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Abstract A spring-fall asymmetry is observed in daytime amplitude values of very low frequency
(VLF) radio wave signals propagating over the North Atlantic during 2011-2019. We explore the processes
behind this asymmetry by comparing against mesospheric mean temperatures and the semidiurnal

solar tide (S2) in mesospheric winds. The solar radiation influence on VLF subionospheric propagation
was removed from the daytime VLF amplitude values, isolating the fall-effect. Similarly, the symmetric
background level was removed from mesospheric mean temperatures undertaking comparable analysis.
During fall, all three analyzed parameters experience significant deviation from their background levels.
The VLF amplitude variation during spring is explained by the seasonal variation in solar illumination
conditions, while the fall-effect can be interpreted as a mean zonal wind reversal associated with both a S2
enhancement, and temperature reductions. Decreases in temperature can produce decreases in collision
frequency, reducing VLF signal absorption, driving the observed VLF asymmetry.

Plain Language Summary The ionosphere is useful for it makes long-distance radio
communication possible. Its lower boundary is called the D-region (60-90 km) and can be monitored
using the very low frequency technique, VLF for short. VLF radio signals propagate long distances in the
Earth-ionosphere waveguide. Monitoring the annual variability of the signal's amplitude measured in
Northern Finland during daytime, a comparative amplitude asymmetry during spring and fall seasons is
observed, for which the responsible mechanism is still unknown. Here, we report a multiyear analysis of
this asymmetry observed using VLF signals propagating at middle-to-high latitudes. Around the D-region
altitudes, the sun induces oscillations in the wind dynamics called solar tides. At the same altitudes, the
mesospheric mean temperature has the unique characteristic of a cool summer and a warm winter. We
put forward the hypothesis that, during fall, the mean zonal wind reverses from westerly to easterly, and
this is associated with both semidiurnal solar tide enhancement, and mean temperature changes. The
latter can affect the chemistry and dynamics in the D-region in a significant way, eventually changing the
VLF propagation condition, and therefore, the amplitude strength.

1. Introduction

Very low frequency (VLF: 3-30 kHz) radio waves propagate inside the Earth-ionosphere waveguide mon-
itoring the electrical conductivity of its boundaries. The upper boundary properties of the waveguide can
be represented by Wait parameters (Wait & Spies, 1964), namely, the reference height and conductivity
gradient of the D-region. The quiescent ionospheric condition can be disturbed by different types of phys-
ical phenomena, originating in space (Clilverd et al., 2010; Macotela et al., 2017) or on Earth (Macotela,
Clilverd, Manninen, Thomson, et al., 2019). These disturbances, interpreted as perturbations of the D-re-
gion ionization levels, produce changes in the Wait parameters, which show up as phase and/or amplitude
variations in the VLF signals.

It is well known that the long-term variation of the daytime lower ionosphere exhibits distinct seasonal
characteristics with high variability in winter, and lower variability in summer (Bertoni et al., 2013; Correia
et al., 2011; Macotela, Clilverd, Manninen, Moffat-Griffin, et al., 2019). The D-region, created and main-
tained by solar radiation (Nicolet & Aikin, 1960), depends on the solar zenith angle (SZA), which is a func-
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tion of time of day, date, and latitude on Earth. This function is symmetric with respect to the maximum of
illumination. Thus, the seasonal VLF amplitude is expected to follow the SZA variation. However, here we
report cases where this expected variation is not followed.

Analysis of long-term VLF amplitude signal propagating in the northern hemisphere showed a comparative
asymmetry during spring and fall seasons (Macotela, Clilverd, Manninen, Moffat-Griffin, et al., 2019) but
was not investigated at the time. Recently, reviewing the data once more, we realized that this observation
has not been sufficiently studied and the mechanism that generates this asymmetry is yet unknown. A
few studies have previously reported a seasonal asymmetry in the VLF attenuation data (Greninger, 2016;
Korsakov, et al., 2020). Korsakov et al. (2020) explained their findings considering the sensitivity of vertical
antennas to environmental factors such as temperature and humidity. In contrast, the VLF measurements
analyzed in this study are obtained from loops antennas, which are largely insensitive to such environmen-
tal factors (Watt, 1967).

