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Abstract This paper presents effects of the major sudden stratospheric warming (SSW) event of
2009 on the subionospheric very low frequency/low frequency (VLF/LF) radio signals propagating in the
Earth-ionosphere waveguide. Signal amplitudes from four transmitters received by VLF/LF radio networks
of Germany and Japan corresponding to the major SSW event are investigated for possible anomalies
and atmospheric influence on the high- to middle-latitude ionosphere. Significant anomalous increase or
decrease of nighttime and daytime amplitudes of VLF/LF signals by ∼3–5 dB during the SSW event have
been found for all propagation paths associated with stratospheric temperature rise at 10 hPa level.
Increase or decrease in VLF/LF amplitudes during daytime and nighttime is actually due to the modification
of the lower ionospheric boundary conditions in terms of electron density and electron-neutral collision
frequency profiles and associated modal interference effects between the different propagating waveguide
modes during the SSW period. TIMED/SABER mission data are also used to investigate the upper
mesospheric conditions over the VLF/LF propagation path during the same time period. We observe
a decrease in neutral temperature and an increase in pressure at the height of 75–80 km around the
peak time of the event. VLF/LF anomalies are correlated and in phase with the stratospheric temperature
and mesospheric pressure variation, while minimum of mesospheric cooling shows a 2–3 day delay with
maximum VLF/LF anomalies. Simulations of VLF/LF diurnal variation are performed using the well-known
Long Wave Propagating Capability (LWPC) code within the Earth-ionosphere waveguide to explain the
VLF/LF anomalies qualitatively.

1. Introduction

Very low frequency (VLF) (3–30 kHz) and low-frequency (LF) radio waves (30–300 kHz) propagate in the
waveguide formed by the Earth surface and lower ionosphere (60–100 km). These waves may originate from
man-made transmitters used for naval communication or from natural sources such as lightning discharges,
meteor echoes, Aurora Borealis, etc. Since these waves are reflected from the lower ionosphere, any changes
in the plasma distribution can be detected on ground by receiving the amplitude and phase components
of the narrow band VLF/LF transmitter signals. The VLF/LF transmitter signals recorded continuously on the
ground stations exhibit regular diurnal and seasonal variations followed by ionospheric variations due to solar
ionization. In addition to regular variation, the amplitude and phase of the VLF/LF recording also responds
to various external ionospheric disturbances in different time scales such as solar flares [Mitra, 1974; Grubor
et al., 2008, and references therein], gamma ray bursts [Tanaka et al., 2010; Mondal et al., 2012], geomagnetic
activities [Kikuchi and Evans, 1983; Kleimenova et al., 2004; Kumar and Kumar, 2014; Tatsuta et al., 2015], solar
eclipses [Clilverd et al., 2001; Chakrabarti et al., 2012; Pal et al., 2012a, 2012b], lightning [Inan et al., 1985, 1988;
Hobara et al., 2001; Kumar et al., 2008; Haldoupis et al., 2013], and others.

Ionosphere also responds to the forcing from the lower lying atmosphere when atmospheric gravity waves
and planetary waves propagated upward before breaking in the mesopause region depositing maximum
momentum and energy in the lower ionosphere [Lastovicka, 2001, 2006]. Subionospheric VLF/LF signals also
exhibit signs of such modulation and oscillation of the lower ionosphere by the small-scale and large-scale
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atmospheric waves [Schmitter, 2011; Pal et al., 2014]. During a sudden stratospheric warming (SSW) event,
large-scale planetary waves that originated from the polar vortex motion can propagate from the polar region
to equatorial region. Generally, SSW event occurs in the Northern Hemisphere during wintertime when the
polar stratospheric temperatures increase by at least 25 K in a week. During a major SSW event, the zonal-mean
wind at or near 10 hPa (around 30 km) also reverses its direction. SSW events are believed to be caused by
upward propagation of tropospheric transient planetary waves into the stratosphere and their interaction
with the zonal-mean flow [Matsuno, 1971]. SSW events, though polar phenomena, also affect the midlatitude
to low-latitude atmosphere and couple the atmospheric layers, stratosphere-mesosphere to ionosphere via
the interaction of planetary waves with the tidal and small-scale gravity waves components [Liu and Roble,
2005; Goncharenko and Zhang, 2008; Fuller-Rowell et al., 2011; Laskar et al., 2014; Fagundes et al., 2015].

