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This paper has been performed to study the Alfvenic Mach number (MA) in relation to Field Aligned Currents (FACs), 
Polar Cap Potential (PCV), Dawn Dusk Electric Field (Ey) during different geomagnetic conditions. The relations of MA 
with FACs, PCV and interplanetary electric field (IEF)-EY not solely dependent on any solar wind parameter but also 
associate with prior, main, and post conditions of geomagnetic storms. This study has shown that Prior to the arrival of 
interplanetary shock (IS), M  and M  show good relationship with FAC, PCV, EFY, and solar wind parameters, as the 
space weather seems unperturbed. The positive correlations among the various parameters have obtained due to the merging 
of two different interplanetary coronal mass ejections (ICMEs) driven solar storms and consequential intense southward 
interplanetary magnetic field. The negative relationships among the selected parameters may have been due to the slow 
recovery of the IMF-Bz component. This study indicate that the preceding solar winds could be associatedon the variance of 
MA of a geomagnetic event, in turn might have its effects on FACs, PCV, Ey and in other solar wind parameters. 
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1  Introduction 
The solar wind is a magnetized plasma of charged 

particles, viz alpha particles, protons, electrons, etc. 
that flows outward from the Sun1. When the solar 
wind magnetic field interacts with Earth's magnetic 
field, the excitation of the movement of electric 
current increases on increasing energies, in the 
magnetospheric-ionospheric (MI) system, result in 
geomagnetic storms, sub-storms, and aurora2-3. One 
aspect of the interaction of the solar wind and 
embedded interplanetary magnetic field (IMF) with 
the terrestrial magnetosphere is the generation of 
currents, geomagnetically-aligned electric currents, at 
high latitudes in the ionosphere and magnetosphere 
called Field Aligned Currents (FACs)4.  

High altitude region (R1) and low altitude (R2)  
of FACs electronically couple the magnetospheric  
and ionospheric plasma and release the stress  
applied on the outer magnetospheric plasma to the 

ionosphere and upper atmosphere5-7. During the 
dayside magnetopause reconnection, R1 and R2 
become more significant and this mechanism is the 
major driven internal process related to magnetic 
storm/sub-storm. Large FACs are associated with 
polar regions that spans variation in polar cap 
potential due to reconnection process, when magnetic 
field lines intervene with IMF, on the dayside 
magnetosphere and in the magnetotail. For PCV in 
detail, references are herein8-13. PCV is crucial for 
delineation of the coupled magnetosphere-ionosphere 
system12,14.  

The Ey component of interplanetary electric field 
(IEF), 𝐸𝑦 𝑉𝑠𝑤  𝐼𝑀𝐹 𝐵𝑧  maps down to the 
ionosphere as a convection Ey field. Under southward 
IMF Bz conditions, when the geomagnetic field 
merges with the IMF, a dawn-to-dusk convection Ey 
field is formed due to the R1-FACs closing in the 
high-altitude ionospheric dynamo region that can 
modify the orbits of charged particles by shifting 
them towards the dawn sector15-16. 
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Alfven Mach number (MA) characterizes the 
strength of the magnetic field. It is given as ; 
where Vsw is solar wind velocity and V  is Alfven 
speed, the speed with which hydrodynamic waves can 
propagate17. Sub-Alfvenic MAS (<1), the magnetic 
field lines shape the plasma whereas super-Alfvenic 
(>1) conditions, it is the opposite. Sub-Alfvenic MA 
corresponds to a strong magnetic field while a super-
Alfvenic MA corresponds to a weak magnetic field18. 
Furthermore, when the solar wind MA is high then 
thermal plasma forces dominate but when it is low, 
magnetic forces dominate. The coupling efficiency, 
ratio of output to input into M-I system, increases as a 
function of MA

19. Iijima and Potemra20 and 
Kasranetal21 have deduced a linear relation between 
large-scale FACs and Vsw. Similarly, PCV has also 
been found to be related to Vsw. Furthermore, Wilder 
et al22 found an anti-correlation of the dawn FAC 
strength with both the MA and the SYM-H index. 
Adhikari et al23 estimated the FAC and PCV values, 
their observed relationship, good positive correlation, 
validates the occurring of physical mechanism as 
FAC leads PCV. However, there has been less or no 
effort to find the relation of MA to FAC, PCV, and Ey.  