Here, we present a multiyear analysis of the spring-fall asymmetry observed in the amplitude of VLF signals
propagating over the North Atlantic and recorded between 2011 and 2019. Thus, in this manuscript the
terms indicating the seasons correspond to the northern hemisphere. We show that the amplitude values
during fall are enhanced above those seen during equivalent SZA conditions in spring, and so for brevity
we use the term fall-effect.

2. The Spring-Fall Asymmetry
2.1. Observation in VLF Data

In this study, narrow band subionospheric VLF amplitude data were analyzed from the 19.58 kHz (UK),
37.5 kHz (Iceland) and 24.0 kHz (USA) transmitters, recorded at either Sodankyld (SOD) or Kilpisjarvi
(KIL), Finland. The transmitters' call signs are GQD, NRK, and NAA, respectively. From these transmitter
and receiver combinations there is data continuity for four propagation paths, which are: NRK-KIL, GQD-
KIL, NRK-SOD, and NAA-SOD. The spatial configurations of the sites, together with the propagation paths,
are shown in Figure S1. This configuration allows us to analyze signals propagating between middle- and
high-latitudes. The length of the propagation paths and the localization of the transmitters and receivers
are described in Table S1.

The receivers are part of the Antarctic-Arctic Radiation-belt (Dynamic) Deposition-VLF Atmospheric Re-
search Konsortium (AARDDVARK) network (Clilverd et al., 2009) which provides continuous long-range
observations of the lower ionosphere, particularly in the Polar Regions. The receivers are composed of two
orthogonally oriented magnetic field loop antennas, and the recording system uses the UltraMSK software,
which measures both the phase and amplitude of Minimum Shift Keying modulated narrowband VLF
radio signals (Clilverd et al., 2009). Furthermore, the receivers include an effective impulsive sferic noise
suppression.

The seasonal variation of the daytime VLF amplitudes was computed using two-hour average around the
time of maximum solar illumination. For NAA-SOD this time changes throughout the year in about 40 min,
with its average at 14:41 UTC. This approach minimizes the impact of any ionospheric short-term fluctu-
ations as well as any effect due to the time shift of the maximum solar illumination. The measurements
during NAA maintenance days were automatically considered as missing data, with a lower threshold of
—90 dB during winter and —73 dB during summer.

Figure 1 shows the step-by-step analysis for one VLF path, NAA-SOD. The evolution of these daily averages
as a function of the day of year, from 2011 until 2019, differentiated by the colored lines, is shown in Fig-
ure la. As expected, a large (smooth) variability is observed in winter (summer). When comparing spring
and fall, a clear asymmetry is noted. During spring, the amplitude increases slowly. Whereas, during fall the
amplitude is initially high, followed by a sudden and fast decrease of its strength in early October.

Figure 1b shows in dashed line the average of the amplitudes displayed in the top panel smoothed using
a 21-day time window (to compare it with the tidal analysis, Section 2.3) as well as its standard deviation
of +0.50 (dotted lines). Here, the spring-fall asymmetry is more evident. The daytime D-region ioniza-
tion depends on the solar illumination conditions, which is inferred from the SZA. Thus, the average SZA
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Figure 1. (a) Temporal variation of 2-h around the maximum solar illummination for years 2011-2019, differentiated
by colored lines as indicated in the legend, for NAA-SOD. (b) Climatological average of the curves in (a) smoothed
using a 21-day time window (dashed line). The dotted curves are +0.50 computed in dB. The solid curve is the
temporal evolution of the average solar zenith angle (SZA) for the propagation path. The diamonds are the long wave
propagation code (LWPC)-amplitude obtained for specific SZA at 79°, 70°, 60°, 50°, and 43°. (c) Amplitude perturbation
after removing its corresponding SZA-driven amplitude. Dotted lines are +0.50 and the dot-dashed line represents zero
amplitude.

computed at 50 equidistant points along the propagation path at the time of the maximum illumination
is employed. Figure 1b displays the time evolution of this average SZA through the year (thin continuous
line). In this figure, the VLF amplitude behavior between mid-summer to fall (days 191-283) exhibits a
significant deviation from the expected values.

