
1. Introduction
During the active space weather periods, the transfer of solar wind energy and momentum to Earth's 
magnetosphere-ionosphere system leads to a variety of neutral and electrodynamical processes causing severe 
disturbances in the ionosphere. The equatorial Ionosphere is one of the most vulnerable regions that exhibit 
dramatic changes in electron density distribution during this period. During geomagnetic storms, the particle 
and joule heating at high latitudes drives a global scale thermospheric wind dynamo, generally known as Iono-
spheric Disturbance Dynamo (IDD) (Blanc & Richmond, 1980). Further, the high latitude region 1 and region 2 
field-aligned currents also induce strong convection and overshielding electric fields which penetrates promptly 
to the equatorial ionosphere, known as Prompt Penetration Electric Field (PPEF) (Kikuchi et al., 1996, 2000; 
Nishida,  1968). The electric field perturbation associated with the above processes (IDD, strong convection, 
and overshielding electric fields) as well as neutral disturbances can significantly alter the electron density 
distribution of equatorial and low latitude ionosphere (Balan et al., 2012; Mannucci et al., 2005; Tulasi Ram 
et al., 2008, 2010).

Ionosphere is a medium that can significantly impact the propagation of radio waves due to the variation in 
radio refractive index which is directly dependent on ionospheric electron density. Several radio-communication 
applications such as long-distance high frequency (HF) communications (Skywave propagation) and over the 
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horizon detection systems, use the ionosphere to reflect back radio waves in the HF band. Despite the growth 
of satellite based communications, the use of HF spectrum is also growing for both civilian and defense appli-
cations. In particular, HF communications become more important in rescue operations during natural disasters 
such as earthquakes, landslides, floods, etc. where the usual communication channels such as telephones and 
cellular communication become inaccessible. Any significant disturbances in the ionospheric electron density 
can have adverse impacts on these systems leading to loss of communication (Kelly et al., 2014). Further, the 
trans-ionospheric radio links between ground and satellite are also highly vulnerable to ionospheric disturbances 
which can lead to severe outages in satellite communications and GPS (Global Positioning System)-based 
augmentation systems during disturbed space weather events (Rama Rao et al., 2005, 2009).

A strong geomagnetic storm occurred on 17 March 2015 due to a Coronal Mass Ejection (CME) from the sun 
which hit the Earth's magnetosphere at ∼0430 UT (Kamide & Kusano,  2015). Subsequently, a geomagnetic 
storm developed with SYM-H reaching approximately −232 nT and is popularly known as St. Patrick's Day 
storm. Several interesting studies on the changes in the magnetosphere-ionosphere system have been reported 
in the literature (Astafyeva et al., 2015; Patra et al., 2016; Ramsingh et al., 2015; Tulasi Ram et al., 2016, 2019; 
Venkatesh et  al.,  2017). Astafyeva et  al.  (2015) have reported strong ionospheric disturbances using several 
ground and space-borne observations over American and European sectors. Ramsingh et al. (2015) have shown 
that the vertical drift at the Indian equatorial station Tirunelveli reached as large as 70 m/s during post-sunset 
hours which led to a strong spread F over the Indian sector. Tulasi Ram et al. (2016) have reported a uniquely 
enhanced convection electric field effects near the dusk terminator even under IDD effects prevailing in the back-
ground. Patra et al. (2016) have shown the occurrence of strong ESF echoes at very high altitudes (Field-Aligned 
Irregularities) that are uniquely confined to the Indian sector. Venkatesh et al. (2017) and Tulasi Ram et al. (2019) 
have also studied the ionospheric responses over the Brazilian and Indian sectors and demonstrated rapid intensi-
fication of Equatorial Ionization Anomaly (EIA) due to strong eastward penetration electric fields at the equator.

