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Abstract: We investigated three intense solar–terrestrial disturbance chains in 2022 viz. an X1.5 flare on  February 15, an 
X1.0 + M8.7 flare based CME sequence on  October 2 and a G3-geomagnetic storm driven by multiple CMEs on October 
4 thereby aiming to diagnose how impulsive solar energy input cascades through the coupled ionosphere and troposphere 
system. Multi-platform data sets were used: GOES/SDO EUV–X-ray fluxes, ESA Solar Orbiter imagery, SWPC solar-wind and 
IMF parameters, ground-based ionosondes (TEC, NmF2, Ne, f0F2) and surface meteorological records. Results reveal a spectrum 
of responses governed by event type and magnetic field geometry. Immediate ionospheric impacts show a TEC bulge 
within < 5 min and peak NmF2/f0F2 at 16:00 UT. These were exclusive to the Earth-pointing X1.0 flare on October 2, neither the 
backside X1.5 flare nor the geomagnetic storm responsible for the production of such daytime surges. Ring current and TEC 
coupling was strongest on October 2. Bz minima (-8 nT) coincided with a 588 km s⁻¹ solar-wind stream, yielding the highest 
polynomial 0th and 1st coefficients in TEC-Dst hysteresis loops. Storm scale forcing on  October 4 manifested as sustained Kp = 7 
and deep polar-cap absorption though the correlation of flare flux with Kp as low. Joule heating driven gravity-wave packets 
elevated high latitude surface pressure by 2–3 hPa and enlarged standard deviations of TEC and NmF2. Back-side eruptions on 
 February 15 generated a negligible tropospheric or ionospheric change despite of a 3 Mkm prominence; SUVI-STEREO 
imagery confirmed the eruption’s off-disk trajectory thereby highlighting geo-effective line-of-sight requirements. Surface 
meteorology echoed upper-atmosphere forcing as the X1.05 flare embedded in the October 2 sequence cooled near-surface air 
and dew point while raising humidity and pressure, consistent with rapid modulation of the global atmospheric-electric circuit. 
Collectively, the study demonstrates that only Earth directed, magnetically connected sources drive coherent, multi-layer 
perturbations. Event specific lag signatures as in minutes for flare ionization, in hours for CME ion-drag heating and days for 
storm time gravity-wave coupling so these are critical to forecasting technology relevant ionospheric gradients and extreme 
weather precursors. 
Keywords: Solar flare, CMEs, Solar-Terrestrial coupling, TEC and Geomagnetic storm  
 

I. INTRODUCTION 
A solar flare is a phenomenon on the solar surface characterized by the impulsive release of energy. Solar flares are associated with 
the coronal mass ejections. Where the solar magnetic and its embedded particles are thrown into the interplanetary space and solar 
environment. The modifications in the solar wind density with magnetic field alignment strength are occurred during the activity [1]. 
In the ionosphere over the Earth’s surface dynamo process is executed due to the flow of plasma current and thereby its magnetic 
field. At the solar perturbation, intervention of variable solar magnetic field and modifications in the solar proton density, the 
dynamo process is disturbed [2,3]. Solar flares are originated from the active places of sunspots [4]. At the vicinity of several 
sunspots the flares are generated. Some of these flares use to face the Earth [5]. At this perturbation in the Earth atmosphere is 
located and the intensity of the solar flare is measured through the Geo-synchronous observatory environmental satellites (GOES) in 
the X-ray band [6]. For the last few decades, Sun is flaring more and more towards the approaching of the solar maxima in the 
eleven-year solar cycle and during the year 2022, these flaring events get more pronounced. There is continuous burst from the solar 
corona due to the magnetic activity. These burst instigates the solar plasma with magnetic fields into the interplanetary space [7]. 
These are resulted into the CMEs, following which the collision of the solar ejecta and Earth’s magnetic field is happened there by 
causing a geomagnetic storm [8]. 
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In this context on February 15, 2022 at 1815 UT, the European Space Agency reported that its solar orbiter spacecraft captured the 
longest solar prominence together with the full solar disk [9]. That prominence was about 3 million km long, which covers 
approximately 250 times diameter of Earth. The prominence has originated on the Earth’s opposite side sun. An X class-flare, the 
most powerful category of solar flare has supposed to appear in this event. Prominences like this one are huge structures on our local 
star, made of superheated gas called plasma, intertwined with solar magnetic fields. These are commonly called CME’s, existing as 
enormous filling of the plasma and sometimes directed towards Earth [10]. The sunspot AR2941 is generated this M-class solar 
flares. The category was M1.3 explosions with a minor shortwave radio blackout over South America is reported [11].  
On October 2, 2022 a giant class of strong solar flare is observed through solar dynamics observatory (SDO) where X1.0 class of 
flare is observed peaking at 4.25 p.m. in EDT [12,13]. It is detected from the AR3110 less active region of the Sun where from this 
X1-class solar flare is generated. Pacific Ocean and few parts of North America had experienced shortwave radio blackout is 
generated as reported from the flare images. As per the usual processes, there should be a throughput of the CMEs into the space.  
On October 4, 2022 a prediction of generation of G2- class of geomagnetic storm along with the overlapping of multiple CMEs with 
the Earth's magnetic field is reported by National Oceanic Atmospheric Association (NOAA) [14,15]. A strong group flares is 
reported to be generated from the sunspot AR3110 due to constant obstruction of CMEs done by this sunspot. The newly form 
AR3112 sunspot is also considered during these prediction as this spot is fully grown and through the month of October its shows 
high level of activity and faced the Earth at its transits on the solar disc. Solar flare affects the various ionospheric parameters in 
considerable amount of which F2 agitated most, as it positioned extreme externally among all the layers.  
The surface layer parameters are also affected from the particles and the field emitted from the solar radiation during flare. Coronal 
mass ejections (CMEs), solar-flare effects (SFEs) and the geomagnetic storms can disturb not only the ionosphere but also the 
lowest layers of the atmosphere. When an Earth-directed CME compresses the magnetosphere the Joule heating and particle 
precipitation, inject energy that cascades downward as gravity-wave packets [16]. A statistical study in Antarctica documented 
measurable rises in near-surface temperature, humidity and cloud cover within 2–3 days of sustained ultra-low-frequency 
geomagnetic activity associated with storms [17]. During strong flares, sudden bursts of X-ray and EUV flux modify the global 
atmospheric-electric circuit. The balloon and ground sensors record these brief fluctuations in surface potential gradient and 
pressure attributable to the extra ionization [18]. The crochet-like magnetic signature that defines an SFE provides a precise timing 
marker for these electrodynamic changes and links them to flare onset [19-22].  
In this work, we have analysed these three categories of solar perturbations from the aspects of meteorological and ionospheric radio 
data on surface and ionosphere F2 layer respectively. Some of the observational significant insights as obtained from this part of the 
analyses during those perturbations are as follows  
1) February 15, 2022: X1.5 and M-class flares, Associated CME arrival time: 17.5 hours post-flare resulted in Kp=6 geomagnetic 

