
Sun and Geosphere, 2018;                                                               13/2: 135 -143                                                               ISSN 2367-8852 

DOI: 10.31401/SunGeo.2018.02.03 135

Current State of Reduced Solar Activity: Intense Geomagnetic Storms 

P.K. Manoharan 1, K. Mahalakshmi 1, A. Johri 1, B.V. Jackson 2, D. Ravikumar 1, 
K. Kalyanasundaram 1, S.P. Subramanian 1, A. K. Mittal 1 

1 Radio Astronomy Centre, National Centre for Radio Astrophysics,  
Tata Institute of Fundamental Research, Udhagamandalam (Ooty), India. 

2 Center for Astrophysics and Space Sciences, University of California,  
San Diego, La Jolla, USA 

E mail (mano@ncra.tifr.res.in). 

Accepted : 22 October 2018 

Abstract: We present a study of 21 geomagnetic storms, occurred during 2011–2017 in association with the propagation of 
coronal mass ejections (CMEs). These storms are selected with the minimum storm disturbance index (SYM-H) intensity of 
-100 nT or less and are distributed from the maximum to the minimum of the weak solar cycle 24. We identify and 
investigate these storm-driving CMEs (halo and partial halo CMEs) by combining EUV and white-light images in the near-
Sun region, interplanetary scintillation images in between the Sun and the Earth, and in-situ measurements at the near-
Earth orbit. These CMEs cover a wide range of initial speeds, ~180 to 2680 km/s. For about 50% of the CMEs, the fast 
initial speed at the near-Sun region does not correlate with the final speed at the near-Earth orbit. The storm indexes 
range between -100 and -233 nT and they are associated with minimum Bz values in the range of -12 to -38 nT. The 
Forbush decrease (FD) levels associated with these storms vary in the range of about -2% to -10%. A comparison of travel 
times of CMEs to 1 AU with the observed initial/final speeds and estimated initial speed suggests that a large fraction of 
fast initial speeds could possibly be due to the sudden expansion of the CME into a relatively low pressure interplanetary 
medium. Most of the geomagnetic storms (i.e., 19 storms) have been caused by the strong intrinsic magnetic field of the 
CME and only 2 storms are produced by the sheath region between the arrival times of interplanetary shock and CME. The 
geomagnetic storm index is compared with the possible reconnection electric field component, BzVICME. It suggests an 
empirical relationship for the likely lower level of storm index, SYM-H = -70 - 0.003·BzVICME. (nT), in which Bz and VICME are 
respectively given in units of nT and km/s. 
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Introduction 
Solar Cycle 24 is the weakest cycle in a time period of more 

than a century. This cycle started to rise slowly from the unusually 
deep and significantly prolonged minimum activity of the previous 
cycle (e.g., Manoharan, 2012; Basu, 2016; Pesnell, 2016; Cliver 
and von Steiger, 2017). The weak polar field during the above 
minimum phase has led to the weak maximum, an asynchronous 
reversal of polar fields, and the hemispheric asymmetry in cycle 
24. It has been shown by several observations that the overall 
magnetic field of the Sun has been low during the cycle 24 
compared with previous cycles (e.g., Hathaway, 2015 and 
references therein). The consequences of the weak activity has 
also resulted in the lowest solar wind power output and a large 
decrease in the magnitude of the interplanetary magnetic field in 
the heliosphere (e.g., McComas et al., 2013;  Gopalswamy et al., 
2014). These effects in turn have affected the propagation of 
CMEs and formation of their associated shocks (Manoharan et al., 
2016; Cliver and von Steiger, 2017). Concerning geomagnetic 
storms, the weak cycle has caused a smaller number of severe 
storms (Dst/SYM-H < -200 nT) and relatively less impact has 
been observed in near-Earth space (e.g., Richardson, 2013; 
Gopalswamy et al., 2015a,b; Lee et al., 2017). In solar cycles 23 
and 24, respectively, the averages of moderate to intense 
geomagnetic storms intensities are comparable, but there is a large 
reduction of about 80% in number of intense storms during the 
cycle 24 (Selvakumaran et al., 2016; Watari, 2017; Scolini et al., 
2018). Here we study these events, which have caused appreciable 
activity at the Earth's magnetosphere. 

