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Abstract

Recent solar cycles (SCs) 21-24 have experienced a gradual decrease in their activity with considerable weakening during current SC
24. This is a unique opportunity to examine the long-term response of Earth’s low-latitude ring-current and high latitude auroral elec-
trojet current systems during such systematically decreasing solar activity. With the advancement in technology, continuous recordings of
ground/space magnetic field are available for the last few decades that allow us to explore the behaviour of probability distribution func-
tions (PDFs) linked with the ring-current and auroral electrojet current systems for past five SCs (20-24). Also, PDFs linked with solar
wind parameters that drive these current systems like magnetic field and velocity at Earth’s bow shock are examined. We noticed the
significant narrowing of PDF of ring-current and auroral electrojet during SC 24. The number of one-hour intervals with
Dst < —150 nT are less than 600 for SCs 20-23, which constitutes less than 0.7% of respective PDF, and number of one-hour intervals
with Dst < —250 nT are less than 100 for SCs 20-23, which corresponds to less than 0.1% of respective PDF. But for SC 24 the
Dst < —150 nT encountered only for 58 h, which corresponds to 0.06% of PDF and there are no intervals when Dst was <—250 nT.
For auroral electrojet, the number of one-hour intervals with 4E > 750 nT and 4E > 1500 nT are less than 3060 and 70, respectively
for SCs 20-23, which corresponds to <4% and <0.06% of respective PDFs. But for SC 24 the AE > 750 nT encountered only for
1398 h, which corresponds to 1.7% of PDF and there are only 9 intervals when AFE increased above 1500 nT, which is 0.01% of
PDF. It implies that the probability of intense ring-current and auroral electrojet current during SC 24 was unusually low. Such narrow-
ing is seen in PDFs of the interplanetary magnetic field and solar wind velocity as well. This fair quiet space weather experienced during
SC 24 is attributed to the weakening of solar activity, which has subsequently influenced the strength of the interplanetary magnetic field
and solar wind velocity at Earth’s bow shock.
© 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction Usoskin, 2017). The most dominant periodicity which is

evident in the sunspot series, the longest available observa-

Sun is the main source of energy for our planet. From
Sun we get radiations of different frequencies and energetic
particles in the form of the solar wind. It is widely estab-
lished that Sun’s activity varies on short (few days) and
long (tens of year) time scales (Echer et al., 2004;
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tional series of Sun, is of nearly 9—11 years and known as
the solar cycle (Cole, 1973; Hathaway, 2010). This cyclic
activity does not have the same peak for each cycle. In fact,
the peak varies with the solar cycle (SC). So far, the stron-
gest SC had a peak sunspot number of 285 and weaker SCs
had peaks of magnitude 81.2-82, which corresponds to SC
19, and SC 6-5 (falls in the Dalton minimum period),
respectively (Kakad et al., 2017). These peak sunspot
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numbers are based on the newly proposed Version II sun-
spot series (Clette et al., 2016). Knowledge of foresight and
insight of solar activity is extremely important to
understand its influence on the near-Earth environment.
A geomagnetic storm is one of the manifestation of space
weather events, which is directly governed by the state of
interplanetary plasma in the vicinity of Earth and it is
mainly controlled by solar activity (Gonzalez et al., 1994;
Tsurutani et al., 1997; Echer et al., 2005). Geomagnetic
storms have diverse impacts on our ground and space
based technologies. Its severity can be understood by tak-
ing the example of a super geomagnetic Carrington storm
(Tsurutani et al., 2003). Coronal mass ejection (CME),
Co-rotating interaction regions (CIRs), high speed streams
(HSS), and solar flares emitted from Sun are the main
sources for the modulation of interplanetary solar wind
plasma during SC. However, the relative importance of
each of these driving structures varies with phase of SC.
There are several studies in the past relating solar wind
plasma properties and the occurrence of geomagnetic
storms during entire SC or different phases (ascending or
descending) of SC (Gonzalez et al., 2007; Richardson,
2013; Rawat et al., 2018). In some studies, the sources
(CMEs or CIRs) and geomagnetic storm characteristics
have been examined to get better insights about the geoef-
fectiveness of these space weather events (Alves et al., 2000;
Richardson et al., 2006; Borovsky and Denton, 2006; Shen
et al., 2017). Gonzalez et al. (2011) have reviewed the inter-
planetary causes responsible for intense geomagnetic
storms (Dst <—100nT) of SC 23 (1997-2005).