To confirm this, the equivalent VLF amplitude was calculated using the Long Wave Propagation Code
(LWPC, Ferguson, 1998), which makes it possible to determine VLF signal strength as a function of distance.
The LWPC amplitude was computed for five fixed SZA values, 79°, 70°, 60°, 50°, and 43°, assuming constant
values of Wait parameters along the propagation path and employing the McRae and Thomson (2000) and
Thomson et al. (2017) SZA relationships. These authors reported the SZA and Wait parameters relationship
for different regions on Earth and for different levels of a 11-year solar activity cycle. Therefore, employing
their average provides a better representation of the D-region variation on the various paths studied here,
over long time periods. The LWPC amplitude is shown in Figure 1b (diamonds), confirming that the expect-
ed temporal evolution of the quiet daytime ionosphere follows the SZA variation.

A quadratic fit between the SZA and the average VLF amplitude from day 1 to mid-summer (day 180) was
used to compute the SZA-driven amplitude. Figure 1c shows the subtraction of both amplitudes (solid)
together with its +0.50 (dotted). The horizontal dot-dashed line indicates the zero level. Considering the
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Figure 2. (a) Vertical overview of the climatological average of Microwave Limb Sounder (MLS) atmospheric
temperature since 2011 until 2019, for the geographic region around the very low frequency (VLF) propagation paths.
The horizontal white lines delimit the 70-80 km altitude range. (b) Time evolution of the MLS average temperature at
this altitude (black), and its symmetric background level (orange). (c) The difference between the MLS temperature at
70-80 km and its symmetric background level. The dot-dashed line represents the zero level, and the dotted curves are
+0.50.

standard deviation, a departure in the signal from the zero level is observed from day 191 to day 283, lasting
about 3 months, with a slow increase and a fast recovery. The maximum value of the deviation is ~4 dB,
and it occurs around day 264.

The same procedure is applied to the other three VLF data sets and the results are found to be similar, as
observed in Figures S2, S3, and S4. We describe the enhancement anomaly occurring in the fall season as
the fall-effect throughout the rest of this study.

2.2. Observation in Mesospheric Temperatures

The Earth Observing System Microwave Limb Sounder (MLS) onboard the Aura spacecraft measures
thermal emission from the Earth's atmosphere (Waters et al., 2006). Aura coverage is from 82°S to 80°N,
with ~13 orbits per day, and limb scanning from close to the ground up to ~100 km. The MLS instrument
provides daily global measurements of temperature and chemical constituents vertical profiles (Waters
et al., 2006). The MLS v5.0x level 2 temperature data was screened using Livesey et al. (2020) quality con-
trol criteria, such as, using the recommended vertical pressure range for scientific use, 261-0.00046 hPa.
For the analysis, three areas that enclose the four VLF propagation paths wewe chosen. These areas are:
(i) 44°N-68°N, 70°W-30°W; (ii) 60°N-71°N, 30°W-30°E; and (iii) 53°N-60°N, 4°W-4°E; and are shown as
boxes in Figure S1.

An overview of the climatological average of the MLS atmospheric temperature data set, for years 2011-
20109, for the altitude range 65-95 km is shown in Figure 2a. Here, a clear seasonal variation is observed.
Interestingly, the measurements in spring and fall also follow an asymmetric behavior, with a slower rate of
change in temperature from summer to mid fall when compared to the one from spring to summer. This be-

MACOTELA ET AL.

