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Abstract The diurnal variations in the phase and amplitude of very low frequency (VLF) transmissions
with the call signs NWC, NPM, and NLK, received at Suva, Fiji, have been modeled using the Long Wave
Propagation Capability (V2.1) code to determine the ionospheric D region parameters, H΄ (reference
height), and β (rate of increase of electron density with height), for different daytime and nighttime
conditions along the transmitter‐receiver great circle paths (TRGCPs). Measured VLF signal amplitude
and phase show explicit variation over the day and nighttime along a TRGCP, also revealing amplitude
minima and phase steps during sunrise and sunset as the day/night terminator traverses a TRGCP. While
the daytime signal strength is reasonably smooth, at nighttime, the signal exhibits a great deal of
variability. For three signal paths, the mean daytime H΄ and β were found to be 70.7 km and 0.40 km−1,
respectively, while nighttime mean values of these parameters were found to be 84.2 km and 0.68 km‐1,
respectively. The temporal and day‐to‐day variability of the nighttime D region parameters shows that
H΄ and β ranges in between 83.0 and 85.0 km and 0.58 and 0.80 km−1, respectively. One of the possible
sources of nighttime signal variability is increase in the number of modes propagating and relative
complex interference between them along the TRGCPs, whereby the weaker modes also become
significant at night due to reduced attenuation. In addition, the variations in the nighttime D region may
also be a cause of high signal variability.

1. Introduction

The amplitude and phase of very low frequency (VLF) signals radiated from navigational transmitters
received at any point on Earth generally depend on the state of the lower ionosphere and the electrical para-
meters of Earth along the propagation path. In addition, the observed signals also vary depending on the time
of day, transmitter‐receiver great circle path (TRGCP) length, path orientation, magnetic latitude, and the
frequency of the VLF transmission. At VLF, the lower region of the ionosphere and the Earth's surface act
as good electrical conductors having sufficient conductivities to reflect these waves when incident upon
the boundaries. VLF signals propagate long distances via waveguide effects in the Earth‐ionosphere wave-
guide (EIWG) with very little attenuation (1–2 dB/Mm) (Wait, 1962). The conductivity of the Earth (ground
or sea parts separately) is assumed to remain constant for a fixed TRGCP. However, the variation in the con-
ductivity of the lower ionosphere due to variable solar radiation leads to the changes in the observed ampli-
tude and phase of VLF signals. As the signals propagate long distances along the east‐west meridian, varying
solar radiations are encountered. The signals propagating from the transmitter when it is in daylight portion
may reach the receiver when it is in dark or vice versa due to transition of the day‐night terminator. The VLF
signals on emerging from terminator show fadings in the amplitude (minima) and step changes in the phase
at any receiving station, which are more apparent over paths with significant component in east‐west direc-
tions (Clilverd et al., 1999; Crombie, 1964; Ries, 1967).

VLF radio waves can enter some distance into seawater due to their skin effect, which allows for VLF subsur-
face seawater propagation. Several countries still operate a number of powerful VLF navigational transmit-
ters to communicate with their submarines because VLF signals can be readily detected after propagating
long distances of thousands of kilometer. The amplitude and phase of the received VLF signals can provide
a good measure of the Wait and Spies parameters, D region reference height (H΄), and sharpness of the lower
edge (β) of the D region (Wait & Spies, 1964). The US Naval Ocean Systems Center (NOSC) developed com-
puter programs such as MODESRCH (modesearch), MODEFNDR (modefinder), and Long Wavelength
Propagation Capability (LWPC) e.g., (Ferguson & Snyder, 1990; Morfitt & Shellman, 1976) which can be
used to investigate the D region ionosphere for H' and β.
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Daytime propagation is found to be fairly stable, consequently resulting in distinct values of H′ and β
characterizing the lower D region. NOSC suggested H′ = 70 km and β = 0.5 km−1 for summer midla-
titudes (by implication low latitudes) but H′ = 72–75 km and β = 0.3 km−1 for winter midlatitudes
(Comité Consultatif International des Radiocommunications, 1990; Morfitt, 1977). Amplitude measure-
ments were only used to derive these parameters, mainly versus distance from aircraft journeys lasting
for several hours. No inclusion was taken of the changes in H′ and β with solar zenith angle variation
during the day. The changes in H′ and β by means of solar zenith angle were later measured and
described by Thomson (1993) and McRae and Thomson (2000) by measuring amplitude and relative
phase changes at fixed locations during selected days. These authors obtained H′ = 70 km for summer
midday of solar maximum, by measuring the amplitude at a particular location near a modal minimum
at a range of ∼600 km over a midlatitude, on a mixture of land and sea path (Thomson, 1993). NOSC
obtained a value of H′ = 70 km for summer midday from the positions of the amplitude modal minima
on flights at the times that the aircraft traveled through them. The values of β were actually determined
from the attenuation for the paths, assumed constant along the paths for NOSC, and assumed to be
changing with solar zenith angle for Thomson (1993) and McRae and Thomson (2000).

Thomson et al. (2007) determined the nighttime D region ionospheric parameters using a wide set of VLF
phase and amplitude measurements. They made VLF measurements with several frequencies in the range
10–41 kHz on long, mostly all sea‐based paths, including Omega La Reunion and Omega Argentina to
Dunedin, New Zealand, NAA (Maine, USA) and NAU (Puerto Rico) to Cambridge, UK, and NPM to San
Francisco. The average values ofH′ and β over many days, for the midlatitude D region near solar minimum
were found to be 85.1 + 0.4 km and 0.63 + 0.04 km−1, respectively. Furthermore, Thomson (2010) was able
to improve the values of ionospheric parameters for the lower D region using observed phase and amplitude
of VLF signals propagating on a short (~300 km) path from NWC to Karratha/Dampier on the Australian
NW coast. The lower edge of the midday equatorial ionosphere was found to be having H′ = 70.5 + 0.5
km and β = 0.47 + 0.03 km−1. According to Thomson (2010), the short path amplitude and phase provided
a better accuracy for D region parameters without having to average along the very long paths. Thomson
et al. (2011) from the short (300 km) NWC‐Karratha and NWC‐Dampier paths estimated the midday values
of H′ = 69.7 + 0.4 km and β = 0.48 + 0.03 km−1. More recently, Thomson et al. (2014) using the amplitude
and phasemeasurements fromNPM for a short, mostly sea‐based path between two Islands of Hawaii, deter-
minedH′ and β of the daytime D region as a function of solar zenith angle (SZA). TheH′ and βwere found to
vary from H′ = 69.3 ± 0.3 km and β = 0.49 ± 0.02 km−1 for SZA ~10° at midday, to H′ > 80 km and β ~0.30
km‐1 as the SZA approached ~70°–90° near dawn and dusk for this path. The broadband signals generated
from lightning discharges have been successfully used for the remote sensing of the D region (e.g., Cheng
et al., 2006; Cummer et al., 1998; Han et al., 2011; Han & Cummer, 2010a). Han and Cummer (2010a) deter-
mined the midlatitude daytime ionospheric D region electron density profile using ELF‐VLF atmospherics
recorded at Duke University, USA. Their results showed that the temporal variations in the daytimeD region
electron density profile are quantitatively related to changes in solar zenith angles. The quiet time D region
reference height reduced from ∼80 km near sunrise to ∼71 km near noon when the solar zenith angle
was minimum.