Tulasi Ram et al. (2016) have also reported a deep electron density depletion near sunset terminator using in situ 
ion density measurements from a low inclination orbiting satellite C/NOFS (Figure 4d of Tulasi Ram et al., 2016). 
They have speculated that the strong depletion at the sunset terminator is mainly due to the large vertical drift 
owing to the enhanced PPEF effects that uplifted the equatorial ionosphere to altitudes above the satellite orbit. In 
the current study, we further examine the effects of large vertical drifts on the re-distribution of equatorial iono-
spheric plasma near the sunset terminator using SAMI2 model simulations. Further, the impacts of such severe 
modifications in the electron density distribution on the Skywave radio propagation have been evaluated using an 
HF radio wave propagation simulator that solves the ray equations in three-dimensional space.

2. Data and Methodology
In this study, the solar wind parameters such as solar wind velocity, density, IMF Bz, and geomagnetic storm 
index (SYM-H) at 1-min time resolution from the OMNI-Web interface of NASA's Space Physics Data Facil-
ity (SPDF) (https://omniweb.gsfc.nasa.gov/form/omni_min.html) were considered to study the geomagnetic 
storm that occurred on 17 March 2015. The in situ ion density measurements from the Ion Velocity Meter 
(IVM) onboard the C/NOFS (Communications/Navigation Outage Forecasting System) satellite were used to 
study the longitudinal variations of ion density over equatorial and low latitudes (https://cdaweb.gsfc.nasa.gov/
pub/data/cnofs/cindi/ivm_500ms_hdf/Daily_HDF/2015/). Further, the SAMI2 (Sami2 is Another Model of the 
Ionosphere) model has been employed to simulate and study the three-dimensional ionospheric electron density 
distribution and/or disturbances in response to the PPEF disturbances during the St. Patrick's Day storm. SAMI2 
is a physics-based ionosphere model that solves the momentum and continuity equations of seven ion species in 
a grid of magnetic field lines and altitudes (Huba et al., 2000). To evaluate the impacts of the ionospheric distur-
bances on Skywave communication systems, an HF Radio wave propagation simulator was developed as briefly 
described in the below section.

2.1. HF Radio Wave Propagation Simulator

An HF propagation simulator is developed by solving the ray equations that give the radio wave position and direc-
tion vectors in a medium with inhomogeneously varying refractive index as given by Haselgrove (1954, 1963).

�̇�𝐫 = −
𝜕𝜕𝜕𝜕

𝜕𝜕𝒌𝒌
∕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 (1)

Writing – review & editing: M. Ankita, 
K. K. Ajith, S. Sripathi

 15427390, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022SW

003369 by Indian Institute O
f G

eom
agnetism

, W
iley O

nline L
ibrary on [06/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://omniweb.gsfc.nasa.gov/form/omni_min.html
https://cdaweb.gsfc.nasa.gov/pub/data/cnofs/cindi/ivm_500ms_hdf/Daily_HDF/2015/
https://cdaweb.gsfc.nasa.gov/pub/data/cnofs/cindi/ivm_500ms_hdf/Daily_HDF/2015/


Space Weather

ANKITA ET AL.

10.1029/2022SW003369

3 of 12

�̇�𝐤 =
𝜕𝜕𝜕𝜕

𝜕𝜕𝒓𝒓
∕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 (2)

The Hamiltonian required to solve these equations can be derived from the dispersion relation. There are many 
choices available from which Hamiltonian can be chosen. In this study, we are using Appleton Hartree Hamilto-
nian (Jones & Stephenson, 1975) which is given as

𝐻𝐻 = 𝑅𝑅𝑅𝑅
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Here, 𝐴𝐴 𝐴𝐴𝑥𝑥 , 𝐴𝐴 𝐴𝐴𝑦𝑦 , and 𝐴𝐴 𝐴𝐴𝑧𝑧 are wave vectors in the x, y, and z direction, and n is the refractive index given by Appleton 
Hartree equation (Budden, 1988)

