Reviewer #1

The authors would like to thank the reviewer for carefully reading the manuscript and critically
analyzing the results. Based on the useful suggestions of the reviewer, the manuscript is now
much improved. In the following, we provide point-by-point responses to reviewer's comments,
which are italicized and typed in brown.

Specific comments:

1- In page 5, line 6, the uncertainty level (o) is mentioned for the first time. It would be helpful if
the authors provided the value of o, since it is very difficult to estimate it from the figures.
Furthermore, it seems that the uncertainty level of the phase is larger than that of the
amplitudes of the tides. Maybe, it’s the type of plotting that confuses me and in reality, the
uncertainty levels of both amplitude and phase are similar. But, if the phase uncertainty level is
indeed larger, do the authors know why? In the case of the phase of S2, it concerns me that the
authors can really state there is a shift of 1-2 h given that o appears to be of 1-1.5 h. | mean,
from the figures, except in the case of 2009 and maybe in 2006 around the 10th of January, the
shift in the phase of S2 may be completely embedded within the uncertainty level. Hence, one
could say that the phase has not changed. Or, did | overlook something?

Response: The reviewer has correctly pointed out this error in the analysis. The uncertainty
levels have been recalculated and the error has been corrected. The values of the uncertainty
levels are now provided in the updated manuscript and the literature that have been followed for
these calculations have also been included in page 6 lines 17-19 in the tracked changes file.
The shift in the phase of S2 after recalculation is now not embedded within the uncertainty
levels.

2- Plots of the phase of SW2 and M2 are presented in Figs. 6, 7 and 8. However, they are never
discussed in the manuscript. Besides, | strongly recommend changing the colorbar to “hsv” or

any other cyclic color bar, and use 0 and 12 (12.4) as lower and upper boundaries, respectively.
In that way, one can clearly see if there are (or not) changes in the phase of the simulated tides.

Response: The phase of the simulated SW2 and M2 are now discussed in detail in the updated
manuscript. The upper boundaries of the color bars have been changed for the simulated tides
in the updated plots.

3- To extract the tides from the model simulations, | guess the authors used a similar fitting
technique as in the case of the observations. If so, please mention that explicitly in the
manuscript. Further, did the authors only fit SW2 and M2 or did they consider more wave
numbers as well as other tides such as DW1?

Response: The process for extracting the tides from model simulations have now been
included in the revised manuscript. In page 9 of the tracked changes file, we now describe the
process in detail.



4- Page 9, lines 7-8. Can one really expect that tides in temperature behave in the same way as
in the winds? This reviewer has had the opportunity to study thermal tides in different model
simulations and has found that they can behave quite differently in temperature and in the
winds. Maybe the authors could show some results in the simulated winds to clarify this issue.

Response: The reviewer has raised an important point regarding the tides in the neutral
temperature and winds. As both the reviewers have been concerned about this issue, we have
now included the SW2 and M2 tides from the simulated zonal winds in addition to tides from the
neutral temperature for the 2003, 2009 and 2013 SSW events in the revised manuscript.

A comparison between the tides in zonal wind and neutral temperature for the three SSWs is
presented as follows:
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Figure 1: The SW2 tidal amplitude in (a) neutral temperature and (c) zonal wind at ~120 km
of altitude during the 2002-2003 SSW event. (b) and (d) present the corresponding SW2
phase in neutral temperature and zonal wind, respectively.



2009 SSW event

Tides in neutral temperature
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Figure 2: The amplitude (a) and phase (b) of the SW2 tide in neutral temperature at ~120 km
of altitude during the 2008-2009 SSW event. The amplitude and phase of the M2 tide during
the same period are presented in (c) and (d), respectively.
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Figure 3: Same as Figure 2 except that the tides from zonal wind are presented in this figure.



2013 SSW event

Tides in neutral temperature
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Figure 4: Same as Figure 2 but for the 2012-2013 SSW event.
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Figure 5: Same as Figure 2 except that the tides from zonal wind are presented in
this figure for the 2012-2013 SSW event.



From the analysis of the tides in zonal wind and neutral temperature during these three SSWs, it
is found that the SW2 and M2 tidal enhancements in zonal winds are comparably similar to the
SW2 enhancements in neutral temperature in temporal terms for all the three SSWs but a
difference in the latitudinal tidal structures can be observed. The amplification in SW2 and M2 in
zonal winds occur at slightly higher latitudes in both hemispheres as compared to the
amplification of SW2 and M2 in neutral temperature. In the updated version of the manuscript,
we have discussed the tidal amplitudes and phase in both neutral temperature and zonal wind
in more detail.

5- Page 12, lines 9-10. Please correct me if | am wrong, but when the authors write about the
relative ampilification of the tides, | understand that they mean relative to pre-SSW conditions. If
that is the case then, at least for the eye of this reviewer, it is not clear that the relative
amplification of L2 is larger than that of S2 for the 2013 SSW event.

Response: Compared to the 2003, 2006 and 2009 SSWs, the greater relative enhancement of
L2 over S2 is not so clear for the 2013 SSW event. For this reason, the minimum and maximum
values of L2 and S2 have now been added in the updated manuscript. The first enhancement of
L2 starts during the second week of December when the L2 amplitude increases from 5 nT on
the 12th December to a peak tidal amplitude of 19 nT on the 28th December. A stronger second
enhancement starts on the 6th January and a peak tidal amplitude of 27 nT is then estimated on
the 15th January. The S2 enhancements also start during the same period with its amplitude
increasing from 13 nT on the 12th December to a peak amplitude of 41 nT on the 7th January. If
the relative enhancement is calculated then the L2 amplitude increases by a factor of 4.4 and
the S2 amplitude increases by a factor of 2.1. This point has now been clarified in the revised
tracked changes file (see page 9, lines 14-15).

Response for technical comments:

The author thanks the reviewer for carefully reading the manuscript and pointing out the
grammatical errors. The errors have been corrected in the updated version of the manuscript.



Reviewer #2:

First of all, the authors would like to thank the reviewer for a very detailed, constructive and
critical reviews. Based on the comments and suggestions the manuscript is now much
improved. In the following point-by-point responses, the reviewer comments are in italics, typed
in brown color and are numbered for further reference.

Specific comments:

1) The authors accounted for dependence of EEJ strength on solar flux values by normalizing to
a fixed solar flux of F10.7 = 150. | wonder why this level is so high, as three out of 4 SSW cases
used in the study occurred during much lower solar activity. Is there a good evidence that
‘corrected’ EEJ strength does not depend on the value of solar flux used for normalization?

Response: The 2006 and 2009 SSW events were recorded under low solar flux conditions
while the 2003 and 2013 SSWs were recorded under moderate and high solar flux conditions,
respectively. In an earlier study, Siddiqui et al. (2015) estimated the lunar tidal power of the EEJ
between the years 1997 and 2011 (see Figure 1). They used the solar flux value of 150 s.f.u for
normalization and found that the EEJ lunar tidal power showed no solar flux dependence. The
lunar tidal power was normalized so that it can be compared across different winter periods.
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Figure 1: The EEJ lunar tidal wave power for the years 1997-2011 is presented. The red
lines denote the days of polar vortex weakening. Figure is taken from Siddiqui et al. (2015).

An important point to note is that other values of solar flux can also be chosen for normalization
in order to correct the EEJ strength. However, in this study we have followed the normalization
method described in Siddiqui et al. (2015).

2) p. 5, ‘We assume constant amplitude and phase of the tidal components within the 21-day
window’ — as amplitudes change on a shorter time scale, it is important to discuss the influence
of this assumption on final results. Also, is there a justification for using a 21-day window
instead of 15-day window?

Response: In order to determine the amplitude and phase of the tidal components, we have



used a 21-day window to perform the least-squares fitting in this study. While fitting the tidal
components, we derive constant values of the amplitudes and phases of the different tidal
components within one such window. This is what we intended to mean by the above
statement.

The obtained tidal amplitudes and phases are then assigned to the central day of the window
and then the same process is repeated by shifting the window by one day. With the shifting of
the window, the tidal amplitudes and phases change depending on the variability of the tidal
components. By this approach, we are calculating the tidal variability of the equatorial electrojet
in this study. This sentence has been rephrased in page 5, lines 25-28 in the tracked changes
file.

Chau et al. (2015) found that when synthetic radar data were used to estimate the solar and
lunar semidiurnal tides using least-squares method with a 15-day moving window then the
results yielded some artifacts. They found that a 21-day moving window was a good
compromise as it allowed the reduction of the artifacts and also the separation of the solar and
lunar semidiurnal tides. In order to determine the amplitude and phase of the solar and lunar
tidal components, we have therefore used a 21-day moving window to perform the least-
squares fitting in this study. This point has been added in the tracked changes file on page 5
lines 21-25.

3) It is not clear from the description if the authors used simultaneous fit to S and L components.

Response: The S and L components have been fitted simultaneously in this study and to clarify
this point this sentence has been modified in page 5, line 11 in the tracked changes file.

