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Abstract – This study examines the variation of different energies linked with the Sun and the Earth’s
magnetosphere-ionosphere systems for solar cycles (SCs) 22–24 for which the gradual decrease in the
solar activity is noticed. Firstly, we investigated the variation of solar magnetic energy density (SMED)
for SCs 21–24 and its relation to the solar activity. We observed distinct double peak structures in SMED
for the past four SCs, 21–24. This feature is consistent with noticeable asymmetry in their two peaks. For
SCs 22–24 a significant decrease is observed in the integrated SMED of each SC. This reduction is 37%
from SCs 22 to 23 and 51% from SCs 23 to 24, which indicates substantial weakening of Sun’s magnetic
field for SC 24. Also, the magnetic, kinetic, and thermal energy densities at the Earth’s bow-shock nose
are found to be considerably low for the SC 24. We examined the solar wind Alfven speed, magnetosonic
Mach number, solar wind-magnetosphere energy coupling parameter (e), and the Chapman-Ferraro mag-
netopause distance (LCF) for the SCs 22–24. The estimated maximum stand-off magnetopause distance is
larger for SC 24 (LCF � 10.6 RE) as compared to SC 23 (LCF � 10.2 RE) and SC 22 (LCF � 9.8 RE). The
solar wind Alfven speeds during SCs 22 and 23 are in the same range and do not exceed �73 km/s
whereas, it is below 57 km/s for SC 24. A lower bound of solar wind magnetosonic Mach number for
SC 24 is larger (M � 6.9) as compared to SC 22 (M � 5.9) and SC 23 (M � 6). We noticed weakening
in the energy coupling parameter for SC 24, which resulted in substantial (15%–38%) decrease in average
strength of high latitude ionospheric (AE), low latitude magnetospheric (Dst) and equatorial ionospheric
(EEJ) current systems in comparison with SC 23. Subsequently, a reduction of �30% is manifested in the
high latitude Joule heating for SC 24. Overall this study indicates the significant step down in various en-
ergies at Sun, Earth’s bow-shock, and near Earth environment for current SC 24, which will have impor-
tant implication on our Earth’s atmosphere-ionosphere-magnetosphere system.
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1 Introduction

The Sun is the main source of energy for our Earth, and its
variability influences the Earth’s atmosphere, ionosphere, mag-
netosphere systems, and climate, which is evident from several
studies (McComas et al., 2008; Ermolli et al., 2013; Dudok de
Wit & Bruinsma, 2017). It is known that geomagnetic storm,
the most important element of the space weather, is directly
related to the activity of the Sun (Tsurutani et al., 2003; Le
et al., 2012; Hajra et al., 2016). Thus, the scientific community
keeps a constant watch on the Sun’s activity to know more
about the nature of present and future solar activity. In recent
past, the predictions of peak activity of SC 23 proposed by

different methods have failed (Li et al., 2001; Petrovay, 2010)
and it was found to be smaller as compared to SC 22. Also,
remarkable changes in the latitudinal distribution of high-
and low-speed solar wind flow were observed for SC 22 and
23 (Manoharan, 2012). Later, the end time of SC 23 was also
sufficiently prolonged to give rise to a deep extended low solar
minimum period between SC 23 and 24. This anomalous beha-
viour was attributed to the Sun’s meridional plasma flow
(Janardhan et al., 2010; Nandy et al., 2011). The considerable
weakening of the solar polar magnetic field is noticed during
this period (Schrijver & Liu, 2008; Hathaway & Upton,
2014). A recent study using information theory suggests that
the polar solar magnetic fields from the last three or more
SCs can affect the production of the peak smooth sunspot num-
ber (SSN) of the subsequent cycle (Wing et al., 2018), it means*Corresponding author: bkakad9@gmail.com
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that present decrease in solar magnetic field may have long-
term implications on the formation of SSN. The extended min-
imum of SC 23/24 gave an opportunity to explore the beha-
viour of various ambient parameters in the near Earth space
during extremely low solar activity periods. Noticeable change
in the Earth’s atmosphere has been observed in the prolonged
minimum of SC 24 (de Toma et al., 2010; Solomon et al.,
2013). This is an alarming situation as it hints towards the level
of changes that may be encountered in the Earth’s ionosphere–
magnetosphere system during such extremely low solar activity
periods.

The current SC 24 is witnessing the further weakening of the
solar activity. It is reported that the occurrence of geomagnetic
storms during ascending phase of SC 24 is lesser than SC 23
(Richardson, 2013), in spite of remarkable similarities in
CME occurrences (Selvakumaran et al., 2016) during their
ascending phases. Also, studies have shown that the solar pho-
tospheric magnetic fields and micro-turbulence levels in the
heliosphere are decreasing since 1995 and it is still continuing
(Janardhan et al., 2011; Bisoi et al., 2014; Janardhan et al.,
2015a). A careful scrutiny of SC variations suggest that the
characteristics of all SCs are unique. However, one noticeable
feature is the gradual decrease in Sun’s activity for the last three
SCs. The peak smooth sunspot number (SSN) of 116.4 for the
present SC 24 occurred during April 2014. This is small com-
pared to the peak SSN of 232.9, 212.5 and 180.3 for SC 21,
22 and SC 23, respectively. These peak SSN are based on the
newly revised Version-2 sunspot series (Clette et al., 2016). If
we compare relative decrease in peak SSN of consecutive SCs
starting from SC 21 (i.e., from SCs 21 to 22, 22 to 23, 23 to
24), then it is 8.7%, 15% and 35% for SCs 22, 23 and 24, respec-
tively. So the present SC 24 exhibits the highest reduction in its
activity as compared to SC 22 and SC 23. If we observe past
SCs, such gradual decrease in peak sunspot activity is encoun-
tered for SCs 8–10 (1833.8–1867.2) with peak SSN of 244.9,
219.9, and 186.2, respectively, which corresponds to successive
decrease of only 10% and 15% in the peak SSN from SC 8 to
SC 10. Thus, it is evident that the solar activity has experienced
significant decline for the last three solar cycles, 22–24, which is
manifested in the solar magnetic field as well. The recent fore-
casting models suggest that the upcoming SC 25 would be still
weaker (Gkana & Zachilas, 2016; Kakad et al., 2017a).

