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Abstract. It has been known for many decades that the lunar

tidal influence in the equatorial electrojet (EEJ) is noticeably

enhanced during Northern Hemisphere winters. Recent liter-

ature has discussed the role of stratospheric sudden warming

(SSW) events behind the enhancement of lunar tides and the

findings suggest a positive correlation between the lunar tidal

amplitude and lower stratospheric parameters (zonal mean

air temperature and zonal mean zonal wind) during SSW

events. The positive correlation raises the question whether

an inverse approach could also be developed which makes it

possible to deduce the occurrence of SSW events before their

direct observations (before 1952) from the amplitude of the

lunar tides. This study presents an analysis technique based

on the phase of the semi-monthly lunar tide to determine the

lunar tidal modulation of the EEJ. A statistical approach us-

ing the superposed epoch analysis is also carried out to for-

mulate a relation between the EEJ tidal amplitude and lower

stratospheric parameters. Using these results, we have esti-

mated a threshold value for the tidal wave power that could

be used to identify years with SSW events from magnetic

field observations.

Keywords. Ionosphere (electric fields and currents) – mete-

orology and atmospheric dynamics (waves and tides)

1 Introduction

The equatorial electrojet (EEJ) is a narrow band of intense

electric current flowing in the eastward direction above the

magnetic dip equator in the daytime E region of the iono-

sphere. The electrojet is a Hall current which is driven by the

large vertical electric field set up at the dip equator (Stening,

1995). The influence of the lunar tides on the EEJ has been

known for a long time. Bartels and Johnston (1940) carried

out the initial study of the lunar influence on the EEJ and they

reported the existence of “big L” days between the months

November to March at Huancayo in Peru. During these days

they observed that the lunar daily variations in the horizon-

tal component of the magnetic field get considerably en-

hanced compared to normal days. This similar enhancement

was then reported at other equatorial observatories (e.g. Ko-

daikanal, Egedal, 1956; Ibadan, Onwumechilli, 1960; Addis

Ababa, Gouin, 1960). Rastogi and Trivedi (1970) discussed

the seasonal variation of lunar tides within the EEJ at several

equatorial observatories. Lühr et al. (2012) presented a com-

prehensive overview of lunar tides in the EEJ using the data

from the CHAMP satellite. All of these studies confirmed the

enhanced tidal amplitudes around the December solstice.

It has been proposed in recent years that this noticeably en-

hanced lunar tidal effect in the EEJ during northern winters

coincides with stratospheric sudden warming (SSW) events.

The phenomenon of SSW was first observed by Scherhag

(1952) and since then it has been studied quite extensively.

An SSW is a large-scale meteorological event character-

ized 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). Matsuno

(1971) proposed the non-linear interaction of the vertically

propagating planetary waves with the zonal mean flow as the

key mechanism for generating SSWs. The effects of SSW are

not only restricted to the stratosphere but also extend into the
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ionosphere. Therefore, SSW is sometimes regarded as one

of the most important large-scale meteorological phenomena

(e.g. Chau et al., 2012).

Recent literature has debated whether SSW events facil-

itate the lunar tidal propagation which in turn leads to en-

hanced tidal amplitudes around the December solstice (e.g.

Fejer et al., 2010, 2011; Stening, 2011; Park et al., 2012;

Yamazaki et al., 2012a, b). Stening (2011) pointed out that

the relation between the large lunar tide in EEJ and SSW

events could be coincidental, while Park et al. (2012) con-

firmed a one-to-one correspondence between the lunitidal

enhancement at ionospheric heights and the occurrence of

SSW events between 2001–2009. Likewise, Yamazaki et al.

(2012a) investigated the correlation between the amplitude of

the geomagnetic lunar tide at Addis Ababa and lower strato-

spheric parameters and confirmed the occurrence correspon-

dence between SSWs and the enhancement of the geomag-

netic lunar tide for the majority of years between 1958–2007.

However, their report contains counter-examples during Jan-

uary 1983 and January 1985 where the occurrence correspon-

dence breaks down.

The purpose of this paper is an attempt to deduce the oc-

currence of SSWs for the times before their direct observa-

tions (before 1952). For achieving this goal we make use

of magnetic field recordings of the Huancayo observatory,

which is located under the magnetic equator. The observa-

tory started recordings in 1922.

