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Abstract Diurnal variations of the horizontal component of the geomagnetic field ΔH on International
Quiet days of 1999–2012, measured hourly at two stations in the same longitude zone in the Northern
Hemisphere, near and away from the dip equator, have been subjected to principal component analysis. This
technique is also applied to the difference ΔHEEJ of ΔH at these two stations, which is attributed to the
equatorial electrojet (EEJ). The first three principal components, PC1–PC3, account for 91–96% of the variances
in the data. Maximum contribution to the quiet day variations in ΔH around its peak in the morning hours at
both the stations, and in the EEJ, comes from the day-to-day variation of the amplitude of PC1. Patterns of
day-to-day variations of PC1 amplitudes for the equatorial station and the EEJ are essentially semiannual
modulated by solar EUV flux, superimposed on a longer timescale solar EUV flux-dependent trend. Contributions
from PC2 and to a lesser extent from PC3 are seen to be responsible for the absence of semiannual variations in
ΔH in the afternoon hours at the equatorial station. Distribution of amplitudes of PC2 and PC3 for ΔHEEJ for weak
electrojet days shows seasonal features in accordance with greater occurrence of afternoon (morning) counter
electrojet during June (December) solstice. During the extended solar minimum, PC3 amplitudes for ΔH at the
equatorial station and for the EEJ display annual variation. Possible sources for these seasonal features in the
variations of equatorial ΔH are discussed.

1. Introduction

Identification of the sources that contribute to the quiet time variability in the pattern of regular daily variations
of the geomagnetic field measured at locations close to the magnetic equator and at low latitudes continues to
be a problem of interest as this is basic to understanding the impact on the equatorial and low-latitude iono-
sphere of forcing from below. It was established nearly five decades ago from ground geomagnetic observa-
tions that a large-scale current system in the low and middle geomagnetic latitude ionosphere, the solar
quiet (Sq) current system, gives rise to the regular daily variation of the geomagnetic field recorded at low-
latitude stations during geomagnetic quiet days [Matsushita and Maeda, 1965]. The Sq current system is pro-
duced by the ionospheric wind dynamo which arises when charged particles in the E region of the ionosphere
are driven across the Earth’s magnetic field by atmospheric winds, setting up currents and electric fields
[Stening, 1969; Richmond et al., 1976; Richmond, 1989]. Over the dip equator, where Earth’s magnetic field is
horizontal and northward, an eastward electric field gives rise to a vertically downward Hall current which sets
up a large vertical electric field due to the limited vertical extent of the electrically conducting E region, and this
vertical electric field produces a large eastward Hall current, greatly enhancing the net eastward current in a
narrow latitudinal belt of approximately ± 3∘ about the dip equator. This enhanced current, which flows in
the E region at altitudes between about 100 and 110km, is the equatorial electrojet (EEJ), which has been stu-
died over many decades [Chapman and Raja Rao, 1965; Fambitakoye and Mayaud, 1976; Forbes, 1981; Rastogi,
1989; Stening, 1991;Onwumechili, 1997; Lühr et al., 2004; Alken andMaus, 2007; Lühr andManoj, 2013]. However,
it is still debated whether the EEJ constitutes a separate current system from the Sq current system although no
separate driving mechanism for the EEJ has been established so far apart from the wind dynamo, which drives
the Sq current system. Model simulations of the EEJ so far have considered it to be a part of the Sq current
system [Doumbia et al., 2007; Fang et al., 2008; Yamazaki et al., 2014a, 2014b].