VLF/LF signals are expected to show disturbances during the SSW period from the atmospheric waves gen-
erated from the polar vortex which are responsible for the coupling between atmosphere and ionosphere.
However, there are very few reports about VLF disturbances caused by SSW events. Belrose [1967] reported
a correlation between VLF phase advancement and MF (medium frequency, 300 kHz to 3 MHz) absorption
associated with the SSW events of 1952 and concluded a significant increase in the D region electron density.
Larsen [1971] studied short path VLF signal measurements in addition to ionosonde data at high latitude
during the SSW event of 1969 and concluded that there were no large changes in the D region electron
density profile. VLF/LF amplitudes anomaly due to the SSW event is not completely understood yet both by
observation and theoretical studies.

There are several studies with the major 2009 SSW event due to unique solar and geomagnetic conditions.
The prolonged solar minimum and quiet geomagnetic activities during this period helped to propagate
atmospheric gravity waves upward against the mean background flow which gives an opportunity to study
the vertical coupling between different atmospheric layers. Most papers discussed about the formation of
F region disturbances during the SSW period. In this paper, we have clearly shown the disturbances in the
lower thermosphere via the associated VLF/LF disturbances during this major SSW event in the high-latitude
to midlatitude regions over the North Atlantic and North Pacific zone. In section 2, observational data and
the SSW event are introduced. Then in section 3, main results, numerical simulation, and discussions are
presented. Finally, summary and conclusion are drawn in section 4.

2. Observational Data
2.1. The 2009 SSW Event
The SSW of January 2009 was a major and unique SSW event with minimum solar and geomagnetic activities.
During this major event stratospheric temperatures at 90∘N increased by more than 70 K and the zonal-mean
wind at or near 10 hPa (at about 30 km altitude) reversed its direction from westerly to easterly at 60∘N.
Figure 1 (top) shows the stratospheric temperature enhancement at 10 hPa averaged over geographic latitude
89–90∘N from 1 January 2009 to 31 March 2009. The duration of the event was from 10 January to 6 February
2009, and the peak of the temperature enhancement or peak of the SSW event occurred on 23–24 January.
This SSW event was the most intense, prolonged stratospheric warming event since 1978. The polar vortex
broke into two subvortices [Manney et al., 2009], one was approximately over the North Atlantic region and
the other was over the Siberian region. Variation of Dst index (Figure 1 middle) and Kp index (Figure 1 bottom)
show that the geomagnetic activity was very low during this time period. Stratospheric temperature data
presented here are obtained from the Atmospheric Infrared Sounder (AIRS) level 3 data. The AIRS is a facility
instrument on board the NASA’s polar-orbiting Earth Observing System Aqua satellite which also flies in a
polar Sun-synchronous orbit (98.2∘ inclination) with equator-crossing time at 0130 (descending) and 1330
(ascending) local times providing global coverage twice a day. AIRS determines atmospheric temperature
with a high-resolution spectrometer in the thermal infrared/visible region with an accuracy of 1 K per 1 km
thick layer in the atmosphere.

2.2. VLF and Other Ionospheric Data
We have analyzed the VLF/LF data from two different observational networks in Germany and Japan during
the SSW period. Great circle paths between the transmitters (NAA (24.0 kHz) and NRK (37.5 kHz)) and receiver
in Kiel observatory, Germany (latitude: 54.2∘N, longitude: 10.1∘E) were shown in Figure 2 (left). Approximate
distance covered by the NAA-Kiel and NRK-Kiel paths are 5410 km and 2104 km, respectively. Signals from



Figure 1. (top) Stratospheric temperature at 10 hPa (∼ 30 km) averaged over geographic latitude 89–90∘N from AIRS
instruments aboard the AURA satellite, and (middle) Dst and (bottom) Kp indices of geomagnetic activity during the
SSW of 2009.

the transmitters NLK (24.8 kHz) and NPM (21.4 kHz) were received at two places, Chofu (CHF, latitude:
35.6∘N, longitude: 139.5∘E) and Moshiri (MSR, latitude: 44.4∘N, longitude: 142.3∘E) in Japan (Figure 2, right).
Approximate distance covered by the NPM-MSR and NLK-CHF paths are 5969 km and 7700 km, respectively.
These VLF receiving stations are part of the VLF/LF observation network operated by the University of Electro-
Communications (UEC), Japan [Tatsuta et al., 2015]. Identical vertical electric field antenna and SoftPAL VLF
receiver [Adams, 1990] has been used in Japan for recording the VLF signals while the H field receiver (20 cm
Ferrite loop antenna, maxima at 140∘/320∘) has been used in Kiel observatory. We also examined the average
mesospheric temperature data for the height ranging from 70 to 85 km from the Sounding of the Atmo-
sphere using Broadband Emission Radiometry (SABER) instrument on the NASA’s TIMED satellite (LEVEL2A
data product from saber.gats-Inc.com) over the North Atlantic zone around the radio propagation paths.

