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Abstract Enhanced lunar tidal effects in the equatorial electrojet (EEJ) during northern winters in the
form of “big L” days have been known for a long time. Recent studies suggest that the changes in the tidal
propagation conditions due to stratospheric sudden warmings could be responsible for this phenomenon.
In this work we have used the H component of the magnetic field recorded at Huancayo from 1997 to 2013
to study the relation between the timing and magnitude of the semimonthly lunar tide in the EEJ and
the stratospheric polar vortex weakening (PVW). We prefer a definition of PVW by taking into account the
atmospheric conditions from December to February for each winter. Our results indicate that the
semimonthly lunar tide in the EEJ gets enhanced during northern winters when a significant PVW occurs
and its peak timing and magnitude is correlated with the timing and intensity of PVW. The timing of
lunar tidal peaks and PVW correlate better than their respective magnitudes. Our results suggest that the
initiation of the lunar tidal enhancement in most of the cases is closely related to a PVW event. Furthermore,
we discuss events where the semimonthly lunar tidal enhancements are not well timed with respect to PVW.
We also suggest that the amount of tropospheric forcing into the stratosphere plays a major role in the
enhancement of the lunar tides in the EEJ.

1. Introduction

Lunar tidal enhancement in the equatorial electrojet (EEJ) in relation to stratospheric sudden warming (SSW)
events have been studied extensively in recent years [e.g., Stening, 2011; Park et al., 2012; Lühr et al., 2012;
Yamazaki et al., 2012; Yamazaki, 2013; Siddiqui et al., 2015]. Large lunar effects in the EEJ between November
and March were first reported by Bartels and Johnston [1940], but the mechanism behind these observations
were not fully understood. Recent publications have tried to explain this phenomenon through the enhanced
planetary wave (PW) activity which is assumed to be responsible for causing SSW [Matsuno, 1971]. Forbes
and Zhang [2012] explained the amplified lunar tidal winds in the ionospheric dynamo region during an SSW
through the changes in the zonal mean zonal wind and temperature of the middle atmosphere which shifts
the atmospheric (Pekeris) resonance peak onto the lunar period (12.42 h). Subsequently, the amplification of
the semimonthly lunar tide in the EEJ during SSW winters were reported by Yamazaki [2013] to be almost
three times larger compared to the non-SSW winters.

SSWs have been studied quite extensively since they were first observed by Scherhag [1952]. SSWs are char-
acterized by the weakening of the westerly winds in the northern stratosphere and a breakdown of the polar
vortex which leads to a sudden rise in the polar stratospheric temperature by several tens of degrees [e.g.,
Andrews et al., 1987] and are usually classified into major and minor warming events. According to the World
Meteorological Organization (WMO) definition, an SSW is identified as a major warming event if there is a
reversal of the latitudinal temperature gradient poleward of 60∘N and the reversal of the zonal mean zonal
wind at 60∘N/10 hPa and as a minor warming if there is an increase in the stratospheric temperature by 25 K
or more within a week without the reversal of the zonal mean zonal wind. Moreover, different authors have
also used modified versions of the WMO definition and other diagnostic variables to identify SSWs. For exam-
ple, Charlton and Polvani [2007] used solely the wind reversal criterion to detect major SSWs. Martineau and
Son [2013] identified SSWs based on the NAM (Northern Annular Mode) index at 10 hPa. Empirical orthogo-
nal functions (EOFs) of gridded pressure-level data of geopotential height anomalies or zonal wind anomalies
have been employed by Baldwin and Dunkerton [2001] and Limpasuvan et al. [2004], respectively, to identify
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SSWs. The availability of numerous diagnostics has created a situation where there are at the moment many
different ways to detect SSWs, but there is an ambiguity in choosing the most suitable one. For more exten-
sive information on the various SSW definitions that have been used in the literature, the readers may refer to
Butler et al. [2015].