A study by Yamauchi (2015) decreased reports the decrease
in Sun-Earth coupling efficiency during recent past
(i.e., 2005–2014) than those during the previous four decades
(i.e., 1965–2004). Their study conclude that this observed
decrease cannot be explained by existing magnetosphere–
ionosphere coupling knowledge but rather it might be related
to the unidentified mechanism connected to the long-term solar
activity. In such a scenario, it is worth exploring the overall
impact of the recent diminishing solar activity on the near Earth
environment. It is also important to compare and quantify the
variations in solar magnetic energy density (SMED; it is esti-
mated from the mean solar magnetic field), solar wind param-
eters and corresponding energies, and their coupling with the
Earth’s ionosphere–magnetosphere system. There are not many
attempts in this direction. One certainly expects to see the
decrease in the various energies and the strength of different
current systems in the vicinity of Earth due to a decrease in
the solar activity. However, the expected decrease may not be

linear. This raises the question of how do Earth’s ionosphere–
magnetosphere systems configure themselves during periods
of such extremely low solar activity and can we quantify these
changes?

To address these questions, we estimated the energies for
the recent SCs utilizing public domain data related to the
Sun, magnetosphere, and ionosphere systems. In-addition, we
used the magnetic field variations recorded at low-latitude mag-
netic observatories operated by our institute in Indian longi-
tude. In order to understand possible linkages between
SMED and solar wind interplanetary parameters and associated
energies at the Earth’s bow-shock nose, and its coupling to the
magnetosphere–ionosphere system, we first focused on the
variations in SMED and the attendant manifestations at the
bow-shock nose carried through the solar wind plasma. Later,
the overall energy coupling between the solar wind and Earth’s
magnetosphere and further energy transferred to the Earth’s
high latitude, and equatorial current systems are investigated.
The present study provides the insights into the average ambi-
ent conditions prevailing on the Sun, inside and outside the
Earth’s magnetosphere for recent SCs. This information is cru-
cial since the solar activity has progressively weakened over
SCs 22–24 and such gradually declining solar activity may
have short, and long time implications to the Earth’s atmo-
sphere–ionosphere–magnetosphere system. The details of the
data sets used in this study with the methodologies adopted
to arrive at various energies are described in Section 2. The
results are presented in Section 3. The present study is summa-
rized and concluded in Section 4.

2 Data sets and energy estimates

In the present study, various data sets available in the public
domain have been used. The Version-2 monthly smoothed
(Sms) international sunspot number observations, which are
available at http://www.sidc.be/silso/ are utilized to get infor-
mation on solar activity. This is a newly revised sunspot series,
which is the corrected version of the original Version-1 sunspot
number series (Clette et al., 2016). Recently, Version-2 sunspot
numbers are used by the researchers for SC studies (Zachilas &
Gkana, 2015). Monthly SSN for jth month is given by the 13-
month weighted average centered on jth month such that the
half weights are assigned to ending months. This is a standard
smoothing function, which is applied to the sunspot observa-
tions to remove the short time period variations. This monthly
smoothed data of sunspot number is used to retrieve SC char-
acteristics like ascent time (Ta), descent time (Td), length (Tcy),
solar maximum (Smax), and solar minimum (Smin). We need to
identify the start time (ts), peak time (tp), and end time (te) of a
SC to estimate these characteristics. The mathematical mini-
mum and maximum in the monthly SSN are identified and
assigned to the start time and peak time of SC respectively
(Kakad, 2011). If the same value of minimum (maximum) is
encountered more than once in the monthly SSN then its first
occurrence is treated as the time of minimum (maximum) for
the corresponding SC. It should be noted that end time of
nth SC is the start time for the n+1th SC. The value of monthly
SSN at the time of start and peak are treated as SC minimum
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(Smin), and maximum (Smax), respectively. These SC character-
istics are compiled in Table 1 for SCs 21–24.

We have utilized a daily solar mean magnetic field for SCs
21–24, which is available at http://wso.stanford.edu. In addi-
tion, the SWP density (N), velocity (V), proton temperature
(T), interplanetary magnetic field (B) at Earth’s bow-shock nose
of hourly sampling are used. This data is available at https://
omniweb.gsfc.nasa.gov. We have utilized the interplanetary
solar wind information for SCs, 22–24. To understand the
response of Earth’s current systems, we looked into the proxies
representing high latitude currents like the auroral electrojet
(AE), low latitude magnetospheric ring current (Dst), and equa-
torial ionospheric E-region current system known as equatorial
electrojet (EEJ). The hourly observations of AE, and Dst are
obtained from http://wdc.kugi.kyoto-u.ac.jp. Whereas, to exam-
ined EEJ we used the hourly ground magnetic field data
recorded at Trivandrum (8.5� N, 77� E, dip latitude 0.5� N),
Tirunelveli (8.7� N, 77.8� E, dip latitude 0.6� N) and Alibaug
(18.6� N, 72.9� E, dip latitude 14.1� N) for the period of
1985–2017. Both Tirunelveli and Trivandrum are located close
to each other. Magnetic field data at Trivandrum is available
from January 1985 to September 2000 and at Tirunelveli data
is available from October 2000 to November 2017, respectively.
These data sets are available on http://www.wdciig.res.in.