4) | am concerned about panels with stratospheric data in figures 2-5. The temperature at 10
hPa seems to be very different from figures in previously published papers. For example, in
case of SSW 2009, that was extensively studied by different authors, there is a dramatic
variation in temperature from below ~200K in December to ~265K during the peak of SSW in the
NCEP data, and the temperature is below multi-year average from mid-February to the end of
April (see figure). Please check your NCEP data and plotting routine. | have loaded attached
figure from https://acd-ext.gsfc.nasa.gov/Data_services/ met/ann_data.html|

Response: The reviewer has correctly pointed out the error in the North Pole temperature
displayed in the plots. This mistake has been corrected in the updated plots.

5) P. 9, ‘To a certain degree, there is a similarity in timing between the enhancements
of the SW2 and the S2 over Huancayo’— | am not sure about this, they seem to be
pretty different to me.

Response: We have now made extensive changes in the manuscript by including the
semidiurnal tides in zonal wind at ~120 km during the 2003, 2009 and 2013 SSWSs. This
sentence was removed in the new version of the manuscript and the discussion has been
revised and extended in pages 9-14.

6) Observations and simulations are given using different temporal scales — why? It makes it
more difficult to compare. Was model output available only after Jan 1 and only for 50 days? If
model output is limited to a shorter period, how does the use of 21-day window affect tidal
results?



Response: The simulation output for the 2013 SSW event is available from 15 December 2012
to 2 March 2013 as the study performed by Maute et al., (2016) focused specifically on the tides
during the SSW period. For this work, new simulations for the 2013 SSW event were not
performed because we preferred to use the simulation results that have already been published
and validated with observational data. As we have used a 21-day window for the calculation of
solar and lunar semidiurnal tides, the tidal signals from the model output have been presented
up to 50 days after 1 January 2013. The simulation outputs for the 2003 and the 2009 SSW
events do exist from December onwards to March but in order to display all the simulation
results in a common format we opted to present the plots in this manner.

Figure 2, taken from Maute et al. (2016), shows the M2 and SW2 tides in the zonal wind at ~120
km, which were obtained using a 14.5-day window. In this study, we have used a 21-day
window to calculate the M2 and the SW2 tide and the results are presented in Figure 3. We do
not see much difference on the tidal results with the change in the window size.
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Figure 2: Amplitudes (m/s) of (a) SW2 and (b) M2 at ~120 km in zonal wind using a 14.5-
day window. (d—e) Zonal wind phase defined as the longitude (degrees) of maximum at

0 UT for SW2 (Figures 2a) and M2 tide (Figures 2b). Figure is taken from Maute et al.
(2016).



21-day window
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Figure 3: Amplitudes of (a) SW2 and (c) M2 in zonal wind at ~120 km using a 21-day
window. The corresponding phase for SW2 and M2 are plotted in (b) and (d), respectively.

7) The presented simulations are difficult to interpret. Besides different temporal periods, the
authors use different parameters, EEJ strength in data and temperature in the model. Is it
possible to process simulations to calculate EEJ strength from the model output, and compare
observed and simulated EEJ? At the very least, it would be useful to add a discussion on how
temperature at middle latitude is related to EEJ at the equator. Brief description is given on page
10, lines 23-24 — | suggest to extend it and move earlier, before discussing simulations.

Response: In the revised version of the manuscript, we have included the SW2 and M2 tides
from the zonal wind in addition to the semidiurnal tides in neutral temperature. As the variability
of the E-region zonal wind is more closely related to the variability of EEJ, we believe that by
including these new results our arguments would be better clarified.

Though we do not directly compare the observed and simulated EEJ in the present study, this
has been done previously for the 2009 and 2013 SSWs. Pedatella et al. (2018) compared the
2009 simulations used in this study with ExB drifts observed at Jicamarca, Peru (see Figure 4)
and with the EEJ strength over the Indian sector (see Figure 5) and found that the models
reproduced the observations to a very good extent. Likewise, Maute et al. (2016) also
performed a comparison between the simulated ExB drifts during the 2013 SSW and the ExB
drifts from the JULIA radar at Jicamarca (see Figure 6). The 2013 SSW simulations were found
to reproduce the main features of the SSW related drift variability. These previous comparisons
are one of the reasons for using these simulations and as the comparisons with the observed
ExB drifts and EEJ strength have already been performed in the aforementioned works it has
therefore not been again attempted in this study.
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Figure 4: Change in the vertical plasma
drift velocity at 75°W longitude and 12°S
latitude for (a) SD-WACCMX and (b)
WACCMX+DART (c) Change in vertical
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Jicamarca incoherent scatter radar.
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Julia data
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Figure 6: Vertical drift at Jicamarca location between 7 and 18 solar local time over day of
the year with 1 January 2013 as day 1: (top) JULIA observations; TIME-GCM E x B drift
simulation at ~120 km (middle) with and (bottom) without lunar tidal M2 and N2 forcing at
the lower boundary. Full moon and new moon are depicted by the white and black circles,
respectively, at the bottom of the panels. Figure is taken from Maute et al., 2016.

We have now revised the discussion after adding the solar and lunar semidiurnal tides from

zonal wind at ~120 km in the updated manuscript and hope that the concerns of the reviewer
have been addressed.

8) Simulations are presented essentially for three different models, and there are major
differences between simulated SW2 and M2 in the magnitude of tidal modes, temporal
evolution, and latitudinal structure of tidal modes, especially for the M2 mode. The differences
exist between different simulations, but as they are also used for different SSW cases, it makes
it difficult to assess what models are getting correctly and what they are not getting correctly.
What is the justification for using three different models.



Response: As mentioned in the response to the previous question, the simulation results of the
2009 and 2013 SSWs used in this study have already been published by Pedatella et al. (2018)
and Maute et al. (2016), respectively. In their works, the simulated ExB drifts have been
compared and validated with the observed vertical plasma drifts at Jicamarca, Peru and a good
agreement was obtained in both these studies. Therefore, it is reasonable to use the already
validated simulations. We also wanted to exploit the existing simulations and gain new insights
by comparing simulations from different studies and therefore used them instead of re-
simulating the SSW time periods.

One downside of using these simulations is that they have been performed by using different
models and there are major differences particularly in the estimated tidal amplitudes. The
reviewer has correctly pointed out that it is difficult to perform a one-to-one comparison among
the three different model simulations. We agree with the reviewer on this point but the main
motivation for including simulation results in our study was to investigate the latitudinal structure
of the SW2 and M2 tide during the 2003, 2009 and 2013 SSWs. We wanted to understand the
SW2 tidal variability at the E-region altitudes during the SSWs.

The reviewer may refer to the studies by Pedatella et al. (2018) and Maute et al. (2016) for more
details on the assessment of model capabilities.

9) As the authors choose to present tides in neutral temperature in simulations, they could
compare simulations results with SABER results presented by Zhang and Forbes, 2014 (Zhang,
X., and J. M. Forbes (2014), Lunar tide in the thermosphere and weakening of the northern
polar vortex, Geophys. Res. Lett., 41, 8201-8207, doi:10.1002/2014GL062103. | am particularly
concerned about the latitudinal structure of lunar tide and the timing of the amplifications in lunar
tide. There are significant differences between Zhang and Forbes observations and simulations
presented in this paper. | am concerned that the authors overstate the levels of success in
simulations.

Response: The reviewer has mentioned an important point about the comparison between the
neutral temperature in simulations and SABER results presented by Zhang and Forbes, 2014.
The comparison of M2 and SW2 from neutral temperature in simulations and SABER
temperature data is an important topic that we would like to separately address in the future.

In the following section, however, we compare the latitudinal structure and the timing of
amplification of the lunar tide obtained from simulations with those of the lunar tide obtained
from SABER temperature data during the 2009 and 2013 SSWs.

There was an error regarding the dates in the M2 plot for the 2009 SSW event in the
manuscript, which has been corrected and again verified. For the 2009 SSW event, the M2 tidal
amplitude in neutral temperature from WACCMX+DART simulations (Figure 7) do reproduce
some of the features of the M2 tide from SABER observations (Figure 8) but there are also
some major differences. The M2 enhancements in the simulations are seen a few days earlier
as compared to the M2 enhancements in observations. The M2 tidal amplitudes obtained from
the SABER temperature data are also much stronger as compared to the one obtained from the
WACCMX+DART simulations.



2009 SSwW

M2 amplitude in neutral temperature (K)

90 7
60 6
5 &
30 =
B ks
S 4 £
g 0 8
2 3 -
E © 10 20 30: 40 50 60
-30 , Days, 2009

&
=)
=

0 3 6 9 121518 21 24 27
M, Amplitude (K)

©
S

20 30 40
Day of the year, 2009

Figure 8: M2 from SABER temperature

fﬁ‘(’)‘"ﬁ 7: I}Aznf';o:jn WACCMX+DART at observations at 110 km. Figure is taken
m or altitude. from Zhang and Forbes (2014).
2013 SSW

M2 amplitude in neutral temperature (K)

©
(=

60
50 =
R 30 g‘
g 40 <
o 0 ‘?
2 30 3
= -
- 30
) 20 0 10 20 30 40 50 60
Doys, 2013
-60 10
—900 10 20 30 40 50 0 3 6 9 12015 18 21 24 27
Day of the year, 2013 Mo Amplitude (K)
Figure 9: M2 from TIME-GCM at ~110 Figure 10: Same as Figure 8 but for the
km of altitude. 2013 SSW event.