In the wind dynamo region, global-scale motion of the neutral atmosphere is governed by upward propagat-
ing solar tides, which are generated in the lower atmosphere by absorption of solar radiation by H2O in the
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troposphere and by O3 in the stratosphere, and also by nonpropagating diurnal tide driven in situ in the ther-
mosphere above 100 km by solar ultraviolet heating [Hagan et al., 2001]. Hence, tides generated in situ in the
thermosphere as well as upward propagating tides have been included in modeling the ground magnetic
field produced by the EEJ [Doumbia et al., 2007; Yamazaki et al., 2014a]. Using the National Center for
Atmospheric Research (NCAR) Thermosphere-Ionosphere Electrodynamics general circulation model
(TIE-GCM) with tidal perturbations at the lower boundary of the model specified by the Thermosphere-
Ionosphere-Mesosphere Energetics and Dynamics (TIMED) satellite observations, Yamazaki et al. [2014a]
suggested that the semiannual variation in the daily range of the horizontal component (H) of the equatorial
geomagnetic field, with equinoctial maxima, is mostly due to the upward propagating migrating semidiurnal
tide. However, since they used lower boundary tides derived from 60 day averages of temperature and wind
data from the TIMED satellite, their model results could not reproduce the significant day-to-day variability
seen in the observed data even for quiet days. In a more recent paper, Yamazaki et al. [2014b] have
attempted to model the day-to-day variations of the EEJ during quiet periods using the NCAR
thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) in which
variable forcing of the ionosphere from the lower atmosphere is introduced [Liu et al., 2013]. Their model
results for Tirunelveli tend to underestimate ΔH during the morning hours and overestimate it during the
afternoon hours.

In the present paper, variations ΔH in the horizontal component of the geomagnetic field, recorded on
International Quiet (IQ) days of the years 1999–2012, at a station close to the dip equator and another station
away from the dip equator and the difference, ΔHEEJ, between the two have been subjected to principal
component analysis (PCA). The first three principal components, which account for more than 91% of the var-
iances in the three cases, are used to identify the contributions of these components to the seasonal variation
of ΔH at different local times. A feature of the observed semiannual variation in the strength of the EEJ that
continues to be an enigma is that it is much more prominent in the morning hours than in the afternoon
hours, when it is not visible anymore [Stening, 1991; Rastogi et al., 1994]. Yamazaki et al. [2014a] have
suggested that tides generated in the thermosphere acting alongside upward propagating tides may give
rise to this situation. Results obtained in the present paper suggest some other possible scenarios. The
distinctly different distributions of the amplitudes of the second and third principal components for ΔHEEJ

for weak electrojet days during summer and winter solstice months, which are compatible with the known
seasonal pattern of occurrence of the morning and afternoon counter electrojet (CEJ) [Rastogi, 1974;
Fambitakoye and Mayaud, 1976: Mayaud, 1977; Vichare and Rajaram, 2011], are also discussed in the context
of these alternate scenarios.

2. Principal Component Analysis of ΔH Variations

Hourly values of the horizontal component H of the geomagnetic field at an equatorial station, Tirunelveli
(8.7°N, 77.8°E, geomagnetic latitude ~ 0.2°S), and at a low-latitude station Alibag (18.6°N, 72.9°E, geomagnetic
latitude ~ 10°N) away from the dip equator, for five IQ days in each month of the years 1999–2012, where
available have been used in this study. During this period, geomagnetic latitude of Tirunelveli changed from
0.41°S to 0.06°N, while for Alibag the corresponding change in geomagnetic latitude was from 9.86°N to
10.30°N. Midnight values of H have been taken as the average of the values for 2330 LT on the previous
day and 0030 LT, where LT refers to 75°E local time. Any noncyclic variations in the data have been removed
in the manner suggested by Mann and Schlapp [1985] to obtain the hourly values of ΔH at Tirunelveli (TIR)
and Alibag (ABG) for 794 IQ days, when data from both the locations were available. In the present study,
the EEJ is treated as a distinct current system from the Sq current system as far as variability of the EEJ currents
is considered. The EEJ strength, ΔHEEJ, is simply obtained from ΔHTIR � ΔHABG as has been the practice in
many studies [e.g., Anderson et al., 2002; Stolle et al., 2008]. According to this picture, ΔHTIR has contributions
from both the global Sq current system and the localized (in latitude) EEJ currents, and the contribution
to ΔHTIR from the Sq current system is approximated by ΔHABG. In the past, PCA has been applied to equator-
ial and low-latitude geomagnetic data for the quiet days in July 1995 to study the CEJ phenomenon
[Gurubaran, 2002].