storm,. 
2) October 2, 2022: M8.7 Flare, CME release for which a notable ionospheric onset <5 min is observed and tropospheric pressure 

anomalies 
3) October 4, 2022 Geomagnetic Storm (G3-Class), Triggered by CME from September 30 AR13141 flare complex, Sustained 

Kp=7 conditions for 9 hours, deep polar cap absorption (PCA) event, Mid-latitude TEC enhancements >20 TECu and Surface 
pressure anomalies of 2-3 hPa at high latitudes.  

Therefore, the present study carried out to analyse the observational insights that yields interesting results as a sign of solar-
terrestrial coupling from the impacts on the parameters ionopsheric and surface layers on the solar perturbation events. 
 

II. DATA ANALYSIS 
A. Observation from Space Probes  
Following tabular representation shows the detail of the space probe borne observatories and their on board instruments through 
which the radio data are received for the solar perturbation events on February 15 and October 2 and 4, 2022 

TABLE I 
DETAILS OF THE INSTRUMENTS AND OBSERVATORIES BORNE BY SPACE PROBES FOR THE RECEIVED RADIO DATA 

Feature LASCO C2 
[23] 

LASCO C3 
[23] 

AIA 304[24] AIA 131[24] AIA 171[24] 
EUI/FSI 
(Solar 
Orbiter) 

Platform SOHO SOHO SDO SDO SDO Solar Orbiter 
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Observation 
Type 

White-light 
coronagraph 

White-light 
coronagraph 

EUV imaging EUV imaging EUV imaging EUV wide-
field imaging 

Wavelength 
 ~400–700 nm ~400–700 nm 304 Å (He II) 

131 Å :Fe VIII- 
XXI 171 Å : Fe IX 174 Å :Fe IX 

Temperature 
Sensitivity 

Not 
temperature-
specific 

Not 
temperature-
specific 

~50,000–
80,000 K 

~0.4 MK and  
~10 MK ~0.6 MK ~0.8 MK 

Field of View 1.5–6 ܴ ⊙ 3.7–32 ܴ ⊙ 
Full solar disk 
(~1.3 ܴ⊙) 

Full solar disk 
(~1.3 ܴ⊙) 

Full solar disk 
(~1.3 ܴ⊙) 

Full solar disk 
+ corona 
(~3.5 ܴ⊙) 

Layer 
Observed 

Inner corona Outer corona / 
heliosphere 

Chromosphere & 
transition region 

Hot flare 
regions 

Quiet corona and  
transition 

Corona 
(large-scale 
EUV 
structures) 

Primary 
Applications 

CME onset, 
streamers 

CME 
propagation, 
comets 

Prominences, 
filaments, flare 
ribbons 

Flare loops, hot 
plasma 

Coronal loops, 
coronal holes 

Wide-field 
view of 
coronal 
eruptions 

Pulse/Cadence ~12–20 min ~30 min 12 sec 12 sec 12 sec 
~5 min 
typical (varies 
with mode) 

Resolution 
~56 
arcsecpixel-1 

~118 
arcsecpixel-1 0.6 arcsecpixel-1 

0.6 arcsecpixel-

1 0.6 arcsecpixel-1 

~5.6 
arcsecpixel-1 
(for full-disk 
FSI) 