In the following sections we first describe the various data

sets used in this study (in Sect. 2). In Sect. 3 we introduce

our approach for determining the strength of the lunar tidal

modulation of the equatorial electrojet. In Sect. 4 results are

presented. We start with the years past 1952 and make direct

comparison with stratospheric observations of the SSWs. Af-

terwards we also show EEJ lunar modulations from time be-

fore SSW observations. Section 5 provides a discussion of

our results in comparison to related studies. Furthermore, we

provide a statistical assessment of the relation between SSW

parameters and lunar tidal amplitude and make predictions

of SSW events derived from lunar tides in magnetic data.

Results are summarized in Sect. 6.

2 Data set

The choice of the observatories is based on the fact that we

want to monitor the variation of the EEJ as far back into the

past as possible. In addition, we require that one of the ob-

servatories lies within the electrojet zone and the other lies

outside of it. The purpose of this approach is that a major

part of magnetospheric variation at an equatorial observatory

can be removed by considering variations at a non-equatorial

observatory (e.g. Manoj et al., 2006). Thus the observato-

ries Huancayo, HUA (−12.05◦ N, 284.67◦ E) and San Juan,

SJG (18.11◦ N, 293.85◦ E) constitute one such pair. The lat-

itudinal difference between the Huancayo–San Juan pair is

30.16◦ while the longitudinal difference between the stations

is 9.18◦. San Juan serves as a reference station to the equato-

rial station at Huancayo for eliminating the effects of large-

scale magnetospheric fields. The San Juan magnetic obser-

vatory has a continuous data record of hourly means of the

horizontal component of magnetic field since 1926. On the

other hand, the hourly means recorded at the Huancayo ob-

servatory are available from 1922 onwards; however, there

are some lengthy durations of missing data for the periods

1962–1963, 1970–1978, 1981–1984 and 1991–1996. Here

we use the data available between the years 1926 to 2009 for

the Huancayo and the San Juan observatories to determine

the lunar tides.

We employ the hourly means of the geomagnetic horizon-

tal field component from these two magnetic observatories in

our study. The data were downloaded via the website of the

World Data Centre (WDC) for Geomagnetism, Edinburgh.

To consider the effects of solar activity on the EEJ strength

we use the solar flux values F10.7 in sfu (10−22 W m−2 Hz−1)

which are available since 1947 on the website of the Domin-

ion Radio Astrophysical Observatory in Penticton, British

Columbia, Canada. For earlier years we use the sunspot num-

bers which are available since 1818 and can be downloaded

from the website of WDC-SILSO, Royal Observatory of Bel-

gium, Brussels.

For identifying the SSW events, daily mean values of the

zonal mean temperature at 60 and 90◦ N at the 10 hPa level

and daily means of the zonal mean zonal wind at 60◦ N and

at 10 hPa level were obtained from the reanalysis data of

the National Centers for Environmental Prediction/National

Center for Atmospheric Research (NCEP/NCAR) (Kalnay

et al., 1996) for the years 1948 to 2010.

3 Method of analysis

The total magnetic field variation at the dip equator includes

the contributions from the EEJ, magnetospheric and Sq cur-

rent systems and it is proportional to (jH + jP ) where jH
and jP are the Hall and Pedersen currents, respectively. In

this paper, we follow the assumption that the magnetic sig-

nature of the electrojet on ground, HEEJ, is proportional to

jH . For the horizontal magnetic field component, H , we can

write

H =HMF+HMP+HSq+HEEJ, (1)

where HMF is the main field, HMP the field of magneto-

spheric currents (e.g. ring current), HSq the field of large-

scale ionospheric currents and HEEJ the magnetic effect of

the electrojet. To calculate the intensity of the magnetic field

that is only due to the effect of the electrojet, the first three

terms on the right-hand side have to be removed. An estimate

for the main field,HMF, is obtained from the quiet night-time

values. For both stations we first calculate

1H =H −HMF. (2)
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For the isolation of the electrojet effect we assume that

large-scale fields of magnetospheric currents are the same at

both observatories (e.g. Stolle et al., 2008). The EEJ strength

is estimated from an observatory pair by evaluating the dif-

ference of the horizontal intensities 1H at the two locations

as

HEEJ =1HHUA−1HSJG. (3)