Recently, Zhang and Forbes [2014] defined the concept of Polar Vortex Weakening (PVW) by using measure-
ments of the mean zonal wind (U) at 70∘N/48 km altitude and the zonal mean temperature (T) at 90∘N/40 km,
which showed good correlation between the timing and magnitude of PVWs and the M2 lunar tide at 110 km
altitude. The lunar tide was determined from the temperature measurements made by the SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry) instrument on board the Thermosphere Iono-
sphere Mesosphere Energetic Dynamics satellite between±50∘ latitude. Chau et al. [2015] used this definition
of PVW to demonstrate the correlation between the timing of PVW and enhancement of lunar tides in the
upper mesosphere, lower thermosphere (MLT) by using wind data from middle- and high-latitude stations.
However, they reported some observations where the correlation failed when the M2 enhancement occurred
much earlier than the defined PVW days for those years.

In this paper we use a PVW definition similar to the one put forward by Zhang and Forbes [2014] to demonstrate
a correlation between the timing and peak magnitude of PVW and the semimonthly lunar tidal modula-
tion of the equatorial electrojet (EEJ) as estimated from the Huancayo magnetic observatory for the years
1997–2013. We also report two observations where the correlation breaks down and the semimonthly lunar
tide in the EEJ enhances much earlier than the PVW day in these cases.

The structure of this paper is as follows. Section 2 describes the various data sets used in this study. In section 3,
we introduce our approach for determining the strength of the lunar tidal modulation of the equatorial elec-
trojet. In section 4, we present our observations followed by discussion in section 6. The conclusions from this
work is presented at the end.

2. Data Set

Recordings of hourly means of the horizontal component, H of the geomagnetic field at Huancayo, HUA,
(−12.05∘N, 284.67∘E; magnetic latitude: −0.6∘) and San Juan, SJG, (18.11∘N, 293.85∘E; magnetic latitude:
28.31∘) are available for the period 1997–2013 and from 1997 to 2011 for Fuquene, FUQ, (5.47∘N, 286.26∘E;
magnetic latitude: 18.12∘) at the World Data Centre (WDC) for Geomagnetism, Edinburgh. Our study is
limited to the above mentioned time intervals since the FUQ data are presently not available after 2011 and
HUA data are missing at the WDC for the years 1970–1996.

To consider the dependence of the EEJ strength on solar activity, we use the solar flux values F10.7 in solar flux
unit (sfu: 10−22 W m−2 Hz−1) which are available at the GSFC/SPDF OMNIWeb interface at http://omniweb.
gsfc.nasa.gov. To remove the ring current effect, the Dst index (availabe at the WDC for Geomagnetism, Kyoto)
has been used for the period 1997–2013.

For quantitatively defining the weakening of the northern polar vortex, we use the MERRA (Modern-Era Ret-
rospective Analysis for Research and Application) data (ftp://goldsmr3.sci.gsfc.nasa.gov/data/s4pa/MERRA/).

3. Methods of Analysis
3.1. Lunar Tide Identification in Magnetic Ground Station Records
The lunar semidiurnal component (M2) dominates the lunar tidal effects in magnetic records. The M2 tide
shows a semimonthly variation (14.77 days) at a fixed local time. The lunar tidal modulation of the equatorial
electrojet related to stratospheric sudden warming has been estimated using the horizontal component of
the geomagnetic field, H, e.g., at Huancayo [Siddiqui et al., 2015] and Addis Ababa [Yamazaki et al., 2012] in
recent literature.

Both these studies employed different procedures to remove the effects of large-scale magnetospheric cur-
rents in H. While the former study used a reference observatory at some distance away from the dip equator
to remove these effects [e.g., Manoj et al., 2006], the latter one subtracted the Dst index from H.

The two studies also differed regarding the definition of the EEJ strength. The method used by Siddiqui et al.
[2015] eliminates some contributions of the Sq currents from the recordings of the equatorial observatory
while calculating the EEJ strength, whereas in the method used by Yamazaki et al. [2012] the Sq contributions
are retained.
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Figure 1. Geomagnetic field variations at the Earth’s surface caused by ionospheric current as derived using the CM4
model at 16 UT on the first day of the year with F10.7 = 100 sfu. The black dots mark the considered observatory
locations. The blue line represents the dip equator latitude.

To estimate the EEJ strength using a reference station, we first subtract the quiet nighttime values from the
recorded H data for both the equatorial and the reference station to remove the effects of the main field.

ΔH = H − HMF (1)

ΔH reflects the daily variation with respect to the local midnight baseline. HMF is computed daily using
the mean of the four nighttime values of H at 23:30, 00:30, 01:30, and 02:30 LT. Then, HEEJ is estimated by
computing the difference between the daily variations at the equatorial and the reference station.