𝑛𝑛
2 = 1 −

𝑋𝑋

1 − 𝑖𝑖𝑖𝑖 −
Y2 sin2 𝜃𝜃

2(1−𝑋𝑋−𝑖𝑖𝑖𝑖)
±

√

Y4 sin4 𝜃𝜃

4(1−𝑋𝑋−𝑖𝑖𝑖𝑖)2
+ Y2 cos2 𝜃𝜃

 (4)

𝑋𝑋 =
𝑁𝑁𝑁𝑁

2

𝜀𝜀0𝑚𝑚𝑚𝑚
2
,Y =

|𝑁𝑁|𝐵𝐵

𝑚𝑚𝑚𝑚
,𝑍𝑍 =

𝜈𝜈

𝑚𝑚
 (5)

The above ray equations form six coupled ordinary differential equations that are numerically solved using the 
Cash-Karp integration method (Cash & Karp, 1990) at regular time intervals with a step size of 0.3 μs. At the end 
of each time step, the simulator computes the next position and direction of the wave and by doing so iteratively 
whole path traveled by the radio wave can be traced under given background ionospheric conditions.

This HF propagation simulator is thoroughly validated by comparing with ground-based Digisonde observa-
tions. For example, Figure 1 shows an Ionogram from a Digisonde at the Millstone hill station. The Digisonde 
system uses ARTIST 5 (Automatic Real-Time Ionogram Scaler with True height) (Galkin et al., 2008) software 
which automatically scales the Ionogram and computes the True height electron density profile (black curve). 
We now use this True height electron density profile as the background ionospheric density to derive propagation 
paths of radio waves that are vertically transmitted from the ground. The paths of both Ordinary (O mode) and 
Extraordinary (X mode) modes of propagation are traced at different frequencies up to the critical frequency. By 
computing the total time taken by the radio waves to reflect back to the ground, the virtual heights of reflection 
points are derived and virtual height curves are obtained. The blue and orange dashed curves in Figure 1 show 
the derived virtual height curves for O and X modes of propagation respectively. It can be seen from this figure 
that the derived virtual height curves of both O and X modes match very closely with the virtual height traces 
of the Digisonde Ionogram. This clearly demonstrates the accuracy of the HF radio wave simulator in predicting 
the path of radio waves under the given ionospheric electron density distribution. We use this simulator in later 
section (Section 3.2) to study the impacts of highly disturbed ionospheric conditions on Skywave communica-
tions during the St. Patrick's Day storm.

3. Results and Discussion
The strongest geomagnetic storm of solar cycle 24 that occurred on St. Patrick's Day (17 March 2015) is presented 
in Figure 2 which shows the temporal variations of solar wind velocity, density, and the vertical component of the 
interplanetary magnetic field (IMF Bz) (Figures 2a–2c) and SYM-H index (Figure 2d). The arrival of CME shock 
can be noticed as a sudden enhancement in solar wind parameters at 0448 UT. The IMF Bz (Figure 2c) which was 
initially northward, turned southward at 0600 UT causing the onset of the main phase of geomagnetic storm. The 
main phase lasted for several hours and reached a minimum of −232 nT (Figure 2d) around 2304 UT.

3.1. Deep Electron Density Depletions and SAMI2 Simulations

The event of interest in this study presented in Figure 3, occurred at 1326 UT when the Indian sector is around the 
dusk region. Figure 3a shows the path of low inclination (13.5°) orbiting satellite C/NOFS around 1326 UT (blue 
curve) on 17 March 2015. The black curve indicates the geomagnetic equator. The vertical dashed line indicates 
the location of the F region sunset terminator corresponding to 1326 UT. The C/NOFS path on the previously 
quiet day (16 March 2015) around the same UT is also shown in the figure (Pink curve). In Figure 3b is shown 
the longitudinal variations of in situ ion density measured from the IVM onboard the C/NOFS on 17 March 2015 
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around 1326 UT (blue curve). The ion density variation around the same UT and region on previously quiet day 
is also shown for reference (pink curve). It is very interesting to observe the in situ ion density measured by C/
NOFS exhibits a deep depletion over a narrow longitudinal sector centered on the sunset terminator on the storm 
day. The ion density decreased very sharply and reduced by more than two orders of magnitude with reference 
to a few degrees west on the day side. Also, this depletion on the storm day is unusual and distinctly different 
compared to the previous quiet day.