Intense Geomagnetic Storms of Cycle 24 
In this study, we examine CME events responsible for 21 

intense geomagnetic storms, which are considered based on a 
minimum threshold of storm disturbance index, SYM-H, of 
strength -100 nT or less. A geomagnetic storm with a SYM-H (or 

Dst) intensity close to or below this level in general is considered 
a major storm (e.g., Tsurutani and Gonzalez, 1997). It is to be 
noted that Dst and SYM-H are equivalent and SYM-H is useful to 
study geomagnetic storms with a higher temporal resolution. We 
here use the SYM-H index to measure the intensity of 
geomagnetic storms, which are listed in Table 1. In the current 
cycle, the strongest storm, SYM-H ≈ -233 nT, has been observed 
in association with the fast halo CME event on March 15, 2015 
(Wu et al., 2016). However, the strength of this storm is relatively 
low in comparison with intense storms observed in the previous 
cycles. Moreover, some authors have also reported an overall low 
level of geomagnetic activity during the part of ascending phase of 
the cycle 24 (e.g., Richardson, 2013; Watari, 2017). The period of 
the present study covers between 2011 and 2017 in the descending 
phase of the cycle, which is more than half of the cycle, 
approximately from the beginning of the maximum phase to its 
minimum phase. In this period of study, some intense storms have 
also been driven by the interaction of high-speed wind from the 
coronal hole with low-speed wind and they are not 
analyzed/included. Table 1 lists 21 intense geomagnetic events 
examined in this study. It may be noted that excluding 3 X-class 
flare events, all other events are associated with moderate to less 
intense flares. Another interesting point is that 8 events correspond 
to insignificant flares and filament/prominence eruptions. The 
table includes each event's storm index, properties of its associated 
CME in the near-Sun region and its originating location on the 
solar disk, which gives an idea about the direction of propagation 
of the CME with respect to the Sun-Earth line. These CMEs were 
associated with shocks at 1 AU. The interplanetary shock (IP 
shock) and interplanetary CME (ICME) at 1 AU have been 
identified from in-situ measurements at the near-Earth orbit. The 
analysis procedure and discussion of propagation of a sample 
event from the Sun to Earth's orbit is described in the following 
sections. 
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Analysis of Propagation of a CME:  Sun to near-
Earth Space 

For a given storm event, the source location of its 
corresponding CME on the solar disk has been identified using the 
images from Solar Dynamic Observatory (SDO) (Pesnell, 
Thompson, and Chamberlin, 2012) observed in the wavelength 
band of 193 Å. The initial speed and width of the CMEs near the 
Sun have been obtained from the white-light images of the 
LASCO coronagraphs (Brueckner et al., 1995) on board the 
SOHO spacecraft. In this study, we also use the LASCO-CME 
catalog and its supportive data generated and maintained at the 
CDAW Data Center (https://cdaw.gsfc.nasa.gov/CME_list; also 
refer to the studies presented about the CME catalog in Yashiro et 
al., 2004 and Gopalswamy et al., 2009). In Figure 1a, we display a 
sample image of an M2/1N flare obtained from the SDO in the 
wavelength band of 193 Å at 01:48 UT on 21 June 2015 
(https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?date=20

150621&img1=sdo_a193&img2=lasc2rdf). The flare occurred in 
the north-east part of the solar disk at N12E13. In association with 
this flare event, the onset of a full halo CME was observed at 
02:36 UT in the LASCO C2 coronagraph. Figures 1b and 1c show 
the white-light images from the C2 and C3 LASCO coronagraphs, 
which cover a field of view of about 2–30 solar radii 
(https://sohowww.nascom.nasa.gov/data). The LASCO images 
reveal that the CME propagated fast at an average linear speed of 
~1365 km/s, as measured in the north-eastern direction along a 
position angle range of ~50–70o. Since the above speed estimation 
is in the plane of the sky, the speed may be likely affected by the 
projection effects.  

The properties of the CME obtained from the LASCO images 
have been combined with the interplanetary scintillation (IPS) 
measurements, whenever available, from the Ooty Radio 
Telescope (ORT) to infer the typical propagation characteristics of 
the CME at an approximate heliocentric distance midway between 
the Sun and 1 AU (for details on ORT, refer to Swarup et al., 
1971). Figure 2a displays an Ooty IPS image of the interplanetary 
medium on 22 June 2015. This IPS image has been made with 
normalized scintillation indexes, i.e., g-values, from a large 
number of radio sources on 22 June 2015, observed in the time 
range of ~05:30–15:00 UT (refer to Johri and Manoharan, 2016, 
for details about the IPS observation/analysis with the ORT). This 
raw IPS image is analogous to the LASCO white-light image, but 
covers a wider field of view extending over 90° with respect to the 
Sun. The fast expanding halo CME occurring on 21 June 2015 can 
evidently be seen as enhanced level of scintillation in the east as 
well as the west of the Sun. The ORT employed is capable of 
tracking a radio source for about 9.5 hours. However, for the IPS 
observations reported here, the telescope was parked at a desirable 
hour-angle position to record the passage or crossing of the CME 
and the scintillating sources transiting at the beam of the telescope 
were observed by simply switching the declination pointing 
toward the source. The above snapshot image has been made with 
the normalized scintillating levels of several such transited sources 
and the observing time on the scintillation image typically 
increases from the west of the Sun (i.e., right side of the image) to 
the east (i.e., left side of the image). That is, the sources located 
west of the Sun transit at the telescope earlier than those located 
east of the Sun.  