Figure 2. Great circle paths between the VLF/LF transmitters and receivers. (left) Keil observatory, Germany; (right) UEC network, Japan.
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Figure 3. Diurnal variations of VLF amplitudes from the (top) NAA and (bottom) NRK transmitters received at Kiel,
Germany, on control days (9–15 January) and during the peak of SSW days (21–24 January).

3. Results and Discussion
3.1. VLF/LF Disturbances
The SSW of 2009 was a very intense event affecting almost all the Northern Hemisphere and the atmospheric
disturbances cover from the troposphere to upper mesosphere and lower thermosphere regions. VLF signals
disturbances associated with this event are presented here over the North Atlantic and North Pacific regions
in the Northern Hemisphere. In Figure 3, we show the diurnal variation of VLF amplitude for the NAA
(Figure 3, top) and NRK (Figure 3, bottom) signal received at Kiel on control days, i.e., prior to the SSW event
(9, 10, and 15 January) and on disturbed days (21–24 January) during SSW period. We note that in case of
NAA, signal amplitude at local nighttime (00 to 05 UT) increased significantly from the normal days and also
signal amplitude at daytime slightly increased from normal days. Daytime disturbances in the NAA data are
smaller than nighttime disturbances during the SSW event. Reason could be the long distance propagation
of signal with more attenuation at daytime by the D region ionosphere compared to nighttime. Nighttime
VLF/LF signals are considered more suitable for analysis of lower ionospheric disturbances from atmospheric
origin. In the case of the NRK, signal amplitude at night first decreased and then increased after 23 January,
while the signal amplitude at daytime increased from the normal days associated with the SSW event.

In order to show clear effects on the VLF signals due to the SSW event, we took 2 h amplitude average from the
diurnal curve of each day around the local midnight and midday at respective receiver places and prepared
daily VLF time series from January to March 2009. This 2 h amplitude average window is chosen to mini-
mize the effect due to lightning or trimpi events, if any, which can last from several seconds to few minutes.
We have checked the data and no significant lightning events are identified during the desired time period
used to calculate average amplitude. There was no big or moderate earthquake that occurred in the months of
January and February of 2009, in and around the NRK, NAA propagation paths over the North Atlantic region.
Further, the geomagnetic activity was very low during the SSW period (as shown in Figures 1, middle and 1,
bottom). Thus, ionospheric disturbances due to lithospheric sources, lighting/trimpi events, or space weather
events can be neglected in the present study. Figure 4 shows time series data for nighttime NAA signal ampli-
tude (Figure 4, top) from January to March 2009 with stratospheric temperature variation (Figure 4, bottom)
at 10 hPa (∼30 km) level. The SSW time period is recognized by the two dashed vertical lines. Amplitude of the
NAA transmitter first increased by 3–4 dB, then decreased to minimum around 23–24 January, and then again
increased to maximum value. Figure 5 (top) shows the daytime and nighttime (Figure 5, bottom) average NRK
amplitude during the SSW period. Red curves are the corresponding daytime and nighttime stratospheric
temperature variation at 10 hPa level, and the SSW time period is indicated by the two dashed vertical lines.



Figure 4. Nighttime average amplitude of the NAA signal received at (top) Kiel and the (bottom) stratospheric
temperature variation over the middle of propagation path at 10 hPa during January to March of 2009. The two
dashed vertical lines indicate the SSW period.

Here daytime amplitude increased during the SSW time, while nighttime amplitude first decreased by ∼5 dB
to minimum during the peak of the SSW event and then again increased by ∼10 dB. Note that the NRK trans-
mitter is closer to the polar region, so the amplitude anomalies in the NRK-Kiel path are higher compared to
the NAA-Kiel path as the NAA transmitter is away from the polar region.