The VLF propagation in the EIWG is very sensitive to the D region conditions along any TRGCP.
Therefore, any disturbance in the D region appears as a perturbation in the recorded VLF signal (ampli-
tude and phase) at the receiver. Researchers have studied VLF signal perturbations due to several pos-
sible sources of D region disturbances including solar flares (Kumar & Kumar, 2018; Raulin et al.,
2013), solar eclipses (Cohen et al., 2018), geomagnetic storms (Maurya et al., 2018; Peter et al., 2006),
earthquakes (Hayakawa et al., 2011; Kumar et al., 2013), and lightning associated transient luminous
events (Inan et al., 1995; NaitAmor et al., 2010; Salut et al., 2012; Salut et al., 2013). However, these
topics are not the part of this study.

In this work, narrowband VLF signals recorded at a low‐latitude station are used to determine the D region
Wait and Spies parameters for three signal paths using LWPCmodeling for both daytime and nighttime con-
ditions and comparisons are made with the previously obtained values by other researchers. Emphasis is also
placed on studying the temporal variability of theD region ionospheric parameters to see how they vary over
any particular night and over some days of a month. In addition, this work also tries to find out how much
variability the D region can exhibit on a single night and whether the variability on a single night can be
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sufficiently large as compared to the variability over several days in a month. Possible sources of nighttime
signal variability and hence the nighttime D region ionospheric variability are discussed.

2. Data and Analysis

Investigating the ionospheric D region using the VLF band relies upon measurements of the amplitude and
phase of subionospherically propagating coherent signals generated by VLF transmitters. A software‐based
VLF amplitude and phase logger, termed as “SoftPAL,” was used to record the VLF signals that are mini-
mum shift key modulated (Dowden & Adams, 2008; Kumar et al., 2008). The VLF signals were continuously
logged with a resolution of 0.1 s alongside GPS‐based time. Using the 0.1‐s resolution data, minute‐averaged
values of amplitude and phase in decibels and degrees were acquired which were used to display the diurnal
amplitude and phase variations. The VLF amplitude and phase data used in this work are available at the
Center for Research Data repository, https://doi.org/10.4121/uuid:129f5ad8‐d589‐4a05‐a4b7‐e7cf9edfe150
(Kumar & Kumar, 2019). The TRGCPs of the NWC, NPM and NLK transmitter signals to Suva are shown in
Figure 1.

To determine the daytime and nighttime ionospheric D regionWait and Spies parameters (H′ and β), LWPC
code V2.1 has been used in this work. LWPC code is an assembly of separate and self‐complete programs
used to model the VLF signal propagation characteristics. This code was developed by Space and Naval
Warfare System center, San Diego (Ferguson, 1998), which employs an exponentially increasing conductiv-
ity with the height model of the D region. This simplified exponential ionospheric model is defined by two
vital parameters, namely, log‐linear slope (β) in the electron density and the effective VLF reference height
(H′) which are related by the Wait and Spies profile given by Ne(h) = 1.43 × 107[exp(−0.15H′)exp[(β − 0.15)
(h − H′)]]. LWPC treats the space between earth‐surface and lower boundary of ionosphere as a waveguide.
LWPC generates a range of amplitudes and phases as text files for various segments starting from the trans-
mitter leading up to the receiver. In this way, the observed amplitude and phase at the receiver are obtained.
Conversely, at any point, the values of H′ and β can be changed using trial and error to obtain a unique pair
ofH′ and β to match the observed amplitude and phase. Therefore, the recorded amplitude and phase of the
VLF transmitter signals can provide a good measure of H′ and β of the D region ionosphere.

3. Results
3.1. Morphological Features of NWC, NPM, and NLK Propagation to Suva

The NWC signal propagates mainly in west‐to‐east direction to the receiving station, Suva, Fiji, with a total
TRGCP length of 6.69 Mm. The propagation path consists of a mixture of land and sea covering significant

Figure 1. Map showing the transmitters and receiver (Suva, Fiji) sites and their TRGCPs.
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portion of land crossing Australia and then the ocean to Suva, as shown in Figure 1. Figure 2a shows diurnal
variation in the amplitude of NWC signal for the month of December 2009. Fifteen days of amplitude data
excluding the geomagnetically disturbed days chosen on the availability of continuous signals have been
overplotted to indicate the reproducibility of the signal amplitude over a 24‐hr period. This is achieved by
first removing the VLF data of five most geomagnetically disturbed days of the month. The geomagnetic con-
ditions data used in this paper were obtained from the WDC for Geomagnetism, Kyoto (http://wdc.kugi.
kyoto‐u.ac.jp/wdc/Sec3.html). The respective phase data for these months are not plotted as the phase com-
pounds up over the days and deviates from reproducing its form. However, the uniform and stepwise phase
changes correspond very well with the amplitude over the days. These curves are illustrative of those
obtained at other times of the year, except for the times of occurrence of minima and their magnitude.
The time used is in Universal Time (UT). The local time of Fiji is LT = UT + 12 hr. The values of signal
amplitude are not calibrated since the preamplifier and antenna gains are not known. However, the values
are good indicators of relative amplitude of different signals at Suva. In general, the average nighttime signal
strength (~48 dB) exceeds the average daytime signal (~43 dB) giving a night‐to‐day signal difference and
ratio of 5.0 dB and 1.78, respectively. The night‐to‐day signal ratio has been calculated using the average
amplitude graph (green color) of Figure 2a during the midnight time of 14 hr UT (02 hr LT) andmidday time
of 02 hr UT (14 hr LT). The night‐to‐day ratio is that of the output voltage of the preamplifier at night and day

obtained using the relationship Av dBð Þ ¼ 20log Vo
1μV . NWC signal received at Suva shows three amplitude

minima during both sunrise and sunset transitions labeled as SR1, SR2, and SR3 and SS1, SS2, and SS3,

Figure 2. Diurnal variation in the amplitude of (a) NWC, (b) NPM, and (c) NLK signals for December 2009. Fifteen days of
data (black plots) are over plotted to show the reproducibility of the amplitude. The average values in green are also
plotted.
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respectively. The theory and mechanisms of signal amplitude minima formation are itself very interesting
topics of study but are not subjects of consideration in this paper.

