) and average velocity is
(~450—650 km/s). Even the IMF Bz is relatively quite
small except in the case of super storms (3b). The south-
ward turning of the IMF Bz component and the develop-
ment of the magnetic storm main phase were
accompanied by a gradual increase in the ULF index in
all the considered cases in spite of low values of the solar
wind density (Fig. 3a and b). During the main phase of
the magnetic storms shown in Fig. 3c the value of the solar
wind velocity remained large; however the value of the
ULF index was approximately identical during the main
phase of all three considered events. However, the
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Fig. 4. Variation (scattered plot) of ULF wave index with the solar wind
velocity, density, IMF Bz and Dst. Derived correlation coefficient is also
shown on the figure.
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appearance of individual intervals with negative IMF Bz We have considered 40 storm days during year 1997—
values during this storm phase was accompanied by a short 2009 and computed ULF wave index. The variations of
term increase in the ULF index (Fig. 3b and c). It is appar- ULF wave index with the solar wind parameters such as
ent that a gradual increase in the solar wind velocity did  Dst, IMF Bz, solar wind velocity (V) and density (Np)
not result in an increase in the wave activity. are shown in Fig. 4. It is seen that ULF index decreases

with Dst and Bz and the correlation coefficient is —0.42
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Fig. 5. Variation of space weather parameters (K,, index, Dst index, solar wind magnetic field Bz, solar wind velocity V) with ULF wave index observed on
(a) April 11-12, 2001, (b) November 20-21, 2003, (c) November 7-8, 2004, (d) May 15, 2005.
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and —0.48 respectively. The variation with solar wind den-
sity does not show statistically significant correlation (Cor-
relation coefficient = —0.005). Solar wind velocity show a
positive correlation (Correlation coefficient = 0.25). The
details of ULF wave index variation during different phases
of magnetic storms for four selected super storms are given
in Fig. 5. The selection is based on the basis of minimum
Dst index. The first selected case of super storm occurred
on April 11-12, 2001 during 11.00 h of April 11-11.00 h

of April 12, 2001 (Fig. 5a). Dst value very slowly decreases
from almost zero value to —271 nT during almost 20 h.
During this period K, index rises from 4, reached 8+
remained constant and then decreases to 5. The ULF wave
index during this period varies between 0.98 and 2.33 nT.
The high value of ULF wave index again supports the con-
ditions of super storm days. We can also discuss the rela-
tionship between ULF wave index and various solar
wind parameters such as solar wind velocity and Bz. When
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Fig. 6. Examples of variation in ULF wave index, Velocity () and Density (Np) of solar wind, Bz component of IMF and Dst index during (a) storm (b)

eclipse and (c) quiet days.
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the solar wind velocity varied between 499 and 725 km/s,
Bz lies between —10.2 and +10.2 nT, the ULF wave index
attains the maximum value of 2.33 nT.

The second selected case is of November 20-21, 2003
during 11.00 h of November 20-11.00 h of November 21,
2003 (Fig. 5b). The K, index smoothly varies between 4~
and 9, while the Dst varied from —422 and —49 nT.
The ULF wave index varied between 0.72 and 2.19 nT. It
is interesting to note that small peaks in the solar wind
velocity are well represented by the peaks in the ULF wave
index. The solar wind velocity varied between 499 and
643 km/s. The Bz lies between —45.9 and 13.5nT.
Fig. 5(c) shows the variation of space weather parameters
from 1700 UT, November 7-1700 UT, November 8,
2004. The K, index slowly increases from 6" and reaches
to 97 and thereafter remains almost constant, while the
Dst index varied between —373 and 42 nT. The ULF wave
index varied between 1.72 and 2.36 nT. The variation in
solar wind velocity was between 521 and 730 km/s, Bz lies
between —44.6 and 33 nT. During the entire period, ULF
wave index fluctuates around 2. This is understandable
because the Dst decrease shows that this whole period
(~20 h) correspond to transition from the initial phase to
the main phase of the geomagnetic storm. The next exam-
ple corresponds to may 15, 2005 (Fig. 5d). In this case Dst
index was <263 nT and K, index varied between 4 and 8.
The ULF wave index varied between 0.73 and 2.02 nT and
showed peaks during the initial, main and recovery phases
of the storm. The variation in solar wind velocity was
between 414 and 959 km/s, Bz varied between —41.2 and
242 nT.

Fig. 6a—c show variations of Dst, Bz, solar wind density
and velocity and ULF index for disturbed day, solar eclipse
day and quiet days. It can be seen that a compression
region with a high solar wind density (up to 60 cm>)
approaches the Earth’s magnetosphere leading to develop-
ment of initial phase of magnetic storm (Fig. 6a, c). The
compression region is followed by a high velocity stream
(~700 km/s) with low solar wind density. This variation
in the solar wind parameters substantially differs from their
behavior during CME events where a sharp increase in the
solar wind density and velocity takes place simultaneously
(Kozyreva et al., 2004). The ULF wave index increases dur-
ing initial and main phase of the storm and show decre-
ment during the recovery phase. However, when velocity
enhances during the recovery phase then ULF index
remains at higher values. In the case of solar eclipse event
(Fig. 6b), the solar wind density and velocity remains high
simultaneously during the main phase of the storm.
Although density varies between 6 and 20 cm >, but veloc-
ity jumps from 480 to 700 Km/s. After the recovery of the
storm density decreases below 6 cm ™ and velocity remains
below 600 Km/s. The ULF index shows broad peak during
the main phase. The solar wind velocity variation is clearly
visible in the ULF index. These results show that the ULF
index variations are correlated with solar wind parameters
associated with space weather events.

6. Summary/Conclusions

The energy coupling during the solar wind interaction
with the Earth’s magnetosphere under the quasi steady
state condition can be statistically described by the geo-
magnetic indices (K, Dst, AE, etc.) and averaged solar
wind/IMF parameters. The quasi steady state condition
does not involve turbulence present in the solar wind and
the magnetosphere. The ULF waves propagating from
the magnetopause to the Earth’s surface via the magneto-
sphere and ionosphere involve turbulence present in the
system. Therefore, an index derived from the ULF wave
power could better represent the processes involving in
the interaction of solar wind with the magnetosphere. We
have analyzed a large number of cases and studied different
phenomena in the magnetosphere and discussed their rela-
tion with ULF wave index.

The results show that the solar wind velocity is posi-
tively correlated with the ULF wave index. Observation
revealed direct correlation between relativistic electron
enhancement and solar wind velocity. Therefore, it is
argued that ULF index could easily predict/explain the
enhancement of relativistic electron bursts observed in
the magnetosphere. While discussing the magnetospheric
dynamics under the impact of geomagnetic storm, we have
shown that during the super storm, the ULF wave index is
maximum in the main phase of the storm. However, during
the recovery phase if sub storms occur then ULF index
does not decrease and remains high. We have also studied
the relation between ULF index and solar wind/IMF
parameters. The results show that the ULF index is uncor-
related with the solar wind density, whereas it correlates
negatively with the Dst and Bz. Finally we may conclude
that the ULF wave power index derived from ground
and satellite data can be of great assistance in statistical
study of space weather phenomena and solving various
space physics problems and it can be treated both as an
important magnetospheric parameter as well as a space
weather parameter.
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