In each of the three cases, the 25 hourly values ΔHij for the ith day (di) in the series, and with the integer j
varying from 1 to 25, to represent 75°E LT in hours, extending from midnight to midnight, define the pattern
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of variation of ΔH for that day. For the jth hour of the ith day, deviation Dij, of ΔHij from the average value for
that hour for all the N (= 794) days under consideration is given by

Dij ¼ ΔHij � 1
N

XN

k¼1

ΔHkj (1)

This deviation may be expressed in terms of the principal components (PCs), which constitute a set of ortho-
normal basis functions:

Dij ¼
XM

k ¼ 1

SikPkj (2)

Here M represents the maximum number of principal components required to capture the variability of Dij

and necessarily satisfies M ≤ 25; Sik is the factor score or projection of the hourly deviations Dij for the day
di on to the kth principal component, which is defined by its 25 hourly values Pkj. Orthonormality of the
PCs implies that

X25

j ¼ 1

Plj Pmj ¼ δlm (3)

As Dij is in unit of nanoteslas, Sij is also in unit of nanoteslas. With D as a 794 × 25 matrix with elements Dij, a
25 × 25 covariance matrix C for the 25 sets of N (= 794) deviations, Dij is obtained as follows:

C ¼ 1
N � 1

DTD (4)

where DT is the transpose of D so that (DT)ji=Dij. Thus, the elements Ckl of the covariance matrix are
computed from

Ckl ¼ 1
N � 1

XN

i¼1

DT
kiDil ¼ 1

N � 1

XN

i¼1

DikDil (5)

The PCs are the eigenvectors of the 25 × 25 covariance matrix C. The mean value of ΔH for each hour over
794 IQ days that include all seasons yields an average daily pattern independent of seasons. The hourly values
of deviations Dij of ΔHij from this average pattern for each of the 794 IQ days are caused by various factors,
some known such as the solar flux and seasons and other factors that are not known. The idea behind appli-
cation of PCA [e.g., Jolliffe, 2002] to the data is to explore the possibility of describing the variability of the
daily patterns in terms of fewer parameters than the 25 hourly values such that factors that contribute to
the quiet time variability may be investigated more easily and their contributions modeled accordingly.
The PCs are identified with basic patterns which account for the largest variability of Dij from 1 day to another.
As the PCs are orthonormal, projection of the deviations Dij on to the PCs yields a new set of variables that
define the pattern of variation of ΔH for each day. The score factor or projection for the ith day’s variations
on to the mth principal component is obtained using equations (2) and (3):

Sim ¼
X25

l¼1

DilPml (6)

The covariance matrix for this new set of variables is diagonal. The kth diagonal value in this matrix is the var-
iance associated with the kth PC. The PCs are ranked according to the variance in the data they account for.
Thus, the basis function represented by the first PC (PC1) accounts for the largest variance in the data, PC2 the
second largest, and so on. In this study computations are carried out by using PCA tools available in MATLAB
Statistics toolbox. The first three PCs: PC1–PC3 for ΔHTIR, ΔHABG, and ΔHEEJ are shown in the three panels in
Figure 1a. In each case the score factors or amplitudes for these three components on a given day determine
the contributions of the respective PCs to the departure of that particular day’s pattern of variation from the
mean pattern. Hence, it is not important whether a particular PC in one case is inverted or not, as it has to be
multiplied by the corresponding amplitude to determine the contribution of that PC to the variation from the
mean pattern [Stening et al., 2005]. In this paper attention is focused on the first three PCs because together
they account for around 95%, 91%, and 96% of the variances in the data for ΔHTIR, ΔHABG, and ΔHEEJ, respec-
tively, as shown in Figure 1b. It may be noted from the patterns of PC1–PC3 for the EEJ that the contribution
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of PC2 is critical for the occurrence of a morning or afternoon CEJ on a particular day, and the contribution of
PC3 also plays a role in determining the local time of occurrence and strength of the CEJ.