For the 2013 SSW event, we see a greater similarity in the latitudinal structure of the M2

between the modeling (Figure 9) and observations (Figure 10) results as compared to the 2009
SSW event. The M2 enhancements start to occur relatively at the same time in both the figures
and the day of peak amplitudes also seem to coincide. One major difference between these two



figures is observed in the amplitude of the M2 tides. The peak M2 amplitudes obtained from the
model is more than twice as large as those from the observations. Maute et al. (2016) already
pointed out that the lunar tidal component is overestimated in the simulation based on
comparison with JULIA drift observations. The cause of the large difference in the M2 amplitude
from models needs to be further investigated.

10. Overall, | think the modeling portion of the paper needs more work. It does not provide a
solid understanding of the level of agreement or disagreement with observations, and what
models can or cannot simulate successfully.

Response: In the updated version of the manuscript, we have also included the plots of the
solar and lunar semidiurnal tides estimated from the simulated zonal mean winds at ~120 km of
altitude during the 2003, 2009 and 2013 SSWs. More text has been added in discussion to
describe and explain these figures. However, we do agree that to make progress in the
modeling of SSW and understanding the behavior of models more comparisons between
models are needed.

Minor comments:

1) p. 2, ‘have reported about the lower thermospheric warming’ - have reported the lower
thermospheric warming?
Response: The sentence has been corrected.

2) p.2, line 30 — comma after SSW?
Response: The sentence has been rephrased.

3) p. 4, ‘which mostly result due to the lunar semidiurnal’ — ‘which mostly result from the lunar
semidiurnal’? Or ‘which mostly are due to the lunar semidiurnal’?
Response: The sentence has been rephrased.

4) p.4, ‘t denotes the solar in hours’ — it is not clear; please clarify — do you mean solar time?
Response: The author would like to apologize for the typo. The sentence should have been as
follows:

‘t’ denotes the solar local time in hours. This error has been corrected.
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Abstract. The variabilities of the semidiurnal solar and lunar tides of the equatorial electrojet (EEJ) are investigated during
the 2003, 2006, 2009 and 2013 major sudden stratospheric warming (SSW) events in this study. For this purpose, ground-
magnetometer recordings at the equatorial observatories in Huancayo and Fuquene are utilized. Results show a major enhance-
ment in the amplitude of the EEJ semidiurnal lunar tide in each of the four warming events. The EEJ semidiurnal solar tidal
amplitude shows an amplification prior to the onset of warmings, a reduction during the deceleration of the zonal mean zonal
wind at 60°N and 10 hPa and a second enhancement a few days after the peak reversal of the zonal mean zonal wind during all
the-four SSWs. Results also reveal that the amplitude of the EEJ semidiurnal lunar tide becomes comparable or even greater
than the amplitude of the EEJ semidiurnal solar tide during all these warming events. The present study also compares the
EEJ semidiurnal solar and lunar tidal changes with numerieal-simulations-ef-the variability of the migrating semidiurnal solar
(SW2) and lunar (M2) tides in neutral temperature at-~1260-km-altitadeand zonal wind obtained from numerical simulations at
E-region heights. A better agreement between the enhancements of the EEJ semidiurnal lunar tide and the M2 tide inneutral
temperature-is-observed-is found in comparison with the enhancements of the EEJ semidiurnal solar tide and the SW2 tide in

neutral-temperatureboth the neutral temperature and zonal wind at the E-region altitudes.

1 Introduction

Sudden stratospheric warming (SSW) events are large-scale wintertime polar meteorological phenomena, which usually occur
in the Northern Hemisphere. These events are marked by a reversal-deceleration of the climatological westerly zonal mean
zonal winds in the polar stratosphere and a sudden increase in the polar stratospheric temperature by several tens of degrees
(e.g., Andrews et al., 1987). SSWs result from the breaking of amplified planetary waves propagating up from the troposphere
and their interaction with the stratospheric zonal mean flow (e.g., Matsuno, 1971). These amplified planetary waves deposit
momentum in the easterly direction in the polar stratosphere that results in the deceleration of the zonal mean zonal wind
and also induces a mean meridional circulation (e.g., Haynes et al., 1991), which leads to an enhanced downwelling in the
polar region and an increase in the polar stratospheric temperature due to adiabatic heating. As a result of SSWs, the polar

vortex is generally observed to geteither-either get displaced off the pole or split into two vortices (e.g., Charlton and Polvani,
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2007). According to the World Meteorological Organization (WMO) definition, SSWs can be classified into major and minor

warming events based on the extent of deceleration of the zonal mean zonal wind at 60°N and 10 hPa pressure level. SSWs
whieh-that only involve a deceleration of the zonal mean zonal winds at these levels without a complete reversal are termed
as minor warmings and in cases where the zonal mean zonal winds get reversed are termed as major warmings. The SSW-
induced effects are not only limited to the polar stratosphere but are rather observed across many different regions of the
atmosphere (e.g., Pedatella et al., 2018a). The warming in the polar stratosphere is accompanied by a cooling in the equatorial
stratosphere (e.g., Fritz and Soules, 1970). In the mesosphere, the SSWs lead to cooling at polar latitudes (e.g., Labitzke, 1972;
Liu and Roble, 2002) and warming at the equatorial latitudes (e.g., Garcia, 1987; Chandran and Collins, 2014). In the Southern
Hemisphere, the SSW related effects lead to warming in the mesosphere through inter-hemispheric coupling mechanisms (e.g.,
Karlsson et al., 2009; Kornich and Becker, 2010). Coincident with the occurrence of SSWs, observations and modeling results
have reported abeut-the lower thermospheric warming at middle and polar latitudes (e.g., Liu and Roble, 2002; Goncharenko
and Zhang, 2008; Funke et al., 2010). In the ionosphere, evidence of the impact of SSWs at equatorial and low-latitudes
has been reported in the form of enhanced semi-diurnal-semidiurnal perturbations in vertical plasma drift velocities (e.g.,
Chau et al., 2009), total electron content (e.g., Goncharenko et al., 2010), electron densities (e.g., Lin et al., 2013) and the
equatorial electrojet (e.g., Vineeth et al., 2009; Fejer et al., 2010; Yamazaki et al., 2012). These perturbations have mainly
been attributed to the modulation of the atmospheric solar and lunar tides during SSWs (e.g., Chau et al., 2012; Pedatella
and Liu, 2013). Atmospheric tides are global-scale oscillations of the atmosphere with periods and sub-periods of the solar
and lunar day-days (Lindzen and Chapman, 1969). The lower atmospheric solar tides are forced thermally through periodic
absorption of solar radiation by stratospheric ozone and tropospheric water vapour while the atmospheric lunar tides are mainly
gravitationally forced. The solar and lunar tides generated in the lower atmospheric regions propagate vertically upward and
on reaching the dynamo region heights drive ionospheric currents (e.g., Baker et al., 1953). One such current flow as a result
of this wind driven dynamo is the EEJequatorial electrojet (EEJ). It is a narrow ribbon of intense current flowing above the
dip equator in the E-region of the ionosphere (e.g., Chapman, 1951). It is a daytime phenomenon and confined to a latitudinal
width of about £3°. The zonal polarization electric fields that drive the EEJ are generated by the ionospheric wind dynamo
mechanism (e.g., Heelis, 2004) and the intense current in the EEJ is the result of the Cowling conductivity effect (Cowling,
1932) at the magnetic equator. The variations in the EEJ due to solar and lunar tidal changes during SSWs have been a widely
studied topic in recent years. However, the evidence of large changes in the EEJ during Northern Hemisphere winters due to
the modulation of atmospheric lunar tides has been known since the work of Bartels and Johnston (1940). They noticed the
occurrence of occasional ‘big-L days’ usually during December-February, when anomalously enhanced lunar tidal variations

accompanied by counter-electrojets are-(CEJ) were observed in the horizontal component of the magnetic field Attheugh