40f 10



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094581

havior in the mean temperature agrees with previous reports (Herron, 2004; Liibken, 1999). The horizontal
white lines delimit the altitude range between 70 and 80 km that is analyzed further. This range was selected
because during daytime the VLF waves reflect at these altitudes, and it is also in agreement with the refer-
ence height variation of McRae and Thomson (2000) and Thomson et al. (2017), employed in the LWPC
computation. The black curve in Figure 2b shows the average temperature at 70-80 km smoothed using
a 21-day time window length. The orange curve shows the symmetric background level computed using
the first half of the average temperature (black) with a 31-day smoothing. This one-month time window
moving average was chosen to identify the seasonal variation of the background temperature. From these
two temperatures, a clear difference is observed from mid-summer to fall. This difference and its +0.5c are
shown in Figure 2c. Comparing this temperature perturbation behavior with that of the VLF perturbation
(Figure 1c), a remarkable similarity is observed. A clear deviation is noted in the temperature difference
around fall, reaching a minimum value during mid-fall.

2.3. Observations in Mesospheric Winds and the Semidiurnal Solar Tide

Zonal and meridional wind data from the Saura medium frequency radar, (69.14°N; 16.02°E; Renkwitz
et al., 2018; and Singer et al., 2008), was used in this study. Specifically, data from 2011 to 2019 for the alti-
tude range 60-95 km, time resolution of 1 h, and altitude resolution of 1 km. From these horizontal winds,
the semidiurnal atmospheric solar tide (S2) was derived. Tides are global-scale oscillations in wind (or
temperature, density, etc.) at periods which are subharmonics of a solar day. In this study, we assume that
tides result from a linear superposition of a mean background flow and different period waves (e.g., Chau
et al., 2015; Stening et al., 1997). Thus, the following equation can be independently fit to the zonal and
meridional winds (e.g., Sandford et al., 2006):

(w.v) = (ugovp) + (au,av)cos[Zﬁ%J + (bu,b‘,)sin[z;;%] @

! i i

M=

1

where, x and vy are the estimated zonal and meridional winds; u, and v, are the mean zonal and meridional
wind; 4,, a,, b,, b, are the coefficients of the wave amplitudes for each wind component; ¢ is the time in
hours; and T is the period of each considered wave (T; = 12 h). Equation 1 was solved using the least-square
method with a running window of 21 days. This window was applied in order to compare the results with
previous reports.

Figure 3a displays the climatological average of the time-altitude variation of u,. The figure shows that u, is
eastward during winter and westward during summer. The wind reversals are indicated by the black lines,
and they occur during mid spring and fall. The black box in the lower right corner indicates unreliable data.

Figure 3b illustrates the climatological average of the total magnitude of S2 tide (\/a? + b? + aZ + b?), using
both wind components,  and v, as a function of altitude and time. Again, the black box indicates unreliable
data. Figure 3b shows that S2 increases with the altitude, especially during winter and mid fall, in agree-
ment with previous findings for middle- and high-latitudes (Conte et al., 2018; He & Chau, 2019; Laskar
et al., 2016). Similarly, as in the case of temperature and VLF parameters, an asymmetric behavior of S2 is
also observed, with larger amplitudes during fall but not during spring. In addition, between 70 and 80 km,
indicated by horizontal white lines, there is a single enhancement in the tide amplitude characterized by a
downward transport of S2, from day 230 to a sudden depletion around day 280. The temporal variation of
the average S2 tide for this altitude range is shown in Figure 3c. From this curve, a well-defined enhance-
ment is observed for S2 amplitudes, with a peak well above 12 m/s. As in the case of the temperature analy-
sis, the S2 enhancement matches in time and shape with the VLF perturbation, with a maximum occurring
just after the time of the mean zonal wind reversal.

Figure 4a shows the fall-effect observed in the amplitude of VLF data for the four propagation paths, which
are differentiated by colored lines. We provide its average value (black) and the zero level (dashed) in Fig-
ure 4b to simplify comparisons with the other parameters. This average can be considered as the represent-
ative VLF amplitude fall-effect perturbation over the North Atlantic. Figure 4b also shows the fall-effect
observed in mesospheric temperature (red) and S2 solar tide (cyan) that were shown in Figures 2c and 3b,
respectively, yet are displayed here for comparison. Linear correlation coefficients of the VLF perturbation
with MLS temperature, also and S2 tide, were computed between 65 and 95 km for every 10 km. As expect-

MACOTELA ET AL.