3. Contributions of the First Three Principal Components

For the 794 IQ days from the years 1999–2012, used in the present study, the observed daily 10.7 cm solar flux
Sf in unit of 10� 22Wm� 2 Hz� 1, varied between 65.4 and 263.7. In order to identify the influence of solar EUV
flux, for which Sf is used as a proxy, and of seasonal variations, on the amplitudes of the first three PCs in each
case, Sf, and the daily amplitudes of PC1–PC3 for ΔHTIR, ΔHABG, and ΔHEEJ, respectively, are plotted as a func-
tion of day number starting from 1 January 1999 in Figure 2. For the equatorial station Tirunelveli, amplitude
of PC1 clearly shows a semiannual variation with equinoctial maxima, modulated by the solar EUV flux and
superimposed on a longer timescale solar EUV flux-dependent trend. PC1 amplitudes for ΔHTIR show signifi-
cantly larger peaks in the March equinox compared to the September equinox during the years 2000, 2002,
and possibly 2008, which may be due to the Mesospheric Quasi-Biennial enhancement of the westward
winds observed at an altitude of 96 km over several low-latitude locations including Tirunelveli
[Venkateswara Rao et al., 2012]. These authors also reported enhanced westward winds over Tirunelveli in
2006. Based on temperature measurements from the Sounding of the Atmosphere using Broadband
Emission Radiometry instrument on the TIMED satellite for the period 2002–2007, Forbes et al. [2008] as well
as Mukhtarov et al. [2009] reported that the amplitudes of DW1 tides at 100 km altitude have equatorial
maxima during March–April of years 2002, 2004, and 2006. Mukhtarov et al. [2009] also found that the
magnitude of the quasi 2 year amplitude peaks diminished over the 6 year period (2002–2007). It is noted
that the ground observations of winds have contributions from migrating as well as nonmigrating tides.
The PC1 amplitudes for ΔHTIR did not show any enhancement during the March equinox compared to the
September equinox of 2006.

As far as the amplitudes of PC1 computed from ΔHEEJ are concerned, they also display a semiannual variation
with equinoctial maxima for all the years considered, modulated by the solar EUV flux, although not as clearly
as in the case of ΔHTIR. There is a hint of semiannual variations in PC1 amplitudes for Alibag during the high

Figure 1. (a) First three principal components computed from ΔHTIR, ΔHABG, and ΔHEEJ for 794 IQ days during the years
1999–2012; (b) percentage contribution of the first five principal components to the variability of ΔHTIR, ΔHABG, and
ΔHEEJ, respectively.
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solar flux years of 2000–2002. To a lesser extent, some seasonal variation is also seen in PC2 amplitudes for
Tirunelveli and the EEJ during 2000–2002. It is clear that other sources also contribute significantly to these
variations. The PC3 amplitudes, however, display an annual variation clearly during low solar flux years, par-
ticularly for Tirunelveli and the EEJ. PC3 amplitudes for Tirunelveli and the EEJ are anticorrelated as the
respective principal components have opposite patterns, but their contributions to the variability of ΔHTIR

and ΔHEEJ would follow the same seasonal pattern. The amplitude of PC3 for ΔHEEJ tends to maximize during
the Northern Hemisphere winter solstice and is minimum during the summer solstice. Possible relationships