Here, we describe different parameters and the computation
of various physical quantities carried out for the present study.
As a first step, the daily solar magnetic field (Bsolar) is used to
compute SMED employing the relation, U SM ¼ B2

solar=2l0.
The solar mean magnetic field represents the disk-averaged
line-of-sight magnetic field that also reflects the polarity imbal-
ance of the magnetic field on the Sun. It has contribution from
both the large scale magnetic field structure (i.e., ambient mag-
netic field) and the active regions on Sun. In recent study Bose
& Nagaraju (2018) have shown that the variations in solar mag-
netic field has major (89%) contribution from the ambient mag-
netic field and the contribution from other features is
insignificant (11%). It may be noted that SMED has undergone
considerable gradual decrease from SC 22 to SC 24 (it is dis-
cussed in Sect. 3.1). So, in the present study we explored the
variations of different physical quantities and energies related
to Earth’s magnetosphere–ionosphere system during this declin-
ing activity period of SCs 22–24. The Magnetic energy density
gives information about the magnetic pressure. As we are using
the average magnetic field of the Sun, it represents the average
magnetic pressure at the Sun. The magnetic field of the Sun is
controlled by the solar dynamo and hence it is an important
physical parameter to track the solar activity. Later, using solar
wind parameters at the Earth’s bow-shock nose, we computed
(i) magnetic energy density (U m ¼ B2=2l0), (ii) kinetic energy
density or dynamic pressure (U ke ¼ mpNV 2=2), (iii) thermal
energy density (U th ¼ NKBðT p þ T eÞ=2Þ, (iv) Alfven speed,

V A ¼ B=
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Nmpl0

p

, (v) ion thermal velocity, V th ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KBT p=mp

p

, (vi) magnetosonic Mach number, M ¼ V =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V 2
A þ V 2

s

q

, and (vii) SWP beta (b), which is a ratio of thermal
energy to magnetic energy (U th

Um
) at five minute interval. Here,

V s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KBðT p þ T eÞ=mp

p

is the acoustic speed. The standard
symbols have their usual meanings, KB is Boltzmann constant,
e0 is permittivity of free space, mp mass of proton. In earlier
studies, it is reported that the electrons are slightly hotter than
the ions in the SWP (Newbury et al., 1998). So one can assume
Tp � Te in the computation of total thermal energy density of
SWP. Being less massive, the electron’s contribution to the
kinetic energy can be neglected.

The magnetopause is the boundary at which solar wind
kinetic pressure and the Earth’s magnetic field pressure balance
each other. The location of magnetopause can be estimated
through Chapman-Ferraro magnetopause distance LCF repre-
sented as (Sibeck et al., 1991),

LCF ¼
2B2

o

l0mpNV 2

� �1=6

RE: ð1Þ

Here, all quantities are in SI units, RE is the Earth radius
(6371 km), Bo is the magnetic field on surface of the Earth
in equatorial plane (30,000 nT). We estimated LCF from the
solar wind information at the bow-shock nose using above
equation (1). Apart from this, the solar wind-magnetosphere
energy coupling parameter used to understand the energy trans-
fer to the magnetosphere. It should be noted that there are other
coupling functions as well, which are summarized by Newell
et al. (2007). In the present study, we have used the energy cou-
pling parameter e, which is proposed by Perreault & Akasofu
(1978), and it is given by,

e ¼ VB2L2
CF sin4 h

2

� �� �

� 107: ð2Þ

All quantities in equation (2) are in SI unit. Perreault &
Akasofu (1978) considered a value of LCF = 7 RE, by assuming
constant stand-off position of the magnetopause. But, it is
known that the location of magnetopause can change depend-
ing on the solar wind pressure. So, in the above equation, the
values of LCF are taken from equation (1). This energy coupling
function is used in many studies to understand the energy trans-
fer to the Earth’s magnetosphere (Koskinen & Tanskanen,
2002; Guo et al., 2011). Here, e is expressed in Watt, and h
is a clock angle given by,

h ¼ tan�1 By

�

�

�

�

Bzj j

� �

for Bz < 0; ð3Þ

Table 1. SC characteristics namely start time, peak time, ascent time, descent time, length, peak sunspot number, and minimum sunspot
number are given for SCs 21–24. Version-2 series of international sunspot number is used to obtain these characteristics.

SC No. Start time, ts (yr) Peak time, tp (yr) Ascent, time Ta (yr) Descent time, Td (yr) Length, Tcy (yr) Smin Smax

21 1976.21 1979.96 3.75 6.75 10.50 17.80 232.90
22 1986.71 1989.87 3.17 6.50 9.67 13.50 212.50
23 1996.37 2001.87 5.50 7.08 12.59 11.20 180.30
24 2008.96 2014.29 5.33 – – 2.20 116.40
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h ¼ 180þ tan�1 By

�

�

�

�

Bzj j

� �

for Bz > 0: ð4Þ

In addition, we have computed the Joule energy deposited
at high latitudes. It is well known that electrojet current flows
in the auroral ionospheric E-region, and the auroral electrojet
index AE is used to monitor this high latitude current system.
During magnetically disturbed periods, enhanced conductivities
in the E-region produce large currents, which lead to
enhanced Joule heating (I2R). This enhanced heating modifies
the neutral wind patterns in the high latitudes, which in turn
sets up the disturbance dynamo (Blanc & Richmond, 1980).
The effects of disturbance dynamo are globally observed in
the Earth’s atmosphere-ionosphere system (Fejer et al., 1991;
Kakad et al., 2016; Kakad et al., 2017b). Even during quiet
time the charged particles keep entering the high latitude polar
region owing to open field configuration of the Earth’s mag-
netic field lines. Thus the variation in auroral electrojet is
observed on both short and long timescales. Akasofu (1981)
proposed the following empirical formula to estimate the Joule
energy using AE index,

EJoule ¼ 2� AE nTð Þ � 108 Wð Þ: ð5Þ

The factor of 2 is multiplied to obtain contributions from
both the hemispheres. This empirical relationship has been
employed in many studies to obtain quantitative estimates of
Joule heating energy (Ahn et al., 1983; Baumjohann &
Kamide, 1984; Vichare et al., 2005). For a better understanding
of the low latitude magnetospheric current system, called a ring
current, we have looked into variation of disturbance storm
time index Dst. It is a measure of the symmetric ring current
in the Earth’s magnetosphere. Ring current is a westward cur-
rent flowing around the Earth typically at 3–7 RE during mag-
netically quiet time, and it comes closer to the Earth during the
magnetically disturbed time. Injection of protons of solar wind
origin from the Earth’s magnetotail contributes mainly to the
ring current. Although ring current enhances during periods
of geomagnetic storm, it also exists during the magnetically
quiet time with less magnitude.