We have also checked the VLF paths over the North Pacific region such as the signals from the NLK and NPM
transmitters received at Chofu and Moshiri in Japan (also shown in Figure 2, right) for possible effects due to
the same SSW event of 2009. The polar vortex broke into two subvortices during the SSW period which were
over the North Atlantic and Siberia region. Since the present SSW event was a global event, it affected the
whole atmosphere from high latitude to low latitude. The VLF signals over the Pacific region are thus expected
to show some effects during the SSW period. In Figure 6, we present diurnal variation of the NLK (Figure 6, top)

Figure 5. (top) Daytime and (bottom) nighttime average amplitude of the NRK signal (black) received at Kiel and
the corresponding stratospheric temperature variation (red) at 10 hPa level over the middle of the propagation path.
SSW period is indicated by the two dashed vertical lines.



Figure 6. Diurnal variations of VLF amplitudes from the (top) NLK and (bottom) NPM transmitters received at CHF and
MSR, Japan, respectively, on control days and during the peak of SSW days.

and NPM (Figure 6, bottom) signals received at Chofu and Moshiri, respectively, before and during the SSW
period. We plot the NLK signal from 00 UT to 15 UT to avoid the much attenuated daytime signal in this
high-latitude path. Average of the nighttime signals (11–13 UT for NLK and 12–14 UT for NPM) for both the
transmitters are plotted in Figure 7. It seems that the NLK-CHF path has some increase in amplitude during
the SSW period while the NPM-MSR path show little effect. Also, it is to be noted that the SSW effects on VLF
signals are less prominent compared to that found in Germany over the Atlantic zone. This is possibly due to
the fact that the NLK and NPM paths are away from the polar vortex zone and suggest that the intensity of
atmospheric disturbance was small in producing large ionosphere disturbances. In general, intensity of VLF/LF
amplitude perturbation depends on the distance from the disturbed ionospheric region to the propagation

Figure 7. Nighttime average amplitudes of the (top) NLK transmitter received at CHF and of the (bottom) NPM
transmitter received at MSR. SSW period is marked by the two vertical lines.



Figure 8. (top) Averaged SABER temperature profile at altitude range 75–80 km during January 2009. (bottom) The
variation of neutral pressure is shown.

path. In the present case, polar vortex broke in and around the North Atlantic and Siberian regions, and iono-
spheric disturbances, if any, are expected to occur in these regions with high intensity of VLF/LF perturbations.
Chofu and Moshiri are located on the other side of SSW disturbances and show lower VLF/LF anomalies. On
the basis of this, we would expect very little or almost no disturbances for low-latitude VLF/LF signals.

The increase or decrease in VLF/LF amplitudes, in general, is due to interference effects between different
propagating modes in the Earth-ionosphere waveguide depending on the propagation distance between
transmitter and receiver. Modal interference effects are mainly controlled by the lower ionospheric electron
density, electron-neutral collision frequency profiles along the propagation paths. From the VLF observation
here, it is difficult to infer about the electron density distribution without proper simulation, because increase
of VLF amplitude may indicate either increase or decrease in electron density in the lower ionosphere and
vice versa.

3.2. Temperature Disturbances From the SABER/TIMED Instrument
Mesospheric temperature and pressure anomaly during the SSW period could indicate changes in the ion-
neutral balance influencing the conductivity of the lower ionosphere. We examined the mesospheric temper-
ature and pressure data during January 2009 from the SABER/TIMED instrument over the propagation paths
in the North Atlantic zone. Figure 8 shows the average kinetic temperature and pressure at the height ranging
from 75 to 80 km. We notice a decrease in temperature and an increase in mesospheric pressure around the
peak time of the 2009 SSW event. We also note that there is a 2–3 day time delay between the minimum
of mesospheric temperature and maximum of mesospheric pressure and stratospheric temperature response.
Myrabo et al. [1984] reported a 1–2 day time delay between the maximum stratospheric warming and the
maximum cooling near the mesopause region, while some recent studies [Azeem et al., 2005; Liu and Roble,
2002] indicate mesospheric cooling trend about 2 weeks prior to the peak of stratospheric warming. In our
study, variation of mesospheric pressure is correlated with the stratospheric temperature response during this
SSW event with obviously no phase lag between the two. Also, the maximum of pressure disturbance is in
phase with the maximum of VLF disturbance in the upper mesosphere. The cooling in the upper mesosphere
in the high- to middle-latitude regions during the major SSW event is nowadays a well-known phenomena.
Mainly the eastward gravity waves in the mesosphere are responsible for adiabatic cooling at high- to middle-
latitudes regions in the Northern Hemisphere [Sox et al., 2015; Siskind et al., 2010; Chandran et al., 2011].
The concentration of atmospheric constituents both in the stratosphere and in the mesosphere also changes
by the changes in the residual circulation pattern in stratosphere and mesosphere during the SSW period
[Siskind et al., 2007; Manney et al., 2009, 2011; Marsh, 2011], which in turn modify the electrical conductivity in
the upper mesosphere-lower ionosphere region affecting the VLF/LF signal propagation.