Bartels-and-Johnston(1940)-didn’tlink Stening et al. (1996) suggested an association between the occurrence of “big-E-days™

to-SSWsinreeent-years-CEJs in northern winters and the SSWs. In recent years, a renewed interest in this topic has been
generated following the works of Chau et al. (2009) and Fejer et al. (2010). They-These studies identified a conspicuous

semidiurnal signaturethat-shiftsta-time-, which temporally shifts on succeeding days, in the F-region vertical plasma drifts
and in-the-BEJ}-during-the SSW-eventsthe EEJ and linked this observation to the occurrence of an SSW_event. Fejer et al.
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(2010) suggested that this signature in the EEJ could be linked-related to enhancements of the atmospheric lunar semidiurnal
tide (M2). Since then, a number of studies have confirmed their findings using magnetic observations from satellite (e.g.,
Park et al., 2012) and ground-based observatories (e.g., Yamazaki et al., 2012; Yamazaki, 2013; Sathishkumar and Sridharan,
2013; Siddiqui et al., 2017; Yadav et al., 2017). Numerical and observational studies (e.g., Liu et al., 2010; Fuller-Rowell
et al., 2010; Jin et al., 2012; Pedatella et al., 2014) mm&w&m solar semidiurnal

tide (SW2) at the-mesosphere-a ed-mesospheric and thermospheric altitudes during
SSWs. A-These findings led to a number of mechanisms have-been-being proposed in recent years to explain the changes in

the atmospheric semidiurnal tides during SSWs. The SW2 may-be-amplified-during-SSWs-due-te-amplification during SSWs is
attributed to the changes in the distribution of ozone (e.g., Goncharenko et al., 2012; Sridharan et al., 2012), changes in the tidal

propagation conditions (e.g., Jin et al., 2012) and interaction with the enhanced planetary waves (e.g., Liu et al., 2010). The
reason-foramplificatton-of-the-cause of M2 is-exptained-by-amplification is proposed to be due to the shifting of the secondary
atmospheric resonance peak en-towards the lunar semidiurnal period (e.g., Forbes and Zhang, 2012). The variabilities of the
solar and lunar tides of the EEJ have been studied during the 2006 and the 2009 SSW events using the-Indian-magnetometer
stations-magnetometers over the Indian sector by Sathishkumar and Sridharan (2013) and enhancements in both the solar and
lunar semidiurnal tides of the EEJ were reported. Yamazaki (2014) has also estimated the relative importance of the solar and
lunar current systems and found that the absolute changes in solar and lunar current systems are comparable during SSWs.
In this study, we use the data from the Huancayo and Fuquene magnetic observatories to examine the EEJ solar and lunar
semidiurnal tidal enhancements during the 2003, 2006, 2009 and 2013 major SSW events. The main purpose of this paper is to
investigate the temporal evolution of the semidiurnal solar and lunar tidal amplitude enhancement relative to the reversal of the
zonal mean zonal wind at 60°N and 10 hPa. Model simulations of the 2009 SSW event (e.g., Jin et al., 2012; Fang et al., 2012;
Pedatella et al., 2014), in particular, have shown an enhancement in the amplitude of SW2 in the lower thermosphere prior to
the onset of the SSW, followed by a reduction during the deceleration of the zonal mean zonal wind at 60°N and 10hPa and then
another enhancement of SW2 after the peak reversal of the zonal mean zonal wind. We further investigate if the semidiurnal

solar tide of the EEJ also shows a similar variability during SSWs as seen in the SW2 from medelingresults—The-simulated

neutral temperature and zonal wind. The EEJ variability is known to be dominated by the variability of the E-region zonal wind
at the equatorial and low-latitudes (e.g., Yamazaki et al., 2014). The outline of the paper is as follows. Section 2 describes the

data sets used in this study. In section 3, the analysis methods used for determining the EEJ solar and lunar tidal amplitudes

are described. Section 4 presents the observations; followed by discussion in section 5 and the conclusions in section 6.

2 Data Set

The hourly mean values of the horizontal component of the geomagnetic field at Huancayo (-12.05° N, 284.67°E; magnetic

latitude: -0.6°) and Fuquene (5.47°N, 286.26°E; magnetic latitude: 18.12°) are downloaded from the website of the World
Data Centre (WDC) for Geomagnetlsm Edlnburgh Daily-selarflax—-Frg)—values(Tapping; 2043)-are-available from-the

v—The night-time baseline values of the magnetic field are es-
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timated using-by making use of the five monthly International Quiet Days (3QB)-whieh-1QDs) and these dates are available from
the website of the German Research Centre for Geosciences (GFZ), Potsdam. Daily solar flux (F}q.7) values (Tapping, 2013)

have been downloaded from the GSFC/SPDF OMNIWe interface at http://omniweb.gsfe.nasa.gov. The SSW events are iden-
tified by following the World Meteorological Organization (WMO) definition of an SSW. For this purpose, daily mean values
of the North Pole temperature at 10 hPa and the zonal wind at 60°N and 10 hPa are obtained from the National Centers for
Environmental Prediction/National Center of Atmospheric Research (NCEP/NCAR) reanalysis datasets (Kalnay et al., 1996).

3 Methods of Analysis
3.1 Estimating the EE]J strength from ground-magnetometer recordings

The strength of EEJ is estimated by using the horizontal component of the ground-magnetometer recordings at Huancayo
(HUA) and Fuquene (FUQ). The locations of the two observatories are marked in Figure 1. The difference of the horizontal
magnetic fields between an observatory located under the EEJ and another located outside of the EEJ can be used to estimate
the strength of EEJ (Rastogi and Klobuchar, 1990). The steps for this calculation have been described in detail for the HUA
and FUQ observatories in Siddiqui et al. (2015b) and are only briefly summarized here in the following paragraph. For both
the observatories, the mean of the night-time values between 23:30-02:30 LT are obtained-using-calculated for the five monthly
nternational-Quiet Pays—The-IQDs. The mean of the quiet night-time values are used to approximate the magnetic effects of
the Earth’s main field. Thereafter, these values are subtracted from the recorded magnetic data at both the-observatories and the
daily variation with respect to the night-time baseline values are computed. The large-scale fields due to the magnetospheric
ring current and the solar quiet (Sq) current systems are removed when the difference between the horizontal magnetic fields
of the two observatories is calculated (e.g., Manoj et al., 2006). On computing this difference, the hourly values of the EEJ
strength are obtained. The EEJ values also show a strong dependence on the solar flux levels (e.g., Alken and Maus, 2007). To
mintmize-account for this dependence, the estimated EEJ strength has been normalized to a solar flux level of 150 s.f.u using
the method described in Park et al. (2012).

3.2 Estimating the solar and lunar tidal variations of the EEJ

The dominant tidal components of the EEJ are the solar (S.5) diurnal (24 solar hours) and semidiurnal (12 hrssolar hours)

variations. In addition, the EEJ also contains lunar (L) tidal variations, which are mainly the result of the atmospheric lunar
semidiurnal (+2-42-heurse.g., M2, 12.42 solar hours) tidal component. The amplitude of &=L in the EEJ is typically an-one order
of magnitude less than the amplitude of S-but-occasionaly-the-amplitude-of-1-S but occasionally it can become comparable
to the-S—amplitade-that of S on certain ‘big-L days’ (Bartels and Johnston, 1940), which are usually observed during the
Northern Hemisphere winters. Recent studies have suggested that these days with enhanced lunar tidal effects are related to the
occurrence of SSW events (e.g., Fejer et al., 2010; Siddiqui et al., 2015a). In this study, the S-and4=-5 and L variations of the
EEJ are determined by using the methods described in Malin and Chapman (1970). Although the main focus of their study was
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the determination of the lunar daily variations in geophysical quantities using the Chapman-Miller method, hewever-they also
described the method for determining the solar daily variations in geophysical quantities. The lunar and solar daily variations
of the EEJ are mathematically expressed as follows: The components of the £-L variations are represented by the Chapman’s

phase law and can be expressed as -

2 2
Lp=1, sin(ﬁnt—£2u+)\n) 1)

where [,, denotes the amplitude of the ath-n'" component of the £-L variations, ¢ denotes the solar local time in hours, v
denotes the lunar age in hours and \,, is the phase angle of the ﬂfhﬂ/ﬁi component. The components of the S-S variations can

be expressed as:
2
Sn = 8n sin(im‘ +on) 2

where s,, and o,, denote the amplitude and phase of the ﬁ{‘h*ﬁii harmonic component, respectively. The L-and-S-variations-are
L and S variations are simultaneously estimated by determining their four respective Fourier coefficients through least-squares

fitting of the normalized EEJ values by using the following expressions:

4

.27 2
L:nz::lln sm(ﬂnt— ﬂQll-i-/\n) 3)
S = Zn,ln,o‘{gn sin(2—ﬁnt +on) )

The £-L variations of the EEJ are essentially semidiurnal because of the dominance of the Lo term and the £-L variations
are modified by other harmonics in a-way-sueh-thatitis-such a way that they are smaller during the night than during the
day (Malin and Chapman, 1970). It is important to keep note of this point because the EEJ signals are absent during the
night-time. Conte et al. (2017) showed that a window of length greater than 15 days is sufficient to resolve the solar and lunar

semidiurnal tides in mesosphere-lower thermosphere (MLT) winds in a similar least-squares fitting approach. For-this-study;-we

use-a-Chau et al. (2015) found that when synthetic radar data were used to estimate the solar and lunar semidiurnal tides using.
least-squares method with a 15-day moving window then the results yielded some artifacts. They found that a 21-day moving
window —which-is-moeved-forward-by—1-day,for-the least-squaresfittinein-order-to-betterresolve-the lunar-and-solar-tida
eomponents—We-assume-eonstant was a good compromise as it allowed the reduction of the artifacts and also the separation
of the solar and lunar semidiurnal tides. In order to determine the amplitude and phase of the tidal-components—within-the
solar and lunar tidal components, we have used a 21-day windew-moving window to perform the least-squares fitting in this
study. While fitting the tidal components within each of the windows, we derive the amplitudes and phases of the different tidal
components, which are then assigned to its corresponding central day.
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4 Observations and Results