The strength of the EEJ currents shows a linear relation-

ship with the solar activity (Alken and Maus, 2007). Stronger

EEJ currents are recorded during periods of solar maximum

and vice versa. In order to take into account also the result-

ing day-to-day variability caused by EUV radiation, the ef-

fects of solar activity on the EEJ are normalized with the help

of F10.7P where F10.7P =
F10.7+F10.7A

2
(Richards et al., 1994).

F10.7 is the observed value of solar radio emission at 10.7 cm

for each day and F10.7A is the 81-day centred mean of F10.7.

As the F10.7 readings are available only since 1947, we make

use of the recordings of the sunspot numbers for normaliza-

tion before 1947.

For the correction of the solar flux dependence we apply

the relation deduced by Alken and Maus (2007) for their

EEJM model. They propose the linear relation

J = 4.458× 10−5(Am−1)E + 0.040(Am−1), (4)

where J is the height-integrated peak current density of the

EEJ in Am−1 andE is the EUVAC (Extreme UltraViolet flux

model for Aeronomic Calculations) value, which is practi-

cally identical with our F10.7P readings. It was shown by

Manoj et al. (2006) that the EEJ peak current density esti-

mated from the CHAMP satellite is highly correlated with

the EEJ intensity derived from a ground observatory (HEEJ).

We normalized all our HEEJ values to a solar flux value of

F10.7P = 150 sfu. However, since the solar flux index F10.7

is available only since 1947, we had to use an alternative for

normalizing the solar activity influence before 1947. Our EU-

VAC index E in Eq. (4) is in this case based on the sunspot

number. Based on a correlation analysis using the data from

the years 1960–2009 we could establish a linear relation be-

tween the F10.7 and the sunspot number:

F10.7 =
sunspot number+ 62.58

1.03
. (5)

The dominant variation of HEEJ is the diurnal variation,

but we are interested in the lunar tidal modulation of that sig-

nal. In order to suppress the daily wave, the data are sorted

into bins of 1 day by 1 h in Local Time (LT) for two syn-

odic months (59 days). The effect of solar tides is removed

by subtracting the mean over the 59-day period for each local

time hour from the bin averages. Figure 1 shows an example

of this processing approach. The top frame shows the HEEJ

obtained from the Huancayo–San Juan pair before removing

the dominant diurnal variation and the bottom frame shows
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Figure 1. The top frame showsHEEJ obtained from the Huancayo–

San Juan pair during December 2002–January 2003 before remov-

ing the solar tidal effects. The bottom frame shows the same plot

after the removal of solar tidal effects.

the similar plot after removing the diurnal variation. The lo-

cal time sector considered here is from 07:00 to 17:00 LT.

Outside of this time interval the EEJ signal is considered to

be weak. Each data set for analysis starts with the day of the

new moon phase and ends on the day before the new moon. A

sliding window of 59 days advanced by one synodic month is

applied for each subsequent data set, as this overlap ensures

improved amplitude resolution. We apply harmonic analy-

sis for each local time hour over the period of two synodic

months (59 days) for a quantitative investigation of the lunar

signal. The frequency of interest is the fourth harmonic sig-

nal (semi-monthly wave) for which both the phase (φobs) and

the amplitude (a) are determined for each local time hour.

We use the relation described by Lühr et al. (2012) to predict

the phase of the semi-monthly lunar tide as a function of the

lunar age (d) and local time (LT). The lunar age is taken as

the number of days, d, since new moon:

LT= 0.98(d − d0)+ 8.5h, (6)

where d0 is calculated by converting the moon phase of 12 h

in terms of lunar age. As the moon phase of 24 h corresponds

to lunar age of 29.53 days, the moon phase of 12 h can be

calculated to correspond to lunar age of 14.76 days.