The drastic variation in an interaction of solar 
wind, due to low or high Mach number, with 
magnetosphere rendered a behavior of CME; 
however, geo-effective CMEs tend to have low (in 
average) Mach number. With the fall in Alfven MA, 
the magnetic force as a flow rises; shows anti-
correlation24-25. Furthermore, Borosky and Denton26 
found similar result for magnetic cloud associated 
with CMEs. The magnetosonic and Alfvén Mach 
numbers relation is: M V / V   V /  and 
𝑀𝐴 V /V  respectively (where V ,V , and V  
are sonic, Alfvén speeds, and Solar wind speed). 
During magnetic clouds, 𝑀  and 𝑀  are even closer 
to each other (usually in the low Mach number 
regimes); these are characterized by unusually low 
temperatures27. Lower bound of (M 6.9  for 
solar cycle (SC) 24 is larger in comparison with SC 
22 and SC 23. 

Fairfield et al28 observed distant bow shock 
locations unraveling a much thicker magnetosheath 
during low Mach number regime. Upstream MA 
shows Good agreement with bow shock29. Wang, J. et 
al30 found sunward movement of subsolar bow shock 
with increase in IMF Bz field strength and decrease in 
M  solar wind. Magnetic clouds are featured with 

low MA. Also, the higher the MA value, slower is  
the sunward flow; no sunward flow is expected for  
MA>3.26. Furthermore, decrease in MA value (low 
Mach number) hint of an expansion of bow shock 
surface; however, high Ma >25 shocks are very rare 
in near earth environment. Some of such unusual 
cases were observed in this paper.  

As we know, MA is calculated from Band Vsw. 
Despite this, we have carried out our analysis to 
examine the variation of patterns during the quiet and 
extreme solar wind conditions. Since these parameters 
determine the change in the value of FAC, PCV, and 
IEF-Ey, there must be a direct relation between the M-

A and the parameters of FAC, PCV, and IEF-Ey. In 
this study, our aim is to investigate the relation of MA 
with FACs, PCV, and IEF-Ey under different solar 
wind conditions. Furthermore, our study includes the 
effect of preceding solar wind on the MA of the 
geomagnetic condition, which if studied further would 
help to explain the unusual behavior observed in 
various parameters during the geomagnetic storms. 
 
2 Dataset and Methodology 

Our database consists of 1-minute resolution  
IMF-B and its southward component (Bz) (nT) and 
the various solar wind parameters such as Vsw (km/s), 
proton density (Nsw; i+/cm3), temperature (Tsw; K), 
and flow pressure (Psw, nPa) and Alfvén Mach 
Number (MA) provided by the Omni Data Explorer. 
Three different types of events: a quiet, ICME driven, 
and a co-rotating interaction region (CIR) driven 
events fall under this database for years from 2001-
2005. We adopted Iijima and Potemra20 and Moon31 

method to estimate the values of FAC, PCV, and 
dawn-dusk IEF-Eyrespectively as: 
 

𝐹𝐴𝐶 0.328 𝑛 𝑉 𝐵 𝑆𝑖𝑛 1.4  … (1) 
 

and  
 
𝑃𝐶𝑉 𝑉  𝐵  𝑆𝑖𝑛 7𝑅  ... (2) 
 

In these equations, np is the solar wind  
density (n/cc), Vsw is the solar wind speed (km/s),  

BT is transverse IMF (nT); 𝐵  𝐵 𝐵  and  

θ represents the angle between the Earth’s magnetic 
field and the total IMF vector 𝜃  cos .  
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In Eq (2) lo is the effective length of the X line 
 in a schematic which is empirically determined  
as lo=7RE, where RE is the radius of Earth  
(6.48× 106m).  

In addition, we studied the cross correlation 
between the Alfvenic MA and different solar wind 
parameters like IMF-B, IEF-Ey and Vsw, and other 
parameters such as FACs, PCV, and SYMH during 
the events. This methodology offered a clear insight 
into the relation between these parameters during the 
periods investigated.  
 
3 Results and Discussion 

In this section, we discuss the Alfvenic Mach 
number in relation to field aligned currents, polar cap 
potential, dawn dusk electric field during the quieted 
day and geomagnetic storms.  
 