Figure 2b shows the image of the ecliptic view of heliospheric 
density on 22 June 2015 at 18 UT, obtained from the tomography 
reconstruction of Ooty IPS measurements, which are selected 
when both g-value and velocity estimates are available for a given 
source. The reconstruction of the Ooty data is made typically for 
each solar rotation  using the time-dependent computer-assisted 
tomography technique, developed by B.V. Jackson and his team 
(e.g., Jackson et al., 2003; Bisi et al., 2009). In the reconstructed 
image, the propagating CME can be seen as a large structure of 
high density close to the orbit of Earth. The central part is denser 

than its exterior parts. In comparison with the raw snapshot image 
(Figure 2a), which suffers the line of sight integration, the 
reconstruction provides a much clearer view of the propagating 
structures. When the onset of the CME in the LASCO field of 
view is compared with the appearance of the CME in the IPS field 
of view, it provides an approximate speed of about 800 to 850 
km/s at a distance of ~0.5 AU and this speed is in good agreement 
with the IPS speed estimates made on individual radio sources, 
whose lines of sight pass through the propagating CME. The 
above speed is the bulk speed estimated from the appearance of 
the CME in the IPS field of view with respect to the LASCO field 
of view (e.g., Manoharan et al., 2001). Figure 2c includes also 
estimates of g-value and solar wind speed from IPS measurements 
on several sources as functions of observing time and heliocentric 
distance. In Figures 2a-c, the enhanced levels of 
scintillation/density and velocity show the propagating structures 
associated with the CME. 

Every storm-driving CME's corresponding IP shock and 
ICME have been identified using in-situ magnetic field and solar 
wind plasma data sets, spanning over a period of about a day to 5 
days after the onset of the CME. In this study, we use OMNI high-
resolution interplanetary data sets available at 
https://omniweb.gsfc.nasa.gov (e.g., King and Papitashvili, 2005). 
The arrival times of IP shock and ICME have been useful to 
identify the corresponding geomagnetic storm recorded by the 
ground-based observatories. However, for some cases, the unique 
association of the CME with its corresponding IP shock (as well 
as ICME and geomagnetic storm) was difficult during the period 
of multiple CME/flare eruptions and/or during high-speed stream 
interactions, which resulted in a complex interplanetary medium.  

In Figure 3, in-situ and ground-based measurements are 
plotted as a function of day number including data for the IP shock 
and ICME of the event occurred on 21 June 2015. The arrival 
times of the shock and ICME are indicated, respectively, by red 
and blue dashed-vertical lines. The sudden discontinuities in IP 
magnetic field and solar wind plasma data show the arrival of the 
shock. Whereas the identification of the ICME at 1 AU has been 
made with one or more of the following solar wind plasma and/or 
magnetic field characteristics, (a) strong average magnetic field, 
(b) smooth latitudinal rotation of the Bz component (in GSM 
coordinate system) (c) reduced level of proton temperature, (d) 
low value of plasma beta, and (e) counter-streaming of electrons 
(e.g., Manoharan et al., 2004). Figure 3 includes the stack plots of 
following parameters observed with a temporal resolution of 5-
min during 22 - 23 June 2015: (i) average and Bz component of 
the IP magnetic field, (ii) speed, density, and temperature of the 
solar wind plasma, (iii) plasma beta (β) parameter, which is the 
ratio of plasma pressure to magnetic pressure, (NkbT)/(B²/2μo), 
where N and T are the solar wind density and temperature, and B 
is the strength of the magnetic field, and (iv) geomagnetic storm 
intensity index, SYM-H (plus Dst index plotted with 1-hour 
resolution), (v) distribution of cosmic ray modulation (i.e., 
Forbush decreases, FD) as recorded by a network of neutron 
monitoring stations distributed over a large range of geographic 
latitudes as well as longitudes, and (vi) profile of proton flux 
detected by the near-Earth satellite in the energy range >10 MeV. 
The halo CME event on 21 June 2015 caused a fast IP shock 
(speed ~ 750 km/s) at 18:35 UT on 22 June, followed by the 
crossing of the ICME (speed ~710 km/s) at the early hours on 23 
June. The above discussed IPS observations (Figure 2) as well as 
the spacecraft data sets are consistent with the arrival time of the 
ICME at the Earth's magnetosphere. The time periods before and 
after the interval discussed in Figure 3 have also shown to have a 
compound event with possibly more than one shock and ICME 
(e.g., Liu et al., 2015; Manoharan et al., 2016; Webb and Nitta, 
2017).  