The lunar tide is an astronomical phenomenon. Therefore

its phase is well known. We take advantage of this a posteri-

ori information for our analysis. The expected phase, φpre, of

the lunar wave can be obtained by using the relation for each

local time hour

φpre =
π

6h
(LT− 12h)+φ0, (7)

where φ0 is the angle (in radians) corresponding to the com-

mon delay of 4.4 days from the new moon day until the tidal
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wave crest reaches 12 h local time, as described by Park et al.

(2012). The value of the phase (φpre) is used as the expected

phase and compared with the value obtained from the har-

monic analysis.

We define a parameter ε as

ε = φobs−φpre. (8)

The cosine of the difference between the computed and the

observed phase values is used as a weighting function and it

has been determined experimentally:

a′ = a cosε for|ε|<
π

2
. (9)

We use a filtering condition that if |ε|> π
2

, then the de-

rived amplitude and the phase for that local time is not con-

sidered. A value lower than π
2

could also be chosen but then it

would result in fewer wave amplitude values. The wave am-

plitude (a′) obtained is then divided by the sum of weights.

We further normalize the amplitude for the expected di-

urnal variation of the ionospheric conductivity, “C”, as de-

scribed by Lühr et al. (2008). Their assumption is based on

the fact that the electron density of the E layer varies pro-

portional to the square root of the cosine of the solar zenith

angle. The diurnal variation of the ionospheric conductivity

does not only influence the Sq currents but also the ampli-

tude of the lunar tidal signal, as has been shown by Lühr

et al. (2012). Without the normalization, the values around

noon would dominate the tidal results:

C = C0

√
cos

{ π

12h
(LT− t0)

}
, (10)

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.

In the determination of the mean amplitude, A, over

the two synodal months the lunar phase propagation from

hour to hour is taken into account. The semi-monthly lu-

nar tidal amplitude, A, is obtained by comparing the coef-

ficients in Eq. (11) where ω is the angular frequency given

by ( 2π
59

day−1), t denotes time in days and φmean denotes the

phase of the mean lunar tidal wave computed for 07:00 to

17:00 LT:

Acos(4ωt −φmean)=
1

11

17∑
LT=7

a′(LT)

C

17∑
LT=7

β, (11)

where

β = cos(4ωt −φobs(LT)+ ε). (12)

The amplitude A is given in nT. For every lunar month we

compute one value.

4 Observation

It has been observed that the influence of the lunar tide on

the EEJ intensity is generally quite small except during cer-

tain “big L days” which were reported by Bartels and John-

ston (1940). During these days the lunar tidal influence is

much more prominent. Figure 2 shows two examples of the

diurnal magnetic field variations underneath the EEJ from

the Huancayo observatory. On the left side (top) we see a

2-month period from a non-SSW winter where the tidal ef-

fects are weak while the figure on the right (top) corresponds

to the EEJ variation with a prominent lunar tidal modulation

during an SSW winter. The dashed lines mark the expected

lunar tidal wave propagation with local time from day to day,

which fits very well with the observed tidal wave crests. We

plot the difference between the stratospheric temperature at

the North Pole (90◦ N) and the zonal mean temperature from

60◦ N, both at 10 hPa in the middle panels and the differ-

ence between the zonal mean zonal wind (U60) at 60◦ N and

10 hPa from the climatological mean (UC) in the bottom pan-

els to explain the different response of the EEJ signal during

the two periods.

It can be observed that on the left side the temperature dif-

ference between the two latitudes is quite constant but there

is a fairly large variation on the right side. This variation in

temperature difference is due to a SSW event. Therefore it

can be clearly seen that SSW events coincide with an ampli-

fication of the lunar tidal effect on the EEJ.

The definition of a major SSW event according to the

World Meteorological Organization (WMO) involves the re-

versal of the latitudinal temperature gradient poleward of

60◦ N and the reversal of the zonal mean zonal wind at 60◦ N

at 10 hPa. The criterion for a minor warming event is the

increase in the stratospheric polar temperature by 25 K or

more within a week and involves no reversal of the zonal

mean zonal wind. However, here we follow the definition

adopted by Yamazaki (2013) in which an SSW winter is

identified if the zonal mean zonal wind at 60◦ N and 10 hPa

shows a significant change from the climatology (U60−UC <

−20 m s−1), and there is a significant reversal in the tempera-

ture gradient (T90−T60 > 10 K) during December–February.