Sun has experienced a gradual decrease in its activity
during SC 20-24. Sun’s magnetic field has also weakened
significantly over this period. Such a continuous decline
in solar activity provides a unique opportunity to examine
the response of different current systems operative in
Earth’s magnetosphere. In this context, Kakad et al
(2019) has examined the variation of different energies
linked with the Sun and the Earth’s magnetosphere-
ionosphere systems. This study was carried out only for
SCs 22-24 as per the availability of respective data sets.
The ring-current is a magnetospheric current system, which
is used to measure the strength of the geomagnetic storm.
Generally, the Dst index, provided by WDC Kyoto, is used
as a proxy for the ring-current. Another current system is
the high latitude or auroral electrojet currents, which is
measured by the AE index. Both Dst and AFE are available
since January 1957, which covers nearly five SCs (20-24).
With such a long-term data series, meaningful information
can be retrieved by applying scientific analysis tools. For
example, recently, extreme value theory is applied to this
long-term Dst data series and it is suggested that the high-
est expected value of |Dst| is around 850 nT (Acero et al.,
2018). However, for Carrington geomagnetic storm even
higher values of Dst has been reported. Tsurutani et al.
(2003) reported Dst reaching up to —1760 nT, which is con-
sistent with the deviation of —1600 + 10 nT in horizontal
magnetic field component (i.e., AH) at low latitude station

Colaba, India (Lakhina and Tsurutani, 2018). Thus, the
limit of —850 nT suggested by Acero et al. (2018) indicates
that the Carrington geomagnetic storm can be considered
to have the upper limit of geoeffectiveness.

The occurrence rate of the geomagnetic storm is often
examined using daily minimum Ds? index crossing a certain
threshold, for example, the number of days with
Dst,,;,, <—250 nT are examined for super intense geomag-
netic storms. Here, we examine the strength of low-
latitude ring-current and high-latitude auroral electrojet
current systems during SCs 20-24. For this purpose, rather
than picking the daily minimum value of the Dst or maxi-
mum value of the AE, we have considered all available
information of Dst and AFE (i.e., hourly data) to explore
behaviour of the ring-current and auroral electrojet current
systems over past five SCs (20-24). In particular, we have
examined the variation of probability distribution function
(PDF) associated with the ring-current and auroral electro-
jet current systems during SCs 20-24. The shape of the
PDF gives information about the total time duration for
which severe or moderate or weak geomagnetic activity is
seen, which is determined by both occurrence rate and
repeat period of geomagnetic activity. Recently, Zhuang
et al. (2018) has reported that occurrence of a super geo-
magnetic storm is significantly reduced in the SC 24. This
reduction will affect the PDF of the ring-current system,
and hence it is worth exploring the response of the PDFs
of ring-current and auroral electrojet current systems dur-
ing the past five SCs. In addition, we have also examined
the PDFs linked with the interplanetary solar wind param-
eters (like interplanetary magnetic field, solar wind veloc-
ity, electric field) at the Earth’s bow shock. Such
information will be helpful to understand the change in
the state of space weather during the last five SCs. In this
paper, Section 2 gives the details of the data used. The
results are presented in Section 3 and discussed in Section 4.
The present work is summarized and concluded in
Section 5.