Figure 2. (a) Observed daily 10.7 cm solar flux in units of 10� 22 W m� 2 Hz� 1, for 794 IQ days from the years 1999–2012;
(b–d) daily amplitudes (in nT) of the first three principal components, computed using ΔHTIR, ΔHABG, and ΔHEEJ, respectively,
for the 794 IQ days.
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between the daily amplitudes of PC1, the dominant mode of variation, obtained for ΔHTIR, ΔHABG, and ΔHEEJ

are explored in Figure 3. This figure indicates that the amplitudes of PC1 for ΔHTIR and ΔHEEJ are well
correlated (R= 0.87) as are the amplitudes of PC1 for ΔHTIR and ΔHABG (R= 0.66) with a significance level
< 0.005. However, the amplitudes of PC1 for ΔHABG and ΔHEEJ show poor correlation (R=0.21). The ampli-
tudes of PC2 for ΔHTIR and ΔHEEJ are well correlated (R= 0.92), while the amplitudes of PC3 for ΔHTIR and
ΔHEEJ are anticorrelated (R=�0.86), the negative sign appearing because PC3 for ΔHEEJ has peaks and
troughs that anticorrelate with the corresponding features of PC3 for ΔHTIR (Figure 1a); although these are
not shown. Amplitudes of PC2 for ΔHTIR and ΔHABG show weak anticorrelation (R=�0.28); however, the
amplitudes of PC3 for ΔHTIR and ΔHABG show better correlation (R= 0.55) with a significance level < 0.005.
All other possible combinations of amplitudes of the first three principal components in the three cases show
poor correlation or anticorrelation (|R|2 ≤ 0.1).

4. Results and Discussion
4.1. Local Time Dependence of Semiannual Variation

The semiannual variation is a well-known feature of the strength of the EEJ as reflected in the peak ΔH at an
equatorial station [Chapman and Raja Rao, 1965; Yacob, 1966; Rastogi and Iyer, 1976; Rastogi et al., 1994;
Alken and Maus, 2007], which is captured by the amplitudes of PC1 for ΔHTIR at different levels of solar
activity, as can be seen from Figure 2b. From the nature of the first three principal components for ΔHTIR

displayed in Figure 1a, it is clear that PC1 contributes the most to day-to-day variations of quiet time
ΔHTIR in the morning hours close to 11 LT. Its contribution to the day-to-day variations of ΔHTIR in the after-
noon hours is much smaller and may be obliterated by the contributions of PC2 and PC3. This is seen in
Figure 4, where the reconstructed ΔH at the equatorial station Tirunelveli for the 794 IQ days under consid-
eration, by adding to the mean pattern (a) only the first component PC1, (b) the first two components PC1
and PC2, and (c) the first three components PC1, PC2, and PC3, is plotted for two different local times, 11 LT
and 14 LT. It is clear that while inclusion of PC2 and PC3 amplitudes in the reconstruction does not signifi-
cantly alter the semiannual pattern of variation seen in ΔHTIR at 11 LT reconstructed with the addition of
PC1 amplitude alone, the situation is different at 14 LT. In the afternoon hours the semiannual pattern is
considerably weakened by the addition of PC2 amplitudes in the reconstruction. It is mentioned in
section 1 that Yamazaki et al. [2014a] have carried out simulations of the ground magnetic effects of the
equatorial electrojet using the TIE-GCM driven by TIMED satellite data, to demonstrate that the observed
semiannual variation in the daily range of ΔH at dip equatorial locations cannot be explained by the ther-
mospherically generated nonpropagating diurnal tide and is mostly due to upward propagating tides. The
daily range would be determined by the maximum value of ΔH, which at Tirunelveli is generally attained at
around 11 LT. A wind system that contributes to a PC2 pattern of variation in ΔH, as discussed in the next
section, is expected to quench the semiannual variation in the afternoon hours as the PC2 amplitudes do
not vary in this manner.