The readers may refer to Yamazaki (2013) for more details

on the definition. We determine the climatology (UC) for the

zonal mean zonal wind by calculating the mean value from

1948 to 2010 at each day of the year. We list the dates of all

the SSW (peak warming) events obtained using this defini-

tion for 1952–2009 in Table 1.

We hereafter refer to the difference between the tempera-

ture at the North Pole (90◦ N) and the zonal mean tempera-

ture at 60◦ N, both at 10 hPa, as the zonal mean temperature

gradient.

In Fig. 3, the top frame shows the wave power of the lu-

nar tides obtained according to Eq. (11) from the Huancayo–

San Juan pair, the middle frame shows the zonal mean tem-

perature gradient for the period 1952–1962 and the bottom
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Figure 2. The top panels show the diurnal variation of the EEJ intensity (nT) as observed at Huancayo. The middle panels show the

temperature difference in the stratosphere between the polar region and 60◦ N latitude at 10 hPa. The bottom panels show the deviation of the
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Figure 3. The top frame presents the wave power of the lunar tide

derived from the Huancayo–San Juan pair for the years 1952–1962.

The middle frame shows the zonal mean temperature gradient for

the same period. The bottom frame shows the difference between

the zonal mean zonal wind (U60) at 60◦ N and 10 hPa from the cli-

matological mean (UC). The red lines mark the days of SSW (peak

warming) events and the black dashed line in the top panel denotes

the threshold level calculated for classifying SSW and non-SSW

years.

frame shows the difference between the zonal mean zonal

wind (U60) at 60◦ N and 10 hPa from the climatological mean

(UC). The red lines denote the days of SSW (peak warming)

events. Though the SSW events of February 1952 and Jan-

uary 1960 show enhanced lunar tidal powers, we do not ob-

serve a one-to-one correspondence between the reversal of

the temperature gradient and the enhancement of the lunar

tidal power during this period. During November 1952 and

December 1954, there is a significant deviation of U60 from

UC reaching close to−20 m s−1 but T90−T60 < 10 K during

this time. During March 1953, a significant increase in the

temperature gradient can be observed but there is no promi-

nent deviation in the zonal mean zonal wind from climatol-

ogy. However, the lunar tidal enhancements can be seen dur-

ing all these times. Similarly, this behaviour can also be seen

during December 1953 and February 1962 when only one

of the parameter satisfies the SSW criteria. However, dur-

ing January 1958 no such enhancements are observed even

though U60−UC <−20 m s−1. The lunar tides are also en-

hanced during March 1959 and 1961 when both the SSW

criteria are satisfied. We also observe some counter-examples

like during December 1955 where the lunar tidal power in-

creases without any of the SSW criterion being satisfied.

These examples suggest there are also other physical pro-

cesses behind the enhancement of the lunar tides that are not

addressed by this definition of SSW. Yamazaki et al. (2012a)

also reported some cases where no correspondence was ob-

served. We suggest that further clarifications in the definition

of an SSW event might improve the correlation between the

lunar tidal enhancements and the lower stratospheric param-

eters.

The next set of continuous data records available for

the Huancayo observatory and with much improved quality

starts from 1997. In Fig. 4 we show the same parameters as

in Fig. 3 for the period 1997–2009. A much clearer lunitidal

signature is obtained for this duration. Periods of SSW events

are much better confined and the ratio in signal power is im-

www.ann-geophys.net/33/235/2015/ Ann. Geophys., 33, 235–243, 2015



240 T. A. Siddiqui et al.: Relation between SSW and the lunar effect on the EEJ based on Huancayo recordings

Table 1. SSW events of 1952–2009 identified using NCEP/NCAR

reanalysis data. The definition used to identify SSW events is de-

scribed in Sect. 4.