HEEJ = ΔHEEJ − ΔHNonEEJ (2)

The underlying assumption behind the differencing is that the large-scale fields of magnetospheric cur-
rents are expected to be approximately equal at both observatories [e.g., Manoj et al., 2006]. A part of the Sq

contributions at the equatorial observatory is also removed by this method.

In the second approach the HEEJ, which is proportional to the EEJ strength, is estimated by subtracting
the disturbance index Dst from the recorded H data at the equatorial observatory to account for the effects
of the ring current. Then, HEEJ is estimated after subtracting the quiet nighttime value. The Sq contributions at
the equatorial observatory are not removed in this method.

In this paper we attempt to compare the semimonthly lunar tidal amplitudes estimated from the Huancayo
data by using both these methods for the period 1997–2013. San Juan and Fuquene have been chosen as
reference stations for Huancayo. Figure 1 shows the geomagnetic field variation due to the primary iono-
spheric (excluding induced) currents at the Earth’s surface as derived from the CM4 model at 16 UT on
1 January 2000. The black dots mark the locations of the three observatories used in this study. CM4
(Comprehensive Model) is a model of the quiet-time, near-Earth magnetic field which has been derived using
the POGO, Magsat, Ørsted and CHAMP satellite data [Sabaka et al., 2004].

The significant difference in latitudinal separation from the magnetic equator also provides a chance to look at
the dependence of the lunar tidal amplitudes on the spatial distance between the equatorial and the reference
stations.

The EEJ has a strong dependence on the solar flux level due to varying ionospheric conductivity [e.g., Alken
and Maus, 2007; Stolle et al., 2008; Yamazaki et al., 2010]. To eliminate the effect of the varying conductivity, the
EEJ strength is normalized to a solar flux level of 150 sfu. The data are then arranged into bins of 1 day by 1 h
in local time (LT) over a period of two lunar months (59 days). For each day, a 59 day centered sliding window
is applied. The local time sector considered here is from 08:00 to 16:00 LT. Outside of this time interval the EEJ
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signal is considered to be weak. The daytime variation of the EEJ is dominated by the solar tidal effects. This
dominant variation is estimated by calculating the means over a 59 day period for each local time hour. The
calculated means are then subtracted from the data to remove the effect of the solar tides. We are interested
in estimating the amplitude of the semimonthly lunar wave (14.77 days) for each local time hour over the
59 day period. The frequency of interest is the fourth harmonic signal for which the amplitude and phase
are determined for each local time hour. The amplitude obtained is then normalized for the expected diurnal
variation of the ionospheric conductivity, C, as described by Lühr et al. [2008].

C = C0

√
cos

{
𝜋

12 h
(LT − t0)

}
(3)

where C0 is the value of the peak conductivity and t0 is the local time of the peak conductivity. A suitable value
for t0 has been found to be 12:30 LT. For our purpose we chose C0 to be equal to 1.

The procedure for normalization is similar to the one explained in Siddiqui et al. [2015]. It has been shown by
Lühr et al. [2012] that the diurnal variation of the ionospheric conductivity also affects the amplitude of the
lunar tidal signal. Without the normalization, the values around noon would dominate the tidal results.

A reasonable estimate of the average semimonthly lunar wave over 59 days was obtained by calculating the
mean of the normalized amplitudes for all the considered local times. The mean semimonthly lunar wave is
thus computed for each 59 day window and is then tied to its central day. A sliding window of 59 days length
advanced by 1 day is applied for each subsequent data set.

3.2. Quantifying SSW Strength Based on Polar Vortex Weakening
Lately, various studies on the enhanced lunar response of the ionosphere during SSWs have used different
diagnostics to identify an SSW event. Yamazaki [2013] used the NCEP/NCAR reanalysis data to recognize SSW
events based on significant changes in the climatology of the stratosphere dynamics, whereas Zhang and
Forbes [2014] quantified the concept of polar vortex weakening (PVW) to characterize the strength of SSW
events using the MERRA reanalysis data. Based on SABER V2.0 temperature measurements between ±50∘

latitude, they demonstrated a correlation between the timing and peak amplitude of the M2 at 110 km altitude
and the polar vortex weakening.