Figure 3. (a) Plot of amplitude of PC1 for ΔHTIR versus amplitude of PC1 for ΔHEEJ for 794 IQ days from the years 1999–2012;
(b) same as Figure 3a for ΔHTIR and ΔHABG; (c) same as Figure 3a for ΔHEEJ and ΔHABG. The respective correlation coefficients
for each case are indicated in the figures.
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4.2. Distribution of PC2 and PC3 Amplitudes on Weak Electrojet Days

TIE-GCM simulations of ΔH at Tirunelveli for the year 2008 using TIMED lower boundary tides [Yamazaki et al.,
2014a] captured the seasonal variation of ΔH in the prenoon hours but failed to do so for the afternoon hours.
The local time pattern of the average difference between observed ΔH at Tirunelveli during May and June
2009 and ΔH simulated using TIME-GCM together with a model that introduced variable lower atmospheric
forcing [Liu et al., 2013], shown in Figure 3c of Yamazaki et al. [2014b], resembles the temporal pattern of PC2
for ΔHTIR or ΔHEEJ obtained in the present study. As discussed in the previous section, PC2 amplitudes play a
critical role in determining the day-to-day variation of quiet time ΔHTIR in the afternoon hours around 14–15
LT. At later local times, PC3 amplitudes also make significant contributions. On the basis of known occurrence
patterns of morning and afternoon CEJ in different seasons [Rastogi, 1974; Fambitakoye and Mayaud, 1976:
Mayaud, 1977; Vichare and Rajaram, 2011], it is expected that the distribution of PC2 and PC3 would display
some season-specific behavior. This may provide some clues for modeling ΔH at equatorial stations. Both
morning and afternoon CEJ occurrences have been found to be anticorrelated with solar activity and the
strength of the normal EEJ [Rastogi, 1974; Mayaud, 1977]. In a global dynamo simulation of ionospheric cur-
rents carried out by Hanuise et al. [1983], a CEJ event as seen in ground magnetic data was reproduced using
a combination of the (2, 2) and (2, 4) solar semidiurnal tidal modes and assuming that the (1,�2) diurnal tide
amplitude was negligible. Their results showed the presence of two oppositely directed horizontal current
vortices flowing on either side of the noon sector, with anticlockwise flow before noon and clockwise flow
in the afternoon. This pattern of currents is compatible with the form of PC2 for ΔHTIR or ΔHEEJ. Gurubaran
[2002] had applied PCA to geomagnetic data for 19 quiet days of July 1995, from a chain of 11 stations

Figure 4. (a) Reconstructed ΔH at 11 LT (75°E) for 794 IQ days during 1999–2012, for the equatorial station, Tirunelveli,
using (top) only PC1 amplitudes, (middle) PC1 and PC2 amplitudes, and (bottom) PC1–PC3 amplitudes. (b) Same as
Figure 4a at 14 LT (75°E).
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extending from the dip equator to 59°N dip latitude, and found that on a CEJ day, PC2 to PC5 produced an
additional current system with westward flow over the dip equatorial region in the afternoon hours. The
focus of this afternoon vortex was located closer to the dip equator than the focus of the Sq current system.
Also, there was no such clear signature of a current vortex with anticlockwise flow in the morning hours. As
may be seen from Figure 1a in the present study, a negative PC3 amplitude for ΔHEEJ on a day with afternoon
CEJ would contribute toward weakening of the prenoon vortex obtained by Hanuise et al. [1983], while
strengthening the postnoon clockwise current flow.

In view of these earlier findings, scatterplots of PC2 and PC3 amplitudes for ΔHEEJ, on IQ days with PC1 ampli-
tudes ≤ 0 such that the peak strengths of ΔHEEJ are lower than average, are presented in Figures 5 (top) and 5
(bottom), for the Northern Hemisphere summer months of May, June, July, and August (MJJA) and winter
months of November, December, January, and February (NDJF). Overall, PC2 amplitudes for weak EEJ days
tend to be positive during the MJJA months and negative during the NDJF months, while PC3 amplitudes
for these days tend to be positive during the NDJF months and negative during the MJJA months. Given
the characteristics of PC2 and PC3 for ΔHEEJ displayed in Figure 1a, a positive PC2 amplitude combined with
a negative or a small positive PC3 amplitude on a day with weak noontime electrojet would result in an after-
noon CEJ. On the other hand, a negative amplitude of PC2 combined with a negative or small positive ampli-
tude of PC3 would result in a morning CEJ. Thus, the distributions shown in Figure 5 are in accordance with
the well-known observed patterns of morning and afternoon CEJs. However, the purpose of the present
study of the seasonal patterns of distribution of PC2 and PC3 amplitudes is to investigate the possible causes
for these distinct patterns. As can be seen from Figure 2d, inclusion of the recent extended solar minimum in
this study has revealed a distinct annual pattern of variation of PC3 amplitudes, which may be modeled using
specific wind patterns.