Event-1: 23 December 2005 (The quietest day) 

Quiet days (Q days) are the geomagnetically  
least disturbed days with Kp (not included in plots) 
values less than 3 and insignificant fluctuation in 
geomagnetic indices like AE and SYM-H). Figure 1 
depicts the unperturbed state of the MI system; no 
prior, main, and post event are separately observed  
for 23rd December 2005. Fifth panel from top, shows 
the minimum value of 25 (10e4 K) for temperature 
while SYM-H index and IMF Bz varied within 5nT. 
The solar wind parameter values, from panel 3-6, 
show gradually decreasing trend towards night  
side. The overall variation in data sets show the 
geomagnetically quiet event. 

In Fig. 2, the variation in AE index value reached 
the maximum of ~75 nT, while negligible variation 
was observed on Alfvenic MA, FACs, PCV, and 
dawn-to-dusk IEF Ey. The value of MA reached the 
maximum of ~28 (>25) at ~3 UT and remained 
consistent for 6 UT- 18 UT32; however, the average 
magnetic field (B) in Fig. 1 dropped down to 
minimum value of 2 nT and SYM-H value to 1 nT. 
The value of FAC also ranged from 1.5 to 3 amp. The 
values of PCV and IEF Ey ranged between 1 to ~3 kV 
and between ~-1.5 to ~1 mV/m respectively. The 
fluctuation in M , FAC, PCV values on dayside was 
slightly higher than that with night side due to the 
consequences of solar wind parameters. The low 
value of FAC was due to the less interaction of IMF 
with the geomagnetic field that resulted in a decrease 
in plasma movement through the magnetosphere and 
a decrease in the electric currents33-34.  

Event-2: 31 March 2001 (ICME driven) 
Figure 3 depicts the fluctuation in the IMF 

components and solar wind parameters during the 
ICME driven storm that occurred on 31 March 2001. 
The impingement of solar wind with bow shock  
of Earth can be identified with the sudden increase  
in negative SYM-H value. Sudden abrupt increase  
in solar wind parameters shows the flow and 
deflection of charge particles with the compression 
magnetosphere. The prior storm phase started at  
~ 0100 UT and lasted till 0300 UT, followed by the 
abnormal short lived four swings showing negative 
IMF Bz excursion can be responsible for intense 
superstorms. During main storm phase, Vsw and IMF 

 

Fig. 1 — Represents the variation in IMF components and solar 
wind parameters observed on 23 December 2005. From top to 
bottom: (a) IMF magnitude (B; nT), (b) southward component of 
IMF (Bz; nT), (c) velocity of solar wind (Vsw; km/s), (d) density 
of solar wind (Nsw; i+/cm3), (e) temperature of solar wind 
(10e4Tsw; K), (f) flow pressure of solar wind (Psw; nPa), and 
(g) SYMH index (nT). 
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B follow a similar pattern. The negative maximum 
IMF Bz value (~ -40 nT) slowed down the recovery 
phase; however, the SYM-H index attains its 
maximum value of -440 nT at ~ 0800 UT. The 
gradual recovery phase occurs during the post storm 
event. 

Figure 4 shows the variation in estimated 
parameters, AE, and SYMH index (identical to Fig. 3 
in the bottom panel). The second row from the bottom 
shows the AE index, which ranges from 100 nT to 
2400 nT. The fluctuation of AE is irregular with a 
maximum value at about ~1700 UT indicates the 
precipitation of charged particles glowing the 
ionosphere. The third, fourth, and fifth panels from 
top show the line plots of FACs, PCV and dawn-to-
dusk IEF Ey. These show a similar pattern of 

variations because they hinge on the strength of  
solar wind-magnetosphere interactions33. This  
shows that the FACs, PCV and IEF Ey are  
linearly correlated to each other. For intense 
superstorms, the average value of IEF Ey is ~23.5 
mV/m35. The value of MA ranges from 1 to 20  
show satisfactory data whereas the value of  
Mms ranges from 1 to 8 such that MA and Mms  
have shown direct relation to each other.  