Chau et al. [2015] used this definition of PVW to demonstrate a correlation between the upper mesospheric
lunar tides and PVW characteristics during SSW events. However, they have also reported inconsistencies for
some years [see Chau et al., 2015, Figure 7] when the mesospheric lunar tides are enhanced prior to the PVW
day as identified by Zhang and Forbes [2014].

Zhang and Forbes [2014] have used the daily time series of the zonal mean zonal wind (U) at 70∘N and 48 km
altitude and zonal mean temperature (T) at North Pole and 40 km altitude for the first 60 days of each year to
describe the polar vortex weakening (see Figure 2) [Zhang and Forbes, 2014]. In our study we extend the time
series for both parameters from 60 to 90 days by including the month of December. Figure 2 presents U (red
curve) and T (black curve) as defined above from December onward to February for the years 1998–2013. The
dotted blue vertical lines denote the days of peak polar vortex weakening, while the dotted black horizontal
lines denote the zero value of mean zonal wind. The dotted vertical green line in each panel marks the day of
peak lunar tidal enhancement estimated from the magnetometer data. The PVW events are identified accord-
ing to the same criteria as used by Zhang and Forbes [2014] by locating the most significant and/or earliest
pair of T and U extremes within these 90 days. Though, the PVW event of 2000 was not included in their analy-
sis, we have included the event as it fulfills the criteria used for identifying PVWs. For the years 2005 and 2007,
PVWs are not well defined. It is important to note that our results for the occurrence of PVW events are only
different for the years 1998, 1999, 2001, and 2002 from the results of Zhang and Forbes [2014]. During these
periods the earliest T and U extremes were recorded during December. For the rest of the years between 1998
and 2013 we obtain the same PVW days as reported by them.

The strength of PVW is better represented by the peak magnitude of the reversed mean zonal wind than
the zonal mean of the stratospheric temperature according to the results of Zhang and Forbes [2014]. The
magnitude of extreme values of the reversed mean zonal wind is taken as the measure of PVW strength and
is denoted by PVW_mag. The magnitude and the occurrence date of PVWs for the years 1998–2013 are listed
in Table 1.
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Figure 2. Daily time series of the mean zonal wind (U) at 70∘N and 48 km altitude (red curve) and zonal mean temperature (T) at North Pole and 40 km (black
curve) from December onward to February for the years 1998–2013. The dotted vertical blue line in each panel marks the selected polar vortex weakening day.
The dotted vertical green line in each panel marks the day of peak lunar tidal enhancement.

4. Observation

Figure 3 shows the lunar tidal power obtained solely from Huancayo observations for the years 1997–2013.
The red lines denote the peak PVW days as identified in Figure 2. The annual amplification of the lunar tidal
power can be seen in all these years during the months of December–February with a magnitude of at
least 600 nT2. The peak amplification for a majority of the years occurs around the PVW day if a PVW has been
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Table 1. The Date and Strength of Polar Vortex Weakening (PVW)
Events Derived From MERRA Reanalysis Data for the Years 1998–a

Date of PVWs PVW Strength (ms−1)

26/12/1998 17.68

15/12/1999 44.57

8/2/2000 13.45

11/12/2000 16.12

24/12/2001 40.68

17/1/2003 54.21

5/1/2004 47.71

22/1/2006 79.78

24/1/2008 23.75

23/1/2009 52.42

29/1/2010 37.92

31/1/2011 3.78

17/1/2012 54.33

11/1/2013 64.31
aThe strength of PVWs is represented by the magnitude of the

westward zonal mean zonal wind at 70∘N/48 km altitude. Dates are
formatted as day/month/year.

identified. For the four largest events (2003,
2006, 2009, and 2013) with amplitudes of
lunar wave power above 1500 (nT2) we also
identified PVW strengths above 50 ms−1

(See Table 1). The next large enhancement,
in 2008, shows only a small amplitude of
PVW with 23.75 ms−1; however, it is influ-
enced by multiple warming events at least
up to the end of February. This suggests that
the recurrence could be responsible for the
large lunar wave amplitude seen in the semi-
monthly lunar tide. Large M2 temperature
amplitudes during the years 2006, 2009,
and 2013 were also reported by Zhang and
Forbes [2014]. We also find cases of lunar
tidal enhancements without significant PVW
in the years 2005 and 2007 exhibiting similar
amplitudes as in the years 2001, 2002, 2011,
and 2012 with significant PVW. This sug-
gests that there are other physical processes
responsible for the lunar tidal enhancements
in the EEJ that needs to be further inves-
tigated. Such counterexamples were earlier
reported by Siddiqui et al. [2015]. We do not

find a one-to-one correspondence between the timing of lunar tidal amplification and the PVW. The break-
down of a one-to-one correspondence between the lunar tidal enhancements and the warming events for
certain years was also observed by Stening [2011] and Yamazaki et al. [2012].