As shown in Figure 3, in the time interval between the arrivals 
of the IP shock and ICME (i.e., in the compressed sheath region), 
the Bz component (measured in the GSM coordinate system) of  



Sun and Geosphere, 2018;                                                               13/2: 135 -143                                                               ISSN 2367-8852 

 137

 
Figure 1: (a) An image from Solar Dynamic Observatory at 193 Å of an M2/1N flare at 01:48 UT on 21 June 2015 

(https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?date=20150621&img1=sdo_a193&img2=lasc2rdf). The arrow mark 
indicates the flaring location on the Sun. (b and c) LASCO white-light running difference images, respectively, from C2 (at 02:48 
UT) and C3 (at 03:54 UT) coronagraphs. In these images, the central circle represents the position of the solar disk. The 
propagation of the halo CME associated with the above flare can be seen clearly in these images. 

 
Figure 2: (a) The raw IPS snapshot image (based on g-values of several sources) observed with the Ooty Radio Telescope, during ~05:30–

15:00 UT on 22 June 2015. It represents the snapshot sky-plane image (analogous to LASCO white-light image). The color code 
indicates the low-level of g-value (red color code) to high-level (blue color code). The concentric circles are at 50 solar radii 
interval. (b) The solar wind density image obtained from the 3-D tomographic reconstruction of the Ooty IPS measurements. In this 
an ecliptic plane view image, the circle represents the orbit of the Earth and the black dot on it shows the position of the Earth. 
The arrow shows the central part of the CME crossing the Earth. (c) Time series of IPS estimates (velocity and g-level) on 22 June 
2015. Each dot on the plot corresponds to an IPS source. The top panel shows the distribution of closest approach heliocentric 
distances of  observed sources (p = sin(ε) in solar radii, where ε is the solar elongation; i.e., p is the closest solar approach distance 
of the line of sight to the radio source). Each triangle symbol (i.e., red (west of Sun) and blue (east of Sun), respectively) 
represents average heliocentric distance over an observing time period of ~20 minutes. In the bottom and middle panels, the 
propagating CME structures can be evidently seen from the high speed data points (above the background speed of ~350 km/s and 
the typical background solar speed is indicated by dashed red line) and high g-level/density values (a g-level≈1 represents the 
background or ambient solar wind and it is shown by the dashed red line). 

the IP magnetic field shows large oscillations and it drops for a 
short duration to a minimum value of -38 nT, in which situation 
the IP magnetic field is mostly pointed toward the southern 
direction. The negative value of Bz can be geoeffective. This 
value of Bz = -38 nT is the lowest value of Bz observed in all 
these storms. The sheath region has also been responsible for an 
intense geomagnetic storm of intensity -135 nT, at 20:15 UT on 22 
June. However, a much more intense storm of strength -207 nT at 
04:25 UT on 23 June has been recorded after the arrival of the 
ICME, in which the intrinsic magnetic cloud shows a relatively 
prolonged negative Bz component. Additionally, the above IP 
shock has been strong enough that in relation to it, a strong 
magnetic pulse of intensity +77 nT has also been recorded in the 

SYM-H index, suggesting the involvement of a severe dynamic 
pressure pulse of the solar wind at the Earth's magnetosphere. 
Further, an intense shock storm particle event has been observed 
immediately after the arrival of IP shock at a level of about 5 
times above the background proton flux at energies >10 MeV. The 
cosmic ray flux also shows a minor positive peak near the time of 
the IP shock. While the passing of the ICME through the 
magnetosphere of the Earth, a considerable level of Forbush 
decrease (FD) has been recorded in the network of neutron 
monitors. However, the level of FD shows a large north-south 
geographic latitudinal asymmetry and the reduction of cosmic ray 
flux varies from about 3 to 8%. 
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Results and Discussion 
The above analysis procedure has 