Tulasi Ram et al. (2016) have attributed this depletion as due to the upliftment of the equatorial ionosphere to 
altitudes above the C/NOFS orbit. As a result, the in situ ion density observations from C/NOFS could detect 
very low ion density values over the longitudes near the dusk terminator. The strong upliftment in equatorial 
ionosphere has been attributed to enhanced eastward penetration electric field effect on the dusk sector that 
augments the usual post-sunset height rise (PSSR) due to pre-reversal enhancement. Evidently, a strong vertical 
drift of 70 m/s measured from ground-based Ionosonde observation at the Indian equatorial station Tirunelveli 
(77.7°E) is reported by Ramsingh et al. (2015) around the same time. The spread-F began to appear in ionograms 
over Indian sector only after 1350 UT (Ramsingh et al., 2015; Tulasi Ram et al., 2016). Thus the deep density 
depletion observed at 1326 UT is mainly due to the redistribution of equatorial plasma under strong eastward 
electric field and not due to a plasma bubble.

The deep electron density depletion resulted by strong vertical drift near the sunset terminator also causes steep 
gradients in the longitudinal direction as can be seen from Figure 3b. Further, such a strong vertical drift over 

Figure 1. An example ionogram from a Digisonde at Millstone hill station. The thick black curve is the bottomside True 
Height electron density profile. The blue and orange dashed curves represent the virtual height traces for Ordinary and 
Extraordinary modes of propagation, respectively, computed from the HF radio wave propagation simulator.
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the equator is also expected to cause steep latitudinal gradients in the electron density due to rejuvenation of 
EIA via super fountain effect (Balan et al., 2009, 2012). Such significant modifications in the electron density 
distribution and spatial gradients in density can severely impact the radio communications in the HF band. With a 
view to examine the effects of such strong ionospheric disturbances over equatorial and low latitude regions and 
its impacts on the Skywave communication we have employed SAMI2 model to simulate a three-dimensional 
ionosphere reflecting such disturbances. SAMI2 uses Scherliess and Fejer model (Scherliess & Fejer,  1999) 
for vertical drift at the equator by default, although, it permits user-specified input of vertical drift for perform-
ing controlled model simulations. Figure 4 shows the electron density distribution simulated by SAMI2 model. 
The left-hand side panels represent latitude altitude distribution (Figure 4a) and longitude altitude distribution 
(Figure 4b) corresponding to quiet day conditions with default vertical drift values taken from the Scherliess and 
Fejer model (Figure 4c). The right-hand side panels (Figures 4d and 4e) show the electron density distribution 
by controlled SAMI2 simulation corresponding to the storm day. For this controlled simulation we have consid-
ered a maximum equatorial vertical drift of 70 m/s at 85°E longitude which gradually tapered down to smoothly 
connect with background vertical drift values at longitudes ±10° on either side as shown in Figure 4f. The other 
input parameters considered are, day number = 75, F10.7 = 116, Ap = 20 for quiet day and day number = 76, 
F10.7 = 113.20, Ap = 108 for storm day in the simulation. Distinct differences in the electron density distribu-
tion on the storm day due to the effects of strong vertical drift can be clearly observed compared to the quiet day. 
One of the most interesting observations that can be noted is a narrow tunnel like low density structure around 
80°-90°E longitude in Figure 4e. The large vertical drift also resulted in a strong intensification of EIA with 
formation of broad trough region over the equator and dense crests departed significantly away from the equator 
(Figure 4d). The features observed in Figure 4e such as deep depletion over narrow longitude sector and Figure 4d 
the strong intensification of EIA can be attributed to PPEF effects that are enhanced near sunset terminator, as 
suggested by Abdu et al. (1998) and Tulasi Ram et al. (2016).

