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Abstract

The impact of strong and weak stratospheric polar vortices on geomagnetic semidiurnal solar and lunar tides is inves-
tigated during Northern Hemisphere (NH) winters using ground-based magnetic field observations at the Huancayo
(12.05°S, 284.67° E; magnetic latitude: 0.6° S) equatorial observatory. We analyze the periods between December 15
and March 1 for 34 NH winters between 1980 and 2020 and find that the response of semidiurnal solar and lunar
tides as seen in geomagnetic field depends on the strength of the stratospheric polar vortex. During weak polar
vortex events, geomagnetic semidiurnal solar and lunar tidal amplitudes show an average enhancement by ~ 25%
and ~50%, respectively, which is consistent with the known results during sudden stratospheric warmings. When the
stratospheric polar vortex is strong, geomagnetic semidiurnal solar and lunar tidal amplitudes decline on an average
by~ 15% and ~ 25%, respectively, during weak polar vortex events. Our results also reveal that the response of the
geomagnetic semidiurnal solar tidal variations to strong and weak polar vortex conditions is delayed by approxi-
mately 10 days while the response of geomagnetic semidiurnal lunar tidal variations do not show a time delay. These
results provide observational evidence that along with weak polar vortices in the Northern Hemisphere, the strong
stratospheric polar vortices also have pronounced effects on the equatorial ionosphere.
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Plots of geomagnetic semidiurnal solar and lunar tides respondingto variability in the stratospheric polar vortex
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Introduction

During winter, the latitudinal variation in insolation
causes a large-scale temperature gradient between mid-
latitudes and the pole, which results in the formation of
the polar vortex in the stratosphere (Baldwin et al. 2021).
The stratospheric polar vortex (SPV) is characterized by
a band of strong eastward winds that encircle the mid- to
high- latitude polar region and span from about 100 hPa
to above 1 hPa in altitude. The polar vortex extends well
into the mesosphere (Harvey et al. 2018) but the strength
of the mesospheric polar vortex is not considered in this
study. The SPV experiences large inter-annual variability
due to interaction with upward propagating planetary-
scale waves that are forced from the troposphere (e.g.,
Charney and Drazin 1961; Matsuno 1971). These plan-
etary waves (PWs) can propagate vertically and break in
the polar stratosphere resulting in the deposition of west-
ward momentum (Mclntyre and Palmer 1983), which
decelerates the eastward winds of the SPV. Air converges
and descends at high-latitudes resulting in warming of
the polar stratosphere. Owing to larger topographic and
land-sea contrasts, the PWs in the Northern Hemisphere
(NH) have larger amplitudes than in the Southern Hemi-
sphere (SH) (e.g., Waugh 2017), which results in the NH
SPV being weaker and more prone to distortion than
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the SH SPV (e.g., Waugh and Randel 1999). In the NH,
a complete breakdown of SPV due to the disruption by
PWs is relatively common and happens approximately
every 2 years during extreme meteorological events
called sudden stratospheric warmings (SSWs) (Charlton
and Polvani 2007; Butler et al. 2015). In contrast, SSWs
in the SH are rare and have so far only been observed
in 2002 and 2019 during the month of September (e.g.,
Charlton et al. 2005; Yamazaki et al. 2020). During SSW,
a rapid rise in the polar stratospheric temperature by sev-
eral tens of degrees is often accompanied by a breakdown
of the SPV. SSWs are therefore associated with weak
polar vortex conditions. Conversely, the development of
a strong polar vortex takes place in the absence of strong
tropospheric PW activity, which allows for uninter-
rupted radiative cooling and thereby strengthening of the
SPV (e.g, Lawrence et al. 2020). In comparison to SSW,
extended periods of strong polar vortex conditions are
relatively rare in the NH mainly because of the short-time
scales on which PW forcing can act and rapidly change
the state of the SPV (e.g., Lawrence and Manney 2018).
The weak and strong states of SPV play an important
role in atmospheric coupling processes and thus have a
wide range of impacts in different layers of the atmos-
phere (e.g., Baldwin et al. 2021; Pedatella and Harvey
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2022). In recent decades, the impact of weak SPV condi-
tions on the middle and upper atmospheres in the con-
text of SSWs have been extensively investigated and it is
now well-recognized that SSW associated effects can sig-
nificantly change the dynamics and chemistry of meso-
sphere, thermosphere and ionosphere (e.g., Goncharenko
et al. 2021; Laskar and Pallamraju 2015; Singh and Pal-
lamraju 2015). The SSW-driven variability in the meso-
sphere and lower thermosphere (MLT) are primarily due
to modified gravity wave (GW) forcing that results from
the deceleration and reversal of eastward winds of SPV
during SSWs (e.g., Holton 1983; Liu and Roble 2002).
Additionally, the variability in the ionosphere and ther-
mosphere during SSWs are primarily driven by changes
in upward propagating migrating and nonmigrating solar
and lunar tides, which result due to a combination of
changes in background winds and tidal forcing conditions
(e.g., Jin et al. 2012; Forbes and Zhang 2012). Here, tides
refer to global-scale oscillations of the atmosphere that
have harmonic periods of a solar or a lunar day (Lindzen
and Chapman 1969). The upward propagating solar tides
are thermally forced and are generated through peri-
odic absorption of solar radiation by water vapour in
the troposphere and ozone in the stratosphere whereas
the upward propagating lunar tide is primarily forced in
the lower atmosphere by the gravitational effects of the
moon. For a detailed overview of the impacts of SSWs on
the middle and upper atmospheres, the readers may refer
to the following reviews by Chau et al., (2012), Baldwin
et al., (2021) and Goncharenko et al., (2021). In contrast
to the well-studied SSW effects, the impact of strong
polar vortex events has only been considerably investi-
gated in the troposphere (e.g., Baldwin and Dunkerton
2001) and is still relatively unknown in the middle and
upper atmospheres.

