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Abstract
The characteristics of longitudinal variability of equatorial electrojet (EEJ) and counter electrojet (CEJ), presented in this study, are based on concurrent observations from a hitherto unsampled region of the world to examine the (1) degree of correlation between hourly means and monthly averaged hourly means of ground observations with equatorial electrojet climatological model (EEJM-2.0), (2) day-to-day longitudinal variability of EEJ strength between the pairs of sites, and (3) longitudinal variability in occurrences of counter electrojet. The analyses are based on the data obtained from an observatory and three new remote sites in the northern Indian Ocean at a longitudinal separation of approximately 15°: Hyderabad (HYB) and Vencode (VEN) at 77° E and Port Blair (PBR) and Campbell Bay (CBY) at 93° E, for a period of 4 months during Lloyd's D-season (November 2011 to February 2012) and comparison with the EEJM-2.0 based on CHAMP satellite data.
At both longitudes, the overall correlation of monthly mean hourly values (i.e., from 05:00 to 19:00 LT) between the observed EEJ strength and modeled current density from EEJM-2.0 is good (r > 0.8). However, a significant lack of correlation is witnessed on day-to-day peak values (i.e., 12:00 LT) between the observed variations and the model at both sites. Further, a comparison of noontime peaks between the two sites shows a considerable day-to-day variability.
A large number of CEJs (43 events) are recorded during the study: at CBY (15 events) and VEN (28 events). Analyses of the CEJ events highlight the variability of CEJ phenomena in terms of amplitude, dates, and time of occurrence over 15° longitude separation. The local nature of perturbations causing CEJ is evident; the possible factors are being non-migrating eastward and westward propagating diurnal tides and local meteorological phenomena associated with upper mesospheric temperature, wind, and density variations.
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Background
The equatorial electrojet
The two or three fold enhancement in the daily variation of the horizontal component of the earth's magnetic field (H), within a narrow belt of latitudes (±3°) over the dip equator (Egedal 1947), is caused by an eastward current in the E-region of the ionosphere, called the equatorial electrojet (EEJ) (Chapman 1951). The strength of the electrojet current in a particular longitude zone is determined by deducting the diurnal range of H or X component at a low-latitude (non-EEJ) station from the diurnal range of H or X component at the equatorial (EEJ) station, in the same longitudinal zone. The width of the EEJ varies considerably with longitude, and EEJ axis closely follows the dip equator at an altitude of 106 km (Chapman 1951; Onwumechili 1985).

Longitudinal dependence of the EEJ
Day-to-day variability of the EEJ, at a site or between longitudinally separated sites, is amply documented between different longitudinal sectors (Rastogi 1962b) as well as from satellite observations (Langel et al. 1993). More refined models of longitudinal variability of EEJ were developed after the launch of the three magnetic field mapping satellites, Oersted (1999 to present), CHAMP (2000 to 2010), and SAC-C (2001 to 2004), provided an improved database. Statistical correlations for day-to-day variation of EEJ strength and solar wind parameters from ground and satellite data indicate good correlation between the two (Rastogi and Chandra, 1974). Jadhav et al. (2002) derived the day-to-day EEJ strength using the satellite and simultaneous ground magnetic observatory data for the Indian and American sectors, corroborating the results of analysis made by Rastogi (1962b). The correlation of the EEJ with itself in longitude has been studied by Manoj et al. (2006) by correlating data from ground-based observatories and the CHAMP satellite at different longitudes and found a correlation drop of 0.7, when measurements are compared from sites further apart than 15° in longitude. Alken and Maus (2007) found short spatial and temporal correlation lengths of about 15° based on the correlation fit of CHAMP and Oersted data sets as a function of longitude. Rastogi et al. (2007) showed a strong correlation of equatorial electrojet between two longitudes separated by 2,000 km (approximately 18° longitude). The recent work by Adimula et al. (2011) again discussed the longitudinal variability in EEJ showing strongest electrojet strength in the South American sector (approximately 59° W) with an average peak more than 100 nT and weakest in Malaysian sector (approximately 101° E) with 70 nT.