2. Data used

In present analysis, we have used hourly Dst and AE
from WDC Kyoto (http://wdc.kugi.kyoto-u.ac.jp/). Dst
index is the measure of strength of low latitude ring-
current, which is a westward current located in the low lat-
itudes at a radial distance of approximately 3-7Rg in the
Earth’s magnetosphere. Whereas, AE index measures the
strength of high latitude electrojet current. Both these cur-
rents get enhanced during periods of geomagnetically active
periods. The ring current enhances during main phase of
geomagnetic storm due to convection electric field
(Burton et al., 1975). Also the enhanced population of ener-
getic particles due to particle injection from the tail side of
magnetosphere contribute to ring current (Chapman, 1965).
The enhancement of the convection electric field is needed
to explain accumulation of the particles and the develop-
ment of the ring current during the magnetic storms
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(Ebihara, 2019). The continuous data of Dst are available
since January 1957- May 2019, which covers nearly six
SCs (19-24). But for SC 19 the data coverage is not com-
plete as the start time of SC 19 is April 1954. The AE index
is available from January 1957 to February 2018. For pre-
sent SC 24, WDC Kyoto has nearly 457 days less data avail-
ability of AF as compared to Dst. Apart from this we used
international monthly smoothed sunspot Version-II obser-
vations from WDC-SILSO (http://www.sidc.be/silso/) to
get the start time (¢,), end time (z,) and peak smoothed sun-
spot number (S,,) for these SCs. Parameter S, is considered
as the measure of strength of SC. These SC characteristics
are readily available in Kakad et al. (2017). It is noted that
from SC 21 the peak smoothed sunspot number shows a
gradual decrease for consecutive SCs (i.e., S2' = 232.9, §2
=212.5, §7 = 180.3, S2! = 116.4). The percentage decrease
in the peak smoothed sunspot number from SC 21-22, 22—
23, and 23-24 are 8.6% 15.1%, and 35.6%, respectively.
Such gradually declining phase of solar activity is an oppor-
tunity to explore variability of the ring-current and auroral
electrojet current systems, and it is worth exploring as these
current systems are directly driven by the solar wind-
magnetosphere interaction and their coupling efficiency.
We have used interplanetary magnetic field, solar wind
velocity and dawn-to-dusk electric field at Earth’s bow
shock nose to understand the observed narrowing of PDFs
linked with these current systems during SC 24. Hourly
observations of these interplanetary solar wind parameters
are taken from OMNIWEB (https://omniweb.gsfc.nasa.
gov/) and it is available from January 1964 to July 2019.
The variation of hourly Dst, AE, IMF Bz, solar wind veloc-
ity, and dawn-to-dust electric field Ey (+y is eastward) are
shown in Fig. 1(a)—(e), respectively. It may be noted that
there are several short (and occasionally long) duration data
gaps in IMF Bz, and solar wind velocity for SCs 20-22.
However, these gaps are not clearly visible in Fig. | because
we have plotted the data for five SCs together. These data
gaps altogether give rise to more than 33% of data loss
for SCs 20-22. Also, data gaps in IMF Bz and solar wind
velocity are not occurring at the same time, as a result total
data gap in Ey is relatively larger. Start time of SCs 19-24 is
marked by dotted vertical lines and the values of peak
smoothed sunspot number for respective SCs are men-
tioned. In general, the Dst found to be >—450 nT during
January 1957-May 2019 except the historic March 1989
geomagnetic storm during which Dst reached —589 nT.
This severe geomagnetic storm caused the nine-hour outage
of electricity transmission at Québec (Molinski et al., 2000).
It may be noted that often instruments get saturated during
severe space weather conditions and hence several data gaps
can be seen in interplanetary solar wind observations as evi-
dent in Fig. 1(c)—(e). We have investigated the response of
ring-current and auroral electrojet current systems together
with interplanetary solar wind parameters at Earth’s bow
shock during these SCs. The results from the present
analysis are discussed in the next section.

3. Results

Here, our aim is not to look into individual geomagnetic
storm or space weather events but as a whole the response
of low-latitude ring current and high-latitude auroral elec-
trojet current systems during SCs 20-24. For this purpose
we estimated the PDFs using Dst and AE data for SCs
20-24. It is noticed that the range for the Dst variation is
—589 nT to 95 nT and for AFE it is 0 to 3195 nT during
the period of observation. For each SC we estimated sepa-
rate PDF using Dst and AE observations, which are shown
in Fig. 2a and b, respectively. We used the bin size of 25 nT
for Dst and 75 nT for AE. As the length of each SC is
slightly different, we have 100112, 92052, 84754, 110361,
and 91641 one-hour values of Dst for SCs 20, 21, 22, 23
and 24, respectively. As there is no data loss for Dst, these
numbers in hours actually corresponds to the length of
respective SCs, which is 11.42, 10.5, 9.67, 12.59 years for
SCs 20-23, respectively. It may be noted that SC 24 is still
in progression, hence we do not know the exact length of
the present SC. Here, 91641 h of Dst observations for SC
24 represent data till May 2019. The SC 24 initiated close
to December 2008 and so far it has spent nearly 10.46 years.
For AE index, there is a data loss for certain period and
total duration for which AE observations are available,
are 98271, 76349, 72324, 110361, 80673 h, and correspond-
ing data loss is 1.7%, 17%, 14.7%, 0%, 0%, for SCs 20-24
respectively. In spite of the data loss we can rely on the
PDFs estimated from AFE as the data loss is not too high
(<18%).