In this section, we examine the day-to-day variabilities of the EEJ, the polar stratospheric conditions and the semidiurnal solar

(S2) and lunar (Ls) tidal variations during the 2002-2003, 2005-2006, 2008-2009 and 2012-2013 major SSWs.
4.1 2002-2003 SSW event

Figure 2a presents the normalized daily EEJ values, which have been scaled up-to 150 s.f.u, between December 1, 2002 and
March 1, 2003. The days of new and full moon are represented by epen-and-filled-black and white circles, respectively. Figure
2b shows the Lo (blue line) and S5 (red line) tidal amplitudes. Figure 2c shows the zonal mean zonal wind (U) at 60°N and
10 hPa (red line) pressure level and the North Pole temperature (T) also at the 10 hPa (black line) pressure level. Figure 2e
presents the Fq 7 levels during this time interval. The onset of this SSW event begins during the final week of December
and the characteristic increase in the temperature at the North Pole and the reversal of the zonal mean zonal wind is seen
later in January. During 28th-to-3+st-Deeember-December 28-31, the EEJ (Fig-Figure 2a) weakens in the morning hours and
counter-electrojets are observed in the afternoon hours. Coinciding with the occurrence of the new moon, which occurs on the
2nd-of Jantary-January 2, the semidiurnal perturbation pattern in the EEJ during SSWs increasingly shifts in local time on
succeeding days. The amplification of the Lo and the So amplitudes (Fig-Figure 2b) happens during this period, with the lunar
tidal amplification clearly being the more dominant ameng-between the two. The L, amplitude increases by up to a factor of
2 compared to pre-SSW levels while the Sy amplitude shows only a minor enhancement during this time interval. In Figure
2b, the upper-andtowerboundaries—ofthe-shadedregions—dotted lines represent the 1 o uncertainty tevel—Fhe-levels. The
uncertainty levels of the least-squares estimators are obtained by the methods described in Montgomery et al. (2012) and the
uncertainty levels of the tidal amplitudes and phases are estimated by the methods described in Taylor (1997).

The amplitude of Ly reaches a peak value of 29-nT-en-Sth-January-27 nT on January 5, and the Sy amplitude reaches a
peak value of 25-24 nT also on the same day. After this enhancement the S, amplitude starts to decrease and on January 21 it

reaches a minimum value of +4-nTen2tstFanvaryl5 nT. A second weaker perturbation pattern in the EEJ starts after the day
of the full moon on +8th-JanuaryJanuary 18. The uncertainty levels in the amplitudes of L, and 55 are around 1.4 nT. The
zonal mean zonal wind reaches a greater level of reversal during this period but a similar enhancement in the Lo amplitude
is not observed. A second enhancement in the S, amplitude is seen to start after the minima on 2tstJanuary-and-January 21
and it reaches a peak value of 24-nT-on2nd-February—22 nT on February 2. The L, amplitude, in the meantime, declines and
reaches its pre-SSW levels.

Figures 2d and 2f present the phase variation of the S5 and Lo, respectively. The phase of S; remains stable at around 10 h
(LT) in the pre- and post-SSW periods. It starts to get slightly perturbed during the onset of the SSW moving to earlier times
and reaches a minimum of 8:8-8.8 h (LT) on January +--2003-1. Thereafter, it increases gradually and reaches the pre-SSW
levels. The error bars in these figures denote the 1o uncertainty level. The phase of Lo on the other hand shows the expected

progressive shift between 6-17 h of LT and no major perturbations in the L phase are observed due to this-the 2003 SSW
event. The uncertainty levels in the phase of Ly and S5 are determined to be around 0.4 h. At the cross-over points of the
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L, and S> phases stronger EEJs are expected due to the constructive interference between the Ly and S; tidal components.
Equivalently, S, and Lo wave troughs overlap typically around 15-16 LT on days shortly after the new and full moon. Zhou

et al. (2018) found high occurrence rates of CEJ during that time span around December solstice.
4.2 2005-2006 SSW event

From Figure 3c, it is observed that the onset of the 2005-2006 SSW starts in the first week of January and this event witnesses
has multiple episodes of warming with the North Pole temperature peaking on the-4th;th-and-23rd-January—January 4, 11
and 23. In Figure 3a, between 10th-te-13th-January-January 10-13, the EEJ weakens and counter-electrojet events are recorded
after 10 h (LT). Fhe-Coinciding with the occurrence of the full moon, the shifting semidiurnal perturbation pattern in the EEJ
starts to evolve from t4th-January-coinciding-with-the-occurrence-of-the-fullmeen-January 14 and the EEJ shows enhanced

morning and weakened afternoon amplitudes. The reversal of the zonal mean zonal wind at 60°N and 10 hPa is first witnessed
on 22ad-January-January 22 and the peak wind reversal occurs on 26th-January—January 26. The EEJ again weakens between
26th-28th-Fanuary-January 26-28 prior to the appearance of a second perturbation pattern, which coincides with the occurrence
of the new moon. The solar flux levels, shown in Figure 3e, remain below 100 s.f.u. during this-the 2006 SSW event. In Figure
3b, the amplitude of the S5 (red line) and Lo (blue line) tidal variations are presented. The upper-andtower-boundaries—of
shaded-regions-dotted lines again represent the 1 o uncertainty fevellevels. The Lo amplitude shows a sharp increase from 7aF
on-3tst-Decemberto28nt-on13th-January-7 nT on December 31 to 28 nT on January 13 during the onset of the SSW. It is
approximately maintained at these levels until 22rd-January-January 22 before a sharp decline to pre-SSW levels is seen in
February. The .S amplitude on the other hand gets-is enhanced just before the onset of the SSW with the peak amplitude of
27327 nT being recorded on 25th-Beeember—December 25. Thereafter, it shows a decline following the start of the SSW
and decreases to +5aT-en-10th-January—15 nT on January 10. The S, amplitude is then again seen to enhance towards the end
of January. The uncertainty levels for S and L, amplitudes during the 2006 SSW event lie around 1.6 nT, In Figure 3d. the
phase of S5 is presented. Like the case of the 2003 SSW event, the phase remains fairly constant between 9-10 h (LT) before
the onset of SSW event. It then decreases to 7.8 h (LT) during the SSW before returning to pre-SSW levels. In Figure 3f, the
phase of Lo shows its characteristic propagation in solar local time. The uncertainty levels for the phase of L, and S are found
to be around 0.4 h.

4.3 2008-2009 SSW event

The onset of the 2009 SSW can be observed to start in the second week of January from-in Figure 4c. The North Pole

temperature doesn’t show major fluctuations during this period but a sudden decrease in the zonal mean zonal wind is seen

to begin frem—tth-January—on January 11. The enhancement in the North Pole temperature first starts on 19th-January
January 19 and then reaches a peak on 23rd-January—January 23. The zonal mean zonal windspeed, meanwhile, continues

to decelerate and shows a reversal on 24th-January-January 24 followed by a minima on 29th-Jantary—January 29. From
Figure 4a, it is observed that during the onset of this-the 2009 SSW event the EEJ amplitudes first get-weakened-between21st

to-25th-January-weakens between January 21-25 and after the occurrence of the new moon on 26th-January-January 26, the
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progressing semidiurnal perturbation pattern in the EEJ is again witnessedyisible. The 2009 SSW event was recorded during
the minimum phase of the solar cycle and the solar flux levels (Fig-Figure 4e) were extremely low. In Figure 4b, the amplitude
of the L, (blue line) starts increasing with the onset of the SSW and reaches a peak amplitude of 3tnF-on29th-January—31 nT
on January 29. The L, amplitude then starts to decline when the zonal mean zonal wind starts to recover and approximately
reaches the pre-SSW levels. The tidal characteristics of the So (red line) amplitudes are similar to the ones seen during the
2003 and 2006 SSW events. An earlier enhancement is observed at the onset of the SSW followed by a decline during the
main phase of SSW and then another enhancement is observed following the peak zonal mean zonal wind reversal. In the 2009
SSW event, the first peak-enhancement of Sy is observed on Sth-January-January 5 with a peak amplitude of 36 nT and once
the SSW moves into its main phase the Sy amplitude declines to a minimum of 21 nT on 20th-January—January 20. Following
the peak wind reversal, the S, amplitude gets enhanced to 40 nT in the first week of February. The uncertainty levels for Sy
and L, amplitudes during the 2009 SSW event are found to be around 1.6 nT. The phase of S, as seen in Figure 4d, shows a
gradual increase in the month of December and peaks during the onset of the SSW. In the main phase of the SSW, there is a
decline in the tidal phase from 10 h (LT) to 8.5 h (LT) and then the tidal phase returns back to its pre-SSW levels in February.
Using the Whole Atmosphere Model (WAM), Fuller-Rowell et al. (2010) also found similar changes in the phase of SW2
tide at ~110 km at Northern Hemisphere mid-latitudes during the 2009 SSW event. They suggested that the phase change in
SW2 is due to the change in the propagation conditions of the atmosphere due-to-the-during SSWs. As the .Sy tidal variations
of the EEJ is-are mainly driven by the SW2 tide originating from below, modeling results of Fuller-Rowell et al. (2010) and
our observations suggest that the changes in the phase of the SW2 tide due to modified atmospheric conditions during SSWs
could also be causing the changes in the phase of S3. Unlike the Sy phase, the Lo phase, seen in Figure 4f, shows only minor

perturbations during the 2009 SSW event and its characteristic propagation pattern is again well observed. The uncertainty
levels for the phase of L, and S5 are found to be around 0.3 h.