The counter electrojet
The instances of daytime values of EEJ strength, falling below nighttime values for a few hours, are commonly observed and are defined as counter electrojet (CEJ) (Gouin and Mayaud 1967). CEJ is known to occur during magnetically disturbed as well as during magnetically quiet conditions (Kikuchi et al. 2003; Rastogi 1974; McCreadie 2004).
The occurrence of CEJs is mostly observed during few hours after dawn and before dusk and is rarely observed around local noon (Mayaud 1977; Marriot et al. 1979). CEJs have also been detected from satellite-based studies (Cain and Sweeney 1973; Onwumechili 1985; Cohen and Achache 1990; Langel et al. 1993). Doumouya et al. (1998) investigated the seasonal variability in morning and afternoon CEJ events based on a 20-month data set at a West African longitude zone and concluded that EEJ amplitudes are weak during morning and afternoon CEJs observed on the same day. The characteristics of CEJ and influence of solar cycle, seasonal and lunar phase, and longitudinal and wind-derived atmospheric tides have been illustrated using ground magnetometer and Oersted observations in Indian and American regions (Vichare and Rajaram 2011). Changes in the E-region irregularities and the reversal of ionospheric drifts have been associated with CEJ events (Fambitakoye et al. 1973; Rastogi 1974). The westward currents manifested during some instances of CEJs may be caused by reversal of the interplanetary magnetic field (IMF-Bz) component from south to north (Rastogi 1974; Sizova 2002; Francisca et al. 2013) and or atmospheric tidal effects (Bhargava et al. 1980; Somayajulu et al. 1993; Sridharan et al. 2002). Recent studies show that rise in atmospheric temperature connected with the phenomena of sudden stratospheric warming (SSW) exhibits positive correlation with occurrences of CEJs (Matsuno 1971; Liu and Roble 2002; Sridharan et al. 2009).

Longitudinal variability of the CEJ
A few studies have reported that there is a large day-to-day variability of the CEJ phenomena over 45° longitude separation and sometimes occurs over a large longitudinal difference (Onwumechili and Akasofu 1972; Mayaud 1977). Alex and Mukherjee (2001) concluded that there are significant differences in occurrence of various CEJ events at two equatorial stations Trivandrum, India, and Addis Ababa, Ethiopia, separated by 40° in longitude. Kane and Trivedi (1981) demonstrated the characteristics of CEJ events at two locations in the Brazilian region across the East and the West coasts of the South American sector, separated by less than 30° longitude. Rangarajan and Rastogi (1993) investigated the afternoon CEJ events at equatorial stations Addis Ababa and Kodaikanal and concluded that the afternoon CEJ is localized in longitude, and on some occasions, the events may not occur on the same day even at locations separated by a narrow longitude of 2 h.

Objectives of the current study
Observations from two sites, separated by only 15° longitude from a hitherto unsampled region of the world during the period November 2011 to February 2012, are used to investigate the (1) degree of correlation between the ground EEJ observations and EEJM-2.0, (2) day-to-day variability in EEJ magnitude between the sites classified according to Kp (planetary index) values, and (3) variability in occurrences of counter electrojet events.


Methods
A series of 4 months of concurrent data from all four stations for Lloyd's D-season (November 2011 to February 2012) is used to investigate EEJ variability. Location of the observatories used in the study is shown in Figure 1, and the details are listed in Table 1, filling a longitudinal gap in the Asian electrojet zone.Three component variation data recorded at a 1-min sampling interval by fluxgate magnetometers have been retrieved, and the horizontal component ‘H’ was analyzed in the present study, i.e., from November 2011 to February 2012. One-minute data samples are averaged to obtain 1 h values centered at 00:30 LT hours for the present work. The respective monthly averaged hourly variation at the four sites for November 2011 is shown in Figure 2a in UT, showing the time lag between noon peak values at the respective longitudes. On the x-axis, the centered values are labeled as 01:00, 02:00…24:00 LT hours in the figures. The noontime peak first appears at 93°E (CBY and PBR) at 05:00 UT and later at 77°E (VEN and HYB) at 06:00 UT. The difference in time of occurrence is due to the 1-h longitudinal separation between the EEJ pairs. The diurnal variation of the H component is observed to have the same pattern at each station, with smooth increase from the night level to noontime peak and smooth decrease back to the night level. The amplitude of diurnal variations is higher at equatorial sites, i.e., CBY (approximately 110 nT) and VEN (approximately 80 nT) compared to that at low-latitude stations: PBR (60 nT) and HYB (50 nT); the monthly averaged diurnal variations are significantly higher at CBY than VEN. Figure 2b shows the sudden impulse (SI) at 21:50 UT during a strong geomagnetic storm on 28 November 2011 at all the sites concurrently. These observations are utilized to verify the accuracy of the data from the three remote sites after comparing with the INTERMAGNET Hyderabad magnetic observatory (IMO-HYB).[image: A40623_2014_Article_100_Fig1_HTML.jpg]
Figure 1Location of the observatories. An outline of South India and adjoining island chains in the northern Indian Ocean, showing the locations of IMO-HYB magnetic observatory and remote magnetic variation stations: VEN, PBR, and CBY and the magnetic equator (red line).