Figures 4 and 5 show the lunar tidal power obtained by using San Juan and Fuquene as reference stations,
respectively. Similar amplifications during the major warming events are observed in both these plots. With
Fuquene as the reference station the lunar tidal signature for the years 1997–2011 is slightly clearer compared
to San Juan. It can be seen in the former case that the sidebands in general have lower amplitudes compared
to the latter. Also, in case of the 2001 event, the lunar enhancement correlates better with the PVW when
Fuquene is the reference station for Huancayo. This could be due to the larger latitudinal and longitudinal
separation between Huancayo and San Juan compared to Huancayo and Fuquene. The contributions from
the Sq current system are better eliminated when calculating the EEJ strength with respect to Fuquene as
reference station than San Juan, since the latter lies close to the Sq focus with the values of H component
recordings being close to zero. However, the overall lunar tidal pattern obtained from the Huancayo-Fuquene

Figure 3. Daily EEJ lunar tidal wave power for the years 1997–2013. Results are obtained without a reference station to Huancayo. The red lines denote the PVW
days derived from the reversed zonal wind (see text).
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Figure 4. Same as Figure 3 but with San Juan as the reference station for Huancayo.

pair, Huancayo-San Juan pair, and solely from Huancayo suggest that the semimonthly lunar tidal amplitude
in the EEJ is dominant over the lunar tidal amplitude in the Sq currents.

The H component data from Fuquene are presently only available till 2011. Moreover, occasional gaps in
Figure 5 result due to the data gaps at the Fuquene station.

5. Discussion

In order to quantify our observations, we now present the correlations between the timing and amplitude of
PVW and the semimonthly lunar tide in the EEJ. Figure 6 presents the scatter plot between the occurrence
day of PVWs and the semimonthly lunar tidal peaks during 1998–2013 for Huancayo. The points depicted
with the square symbol correspond to the years when the lunar tidal maximum occurred significantly earlier
than the defined PVW day for that year. The solid red line depicts the linear least squares fit to the events.
The lunar tidal amplification occurs much earlier than the defined PVW day for the 2000 and 2011 events.
The mismatch between the occurrence of the PVW and the M2 lunar tide derived from MLT winds was also
reported by Chau et al. [2015] in case of the 2011 event. These are the only two years remaining for which the
revised definition of PVW (by including December) could not improve the temporal relation between the PVW
and the lunar tidal enhancement in the magnetic data. The slope of the linear fit is 0.79. It is slightly lower than
0.92, as obtained by Chau et al. [2015] when they estimated the lunar tide in the upper mesospheric winds
from a midlatitude station while Zhang and Forbes [2014] reported a unity slope. They showed with the SABER
temperature measurements at 110 km altitude that it took 2.8 days for the M2 tide to respond to PVW. It can
be seen in Figure 6 that the difference between the occurrence of lunar tidal peaks and PVWs in January is less
than 3 days in six out of nine cases. For the 2003 and 2004 events the lunar peaks occurred even earlier than

Figure 5. Same as Figure 3 but with Fuquene as the reference station for Huancayo.
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Figure 6. The figure presents a scatter plot between the occurrence days of PVW and EEJ semimonthly lunar tidal peak
during 1997–2013 for Huancayo. The filled squares correspond to the years when the lunar tidal maximum occurred
much earlier than the selected PVW day for that year. The solid red line depicts the linear least squares fit to the events.
The equation for the fit and the correlation coefficient are listed in the panel. The dotted black line represents the
one-to-one correspondence.

the identified PVW days. These events record multiple reversals of the zonal wind prior to the identified PVW
days which might have triggered the early enhancement of the lunar tides. Delayed response of lunar peaks
to PVWs can be found for the December events of 1998 and 2002. From the linear regression between the
occurrence of the PVW event and the peak of the semimonthly lunar tidal amplitude we derive an equation

M2_peak_timing = 0.79 PVW_timing + 4.6 (days) (4)

where, M2_peak_timing is the day of peak semimonthly lunar tidal amplitude and PVW_timing is the iden-
tified PVW day. The slope of less than 1 is caused by the delayed response of the tidal enhancement
(10–20 days) for PVWs occurring in December. It should be checked which processes cause these delays.
When ignoring the December events in Figures 6–8, a unity slope (not shown here), as reported by Zhang
and Forbes [2014], is justified.