The NPM signal propagates across the geomagnetic equator over the sea largely in north‐to‐south direction
with comparatively less in east‐to‐west direction (Figure 1). The total path length is about 5.07 Mm. The
diurnal variation in the amplitude of NPM signal during the month of December 2009 is shown in
Figure 2b. It can be seen that the signal in the nighttime of TRGCP is more variable as compared to that
in the daytime but the signal reproducibility is good during both day and night propagations. In contrast
to NWC, the daytime signal strength (~40 dB) is more than the nighttime signal strength (~34 dB) giving
a night‐to‐day signal difference of−6 dB. Although the signal minima are not as distinct as in the NWC plot,
a minimum each during both sunrise and sunset transitions can be identified. The amplitude minimum dur-
ing sunrise is deeper and clearer than that during sunset.

The NLK signal propagates a significant path in north‐to‐south direction with a sufficiently large part in
east‐to‐west direction also (Figure 1). The propagation is transequatorial andmostly over sea covering a total
TRGCP length of 9.43 Mm. Figure 2c shows diurnal variation of the amplitude of NLK signal for December
2009. The day and nighttime signal strengths could be identified from the diurnal plots; daytime starting
from ~18 hr UT to 02 hr UT and nighttime from 06 hr UT to 17 hr UT. It can be noted that the daytime signal
strength is very stable as compared to nighttime when it is highly variable but their reproducibility can be
seen. During sunset transition, three amplitude minima labeled as SS1, SS2, and SS3 and during sunrise,
two minima labeled as SR1 and SR2 are observed for the summer month of December.

3.2. D Region Modeling: Wait and Spies Parameters

Observed amplitude and phase of VLF signals propagating over long paths are used to determine the elec-
tron density parameters of the D region of the Earth's ionosphere. The paths used in this work are NWC
to Suva, NPM to Suva, and NLK to Suva as shown in Figure 1. The NWC, NPM, and NLK transmitters have
good amplitude stability; however, the phase records do not show good stability particularly with NLK sig-
nal. The D region ionospheric parameters, namely, reference height (H′) in km and sharpness factor (β) in
km−1 are modeled using the LWPC V2.1 code for the above propagation paths for December 2009 at midday
and midnight for midpath of TRGCP. In addition, the variations in the nighttime signal strength for NWC
and NLK are utilized to obtain the temporal variations in the H′ and β and 15 days of internationally quiet
geomagnetic day's amplitude data are also used to obtain the day‐to‐day variations in theH′ and β for night-
time conditions for these two paths.
3.2.1. Daytime D Region Parameters
3.2.1.1. NWC‐Suva Path
Daytime VLF propagation is mainly stable, resulting in clearly defined values ofH' and β depicting the lower
D region, thus allowing calculation of the received VLF amplitudes and phases (McRae & Thomson, 2000;
Thomson, 1993). Like other U.S. Navy VLF transmitters, NWC typically has a very good phase and ampli-
tude stability. However, like the other U.S. transmitters, it mostly goes off air once a week for 6–8 hr for
maintenance purposes. During this period, the power radiated by the VLF transmitters goes down drastically
and the recorded signal strength shows almost zero level. In the analysis, all those periods for which the sig-
nal strength falls due to power off in VLF telemetry have not been considered. Upon activation, the phase is
still stable but the value of the phase (relative to GPS or UTC) is often not conserved. Additionally, in a typi-
cal week, there may be some gradual phase drift or random phase jumps (Thomson, 2010).

From the SoftPAL observed diurnal amplitudes of NWC for selected 15 days of December 2009, the mean
value of the midday (00 hr UT) amplitude is found to be 42.0 dB. This mean midday amplitude will be later
utilized to find the observed midnight amplitude using the day‐night amplitude difference. The solar zenith
angle value for mid TRGCP of the NWC‐Suva path was calculated which was then used for estimation of H'
and β using the relationship given by McRae and Thomson (2000). These values of H' and β were then fed
into the LWPC code to obtain the midday observed values of the amplitude and phase which came as 61.1
dB and 153.2°, respectively. For long path lengths, theH' and β values can vary in between. However, in this
work, we have considered the path averaged values and assume the H' and β to be uniform throughout the
entire TRGCP. The LWPC codes were then run after feeding in the required information such as the TRGCP
length, the bearing angle of transmitter to receiver, the receiver location and the date (10 December 2009)
and midday time. The results of LWPC calculation are shown in Figure 3 for different values of H' (in the
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range 69–73 km) and β (in the range 0.34–0.50 km−1), suitable for daytime propagation. The amplitudes are
from LWPC's standard output in dB above 1 μV/m, assuming the radiated power of 1,000 kW. The phases are
also from LWPC's standard output in degrees. The dashed horizontal lines in this figure show the daytime
amplitude and phase calculated by LWPC at the receiver for the midday path for the summer date shown.
From Figure 3, a unique value of H' and β needs to be determined which gives a satisfactory value for the
D region. As can be seen from this Figure, a single dashed vertical line at 70.5 km crosses the observed
amplitude and phase lines at the β value of 0.39 km−1. The LWPC calculated graph of β = 0.39 km−1 is
plotted to enhance the precision of estimating the H' and β parameters. Few more graphs of β close to
0.39 km−1 were plotted (though not shown here as the graphs become too closely spaced and indistinct)
to check for a value which gives the best estimate for the H' and β using both the amplitude and phase
graphs. However, the curve for β value of 0.39 km−1 is only plotted as it gave the best approximate. As
can also be seen from the Figure 3 that the observed amplitude and phase lines can be crossing at a
number of different positions hence giving various values of H' and β, therefore, the amplitude and the
phase graphs together become very helpful in complementing each other so that a more accurate and
unique value of the parameters can be determined. Thus, the midday D region parameters for the NWC
to Suva path are estimated to be H' = 70.5 km and β = 0.39 km−1, respectively.
3.2.1.2. NPM‐Suva Path
Similar measurements were made for the NPM to Suva path with TRGCP distance of 5,095 km. The NPM
has good signal reproducibility over the days and the diurnal phase could also be identified clearly though
longer duration continuous phase does not show good stability and is not preserved. From the values of
SoftPAL observed diurnal amplitudes for 15 days of December 2009 as shown in Figure 2b, the mean value
of the midday (00 hr UT) amplitude is found to be 39.0 dB. The LWPC codes were run to obtain the midday
observed values of the amplitude and phase which came as 59.05 dB and 125.1°. Again, the LWPC codes
were then run after feeding in the required information such as the TRGCP length, the bearing angle of
transmitter to receiver, receiver location, date (10 December 2009) and midday time. The results of LWPC
calculation are shown in Figure 4 for different values of H' (in the range 69–73 km) and β (in the range
0.34–0.50 km−1), relevant for daytime propagation. The dashed horizontal lines in each of these figures