Another current system is the EEJ, which is an eastward
current flowing in a narrow latitudinal belt (±3�) over the mag-
netic equator in the E-region. The hourly values of horizontal
component of the ground magnetic field (H) recorded at Alibag
and Tirunelveli/Trivandrum are used to estimate the strength of
EEJ on nth day at local time t = 1–24 as follows (Yadav et al.,
2017):

�H n
A tð Þ ¼ H n

A tð Þ � Hn
A t ¼ 0ð Þ; ð6Þ

�Hn
T tð Þ ¼ H n

T tð Þ � Hn
T t ¼ 0ð Þ; ð7Þ

EEJ n tð Þ ¼ �Hn
T tð Þ ��Hn

A tð Þ; ð8Þ
here, HT and HA respectively represent the horizontal compo-
nent recorded at equatorial station Tirunelveli/Trivandrum
and low-latitude station Alibag. HT(0) and HA(0) are the

values at local midnight in the corresponding longitudinal
sector.

After computing all above mentioned physical parameters
and energies, we estimated the monthly averaged values for
corresponding parameters. Such monthly averaging removes
the periodicities associated with solar rotation and the shorter
timescales. Later, by applying the standard 13-month smooth-
ing function the monthly smooth values of all these parameters
are estimated to use in further analysis. It is pertinent to note
that use of average values offsets the effects of day-to-day vari-
ability of Sun’s activity in the proxies used in the study. As our
interest is to investigate the overall energy variations at Sun,
and its role in configuring the near Earth environment during
the entire phase of SC, it is reasonable to use the averaged
parameters. The periods of the geomagnetic storm are impor-
tant and the solar wind-magnetosphere coupling during such
magnetically active periods is expected to be different. In the
present paper, we cannot discuss the short timescale (minutes
to days) coupling of solar wind-magnetosphere, which are par-
ticularly linked with the geomagnetic storm and substorms.
This is because during the process of monthly averaging of
interplanetary solar wind plasma parameters the short timescale
variations get smoothed out.

3 Results and discussion

3.1 Variation of solar magnetic energy

Figure 1 shows (a) variation of monthly SSN (Sms),
(b) daily variation of the solar mean magnetic field and (c) cor-
responding monthly smooth SMED for SCs 21–24. The verti-
cal dotted lines represent start time (black), and peak time (red)
of corresponding SCs. For SCs 21–24 the variation of monthly
SSN and SMED are in good correlation with a lag of seven
months and their correlation coefficient is 0.81. Monthly
smooth SMED values clearly show a substantial decrease in
the magnetic energy from SC 22 to SC 24. We also observed
a distinct double peak structure in SMED for the last three
SCs, including the present one. This feature is consistent with
noticeable asymmetry in the two peaks such that the later peak
is larger compared to the earlier. The two-peak structure is also
seen in the monthly smooth SSN, but the difference between
them is only marginal. The presence of such dual-peak at solar
maximum was seen by Gnevyshev (1967) and the inter-
val between these two peaks is called as Gnevyshev-gap
(Gnevyshev, 1977; Feminella & Storini, 1997; Norton &
Gallagher, 2010). The time of 1st peak (tp1) and 2nd peak
(tp2) in SMED and associated energies are given in Table 2.
These two peak structures are attributed to the two surges of
toroidal solar magnetic field (Georgieva, 2011). In order to
quantify magnetic energies associated with each SC, we inte-
grated SMED from start time ts to end time te for a given
SC. This integrated SMED represents the momentum per unit
area for a SC derived from magnetic energy. The SMED asso-
ciated with both peaks, and the integrated SMED for SCs
21–24 are shown in Figure 2. A significant decrease in the inte-
grated SMED for the past two SCs, including the recent SC 24
can be clearly noticed. The current SC 24 is yet to cease, and
hence, we integrated SMED till January 2018. This integrated
SMED for the SC 24 is found to be meager 49% of that of SC

B. Kakad et al.: J. Space Weather Space Clim. 2019, 9, A1

Page 4 of 15



23. An important point to note here is, from SC 22 onwards
there is a substantial weakening of the Sun’s magnetic field.
For SC 22 to SC 23 the decrease in integrated magnetic field
energy density was around 37%, whereas SC 23 to SC 24 (till
January 2018) it has reduced by 51%. Therefore, it is reason-
able to infer that Sun’s magnetic field is perhaps passing
through a weakening phase. In view of the above and were
the predictions of weak solar activity during SC 25 to come
true then the quantified energy densities cited in Table 2 would
turn out to be crucial information to understand the state of
solar activity. If we correlate the integrated SMED (see Table 2)
and peak SSN (see Table 1) for SCs 21–24, we get a correlation
coefficient of 0.93. Although, this correlation coefficient is
based on information of only four SCs, it is within the 95%
statistical significance level. If forecasting about the peak
SSN of upcoming SC 25 is available then based on this trend

one can get some rough estimate about the integrated SMED
linked with the SC 25. As the sunspots occur in the regions
of strong magnetic field, a high correlation between the SSN
and SMED is expected.