“SOHO: Solar and Heliospheric Observatory”, “SDO: Solar Dynamics Observatory LASCO C2 and C3: Large Angle 
Spectroscopic Coronagraph Camera 2 and 3”, “AIA: Atmospheric Imaging Assembly; EUI: Extreme Ultraviolet Imager”, “FSI: 
Full Sun Imager”, ܴ⊙ : Solar radius, 1MK:100000K, 1 arcsecpixel-1 = 1/3600 of a degree 
 

 
Fig. 1 Image of solar flare prominence on Feb 15, 2022 (a) to (e) from the FSI (EUI) (images of the solar disc spread about 3.5 
million kilometers into the space shown by the center image), (f) to (j) from the LASCO-C2, LASCO-C3 and AIA 304, (k) to (o) 
from LASCO-C2 and LASCO-C3 and p to t from LASCO-C2. (SOHO and LASCO C2 imagery is superposed) [Courtesy: SOHO/ 
LASCO consortium. SOHO (ESA and NASA), www.helioviewer.org] 
 
The Figure 1 shows Solar Orbiter spacecraft, imaging part captures the solar disc and about 3.5 million kilometers spreading in 
space located by the center image. With this C2 imagery of LASCO instrument of SOHO is superposed for further tracing.  
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It is reported by the several space organisations that on October 4, 2022 that few faster moving CMEs are emitted from the Sun’s 
surface and those will be overtaken by the following giant CME’s. The emitted space cloud from that CME contains the 
combinations of cloud and twisted magnetic fields that can generate the sparking auroras. This kind of CME is marked as Cannibal 
CME. The geomagnetic storm level approaches up to category G2 at this strike. This generates the Pink auroras as they occur in rare 
[25]. Another class of auroras are in nature of pulsations they are also rare. Mysterious pulsating auroras are also linked as Earth 
magnetosphere “chorus waves” [26,27]. On the night of Oct 4, 2022 in Abisko in Sweden, the sky watchers observed both the 
classes of CMEs at that duration. The time variant images of which is generated as shown by Figure 3 from the photography of 
Miquel Such [28]. The occurrence of the Pink auroras happens when solar wind particles penetrate deep enough into the Earth's 
atmosphere, while striking the molecular nitrogen less than 100 km above Earth’s surface [25].  
 

  
Fig. 2 Image of solar disc with flare a to d through AIA-131 Ǻ filter, (Dark area surrounding the flare event is shown after the 
correction process by utilising point spread function), e to h through AIA-171 Ǻ filter and i to l through AIA-304 Ǻ filter on 

October 2, 2022, 20.27.30 TAI (International Atomic Time) [13] 
 

 
Fig.3 Pink auroras and pulsating auroras, Abisko, Sweden, sky watchers witnessed both rarities at the same time on October 4, 

2022. (Picture credit: Photographed the display and created this time lapse, Miquel Such [28] 
 

It is clear from the above observation that a breakage in the Earth's magnetic field on October 3, 2022 (as the observations in present 
analyse are taken for October 2 and 4, 2022) was appeared and the particles are able to reach that said near Earth level.  
 
B. Observational and data driven analysis of solar events  
The location based on which this study is done is Kolkata (West Bengal in India) with Latitude: 22.60, longitude: 88.40 and altitude: 
300 km.  The days are considered here for the analysis are October 2, 2022, October 4, 2022 and February 15, 2022. The parameters 
of the ionopsheric-layer are obtained from the Ionosondes and Scattering Radars data. These data are the collected from the 
International Reference Ionosphere (IRI): CCMC,GSFC (NASA) Model:2020. 
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These data are taken for the 0.1 sec resolution in the time scale and the ranges of data sets are 50 to 15,000 kms. The TEC, f0F2, Ne 
and NmF2 are considered here. In the geomagnetic activity, the parameters like three hours Kp index and derived Ap and Cp indices 
are considered here. These geomagnetic data are collected from GFZ Helmholtz Potsdam, Germany. The Kp, Ap, Cp indices and 24 
hrs. Dst index are considered here for the said days. Dst index is collected from University of Kyoto. The X-band solar data is 
collected from Geosynchronous Orbiter Environmental Satellites (GOES) of National Oceanic Atmospheric Authority (NOAA). 
The L-band communications of these satellites are done from the space to Earth. These GOES scale classification ranges as 10-

7<B<10-6, 10-6<C<10-5, 10-5 <M< 10-4 and 10-6<X<10-5. The surface meteorological data are collected from Wyoming University. 
 

TABLE III 
DETAILS OF THE FLARE HAPPENED ON THE PERTURBED DAYS 

Dates Flares Most intensified class of flares Back ground 
flux Class Numbers Magnitudes  Starting Peak End 

October 
2, 2022 

C 10 C8.9 14:48 14:57 15:12 

C1.47 

C9.2 22.49  23.08  23.19  
M 3 M1 15:34 15:45 15:53 

M1.2 13:52 14:05 14:23 
M8.7 02.08 02.21 02.26 

X 1 X1.05 19.53  20.25  20.34  
October 
4, 2022 

C 5 C4.4 00:37  00.43 00.56 
C1.14 

M 1 M1.61 12.48  13.15 13.51 
February 
15, 2022 

C 3 C4.8 05:12  05.18 05.22 
B4.18 

M 1 M1.3 17:54  18.15 18.31 
 
The differential variation of solar flare and TEC’s are estimated w.r.t. their starting (s) to maximum (m) and maximum to ending (e) 
times using the following expressions 