been followed for all 21 intense storm 
events. A careful examination as well 
as comparison of the IP magnetic field 
data and geomagnetic storm index 
reveals that the Bz component of the 
IP magnetic field is well correlated 
with the strength of geomagnetic 
index. In these, 19 geomagnetic storms 
have mainly been associated with the 
negative Bz component of the ICME 
and/or magnetic cloud and 2 storms 
have been produced by the magnetic 
field in the compression or sheath 
region, between the arrivals of shock 
and ICME. Each FD associated with 
these geomagnetic storms show 
different levels, from a decrease of 
about -2% up to about -10%. It is to be 
noted that in these CMEs, only 12 of 
them are Earth-directed events 
(originating locations within ±35 deg. 
from the center of the solar disk). 
However, since all of them are fast 
and wide (halo and partial halo CMEs 
of width >160 deg.) as well as due to 
the propagation effects such as 
deflection and/or rotation, the portion 
of the CME or its corresponding 
shocked solar wind structure 
grazing/passing the magnetosphere of 
the Earth could cause the intense 
storm. When we examine the initial 
speed of individual CMEs in the 
LASCO field of view, 19 of them 
traveled well above the ambient solar 
wind speed and 2 events started 
although with low initial speeds, but 
attained speeds faster than the 
background wind at the end of the 
LASCO field of view. The average 
speed of these CMEs is <VLASCO> 
~990 km/s; but, the individual initial 
speeds show a large range from ~180 
to 2680 km/s. (It should be noted that 
the initial speed of a CME measured 
by the LASCO is the speed projected 
on the sky-plane and the 
underestimation caused by the 
projection varies depending on the 
originating location of the CME on the 
solar disk (e.g., Manoharan, 2006)). 
Moreover, as indicated by the 
available IPS data, these CMEs 
traveled considerably fast, <VIPS> ~ 
750 km/s, at a distance of about 0.5 
AU in the inner heliosphere. These 
CMEs were also associated with 
strong IP shocks at 1AU: average 
magnetosonic Mach number is <Ms> 
= 3.4; the average Alfvenic Mach 
number is <Ma> = 4.2; the average 
shock speed is <VSHOCK> = 590 km/s. 
Some of the shocks have been strong 
enough to produce a significant 
amount of flux of storm particles. 
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Figure 3: Stack plots of IP magnetic field (<B> and Bz (in GSM coordinate system)) measurements and solar wind parameters (proton 

speed (Vp), density (Np), temperature (Tp), and plasma beta (β)), during day numbers 173.5 – 175 (22 and 23 June 2015). This 
figure also includes SYM-H and Dst indexes, percentage decrease of cosmic ray flux (CR) recorded by several neutron monitoring 
stations, and proton flux at energies >10 MeV. All the data sets are at 5-min resolution (obtained from OMNI data available at 
https://omniweb.gsfc.nasa.gov), except Dst index and FD data, which are at hourly resolution.  

 
For the present list of major storm events (Table 1), in-situ 

solar wind parameters and IP magnetic field data have been 
carefully examined and compared with the list of common 12 
intense storms reviewed by Gopalswamy et at. (2015a). Since the 
study by Gopalswamy et al. (2015a) has considered the Dst index 
based on one-hour resolution data, their indexes are marginally 
lower than the SYM-H indexes reported in the present analysis 
and on the whole the results of their events are consistent with the 
present study. Some of the detailed findings are: (1) In the case of 
CME event on 04 August 2011 (refer to Table1, event #1), it 
would have likely interacted with the previous slow halo CME 
originated nearly at the same location about 10 hours earlier. In 
the in-situ data, we could also identify two IP shocks, respectively,  

 
at 17:45 UT and 19:00 UT on 05 August. However, the magnetic  
storm seems to peak after the arrival of the ICME (also interaction 
between CMEs has likely led to a complex structure). (2) 
Similarly, the storms associated with the second and third CME 
events have been considered after the arrival of their respective 
ICMEs. (3) For CME events on 28 September 2012 (event #7) and 
15 March 2013 (event #10), the storms start to develop during the 
period of the sheath and however they peak (attain lowest SYM-H 
values) after the arrival of the respective ICMEs. Thus, the storm 
events peaked after the arrival of the ICME have been considered 
to be associated with their respective ICMEs. (4) The analysis of 
event #11 on 27 May 2013 was rather difficult and Gopalswamy 
et al. (2015a) reported its association with a stream interaction  
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region. The identification of the CME in the near-Sun region was 
an involved process and the CME recorded by the LASCO 
showed association with a back-side CME as observed by 
STEREO A and B space missions. STEREO-B observed the event 
at the west side of the central meridian of the Sun and STEREO-A 
saw it as a CME just behind the west limb of the Sun (refer to 
https://stereo-ssc.nascom.nasa.gov) and with respect to 
LASCO, it would be in the south-east direction. But, the CME 
speed estimated from the STEREO-A was less than of the LASCO 
speed. If the same event was recorded as a limb event by 
STEREO-A, the projection effect should be minimum and its 
speed should be the highest. It is possible that two CMEs occurred 
nearly at the same time. In the in-situ data sets, 2 IP shocks were 
observed, separated by ~20 hours, possibly the first one was 
associated with the CME and the second was due to the stream 
interaction region. The arrival of the first shock at 16:20 UT on 31 
May 2013 was followed by the typical ICME signatures (electron 
fluxes were also examined). Moreover, nearly at the time of 
arrival of the second shock at about 07:40 UT on 01 June 2013, 
the storm maximized at -134 nT. The high-speed stream followed 
after the arrival of the second shock. Also by examining the 
speeds of these shocks, we consider the storm to be associated 
with the arrival of the CME event. 