In a recent work by Pedatella and Harvey (2022; here-
after PH22), the impact of strong and weak NH SPV on
the MLT has been examined using the Specified Dynam-
ics version of the Whole Atmosphere Community Cli-
mate Model with thermosphere-ionosphere eXtension
(SD-WACCM-X) simulations. This was the first such
study that compared the anomalies in tides, zonal-mean
temperature and zonal-mean winds in the MLT during
periods of strong and weak NH SPV. From their results,
it was found that the response of zonal mean and tidal
anomalies during strong SPV are generally opposite in
comparison to those that occur during weak SPV peri-
ods. The authors further investigated the anomalies
in selected atmospheric tides during strong and weak
NH SPV time periods and found, in particular, that the
migrating semidiurnal solar tide (SW2) shows the most
notable change in the MLT with a 25-35% reduction in
amplitudes at NH mid-latitudes during strong SPV time
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periods. During periods of weak SPV, an even stronger
enhancement in SW2 tides was also identified from
their results. In comparison, migrating diurnal solar tide
(DW1) and non-migrating semidiurnal solar tides (SW1
and SW3) showed smaller changes during strong and
weak NH SPV conditions. The work by PH22 did not
consider the changes in migrating semidiurnal lunar tide
(M2) during periods of either strong or weak SPV as the
lunar tidal forcing was not explicitly included in the SD-
WACCM-X simulations.

The changes seen in migrating and non-migrating solar
tides from the results of PH22 during periods of strong
NH SPV could potentially also lead to variability in the
ionosphere as it is well-established that the upward
propagating tides upon reaching the E-region dynamo
heights contribute to the generation of ionospheric
currents (e.g., Baker and Martyn 1953). One such cur-
rent that results due to this ionospheric E-region wind
dynamo phenomenon is the equatorial electrojet (EE]),
which is a narrow ribbon of intense current that flows
during daytime above the magnetic dip equator. About
one-half of the current intensity of the EE] is driven by
the upward-propagating tides (Yamazaki et al. 2014).
The EEJ is confined to a latitudinal width of about +3
deg and its high current density is primarily due to the
horizontal geometry of the magnetic field lines, which
in the presence of large-scale polarisation electric fields
enable strongly enhanced (Cowling) conductivity in the
ionospheric E-region. The EE] causes significant mag-
netic field deflection at ground-based observatories that
are located below the magnetic dip equator and therefore
magnetic field recordings have been extensively utilized
to investigate its various characteristics.