The value of the correlation coefficient obtained compares excellently with the values reported by Zhang and
Forbes [2014] and Chau et al. [2015], even though they derived the lunar tidal enhancements from completely
different quantities. Our results thus support their observations and further demonstrate that the response
of the upper atmosphere to PVW events compares well on a global scale, i.e., at low, middle, and high lati-
tudes. Analyses at these three latitudinal regimes have been performed with ground-based observations of
MLT winds at middle and high latitudes [Chau et al., 2015] and with observations of the E region dynamo
between ±50∘ latitude [Zhang and Forbes, 2014]. It is noteworthy that similar results have been achieved in
these analyses with different parameters of the upper atmosphere and at different latitudes.

Figure 7. Same as Figure 6 but with San Juan as the reference station for Huancayo.

SIDDIQUI ET AL. PVW AND LUNAR TIDAL MODULATION OF THE EEJ 10,013



Journal of Geophysical Research: Space Physics 10.1002/2015JA021683

Figure 8. Same as Figure 7 but with Fuquene as the reference station for Huancayo.

Figures 7 and 8 present the same scatter plots as in Figure 6 but for cases when San Juan or Fuquene have been
used as a reference station for Huancayo. The slopes and the correlation coefficients are similar to the results
obtained from the single-station method. The largest correlation coefficient of 0.92 is obtained when Fuquene
is considered as the reference station for Huancayo. With San Juan as the reference station the correlation
coefficient is 0.87, whereas it is 0.91 when the single-station method is considered.

Figure 9 presents the scatter plot between the PVW strength and the peak of the EEJ lunar tidal amplitude at
Huancayo. The lunar tidal amplitude is considered in Figures 9–11 instead of the lunar tidal power, in order
to maintain consistency with the results of Chau et al. [2015] and Zhang and Forbes [2014]. The solid red line
depicts the linear least squares fit to the events. The dotted black horizontal and vertical lines mark a chosen
threshold level for the lunar amplitude and PVW strength during major warmings. The 2000 and 2011 events
are not included in the analysis due to the large difference between the occurrence time of PVW and the
lunar tidal peak for these cases. In general, larger lunar tidal amplitudes correlate with stronger PVW strength.
During the four major SSW events (2003, 2006, 2009, and 2013) the amplitude of the lunar tide is greater than
35 nT, and the PVW strength is greater than 50 ms−1. In case of the 2012 event, a low amplitude of the lunar
tide is obtained in spite of a similar value of PVW strength as during major warmings. However, our results
are consistent with the observations of Zhang and Forbes [2014] and Chau et al. [2015] where they have also
reported lower amplitude of the M2 lunar tide for this particular event. This observation is discussed later in
more detail in this section.

Figure 9. The figure presents a scatter plot between the strength of PVW and the peak amplitude of the semimonthly
lunar tidal peak during 1997–2013 for Huancayo. The filled squares correspond to the years when the lunar tidal
maximum occurred much earlier than the selected PVW day for that year. The solid red line depicts the linear least
squares fit to the events. The equation for the fit and the correlation coefficient are listed in the panel. The dotted black
horizontal and vertical lines mark the threshold values for the lunar amplitude and PVW strength during major
warmings.
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Figure 10. Same as Figure 9 but with San Juan as the reference station for Huancayo.

Figures 10 and 11 present the scatter plot between the PVW strength and the lunar tidal amplitude when
San Juan and Fuquene are used as the reference station for Huancayo. As seen from the earlier plot, stronger
PVW strength leads to larger lunar tidal amplitudes in these cases too. Slightly higher correlation is achieved
between the PVW strength and the peak of the lunar tidal amplitude by using the reference station method
in comparison to the single-station method. The largest correlation coefficient of 0.75 is obtained when
Fuquene is considered as the reference station for Huancayo and it is 0.71 in the case of San Juan. When the
single-station method is used, the value of the correlation coefficient obtained is 0.60 and the lowest among
the three cases. We expect a better separation of EEJ from Sq and magnetospheric fields when Fuquene is the
reference station for Huancayo compared to San Juan.