Figure 3. Comparisons of observed midday amplitude and phase (horizontal dashed lines) of NWC to Suva path with the
LWPC calculated values. The dashed vertical line is used to show the estimated values of H' and β.
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show the daytime amplitude and phase calculated by LWPC at the receiver for the midday path for the
summer date shown. As can be seen from Figure 4, a single dashed vertical line crossing at 70.8 km
crosses the observed amplitude and phase lines at the β value of 0.40 km−1. The LWPC calculated graph
(orange line) of β = 0.40 km−1 is plotted to enhance the precision of estimating the H' and β parameters.
The midday D region parameters for the NPM to Suva path are estimated to be H' = 70.8 km and β = 0.40
km−1, respectively.
3.2.1.3. NLK‐Suva Path
An analysis similar to that for NWC and NPM to Suva path was carried out for NLK to Suva path with
TRGCP distance of 9,220 km. From the SoftPAL observed diurnal amplitudes for 15 days of December
2009 as shown in Figure 2c, the mean value of the midday amplitude is found to be 22.0 dB. The LWPC codes
were run to obtain the midday observed values of the amplitude and phase, which came as 40.2 dB and
−237.5°. The results of LWPC calculation are shown in Figure 5 for different values of H' (in the range
69–73 km) and β (in the range 0.34–0.50 km−1). The amplitudes are from LWPC's standard output in dB
above 1 μV/m, considering the normal NLK radiated power of 192 kW and phases are also from LWPC's
standard output in degrees. The dashed horizontal lines in each of these figures show the daytime amplitude
and phase calculated by LWPC at the receiver for the midday path for the summer. As can be seen from
Figure 5, a single dashed vertical line at 70.7 km crosses the observed amplitude and phase lines at the β
value of 0.40 km−1. Hence, the midday D region parameters for the NLK to Suva path are estimated to be
H' = 70.7 km and β = 0.40 km−1, respectively.
3.2.2. Nighttime D Region Parameters
VLF propagation at nighttime is seemingly highly variable compared to the daytime as revealed by the
highly variable signal strengths (Figures 2a–2c). This is probably due to the reflecting region of the iono-
sphere becoming more variable and partly because the nighttime ionosphere supports greater number of
modes in the EIWG which reach the receiver with substantial magnitude, thus resulting in more complex
modal interference (Clilverd et al., 1999); hence, the phases and amplitudes become more sensitive to
changes in the ionosphere than compared with the day. This makes it essential to take measurements

Figure 4. Comparisons of observed midday amplitude and phase (horizontal dashed lines) of NPM to Suva path with the
LWPC calculated values. The dashed vertical line is used to show the estimated values of H' and β.
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over several nights to institute a dependable pattern of average behavior. To determine the nighttime D
region parameters, the signals from NWC, NPM, and NLK are utilized here. The modeling is carried out
using the amplitude only because the LWPC V2.1 used here gives highly elevated values of phase at the
nighttime in all cases, which cannot be used against the observed values to estimate the parameters.
Nevertheless, approximations appear quite clear and give satisfactory values of the nighttime D
region parameters.
3.2.2.1. NWC‐Suva Path
From Figure 2a, the mean value of themidday amplitude of NWC is found as 42.0 dB and themidnight mean
amplitude value is 48.0 dB. The difference between day and night SoftPAL recorded amplitudes (6 dB) has
been added to the daytime observed amplitude of 61 dB given by LWPC to obtain the nighttime observed
amplitude of 67 dB. The results of LWPC calculation are shown in Figure 6a for different values of H' (in
the range 83–87 km) and β (in the range 0.50–0.80 km–1), suitable for nighttime propagation on 10
December 2009. These LWPC calculated values are then combined with the observed nighttime signal
amplitude as shown by the dashed horizontal line to estimate the nighttime propagation parameters. It
can be seen from Figure 6a that H' = 84.2 km and β = 0.64 km−1 give a good match between observed
and modeling results for NWC to Suva path.
3.2.2.2. NPM‐Suva Path
The mean midday NPM amplitude is 39.0 dB obtained from Figure 3b while the midnight mean amplitude
value is 34.0 dB. The difference between day and night SoftPAL recorded amplitude (~5 dB) has been sub-
tracted from the daytime observed amplitude (for NPM, daytime signal strength is more than nighttime)
determined by LWPC to obtain the nighttime observed amplitude. In this way, the nighttime observed
amplitude comes out 55.0 dB. The results of LWPC calculations are shown in Figure 6b for different values
of H' (in the range 83–87 km) and β (in the range 0.50–0.80 km−1), relevant for nighttime propagation on 10
December 2009. These LWPC calculated values are then combined with the observed nighttime signal
amplitude as shown by the dashed horizontal line to estimate the nighttime D region Wait and Spies para-
meters. As can be seen from Figure 6b, although the values of the ionospheric parameters are not

Figure 5. Comparisons of observed midday amplitude and phase (horizontal dashed lines) of NLK to Suva path with the
LWPC calculated values. The dashed vertical line is used to show the estimated values of H' and β.
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determined definitively using LWPC and observed amplitude, the NPM to Suva results are nevertheless
consistent with the nighttime ionosphere with β = 0.70 km−1 and H' = 84.4 km.
3.2.2.3. NLK‐Suva Path
The SoftPAL observed diurnal amplitudes of NLK for 15 days of December 2009 overplotted in Figure 2c
gives a meanmidday amplitude of 22.0 dB and midnight mean amplitude of 17.4 dB. The difference between
day and night SoftPAL recorded amplitude (4.6 dB) has been subtracted from the LWPC given daytime
amplitude (for NLK, average daytime signal strength is more than nighttime) to obtain the nighttime
observed amplitude which comes out to be 36 dB. The results of LWPC calculation are shown in Figure 6
c for H' (in the range 83–87 km) and β (in the range 0.50–0.80 km−1), suitable for nighttime propagation
on 10 December 2009. These LWPC calculated values are then combined with the observed nighttime signal
amplitude as shown by the dashed horizontal line to estimate the nighttimeH' and β parameters. Thus, it can
be seen from Figure 6(c) that H' = 84.0 km and β = 0.70 km−1 give a good approximation between observed
and modeling results for NLK to Suva path.