The results of PH22 in the MLT motivate us to com-
pare the ionospheric variability of the semidiurnal solar
and lunar tides during periods of strong and weak NH
SPV. For this purpose, we use the magnetic field record-
ings at the Huancayo (HUA, 12.05° S, 284.67° E; magnetic
latitude: 0.6° S) observatory to derive the geomagnetic
semidiurnal solar and lunar tides. We find that in addi-
tion to the known enhancement in geomagnetic semidi-
urnal solar and lunar tides during periods of SSWs (weak
SPV), these tides show a reduction during strong SPV
but this decline is not as large as the enhancement during
weak SPV conditions. These results demonstrate that in
addition to SSWs, periods of strong SPV also lead to con-
siderable impacts in the equatorial ionosphere.

Data set and analysis methods

Northern annular mode

The Northern Annular Mode (NAM) accounts for the
dominant fraction of extratropical atmospheric circula-
tion variability (e.g., Thompson and Wallace, 1998). In
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the troposphere, the NAM characterizes the meridional
shifts in the tropical jet streams with its positive phase
indicating an increase in the pressure gradient between
the mid-latitudes and pole and a poleward displace-
ment of the extratropical jet stream. In the stratosphere,
the NAM characterizes the variability in the strength
of stratospheric polar vortex (Baldwin and Dunkerton
2001). A positive NAM indicates a stronger than average
stratospheric polar vortex and vice versa. In this study,
we use the same time-series of NAM index that was used
for analysis by PH22. Following the procedure of Gerber
and Martineau (2018), the NAM index was calculated
based on the average geopotential height anomalies pole-
ward of 65°N at 10 hPa using the National Aeronautics
and Space Administration (NASA) Modern-Era Retro-
spective analysis for Research and Applications version 2
(MERRA-2) reanalysis (e.g., Gelaro et al. 2017). The state
of SPV is considered to be strong if the daily NAM at 10
hPa is >2.0 and weak if the daily NAM is <—3.0.

Geomagnetic semidiurnal solar and lunar tides
Hourly mean values of the horizontal component, H, of
the geomagnetic field observed by the ground-based
magnetometer at HUA have been used in this study to
estimate the geomagnetic semidiurnal solar and lunar
tides for the periods 1980-1991 and 1997-2020. For
this purpose, we use a similar technique that has been
applied to investigate the geomagnetic lunar tidal modu-
lation in relation to SSWs in earlier studies by Yamazaki
et al.,, (2012) and Siddiqui et al., (2015). The time period
of our analysis is similar to the interval that was cov-
ered by PH22. The HUA data are available at the website
of the World Data Centre (WDC) for Geomagnetism,
Edinburgh and have been downloaded for the above-
mentioned periods. The data for the years 1991-1996 for
HUA remain unavailable.

At the dip equator, the primary sources of the vari-
ations in the horizontal component of the geomagnetic
field, H, include contributions from the Earth’s main
magnetic field (H,;z), the magnetospheric ring current
(Hyp), and the induced magnetic field due to the large-
scale solar quiet (Sq) currents (Hj,) and the EEJ (Hg).

H = Hymr + Hyp + Hggy + Hsq (1)

As Sq and EEJ currents effectively flow only during
the daytime and disappear during the night (Malin and
Gupta 1977), the quiet night-time values of H can be
used to approximate H,,. For this purpose, the mean of
the night-time values between 23:30 and 02:30 LT for the
five monthly International Quiet Days (IQDs) are used.
The IQDs are the days where the geomagnetic variations
are at a minimum in each month. These night-time values
are subtracted from the daily recorded H data to remove
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the effects of the Earth’s main magnetic field. During geo-
magnetically disturbed periods, notable reduction is seen
in H due to the development of a westward ring current
in the magnetosphere (e.g., Kamide and Maltsev 2007).
To minimize this magnetospheric ring current effect, the
Dst index is used. The contribution of the ring current
(H,,p) is then removed from H by subtracting the Distur-
bance Storm Time (Dst) index.