The fluctuations in FAC and PCV are associated 
with the swift of southward IMF Bz component 
responsible for a change in the electric field of  
cross-magnetosphere36. Positive in SYMH value 
depicts the compression phase of geomagnetic  
storm with the flow of eastward magnetopause 
current37. 

 

Fig. 2 — The different parameters are shown for
23 December 2005. From top to bottom: (a) Alfven Mach number
(MA), (b) magnetosonicmach number (Mms), (c) field aligned
current (FAC; amp), (d) polar cap potential (PCV; kV), (e) dawn
dusk electric field (EFY; mV/m), (f) AE index (nT), and (g)
SYMH index (nT). 
 

 

Fig. 3 — Represents the variation in IMF components and solar 
wind parameters observed on 31 March 2001. From top to
bottom: (a) IMF magnitude (B; nT), (b) southward component of 
IMF (Bz; nT), (c) velocity of solar wind (Vsw; km/s), (d) density 
of solar wind (Nsw; i+/cm3), (e) temperature of solar wind 
(10e5, Tsw; K), (f) flow pressure of solar wind (Psw; nPa), and 
(g) SYMH index (nT). At Ma maximum, the solar wind velocity, 
temperature, density  
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Event-3: 20 November 2003 (ICME event) 
In Figs 5 and 6, we can observe the variation in the 

various parameters associated with the ICME event 
occurred at 20 November 2003. The rises and falls in 
the various parameters help us deduce the underlying 
condition of MA, FAC, PCV, and dawn-to-dusk IEF 
Ey derived from the Interplanetary and solar wind 
parameters. At around 09:00 UT, sudden increase in 
solar wind parameters in Fig. 5 marked the 
commencement of the storm. Rapid fluctuations of 
parameters in both the Figs 5 and 6, during 09:15 UT 
till 11:15 UT, for 2 hours of interval between first 
northward IMF-Bz excursion and the slight recovery 
phase before the second negative IMF Bz excursion 
was observed; however, the average magnetic field  
B shows gradual increasing trend reaching the 
maximum value of ~60 nT at 15:30 UT with the 

decreasing SYM-H (symmetric-H) value till 18:00 UT. 
The multiple peak values of AE during the storm, 
indicates the ongoing auroras. During the storm, FAC 
ranged from 3 to 15 amp while Vsw ranged from  
400 km/s to 750 km/s. The variation pattern of FAC 
 is similar to that of Vsw. The findings of Iijima and 
Potemra20 and, regarding the existence of a linear 
relation between FAC and Vsw, support our finding. 
In addition, anti-relationship between IMF Bz and 
IEF Ey was observed: negative IMF Bz excursion 
(max. ~50 nT) deflects towards southward, 
meanwhile, an IEF Ey (max. ~35 mV/m) increases 
eastward. This leads to an increase in magnitude  
of ionospheric Cross PCV which establishes a linear 
correlation between PCV and Vsw38-40. During this 
event, the value of PCV varied between 0 and 15 kV. 

 

Fig. 4 — The different parameters are shown for 31 March 2001. 
From top to bottom: (a) Alfven Mach number (MA), 
(b) magnetosonicmach number (Mms), (c) field aligned current
(FAC; amp), (d) polar cap potential (PCV; kV), (e) dawn dusk
electric field (EFY; mV/m), (f) AE index (nT), and (g) SYMH
index (nT). 
 

 

Fig. 5 — Represents the variation in IMF components and solar 
wind parameters observed on 20 November 2003. From top to 
bottom: (a) IMF magnitude (B; nT), (b) southward component of 
IMF (Bz; nT), (c) velocity of solar wind (Vsw; km/s), (d) density 
of solar wind (Nsw; i+/cm3), (e) temperature of solar wind
(10e5 Tsw; K), (f) flow pressure of solar wind (Psw; nPa), and (g) 
SYMH index (nT). 
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According to Chapman and Cairns17, when the 
value of solar wind velocity increases during the 
beginning of storm, the MA also increases and shows 
the same fluctuation as Vsw throughout the 
disturbance period. Regarding this storm, as the solar 
wind increased, the value of MA decreased that is 
completely the opposite of the observation of 
Chapman and Cairns17. This observed variability 
helps us conclude that an inverse relationship can also 
exist between Vsw and MA during a strong super solar 
storm. Furthermore, as there is only a gradual or 
incomplete recovery noticed in the IMF-Bz after the 
storm, we believe this delay in the recovery may be 
the reason for the establishment of a negative relation 
between Vsw and MA. In this storm and during its the 
main phase, there was a rapid and remarkable 
decrease in the IMF Bz component while it tried to 

recover slowly after the storm main phase but did not 
recover completely by the end of this event. As the 
Alfven MA denotes the magnetic field strength, we 
conclude that this slow recovery of IMF-Bz was a 
responsible factor for the inverse relation of Vsw and 
Alfven MA observed. 