௣,௠ି௦ܫ∆
ᇱ =  ∆ூು

∆௧
ቚ
௦ି௠

 = 
ூ೛,೘ିூ೛,ೞ

௧೘ି௧ೞ
  

௣,௠ି௘ܫ∆
ᇱ =  ∆ூು

∆௧
ቚ
௠ି௘

 = 
ூ೛,೘ିூ೛,೐

௧೘ି௧ೞ
  

௠,௠ି௦ܨ∆
ᇱ  =  ∆ி೘

∆௧
ቚ
௦ି௠

 = ி೘,೘ିி೘,ೞ
௧೘ି௧ೞ

  

௠,௠ି௘ܨ∆ 
ᇱ  =  ∆ி೘

∆௧
ቚ
௠ି௘

= ி೘,೘ିி೘,೐
௧೘ି௧ೞ

  

 
The ionospheic parameters are symbolises by ܫ௉. The ionospheric parameters (p) used in this analysis are TEC, NmF2 and f0F2 and 
their denotations for maximum, starting and ending flare time are ܫ௣,௠, ܫ௣,௦ and  ܫ௣,௘  respectively. Flare magnitude at the maximum, 
starting time and ending time denoted by ܨ௠,௠, ܨ௠,௦ and ܨ௠,௘  respectively. The transiency characterisation (்ܫ௥) of the ionospheric 
parameters and flare magnitude is estimated as follows. 

௥்ܫ =
′௣ܫ∆
′௠ܨ∆

 

 
Differential change in the parameter values and flare magnitude are represented by ∆ܫ௉ and ∆ܨ௠. 
The correlation characteristics for geomagnetic parameters Kp and the solar flares and Dst with TECs are evaluated here. The best 
fitted polynomial obtained by analysing the trend equations estimated from the correlated data points of the ionsopheric and 
geomagnetic variables is expressed as 
 

ݕ = ܽ଴ݔସ + ܽଵݔଷ + ܽଶݔଶ + ܽଷݔଵ + ܽସݔ଴ 
 

 ܽ଴,ܽଵ, ܽଶ,ܽଷ  and ܽସ are the coefficients and ݔ is the independent variable. 
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III. RESULT AND DISCUSSION 
Results obtained from the observational and data driven analysis of solar events and are given below 
 
A. Solar Flares And Interplanetary Magnetic Fields  
Following results show the details of solar flares happened on October 2, 2022, October 4, 2022 and February 15, 2022.  
  

   
a b c 

   
d e f 

   
g h i 

   
j k l 

Fig.4 Diurnal variations of Flare magnitudes along ordinate (Wm-2) (a) Feb 15, 2022, (b) Oct 2, 2022, (c) Oct 4, 2022; Solar wind 
particle density (particlescm-3) (d) Feb 15, 2022, (e) Oct 2, 2022, (f) Oct 4, 2022; Z-component of interplanetary magnetic field 

(IMF in nT) (g) Feb 15, 2022, (h) Oct 2, 2022, (i) Oct 4, 2022, total component of interplanetary magnetic field (IMF in nT) (j) Feb 
15, 2022, (k) Oct 2, 2022, (l) Oct 4, 2022 vs. Universal Time along abscissae. 
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TABLE IIIII 
DESCRIPTIVE ANALYSIS OF THE SOLAR AND IMF COMPONENTS DURING SIGNIFICANT FLARES 

Days of 
Flare 

Significant 
Solar Flare 
classes and 
values 

Solar wind density 
in pfu 

Magnetic field Z component 
(BZ) 
in nT 

Magnetic field T component 
(BT) 
in nT 

I II III I II III I II III 

Oct 2, 2022 

C8.9 1.2 0.76 1.06 -2.17 -4.5 -5.35 6.6 6.58 6.1 
C9.2 0.66 0.59 0.7 -5.07 -4.17 -4.3 7.41 7.2 7.01 
M1.2 1.22 1.28 1.71 -4.33 -5.4 -4.53 6.42 6.58 6.4 
M1 1.13 0.53 1.12 -3 0.64 4.65 6.22 5.82 4.89 
M8.7 1.11 1.39 1.18 2.76 5 4.56 8.66 9.14 8.87 
X1.05 1.23 0.85 1.05 -7.97 -8.52 -8.26 8.69 8.82 8.37 

Oct 4, 2022 
C4.4 11.06 12.15 15.62 -2.56 -4.18 -4.76 8.3 7.51 7.43 
M1.61 10.46 10.79 10.89 4.3 3.29 1.27 7.15 7.15 7.49 

Feb 15, 2022 
 

C4.8 4.01 3.76 5.49 3.96 4.08 4.13 -1.56 -1.66 -1.79 
M1.3 2.6 3.3 3.63 0.32 0.75 0.81 1.75 2.84 3.75 

Solar flares I: Starting time; II: Peak time; III: End time 
TABLE IV 

DESCRIPTIVE STATISTICS SOLAR WIND DENSITY AND IMFS 

Parameters Days Solar wind density 
in pfu 

Magnetic field 
Z component 
(BZ)in nT 

Magnetic field T 
component (BT) 
in nT 

Standard deviation 
Feb 15, 2022 1.17 0.77 0.95 
Oct 2, 2022 1.10 1.13 3.63 
Oct 4, 2022 0.36 1.10 4.79 