Figure 6. Comparisons of observed midnight amplitude (horizontal dashed line) of (a) NWC to Suva, (b) NPM to Suva,
and (c) NLK to Suva path with the LWPC calculated values. The dashed vertical line is used to show the estimated
values of H' and β.
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3.3. Nighttime Temporal and Day‐to‐Day Variability of D Region
3.3.1. NWC‐Suva Path
The daytime VLF propagation is quite stable but VLF propagation at night is significantly variable. High
temporal variability of the D region in the nighttime is well known but not being able to access it means that
the magnitudes, time scales, and sources for variability are not well understood (Han & Cummer, 2010b).

In this section, the nighttime amplitude data of NWC and NLK signals are used to study any temporal and
day‐to‐day variability of the nighttime H' and β parameters. The method of estimating H' and β using the
LWPC calculated values and comparing with the observed values of signal amplitudes remains the same
as described earlier in section 3.2. For the temporal variability at nighttime, the observed values of the ampli-
tudes are taken at each hour and are modeled with the LWPC to estimate the temporal variation ofH' and β.
Similarly, the variations in the signal strength for 15 different nights at a particular hour are utilized to esti-
mate the day‐to‐day variability of nighttime H' and β. To avoid any variations due to the geomagnetic activ-
ity, only geomagnetically quiet days have been considered, that is, by ignoring the five most geomagnetically
disturbed days of the month.

Figure 2a shows the diurnal variation of the signal amplitude of NWC for 15 internationally geomagnetically
undisturbed days for the summer month of December 2009. The signal amplitude on one of the days (08
December 2009) out of the 15 displaying the highest temporal variability has been used. The signal ampli-
tude at each hour from 11 to 17 hr UT during which entire TRGCP was in dark has been obtained, and using
the night‐day amplitude difference and the method as described in section 3.2, the observed values of the
nighttime amplitude is determined. Each of the observed amplitudes for each hour is then modeled using
LWPC. The instantaneous values of H' and β are thus estimated for the different hours and are plotted in
Figure 7. Significant variability in both the H' and β can be seen, with H' ranging between 83.9 and 84.4
km and β values ranging between 0.60 and 0.68 km−1 over 11–17 hr UT period of the complete nighttime
of the TRGCP. In a similar manner, the H' and β parameter for a fixed hour (15 hr UT or 03 hr LT) for
the 15 days has been obtained and plotted in Figure 8. Once again, a significant variability in both the H'

Figure 7. Temporal variation in H' and β in nighttime for NWC on 8 December 2009.

Figure 8. Variations in H' and β for NWC at 15 hr UT at night for 15 geomagnetically quiet days during December 2009.
Errors bars of +1σ centered at the mean for H' and β are also plotted.
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and β can be seen, withH' ranging between 83.5 and 84.7 km and β values ranging between 0.58 and 0.80 km
−1 over the 15 days period. Hence, the statistical information derived from these values of 15 days is as fol-
lows: For β, range = 0.24 km−1, mean = 0.67 km−1, and standard deviation = 0.067, and forH', range = 1.15
km, mean = 84.26 km, and standard deviation = 0.35.
3.3.2. NLK‐Suva Path
Figure 2c shows the diurnal variation in the amplitude of NLK for 15 geomagnetically quiet days received at
Suva for the summer month of December 2009. The signal amplitude of one of the days (29 December 2009)
out of the 15 displaying the highest variability has been selected. The SoftPAL signal amplitude at each
nighttime hour during 06–16 hr UT has been obtained using the same procedure as that for the NWC‐
Suva path. The instantaneous values of H' and β, thus, estimated at the different hours are shown in
Figure 9. Significant variability in both the H' and β can be seen, with H' ranging between 83.3 and 84.1
km and β values ranging between 0.50 and 0.78 km−1. To study the day‐to‐day variability, theH' and β para-
meters for a fixed hour (10 hr UT or 22 LT), for the 15 undisturbed days have been obtained and plotted in
Figure 10. Once again, a significant variability in both theH' and β can be seen in Figure 10, withH' ranging
between 83.0 and 85.2 km and β values ranging between 0.58 and 0.82 km−1 over the 15‐day period. The sta-
tistical information derived from these values of 15 days for NLK is as follows: For β, range = 0.24 km−1,
mean = 0.71 km−1, and standard deviation = 0.081, and forH', range = 2.2 km, mean = 83.72 km, and stan-
dard deviation = 0.79.

4. Discussion

The D region ionosphere is mainly ionized by Lyman‐α and other radiations such as X‐rays, galactic cosmic
rays, and EUV radiation. According to Strobel et al. (1974), scattered Lyman‐α is an important source of
nighttime D region ionization at the low and midlatitudes. The geocoronal Lyman‐α and Lyman β which
photoionize NO and O2, respectively, are other sources of nighttime D region ionization at the low latitudes

Figure 9. Temporal variation in H' and β in nighttime for NLK on 29 December 2009.

Figure 10. Variations inH' and β for NLK at 10 hr UT at night for 15 geomagnetically undisturbed days during December
2009. Errors bars of +1σ centered at the mean for H' and β are also plotted.
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(Banks & Kockarts, 1973; Thomson et al., 2007). In the D region, the
increasing atmospheric density absorbs the solar radiation and the elec-
tron attachment and recombination rates become so high that the free
electron density becomes very small.

4.1. Morphological Features of Subionospheric VLF Propagation

The amplitude and phase study of three VLF signals propagating over
long paths (>5 Mm) presented in this work shows a number of diurnal
features, of which, the distinct difference between day and night signal
strength and the formation of sunrise and sunset minima are of promi-

nence. VLF signals propagate as in waveguide modes through the EIWG. The intensity of each mode
depends on a number of factors including TRGCP distance, path attenuation, surface conductivity, transmit-
ter power, ionospheric height, the excitation of modes, and direction of propagation (Snyder & Pappert,
1969; Wait, 1957). In general, as the distance between the receiver and the transmitter increases, the signal
strength decreases due to an increase in attenuation with distance. The signals during nighttime suffer less
attenuation compared to the daytime due to enhanced conductivity of the ionosphere where VLF signals
undergo mirror‐like reflection compared to diffusive type from the D region in the daytime (Crombie
et al., 1958). The signals considered in this study would have different attenuations because they travel dif-
ferent path lengths with mixture land and sea‐based paths.