Presently, the SC 24 is almost in its ending phase and it
is suggested that it may cease close to 2020 (Kakad et al.,
2017). The panel of solar experts has also suggested that
the current SC 24 come to an end close to late in 2019 or
2020 (see https://www.weather.gov/news/190504-sun-
activity-in-solar-cycle). Thus, we can say that the observa-
tions of Dst and AFE encompass maximum period of SC 24
and hence the derived PDF can be assumed to represent the
scenario similar to that of complete SC 24. In Fig. 2a and b
it is clearly seen that the PDF of Dst and AF for the SC 24
have experienced significant narrowing as compared to the
PDFs associated with SCs 20-23. Overall there are no time
intervals with Dst < —225 nT and there are hardly 9 h
when AF is slightly above 1500 nT during the SC 24.

As the number of Dst observations are different in differ-
ent SCs we can not compare these PDFs. Thus, we
obtained the normalized probability distribution function
(NPDF). The NPDF is obtained by dividing the PDF by
total number of available one-hour observations in that
SC. Thus, the sum of NPDF will be always 1 that repre-
sents 100%. For SCs 20-24, the variation of NPDF (in
%) is shown in Fig. 3(a)—(e) for Dst and Fig. 3(f)—(j) for
AE, respectively. As the NPDF is depicted in % the sum
of NPDF adds to 100%, which corresponds to all available
observations for that SC. The comparison of NPDFs
shown in Fig. 3 manifests considerable narrowing of PDFs
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Fig. 1. Hourly values of Dst (a measure of the strength of low latitude ring-current system), AF (a measure of auroral electrojet current), IMF Bz, solar
wind velocity, and dawn-to-dusk interplanetary electric field are plotted as a function of time. Dst is available from January 1957 to May 2019, AE is
available from January 1957 to February 2018. Interplanetary solar wind parameters are at the Earth’s bow shock nose and they are available from
January 1964 to July 2019. It nearly covers the period of five SCs 20-24.
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Fig. 2. (a) Probability distribution function associated with Dst index (a proxy for the strength of low-latitude ring current) for SCs 20-24. The number of
intervals falling between different bins of Dst index are shown for SCs 20-24. (b) Probability distribution function associated with AE index (a proxy for
the strength of high-latitude auroral electrojet current) for SCs 20-24. If we sum the individual PDF then we get total number of intervals for which data is
available in that SC. The data loss for each SC is also mentioned in legend. If data loss is zero then summation of PDF will simply represent the length of
SC in hours.
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Fig. 3. (a)—(e) shows normalized probability distribution function (NPDF) associated with Ds? index for SCs 20-24. (f)—(j) shows normalized probability
distribution function (NPDF) associated with AE index for SCs 20-24. The probability of occurrence of one-hour intervals (in %) in different bins of Dst
and AE are shown for SCs 20-24. If we sum the NPDF we get 100%, which corresponds to total number one-hour observations for each SC.

associated with ring-current and auroral electrojet current
systems during SC 24. This implies presence of weaker
ring-current and auroral electrojet current during SC 24
as compared to preceding SCs 20-23.