For nearly all events considered in this study, at the time of 
minimum Bz, the other components (i.e., Bx and By) were less 
than the Bz value, suggesting the storm has been dominated by the 
southward orientation of the magnetic field. The average speed of 
the ICMEs at 1 AU is <VICME> = 520 km/s and the spread in 
ICME speeds is considerably smaller compared to the range 
observed in the initial speeds at the LASCO field of view (refer to 
Table 1). This result although is consistent with the previous 
studies (e.g., Gopalswamy et al., 2000; Manoharan et al., 2004; 
Manoharan 2006; Manoharan and Rahman, 2011), the present 1-
AU average speed is higher than that of the previous cycle. 
Therefore, the initial speed, the transit time, and the average 
transit speed of each CME are further examined. The time 
difference between the onset of the CME at the LASCO field of 
view and the arrival of the ICME at 1 AU provides its transit time. 
Depending on the speed of the propagation, transit times range 
between ~40 to 110 hours. In Figure 4 (right plot), we compare 
the transit time with the initial speed at the LASCO field of view 
and it shows a large scatter in travel time for a given CME speed. 
On the other hand, as illustrated in Figure 4 (left plot), the travel 
time shows a systematic increase with the decreasing ICME speed 
at 1 AU  (shown as red dots). However, the plot is for the final 

 

 
Figure 4: (left) The transit time of the CME from the LASCO field of view to the orbit of the Earth is plotted against the observed in-situ 

speed of the ICME at 1 AU (red dot symbols). The red curve shows the computed travel time using the ICME speed at 1 AU, with the 
assumption that the CME traveled at a constant speed, VICME, from Sun to Earth. The observed travel time and final speed at 1 AU 
are employed to estimate the average speed of the CME as well the possible speed, VEST, at the LASCO field of view (refer to 
equation 1). The estimated initial speeds (VEST) are plotted as blue star symbols. (right) The transit time of the CME plotted as 
function of initial speed of the CME, VLASCO. The red curve is shown as a reference, which is same as the above plot. Except for two 
CMEs located at the left of continuous curve, all the events decelerated in the Sun-Earth distance.   

 
Figure 5: (a) Geomagnetic index, SYM-H, plotted as a function of product of southward component of interplanetary magnetic field and 

in-situ speed of ICME at 1 AU (i.e., BZVICME). The dotted line is the best fit to the data points . The two dashed lines indicate, 
respectively, upper and lower boundaries of the geomagnetic index for a given value of BZVICME.  (b) Distributions of 5-min data 
points of plasma beta during the period 2011 – 2017. The histogram shown in red represents the ambient solar wind, V < 400 km/s, 
condition. The histogram shown in blue corresponds to ICMEs plasma data, covering a day-long period starting at the onset of each 
ICME at 1 AU. 
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speed of the CME. A large range of initial speeds in the near-Sun 
region and the systematic behavior seen in Figure 4 indicate that 
CMEs have likely gone through considerable evolution. Since the 
travel time and VICME are observed quantities, they are useful to 
infer the initial conditions of the CME in the LASCO field of 
view. For example, the transit time and the average transit speed 
(VAVG) (e.g., Manoharan and Rahman, 2011) are useful to 
understand the overall evolution of the CME, 

2
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eTransitTimCME
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V

+
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(1) 