Mean 
Feb 15, 2022 3.93 3.63 -1.03 
Oct 2, 2022 11.36 6.49 -0.99 
Oct 4, 2022 0.91 7.40 -0.12 

 
B. Geomagnetic Parameters  
The following contour plot shows the percentage distribution of prediction of the geomagnetic storms from October 2 to 4, 2022 and 
February 14 to 16 as per the Geophysical report published by NOAA, USA. 
 

   
a b c 

 Fig. 5 (a) Event probabilities (P) of the class M, X and  protons (left ordinate), prediction of F10.7 and Ap index (right ordinate), 
centring the flare days Oct 2, 4 and Feb-15, 2022, (b) Contour plot of prediction on geomagnetic storm from Oct 2 to 4 and Feb 14 

to 16, 2022 (Data source: NOAA) and (c) Variation of F10.7 flux for the period Feb 14 to 16 and Oct-1-5, 2022 (Data source: 
NASA). 
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The event probabilities (P) of the class M, X and protons and the predicted values of F10.7 and Ap index for the time period 
involving the flares days are shown in Figure 5 (a). The distributions of active storms and major to severe storm are shown as more 
than 45% on Oct 2, 2022.  A few coronal mass ejections and G2 class storm are predicted on Oct 4, 2022. On Oct 4, 2022, 35%-40% 
major severe mid latitude and major severe high mid latitude and 30%-35% shares are shown. On Feb 15, 2022, 15-20% of shares 
are shown in the figure for the major severe mid latitude. For the based suited purpose of interpretation the range of days including 
the days of interest are considered. The F10.7 radio burst shows enhancement in the level in +10 values for Feb 15, 2022. The radio 
flux is enhancing as the October month approaches. The variation of -50 to -60 from the average value of the flux value is observed.  
In the following part of the analysis, the geomagnetic parameters are analysed to represent the prediction results.  
Following are the variations obtained from the 3 hrs. Kp index. Derived Ap and Cp indices w.r.t period of days from February 14 to 
16 and October 1 to 5, 2022 and also thee Dst index. 
 
 

   
a b c 

Fig.6 Variation of (a) Kp index vs. 3 hrs. Period, (b) Ap (ordinate right side), Cp (ordinate left side) values for the days Feb 14 to 16 
and October 1 to 5 (absiaasae in days values) and (c) variation of Dst index vs. time in hour 

 
The highest variation of Kp index is observed in Oct 2, 2022 is 5.33 at the X1 class of flare for the period 18 to 21 UTC. During Oct 
4, 2022 maximum value is observed as 4.67 and on February 15 its stand as 2. During the considered period of Oct 1 to Oct 5, 2022 
and February 14 to 16, 2022 the highest Kp index recorded on Oct 3, 2022 as 6.33. For the three flare days Oct 4, 2022 shows 
greater change in Ap and Cp indices as 17 and 0.9. Again, Oct 3, 2022 stood highest in the Ap and Cp index values among others. 
The average variation of 24 hrs Dst index for the three days shows that the most disturbed day can be considered as the Oct 4, 2022. 
The ascending order of maximum change in Dst index occurred as |-39|, |-30| and |-10| in Oct 4, Oct 2 and Feb 15, 2022 respectively. 
The following table 5 shows the statistical measures of the mean and standard deviations. 

TABLE V 
STATISTICAL MEASURES OF GEOMANTIC INDICES 

Measures October 2, 2022 October 4, 2022 February 15, 2022 

Dst Kp Dst 
 

Kp 

 
Dst 
 

Kp 
 

Mean -8.75 2.63 -21.04 3.21 -4.38 1.33 

Standard Deviation 7.81 1.28 11.43 1.23 3.06 0.50 

 
The correlation of Kp and the variation of solar flare from its mean values are shown in the following figures for Feb 15, Oct 2 and 
Oct 4, 2022. 
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a b c 

Fig.7 Correlation plot of Kp (y-axis) vs. variation of solar flare (x-axis) on (a) Feb 15, 2022, (b) Oct 2, 2022, (c) Oct 4, 2022 
 
The following table (Estimated correlation between Kp and SF) shows the coefficient values at the different orders of the variables 
present in the polynomial and the correlation coefficient as per expression estimated on the best fitted trend of the parameters. 

 
TABLE VI 

ESTIMATED CORRELATION BETWEEN KP AND SF 
Correlated 
Parameters 

   Dates Coefficient values at the different orders of the variables present in 
the polynomial 

Correlation co-
efficient 

4th 3rd 2nd 1st 0th 
 
Kp-SF 

Feb 15, 2022 -6×10-9 1×10-6 0.0001 0.0349 3.1943 0.0228 
Oct 2, 2022 -2×10-11 4×10-8 3×10-5 0.0063 2.5428 0.002 
Oct 4, 2022 
 

3×10-7 -7×10-5 0.0037 -0.053 1.1591 0.0115 
 
C. Ionospheric Parameters 
The following figure shows the whole day variations of solar flare and the TEC, difference of Ne and NmF2 and the solar flare and 
f0F2 and the solar flare for Oct 2, Oct 4 and Feb 15, 2022. The standard deviation and mean of the ionospheric variables are listed in 
the consequent table.  

   
a b c 

   
d e f 
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h i j 

Fig. 8 Variations of TEC-Flare magnitudes (a) Feb 15, 2022, (b) Oct 2, 2022, (c) Oct 4, 2022. Variations of Ne-NmF2 and Flare 
magnitudes (d) Feb 15, 2022, (e) Oct 2, 2022, (f) Oct 4, 2022.Variations of f0F2 and Flare magnitudes (g) Feb 15, 2022, (h) Oct 2, 
2022, (i) Oct 4, 2022 (broken blue lines for the ionospheric parameters and solid red lines for the flares). 