AH = H — Hyr — Dst 2)

In equation 2, the daily variation AH represents the
deviation from the quiet-night time levels. The variations
in AH show a dependence on solar activity (Alken and
Maus 2007) and in order to consider this dependence we
use the solar flux values, F,,, (in solar flux unit (s.f.u) :
107*Wm™?Hz ). We calculate the index F,,, ,p using the
observed value of F,,, for each day and its 81-day-cen-
tered average, F, .4, with the following relation:

Fio7p = (F107 + F1074)/2 (3)

and use it to normalize AH to a solar flux level of 150
s.f.u with the method described in Park et al., (2012) (see
equation 1). We use the index F}, 5 for normalizing AH
since it is known that this index provides a better repre-
sentation of the solar cycle variations of the solar extreme
ultraviolet (EUV) radiation in comparison to F,,, alone
(e.g., Richards et al. 1994).

The geomagnetic solar (S) tides control much of the
daily variation in AH and its diurnal (S;) and semidiur-
nal (S,) components dominate the spectral components
of AH. The geomagnetic solar tides in AH result due to
the contribution of both upward propagating solar tides
and in situ generated solar tides in the thermosphere
(e.g., Forbes 1982a, 1982b). Additionally, there exist tidal
components in AH that are dependent on the phase of
the moon, which are called geomagnetic lunar (L) tides.
As the atmospheric lunar tides are dominated by its
semidiurnal component (M2; 12.421 h), the geomagnetic
lunar semidiurnal (L,) component dominates in L. The
amplitude of L in AH is typically much smaller than the
amplitude of S, owing to weaker tidal winds. However,
on certain so-called ‘big-L’ days that usually occur dur-
ing NH winters, the amplitude of L can become compa-
rable or even larger than that of S (Bartels and Johnston
1940). Recent studies have pointed out that these ‘big-L’
days of enhanced lunar amplitudes are associated with
the occurrence of SSWs (e.g., Fejer et al. 2010).

In this study, the S and L variations of AH are deter-
mined using the Chapman-Miller method that has been
summarized in Malin and Chapman (1970). The com-
ponents of S and L can be mathematically expressed as
following:
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Fig. 1 Panels a, d and g show the local time variation of AH from 1st November to 31st March for the winters of years 1980-1981, 1982-1983 and

2008-2009, respectively. The solid gray lines in the top panels represent the NAM values, while dashed gray lines correspond to the NAM value

of 2 and -3 associated with the reference values for strong and weak SPV, respectively. In panels b, e and h, the amplitudes of semidiurnal solar
(solid black line) tide and its climatology (dashed black line) are shown for the same years as mentioned above. In a similar way, the amplitudes of
semidiurnal lunar (solid red line) tide and its climatology (dashed red line) are shown in these figures. The gray and red shadings in these panels
indicate the 95% confidence intervals of semidiurnal solar and lunar tides, respectively. The error bars indicate the 95% confidence intervals of the
climatological tidal amplitudes. Panels ¢, f and i show the averaged daily Kp values in black bars and daily £, ,» levels in solid gray lines

(27

Sy = s,sin (Mnt + U,,) (4)
(27 2

Ln = lnSlVl<24nt — ﬂ(Zv) + }vn> (5)

Here, S, and L, denote the nth component of S and L,
respectively, with corresponding s, and [/, amplitudes.
The phases o, and 1, denote the phase angle of the nth
component of S and L, respectively. The lunar age in
hours is denoted by v and the solar local time in hours is
denoted by ¢. The S and L variations are simultaneously
determined by fitting their four respective Fourier coef-
ficients to AH over a 21-day moving window through an
ordinary least-squares (OLS) approach by using equa-
tions 4 and 5. The 21-day moving window has been cho-
sen because it allows the separation of solar and lunar
semidiurnal tides without generating any major artifacts
and has been utilized in similar studies by Chau et al.,
(2015) and Conte et al., (2017).