Table 1
                      Geographic and geomagnetic coordinates of the observatories used in the study
                    


	 	Code
	Geographic latitude
	Geographic longitude
	Dip angle
	Geomagnetic latitude
	Geomagnetic longitude
	Dip latitude

	Vencode, Kanyakumari
	VEN
	8.15°
	77.10°
	2.2°
	-0.29°
	149.9°
	1.1°

	Campbell Bay, Nicobar Islands
	CBY
	07. 00°
	93.52°
	-1.98°
	8.94°
	166.4°
	-0.99°

	Hyderabad, Andhra Pradesh
	HYB
	17.41°
	78.55°
	24.08°
	2.10°
	152.1°
	12.79°

	Port Blair, Andaman Islands
	PBR
	11.40°
	92.45°
	9.47°
	-2.58°
	165.5°
	4.77°



[image: A40623_2014_Article_100_Fig2_HTML.jpg]
Figure 2Monthly averaged hourly values and SI. (a) Monthly averaged hourly values of H component variation of the earth's magnetic field for November 2011, showing the time shift in local time-dependent ionospheric diurnal variation and greater peak amplitudes at equatorial sites, CBY (approximately 110 nT) and VEN (approximately 80 nT), compared to that at low-latitude stations: PBR (60 nT) and HYB (50 nT). (b) SI at 21:50 UT during a strong geomagnetic storm on 28 November 2011, a time-independent event recorded simultaneously at all stations.



The longitudinal correction approximately 1-h has been applied to reduce the data of the four sites from UT to corresponding LT to achieve match of the noontime peaks in the two data sets. The hourly averages in LT for all days during the period of study are used in the subsequent analyses.
EEJ variations for each day of the 4 months are obtained by subtracting midnight-mean-removed variation at a low-latitude station (PBR, HYB) from midnight-mean-removed variation at the EEJ station (CBY, VEN). The midnight means are calculated by taking the average of the 4-h flanking local midnight hours (22:30, 23:30, 00:00, and 01:30). The strength of the EEJ is ΔH = ΔHEEJ - ΔHnon-EEJ, where ΔH is the variation of ‘H’ from the midnight mean level for a particular site. This effectively removes the Sq and Dst contribution from CBY and VEN data. Since HYB is at 12.79° dip latitude and PBR is at 4.77° dip latitude, EEJ strength at VEN is overestimated with respect to CBY. This effect of latitudinal influence on Sq strength is countered by multiplying the HYB data by a factor of 1.051349 nT. This value is arrived at from the normalization of the ratio of the ranges of Sq at HYB and PBR on 10 quiet days, from the period of study. Moreover, the effects for the diurnal variations in temperatures at the remote observation sites have been estimated to be in the order of 2 nT. Consequently, variabilities in the order of 2 nT have been disregarded for the current study.In order to study the intrinsic characteristics of the EEJ and CEJ on a day-to-day basis, we have selected data from 10 magnetically quiet days (03, 05, 06, 09, 10, 17, 18, 19, 20, and 21) on the basis of Kp indices for the month of November 2011. Figure 3a,b is the typical example of variability in EEJ strength at VEN (top left panel) and CBY (top right panel) during the days (03, 05, 09, 10, and 18) of November 2011. On an average, the peak values vary between 40 and 60 nT for both sites, but the time and amplitude of occurrence of noontime peaks of EEJ are not the same at both sites. The spreads of the EEJ events from their buildup to their declines vary from day to day at each site as well as between the longitudes.[image: A40623_2014_Article_100_Fig3_HTML.jpg]
Figure 3Hourly mean values of EEJ strength for ten quiet days. (a, b) The variability in EEJ strength at VEN (top left panel) and CBY (top right panel) for the days 03, 05, 09, 10, and 18 of November 2011. (c, d) The variability in CEJ strength during the days 06, 17, 19, 20, and 21 of November 2011 at VEN (bottom left panel) and CBY (bottom right panel).