Number SSW events (peak warming)

01 23 Feb 1952

02 3 Jan 1960

03 10 Dec 1965

04 7 Jan 1968

05 7 Dec 1968

06 29 Dec 1969

07 10 Jan 1971

08 30 Jan 1973

09 2 Jan 1974

10 15 Dec 1976

11 21 Dec 1978

12 27 Feb 1979

13 5 Feb 1981

14 28 Jan 1982

15 19 Jan 1987

16 10 Dec 1987

17 12 Feb 1989

18 27 Jan 1991

19 19 Jan 1992

20 2 Jan 1994

21 29 Jan 1995

22 27 Dec 1997

23 19 Dec 1998

24 20 Dec 2000

25 25 Dec 2001

26 17 Jan 2003

27 28 Dec 2003

28 23 Jan 2006

29 23 Feb 2008

30 23 Jan 2009

proved between periods of SSW events and other times. All

the SSW events between 1997 and 2009 except 2001 show

enhanced lunar tidal powers.

Since common data sets for observatories Huancayo and

San Juan are available from 1926 onwards, we computed the

lunar tidal wave power in the same way as before for these

earlier years. Figures 5 and 6 show the lunar wave power

for the years 1926–1938 and 1939–1951, respectively. We

again find clear peaks around the beginning of the years and

minimum values during the middle of the years. The annual

variation is partly not so clear for the early years up to 1932.

During that time span repeatedly data gaps are encountered

that may have compromised the results. For the rest of the

time, values consistent with our assumption are derived for

the modulation of the EEJ amplitude. For these early years

the zonal mean air temperature values from high latitudes

are not available.
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Figure 4. As Fig. 3, but for the period 1997–2009.

5 Discussion

5.1 Comparison with earlier studies

Another study on the relation between lower stratospheric

parameters (zonal mean air temperature and zonal mean

zonal wind) and lunar tidal modulation of the electrojet

was performed by Yamazaki et al. (2012a). They used EEJ

recordings of the Addis Ababa observatory for the years

1958–2007. In general they can confirm with their indepen-

dent data set the close correlation between the enhancement

of the northern polar stratospheric temperature and lunar

tidal amplitude. They also identify years when the correla-

tion breaks down, but these are a minority. They confirm the

correspondence in approximately 70 % of the SSW events

between 1958–2007.

When deducing the occurrence of an SSW event from

the EEJ tidal signature a clear criterion is needed. For ex-

ample, Park et al. (2012) defined a threshold for the level

of wave power of the lunar tide. In their publication they

demonstrated a one-to-one correspondence between actual

SSW events and large enough lunar tidal signals for the years

2001–2009. It would be desirable to also find a threshold

value for the wave power we deduced for Huancayo. A pos-

sibility is to estimate the threshold from the average wave

power of the years from 1997–2009 when the lunitidal sig-

natures are very clear. For this period we obtain an average

value of 800 nT2. We define the threshold value to be 75 %

of the average value, Athr= 600 nT2. The black dashed lines

in Figs. 5 and 6 mark this threshold. According to this rather

simple classification we predict from the early EEJ record-

ings several non-SSW years. Since the frequency of major

SSW events is approximately six per decade (Charlton and

Polvani, 2007), this approach seems realistic. Even though

Ann. Geophys., 33, 235–243, 2015 www.ann-geophys.net/33/235/2015/
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Figure 5. The figure presents the wave power of the lunar tide de-

rived from the Huancayo–San Juan pair for the years 1926–1938.

The black dashed line shows the threshold level for classifying SSW

and non-SSW years.

there are uncertainties involved, these are the first estimates

of SSW events before the direct observations.

5.2 A superposed epoch analysis

For a more quantitative assessment of the timing between the

enhanced lunar tide and the SSW event, we use the method of

superposed epoch analysis (SEA). The SEA method is per-

formed on the lunar tides estimated from the Huancayo–San

Juan station pair for the period of the best data quality, 1997–

2009. It is then compared with the SEA results obtained from

the zonal mean temperature gradient (T90◦N− T60◦N both at

10 hPa) andU60−UC for the same time period. For our study,

we define the starting day of an SSW event as the first max-

imum of the zonal mean temperature gradient during the

northern winters. This date is taken as the key time for se-

lecting an interval of 60 days before and 120 days after the

starting day for performing the superposition. From Fig. 4 it

can be seen that 13 events are available for the SEA accord-

ing to our classification for the period 1997–2009. Since the

wave power of the lunar tide is only sampled once per lunar

cycle, we use linearly interpolated values.