Based on the common OLS approach, we employ the
classical Gauss-Markov assumptions to estimate the
standard errors (SE) of regression coefficients by taking
the square root of the diagonal elements of the variance-
covariance matrix of the OLS estimator (e.g., Greene
2018; see Chapter 4). Further, the s, and [, amplitudes are
functions of OLS regression coefficients and error propa-
gation formula (e.g., Taylor 1982; Montgomery, 2012; see
Chapter 3) is applied to compute the standard errors of
tidal amplitudes (SE_tidal). The 95% confidence inter-
val of the estimated s, and [/, amplitudes are then con-
structed using SE_tidal estimates (see Additional file 1
for complete mathematical derivations). The climatologi-
cal amplitudes of s, and [, are obtained by computing the
mean of the amplitudes over the 34 analyzed winter peri-
ods and its associated standard error (SE_clim) is esti-
mated by SE_tidal/v/34, which is then used to construct
its 95% confidence interval. It is important to note that
the amplitudes of S and L that are determined using this
method include contributions from migrating and non-
migrating semidiurnal solar and lunar tides, respectively.
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For a more complete description of the efficacy of this
method, the readers are referred to Siddiqui et al., (2018).

Results

Between 1980 and 2020, there are 24 winters with strong
SPV, 12 winters with weak SPV and 4 winters with both
strong and weak SPV (see the complete list of dates in
the supplemental data of PH22). In Fig. 1, we present the
S, and L, variations in AH during individual NH winters
with both a strong and weak SPV. We select the winters in
1980-1981, 1982-1983 and 2008-2009 for this purpose.
These time periods were also analyzed by PH22 (see their
Fig. 3). In Figure 1la, the daily AH values that have been
normalized to 150 s.f.u are presented between Novem-
ber 01, 1980 and March 31, 1981. In this figure, the daily
diurnal variation of AH with a maxima during the local
noontime can be easily identified. The variations in AH
show a day-to-day variability that are almost entirely con-
fined to daytime hours and these variations are caused
by eastward-directed EE]J currents. In Fig. la, negative
deflections in AH can also be seen during morning and
evening hours, which are related to westward flow of cur-
rent at these times and are referred to as counter-elec-
trojets (e.g., Yamazaki and Maute 2017). The day-to-day
variability of the NAM index is shown in bold gray line
in this figure, the values of which are shown in the right
y-axis. The dashed gray lines correspond to the NAM
value of 2 and —3 associated with the reference values
for strong and weak SPV, respectively. The amplitudes of
S, (black line) and L, (red line) tides that are estimated
from AH are presented along with their error estimates
in Fig. 1b. The gray and red shadings indicate the 95%
confidence intervals of S, and L, tidal amplitudes, respec-
tively. The dashed black and red lines denote the clima-
tological S, and L, tidal amplitudes, respectively, with
the error bars indicating the 95% confidence intervals of
these mean tidal amplitudes. In Fig. 1c, the bar plot pre-
sents the daily averaged Kp levels (black bars) and the
gray lines correspond to the daily F;, ,, levels during this
time interval, the values of which are shown on the right
y-axis. From Fig. 1c, we note that this time period was
marked by high F,, ,p levels and was also geomagnetically
active on days -12 and 64 as the averaged daily Kp val-
ues remained high. As we account for variability due to
geomagnetic activity and solar flux levels in AH and use
a 21-day window for the estimation of tidal amplitudes,
we think that any abrupt influence of geomagnetic effects
on tides would be smoothed out. As it can be seen in
Fig. 1a, the period between mid-December (day -15) and
late January (day 23) was characterized by strong SPV
conditions as the NAM index remained above 2 during
this time. In response to strong SPV conditions, S, ampli-
tudes in Fig. 1b decline from ~36 nT on day — 8 to below
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its climatological levels to ~30 nT by day 8 and remain
at these levels until day 35. A more discernible decline is
seen in L, with its amplitude showing a reduction from
~7 nT on day -30, which is close to its climatological lev-
els, to ~4 nT by day 0. Compared to the slightly lagged
response of S, to strong SPV conditions, the decline in
L, amplitudes begin soon after the initial NAM increase
from day -35 onward. After day 21, the SPV conditions
begin to weaken and NAM starts to decline sharply and
eventually reaches — 2 by day 37. It remains around this
value until mid-February before recovering and rising
to 0 in the beginning of March. During this weakening
of SPV, a semidiurnal structure with its peak shifting to
later local times on succeeding days is seen in AH appears
around day 40 in Fig. 1la, which is associated with L,
enhancement during SSWs (e.g., Chau et al. 2009; Fejer
et al. 2010). Corresponding to this weakened state of SPV,
we notice an enhancement in S, amplitudes in Fig. 1b as
it rises above its climatological levels to ~36 nT by day
42 and peaks at ~39 nT on day 52. The response of L,
to weakening SPV is slightly earlier than S, and its peak
enhancement is seen on day 40 with an amplitude of ~22
nT, which is almost two times its climatological levels.
As the SPV begins to recover in early March and NAM
values increase from their minima, S, and L, amplitudes
decline sharply. The L, amplitudes return back to their
climatological levels by day 60 but S, amplitudes decline
below their climatological levels for a few days in early
March and gradually begin to return towards this level
by the end of March. For this winter, the results of PH22
showed a decline in MLT SW2 amplitudes with a minima
centered around day 10 and an enhancement with a max-
ima centered around day 40. We find that our observa-
tion of S, in AH is generally consistent with their findings
for this event.