3.2 Energy variations at the Earth’s bow-shock

Now, we have examined the physical conditions near the
Earth’s bow-shock nose. There are various satellites that record
the solar wind parameter in the vicinity of the Earth’s magne-
topause. These observations are compiled, and provided to
the scientific community by the OMNIWEB. In the present
study, we have utilized these solar wind parameters of one-hour
time resolution. Figure 3 shows the time variation of the inter-
planetary magnetic field, solar wind density, velocity, tempera-
ture at the bow-shock nose of the Earth’s magnetosphere during
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Fig. 1. Variation of (a) monthly smooth sunspot number, (b) solar magnetic field Bsolar, (c) SMED ðU SM ¼ B2
solar=2l0Þ for SCs 21–24. The

vertical dashed-dotted lines indicate the time of start (black), and peak (red) for SCs.

Table 2. Occurrence time of first, and second peak in the SMED (USM) and corresponding values of energies are mentioned for SCs 21–24.
The SMED gives information about the average magnetic pressure. The integrated USM for each SC is given in last column. It may be noted
that present SC 24 is not yet ended. The value Rte

ts
U SM for SC 24 represents the energies contribution till January 2018.

SC No. Time of 1st peak, tp1 (yr) Utp1

SM (J/m3) Time of 2nd peak, tp2 (yr) Utp2

SM (J/m3) Rte
ts

USM (J s/m3)

21 1979.46 9.50E-04 1982.21 1.81E-03 2.29E5
22 1989.71 2.10E-03 1991.54 2.85E-03 2.70E5
23 2000.13 8.50E-04 2003.46 1.62E-03 1.70E5
24 2012.21 3.91E-04 2015.21 1.07E-03 8.33E4
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January 1985–July 2018. The range of variability in these
parameters due to Sun’s day-to-day activity can be seen from
Figure 3. However, we explore the average behaviour of the
Sun-Earth system rather than the individual events or day-to-
day behaviour of the parameters. Thus, the 13-month smooth
averages of magnetic energy density Um, kinetic energy density
Uke, thermal energy density Uth associated with the solar wind
are plotted as a function of time in Figure 4. The corresponding
standard deviations are shown by gray profiles in respective
subplots. The kinetic energy density has the largest magnitude.
It should be noted that variations linked to SC 22, 23 and 24 are
clearly reflected in magnetic energy density as compared to
thermal and kinetic energy densities. Although kinetic energy
density and thermal energy density do not clearly track the
monthly SSN but a gradual decrease in kinetic and thermal
energy densities from SCs 22 to 24 is clearly noticed.

In-addition, to these energies, we computed monthly smooth
SWP beta (b) and magnetosonic Mach number (M) at the
Earth’s bow-shock nose. In order to understand the role of solar
activity on these parameters, we estimated the correlation coef-
ficient between Version-2 SSN and each of these parameters.
The list of parameters, and the estimated correlation coefficients
are given in Table 3. We found that the SWP magnetosonic
Mach number, and plasma beta are highly correlated with the
monthly SSN and respectively gives a correlation coefficients

of �0.92 and �0.79. The correlation coefficient for solar wind
magnetic energy density at bow-shock is 0.82. Whereas, for
other ambient SWP parameters like solar wind density, temper-
ature, velocity, thermal energy density, and kinetic energy
density, they are poorly correlated with the monthly SSN. When
solar wind expands radially into the interplanetary space its
density, temperature, and velocity vary during the process of
expansion. Moreover, the solar wind speed changes due to
acceleration/deceleration processes caused due to shocks, wave-
particle interactions, etc. during its propagation. The important
point is as the Sun progresses through its activity, different wind
sources prevail and contribute to solar wind plasma that fills the
heliosphere (Poletto, 2013). During solar maximum and outside
maximum (descending/ascending phase), the likely sources for
the fast solar wind are CMEs and high speed stream, respec-
tively (Richardson et al., 2000). The variations in the source
location of solar wind, interaction of fast and slow solar winds
produces changes in the solar wind density, temperature and
velocity. These interplanetary processes result in a lower corre-
lation between solar wind density, velocity, and temperature
with the solar activity. The low correlation between solar wind
speed and sunspot number is reported by Visakh Kumar et al.
(2017) for solar cycle 24.

Next, we compared the time variation of the well correlated
SWP beta and magnetosonic Mach number with the monthly
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SSN in Figure 5a. Here monthly SSN is plotted on a log-scale,
parameter b is multiplied by 3.5, and magnetosonic Mach num-
ber is multiplied by a factor of 0.55 in order to have the same
scales for these parameters. It is clearly evident that b and M
closely follow the same time variation. It is noted that the peak
in SWP beta occurs 6 months, and 15 months respectively
before the solar minimum of SC 23, and 24. However, for
SC 22 such time delay in the occurrence of peak SWP beta
and the solar minimum is not observed. It may be noted that
these time delays are obtained from the 13-month smoothed
variations of corresponding quantities. One requires informa-
tion for following and preceding six months (±6 months) to
compute the value of smooth parameter for a given month.
In that case, if the minimum in SWP beta occur much earlier
(i.e., more than 6 months) then only it can be used to track
the solar minimum.