A wide range of CEJs is recorded during this period of study. Gouin and Mayaud (1967) and Alex and Mukherjee (2001) categorized the CEJ depending on the time of occurrence as follows: morning counter electrojet (MCEJ; 07:00 to 10:00 LT), noon counter electrojet (NCEJ; 10:00 to 12:00 LT), afternoon counter electrojet (ACEJ; 12:00 to 14:00 LT), and evening counter electrojet (ECEJ; 15:00 to 18:00 LT). Figure 3c,d shows the variability in CEJ phenomena for the days 06, 17, 19, 20, and 21 of November 2011 at VEN (bottom left panel) and CBY (bottom right panel). It is to be noted that the peak amplitudes of EEJ during CEJ events at VEN (30.76, 16.76, 41.51, 29.37, and 33.83 nT) and CBY (27.15, 24.31, 24.75, 27.23, and 28.46 nT) are significantly decreased to values of 30 nT on an average. It is observed that the noontime peak is either advanced or delayed during CEJ occurrence (examples: 19 and 20 November 2011, where NCEJ delayed the peak to 15:00 LT and ECEJ at 15:00 LT advanced the peak to 10:00 LT, respectively). From Figure 3c (bottom left panel), the presence of ACEJ (17 November 2011) at VEN and absence at CBY highlight the variability of CEJ over a spatial separation of approximately 15° longitude. This event marks the lowest noontime value (16.76 nT) at VEN compared to MCEJ and ECEJ events on other days. From the same figure, it is also evident that EEJ variation at CBY is also influenced by the CEJ events recorded at VEN, but the negative amplitudes are small compared to VEN. The event of 20 November 2011 is the best example reflecting the variability in CEJ strength at the sites: VEN (-11.93 nT) and CBY (-5.65 nT) during an ECEJ event.
Models have been developed to present the global picture of the observed signal and aimed to predict the basic features of EEJ signature in longitude, time, day-to-day variations, and seasonal behavior in uncovered regions of ground measurements. These models describe the influence of solar radiation, magnetic activity, conductivity, and atmospheric and seasonal tides on EEJ variations using combined ground, rocket, satellite magnetic measurements (MAG SAT, SAC-C and CHAMP), and radar observations (Onwumechili 1997; Manoj et al. 2006; Alken and Maus 2007; Luhr et al. 2008, 2012). The first global model of the EEJ was deduced from the POGO (1967 to 1970) satellite observations (Onwumechilli and Agu 1980). Using the CHAMP satellite data, the longitudinal differences in the behavior of the EEJ influenced by tidal zonal winds (Luhr et al. 2012; Hausler et al. 2013) and other interplanetary fields (Manoj et al. 2008) were revealed. A systematic study of the EEJ characteristics using all the data from the Oersted, CHAMP, and SAC-C satellites obtained during the years (1999 to 2006) was used to construct the equatorial electrojet climatological model (EEJM-2.0) to reflect the day-to-day variability of electrojet using the input parameters of longitude, local time, and season and solar flux. EEJM-2.0 generates current density and conductivity values sampled over every hour (i.e., from 05:00 to 19:00 LT) (Alken and Maus 2007). We have extracted the current densities from EEJM-2.0 for each hour of all days (i.e., from 05:00 to 19:00 LT) for all the 4 months at both longitudes (77° and 93°), based on calculated real-time extreme ultraviolet flux model for aeronomic calculation (EUVAC) (Richards et al. 1994) values (http://​omniweb.​gsfc.​nasa.​gov/​form/​dx1.​html). The observed EEJ strengths and modeled current densities are compared in the subsequent analyses.
Correlation between the EEJM-2.0 and EEJ strength at 77° and 93° longitudes
The monthly averaged hourly means (i.e., from 05:00 to 19:00 LT) of the global current density model from EEJM-2.0 for each month during the period of study are plotted in terms of local time and longitude along the dip equator at an average height of approximately 100 to 120 km, corresponding to the E-region of ionosphere, as shown in Figure 4. The panels show that, globally, the longitudinal variations of current density change considerably with season; two peaks are seen in November 2011 (Figure 4a) and February 2012 (Figure 4d) whereas three intensity peaks are seen in December 2011 (Figure 4b) and January 2012 (Figure 4c). The seasonal average is shown in Figure 4e. The average EEJ current density distribution for noontime conditions derived from CHAMP measurements show large diurnal variations occurring at certain longitudes, example, at 90° W and 90° E (Luhr et al. 2008). The black vertical lines in Figure 4 indicate the longitudes of CBY and VEN. At this longitudinal separation, the model predicts that current density is greater at CBY than VEN throughout the D-season. Luhr et al. (2008) observed that this longitudinal pattern follows those of the peaks caused by the non-migrating diurnal eastward and westward propagating tides of the upper atmosphere with zonal wave number 3 (DE2 and DW2). However, considerable relative variation is seen from month to month.[image: A40623_2014_Article_100_Fig4_HTML.jpg]
Figure 4Monthly averaged daily variation of global current density derived from the EEJM-2.0 model. Monthly averaged daily variation of global current density from 05:00 to 19:00 LT of EEJ derived from EEJM-2.0 model for (a) November 2011, (b) December 2011, (c) January 2012, and (d) February 2012. (e) D-season averaged. The black lines mark the EEJ longitudes of VEN and CBY.