Figure 9. Effects of increasing electron density and collision frequency on the diurnal variation of NRK amplitude at
Kiel. Red-colored curve is the standard diurnal variation for normal electron density (Ne) and collision frequency 𝜈e
profiles. Others are for different combination of Ne and 𝜈e profiles; blue (20% decreased Ne and 5% increased 𝜈e);
black (30% increased Ne and 5% increased 𝜈e); green (50% increased Ne and 5% increased 𝜈e); violet (75% increased
Ne and 5% increased 𝜈e).

3.3. Propagation Model
We try to explain the observed VLF/LF disturbances during the SSW event based on a reference iono-
sphere model and a radio wave propagation model. We use the Naval Ocean Systems Center (NOSC) LWPC
(Long Wave Propagation Capability) code [Ferguson, 1998] to simulate the diurnal variation of VLF/LF signal
amplitude. The LWPC code is a well-known two-dimensional robust model to calculate the amplitude and
phase of VLF signals within the Earth-ionosphere waveguide using the waveguide mode theory. The model
selects the lower waveguide parameters, i.e., permittivity (𝜖), and conductivity (𝜎) of the Earth along the prop-
agation path between transmitter and receiver. The upper waveguide condition is specified by the electron
and ion density altitude profile and the collision frequency profiles between electrons, ions, and neutrals.
For the model ionosphere in the LWPC model we use electron-ion density from the International Reference
Ionosphere (IRI-2012) model [Bilitza et al., 2011, and references therein] along the propagation path. We choose
the NRK-Kiel propagation path for simulation because it involves the high-latitude region near the polar vortex
zone and also due to the short distance (2104 km) between the transmitter and receiver compared to other
paths. We first ran the range table model of the LWPC code for the NRK-Kiel propagation path to calculate
the diurnal variation of NRK amplitude with a standard electron density (Ne) and electron-neutral collision
frequency (𝜈e) profile. The LWPC code has been coupled with the IRI-2012 model and automatized to calcu-
late the corresponding radio signal amplitude taking inputs from the IRI model along the propagation path.
Then we ran the model with increased Ne and 𝜈e from the standard one. Standard and quiet electron-neutral
collision frequency 𝜈e reads as (following Kelley [2009])

𝜈e(h) = 3.95 × 1012T−1∕2 exp(−0.145h)

where, T=215 K is assumed to be the unperturbed electron-ion temperature. The results of the LWPC simu-
lation are illustrated in Figure 9. Dependence of the daytime and nighttime VLF amplitude on the variation
of both electron density and collision frequency can be seen here. Simulated standard diurnal curve for the
NRK-Kiel path has been shown by red color. Then we increased the electron density in the 60–100 km range by
an amount up to 75% in step of 10% from the standard IRI-model and increase the collision frequency gradu-
ally by 5% to 20% from the unperturbed level. Diurnal curve in green color is obtained with 50% increased Ne
plus 5% increased 𝜈e from the unperturbed level. Black-colored diurnal curve is obtained with 30% increased
Ne and 5% increased 𝜈e. Blue-colored diurnal curve is obtained with 20% decreased Ne and 5% increased 𝜈e.
Similarly, the green- and violet-colored diurnal curves are obtained with 50% and 75% increased Ne and 5%
increased 𝜈e, respectively. Thus, we find that the effect of increasing electron density and collision frequency
from the standard IRI-model produce higher daytime and lower nighttime VLF amplitude. Finally, we plot the
simulated nighttime amplitude (22.5 UT) and daytime amplitude (12.5 UT) in Figure 10 with the observed
daytime and nighttime amplitude disturbances for the NRK signal. It is important to note that the observed
signal amplitudes are not normalized to compare with the simulated signal amplitudes, as it requires cali-
bration or normalization of observed amplitude with respect to exact amplitude which is a very complicated
process and also changes from site to site. Therefore, we do not compare the simulated amplitude values



Figure 10. Observed (black) and simulated (red) amplitude disturbances of the NRK signal during the SSW time period.