The propensity of PC3 amplitudes to be negative during the June solstice months and to be positive
during the December solstice months, as noted in an earlier paragraph, could indicate a role of variable
meridional winds. Radar observations of mesosphere and lower thermosphere winds over Tirunelveli
during 1993–2009 have shown that the monthly mean meridional winds display seasonal characteristics
expected from differential heating in the Northern and Southern Hemispheres, the flow being southward
during June solstice months and northward during December solstice months [Sridharan et al., 2007].
The Tirunelveli radar data have also indicated that the monthly mean meridional winds at an altitude
of 88 km are weak during the years 1999–2003 and become much stronger in the years 2004–2009
[Venkateswara Rao et al., 2012]. Figure 2 shows that the PC3 amplitudes for ΔHEEJ and also ΔHTIR have
pronounced annual variations during the years 2005–2009. Yamazaki et al. [2014b] showed that the
contribution of meridional winds to day-to-day variation of the noontime EEJ is small. In the present
study it is seen that large positive or negative amplitudes of PC2 and PC3 have larger contributions to
the EEJ in the morning or afternoon hours than at noontime. Hence, it may be important to simulate
the effects of meridional winds on the morning and afternoon EEJ.

Figure 5. Distribution of PC2 and PC3 amplitudes for the IQ days (top) of the months of May, June, July, and August (MJJA)
and (bottom) of the months of November, December, January, and February (NDJF) during 1999–2012, which have lower
than average peak strength of ΔHEEJ (PC1 amplitudes ≤ 0).
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Apart from the solar semidiurnal tidal modes considered by Hanuise et al. [1983] to be the possible source of
CEJ currents, Raghavarao and Anandarao [1980] used an observed vertical wind profile [Anandarao et al.,
1978] in a model calculation to show that vertically upward winds in the dip equatorial region can give rise
to CEJ in the afternoon. Anandarao et al. [1978] attributed the observed vertical wind profile to gravity waves.
In an attempt to explain the Equatorial Temperature and Wind Anomaly encountered in DE-2 measurements
[Raghavarao et al., 1991], Maruyama et al. [2003] found that in the vicinity of the equatorial ionization anom-
aly (EIA) ion drag parallel to the geomagnetic field, produced by the poleward field-aligned ion velocity,
accelerates the neutral wind and the resultant divergence at the geomagnetic equator drives an upward
neutral wind there, which causes a reduction in the neutral temperature at the geomagnetic equator due
to adiabatic cooling. The model calculations of these authors, which are for equinox conditions at 16.8 LT
and 72° longitude, show that an upward wind is present down to an altitude of 200 km. However, the electric
fields have not been calculated self-consistently in this study. This geomagnetically controlled wind has been
found to be suppressed at 10°–30° geomagnetic latitudes [Miyoshi et al., 2011]. In the present context, it may
also be mentioned that a highly localized lowering of daytime mesopause temperature over the dip equator
during some CEJ events has been reported by Vineeth et al. [2007]. If a geomagnetically controlled vertically
upward neutral wind were to extend to lower altitudes over the dip equator, it could produce a CEJ as
demonstrated by Raghavarao and Anandarao [1980] and at the same time the occurrence of CEJ at equatorial
latitudes would not be accompanied by any correlated changes in Sq(H) away from the dip equator, as has
been suggested by several earlier studies [e.g., Rastogi, 1992; Yamazaki et al., 2009] and by the absence of
correlation between the PC1 amplitudes for ΔHEEJ and ΔHABG evident in Figure 3. This hypothesis seems
attractive also because a large positive amplitude of PC2 contributes to a stronger EEJ near its peak around
11 LT and hence a stronger EIA, which would result in a larger upward vertical drift over the geomagnetic
equator in the afternoon, while the reverse would happen for a large negative amplitude of PC2.
Simulations are required to study the effect of seasonal changes in the offset between the subsolar point
and the dip equator, as an explanation is also required for NDJF months having a larger percentage of days
with PC2 amplitudes ≤ 0, compared to MJJA months. In addition to an equatorial eastward electric field,
meridional winds also play a role in the development of the EIA. Hence, if the developing EIA provides a feed-
back to the EEJ, meridional winds may contribute to the CEJ. In this scenario, a meridional wind-dependent
PC3 amplitude could contribute to the CEJ phenomenon.