4.4 2012-2013 SSW event

From the North Pole temperature and the zonal mean zonal wind data in Figure Sc, the onset of this-the 2013 SSW event
begins at the start of January. The North Pole temperature shows an enhancement from 2nd-January-January 2 onwards and
reaches its peak value on 6th-January—January 6. In the meantime, the zonal mean zonal wind starts to decelerate and then
gets reversed on Fth-Jantary—January 7. Thereafter it decelerates again and reaches a peak reversal on +9th-JFantuary—January
19. The EEJ amplitudes (Figure 6a5a), as seen in the earlier—case of previous SSWs, first get weakened between Sth-to—10th
January-January 8-10 and after the occurrence of new moon on Hth-January-starts-January 11 start to display the semidiurnal
perturbation pattern. This pattern then evolves on succeeding days and can be more clearly observed between +5th-te—20th
Fantary-January 15-20. The discontinuous variation and CEJ on +7th-Jan-January 17 could be related to enhanced geomagnetic
activity on that day. Zhou et al. (2018) have shown that CEJ can be caused by enhancements of the geomagnetic activity
levels. The reduction of the EEJ amplitudes prior to the enhanced semidiurnal pattern is similar to that of the observations of
equatorial vertical drifts reported in Maute-et-al+2645)Maute et al. (2016). In their work, they used the numerical simulation

results for the 2013 SSW event to show that the amplitude of equatorial vertical drifts gets reduced during this event due to the
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phenomenon of beats between the enhanced SW2 and M2 tides. The similar periods of SW2 and M2 will produce a theoretical
beating frequency of 1/(15.13 day) and in Figure 6a5a, we can observe that the days with reduced EEJ amplitudes, on either
side of the enhanced semidiurnal pattern, are separated by a similar time period. As the EEJ and vertical plasma drifts are
driven by the daytime eastward polarization electric fields it is likely that the weakening of EEJ amplitudes is being caused by
the beating phenomenon between the enhanced SW2 and M2 tides. From Figure 5b, two episodes of L, enhancements can be
observed. The first enhancement starts in-during the second week of December and-when the Lo amplitude increases from 5
nT on December 12 to a peak tidal amplitude of 19 nT is-estimated-on28th-Deecember—on December 28. A stronger second

enhancement starts on 6th-January-and-January 6 and reaches a peak tidal amplitude of 27 nT is-then-estimated-ont5th-January
—on January 15. The S, enhancements also start in-during the same period and-the-with its amplitude increasing from 13 nT

on December 12 to a peak amplitude of 41 nT isrecorded-on7thJanuary—on January 7. The S, amplitude then shows a slight
decrease during the main phase of the SSW and reaches a minimum value of 31 nT on 3+stJantary—January 31. Thereafter it
again shows an enhancement and reaches an amplitude of 37 nT on Sth-February—February 9. Compared to the three previous

SSW events, the Sy amplitude decreases more gradually for the 2013 SSW event and shows the smallest reduction during the

main phase of the-this SSW. Like the earlier discussed SSWs, the relative enhancement of the amplitude of L, is also found to

be greater than that of S5 for the 2013 SSW event. The uncertainty levels for S5 and Lo amplitudes during the 2013 SSW event
are found to vary around 1.5 nT. The phase of Sy (Fig-Figure 5d), once again shows a slight decrease at the onset and during

the SSW event as in the case of the three previous SSWs. The phase again stabilizes following the peak reversal of the zonal
mean zonal wind during this event. The phase of the Ly seems to be consistent with the expected propagating phase pattern in
solar time. The solar flux levels for this event, seen in Figure Se, range from moderate to high between December and February

with peak values around 160 s.f.u being recorded during the main phase of the SSW. The uncertainty levels for the phase of L

and S, are found to be around 0.3 h.

5 Discussion

The S; and Lo variations of the EEJ during SSWs obtained from ground-magnetometer observations are compared with
simulated variations of the SW2 and M2 tides in neutral temperature and zonal wind at ~120 km in this section. The simulation
results, which are available for the 2003, 2009 and 2013 SSW events, are utilized for this purpose. In addition, the possible
mechanisms that could be responsible for the observed S, and L, variability of the EEJ during SSWs are discussed. The hourly

neutral temperature and zonal wind that are obtained from the numerical simulations are used to estimate the components of
the solar and lunar tides by performing a least-squares fit of the form

3 n+3 3

2m 27 27
A A7 S ] . /t )\ n,s Lg / 2 721:—72 )\ (I)g 5
O+,;S:n23 1, sm(24n + s +¢1,,()+S:§_3 k8777(24 51 v+sA+®,) )

where ¢ is the universal time in hours, )\ is longitude, v denotes the lunar age in hours, n represents the harmonics of a solar
day and s is the zonal wave number. A, represents the mean value, 4,, s and ¢,, ; denote the amplitude and phase of the solar
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tides whereas L. and ®, denote the amplitude and phase of the semidiurnal lunar tide. A moving window of 21 days is used

to determine the amplitudes and phases of the SW2 and the M2 tides. For the 2002-2003 SSW event, the results from the
National Center for Atmospheric Research Whole Atmosphere Community Climate Model eXtended version with “Specified

Dynamics" (SD-WACCMX) (Liu et al., 2018) are used to investigate the SW2 variability. The simulations are forced with
the NASA Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis from 0-50 km. Figare-6
Nlcvi@l,%rngéw ~120 mmmwmmsmm

ws-amplitudes show prominent amplification
at mid-latitudes in both the-hemispheres-during-this-hemispheres during the 2003 SSW event. The hemispherical asymmetry

in SW2 enhancements is noticeable, which could be due to the hemispheric differences in the tidal propagation conditions that

result in excitation of asymmetric tidal modes (e.g., Forbes et al., 2013). The SW2 amplitude in neutral temperature (Figure 6a)
at the mid-latitudes in the Southern Hemisphere (SH) shows relatively stronger enhancements between days 6-21 and 36-41.
In the Northern Hemisphere (NH), the enhancements at mid-latitudes are more prominent between days 34-38. SW2 maxima

of ~25 K is recorded in the SH on day 9, while in the NH the peak amplitude is ~15 K on day 36. Te-a—certain-degree;

there-is-a-similarity in-timing between-the-enhaneements The SW2 amplitude in zonal wind (Figure 6¢) shows enhancements
around the similar period as the SW2 amplitude in neutral temperature. The SW2 amplitude in zonal wind shows prominent
enhancements between mid- to high-latitudes whereas in case of the SW2 and the 5-overHuaneayo (Figure 2b) between-days
34-40-The maxima in-SW2-is-seen-atamplitude in neutral temperature the enhancements are more prominent between low-
and-to mid-latitudes, The SW2 amplitude in zonal wind in the SH shows enhancements during the whole month of January
before showing a slight reduction at the end of the month and then another enhancement from day 35. The SW2 amplitude
in zonal wind in the NH shows small amplification at the beginning of the year, which is followed by a weakening and then
another amplification between days 22-45. From Figure 6b, it is found that the SW2 phase in neutral temperature in SH doesn’t
show any major change at latitudes where the amplitude of SW2 gets enhanced. In the NH also a clear pattern of phase change
is not evident at the latitudes where the SW2 amplitude shows major changes. From Figure 6d, it is also apparent that the SW2
phase in zonal wind doesn’t show any major phase change due to SSWs. Smaller phase changes of the order of I hour occur
at mid-latitudes in both-hemispheres-during this-time-interval—The the NH but again a clear pattern is not recognizable from
these SD-WACCMX simulations.