As PCV, FAC, and IEF Ey are all directly 
proportional to Vsw, and IEF-Ey is inversely 
proportional to Vsw, we can conclude the existence of 
an inverse relation among PCV, FAC, and IEF Ey 
with MA during this ICME driven solar superstorm. 
 
Event-4: 15 May 2005 (CIR event)  

Figures 7 and 8 depict the variation in 
interplanetary and solar wind parameters due to the 
CIR storm structure occurred at 15 May 2005. The 
storm commenced with the positive increment of 
SYM-H value, indicating the flow of current along the 
magnetopause due the rapid compression of bow shock. 
During the prior phase of ICME events (Figs. 3-6), 
there was an abrupt increment in solar wind 
parameters. However, in the case of CIR event in 
prior phase, there existed a gradual increment in solar 
wind parameters with the commencement of storm. In 
prior phase, the data show missing values but the 
SYM-H attends ~ 3 hours (03:00 UT to 06:00 UT) of 
positive increment value before the main phase of 
CIR event. This indicates that the large amount of 
energy was ejected in the magnetopause unlike during 
the ICME event. In addition, strong auroral effect 
with the AE minimum value of ~ 500 nT was 
observed. An abrupt increase in MA value with 
minimum of 10 and maximum value of ~ 48 was 
observed, which is very rare in our solar space 
environment. The MA values are vital for the 
characterization of collision less shocks. During the 
main phase of storm, the lowest value of SYM-H 
approximately -305nT at ~ 08:20 UT was observed 
and thus classified as a major geomagnetic storm 
based on criteria suggested by Gonzalez et al3. Vsw 
maintained the mean value of ~800 km/s throughout 
event. Meanwhile, Psw fluctuated between ~2 nPa 
and ~58 nPa from 03:00 UT to 09:00 UT. The 
variation of FAC and PCV in CIR event is like earlier 
ICME events; however, during the post event, i.e., 
recovery phase the fluctuation in parameters showed 
negligible response. As such, we have a positive 
relation between Vsw and the variables of FACs, 
PCV and IEF Ey but these variables have a negative 
relation with MA. Thus, we conclude the existence of 

 

Fig. 6 — The different parameters are shown for 20 November
2003. From top to bottom: (a) Alfven Mach Number (MA), (b) 
magnetosonicmach number (Mms), (c) field aligned current
(FAC; amp), (d) polar cap potential (PCV; kV), (e) dawn dusk
electric field (EFY; mV/m), (f) AE index (nT), and (g) SYMH
index (nT). 
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a negative relation between MA and these variables 
(i.e., FACs, PCV and IEF Ey) during this storm. 
 
Cross correlations 

In Figs 9-12, the graphs of cross-correlation 
coefficient versus time in minutes are plotted. Cross 
correlation is the standard, multi-time scale, statistical 
tool that estimate time delay between two different 
time scale parameters as a function of time lag to 
draw new information41-43. Pearson’s correlation 
coefficient (r) is the best and most used correlation 
coefficient up to now. The correlation coefficient 
ranges between -1 and 1. In this paper, we have 
employed the cross-correlation technique used by 
Tsurutani et al44, Panditet al45 and Adhikari et al23 to 
analyze and compare the correlation between Alfven 

MA and the parameters of FACs, PCV, and dawn-to-
dusk IEF Ey. The timescale is used to determine the 
lead or lag between parameters at the time of 
correlation. Here, the sequential order, in which 
variables are used, determines the time scale. As all 
our major parameters (i.e, Alfven MA, FACs, PCV, 
dawn-to-dusk IEF Ey), which are denoted by IMF-Ey 
in the cross-correlation graphs, are related to solar 
wind, we expected some relation between them. In 
addition, we could see some relations among them 
through the help of cross correlation. Even though MA 
is calculated from Band Vsw, we have carried our 
analysis to examine the variation of patterns during 
the quiet and extreme solar wind conditions.  