5. Summary and Conclusions

Hourly variations, ΔH, in the horizontal component H of the geomagnetic field, on IQ days during the years
1999–2012, at the dip equatorial station Tirunelveli and at Alibag, a station away from the dip equator in
the Indian region, have been subjected to principal component analysis. PCA is also applied to the difference
ΔHEEJ of ΔH at these two stations, to investigate the possible sources of their variability. Contributions of only
the first three principal components: PC1–PC3, to the variability in each case have been considered here
because together they account for around 95%, 91%, and 96% of the variances in the data for ΔHTIR,
ΔHABG, and ΔHEEJ, respectively. Results obtained from this analysis are as follows:

1. PC1 amplitudes for ΔHTIR and ΔHEEJ show clear semiannual variations with equinoctial maxima super-
imposed on a solar EUV flux-dependent longer term trend over the whole period under considera-
tion. Amplitude of the semiannual variation is modulated by the solar EUV flux. PC1 amplitudes for
ΔHTIR have significantly larger peaks during the March equinox compared to the September equinox
during 2000, 2002, and possibly 2008, which may be due to the Mesospheric Quasi-Biennial enhance-
ment of westward winds as observed over Tirunelveli in March 2000, 2002, and 2008 [Venkateswara
Rao et al., 2012].

2. ΔH at Tirunelveli on IQ days of the years 1999–2012, reconstructed using only PC1 amplitudes, shows
semiannual variations during both morning and afternoon hours. With the addition of PC2 amplitudes
in the reconstruction, ΔH at 11 LT (75°E) continue to display semiannual variations, which practically
disappear at 14 LT (75°E). Thus, PC2 is the main contributor to the weakening of the semiannual variation
at Tirunelveli in the afternoon hours.

3. During the years of low solar activity, in particular, the years 2006–2009, PC3 amplitudes for ΔHTIR and
ΔHEEJ exhibit an annual pattern of variation, while no clear seasonal pattern emerges for the PC2
amplitudes.
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4. For weak EEJ days with PC1 amplitudes ≤ 0, distribution of amplitudes of PC2 and PC3 for ΔHEEJ shows
distinct features for the June and December solstices. During MJJA months, out of the 180 weak EEJ IQ
days, only 13% have negative amplitudes for PC2 and positive amplitudes for PC3, while nearly 47% have
positive amplitude for PC2 and negative amplitude for PC3. The distribution of PC2 and PC3 amplitudes
during NDJF months is just the opposite: out of 165 weak EEJ IQ days, only 11% have positive amplitude
for PC2 and negative amplitude for PC3, while 42% have negative amplitude for PC2 and positive
amplitude for PC3. While these distributions are in accordance with the known pattern of occurrence of
morning and afternoon CEJs, they offer a few possibilities for the wind systems that contribute to the
phenomenon, as discussed in the previous section. However, some of the possible physical processes that
contribute to the various principal components are, at present, speculations as a full analysis of these
ideas is not given in this paper.
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