From the linear regression between the reversed zonal wind speed and the semimonthly lunar tidal amplitude
we derive the equation

M2_peak_amplitude = 0.25
( nT

ms−1

)
PVW_mag + 22 (nT) (5)

where the peak magnitude of PVW, PVW_mag, is given in ms−1 and the peak amplitude of the semimonthly
lunar tide, M2_peak_amplitude, is given in nT. From Figures 9 to 11 we see that the 2000 and 2011 events
exhibit the smallest amplitudes. This may correspond to our findings that they appear as outliers for the timing
in Figures 6–8.

The inconsistencies observed during the 2000, 2011, and the 2012 events could be better explained if the
different external factors which influence the occurrence of the SSWs and the strength of the polar vortex such
as the tropospheric wave activity, the 11 year sunspot cycle, the phase of the QBO (quasi-biennial oscillation)
[e.g., Holton and Tan, 1980; Labitzke and Van Loon, 1988; Van Loon and Labitzke, 2000], and the phase of the
El Niño–Southern Oscillation (ENSO) [e.g., Butler and Polvani, 2011] are also taken into account. The SSWs

Figure 11. Same as Figure 9 but with Fuquene as the reference station for Huancayo.
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Figure 12. The 45 day mean of the 45∘N–75∘N averaged eddy heat flux at 100 hPa denoted by red lines (top row) for the years 2008/2009 and 2009/2010 and
(bottom row) for the years 2011/2012 and 2012/2013. The bold black line in each panel denotes the climatological mean of the eddy heat flux calculated over
the period from 1978/1979 to 2012/2013. Images courtesy of NASA GSFC http://ozonewatch.gsfc.nasa.gov/meteorology/NH.html.

are more likely to occur under the solar minimum conditions during the east phase of the QBO and under
solar maximum conditions during the west phase of the QBO [Labitzke, 2005]. The SSWs also occur twice
as frequently during the El Niño and La Niña winters as compared to ENSO-neutral winters, although the
probability of occurrence is almost equal during both El Niño and La Niña winters [Butler and Polvani, 2011].
The 2003 SSW event was characterized by the west phase of QBO under strong solar flux conditions together
with the El Niño phase of the ENSO. Under these conditions the Brewer-Dobson circulation (BDC) is enhanced
which leads to a weakened and warm polar vortex [e.g., Labitzke, 2005; Butler and Polvani, 2011]. The 2006
SSW event was characterized by the east phase of the QBO during solar minima and with La Niña phase of the
ENSO. These conditions also enhance the Brewer-Dobson circulation (BDC) which facilitates the occurrence
of SSWs.

During the 2009 SSW event the conditions were favorable for an undisturbed and strong polar vortex
[Labitzke and Kunze, 2009], because the event was characterized by a minima in solar cycle together with the
west phase of the QBO. However, due to the large tropospheric forcing (estimated using the eddy heat flux
value at 100 hPa) which was among the three strongest recorded since 1958 [Ayarzagüena et al., 2011], the
stratospheric warming occurred. The eddy heat flux at 100 hPa averaged over 45∘N–75∘N is regarded as a
measure of the amount of wave activity entering the stratosphere [e.g., Waugh et al., 1999; Newman et al.,
2001; Polvani and Waugh, 2004]. Figure 12 presents the 45 day mean of the 45∘N–75∘N averaged eddy heat
flux at 100 hPa denoted by red lines for the years 2008/2009 and 2009/2010 in the top row and for the years
2011/2012 and 2012/2013 in the bottom row. The bold black line in each panel denotes the climatological
mean calculated over the period from 1978/1979 to 2012/2013. The enhanced eddy flux values during the
2009 SSW event can be clearly seen in Figure 12.

The 2013 event was characterized by the east phase of the QBO under moderate solar flux conditions and the
neutral phase of the ENSO. However, the 2013 SSW event also witnessed a strong tropospheric forcing albeit
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Figure 13. Same as Figure 12 but for the years (left) 1999/2000 and (right) 2010/2011.

slightly lesser than the 2009 SSW event [Coy and Pawson, 2015] which may have led to the splitting of the
polar vortex.