Figure 2. Universal time variations of (a) solar wind velocity, (b) density, (c) IMF Bz, and (d) SYM-H index during St. 
Patrick's day storm.
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With a view to compare the SAMI2 simulated results with the in situ ion density measurements from C/NOFS 
(Figure 3b) the ion density variation along the exact path of C/NOFS has been obtained from the SAMI2 model 
simulated data and presented in Figure 5 (red curve). The in situ ion density measured by C/NOFS is also shown 
in the figure for comparison (blue curve). It is very interesting to note the SAMI2 simulated electron density 
reproduced a deep depletion over a narrow longitude sector similar to the in situ ion density measurements by 
C/NOFS. This result reconfirms that strong vertical drift near sunset terminator due to enhanced PPEF effects 
can induce such a deep depletion over a narrow longitude sector. It may also be noted that the depletion obtained 
from SAMI2 simulation is slightly smaller compared to the depletion in the C/NOFS in situ data. This difference 
in the magnitude of depletion can be due to the vertical drift of 70 m/s considered in the simulation based on the 
report of Ramsingh et al. (2015) from a slightly western Indian sector around 77.7°E longitude. The vertical drift 
at 85°E longitude might be larger than 70 m/s; however, we do not have any supporting observations about the 
exact vertical drift at 85°E longitude. In fact, the in situ vertical drift from IVM onboard the C/NOFS recorded a 
very large vertical drift of approximately 120 m/s around 85°E longitude (not show in figure). However, the sensi-
tivity of IVM and ion drift values are unreliable under very low O + concentration levels (Stoneback et al., 2011). 
Hence, we have not considered ion drift values measured by C/NOFS in the present study. Another difference 
that can be observed in SAMI2 results is the decrease of density with an increase in longitude on the nightside, 
whereas the C/NOFS observation on the nightside is still at the same level as pre-sunset longitudes. This indicates 

Figure 3. (a) Tracks of C/NOFS satellite passes on 16 March (Pink) and 17 March (Blue) 2015. The black curve represents 
the geomagnetic equator and the vertical dashed curves represents the location of F-region sunset terminator at 1326 UT (b) 
Shows the longitudinal variations of in situ ion density from C/NOFS on 16 March (Pink) and 17 March (Blue).
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that the SAMI2 simulated data are more influenced by the recombination effects and westward electric fields 
after sunset. Inputting the actual plasma drift data from the eastern longitudes in the SAMI2 model could be help-
ful to minimize the differences between the C/NOFS observations and the model simulated results, however, we 
do not have vertical drift observations on the other longitude sectors. Although there are some differences in the 
magnitude of depletion and the night side electron density levels, the SAMI2 model simulation captured the steep 
depletion over narrow longitude around the sunset terminator reasonably well. It should be mentioned here that 
our purpose of employing SAMI2 simulation is not to exactly reproduce the electron density depletion observed 
by C/NOFS, but to generate nearly similar ionospheric conditions in order to evaluate its impacts on Skywave 
communication systems as discussed in the next section.

3.2. Impacts on Skywave Communications

Now the HF propagation simulator (described in Section 2.1) is used to evaluate the effects of strong equatorial 
ionospheric disturbances on the Skywave radio propagation systems. For this purpose, we use the SAMI2 model 
simulated three-dimensional electron density distributions of both quiet and storm days (Figure 4) as background 
ionospheric conditions in the simulator. For example, Figure 6 shows the longitude-altitude distribution of elec-
tron density simulated by SAMI2 on a quiet and storm day (same as Figures 4b and 4e). In Figures 6a and 6c 
radio waves of different frequencies are launched at 2 MHz interval from a transmitter located over the geomag-
netic equator 8.7°N and 85°E (red star) at 60° elevation angle toward North (azimuth 90°). It can be seen from 
Figure 6a that on the quiet day the radio waves of lower frequencies 4–10 MHz are reflected back from the iono-
sphere and the 12 MHz wave escapes into the outer space. This defines the maximum usable frequency (MUF) 