Figure 7 shows the result of superposed epoch analysis.

The top panel contains the composite of lunitidal wave power

with a maximum around the starting day of SSW events. The

second and the third panels show the composite of the zonal

mean temperature gradient and U60−UC . As expected, the

composite of the temperature gradient shows a sharp peak at

about 1 day after the key time and a width of 5 days around

the start of the SSW events. It can also be seen that the com-

posite of theU60−UC reaches the value of−20 m s−1, which

we used to define an SSW event. We observe that there is not

much variability between the zonal mean zonal wind and the
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Figure 6. As Fig. 5, but for the period 1939–1951.

Table 2. Gaussian curve parameters.

Amplitude (nT)2 σ (days) µ (days before SSW)

789 38 4.3

climatology before the start of SSW events. After about a

month average wind velocity reaches the normal climatolog-

ical levels.

Our analysis confirms a close relation between the increase

in stratospheric temperature difference and enhanced luniti-

dal signal. For quantifying our SEA result we fitted a Gaus-

sian normal distribution to the wave power curve (see green

dashed line in Fig. 7). The fitting results are listed in Ta-

ble 2. Since an SSW event starts independently from the

moon phase this approach seems justified. From the fit to the

composite wave power curve we obtain the peak of the Gaus-

sian curve (A= 789 nT2) about 4.3 days before the SSW start

date and with a standard deviation of σ = 38 days. The fairly

large width of the distribution is partly due to the random dif-

ference between the SSW start and lunar phase, but primarily

due to our long analysis interval of 59 days.

It is assumed that the lunar tidal wave originates from

the lower atmosphere and propagates upward. According to

Forbes and Zhang (2012) a certain atmospheric resonance

peak shifts right onto the quasi-semidiurnal period (12.42 h)

of the moon phase. This strongly supports an efficient up-

ward propagation of the tidal wave. From the results of our

superposed analysis we may conclude that the sudden change

in stratospheric temperature at the North Pole immediately

triggers the condition that is shifting the resonance peak. Fur-

ther investigations including model simulations are probably

needed to fully explain the observed relation.

www.ann-geophys.net/33/235/2015/ Ann. Geophys., 33, 235–243, 2015
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Figure 7. Results of the superposed epoch analysis: composite of

the semi-monthly lunitidal wave power (top), zonal mean tempera-

ture gradient (middle) and U60−UC (bottom) for the years 1997–

2009. The vertical dashed lines indicate the starting day of SSW

events. The error bar represents the standard deviation in all the

three panels. The dotted green curve in the top frame shows the

Gaussian curve fitted for 60 days each on the either side of starting

date of SSW events.

6 Conclusions

We have used the magnetic field data of the Huancayo ob-

servatory to determine the modulation of the equatorial elec-

trojet (EEJ) by the lunar tide. The size of tidal amplitude is

compared with the occurrence of SSW events. Major points

of our study are as follows.

1. A new analysis technique is used, focusing on the har-

monic signal that is strictly in phase with the expected

tidal wave. This helps efficiently to suppress the influ-

ence of solar activity dependent EEJ fluctuations and

day-to-day variabilities.

2. As expected, large lunar tidal amplitudes are observed

during northern winter months. As far as we can de-

termine from our data analysis, peak amplitudes occur

generally around times of SSW events.

3. We have investigated the relation between tidal ampli-

tude and SSW event by means of a superposed epoch

analysis. From this approach a clear relation between

these two quantities arises. When the reference day for

the analysis is defined by the first peak in high-latitude

stratospheric temperature difference then the mean tidal

amplitude peaks on average 4 days earlier. Individual

years, however, exhibit tidal peaks depending on the

lunar phase within a month before or after the strato-

spheric warming peak, which we cannot explain at the

moment.

4. We also consider periods before the time of direct

SSW observations (before 1952). Huancayo data from

1926 onwards are analysed. The annual variation pat-

tern emerges after 1932. We have estimated a threshold

value for the tidal wave power that may help to iden-

tify years with SSW events from magnetic field observa-

tions. Our results propose an average of approximately

six SSW events per decade also before 1952.
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