The lower atmosphere and ionosphere coupling around SSWs is not directly related to the warming itself but
to the Planetary Wave (PW) activity associated with it [Chau et al., 2012]. In the case of the 2012 SSW event,
the lunar tidal enhancement was low in comparison to the magnitude of vortex weakening. During this event
a weaker level of tropospheric forcing than the 2009 and the 2013 events (as seen in Figure 12 through the
averaged eddy heat flux values) was witnessed, even though the magnitude of PVWs were comparable. The
2012 SSW event was characterized by the east phase of QBO during solar minima with the La Niña phase of
the ENSO. Under these conditions a weak polar vortex is expected. The relatively lower level of tropospheric
forcing combined with the weakened polar vortex could be the reasons for the low values of the semimonthly
lunar tide in the EEJ, although the magnitude of PVW during the 2012 minor SSW event was large.

Figure 13 presents the 45 day mean of the 45∘N–75∘N averaged eddy heat flux at 100 hPa denoted by red
lines for the years 1999/2000 (Figure 13, left) and 2010/2011 (Figure 13, right). The averaged eddy heat flux
value at 100 hPa recorded during the 2000 and 2011 boreal winters were lower than the climatological mean
(bold black lines), and the lunar tidal enhancement for these years do not seem to be related to the PVW. The
existence of these cases suggests that there are also other physical processes which are responsible for the
lunar tidal enhancements that are not covered in our discussion.

Although the results obtained by Zhang and Forbes [2014] and Chau et al. [2015] were based on the lunar tidal
measurements of different atmospheric quantities and heights, yet our observations are in general agreement
with the ones reported by them. We suggest that the M2 signatures identified in mesospheric winds by Chau
et al. [2015] should be compared to the semimonthly lunar signature in the EEJ caused by the E region dynamo.

6. Conclusions

Using the H component data from Huancayo, San Juan, and Fuquene, we have compared (a) the lunar tidal
modulation of the EEJ for the years 1997–2013 based on two different approaches for the elimination of
magnetospheric contribution and (b) the lunar tidal modulation of the EEJ estimated with and without the Sq

contributions to the EEJ. The peak of the derived semimonthly lunar tides are then compared with the timing
and magnitude of the stratospheric polar vortex weakening (PVW). Major points of our study are as follows:

1. We determined correlation coefficients and linear regression functions when comparing timing or ampli-
tude relations between PVW and peak lunar tidal amplitudes for the following cases: using Huancayo obser-
vatory data only, Huancayo data with a reference station located equatorward of the Sq focus (Fuquene),
and with a reference station located close to the Sq focus (San Juan). These observations suggest that the
variations of the EEJ in response to PVW events to a large degree determine the observed variations of the
total current (EEJ + Sq), which is the sum of both the EEJ and Sq at the magnetic equator.

2. Our results show a good qualitative agreement with the observations of Zhang and Forbes [2014] and Chau
et al. [2015]. We obtain an improved correlation between the timings of PVW and lunar tidal peaks when

SIDDIQUI ET AL. PVW AND LUNAR TIDAL MODULATION OF THE EEJ 10,017



Journal of Geophysical Research: Space Physics 10.1002/2015JA021683

the month of December is also included in the analysis. Similarly, we find a direct relation between the peak
amplitude of the semimonthly lunar tide and the peak magnitude of the PVW.

3. The timing of the PVW events and the peak timing of the lunar tidal amplitude seem to be related closer to
each other than the amplitudes of both quantities. This is demonstrated by higher correlation coefficients of
about 0.9 between the two parameters for the timing and 0.75 for the amplitudes. Although many different
parameters of the upper atmosphere system influence the amplitude of the EEJ lunar tidal modulation, the
commencement of a lunar tidal enhancement in most cases is closely related to a PVW event.

4. The external factors affecting the state of the wintertime northern polar vortex such as the QBO, solar flux
levels, ENSO, and the tropospheric forcing levels have also been considered to explain the weak lunar tidal
enhancements in the EEJ. However, other parameters that could not be covered in our work have to be
considered in the future to explain all the observations consistently.
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