It may be noted that b and M are derived from the solar
wind magnetic energy density, which shows dependence on
SSN. So, in Figure 5b SWP beta and in Figure 5c SWP mag-
netosonic Mach number is plotted as a function of monthly
SSN. These variations fit well with the logarithmic curve,
which are shown by the black lines in Figure 5b and c. Both
SWP beta and SWP magnetosonic Mach number are found

to decrease as monthly SSN increases. These tendencies are
governed by the following equations,

b ¼ �0:25 log½1þ Ssm� þ 2:13; ð9Þ

M ¼ �0:78 log½1þ Ssm� þ 10:52: ð10Þ

These derived relationships are based on SC 22, 23, and 24
only. It would be therefore interesting to see how SWP beta is
related to future SCs. Although maximum in b is encountered
only a few months before the solar minimum, its variation
can be followed throughout the SC to get some clue of the
occurrence of solar minimum. Other significance of these
parameters is related to the solar wind-magnetosphere energy
coupling. Earlier studies have suggested that the SWP with
lower Mach numbers leads to the formation of low thermal
SWP beta in the magnetosheath, which influences the magnetic
forces and currents, and in turn alters the energy transfer from
magnetosheath to magnetosphere. (Lavraud & Borovsky,
2008; Pulkkinen et al., 2016). Solar wind-magnetosphere cou-
pling efficiency is more during the periods of low Mach number

1990 2000 2010

B
 (T

)

10-8

0

2

4

6

(a)

1990 2000 2010

N
 (/

m
3 )

107

0

5

10
(b)

Time (years)
1990 2000 2010

V
 (m

/s
)

105

2

4

6

8

10

12
(c)

Time (years)
1990 2000 2010

 T
em

pe
ra

tu
re

 (o  K
)

104

106

(d)

Fig. 3. Variation of (a) interplanetary magnetic field B, (b) SWP density N, (c) SWP velocity V, (d) proton temperature Tp of one hour
resolution at bow-shock nose for SC 22, 23, and SC 24. The white solid line plotted in each panel indicate the 13-month smooth average of
corresponding parameters.

B. Kakad et al.: J. Space Weather Space Clim. 2019, 9, A1

Page 7 of 15



(Myllys et al., 2016). The higher inverse correlation between
SWP magnetosonic Mach number and monthly SSN indicate
that higher solar activity can enhance the energy coupling
between solar wind and magnetosphere. We have discussed
the solar wind-magnetosphere energy coupling in next
Section 3.3.

From this section, we understand that the solar wind mag-
netic energy density (Um), SWP beta (b) and magnetosonic
Mach number (M) shows a clear dependence on SSN. Whereas,
solar wind thermal (Uth) and kinetic (Uke) energy densities are
poorly dependent on SSN. It may be noted that the information
of the Um, Uth, and Uke have been used to compute b and M. It
suggest that the observed strong dependence of SWP beta and
magnetosonic Mach number on SSN is basically dictated by
the solar wind magnetic energy density. Now, one needs to
understand the possible link between solar wind magnetic
energy density and SSN. The solar magnetic fields are frozen
in the solar wind because of its high conductivity, and are
dragged into the interplanetary space along with solar wind
flow. It contributes mainly to the magnetic field at Earth’s
bow shock nose. In addition, the interplanetary coronal mass
ejections (ICMEs) can contribute to the magnetic field at
Earth’s bow shock because these ICMEs carry magnetic flux
tubes with them (Owens & Crooker, 2006). Also, the
occurrence rate of ICMEs follows the solar activity (Webb
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Fig. 4. The time variation of monthly smooth solar wind (a) magnetic energy density (U m ¼ B2=2l0), (b) kinetic energy density
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Table 3. Correlation coefficients between monthly SSN and monthly
smooth magnetosonic Mach number, SWP beta, Alfven speed,
energy densities at Earth’s bow-shock (magnetic, thermal, and
kinetic), solar wind parameters (temperature, density, and velocity),
e, LCF, and strength of different current systems (EEJ, |Dst|, AE,) are
given below. We used data for SCs 22, 23, and 24 to get these
correlations.

Parameter Corr. Coeff.

M �0.92
b �0.79
VA (m/s) 0.87

Um (J/m3) 0.82
Uth (J/m3) 0.47
Uke (J/m3) 0.27

Tp (�K) 0.39
N (/m3) 0.02
V2 (m2/s2) 0.10

e (W) 0.85
LCF (RE km) �0.06
EEJ (nT) 0.97
jDstj (nT) 0.67
AE (nT) 0.57
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& Howard, 1994). Thus, the solar wind magnetic field at bow-
shock is likely to follow the solar activity and hence the varia-
tions in SSN. It should be noted that variation of both closed
(solar surface) and open magnetic field (interplanetary) lines
has its source in the solar dynamo. So the variations in SMED
and solar wind magnetic energy density at Earth’s bow-shock
are controlled by the solar activity.

3.3 Solar wind-magnetosphere energy coupling

So far, we have examined (i) what happened at the Sun and
(ii) in this connection how different energies vary at the Earth’s
bow-shock for recent SCs. Next, we will examine the energy
transferred to the Earth’s magnetosphere, stand-off location of
the magnetopause and various current systems in the Earth’s
magnetosphere-ionosphere systems. As briefed in Section 2,
the Chapman-Ferraro magnetopause distance, and the solar
wind-magnetosphere energy coupling parameter are estimated
for SCs 22, 23, and 24 using equations (1) and (2) and their
monthly smooth values are shown in Figures 6a and b respec-
tively. The vertical dashed-dotted line indicates the start time of
SC 22, 23, and 24.

The estimated position of magnetopause suggests that the
magnetosphere is significantly expanded during SC 24 due to
the reduced kinetic energy density (dynamic pressure). Using
spacecraft observations for the SC 21, it is shown that the mag-
netopause stand-off distance is controlled by the solar wind
dynamic pressure and their correlation coefficient is �0.70
(Petrinec et al., 1991). A recent study by Nemecek et al.
(2016) also supports the dependence of magnetopause location
of solar wind pressure. These observational studies support the
tendency of expansion of magnetosphere during periods of
reduced solar wind dynamic pressure. The magnetopause
extends up to a maximum distance of 9.8 RE, 10.2 RE, and
10.6 RE, during SC 22, 23 and 24 respectively. The average
stand-off location of magnetopause hLCFi for SC 22, 23 and
SC 24 are 9.4 ± 0.17, 9.9 ± 0.2, and 10.2 ± 0.3, respectively.
Equation (2) indicates that the energy coupling parameter e is
proportional to L2