In ICME driven event of 31 March 2001, Fig. 9 
depicts the positive correlation between MA and FAC 
with a coefficient of 0.8 with zero lag, whereas Korth 
et al46 found no detectable dependence of FAC on  
 

 

Fig. 7 — Represents the variation in IMF components and solar
wind parameters observed on 15 May 2005. From top to bottom:
(a) IMF magnitude (B; nT), (b) southward component of IMF
(Bz; nT), (c) velocity of solar wind (Vsw; km/s), (d) density of
solar wind (Nsw; i+/cm3), (e) temperature of solar wind (10e5,
Tsw; K), (f) flow pressure of solar wind (Psw; nPa), and (g)
SYMH index (nT). 
 

 

Fig. 8 — The different parameters are shown for 
15 May 2005. From top to bottom: (a) Alfven Mach number (M-

A), (b) magnetosonicmach number (Mms), (c) field aligned 
current (FAC), (d) polar cap potential (PCV), (e) dawn dusk 
electric field (EFY), (f) AE index (nT), and (g) SYMH index (nT).
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Alfven MA when normalizing the FAC to the median 
solar-wind electric field and dynamic pressure. Good 
anti-correlation of MA and SYM-H was observed. But 
showed poor correlation of MA with the IEF-Ey and 
had moderate relationship with PCV might be due to 
the unpreceded major storm. So, the solar energetic 
particles content in the interplanetary field was less 
and was not affected in a considerable amount by the 
solar wind following this ICME event. However, 
another ICME related event we observed was 20 
November 2003, during which we found that MA was 
in positive correlation with FAC and with no time lag. 
In addition, we also observed that MA was in positive 
correlation with PCV and the Ey and with a time lag 
of ~ +200 min. This result was somewhat different 

from the earlier ICME event of 31 March 2001 
because the 20 November 2003 storm was led by 
another ICME event as well, thus, SEPs were greatly 
affected by the solar winds. Moreover, SYM-H was 
also in a negative correlation with MA during this  
20 November 2003 storm. We also studied one CIR 
event occurring on 15 May 2005 and we found 
expected results during this event as well. In our cross 
correlations, we observed positive correlation 
between MA and FAC and PCV, whereas Ey was not 
in relation with MA. All these relations occurred with 
a 0-time lag. In addition, like other geomagnetic 
events, SYM-H was in negative correlation with MA 
with a ~ -50 min time lag. One distinct observation 
we made during the studying of these events was that 

 
 

Fig. 9 — The line plots illustrate the cross-correlations of Alfven Mach number (MA) with B (blue), Ey (green), Vsw (red), PCV (yellow), 
FAC (pink), and SYMH (black) during 31 March 2001. 
 

 
 

Fig. 10 — The line plots illustrate the cross-correlations of Alfven Mach number (MA) with B (blue), Ey (green), Vsw (red), PCV 
(yellow), FAC (pink), and SYMH (black) during 20 November 2003. 
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MA, FAC, PCV, and Ey started showing some relation 
after the beginning of the initial phase. Before the 
initial phase, they showed no correlation. This also 
supports the fact that MA, FAC, PCV and Ey are 
somehow governed by the solar wind condition. 

However, we came across some unexpected results 
during the quiet day of 23 December 2005. In the 
cross-correlation figure of this event, we found out 
that MA was in correlation with FAC and PCV and in 
no correlation with SYM-H. These were found, as 
expected, but we observed also that the IEF Ey was in 
a negative correlation with MA with a ~ -100 minutes 
time lag. This was not a scientifically meaningful 
result. The result we obtained regarding Ey was due 

to the presence and movements of SEPs leading to the 
solar-wind magnetosphere coupling, which was due to 
the viscous penetration and ionic penetration47. 