directly with the observed amplitude values. Nevertheless, we can see that the simulated amplitude varia-
tion of daytime and nighttime NRK signal are mostly in accordance with the observed disturbances during
the SSW event. Increase of collision frequency in the upper mesosphere or lower ionosphere may be caused
by the cooling effects and downward movement of neutral gas during the SSW period. Meridional compo-
nent of the wind flowing in the ionosphere from pole to equator or equator to pole during the SSW period
is one of the main controlling parameters of the plasma distribution/transport along the geomagnetic field
lines. Poleward wind produces downward transport of plasma with higher plasma in the lower regions while
the equatorward wind produce upward plasma transport producing higher plasma in the higher regions
[Klimenko et al., 2015; Pedatella et al., 2015]. Thus, electron density may increase in the lower ionosphere due
to downward plasma motion during the SSW period. Our simulation results also indicate that the observed
VLF disturbances are produced by increased electron density and slightly increased collision frequency during
the SSW event.

4. Summary and Conclusion

The main focus of this paper is to study the VLF/LF signal disturbances caused by the lower ionospheric dis-
turbances associated with the major SSW event of January 2009. VLF/LF network data from Germany and
Japan were used to examine the features of the VLF/LF amplitude disturbances due to the SSW event over
the North Atlantic and North Pacific regions. This allows us to study in detail the VLF/LF disturbances near to
and far from the polar vortex region. TIMED/SABER temperature and pressure data are analyzed for a high- to
middle-latitude propagation path (NRK-Kiel) to examine the mesospheric conditions for altitudes 75–80 km
during the SSW period. Then diurnal variations of signal amplitude for the same path are simulated using the
LWPC model for different combinations of increased electron density and collision frequency to find out the
exact cause of VLF disturbances during the SSW period. The main results are summarized below:

1. Depending on the propagation paths, significant increase/decrease or both increase and decrease of VLF/LF
amplitudes during the peak of the SSW event were found. In the case of NAA signal, we noticed night-
time increase of amplitude, while for NRK signal we noticed nighttime decrease of amplitude at the time
of stratospheric temperature maximum. Disturbances due to the SSW event have also been seen in the
VLF signals from the Japanese network over the North Pacific area away from the polar vortex zone with
slightly reduced effect. The reason for getting VLF/LF disturbances during the SSW event is depicted by a
schematic picture in Figure 11, where the left picture shows the circulating polar vortex (curved arrows)
before breaking, the middle picture shows breaking of polar vortex into two subvortices during the SSW
event, and the right picture represents interaction of planetary waves with VLF/LF radio wave propagating
in the Earth-ionosphere waveguide. Upward propagation of tropospheric transient planetary waves result-
ing from the breaking of polar vortex during SSW period and their interaction with the tidal waves and



Figure 11. Schematic picture of breaking of the polar vortex during the SSW event of 2009. (left) The circulating polar
vortex (curved arrows) before breaking and (middle) breaking of polar vortex into two subvortices during the SSW
period which produce transient planetary waves in the troposphere. (right) How planetary waves coupled with gravity
waves may result to ionospheric perturbation detected by VLF/LF radio waves.

small-scale gravity waves are believed as the main cause of ionospheric perturbation [Liu and Roble, 2005;
Lastovicka, 2006; Hoffmann et al., 2012; Hoffmann and Jacobi, 2012], which affect the VLF/LF propagation in
the Earth-ionosphere waveguide.

2. Analysis of TIMED/SABER data shows decrease in mesospheric temperature and increase in mesospheric
pressure during the SSW period for the NRK-Kiel high- to middle-latitude path. A delay of 2–3 days
between the minimum of mesospheric cooling and maximum of stratospheric warming has been observed.
Maximum of VLF/LF disturbances is in phase with the stratospheric warming and mesospheric pressure
response.

3. Simulation of the observed VLF/LF diurnal variation during the SSW period has been presented using the
LWPC propagation code. Effects of increasing electron density and electron-neutral collision frequency on
the diurnal variation of the NRK signal have been discussed. Our model simulation qualitatively reproduced
the observed positive daytime and negative nighttime amplitude anomalies for the NRK signal. Simulation
shows that VLF/LF anomalies associated with the SSW event are caused by increased electron density and
slightly increased collision frequency in the lower ionospheric region. Further investigation should be done
with other VLF paths to find out other features of VLF/LF anomalies associated with the other SSW events
and their dependence with solar cycle.
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