Based on the results, under pure daytime propagation, the average signal strengths are as follows: NWC= 43
dB, NPM = 40 dB, and NLK = 23 dB as listed in Table 1. Under pure nighttime propagation the signal
strengths are as follows: NWC = 48 dB, NPM = 34 dB, and NLK = 20 dB. Since transmitter power and pro-
pagation distance for all transmitters are different, it is worth examining the difference in the observed night
and day signal strengths. The difference between the night and day signal strengths for these three signals
are as follows: NWC= 5 dB, NPM= ‐6 dB, and NLK= ‐3 dB (negative values indicate that the daytime signal
strengths are more than the nighttime). One of the reasons for negative night‐day difference in amplitude
over long paths where the daytime amplitude is more than nighttime such as for NPM and NLK contrary
to NWC could be because of daytime position of the receiving station being near the constructive interfer-
ence for NPM and NLK signals resulting in larger daytime amplitude as compared to nighttime
(Figure 11). NWC signal mainly propagates from west to east whereas NPM and NLK signals have east‐west
propagation component. Crombie et al. (1958) reported that VLF signals traveling from west are less attenu-
ated than the signals traveling from east, but this will not affect the day and nighttime signal strength differ-
ences and neither the Wait and Spies parameters. However, NPM and NLK signals are propagating from
east; hence, they may be incurring more attenuation compared to the NWC signal.

The LWPC modeled output for signal strength versus distance from NWC, NPM, and NLK signals during
daytime and nighttime is presented in Figure 11. The vertical lines in the panels indicate the position of
the receiver away from the transmitter. The horizontal guidelines indicate the signal strength and the modal
position at the receiver. Themodal plots depict that the nighttime signal strengths (NPM= 57 dB and NLK=
26 dB) are less when compared to the daytime signal strengths (NPM= 58 dB and NLK= 30 dB) for the NPM
and NLK signals, hence the observed difference. Contrary to this for the NWC signal, the modal graphs indi-
cate that the nighttime signal strength is more (63 dB) when compared to the daytime signal strength (55
dB), which is well reflected from the observed values as well. LWPC modeling showed the existence of eight
daytime modes for these transmitter paths to Suva whereas for nighttime propagation it showed 11, 18, and
16 modes for NWC, NPM, and NLK paths, respectively. The higher order modes suffer more attenuation
than the lower order modes, for example, during the daytime, the attenuation of lower order modes (modes
1 and 2) is 2–4 dB/Mm while higher order modes (mode 8) have attenuation of up to 40 dB/Mm. Generally,
the nighttime signal strength at any site can be higher or lower than the daytime signal strength. There can
be many modes propagating during both day and nighttime. The complex interference between different
modes results in series of minima and maxima in the VLF signals propagating between the transmitter
and the receiver as shown in the modal graphs of Figure 11. Carefully looking at the LWPC generated graphs
of Figure 11, at any fixed location between the transmitter and receiver, the signal strength may be more in
the nighttime than daytime and vice versa. It entirely depends where the receiving station is located along

Table 1
Average Signal Strengths of the VLF Signals Received at Suva

Received
signal at
Suva

Average signal strengths (dB) Night‐day
signal
difference
(dB)complete nighttime complete daytime

NWC 48 43 5
NPM 34 40 −6
NLK 20 23 −3
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the modal distribution; it can be at a null position at nighttime, thereby exhibiting a low signal value as com-
pared to the daytime.

Dowden et al. (1996) stated that attenuation of the second‐order mode in the daytime is very high, approxi-
mately 10 dB higher than the first‐order mode over the daytime path. Clilverd et al. (1999) using LWPC code
modeled the nighttime propagation of NAA to the Faraday (Antarctica) path. Their results depicted gradual
decrease in amplitude with distance. There were positions where amplitude was significantly reduced
(minima) and enhanced (maxima) due to interference between the propagating modes. Similar results of
amplitude (sum of all modes) versus distance from NAA transmitter for four different ionospheric profiles
were obtained by Bainbridge and Inan (2003). Due to higher attenuation of modes in the daytime compared
to nighttime and the position of Suva for NWC‐Suva path lying around the modal maximum in the night-
time and minimum in the daytime, the observed signal strength in the nighttime is more than in the day-
time. However, for NPM‐Suva and NLK‐Suva path, the position of Suva appears to be around a modal
minimum in the nighttime and a modal maximum in the daytime, giving greater signal strength in the day-
time as compared to the nighttime. Johnson (2000) suggested that multiple modes could exist between trans-
mitter and receiver, which can interfere destructively, yielding the nighttime amplitude lower than the day
at certain positions along the TRGCP. Since the path length of NPM‐Suva TRGCP is 5,070 km over sea, there
is a possibility that multiple modes may exist in the nighttime and daytime propagation paths as well produ-
cing complex interference pattern (for example, LWPC output indicates 16 modes for NPM signal at night-
time when compared to 11 modes for NWC). The multiple modes at nighttime for NPM signal may interfere
destructively giving lower signal strength when compared to the daytime signal.

4.2. D region Modeling

The amplitude and phase data from VLF transmitter signals (NWC, NPM, and NLK) for long paths to Suva
are utilized to estimate the daytime and nighttime D region parameters, H', and β, and are summarized in

Figure 11. LWPC output for signal strength versus distance from the transmitter for NWC, NPM, and NLK signals during
daytime and nighttime. The vertical lines in the panel indicate the position of the receiver away from the transmitter. The
horizontal guide lines indicate the signal strength and the modal position at the receiver.
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Table 2. The results obtained are compared with the previously obtained
values of H' and β by (Thomson et al., 2007; Thomson & McRae, 2009;
Thomson, 2010; Thomson et al., 2011) for paths of similar lengths and pro-
pagations. Generally, a good agreement is found between them. Though
the modeling results by LWPC V2.1 seems better, it may not be perfect
as there is a degree of trial and error involved in estimation of the para-
meters and there could be some differences in the values obtained from
those reported by Thomson et al. [2007–2011] who used the earlier model
of LWPC V2.0 which did not incorporate the more recent values of stan-
dard parameters such as magnetic field variations along the paths.

For NWC to Suva path, the daytime values ofH' = 70.5 km and β = 0.39 km−1 are close to those obtained by
Thomson (2010) for the short path from NWC to Karratha/Dampier ofH'= 70.5 km and β= 0.47 km−1. The
differences in β could be because of the path length difference in the two propagations, where NWC to Suva
path is 6,680 km and NWC to Karratha is just ~300 km (a relatively shorter path). The nighttime values ofH'
= 84.2 km and β = 0.64 km−1 are also quite similar to the values obtained for NWC to Madagascar path
(long, low latitude nonequatorial path similar to NWC‐Suva) of H' = 84‐85 km and β = 0.6‐0.8 km−1.