Figure 4. (top-panels) Latitude altitude distributions and (middle-panels) longitude altitude distribution of electron density 
simulated by SAMI2 model on quite (left side panels) and storm (right side panels) days. The bottom panels indicate the 
longitude variation of equatorial vertical drift used in SAMI2 simulations for quiet and storm days. For more details please 
refer text.
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as 10 MHz for transmission in the direction with elevation 60° and azimuth 90° on the quiet day. However, due 
to the deep electron density depletion, the MUF on the storm day is reduced to 4 MHz (Figure 6c). In Figures 6b 
and 6d a radio wave of 10 MHz frequency is transmitted at different elevation angles at 10° intervals. The waves 
launched in the low elevation angles can be received at far distances on the ground. With increasing elevation 
angle the radio waves travel to much higher altitudes in the ionosphere and can escape to space after a critical 
elevation angle (50° in Figure 6b and 20° in Figure 6d). The ground distance of reception of radio wave at the 
critical elevation angle defines the minimum skip distance for Skywave communication for that given frequency. 
It can be seen from Figures 6b and 6d that the critical elevation angle has been decreased from 50° to 20° which 
resulted in significantly increased skip distance on the storm day.

Now we run the simulator at 0.1 MHz frequency resolution and transmit the signal in different directions by 
varying elevation and azimuth angles at regular intervals. This will give us the MUF distribution over a wide 
geographic area for transmissions from a given location. The location for the transmitter is chosen to coincide 
with the center of deep electron density depletion (8.7°N, 85°E). Figures 7a and 7b show the distribution of MUF 
for the quiet and storm days, respectively. The color-coded mesh grid shows the variation of MUF and the altitude 
of the mesh grid indicates the height from which the transmitted wave gets reflected back (reflection height). 
The contours below represent the ground projections of MUF corresponding to their point of reflection. One 
can clearly observe from these figures that MUFs on the storm day have been significantly reduced (more than 
50%) compared to quiet day, particularly, at higher elevation angles. Further, on the storm day the transmitted 
radio waves penetrated to much higher altitudes before they get reflected back. The large reduction in MUF can 
severely affect communications at higher frequencies. Also, the higher reflection heights cause increased skip 
distances for transmissions at lower frequencies.

With a view to further examine the effects on the ground reception of Skywave signals, we have computed the 
first hop distances in different directions for different frequencies of transmission. Figure 8 shows the ground 
coverage of signal reception at their first hop distances during quiet (left-hand side panels) and storm (right-hand 
side panels) days. The color of contours represents the elevation angles. The unshaded area near the center of 
contours represents the minimum skip distance where the Skywave signal cannot be received. It can be seen from 
these figures (Figure 8) that the ground coverage of Skywave signal reception is severely distorted on the storm 
day, particularly, at higher frequencies. The low frequency signal such as 3 MHz (top panels) is received at all 

Figure 5. Comparison of ion density variation along the C/NOFS's pass simulated by SAMI2 (Red curve) with the actual in 
situ ion density measured by C/NOFS (Blue curve).
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elevation angles, however, the first hop distances of reception are higher on the storm day compared to the quiet 
day. This is mainly due to increased reflection heights as observed in Figure 7b. At higher frequencies a large 
area of skip zone is created near the center where the Skywave signals are totally lost. This is mainly due to the 
deep density depletion on the storm day allowing the high frequency signals to escape ionosphere at higher eleva-
tion angles. This is consistent with the reduced MUFs obtained on the storm day compared to the quiet day as 
seen from the simulation results presented in Figure 7. Therefore the results presented in Figures 7 and 8 clearly 
demonstrate that the deep electron density depletion observed on St. Patrick's Day storm can severely disturb the 
Skywave communications by creating large reductions in the MUFs and increased area of skip zones.