Similar to Fig. la, the daily normalized AH values are
presented between November 01, 1982 and March 31,
1983 in Fig. 1d. From the NAM index, it can be seen that
strong SPV conditions existed between late December
and mid-January for this winter. The SPV weakens first
in late January and early February and then again towards
the end of February and from mid-March onward. How-
ever, it can be seen that based on the NAM index, the
extent of weakening of the SPV is slightly reduced in
comparison to the 1980-1981 winter. Fig. 1e shows that
S, amplitudes respond to strong SPV conditions with a
decline from ~30 nT on day -15 to below their climato-
logical levels by day -8 and reach their minima of ~25 nT
by day 2. The S, amplitudes show a small enhancement in
response to declining NAM, which happens around day
0 to record a maxima of ~28 nT by day 8. As the NAM
values rise again and reach a peak value of ~3 on day 11,
S, amplitudes respond with a decline and reach their
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minima of ~26 nT by day 21. With a decline in NAM val-
ues in late January to levels below 0, S, amplitudes show
an enhancement and rise above their climatological lev-
els to ~31 nT on day 32 before falling back when NAM
values increase after this day. Another enhancement in
S, amplitudes happen towards the end of February when
NAM values decline and SPV weakens, which result in S,
amplitudes reaching above their climatological levels to
~33 nT after day 60.

Compared to S,, the response of L, to the variability of
NAM index is more easily recognizable for this winter in
Fig. le as the minima and maxima in L, amplitudes are
seen to occur concurrently with increasing and decreas-
ing NAM values, respectively. With a local minima in
NAM values around day —20, an enhancement can be
seen in L, with its amplitude rising just above its clima-
tological levels to ~10 nT. Thereafter, as NAM values
increase and relatively stronger SPV conditions exist until
day —5, L, amplitudes decline below their climatological
levels to ~6 nT. Another local minima in NAM ensues
around day 0 and L, amplitudes enhance to a local max-
ima of ~15 nT on day 1. As NAM rises above 2 between
day 0 and 20, L, amplitudes fall below their climatologi-
cal amplitudes under this strong SPV conditions. Once
NAM begins its sharp decline in late January, L, ampli-
tudes rise to a maxima of ~22 nT on day 31. Associated
with this L, tidal enhancement, the local time shifting
semidiurnal structure in AH again appears between days
30 and 40 in Fig. 1d. In association with declining NAM,
the appearance of afternoon depression in AH around
15 LT on day 30 can be noticed in Fig. 1d. These depres-
sions are caused by westward counter-electorjet currents
that have been reported to be associated with weak SPV
conditions (e.g., Fejer et al. 2010). In Fig. le, a decline
is seen in L, amplitudes again as they fall back close to

Solar Semidiurnal Lunar Semidiurnal

R=-0.36

R=-0.38

Amplitude Anomaly (nT)

4 -2 0 2 4 4 2 0 2 4
NAM, 10hPa NAM, 10hPa

Fig. 2 Scatter plot between the anomalies in S, and L, geomagnetic

tides versus the Northern Annular Mode (NAM) at 10 hPa. Results

are restricted to the period of 15 December to 1 March for all the

available data between 1980 and 2020.The S, and L, tidal anomalies

are plotted against NAM with a lag of 10 and 0 days, respectively
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their climatological levels by day 50 when NAM values
increase above 0 after day 46 and peak around day 50.
Another enhancement in L, is also seen when NAM val-
ues decline below 0 around day 60. We note from Fig. 1f
that this time period was marked by moderate-to-high
F,op levels and was also geomagnetically active espe-
cially on day 61 as the averaged daily Kp values reached
above 6 on this day.