CF . Although there is a increase in LCF during
SC 24, e encountered a substantial decrease during SC 24. The
maximum power associated with e does not exceed 517 GW,
367 GW, and 281 GW for SC 22, 23, and 24, respectively. If
we integrate the solar wind energy coupling parameter e for
SC 22, 23 and 24, we get Re ¼ 8:42E19	 2:9E19 (J) for SC
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22, and Re ¼ 9:2E19	 3:1E19 ðJÞ for SC 23, and
Re ¼ 4:23E19	 1:3E19 ðJÞ for SC 24. The integrated solar
wind-magnetosphere coupling parameter represents the total
energy transferred to magnetosphere in units of Joule. So far,
for the current SC 24, the energy transferred to magnetosphere
is only 46% of the energy transferred during SC 23. In Figure 6c
and d the solar wind Alfven speed and magnetosonic Mach
number are shown for SC 22, 23 and 24. The solar wind Alfven
speed (magnetosonic Mach number) is found to be smaller
(higher) during SC 24 as compared to SC 22 and SC 23. The
average magnetosonic Mach number hMi for SC 22, 23 and
24 are 7.16 ± 0.9, 7.38 ± 1 and 7.6 ± 0.6, respectively. The
average Alfven speed hV Ai for SC 22, 23 and 24 are
55.1 ± 9.9, 55.5 ± 11.9 km/s and 48.3 ± 6.3 km/s, respec-
tively. Higher magnetosonic Mach number plasma is associated
with higher plasma beta and it reduces the efficiency of solar
wind-magnetosphere energy coupling (Lavraud & Borovsky,
2008; Pulkkinen et al., 2016).

A noticeable weakening is seen in the solar wind magneto-
sphere energy coupling parameter for SC 24. In this context
one needs to explore the current systems operative in the
Earth’s magnetosphere–ionosphere system. Here, we chose
the high latitude ionospheric E-region electrojet current, low
latitude magnetospheric ring current and equatorial ionospheric
E-region electrojet current systems for the investigation. High
latitude electrojet and ring current both are enhanced during
geomagnetically disturbed periods. However at other times
also, these current systems are in operation with lower magni-
tudes. The AE index and Dst index are respectively used as

proxies for the high latitude electrojet, and low latitude ring
currents. In addition, we have estimated the equatorial electro-
jet using ground magnetic field observations in the Indian
longitude. Figure 7 gives the time variation of monthly smooth
(a) EEJ, (b) Dst and (c) AE for SCs 22, 23, and 24. The large
data gap in AE during 1988–1990 results in a gap in monthly
smooth AE plotted in Figure 7c. It is evident that the strength
of ambient high latitude and equatorial electrojet, and low
latitude ring current have declined during the current SC 24.
The correlation coefficients between monthly SSN and monthly
smoothed AE, |Dst| and EEJ are 0.57, 0.67, and 0.97, respec-
tively. In earlier study it is shown that the correlation between
yearly averaged solar activity and |Dst| during SCs 19–23 is
greater than 0.5 (Le Mouel et al., 2012). For SC 23 the
minimum in Dst and maximum in AE is observed in the
descending phase, which could be associated with high speed
streams (Tsurutani et al., 2011; Richardson & Cane, 2012;
Xystouris et al., 2014). For corresponding SCs, if we take
maximum in these smoothed values as a proxy for the strength
of these current systems then we find a overall reduction of
30–40% in these current systems during SC 24 as compared
to SC 23.

We have also looked into the Joule energy variation for
these SCs using equation (5). We shifted the time scale to
estimate the Joule power, EJoule such that the start time for both
SCs coincide with each other at Dt = 0. This is enabled by sim-
ply subtracting the start time ts of corresponding SC from the
time of observation t (i.e., Dt = t�ts). The cumulative Joule
energy is obtained integrating Joule power from Dt = 0 to
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Dt = ts�ts for each SC. These cumulative Joule energies are
plotted as a function of shifted time Dt for SC 23, and SC 24
in Figure 8. It provides information of the deposition of Joule
energy at higher latitudes as a function of time, which gives
a clear evidence of significantly low Joule energy deposition
at higher latitude during SC 24 as compared to SC 23. We
could not compute the integrated Joule energy for SC 22 due
to large data gaps. As SC 24 has not yet ceased, we compared
the values of Joule energy for Dt = 8 years for both SCs. The
values of total Joule energy deposited during 8 years of the ini-
tial phase of SC 23 and SC 24 are 1:03E19	 0:32E19 ðJÞ, and
0:73E19	 0:25E19 ðJÞ, respectively. This suggests that the
Joule heating resulting from these auroral electrojet currents
encountered a reduction of nearly 31% for the SC 24. The
strength of the current is decided by the ambient conductivities,
and electric fields. The observed decrease in currents is attrib-
uted to the weaker ambient conductivities and electric fields
during SC 24, which are driven and controlled by the Sun’s
energy output in the form of energetic particles and radia-
tions. Thus, such abnormal reductions in the heating of neutral

atmosphere at the high latitude domains can have several impli-
cations to our Earth’s atmosphere–ionosphere–magnetosphere
system.

4 Summary and conclusions

This study is carried out to examine the variations in the
overall energies available at the Sun, bow-shock, and the
Earth’s upper atmosphere for recent SCs. The Sun is probably
undergoing a phase of weakened activity i.e., a gradual decline
in peak solar activity) during the past three SCs. Several studies
have suggested that this declining phase will continue, and the
upcoming SC 25 would be still weaker compared to SC 24
(Hathaway & Wilson, 2004; Janardhan et al., 2015b). This cer-
tainly prompts us to explore whether we are heading towards
solar activity akin to the Dalton or Maunder minimum. If it
is affirmative, it would be interesting to be informed about
the variations in the energy associated with the Sun and its
influence on geospace. This would help us to understand,
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how the Earth’s ionosphere–magnetosphere systems configure
themselves during periods of such low solar activity. To address
this question we used various data sets available in the public
domain, and estimated different energy densities at Sun, mag-
netosphere, and the Earth’s upper atmosphere. The variation of
these energies and parameters for SCs 22–24 are summarized

in Table 5. Finally, this is a comprehensive study based on long
term (SCs 22–24) observations. The main conclusions derived
from present analysis are as follows:

Table 5. Integrated energy densities and average of different
parameters for SCs 22. 23, and 24 are summarized.