The monthly averaged hourly means (i.e., from 05:00 to 19:00 LT) of the observed EEJ strengths at VEN and CBY (top right and left panels, Figure 5a,b) and derived current density values for VEN and CBY (bottom right and left panels, Figure 5c,d) are shown in Figure 5. The EEJM-2.0 model predicts the EEJ strength well at these longitudes. The variability in EEJ strength between the sites, VEN and CBY, is clearly brought out from Figure 5a,b. For CBY (Figure 5b), the observed peak amplitudes are considerably larger for all the 4 months compared to VEN (Figure 5a). The delineation of noontime peaks at VEN is different from that at CBY during November 2011 to January 2012 (Figure 5a,b) with a time shift. The EEJM-2.0 predicts the similar current densities at both longitudes. The densities are lower during the end of December to beginning of January 2012 compared to other months. Comparison of Figure 5a with 5c and Figure 5b with 5d brings out the differences in the nature of EEJ variations at the sites vis-à-vis the variations of the corresponding current density. The differences become increasingly marked from around 10:00 to 17:00 LT between the two data sets at the two longitudes.[image: A40623_2014_Article_100_Fig5_HTML.jpg]
Figure 5Monthly averaged hourly means of the observed EEJ strengths and derived current density values. Monthly averaged hourly means (i.e., from 05:00 to 19:00 LT) of the observed EEJ strengths at VEN and CBY (top right and left panels) (a, b) and derived current density values for VEN and CBY (bottom right and left panels) (c, d).





Characteristic features of day-to-day EEJ variability at VEN and CBY
The EEJ strengths at CBY and VEN are compared with the derived daily noontime peak current densities at respective longitudes for all days of the 4 months and plotted in Figure 6a,b,c,d. In November 2011 (Figure 6a), the current densities for both longitudes indicate a smooth downward trend (CBY is greater than VEN), with a constant difference of about 0.02 (A/m). The observed EEJ strengths at CBY and VEN for November 2011 show large day-to-day fluctuations (order of 10 nT). The differences in EEJ amplitudes between the two sites are significant on many days, i.e., CBY is greater than VEN, except for 9 days (03, 08, 09, 11, 12, 15, 23, 27, and 28 November 2011; amplitudes at VEN is greater than CBY). The negative peak amplitudes correspond to the occurrences of strong CEJ events on some days, as evident from visual inspection (Figure 3c,d).For December 2011 (Figure 6b), the daily variability at both sites remains large; EEJ strength is larger at CBY except for 2 days (2, 27). In January 2012, the EEJ strength at CBY is greater than VEN, except for 11 days (04, 06, 07, 10, 12, 15, 16, 23, 26, 28, and 31) (Figure 6c), and EEJ amplitudes are greater at VEN on 6 days: 01, 08, 19, 23, 25, and 26 in February 2012 (Figure 6d). Over the 4 months of study, the variations in EEJ amplitudes fluctuate between 5 and 30 nT. The current density shows smooth decreasing trend in December and slightly increasing trends during January and February, with CBY values being higher than VEN.[image: A40623_2014_Article_100_Fig6_HTML.jpg]
Figure 6Noontime EEJ strength on all days of each month along with the noontime current density. Noontime EEJ strength on all days of each month at VEN (red) and CBY (brown) along with the noontime current density from EEJM-2.0 for (a) November 2011, (b) December 2011, (c) January 2012, and (d) February 2012. Solid black color represents the (A/m) for CBY and blue color for VEN.