The daily normalized AH values are presented between
November 01, 2008 and March 31, 2009 in Fig. 1g. From
Fig. 1i, we note that this time period was marked by
low F,,,p levels and was also geomagnetically quiet as
the averaged daily Kp values remained low. In Fig. 1g,
the NAM values remain around O in November and
mid-December before gradually rising to levels above 2
between late December and mid-January. Higher NAM
values correspond to strong SPV conditions during these
times. In late January, the NAM values decline sharply
to levels below —3 and remain there until mid-February
before gradually rising and returning to 0 by mid-March.
The period between late January and mid-February cor-
respond to weak SPV conditions, which resulted in the
strong 2009 SSW event. Corresponding to strong SPV
conditions, L, amplitudes in Fig. 1h decline from ~13
nT in late December to reach below their climatological
levels to ~5 nT in mid-January. When SPV conditions
become weak in late January, L, amplitudes increase to
more than 3 times their climatological levels and reach
~33 nT by day 28. With the increase in L, amplitudes,
strong depressions in AH associated with counter-elec-
trojets is seen around day 26 between 12 and 15 LT in
Fig. 1g. Additionally, the development of a multi-day
semidiurnal pattern with enhancement of AH in morning
hours and weakening in the afternoon hours that shifts
in time on succeeding days can be seen between days
27 and 35 in this figure. This feature in AH is character-
istic of enhanced lunar effects during SSWs and it has
also been observed in equatorial F region vertical plasma
drifts (e.g., Chau et al. 2009). With the subsequent recov-
ery of the SPV in February, L, amplitudes decline to
their climatological levels. As seen earlier for the 1980-
1981 and 1982-1983 winters, S, amplitudes in Fig. 1h
also show a slightly delayed response to both strong and
weak SPV conditions during the 2008—2009 winter. With
strengthening SPV, S, amplitudes decline from ~31 nT in
early January to reach below their climatological levels to
~26 nT around day 20. With the weakening of the SPV
between late January and mid-February and thereafter
its subsequent recovery, S, amplitudes gradually increase
past their climatological levels by day 24 and eventually
reach up to ~42 nT on day 50. As the SPV recovers by
early March, S, amplitudes begin to decline back to their
climatological levels.
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Discussion

From the above results, it can be clearly inferred that
geomagnetic semidiurnal solar and lunar tides typically
decline in response to strong SPV conditions but with a
slightly weaker sensitivity when compared to its enhance-
ment during weak SPV conditions. Thus, S, and L, tidal
amplitudes seem to be anti-correlated to the NAM
index especially during strong and weak SPV conditions
as larger semidiurnal tidal amplitudes are seen during
weak state of SPV and vice-versa. In order to further
quantify the relationship between geomagnetic semi-
diurnal tides and the states of SPV, we plot the S, and L,
tidal anomalies against the NAM at 10 hPa for all avail-
able data between December 15 and March 1 for the
years 1980-2020 in Fig. 2. Contrary to L, tides, S, tides
generally respond with a time lag to the state of the SPV.
While the enhancement and reduction of L, amplitudes
generally coincide with the fall and rise of NAM index,
the S, amplitudes do not show enhancement or reduc-
tion immediately but with a time lag of several days. To
account for this lag, we calculated a median response
time of S, tides to SPV based on a cross-correlation
analysis between S, tidal amplitudes and NAM by using
discrete lag interval of 0-20 days for each of the winters
during the years of 1980-2020 and found it to be around
10 days. Thus, the S, and L, tidal anomalies are plotted
between December 15 and March 1 against NAM with
a lag of 10 and 0 days, respectively. The results show that
there is a clear linear relationship between S, and L, tides
throughout the different range of states of the SPV. The
linear correlation coefficient for S, is —0.36 and for L, is
—0.38, indicating that ~15% of the variability in S, and
L, tides during NH winter can be explained by the state
of the SPV. Based on this plot, the average enhancement
in geomagnetic solar and lunar tidal amplitudes during
weak SPV (NAM < —3.0) comes to be ~25% and ~50%,
respectively. During strong SPV (NAM > 2.0), the geo-
magnetic solar and lunar tidal amplitudes decline on an
average by ~15% and ~25%, respectively. It is also impor-
tant to note that these correlation coefficient values may
be longitude dependent and in case if a similar analysis
is performed with magnetic-field recordings at a different
equatorial station, the results may differ because longitu-
dinal variability of geomagnetic tidal amplitudes during
weak SPV conditions have been found in earlier studies
(e.g., Siddiqui et al. 2017).