Thus the observed transit time and speed of the VICME at 1 AU 
can be used to estimate the typical starting speed, VEST, of the 
CME at the onset distance of the LASCO coronagraph, i.e., at ~2 
solar radii, assuming that the CME has gone through a linear 
deceleration or acceleration. The estimated initial speed (VEST) 
and the ICME speed at 1 AU (VICM) are useful to understand the 
speed evolution of a CME in the Sun-Earth distance and it may 
not be however helpful in predicting the arrival of the CME at 1 
AU. It is seen that for about 50% of the events, the estimated 
initial speed, VEST, has been much lower than the corresponding 
VLASCO, suggesting that in these cases, the initial speed in the near-
Sun region has probably been related to a sudden expansion of the 
CME. For example, Gopalswamy et al. (2014) also reported the 
anomalous expansion of CMEs observed in Cycle 24. As the CME 
propagated away from the LASCO field view, its speed has likely 
stabilized due to the equilibrium attained by the CME with the 
surrounding solar wind. It is to be noted that the LASCO speeds 
are measured in the plane of the sky and the actual CME initial 
speeds could have been higher than those recorded by the 
LASCO. In the present cases, even without taking the projection 
into account, the near-Sun LASCO speeds are largely higher than 
the estimated initial speeds, VEST, and the consideration of 
projection may lead to larger deviations. The VEST values are 
plotted as blue star symbols on Figure 4 against their 
corresponding transit times. The VICME and its corresponding VEST 
are joined by dotted lines for 2 events and the width (i.e., VEST – 
VICME) provides the effective acceleration experienced by the 
CME. It is interesting to note the increase in separation between 
VEST and VICME as the travel time decreases or for increase of 
speed. For 19 events, VEST is higher than its VICME and its shows 
the effective deceleration experienced by the CME in the solar 
wind. However, in the low-speed portion of the plot, 2 events 
show VICME > VEST, suggesting that these events have gone 
through a marginal acceleration. In Figure 4, the red curve shows 
the transit time to 1 AU for a CME propagating at a constant 
speed equal to its final speed at 1 AU, i.e., VICME. This represents 
the average speed of propagation, VAVG and the speed estimates 
obtained from IPS measurements at about 0.5 AU are consistent 
with the VAVG estimates. For a given VICME, the above curve 
however gives a lesser travel time than that of the previous cycle 
(e.g., Manoharan and Rahman, 2011).  

The storm indexes range between -100 to -233 nT (2 events 
are severe and their SYM-H values are less than -200 nT) and 
show an average of about -135 nT. The study includes more than 
half of the cycle from 2011 to 2017, i.e., from the maximum of the 
cycle to its minimum phase. However, the number of intense 
storms observed is less compared to the previous cycle. They do 
not show any preferential correlation with the initial speed of the 
CME. For all these storms, the minimum Bz values range between 
-38 and -12 nT, with an average of about -20.5 nT. However, the 
lowest value of Bz = -38 nT has been associated with the sheath 
region caused by the CME event on 21 June 2015 and this lowest 
value has been associated with a considerably lesser intense storm 
(SYM-H = -135 nT) than that produced by the ICME (SYM-H = -
207 nT) (refer to Figure 3). Thus, a geomagnetic storm can mainly 
be caused by the southward magnetic field component of the 
ICME and/or of the sheath region between the shock and the 
ICME. The CME speed at the near-Earth space also plays an 

appreciable role in the production of a storm. Therefore, the 
correlation of the geomagnetic storm index, respectively, with Bz 
and with the convective component of the electric field, BzVICME 
has been the focus of several studies (e.g., Tsurutani and 
Gonzalez, 1997; Zhang et al., 2007; Gopalswamy, 2010). Figure 
5(a) shows the scatter plot of geomagnetic index versus BzVICME. 
In this plot, the best-fit dotted line gives an empirical  relation, 
SYM-H = -100 – 0.003 BzVICME (nT) (where Bz and VICME are, 
respectively, in units of km/s and nT) and it is nearly parallel to 
the possible lower boundary storm index, SYM-H = -70 – 
0.003 BzVICME (nT), which is indicated as a dashed line. However, 
the observed scatter suggests that a steep upper boundary of the 
storm index, SYM-H = -70 – 0.01 BzVICME (nT). These equations 
provide a typical range of geomagnetic storms for minimum 
southward components and ICME speeds. For example in the 
upper index side, an ICME speed of ~1000 km/s and Bz = -50 nT 
would provide a storm index of -570 nT; whereas in the lower 
side, a typical speed of ~450 km/s and Bz = -20 nT would provide 
an index of ~ -100 nT. However, the range of storm indexes 
obtained from the above equation is marginally lower than the 
indexes derived for the previous cycle storms, Dst = -32 – 
0.01BzV, as shown by Gopalswamy (2010). 

In the present situation of weak solar activity (i.e., the power 
of the ambient solar wind is low), a magnetic cloud injected with a 
stronger intrinsic magnetic field than that of the ambient flow 
would quickly expand in course of its propagation and the field 
strength would also decrease (e.g., Gopalswamy et al., 2014). The 
other fact is that the compression and rotation of magnetic cloud 
could be an efficient mechanism, which would also lead to a high-
level of geomagnetic storm (e.g., Webb et al., 2000). Since the 
background solar wind is largely prevailed by the low-speed flow, 
the above compression can be possibly ineffective. 