In general the periods with Dst <—100 nT considered to
be associated with intense geomagnetic storm (Zhang et al.,
2006). Thus, for further details we estimated the probabil-
ity and total number of intervals with (i) Dst < —150 nT
and (ii)) Dst < —250 nT. The percentage occurrence of
Dst <—150 nT and Dst <—250 nT for SCs 20-24 are plot-
ted as a function of peak smoothed sunspot number in
Fig. 4(a), and (b), respectively and their corresponding
total number of one-hour intervals are depicted in Fig. 4
(c), and (d), respectively. It is found that number of total
number of intervals with Dst <—150 nT are less than
600 h for SCs 20-23, and it covers maximum up to 0.7%
of PDF. Whereas, intervals with Dst <—250 nT are found
to be less than 100 h for SCs 20-23, which constitutes less
than 0.1% of PDF. The interesting feature is observed dur-
ing SC 24, the Dst <—150 nT encountered only for 58 h,
which is only 0.06% of entire PDF. This percentage is
one order less as compared to the percentages reported
for SCs 20-23 for the limit of Dst <—150 nT. The probabil-
ity of occurrence of Dst <—150 nT shows positive correla-
tion with peak smoothed sunspot number (i.e.,S,).
Although correlation is based on five data points, the cor-
relation is 0.92 and it is above 95% significance level.
Whereas, the probability of occurrence of Dst <—250 nT
does not show a clear dependence on peak smoothed sun-
spot number. It has a correlation of 0.66. Peak smoothed

sunspot number is taken as the proxy for the strength of
solar activity.

Similarly, we obtained the total intervals and their per-
centage for AE > 750 nT and AE > 1500 nT. The percent-
age occurrence of AE > 750 nT and AE > 1500 nT for SCs
20-24 are plotted as a function of peak smoothed sunspot
number in Fig. 5(a), and (b), respectively and their corre-
sponding total number of one-hour intervals are depicted
in Fig. 5(c), and (d), respectively. It is found that the num-
ber of one-hour intervals with 4AE > 750 nT and AE > 1500
nT reached maximum up to 3060 and 70, respectively for
SCs 20-23, which corresponds to maximum up to 4%
and 0.06% of respective PDFs. But for SC 24 the
AE > 750 nT encountered only for 1398 h i.e., 1.7% of
PDF and there are only 9 intervals when AFE increased
above 1500 nT ie., 0.01% of PDF. The probability of
occurrence of AE > 750 nT shows positive correlation with
peak smoothed sunspot number and gives the correlation
coefficient of 0.96, which is above 95% significance level.
Whereas, the probability of occurrence of 4E > 1500 nT
gives a correlation of 0.68. It suggest that the probability
of occurrence of AE > 1500 nT does not show a clear
dependence on peak smoothed sunspot number.

Variation in solar activity and subsequent modulation
caused by the CMEs, CIRs, HSS etc to the interplanetary
solar wind in the vicinity of the Earth’s magnetosphere
affects these current system. Thus, we examined the PDFs
linked with interplanetary magnetic field Bz component,
solar wind velocity and dawn-to-dusk component of the
electric field at the Earth’s bow shock nose for the SCs
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20-24. Particularly, for interplanetary parameters there is
considerable data loss because of failure or saturation of
space instruments during severe space weather conditions.
For SCs 20-24 the NPDFs of IMF Bz (first column, a-¢),
solar wind velocity V' (second column, f-j), and dawn-to-
dusk electric field (third column, k-o0) at Earth’s bow shock
nose are plotted in Fig. 6. The bin width for IMF Bz, J and
Ey are taken as 4 nT, 50 km/s, and 4 mV/m, respectively.
The number of one-hour intervals for which data was
available are mentioned in respective plots with data loss

(DL) percentage. For SCs 20-22 the data loss is more than
33%. For each parameter, for a given SC, if data loss
exceeds 40% then it is shown by green color in Fig. 6.
But for SCs 23 and 24 data loss is small (<0.2%). We have
obtained number of intervals and their percentages in dif-
ferent limits for IMF Bz, solar wind velocity, and Ey,
which are given in Table 1. For Bz we have taken two cat-
egories (1) Bz <—12 nT and (ii)Bz <—20 nT. For V" we have
considered (i) ¥ > 500 km/s and (ii)¥ > 700 km/s and for
Ey the categories are (i) Ey > 8 mV/m and (ii))Ey > 16 mV/
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Fig. 6. For SCs 20-24 the NPDFs of IMF Bz (first column, a—e), solar wind velocity V' (second column, f—j), and dawn-to-dusk electric field (third column,
k—o) at Earth’s bow shock nose are depicted. The number of one-hour intervals for which data was available are mentioned in respective plots with data
loss percentages. The parameters for which data loss exceeds 40% is shown by green color. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

m. The percentage occurrence and total duration in hours
for these categories are summarized in Table 1. These esti-
mates are not mentioned for the cases when data loss
exceeds 40% because for such cases the computed statistics
will not be reliable. This analysis clearly indicate significant
reduction in time intervals with IMF Bz <—12 nT, solar
wind velocity ¥ > 500 km/s and Ey > 8 mV/m during SC
24 as compared to SC 23.