 
TABLE VII 

STATISTICAL MEASURES OF THE IONOSPHERIC PARAMETERS 
Parameters Days TEC Ne NmF2 f0F2 
Standard deviation February 15, 2022 16.20 591393.8 594901.5 3.31 

October 2, 2022 21.49 718918.5 824886.5 3.37 
Oct 4, 2022 22.08 781699.9 836757.8 3.42 

Mean Feb 15, 2022 21.13 780984.8 798495.6 7.31 
Oct 2, 2022 39.62 1380466 1512695 10.52 
Oct 4, 2022 38.84 1418001 1497352 10.44 

 
The following figure shows the variation of diurnal TECs between Feb -15 and Oct- 4, 2022 , Feb- 15 and Oct -2, 2022 and Oct -2 
and Oct-4, 2022. The maximum and minimum difference values for the TECs on Feb -15 and Oct- 4, 2022 are 14.6977, -5.4023 
respectively and for Feb- 15 and Oct -2, 2022 are 13.91513, -4.58487 and for Oct -2 and Oct-4, 2022 are 0.78257,-0.81743.  
 

  
 

 
a b c 

Fig.9 Variation of diurnal TECs between of (a) Feb 15, 2022 (x-axis) and October 4, 2022 (y-axis) (b) Feb 15, 2022 (x-axis) and 
October 2, 2022 (y-axis) (c) October 2, 2022 (x-axis) and October 4, 2022 (y-axis) 

 
The plots represented in Figure 9 significantly show hysteresis between these TEC variation for the pair wise combination of dates. 
Therefore, it is essentially clear from this observation that temporal flare magnitude variation has a certain leading and lagging 
effect on the diurnal TEC variations. Depiction of this critical examination of the significant flares to find the hidden transiency 
between time of variation of flare magnitude and TEC is done in the Figure 10. It shows the differential variation of the TEC, NmF2 

and f0F2 w.r.t. flare during starting to maximum and maximum to ending for the significant flares happened during October 2 and 4, 
2022 and February 15, 2022 and are estimated as the process depicted in data analysis section. In this figure the differential TEC vs. 
flare magnitude variation changes most for the flare C9.2 at its staring time, so the TEC change is higher than the flare magnitude 
change.  
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For M1.61 starting and ending time variation is moderate in both the cases TEC change is higher. Approximate same levels of 
variations are located for the abscissae grazing values like C4.8 and M1. Mild variation with higher TEC change is located for the 
most effective X1.05 flare for both the time. In case of differential variation of Ne-NmF2 to the flare magnitude, the maximum 
change observed at flare class C4.4. For X1.05 flare this stood as minimum. For other flares moderate and zero grazing variations 
are observed. In f0F2 the more transiency are observed for M1 and C4.8. In case of X1.05, the transiencies are moderate. The 
maximum to final variation has shown elevated values than the initial to maximum for f0F2. 
 

   
a b c 

Fig.10 Transient variations of differential changes of (a) TEC, (b) NmF2 and (c) f0F2 w.r.t. flares magnitudes during starting to 
maximum and maximum to ending phases for the significant flares happened during October 2, 2022, October 4, 2022 and February 

15, 2022. 
 

   
a b c 

Fig.11 Variations of TEC (y-axis) vs. Dst (x-axis) on (a) Feb 15, 2022, (b) Oct 2, 2022, (c) Oct 4, 2022 
 
Figure 11 shows the correlation between Dst index and solar flare on Feb 15, 2022, Oct 2, 2022 and Oct 4, 2022. The dependence 
nature is shown by the dotted curves. Estimated fitted polynomials and their orders are tabulated in Table 8 and the correlation co-
efficient are also shown thereby. 

TABLE VIII 
ESTIMATED CORRELATION BETWEEN TEC-DST 

Correlated 
Parameters 

   Dates Coefficient values at the different orders of the variables present in 
the polynomial 

Correlation 
co-efficient 

4th 3rd 2nd 1st 0th 
 
TEC-Dst 

Feb 15, 2022 
 

2×10-5 8×10-7 - 0.0286 0.1264 - 0.7524 0.5184 
Oct 2, 2022 -1×10-5 -0.0006 0.017 0.6549 -23.401 0.2281 
Oct 4, 2022 -9×10-6 -0.0001 0.0157 0.0222 -7.6878 0.5533 

 
D. Surface Parameters  
The relative diurnal variation of surface parameters for the October 1 to October 5 and February 14 to February 16 with M1.61, 
M1.3, X1.05 and M8.7 flares happened therein are shown in the Figure 12 with the time duration are in the shaded part. The 
abscissae are considered as the index value (i.e. Time index =24hrs/30min= 48 points) in time as 06.30 AM to 12 Noon and 12 
Noon to 05.30 AM is taken for 30 minutes intervals.   
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Extracts from these figures are given below.  
1) The difference of parameters between the day of flare and the day before after it at the maximum intensity time are estimated to 

find the exact behaviour of the surface level response at the perturbation generated due to the flare. 
2) It is found from these estimation that there is a change in the temperature value of |-0.56| for M1.61 class on October 4, |-3.89| 

(w.r.t. day before) and |-1.12| (w.r.t. day after) for X1.05 class, |+1.67| for M8.7 class on October 2 flare and no change for 
M1.3 on Feb 15 respectively.  