For NPM to Suva path, the daytime values ofH' = 70.8 km and β = 0.40 k−‐1 are similar to those obtained by
Thomson et al. (2011) for the long path from NPM to Dunedin of H' = 70.8 km and β = 0.46 km−1. The dif-
ferences in β could again be due to the path length difference in the two propagations, where NPM to Suva
path is 5,100 km and NPM to Dunedin is 8,122 km (a relatively longer path). Also, the NPM to Dunedin path
covers good distance in the low tomid latitude range whereas NPM to Suva path is in the low latitude region.
The nighttime values of β = 0.70 km−1 and H' = 84.4 km are also quite similar to the values obtained for
NPM to Dunedin (long, transequatorial path similar to NPM‐Suva) of H' = 85 km and β = 0.65 km−1.
Once again, the small differences in the H' and β could be due to the path length difference between the
two paths, error in estimating the H' and β, and different versions of LWPC used.

For a very long NLK to Suva path, the daytime values of the D region parameters obtained are H' = 70.7 km
and β = 0.40 km−1. Similar values of H' = 70.9 km and β = 0.435 km−1 were obtained by Thomson et al.
(2011) for a very long NLK to Dunedin path. The nighttime values of H' = 84.0 km and β = 0.70 km−1 are
also quite similar to the values obtained for Omega Japan to Dunedin (long, transequatorial path similar
to NLK‐Suva) in the range of H' = 83–87 km and β = 0.50–0.70 km−1. The exact values of the parameters
were not reported as the estimates were not very clear for the above path as reported by Thomson and
McRae (2009).

Generally, it is seen here that the estimated H' values are in very good agreement with what Thomson et al.
(2007–2011) have reported for similar paths as considered here. However, some differences in the β values
can be seen from the ones obtained in this study to those reported previously. One of the reasons for the dif-
ferences could be because of the different version of LWPC (V2.1) used here when compared with the old
version (V2.0) used in the previous studies. A test was made with LWPC V2.1 for paths used by Thomson
and McRae (2009) who used V2.0, and slight differences in the calculated values of the amplitudes and
phases were seen which could have contributed to slight differences in the obtained values of H' and β.
The differences in the values of β obtained here could also be due to the differences in the distance covered
by the TRGCPs for different latitude range. Thomson et al. (2011) have shown a relationship between the β
variations with the geomagnetic latitude for near overhead sun (in summer) near solar minimum. They
found that the β value changes as the TRGCP traverses more toward the higher latitudes and obtained the
relationship between the β and the geomagnetic latitude (λ) described by the equation, β(λ) = 0.47 − (0.47
− 0.34) (Qλ − Q30)/(Q53.5 − Q30), where Q is the ion‐pair production rates at different latitudes (λ).

For near midday, Thomson (1993) found H' = 70.0 km and β = 0.45 km−1 during solar maximum while
NOSC found H' = 70.0 km and β = 0.50 km−1 for summer (path descriptions given in section 1.0). The cur-
rent results presented here for 2009 (average values for three paths are H' = 70.7 km and β = 0.40 km−1),
however, are for solar minimum for which McRae and Thomson (2000) found similar values of H' = 70.7
km and β = 0.39 km−1. This low value of β obtained during solar minimum could be due to the enhanced
galactic cosmic rays thereby increasing the electron density in the midlatitude in the lower region of the

Table 2
D Region Parameters Obtained From LWPC Modeling

VLF signal
paths

Daytime Nighttime

H' (km) Β (km−1) H' (km) Β (km‐1)

NWC‐Suva 70.5 0.39 84.2 0.64
NPM‐Suva 70.8 0.40 84.4 0.70
NLK‐Suva 70.7 0.40 84.0 0.70
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VLF reflection height range compared to the slightly reduced Lyman‐α ionization in the upper part of this
height range (Thomson & Clilverd, 2001). The galactic cosmic rays are omnidirectional, and their strength
in the D region does not fluctuate with time of day; however, intensity varies significantly with geomagnetic
latitude, being evidently higher in Polar Regions than near the equatorial regions (Thomson et al., 2014).

Thomson et al. (2007) using a large set of VLF amplitude and phase observations and LWPCmodeling found
that the nighttime averagedH' and β over many days, for the midlatitudeD region near solar minimum to be
85.1 ± 0.4 km and 0.63 ± 0.04 km−1, respectively. From the results presented here for the three long low
latitude/low‐midlatitude paths (one nonequatorial and two transequatorial), the average values of the night-
timeD region parameters estimated areH'= 84.2 km and β= 0.68 km−1. Once again, some differences in the
values obtained in this work are seen from those reported by Thomson et al. (2007) and can be attributed to
the reasons as already mentioned. In addition, the approximations using the LWPC calculations and the
observed values of the amplitudes only for the nighttime could be limiting the accuracy with which these
parameters have been estimated. LWPC V2.1 used here gives highly elevated values of phase at the night-
time in all cases, which cannot be used against the observed values to estimate the parameters. The esti-
mated values of β for the NPM and NLK paths (~0.70 km−1) seem to be slightly higher. Both these paths
are transequatorial and according to Thomson and McRae (2009); the effects of irregularities in the equator-
ial electrojet may extend down into the nighttime D region (Gossard, 1970; Jianqi Qin et al., 2014) which can
account for the observed VLF perturbations through scattering or mode conversion. These irregularities due
to trans‐equatorial path observations are found to be often not well modeled by LWPC.

4.3. Nighttime Variability of the D Region

The obvious feature seen from the diurnal plots is the high variability of the nighttime signal strength com-
pared to the daytime. Ries (1967) proposed that the mode conversion factor at the day‐night terminator and
the second mode attenuation in the sunlit part of the propagation path must be sufficiently high.
Considering multiple modes in the night and at least two modes in the day, Clilverd et al. (1999) suggested
that the low variability of the daytime signal is due to the presence of fewer modes to interfere. In the night,
the variability becomes high because of the increase in the number of significant modes (five or more) and
the consequent interference between them. This is found to be true for both NWC and NLK as their ampli-
tudes in the daytime have very small variability when compared to the nighttime amplitudes. The day‐to‐day
and temporal variability of the nighttime ionosphere also seems to be the contributing factor for the high
nighttime variability of signals (Han & Cummer, 2010a, b).