50of 10



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094581

90

85

80

Altitute [km]

75

70
90

85

80

75

Altitute [km]

70

16
14
12
10

S2 [m/s]

\\‘\\\J\\\;\\‘L/\\‘\\\‘\

climatological average 2011-2019

i

o
U, [m/s]

\\\\\L\\\‘\\\\\\\\\

S SR A

o

100 200 300
Day of year

Figure 3. Annual climatological average (2011-2019) as a function of altitude of (a) u, and (b) S2 solar tide over Norway. The black curve represents zero speed
indicating wind reversal. The horizontal white lines delimit the altitude range 70-80 km. (c) The temporal evolution of S2 tide for 70-80 km altitude range
(solid) and its +0.50 represented by dotted curves.

ed, the correlation is highest for the altitude range 70-80 km used to compute the average curves shown
here. Figure 4b shows that during fall, a negative temperature deviation occurs while the VLF amplitude
increases. It is also observed that temperature and VLF variations closely follow each other throughout the
year. In addition, a high negative correlation of Rryrr = 0.82 is found between these two parameters, with
high significance. Contrary to the temperature analysis, an out of phase behavior between the S2 tide and
VLF variability parameters is perceived during other periods of the year, despite being in phase during the
fall-effect period. However, their linear correlation coefficient (Rs,yrr = 0.67) is still high. Furthermore, we
note that the S2 tide starts its fall-effect about 20 days later than the corresponding effect in temperature or
VLF amplitude perturbations.
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Figure 4. a) The obtained very low frequency (VLF) amplitude perturbation for the four propagation paths indicated
by the colored lines. (b) The average VLF amplitude perturbation over the North Atlantic (black), mesospheric
temperature (red), and S2 tide (cyan). The correlation coefficients of temperature-amplitude perturbation (Rryrr) and
S2-amplitude perturbation (Rs,.vir) is indicated in the legend.

3. Discussion and Concluding Remarks

VLF measurements recorded in Northern Finland from 2011 to 2019 have been used to identify a spring-fall
asymmetry in the daily daytime VLF amplitude values. This asymmetry is observed in signals propagating
on four different VLF paths.

Daytime VLF amplitudes during spring follow the solar illumination variation, while those during fall do
not. Indeed, this associated temporal evolution for most of the year justifies the removal of the SZA-driven
background level in the VLF data series. The effect observed during fall was isolated and analyzed to un-
derstand its most plausible generation mechanism. D-region forcing factors originating from space are less
likely to be responsible since those phenomena have shorter (e.g., gamma ray bursts) or longer (e.g., solar
cycle) time scales than the observed fall-effect. Thus, changes in the Earth's atmosphere seems the most
plausible source.

Watt (1967) showed the seasonal variation of attenuation rates for VLF waves without any spring-fall asym-
metry. This is not a surprise since the theory of VLF propagation, widely used, is based on a simple expo-
nential model for the reflecting base of the ionosphere and does not consider the influence of atmospheric
wave's dynamics. Thus, Figure 1b confirms that the simple SZA-based model employed so far is not always
an effective way of reproducing the actual D-region properties.

To explain our climatological observations, we put forward the following hypothesis: stratospheric mean
zonal wind reversal can be associated with both S2 enhancements and temperature changes. These chang-
es in temperature ultimately affect the VLF amplitude strength (i.e., wind reversal—»S2; and wind rever-
sal>T—VLF). From the observations (Figure 3a), reversal of the mean zonal wind velocity, from westerly
to easterly, occurs during the fall equinox. The weak velocity (nearly zero) has a high impact on atmospheric
wave propagation conditions, leading to enhancements in tidal variability and gravity-wave transmission
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from the lower atmosphere (Conte et al., 2018; Espy & Stegman, 2002; Laskar et al., 2016). Even though the
wind reversal time in Figure 3a corresponds to mesospheric altitudes, it is reasonable to expect it to occur
some days earlier than at stratospheric altitudes. This is confirmed in Figure 9 of Pedatella et al. (2021),
who analyzed Specified Dynamics Whole Atmosphere Community Climate Model with thermosphere-ion-
osphere eXtension (SD-WACCMX) simulations. In addition, Conte et al. (2018) reported that meteor radar
observations show an increase in gravity wave activity during the fall equinox. This suggests that the in-
crease in the amplitude of S2 tide may be partly due to its interaction with gravity waves as a result of the
reversal of the mean zonal wind. The ~20-day delay in the start of the fall-effect for S2 when compare to the
temperature or VLF amplitude perturbations, is not fully understood at present. However, we note out that
S2 is obtained from single point measurements rather than over the large area where VLF and MLS analysis
is undertaken, and this may contribute to the differences observed.