Background Solar Wind Conditions 
The above analysis indicates that for about 50% of the events, 

the initial speed is not consistent with the propagation time and/or 
final speed and these CMEs might have gone through sudden 
expansion, which possibly provides a high initial speed for short 
duration in the near-Sun region. However, the average speed of 
ICMEs at 1 AU is <VICME> = 520 km/s and most of the ICMEs 
show speeds well above the ambient speed. These facts suggest 
that the effect of deceleration imposed (i.e., drag force effected on 
the CME) by the low-speed dominated heliosphere on the 
propagation of CME has likely been overcome by the magnetic 
field associated with propagating CME. In order to understand the 
energy densities of the background solar wind and ICMEs, we 
study the distribution of plasma beta, β, of our in-situ data at 5-
min resolution during the period of the study.  

Figure 5(b) illustrates the typical histogram of the beta values 
at 1AU for solar wind speeds less than 400 km/s (i.e., typical 
ambient solar wind condition shown in red color). There is a clear 
peak around β ≈ 1.5. The tail of the distribution extends to high 
values of β and nearly 80% of the data samples are distributed at 
values greater than 1. It may be noted that a value of beta, β ≈ 1.0, 
corresponds to the equipartition of thermal and magnetic energy 
densities (or pressures). Moreover, a value of beta larger than the 
unity suggests an excessive thermal speed than that of the Alfven 
speed in the solar wind. Along with the above distribution, we also 
plot beta values of ICMEs investigated in the present study. For 
every ICME, one-day period is considered starting from the arrival 
of the ICME at the spacecraft (in Figure 3, ICME arrival time is 
shown by the blue vertical-dashed line). The distribution is 
consistent with the influence of magnetic energy density of 
ICMEs (i.e., magnetic clouds) and more than 85% of the data 
points fall below unity beta value. We have also reviewed 
distributions of density and temperature at 1 AU, respectively, for 
the ambient wind and ICME plasma. In these cases, unlike β 
distribution, about 60% of overlap is seen between the ambient 
and ICME plasma distributions. Taking into account of radial 
variations of temperature, density and magnetic field, the beta 
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distribution at 1 AU reveals that the magnetic energy has probably 
influenced the propagation of these storm-driving CMEs. When 
we examine, the distribution of β for intense storm events of the 
previous cycle, it is noticed that the β values are not as skewed 
towards the low value side. In the present storms, as far as the in-
situ data are considered, the ICME plasma at 1 AU has been 
dominated by the magnetic pressure over the thermal pressure 
(energy densities are not in equipartition) and storms have been 
likely caused by the magnetic cloud configuration. 

Summary: 
Solar Cycle 24 is the weakest cycle since 1900. In this study, 

we have investigated the propagation characteristics of coronal 
mass ejections related to 21 intense geomagnetic storms during 
2011 – 2017. This period covers the second half of the cycle 24, 
from the maximum phase to minimum phase. The storm indexes 
range between -100 and -233 nT and the minimum Bz values 
associated with them range between -12 and -38 nT. Out of these 
storms, 19 of them have been caused by the southward Bz 
component embedded in their corresponding CMEs and 2 storms 
have been produced by the sheath region between the arrivals of 
the IP shock and ICME. The observed storm strength and their 
related Bz values indicate that the cycle 24 is less geoeffective. 
Similar results have also been obtained for the first half of cycle 
24 (e.g., Richardson, 2013; Gopalswamy et al., 2015b; Watari, 
2017). 

The CMEs associated with these intense storms show average 
speeds of 990 km/s and 520 km/s, respectively, in the near-Sun 
region and at 1 AU. A comparison of the initial and final speeds of 
fast CMEs (about 50% of the events) shows that the low-pressure 
of the solar wind has possibly caused the sudden expansion, 
resulting in a high speed propagation for a short distance from the 
Sun and these CMEs show no correlation with the final speed and 
transit time of the CME at 1 AU. An examination of the thermal 
and magnetic pressures of the ambient solar wind with that of 
storm producing interplanetary CMEs shows that the propagation 
is influenced by the magnetic energy of the CME. A comparison 
of geomagnetic storm indexes with the possible reconnection 
electric field component, BzVICME, suggests an empirical 
relationship for the upper level of storm index, SYM-H = -70 – 
0.01·BzVICME (nT) and the results are consistent with the previous 
study by Gopalswamy et al. (2015b). 
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