Correlation between MA and other parameters such 
as PCV and IEF Ey is dependent on the nature of the 
storm which can be seen through the different results 
we obtained during two ICME events (on 31 March 
2001 when MA was in no correlation with PCV and 
Ey, and on 20 November 2003 when positive 
correlations between MA and PCV and Ey were 
found). Here, the former event was not preceded by 
any other solar event, whereas the later was preceded 
by strong solar storms. In addition, for the quiet 
period of 23 December 2005, we found a negative 

 
 
Fig. 11 — The line plots illustrate the cross-correlations of Alfven Mach number (MA) with B (blue), Ey (green), Vsw (red), PCV 
(yellow), FAC (pink), and SYMH (black) during 15th May 2005. 
 

 
 
Fig. 12 — The line plots illustrate the cross-correlations of Alfven Mach number (MA) with B (blue), Ey (green), Vsw (red), PCV 
(yellow), FAC (pink), and SYMH (black) during 23 December 2005. 
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correlation between MA and Ey due to the viscous 
penetration. From these, we can conclude that the 
conditions governing the variations of MA, FACs, 
PCV, and IEF Ey during the storm periods 
investigated were somehow similar during the 
disturbed period and were closely related to the 
prevailing solar wind conditions. However, the 
viscous penetration during the quiet day led to some 
scientifically not meaningful results regarding the 
condition of Ey during the quiet period. All these 
correlations are further supported by our 
observational results and discussions documented in 
our previous study.  
 
4 Conclusions 

To unveil the subtlety in geomagnetic storms due 
to different solar events, we have analyzed the 
fluctuations of Alfven Mach number associated with 
magnetic fields of different solar events. Geomagnetic 
storms are associated with solar wind conditions and 
reflect the features of CME, ICME, CIR, HSS etc. 
Often, the magnetic fields are crucial for identifying 
the behavior of geomagnetic storms. Furthermore, in 
this study, we have analyzed the solar wind variables 
such as MA, large-scale FACs, PCV, and dawn dusk 
IEF EY during different solar wind activities. The 
relations of Mach number with FACs, PCV and IEF 
EY are not solely dependent on any solar wind 
parameter but are affected by various conditions prior, 
during, and post the storm events regarding their 
prevailing solar maxima or minima conditions, 
ICMEs or CIR driven storms etc. Furthermore, 
conclusions of this paper are as follows: 
(i) Prior to the arrival of interplanetary shock  

(IS), M  and M  show good relationship with 
FAC, PCV, EFY, and solar wind parameters; as 
the space weather seems unperturbed. 

(ii) On average, the value of M  (~6) during Quiet 
event is like the average value (~6) of M  prior 
to the arrival of interplanetary shock of CIR and 
ICME events. 

(iii) After the arrival of IS: abrupt increase in M  
shows the flow of eastward magnetopause 
current. However, a rapid decrease in M  value is 
observed with the increase in negative interval of 
SYMH, the compression of Earth’s magnetosphere 
results in geomagnetic disturbance. 

(iv) During the main phase of geomagnetic storm on 
all events, cross-correlation analysis substantiates 
the result obtained with good correlation 

coefficient of M  with FAC, PCV and other 
parameters of solar wind, agrees with results of 
previous research. We found that there is zero-
time delay of M  with both Vsw and FAC on all 
events. However, correlation of MA with Ey 
showed erratic. 

(v) On CIR event (15 May 2005): during the main 
phase of geomagnetic storm followed by recovery 
phase, the M  value reaches lower (on average) to 
1. Interestingly, however, there is sharp increase 
in M  (~ 45) value during the arrival of IS which 
is even greater than the value of MA during the 
Quiet event. Such shocks are very rare in near 
space weather environment and are momentary 
might be due to predominance of the solar 
maxima condition.  

The positive correlations among the various 
parameters were due to the merging of two different 
ICMEs driven solar storms and consequential intense 
southward interplanetary magnetic field. The negative 
relationships among the selected parameters may have 
been due to the slow recovery of the IMF Bz 
component. Since, MA is influenced by the variations 
in any components of the IMF, so, the delay in IMF 
Bz recovery can be a scientifically meaningful reason 
of negative correlation among these parameters. The 
negative correlations observed between the Mach 
number and the IEF Ey could be due to the viscous 
and ionic penetrations too.We also conclude that the 
preceding solar wind could have vast effect on the 
variance of MA of a geomagnetic event, in turn might 
have its effect on FACs, PCV, Ey, and also in other 
solar wind parameter. 
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