The SW2 amplitudes in neutral temperature and zonal wind in the NH show enhancements around day 0 and day 36 and
M%MMMW&MMMM& enhancements in-the-first-week-of January
vatfor the 2003 event resemble this variability
with maxima at the beginning and at the end of January with reduced amplitudes in between. However, the reduetion-of EEJ
Sy felewing-the-first-enhancement-variations does not exactly correspond with the reduetion-variations of SW2 amplitudes
during-this-eventin neutral temperature and zonal wind in the SH. Based on the presented analysis, we conclude that the day to
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day variation of EEJ S, amplitudes during the 2003 SSW cannot be fully explained by the day to day variation of SW2 tidal
amplitudes obtained from simulation results at dynamo region heightsfor-this-event.

For the 2008-2009 SSW event, we use the simulations described in Pedatella et al. (2018b) to investigate the thermospheric
SW2 and M2 tidal amplification. The modeling output was obtained using the Whole Atmosphere Community Climate Model
eXtended version (WACCMX) (see Liu et al. (2018) for details) in which the lower and middle atmosphere variability was
constrained using the Data Assimilation Research Testbed (DART) ensemble adjustment Kalman filter. In this simulation,
an additional M2 forcing term is included in the model physics (Pedatella et al., 2012). The SW2 and M2 tides in neutral

temperature at ~120 km of-altitude-are depicted in Figure 7. A—meving-windew—of 21-days—isused-to—separate-thesolar
and-tunar-semidiarnal-tides—The SW2 amplitude (Figure 7a) at mid-latitudes in the SH shows an enhancement in Figure7a

between-days—-and-S-the first week of January which is then followed by a reduction between days 15 and 20 and a second
enhancement between days 20 and 40. In the NH, the SW2 enhancement is only prominent between days 20 and 40. The
M2 enhancements can be observed in Figure 7c between days 10-20-and-days25-3520-30 and days 35-45. The M2 ampli-

tudes show a hemispherical asymmetry with the highest values occurring in the NH. The SW2 and M2 tides in zonal wind

at ~~120 km for the 2008-2009 SSW event are depicted in Figure 8. The SW2 tidal enhancements in zonal wind (Figure 8a)
are similar to the SW2 enhancements in neutral temperature (Figure 7a) in temporal terms also for the 2009 SSW event but
again a difference in the latitudinal structures in Figures 7a and 8a can be observed. The amplification in SW2 in zonal wind
oceur at slightly higher latitudes in both the hemispheres as compared to the amplification of SW2 in neutral temperature.
The phase of SW2 in neutral temperature (Figure 7b) and zonal wind (Figure 8b) show a noticeable decrease in the NH just
prior to the start of the SW2 amplification in the NH around day 20. The phase of SW2 in neutral temperature (Figure 7b)
decreases by 1 hour during this period whereas the SW2 phase in zonal wind (Figure 8b) decreases by more than 2 hours
during this period. The SW2 phase then returns back to original levels after day 30 in both the Figures 7b and 8b. This result
is consistent with the findings of Pedatella et al. (2014), in which the decrease of the phase of SW2 tide in neutral temperature
during the 2009 SSW event was reported using the results from four different general circulation models. At a fixed latitude,
the phase of M2 in neutral temperature (Figure 7d) and zonal wind (Figure 8d) shows the characteristic propagation pattern,
where the phase gets repeated after an interval of 14.77 days. The phase of M2 derived from neutral temperature (Figure 7d)
shows some major changes at mid- and high-latitudes at the time when the SW2 phase in neutral temperature decreases at
low- and mid-latitudes but the M2 phase in zonal wind (Figure 8d) does not show any major variation during this same period.
The actual impact of SSW conditions on the phase of M2 tide is difficult to uncover from these plots and more comparisons

between the M2 tide during SSW and non-SSW conditions are needed to address this issue. The timing of the first S, en-
hancement of the EEJ (Figure 4b) and its reduction is-are seen to coincide with the SW2 amplitudes in neutral temperature

and zonal wind in the SH. The timing of the second SW2 enhancement that is seen in both hemispheres also shows a good
agreement with the Ss enhancements over Huancayo. Compared to the 2003 SSW event, the SW2 amplitude for the 2009
SSW event shows a better agreement with the EEJ S, enhancements. On-eemparing-Comparing the amplification of the M2

amplitude in neutral temperature and zonal wind and the Lo at Huancayo (Figure 4b), it is observed that the enhancements

esoccur around the same period. For the
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2012-2013 SSW, the SW2 and M2 tides are investigated using the modeling results of Maute-et-al(2645)Maute et al. (2016).

In their work, the NCAR thermosphere-ionosphere-mesosphere-electrodynamics general circulation (TIME-GCM) model was

3 (GEOS:5) zonal mean simulation results in the lower and middle atmosphere. More details about this nudging approach can
be found in Maute et al. (2015). The M2 and N2 lunar tidal perturbations based on the global scale wave model (GSWM-09

Zhang et al., 2010) are included in this simulation. Figures 9 and 10 depict the amplitudes an phases of the SW2 and M2
tides in neutral temperature and zonal wind at ~120 kmaltitude—Fhisresultis-, respectively. Despite using a different temporal

window for the tidal fitting, these results are consistent with the findings of Maute-et-al-(2045)Maute et al. (2016). In Figure
8a9a, the SW2 tidal amplitudes are-presentedin neutral temperature is presented, and the hemispheric asymmetry in SW2 en-

hancements is once again noticeable. The SW2 tidal amplification in the SH is seen at mid-latitudes all throughout January
while in the Nerthern-Hemisphere-NH the SW2 amplification at mid-latitudes starts only after +0th-Janvary—day 10. The peak
amplification occurs simultaneously in both the hemispheres on 23rd-January-day 23. The M2 tidal amplification seen in Figure
8e-9¢ also shows hemispherical asymmetry, with the amplitudes in the SH being almost twice as large as in the NH. The M2

amplitude gets enhanced between +6th-to20th-Jantary-days 10-20 and its peak value is seen on +6th-Jantary-day 16 in both
hemispheres. As in the case of the 2009 SSW event, the SW2 (Figure 10a) and M2 (Figure 10c) amplitudes in zonal wind for
but the amplification of these tides do not occur at the same latitudes in these figures. From the phase plots of the SW2 tide
hemispheres, the SW2 phase decreases by up to 1 hour prior to the beginning of the SW2 amplification from day 18. For the
M2 tide, the phase plots for neutral temperature (Figure 9d) and zonal wind (Figure 10d) do not reveal any major changes

figures. The comparison between the timing of M2 enhancements in neutral temperature and the-zonal wind and the EEJ L,
enhancements at Huancayo (Figure 5b) --shows that they coincide with each other, which is not exactly the case with the solar
semidiurnal enhancements. The peak SW2 enhancements in neutral temperature occur a few days later than the EEJ .S5 en-
hancements over Huancayo. The semidiurnal tidal amplitudes in neutral temperature and zonal wind for the 2013 SSW event is
are comparably larger than those corresponding to the other two SSW events and absolute comparisons in semidiurnal tidal am-
plitudes between-among the three SSWs should be avoided. The difference exists due to the different models and the different
forcing methods that are used to produce the simulation outputs. The tidal amplitudes in WACCM-X are known to be damped
(e.g., Pedatella et al., 2018b) in order to stabilize the model, however, for the 2013 SSW simulation WACCM-X/GEOS-5
was employed with reduced damping which probably lead to an overestimation of the semidiurnal tides (Maute et al., 2016)

. The modelingresults-of-the-2009 (PedateHa-etal-20+8b)-and the-2013 (Maute-etal;2015)-SSWs-were-able-to-reproduce

SSW model simulations, (Pedatella et al., 2018b) and (Maute et al., 2016) respectively, reproduced the salient features of the
FE x B drifts