For both the NWC and NLK signal paths analyzed for the nighttime variability, the variations in H' (range
~2.0 km) and β (range ~0.2 km−1) are found to be substantial. This implies that the nighttime VLF signal
variability is caused by the variation in the D region reflection height and the electron density gradient
changes. This results in changes in attenuation, which is why the signals amplitude varies a lot at nighttime.
The magnitude of the hourly H' and β variation (range H' ~0.5 km, β ~0.15 km−1) on a single night is almost
as large as the observed day‐to‐day variation (range H' ~1.0 km, β ~0.2 km−1) for 15 quiet nights across the
entire month period. This indicates that much of the nighttime D region dynamics can occur on time scales
less than a day. It can also be interpreted from Figures 8 and 10 thatH' and β values can deviate by more than
one standard deviation from the mean nighttime values on any night of the month. NLK signal has consid-
erably larger variability as compared to NWC, probably due to its longer propagation path and the larger
range of local time zones traveled.

Han and Cummer (2010b) studied the D region ionospheric parameters (H' and β) by measuring the high‐
power broadband VLF signals generated by the lightning flashes. They broadband sferic data was analyzed
by these authors recorded during July and August 2005 by the instruments located near Duke University,
USA. They extracted the height of an assumed exponential electron density profile for each measurement
by comparing measured sferic spectra to the finite difference time domain (FDTD) simulation results. The
D region electron density profile showed large temporal variations of many kilometers on some nights
and relatively unchanging behaviors on others. The temporal variability on some nights displayed a close
correlation with the occurrence rate of lightning discharges in the region of study. This implied that the
direct energy coupling between lightning discharges and lower ionosphere could be a significant source of
variability in the nighttime D region. However, the measured height temporal variability on some nights
exhibited weak or almost no correlation with local lightning or geomagnetic activities. Their
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measurements suggested that many other processes might drive nighttime D region variability. They esti-
mated hourly H′ between 82.0 and 87.2 km with a mean value of 84.9 km and standard deviation of 1.1 km.

Maurya et al. (2012) used the tweek sferics observed during 2010 simultaneously at two low‐latitude Indian
stations, Allahabad and Nainital, to estimate the day‐to‐day variability inH′ and β and obtained about 5 km
and 0.2 km−1, respectively, which at any hour varied in the range of 4 km and 0.18 km−1.

Scattered Lyman‐α is the main source of mid and low latitude D region ionization at nighttime (Banks &
Kockarts, 1973; Strobel et al., 1974). High‐energy radiation belt electron precipitation also contributes to
ionization but at mid to high latitudes. The causes of this precipitation can be the interaction between ener-
getic particles and whistler waves (Blake et al., 2001; Jasna et al., 1992; Rodger et al., 2003). However, this is
very unlikely for the low‐latitude NWC‐Suva path as the entire TRGCP has lowmagnetic L‐shell values (L <
1.5) where whistler‐induced electron precipitations have hardly been observed (Voss et al., 1998). However,
NLK signal with portion of its TRGCP located at L > 1.5 propagates from middle to high latitude where
whistler‐induced electron precipitations can occur (Voss et al., 1998); hence, NLK signal may register classic
VLF events also giving rise to high temporal and day‐to‐day D region variability. Direct coupling of
lightning‐ionosphere can also affectD and E region ionosphere variabilities. Electromagnetic pulses radiated
by lightning can directly link into the lower ionosphere, heating the electrons, thereby changing the ioniza-
tion rate and perturb the VLF signal propagation (Inan et al., 1993), which is more noticeable at low lati-
tudes. The geomagnetic activity could also be linked to the increase in D region variability; however,
little/no connection can be made between this and the measuredH' and β as the days studied here were only
from internationally recognized quiet geomagnetic days. The gravity waves of Meteorological origin (e.g.,
tropical cyclones, mesoscale convective systems, tornados, and upper troposphere jet) (Laštovička, 2009;
NaitAmor et al., 2018), coming to ionosphere from below could also contribute to the day‐to‐day variability
of the nighttime D region which is an area of further research. The D region plasma irregularities associated
with strong thunderstorm and meteor events could also contribute to the short time scale D region variabil-
ity (Gossard, 1970; Jianqi Qin et al., 2014).

5. Summary and Conclusions

The VLF signals from the three navigational transmitters, NWC, NPM, and NLK, are utilized to study their
morphological features of propagation. The observed amplitude and phase of these signals have been used to
determine the daytime and nighttime D region ionospheric parameters (H' and β) for the different propaga-
tion paths using LWPC modeling. The daytime D region of the ionosphere is pretty stable and predictable
giving well‐defined values of H' and β, but at nighttime, the signal variability is very high. As such, the tem-
poral variability of the nighttime D region ionosphere is also studied to see how the ionospheric parameters
change during different hours of the night as well as how they vary at any particular hour over the days. The
main conclusions drawn from this work are as follows:

• Under pure daytime propagation, the average signal strength as recorded by SoftPAL is; NWC = 43.0 dB,
NPM = 40.0 dB, and NLK = 23.0 dB and under pure nighttime propagation the strength is NWC = 48.0
dB, NPM= 34.0 dB, and NLK= 20.0 dB. The difference between the night and day signal strength is NWC
= 5.0 dB, NPM = ‐ 6.0 dB, and NLK = −3.0 dB. The negative value indicates that the daytime signal
strength is more than nighttime. This difference in the signal strength can be attributed to the different
attenuation rates of the signals over the day and nighttime paths together with the difference in the modal
position of the receiver from the transmitter.

• The daytime D region parameters for the three propagation paths estimated using LWPCmodeling are as
follows; for NWC, H' = 70.5 km and β = 0.39 km−1, for NPM, H' = 70.8 km and β = 0.40 km−1, and for
NLK, H' = 70.7 km and β = 0.40 km−1. The nighttime D region parameters for the three paths estimated
are as follows: for NWC,H' = 84.2 km and β = 0.64 km−1, for NPM, H' = 84.4 km and β = 0.70 km−1, and
for NLK, H' = 84.0 km and β = 0.70 km−1.

• An appreciable nighttime temporal and day‐to‐day D region variability is found, whereH' varied between
83.5 and 84.7 km for NWC and 83.0 and 85.2 km for NLK, while β typically varied between 0.58 and 0.80
km‐−1 for NWC and 0.58 and 0.82 km−1 for NLK signals. The nighttime signal variability could be
accounted to complex interference pattern arising from the presence of larger number of significant
modes and D region perturbations due to strong flashes of lightning, planetary waves, tides, and
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traveling ionospheric disturbances associated gravity waves due to various sources including natural
hazards such as tropical cyclones and earthquakes.
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