4. Discussion

Our study report that for SCs 20-23 the occurrence
probability for Dst <—150 nT is found to be maximum
up to 0.7% (=< 600 h). It means over the entire period
of the solar cycle, which is approximately 11 years, a period
of less than 600 h encountered Dst <—150 nT. Whereas, for

Table 1

AE > 750 nT the occurrence probability is found to be
maximum up to 4% (=< 3060 h). The number of 0.7%
for Dst < —150 (4% for AE > 750) looks negligible, but this
is an extremely important component for the space weather
studies. Because although the number of geomagnetically
disturbed time intervals (i.e., Dst <—150 nT or
AE > 750 nT) are less but it can cause severe impacts on
our technology. So far the Carrington magnetic storm of
2 September 1859 with Dst reaching approximately
—1600 nT is the intense space weather event known to us
(Ngwira et al., 2014; Tsurutani et al., 2018). This super
magnetic storm caused daytime aurora, which was visible
even at low-latitudes (Hayakawa et al., 2016; Cid et al.,
2015). Thus, even a few hours of the severe magnetic storm
can cause significant damage to our space and ground-
based technologies.

It summarizes total one-hour intervals and their percentages for different categories, namely (i) IMF Bz < —12 nT and Bz < —20 nT, (ii) solar wind
velocity, ¥ > 500 km/s and ¥ > 700 km/s, (iii) dawn-to-dusk interplanetary electric field Ey > 8 mV/m and Ey > 16 mV/m for SCs 20-24. These details
are not mentioned for the parameters for which data loss is more than 40% in respective SCs. These interplanetary parameters represents the state of solar

wind at Earth’s bow shock nose.

SC Bz < —12nT Bz < =20 nT V > 500 km/s v > 700 km/s Ey > 8 mv/m Ey > 16 mV/m
No. % (No. of hrs) % (No. of hrs) % (No. of hrs) % (No. of hrs) % (No. of hrs) % (No. of hrs)
20 0.96% (640 h) 0.08% (54 h) 29.6% (18147 h) 2.9% (1765 h) - -

21 1.55% (920 h) 0.11% (63 h) 21.4% (13008 h) 1.1% (660 h) - -

22 - - - - - -

23 1.21% (1330 h) 0.15% (155 h) 25.9% (28533 h) 2.2% (2410 h) 0.16% (174 h) 0.04% (42 h)
24 0.74% (694 h) 0.06% (56 h) 16.8% (15589 h) 0.54% (508 h) 0.05% (47 h) 0.00% (3 h)
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For the SC 24, the occurrence probability for
Dst <—150 nT is only 0.06% (=58 h). There is almost
one order decrease in the durations associated with
Dst <—150 nT. Whereas, the occurrence probability for
AE > 750 nT is only 1.7% (=1398 h). It implies that for
the high latitude electrojet current system the intervals with
AE > 750 have decreased nearly three times during SC 24
as compared to SCs 20-23. Overall, the present study
implies the presence of fairly quiet space weather during
SC 24. As mentioned earlier, the SCs 20-24 have experi-
enced a gradual decrease in its activity and SC 24 is the
weakest among them. Such a situation triggers the curiosity
among scientists about the strength of upcoming SC 25.
Recent studies suggest that SC 25 would be of the same
amplitude as or slightly smaller than the SC 24
(Javaraiah, 2015; Cameron et al., 2016; Kakad et al.,
2017; Singh and Bhargawa, 2017). If upcoming SC 25 hap-
pens to be weaker than SC 24 then we expect that the %
occurrence of Dst <—150 nT (4AE > 750 nT) will be consid-
erably smaller than 58 h (1398 h) during SC 25. The quan-
titative estimates related to low-latitude ring current and
high-latitude auroral electrojet systems presented here will
be useful to understand the space weather scenario in the
Earth’s magnetosphere during past five SCs. This study
was possible because of the availability of ring current
and auroral electrojet information in the form of Dst and
AE indices for more than five decades.