The role of gravity wave propagation and dissipation has been accepted as the dominant wave forcing that
drives the circulation in the mesosphere lower thermosphere region (Smith, 2012), which is responsible for
the cold summer mesopause. The seasonal variation of magnitude and pattern of mesospheric temperature
has been examined at middle- and high-latitudes (Liibken, 1999; Shepherd et al., 2004; Singer et al., 2003).
Such examinations showed a sharp decrease in temperature from spring to summer and a moderate in-
crease from summer to fall, observed at middle-latitudes and up to ~65°N. However, no explanation on this
behavior has been reported. Liibken (1999) ruled out any systematic effect and also a tidal modulation from
the observation. On the other hand, Singer et al. (2003) suggested that tides may influence this behavior.
These studies lead us to suggest that the observed variation in temperature during fall may be caused by the
interaction of the background wind and waves, such as gravity waves and planetary waves, which shall be
addressed in detail in a follow-up study.

To describe the VLF and temperature relationship, we consider modifications in the lower ionospheric
properties, which are sensed by the propagation of subionospheric VLF waves. Since the D-region mean
free path is sufficiently short, we assume that ion, electron, and neutral temperatures are equal during un-
disturbed conditions (Enell et al., 2005). We also consider that the lower boundary of the ionosphere is not
a mirror-type surface. In other words, VLF waves penetrate into the D-region up to the altitude where the
wave frequency matches the plasma frequency of the medium. While propagating inside the D-region the
VLF wave suffers deviative absorption (Hunsucker & Hargreaves, 2003). This type of absorption occurs near
the level of reflection. In this case, the wave energy is dissipated in proportion to the collision frequency, v.
Under this condition, the absorption may actually decrease as v diminishes, which is temperature dependent
(Chilton, 1981). Thus, a decrease in temperature implies a deviative absorption reduction. This is observed
in the VLF signal as an increase of VLF amplitude, corresponding to the results of the present study. The
fact that the VLF variability follows the temperature variability throughout the year confirms that these two
parameters are closely related. This relationship has also been pointed out previously by Silber et al. (2013).
The short and weak fluctuations in the temperature and VLF variability, with positive or negative time lags
between them, can be disregarded because they are within the error bars of the measurements.

Certainly, more data is required to be able to confirm whether the fall effect is related to the seasonal transi-
tion of the mean zonal wind impact on mean temperature, and whether the effect is also observed in other
regions of the Earth or not. In the literature, we found a few graphs suggesting the presence of the fall-ef-
fect in VLF data (Clilverd et al., 2010; Correia et al., 2011; Macotela, Clilverd, Manninen, Moffat-Griffin,
et al., 2019; Neal et al., 2015; Pal & Hobara, 2016). But the investigation of such effects was not the focus of
those studies. All those studies used similar approaches to ours to monitor the daily amplitude variation
during daytime, that is, averaging a few hours of the daytime VLF amplitude. Yet, those observations were
made at different places, during different periods of time, and with different instrumentation than ours.
Furthermore, there have been a few suggestions of an electron density profile sharp transition during fall
for the lower ionosphere (Al'pert Ya, 1972; Pancheva & Mukhtarov, 1996). This could imply that the phe-
nomena we observe may not be uncommon after all.

Finally, we consider that the observations presented in this letter and their particular characteristics open
interesting research possibilities in understanding processes and dynamics of the lower ionosphere and
mesosphere. Thus, more observational data from various resources, in the topic addressed here, needs to be
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