Parameter SC 22 SC 23 SC 24

RUm (10�3 J s/m3) 6.3 ± 1.9 6.5 ± 1.7 3.0 ± 0.7
RUte (10�3 J s/m3) 3.6 ± 1.0 3.1 ± 0.6 1.6 ± 0.3
RUke (J s/m3) 0.38 ± 0.06 0.37 ± 0.0 0.20 ± 0.03

Re (1019 J) 8.42 ± 2.9 9.2 ± 3.1 4.23 ± 1.3
REJoule (1019 J) Data gap 1.47 ± 0.4 0.72 ± 0.26

hLCFi (RE km) 9.4 ± 0.17 9.9 ± 0.2 10.2 ± 0.3

hNi (106/m3) 8.28 ± 0.9 6.36 ± 1 6.05 ± 0.6
hT pi (105 K) 1.18 ± 0.2 1.02 ± 0.2 0.81 ± 0.1
hV i (km/s) 461 ± 163 455 ± 187 418 ± 142
hbi 1.23 ± 0.32 1.1 ± 0.3 1.07 ± 0.18
hMi 7.16 ± 0.89 7.38 ± 1 7.6 ± 0.6
hV Ai (km/s) 55.1 ± 9.9 55.5 ± 11.9 48.2 ± 6.3
hEEJi (nT) 16.2 ± 4.1 14.9 ± 4 12.6 ± 1.7
hDsti (nT) �18 ± 5.8 �13 ± 4.1 �8 ± 2.5
hAEi (nT) 211 ± 34 184 ± 48 142 ± 39
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Table 4. Overall changes in different energies and physical
parameters encountered during SC 24 as compared to SC 23 at
Sun and near Earth environment. The quantities given in second
column are mentioned with respect to the SC 23.

Parameter Status during SC
24

Smax �36% reduction
USM �63% reduction
Re �54% reduction
EEJmax �31% reduction
Dstmin �46% reduction
AEmax �36% reduction
REJoule �31% reduction
hMi >6.9
hV Ai <57 km/s
LCF <10.6 RE
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(i) Distinct double peak structures in SMED for the last
four SCs (21–24) are observed. This feature is consis-
tent with noticeable asymmetry in their two peaks. It
is noted that from SC 22 to SC 23 the decrease in inte-
grated SMED is around 37%, whereas from SC 23 to
SC 24 (till January 2018) it is reduced by 51%. It indi-
cates the substantial weakening of the Sun’s magnetic
field during SC 24. The weakening of the solar polar
magnetic field is reported in earlier study as well (Wang
et al., 2009) however, this study does not quantify the
overall change in SMED.

(ii) The solar wind magnetosonic Mach number (M) and
SWP beta (b) have a higher correlations (�0.92 and
�0.79) with the SSN, compared to any other SWP
parameter. This is because SWP beta and magnetosonic
Mach number are derived from the interplanetary mag-
netic field, which seems to track the sunspot number.
For SCs 23 and 24, the minimum in SWP beta (b) is
found to occur slightly earlier (6–15 months) compared
to a minimum in the SSN.

(iii) The estimates of stand-off position of magnetopause for
last three SCs (i.e., 22–24) suggest that the magneto-
sphere is likely to be significantly expanded (LCF �
10:6 RE) during SC 24 as compared to SC 23 (LCF �
10:2 RE) and SC 22 (LCF ¼� 9:8 RE). It is in agreement
with earlier observational study that reports the expan-
sion during periods of reduced solar wind dynamic
pressure (Petrinec et al., 1991).

(iv) It is clearly evident that energy transferred to magneto-
sphere (i.e., Re) during the present SC is approximately
46% as compared to the the energy transferred during
SC 23. These energy transfer estimates are based on
the solar wind-magnetosphere coupling function pro-
posed by Perreault & Akasofu (1978), and if we use dif-
ferent empirical energy transfer coupling function then
some deviations are expected in the quantified energy
transfer to the magnetosphere during SC 24.

(v) A substantial (15–38%) decrease in average strength of
equatorial electrojet (EEJ), auroral electrojet current
AE, and low latitude ring current (Dst) is noticed for
SC 24.

(vi) The Joule heating arising from the auroral electrojet
currents encountered a reduction of nearly 31% for cur-
rent SC 24.

(vii) A clear difference in the solar wind Alfven speed and
magnetosonic Mach number are observed for SC 23
( V Ah i < 71 km=s) and SC 24 ( V Ah i < 57 km=s). The
SWP magnetosonic Mach number and beta are in good
agreement with a correlation coefficient of 0.96. The
low magnetosonic Mach number solar wind leads to
the formation of a low thermal beta, which affects the
magnetic forces and currents, and in turn modifies the
solar wind-magnetosphere energy coupling.

Broadly, the present study indicates a significant step down
in various energies at the Sun, magnetopause, and the Earth’s
atmosphere during the present SC 24, which are quantified
and summarized in Table 4. This has varied implications to
the Earth’s atmosphere–ionosphere–magnetosphere system.
The decrease in overall energies linked to magnetosphere,

and the Earth’s current systems are attributed to weakening in
the solar output in the form of energetic particles and radia-
tions. Finally, it would indeed be very interesting to see how
SC 24 progresses during its declining phase, and record the
response of geospace to the upcoming SC 25.
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