3) Dew point also shows a depression for X1.05 flare of |-1.11| and |-2.22| respectively. Enhancement in dew-point for the day 
before and decrement for the day after of the flare day is observed on February 15, 2022. M1.61 and M8.7 shows decrement in 
this value w.r.t the day after it.  

4) Humidity for the X1.0 flare is differed as 11% and -5% for the day before and after it respectively. M1.3 also shows the same 
kind of variation in this respect. No change in this parameter is observed compared to the previous and next day M1.61.  

5) Change in the surface pressure is observed for the X1.05 class as |±1.02| compared to the preceding and the succeeding days. 
M8.7 class shows slightly larger values of surface pressure depression compared to the next day. M1.61 shows |4.0632| and |-
3.0474| and M1.3 shows |-1.0158| and |2.0316| w.r.t the day before and after it. 

 

 

  
a b 

  
c d 

Fig.12 Whole day (Time index along abscissae) relative variations of (a) surface pressure, (b) temperature, (c) dew point and (d) 
Humidity during Oct 1 to Oct -5 and Feb-14 to Feb-16, 2022. Abscissa represents the time scale index values. The duration of 

M1.61, M1.3, X1.05 and M8.7 class for flares are demarcated by the coloured shaded region during the period. 
 
E. Findings  
1) The contour plot of prediction shows the inactiveness regarding the most geomagnetic disturbances that are located around the 

October 2, 2022.  
2) The geomagnetic storm predictions are significantly satisfied from the geomagnetic activity index analysis as Kp index varies 

most between October 2-4, 2022 this confirms the unstable geomagnetic field, again the February 15, 2022 shows a slow 
geomagnetic variation. Dst index variation also supports these somewhat to a reasonable range. Most enhanced standard 
deviation and mean value appear for October 4, 2022. The effect of solar perturbation due to the flare propagates down form the 
F2 to E layer of the ionosphere and that is analyzed by the correlation of the Dst and TEC for the two days. The variation of the 
ring current in the E layer due to the instantaneous change of the TEC content is shown through the correlations. The 
correlation co-efficient of these parameters stood highest on the February 15, 2022 but the most promising variation in the trend 
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line is observed for the October 2, 2022. The 0th and 1st coefficient of the polynomial as derived are stood highest for this. 
Therefore, a closely related variation between TEC and Dst is observed while the other days have significant contributions of 
the coefficients for the higher order polynomials. 

3) Less correlation between solar flare and Kp index and also co-efficient with lower values are obtained on October 2, 2022. 
February 15, 2022 shows highest correlations and October 4, 2022 remains in between these two. Linear variation part for 
October 4, 2022 is most prominent than the other. Most fluctuating trend of Kp-Solar Flare variation is observed for February 
15, 2022. The variation in the ionosphere layers are less observed from the Kp and other derived geomagnetic parameters. This 
can be understood as the Kp is a three hours cumulative index, so the perfect reflection of the short-term changes is not 
explainable from these observations.  

4) The usual TEC variation for daytime shows that the usual enhancement in its value following the decrement in its nighttime 
value. This pattern will be perturbed by external solar activities like flare and the interacting wind particles then more 
dissociation in the atoms and large number of electrons and ions for the temporary basis will be generated in ionopsheric layers. 
Hence, it is expected that this condition will be reflected on the pattern of diurnal variation of TEC with a spike or bulging. It is 
observed from the results obtained on October 2, 2022 interestingly a bulging in the TEC curve is observed but on February 15, 
2022 and on October 4, 2022 no such response is noted.  

5) As on October 2 The Earth directed X1.0 class of flare is generated from the vicinity of the sunspot. At the same time duration, 
this flare a temporary enhancement is TEC value is observed. This can be apprehended as a direct effect of the flare. The other 
giant of flare M8.7 happened on the same day but has not shown such kind of enhancement in the TEC value.  

6) Usually variation of Ne, NmF2 and f0F2 value forms a trough with a peak at the daytime due to the dissociation of F-layer in F1 
and F2 part. The density of electron in that layer enhances. The band of critical frequency in the daytime is lower and at the 
night times its goes higher as the maximum refection height of the ionosphere increases in the daytime. During February 15, 
October 2 and October 4, 2022 the highest values of them are observed at 14.3 UT, 16 UT and 15.2 UT respectively. 
Importance of these times is to identify the transiency in growth as more than hourly difference note the time of maximization 
in their values. The effect maximization of the charge dissociation propagates downward from F2 layer that placed extremely 
outside among the ionospheric layer therefore the usual variation of Ne shows delayed response than NmF2 after the noontime. 
This concept is reflected from difference of Ne and NmF2. The F2 layer density crosses the total plasma electron density during 
this process. In comparison among the three days, the October 4 shows most variation than the others though most of the flare 
happened on the October 2, 2022.  