The modeled current density from EEJM-2.0 and observed variations of EEJ strength are not well correlated at the two longitudes on a day-to-day basis. The observed day-to-day variability between the two EEJ longitudes from the Figure 6 is further examined with reference to Kp values (http://​spidr.​ngdc.​noaa.​gov/​spidr/​). We classified the days according to Kp values into three segments: (i) the very quiet day (Kp < 1), (ii) quiet day (Kp < 2), and (iii) moderately disturbed days (Kp > 2). Out of a total of 121 days of this study, on 90 days, the EEJ strength is higher at CBY than at VEN and for 28 days, it is higher at VEN than at CBY. With the remaining 3 days, the difference between the noontime amplitudes falls less than 2 nT and is not considered here. We found a total of 41 days for Kp < 1, 54 days for Kp < 2, and 23 days for Kp > 2 from November 2011 to February 2012. The observed variability in EEJ strength between the two longitudes during D-season is shown in Figure 7 on the basis of Kp values. The black bar shows the number of days when the EEJ strength at CBY is greater than VEN, and gray bar shows the number of days when the EEJ strength at VEN is greater than CBY. The magnitude of differences between CBY and VEN is indicated. From Figure 7a (Kp < 1), out of 40 days where CBY is greater than VEN, at least 18 days show a large difference >10 nT. For Kp < 2, Figure 7b, out of 40 days where CBY is greater than VEN, 20 days show differences >10 nT. In Figure 7c, out of 20 days where CBY is greater than VEN, 11 days are observed with EEJ differences >10 nT. Additionally, on 11 days (Kp < 1), peak amplitude of VEN is greater than CBY (Figure 7a), and for Kp < 2, 14 days observed with VEN is greater than CBY. For approximately 50% of the days, EEJ at CBY is greater than VEN by more than 10 nT. This further substantiates the high degree of day-to-day variability between the two longitudes.[image: A40623_2014_Article_100_Fig7_HTML.jpg]
Figure 7The observed variability in EEJ strength between the two longitudes during D-season. Graph showing the differences in noontime peak values of EEJ strength between VEN and CBY, sorted on the basis of the daily mean of planetary index (Kp), i.e., Kp < 1 (a), Kp < 2 (b), and Kp > 2 (c) for the months November 2011 to February 2012. Black color represents the number of days with higher amplitudes for CBY > VEN and gray color for VEN > CBY.




The hour-to-hour variability of EEJ strength between the two longitudes is quantified by calculating the correlation coefficients (r) for each of the hours (09:00 to 18:00 LT) during each month of D-season, shown in Table 2. In November 2011, correlation is strong (r > 0.6) during 09:00 to 17:00 LT. During December 2011, correlation is strong during 12:00 to 17:00 LT and weak during the other hours. In January 2012, correlation is strong during 10:00 and 12:00 to 17:00 LT and weak during the other hours. During February 2012, correlation is weak at all hours.Table 2
                          Computed correlation coefficients (
                          r
                          ) of EEJ strength at VEN and CBY for each hour [09:00 to 18:00 LT] for the months November 2011 to February 2012
                        