e-seen from radar observations. We

therefore find it reasonable to compare the EEJ semidiurnal tidal enhancements with the simulated semidiurnal tidal enhance-
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ments in neutral temperature and zonal wind at the E-region heights. From the simulation and observation results, we find that
the timing of the M2 amplification in neutral temperature and zonal wind show a better agreement with the L, amplification
in the EEJ show-a-better-agreement-with-each-other-as compared to the amplification—case of SW2 in-neutral-temperature-and
of-Syin-the-EEFamplification during the 2009 and 2013 SSWs. It is also important to note that the peak enhancements in M2
and Lo occur on the same day during these two events. The mechanism of the M2 enhancement during SSWs has been ex-
plained by Forbes and Zhang (2012) through the shifting of the so-called Pekeris resonance peak of the atmosphere te-towards
the M2 lunar period. The leecation-of-the-resonance peak shifts due to the changes in the zonal mean temperature and wind
structure of the middle atmosphere during SSWs. The enhanced M2 amplitudes at dynamo region heights drive an enhanced
lunar current system in the ionosphere during SSWs (Yamazaki, 2014) and would lead to an enhancement of Lo variations
in the EEJ. The asymmetrical SW2 enhancements during the 2003, 2009 and 2013 SSWs suggest that the asymmetrical tidal
modes are important for understanding the SW2 tidal variability during SSWs. Jin et al. (2012) used the Ground-to-topside
model of Atmosphere and Ionosphere for Aeronomy (GAIA) to investigate the SW2 Hough modes, which were decomposed
derived from the neutral temperature at 116 kmaltitade, during the 2009 SSW event and found the largest temporal variations
in the symmetric semidiurnal (2,2) and the asymmetric semidiurnal (2,3) modes (Jin et al., 2012, see Figure 9). The enhance-
ment of asymmetric solar tidal modes also eatise-causes major changes in the structure of the ionospheric solar quiet current
systems during SSWs (Yamazaki, 2014). However, as the wavelengths of the asymmetric solar tidal modes at dynamo region
heights are much smaller than those of the symmetric solar tidal modes (e.g., Stening, 1969; Tarpley, 1970; Stening, 1989),
their effectiveness in generating currents in the ionosphere are-smaller-than-the-is smaller than in the case of the symmetrical
tidal modes (Stening, 1969). The EEJ solar tidal changes during SSWs is-are therefore more likely to be caused due-to-by
the variability of the symmetrical solar tidal modes. This could be one of the reasons for the lack of agreement between the
SW2 tidal enhancements in neutral temperature and zonal wind and S; of the EEJ. To explain the changes in the SW2 at the
mesospheric and thermospheric altitudes due to SSWs, a number of mechanisms have been proposed through both observation
and modeling studies. Pedatella and Forbes (2010) investigated the 2009 SSW event and suggested that the changing mean
wind conditions in the MLT during the SSW and post-SSW period could be a reason for the reduction and enhancement of
the SW2 amplitudes in GPS TEC observations.Wang et al. (2011) proposed the nonlinear wave-wave interactions of migrating
solar diurnal (DW1), semidiurnal (SW2) and terdiurnal (TW3) tides as the reason for the decrease of SW2 amplitudes in the
ionospheric E-region during the 2009 SSW event. It was suggested by them that the DW1, SW2 and TW3 form a resonant triad
and a direct wave-wave interaction among these tides may lead to a rapid growth in one of the tides at the expense of other two.

Based on their results, they concluded that the SW2 tide was losing energy to the TW3 tide, resulting in the amplification of

the latter during the 2009 SSW. The-Maute et al. (2015), however, didn’t find a significant variation in the simulated TW?3 tidal

amplitude during the 2013 SSW event. The SW2 amplitudes in the MLT and upper thermosphere may also be affected by the
redistribution of ozone during SSWs (e.g., Goncharenko et al., 2012; Sridharan et al., 2012). In case of the 2009 SSW event,

Goncharenko et al. (2012) noted that the ozone levels in the tropical stratosphere increased immediately after the SSW and due

to-inereased-solar-tidal-foreing-this-could-have-possibly-ted-this could lead to the enhancement of the SW2 tide as ozone is a
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major excitation source of the SW2 tide (e.g., Lindzen and Chapman, 1969). Medeling-A modeling study by Jin et al. (2012)
proposed that the changes in the structure of the zonal mean zonal wind and the meridional temperature gradient in the middle
atmosphere during SSWs lead to a change in the tidal propagation conditions and could result in amplification of the SW2 tide
in the MLT and upper thermosphere. Numerical studies by McLandress (2002) showed that the amplitude of the DW1 in the
MLT can get amplified if there is an enhancement of the meridional wind shear in the upper atmosphere. A meridional shear
in the eastward (westward) direction in the NH broadens (narrows) the tropical waveguide of the tides. Sassi et al. (2013) used
this hypothesis to show that the decrease in the amplitude of the SW2 tide resulted due-to-from the increase in the westward
meridional shear in the MLT during the 2009 SSW event. Another mechanism that has been proposed to explain the SW2 tidal
changes during SSWs is the nonlinear tide-wave-planetary wave-tide interaction between the stationary planetary waves and
SW2 (Liu et al., 2010). Simulation results of the 2006 SSW event by Maute et al. (2014) confirmed an increase in SW1 and a
decrease in SW2 in the E-region due to the non-linear tide wave interactions between the SW2 and planetary wave number 1
during this event. It is likely that a combination of the above-mentioned mechanisms atre-is responsible for the observed SW2
variability at ionospheric altitudes. The SSW-induced changes in the SW2 drive the variability in the Ss of the EEJ during
SSWs through the ionospheric dynamo mechanism. The global reduction and amplification in the SW2 amplitudes during the
SSWs as seen at ionospheric altitudes is therefore also reflected in the S5 variations of the EEJ. However, more research would
be-is needed for completely understanding the role of symmetrical and asymmetrical solar tidal modes in causing the solar tidal
variability of EEJ during SSWs. In addition, the relative importance of the mechanisms responsible for the changes in SW2

during SSWs also needs to be studied.

6 Conclusions

In this study, we have used the ground-magnetic field recordings at the Huancayo and Fuquene observatories to determine
the semidiurnal solar and lunar tidal variability of the EEJ during the 2003, 2006, 2009 and 2013 major SSWs. The solar and
lunar tidal variabilities are then compared with the timing of the occurrence of the SSWs. Major conclusions derived from this
study are as follows. 1. The semidiurnal lunar tide of the EEJ shows major amplification during all the-four SSW events and
its amplitude is observed to become comparable or even greater than the semidiurnal solar tide-tidal amplitude. In addition, the
relative amplification of the EEJ lunar semidiurnal tide is seen to be larger than that of the EEJ solar semidiurnal tide during
all the-four SSWs.

2. The EEJ semidiurnal solar tidal amplitude shows an enhancement prior to the onset of the SSWs, which is then followed by
a reduction during the deceleration of the zonal mean zonal wind and then a subsequent enhancement when the zonal mean
zonal wind starts to recover after its peak reversal.

3. The timing of the global M2 enhancements in neutral temperature and zonal wind at ~120 km and the EEJ semidiurnal
lunar tidal enhancements during SSWs show a good agreement with each other. In case of a similar comparison between the

SW2 and the EEJ semidiurnal solar tidal enhancements, the degree of agreement varies for each of the SSW events.
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Figure 1. The locations of the Huancayo (HUA) and Fuquene (FUQ) observatories are marked with black dots in this figure. The red line

denotes the dip equator.
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Figure 2. (a) The day-to-day variations of the EEJ obtained from Huancayo and Fuquene observatories between +st-December 1, 2002
and +st-March 1, 2003 are presented in this plot. The white and black dots at the bottom represent the days of full moon and new moon,
respectively. (b) The amplitude of the semidiurnal solar (red) and lunar (blue) tides of the EEJ during the same period. The beundaries-of-the
shaded-regions—dotted lines represent the 1o uncertainty levellevels. (c) Daily time series of the zonal mean zonal wind (U) at 60°N and 10
hPa (red) and the North Pole temperature at 10 hPa (black) during the same period. The dashed green line is marked to identify the day of
reversal of the zonal mean zonal wind. (d) The phase of the semidiurnal tide of the EEJ. (e) Daily solar flux values during this time interval.

(f) The phase of the semidiurnal lunar tide of the EEJ.
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Figure 3. Same as Figure 2 except between +st-December 1, 2005 and +st-March 26061, 2006.
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Figure 4. Same as Figure 2 except between +stDecember 1, 2008 and +st-March 26091, 2009. The missing period of data is marked in white

color.
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(b) Tidal amplitudes from Huancayo recordings during 2012-2013 SSW event
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Figure 5. Same as Figure 2 except between +st-December 1, 2012 and +st-March 1, 2013
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a) SW2 amplitude in temperature (K) (b) SW2 phase (hour)
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Figure 6. The SW2 tidal amplitude in neutral temperature (a) and phase-zonal wind (bc) of-the-SW2-tide-inneutral-temperature-at ~120
km of altitude during the 2002-2003 SSW event. (b) and (d) present the corresponding SW2 phase in neutral temperature and zonal wind,

26



(a) SW2 amplitude in neutral temperature (K)
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Figure 7. The amplitude (a) and phase (b) of the SW2 tide in neutral temperature at ~120 km of altitude during the 2008-2009 SSW event

(simulations from Pedatella et al., 2018a). The amplitude and phase of the M2 tide during the same period are presented in (c) and (d),

respectively.
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(a) SW2 amplitude in zonal wind (m/s) (b) SW2 phase (hour)
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Figure 8. Same-asFigure7-exeept-The amplitude (a) and phase (b) of the SW2 tide in zonal wind at ~120 km of altitude during the
2042-2043-2008-2009 SSW event (simulationsfrom-Maute-et-al;2045)(simulations from Pedatella et al., 2018a). The amplitude and phase

of the M2 tide during the same period are presented in (c) and (d), respectively.
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(a) SW2 amplitude in neutral temperature (K) (b) SW2 phase (hour)
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Figure 9. Same as Figure 7 except for the 2012-2013 SSW event (simulations from Maute et al., 2016).
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(a) SW2z amplitude in zonal wind (m/s) (b) SW2 phase (hour)
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Figure 10. Same as Figure 8 except for the 2012-2013 SSW event (simulations from Maute et al., 2016).
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