4. Summary
A deep electron density depletion over a narrow longitudinal sector centered on the sunset terminator has been 
observed by the C/NOFS satellite around 1326 UT near 85°E longitudinal sector on the St. Patrick's Day storm. 
The density near the center of depletion is smaller by nearly two orders of magnitude compared to few degrees on 
East and West of sunset terminator and exhibits sharp spatial gradients. Tulasi Ram et al. (2016) have suggested 
that the effects of PPEF can uniquely enhance near the dusk terminator causing the elevation of equatorial iono-
sphere to altitudes above the satellite orbit which results in such a deep depletion in the in situ measurements by 
C/NOFS. The strong equatorial vertical drifts of 70 m/s has also been reported by Ramsingh et al. (2015) from the 
Indian (77.7°E) sector. The disturbances in the equatorial ionospheric electron density distribution in response 

Figure 6. Illustration of radio wave propagation paths predicted by the simulator under the given ionospheric background 
conditions at different frequencies (top-panels) and elevation angles (bottom-panels) on quite (left side panels) and storm 
(right side panels) days. The definitions of MUFs, reflection heights and skip distances are as shown in the figure. Please 
refer text for more details.
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to such a strong vertical drift have been simulated by the SAMI2 model with an input equatorial vertical drift of 
70 m/s at 85°E longitude that gradually tapered to background levels on either side. Significant redistribution 
of equatorial plasma due to strong vertical drift is clearly evident from the SAMI2 simulation with a narrow 
depleted structure around 80°–90° longitudes (Figure 4e) and strong re-intensification of EIA (Figure 4d). Also, 
the model could successfully reproduce the deep density depletion over a narrow longitudinal sector that is 
nearly similar to that observed by C/NOFS around the dusk terminator (Figure 5). These results clearly portray 
the effects of enhanced PPEF near the sunset terminator on the equatorial and low-latitude ionospheric electron 
density distribution.

Further, the impacts of these ionospheric disturbances due to strong PPEF effects near the dusk terminator 
on the Skywave communications are studied using an HF radio wave propagation simulator that solves the 
position and direction of radio waves under the given ionospheric conditions (Section 2.1). The HF propaga-
tion simulator results clearly show that the reinforced EIA and deep electron density depletion near the sunset 
terminator can severely affect the Skywave communications over that region. The MUFs have been reduced 
by nearly 50% over the depleted region (Figure 7) causing severe limitations on the usable HF spectrum. Even 
at the lower segment of HF band, the radio waves propagated much higher altitudes in the ionosphere causing 
increased skip distances for the reception at ground. At higher frequencies, the transmitted radio waves mostly 
escape through ionosphere except at very low elevation angles (below 20°) thereby causing a large skip zone 
where the Skywave communication signals were totally lost (Figure 8). The area of skip zone increases with 
the increasing transmitted frequency and severely affects the Skywave communications over a large geographic 
area (Figure 8).

Figure 7. (a) Distributions of maximum usable frequencies under quiet and (b) disturbed ionospheric conditions on storm 
days. The color and the heights of the mesh grid represent the maximum usable frequency and the reflection heights 
respectively. The contours represent the ground projections of MUFs corresponding to the point of reflection.
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This study showcases the impacts of space weather phenomena such as geomagnetic storm and enhanced PPEF 
near sunset terminator on the Skywave communication systems due to severe disturbances/modifications in the 
equatorial and low-latitude ionospheric electron density distribution. The results presented in this study would 
have potential applications in the planning and operation of long-distance and/or over-the-horizon HF communi-
cation systems during active space weather periods.

Data Availability Statement
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