It is known that the behaviour and strength of IMF Bz,
solar wind velocity and interplanetary dawn-to-dusk elec-
tric field play an important role in deciding the solar wind
magnetosphere energy coupling through the process of
magnetic reconnection. It is noted that PDFs of IMF Bz,
solar wind velocity V, and dawn-to-dusk electric field are
also considerably squeezed during SC 24. A significant
reduction in time intervals with IMF Bz <—12 nT,
V > 500 km/s and,Ey > 8 mV/m are observed during SC
24 as compared to SC 23. The IMF Bz, VV and Ey did not
cross the limit of —24 nT, 800 km/s, and 20 mV/m, respec-
tively during SC 24. Recently, Watari (2017) examined
daily occurrence rate of Dst <—100 nT during the ascend-
ing phase of SC 23 and 24 and found that the dawn-to-
dusk electric field more frequently crosses a limit of
5 mV/m during SC 23 as compared to SC 24. Also,
Zhuang et al. (2018) have reported that for CMEs faster
than 1860 km/s the probability of CME caused geomag-
netic storm with Dst <—250 nT is about 1/5 for SC 23
and 1/25 for SC 24. Thus, the likelihood of super intense
geomagnetic storm (Dst <—250 nT) is significantly reduced
during SC 24.

5. Summary and conclusions

In present study, behaviour of the probability distribu-
tion functions associated with the ring current and auroral
electrojet current systems are examined for SCs 20-24
together with the PDFs linked with interplanetary solar
wind parameters at the Earth’s bow shock nose. Such a

study was possible because of the availability of long-
term Dst and AE observations for the past six SCs (i.e.,
from 19 to 24). Solar activity has experienced a gradual
decrease in its strength since SC 20 and this decrease is
the largest from SC 23 to SC 24 (Kakad et al., 2019;
Ingale et al., 2019). Thus, we examined the probability dis-
tribution function associated with the ring-current and
auroral electrojet current systems during this peculiar
phase of the gradual decline of the solar activity. We have
noticed significant narrowing in the probability distribu-
tion function of the ring-current and auroral electrojet cur-
rent for SC 24 as compared to SCs 20-23. It suggests
considerable decrease in the strength of ring-current and
auroral electrojet current system during SC 24.

Overall there are approximately 600 h (100 h) that experi-
enced Dst <—150 nT (Dst <—250 nT) during SCs 20-23.
Whereas, for SC 24 there are only 58 h (0 h) when
Dst <—150 nT (Dst <—250). Total period of 600 h (58 h)
constitutes only 0.7% (0.06%) of the probability distribution
function of SCs 20-23 (SC 24). We found that the probabil-
ity of occurrence of Dst <—150 nT shows a positive correla-
tion with the peak smoothed sunspot number (S,,) however,
the probability of occurrence of Dst <—250 nT does not
show a clear dependence on the smoothed sunspot number.
The significant decrease in the intervals of Dst <—150 nT
during SC 24 has its key in the solar wind-magnetosphere
energy coupling. The solar wind-magnetosphere energy cou-
pling is mainly controlled by the solar wind properties like its
magnetic field, speed and the interplanetary electric field.
Our analysis indicates that significant narrowing of the
probability distribution function is also evident in IMF Bz,
solar wind velocity and interplanetary dawn-to-dusk electric
field during SC 24. Recently, it is reported that the energy
transferred to the magnetosphere during the present SC 24
is only 46% of the energy transferred during SC 23 (Kakad
et al., 2019). A study by Zhuang et al. (2018) also suggests
that the likelihood of the occurrence of super geomagnetic
storms (Dst <—250 nT) is significantly reduced in SC 24.
The observed decrease in the intervals of Dst <—150 nT
and AE > 750 nT during SC 24 is attributed to considerable
step down in solar wind-magnetosphere energy coupling via
reduced strength of IMF Bz, solar wind velocity and electric
field during SC 24. If future SC happens to be weaker than
SC 24 then we may not encounter geomagnetic storm with
Dst < —150 nT and AE > 750 nT, in other words, the prob-
ability distribution function of the ring-current and auroral
electrojet current systems may experience further narrowing.
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