7) Though Ne-NmF2 value shows an instantaneous variation with the appearance of the flare over the usual variation at the 
occurrence of X1.05 but interestingly a certain enhancement (between 6.8 to 8.4 UT) after the long lapse of time after the 
passage of M8.7 peak (02.21 UT) is observed. This delay can be interpreted from inertia effect of the ionosphere ions [29] and 
electrons or may be due to the magnetic reconnection [30,31].  

8) Mean of TEC, Ne, NmF2 and f0F2 on October 2 is largest than the other two days. But the standard variation of these values is 
recorded for the October 4, 2022 implying the randomness. These may be counted for the X1.0, M8.7 and M1.61 flares 
happened on those days.  

9) The transient variations (Figure 10) of the TEC, NmF2 and f0F2 at the higher class of flares with more penetrating power to the 
atmosphere are got zero grazing along the abscissae. Out of all, X1.05 has most penetrating power but during this, the 
observation refers that the usual variation of the ionopsheric parameters goes into the night side. The critical observation on 
zero grazing transient variation can be interpreted that the usual time rate change of the parameters has been superposed with 
the perturbation thereby compelling it slower or rather moreover constant the rates of change. The M8.7 flare lies in the dayside 
of the ionopsheric variation and slow variation is observed. Other flares are distributed among all the three days with the less 
magnitude affected least.  

10) The few anomalies in NmF2 and f0F2 is observed for C4.8 and M1.31 flares happened on the Feb 15, 2022. This can be 
interpreted as the winter seasonal and lower latitude (Tropical region: Indian Ocean region) based anomalies. The month of 
February fall in the ending part of the winter season so the ionisation in the ionosphere is significantly differs and the molecule 
to atom ratio is greater and loss in ion lesser than the summer seasons this suggests a low value of plasma frequency of the F2 
layer.  

11) Discrepancy in ionospheric parametric variation behaviour during the solar perturbed condition is observed on February 15 as 
the long filament associated with solar flare and CME are erupted from the solar surface carrying the wind particle but no such 
activity in the ionsopheric layers is recorded thereof. This unexpected result can be interpreted from the images of SUVI 304 Å, 
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GOES-17 that appeared approximately 350 behind the eastern limb of the Sun and as confirmed by STEREO-A of LASCO C2 
and C3 observations [32,33]. Therefore, the eruption side of the Sun is not facing the planet, as it happened on the opposite limb 
and there is no head-on collision with the ionosphere, so hardly a component of this eruption driven perturbation like 
enhancement of the radiation, magnetic field and associated wind particles can only manage to reach the Earth surface.  

12) The ring current variation w.r.t changes in TEC due to the appearance of the large class of flares like X1.05 and M8.7 on 
October 2, 2022 are interpreted from the Figure 11 between the TECs of February 15, October 2 and October 4. These TECs 
variation show a curve that shows a hysteresis between the TECs values among the days can be considered. This amount of 
areal coverage stood highest, least and midway for February 15 and October 2, October 2 and October 4 and  February 15 and 
October 4 respectively.  

13) The October 2 covers most of the large kind of flare than other two days so a certain lag between them should be expected. At 
the full cyclic variation of the TEC throughout the in February 15 pattern shows lagging than October 2 and October 4. On 
October 2, a momentary slow variation is observed and the approach of curve towards the February 15 is also located.  

14) As the effect of flare has to propagate downward direction starting from the ionosphere then stratosphere and then upper and 
lower troposphere then at last reaches the surface layer. The surface level analysis shows the close insight into the effect of all 
the four most intensified flares on the surface parameters. The change of surface level parameters mostly affected due to the 
intervention of the highest intensified X1.05 class as per the expectation. The effect of others also provides significant 
comparison in this respect. It is observed that surface temperatures and dew-point during maximum flare time of the X1.05 
class decreases. Humidity profile and the surface pressure increases from the day before it and decreases for the day after it.  

15) As all the above major observations of the ioniospheric parameters show finite responses w.r.t this X1.05 class flares. Hence, it 
can be proposed from these observational insights that to some extent the transitions of the parameters at surface level due to 
the appearance of that flare and solar-terrestrial coupling are happened. 

 
IV. CONCLUSION 

This study demonstrates the profound impact of flares driven associated space weather events on ionosphere and surface weather 
systems. The comparative analysis of February 15, October 2, and October 4, 2022, reveals distinct solar–terrestrial interaction 
patterns. Although October 2 experienced minimal geomagnetic disturbance, the Earth-facing X1.0 flare triggered the strongest 
TEC and F-layer enhancements, with evident ionospheric–surface coupling. The October 4 geomagnetic storm exhibited the highest 
variability and nonlinear behaviour, poorly captured by Kp alone, and showed the widest Ne–NmF2 gap. In contrast, February 15's 
far-side CME produced limited ionospheric effects despite strong flare activity. Surface variations viz. temperature dips and 
humidity shifts mirrored ionospheric changes. Future work should develop real-time coupling indices and advanced models to 
improve predictive capabilities. 
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