Although our results are based on observations and
not on controlled simulations, they compare well with
those of PH22 despite focusing on the effects in the iono-
sphere rather than on the neutral atmosphere. However,
we find that the absolute value of linear correlation coef-
ficient between S, and NAM is lower and almost half of
their reported value for SW2 and NAM. There could be
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various reasons for this difference between the responses
of S, and SW2 tides to NAM. For example, S, tides in
AH comprise of different migrating and non-migrating
semidiurnal components that have the following main
sources: (1) in situ thermal forcing in the thermosphere,
and (2) upward-propagating tides that are generated in
the lower atmosphere. Since it is not possible to separate
the migrating and non-migrating semidiurnal compo-
nents from single-station observations, the contributions
from non-migrating semidiurnal tides are also included
in our calculation of S, amplitudes. The contributions
from non-migrating semidiurnal tides can certainly be
non-negligible during SSWs as it has been reported that
they can be generated by nonlinear interaction between
tides and PWs (e.g., Pedatella and Forbes 2010) and pos-
sibly by longitudinal changes in stratospheric ozone dis-
tributions (Goncharenko et al. 2012). Additionally, the
contributions of in situ generated thermospheric semidi-
urnal tides, though small (e.g., Forbes and Garrett 1979),
are also included in our calculated S, amplitudes. Also,
it was found by PH22 that the relationship between non-
migrating semidurnal tides (SW1 & SW3) and NAM (see
their Additional file 1) is considerably weaker in com-
parison to SW2. Based on these factors, we presume that
the contributions of non-migrating semidiurnal tides
and in situ generated semidiurnal tides in S, amplitudes
may be a reason for the lower correlation coefficient seen
between S, and NAM in our results in comparison to the
results of PH22.

From our results, it was also observed that L, tidal vari-
ations respond with almost no time lag to the strong and
weak states of SPV while S, tidal variations responded
with a median time lag of around 10 days. It is plau-
sible that the difference in the timing of L, and S, tidal
responses could be due to the mechanisms that drive
these tidal variations and further analysis and more
research is certainly needed to understand the role of
these different processes.

Conclusions

In this study, we have used the horizontal magnetic field
recordings from the Huancayo equatorial observatory
to study the variations of geomagnetic semidiurnal solar
and lunar tides during periods of strong and weak SPV.
Based on the analysis of 34 NH winters between 1980 and
2020, we find that the response of the geomagnetic sem-
idiurnal solar and lunar tides is dependent on the state
of the NH SPV. These tides typically show an average
enhancement (~25% for S, ~50% for L,) during times of
weak SPV and an average reduction (~15% for S, ~25%
for L,) during times of strong SPV. The decline in tides,
however, occurs with a weaker sensitivity during strong
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SPV conditions when compared to its enhancement dur-
ing weak SPV conditions. Our results also reveal that the
geomagnetic semidiurnal solar tidal response to strong
and weak SPV conditions is delayed by approximately
10 days while the response of geomagnetic semidiurnal
lunar tide is almost immediate without any time lag. This
suggests that there are different sources of semidiurnal
solar and lunar tidal variations that are driving these tidal
changes during strong and weak SPV conditions. Further,
these results confirm the simulation results of PH22 and
provide observational evidence that in addition to weak
NH polar vortices, strong NH polar vortices also have a
pronounced short-term effect on the semidiurnal solar
and lunar tides in the ionosphere.

Abbreviations

Dst Disturbance storm time

DW1 Migrating solar diurnal tide
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M2 Migrating lunar semidiurnal tide
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NAM Northern annular mode

NH Northern hemisphere
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