	Months
	09:00 LT
	10:00 LT
	11:00 LT
	12:00 LT
	13:00 LT
	14:00 LT
	15:00 LT
	16:00 LT
	17:00 LT
	18:00 LT

	November 2011
	0.78
	0.76
	0.77
	0.63
	0.80
	0.85
	0.82
	0.84
	0.84
	0.57

	December 2011
	0.54
	0.45
	0.51
	0.73
	0.69
	0.67
	0.79
	0.82
	0.78
	0.18

	January 2012
	0.58
	0.63
	0.49
	0.60
	0.80
	0.85
	0.84
	0.87
	0.67
	0.25

	February 2012
	0.21
	0.23
	0.39
	0.55
	0.58
	0.56
	0.51
	0.55
	0.48
	0.14





Characteristic features of CEJ at VEN and CBY
We have provided examples of EEJ and CEJ events in Figure 3 to illustrate the fluctuations of the CEJ phenomena. Four selected examples of EEJ and CEJs, at both VEN and CBY, are shown in Figure 8. Figure 8a shows a typical EEJ, and Figure 8b is an example of an MCEJ occurring at both stations. Figure 8c shows a strong NCEJ of -40 nT at VEN, which is not evident at CBY, although the strength of EEJ is diminished to 37 nT. Figure 8d is an example of an ECEJ, which is seen at both sites.All the CEJ occurrences, for both sites, have been shown in Figure 9 for each month. The identification of CEJ events has been noted by manual inspection of ΔH for each station with occurrence time and amplitude. Red color symbols represent the CEJ at VEN and dark brown at CBY. Each symbol represents the variants of CEJ (♦ MCEJ; ■ NCEJ; ▲ ACEJ; ● ECEJ). There are few CEJ events during November 2011 (Figure 9a), recorded with greater amplitude (negative) at VEN than at CBY, i.e., two MCEJ events on 16 and 19, one ACEJ on 17 and one ECEJ on 29 November 2011 at VEN but absent at CBY. One ECEJ event is evident at both sites on 20 November 2011, whereas on 01 November, ECEJ is at CBY but absent at VEN and on 29 November, the ECEJ is at VEN and not at CBY. During December (Figure 9b), two MCEJs (01 and 06 December) and one ACEJ (25 December) are present at VEN and not seen at CBY. The days 20 and 29 of December 2011 show the occurrence of ACEJ and ECEJ at both stations. The CEJ events on days 13, 14, 30 (MCEJ), 19, 20 (NCEJ), and 22 (ECEJ) of January 2012 were completely absent at CBY shown in (Figure 9c). The same MCEJ events were identified at both stations on days 17 and 28 and ACEJ on 23 and 24 for January 2012. During February 2012 (Figure 9d), three ECEJ events are recorded at both stations (days 16, 21, and 29) and one ACEJ (02). The days, 22 (MCEJ), 11, 15, 18 (ACEJ), and 28 (ECEJ) of February 2012, are recorded at VEN and not at CBY. Two ECEJ events on days 22 and 24 were identified at CBY and not at VEN. No NCEJ events are observed during November, December 2011, and February 2012.[image: A40623_2014_Article_100_Fig8_HTML.jpg]
Figure 8EEJ and CEJs at both VEN and CBY. (a) Daily variation of EEJ strength at VEN (65 nT) and CBY (63 nT) on 16 January 2012. (b) The morning CEJ event on 17 January 2012, of amplitude -20 nT at VEN and (-4 nT) at CBY. (c) Afternoon CEJ (ACEJ) with amplitude -20 nT at VEN and absence of ACEJ on 25 December 2011. (d) Evening CEJ at VEN (-30 nT) and (-15 nT) at CBY during 22 February 2012.
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Figure 9A plot of all CEJ events for each month. A plot of all CEJ events at VEN (red) and CBY (brown), showing the amplitude (negative) of each event and time of occurrence (shown by separate symbols, as indicated) for each month. (a) November 2011, (b) December 2011, (c) January 2012, and (d) February 2012. Only CEJ with amplitude below midnight mean level is present on many days, and a cutoff value of greater than -2 nT is considered in the present study.




A total of 43 CEJ events were identified; out of which, 12 MCEJ, 2 NCEJ, 14 ACEJ, and 15 ECEJ are recorded at the longitudes during the period of study. A total of 28 and 15 CEJ events are observed in VEN and CBY, respectively, during the 4 months of the study. From Table 3, it is seen that most of the CEJs are observed during quiet days Kp < 1, 2 (32 events; 23 days) than moderately disturbed days, i.e., Kp > 2 (11 events; 8 days). Individually, 10, 2 (MCEJ); 2, 0 (NCEJ); 9, 5 (ACEJ); and 7, 8 (ECEJ) are observed at VEN and CBY, respectively. From the same table and Figure 6, it is evident that many CEJ events are present at VEN and absent at CBY on quiet and disturbed days. The presence of CEJs of amplitude < -5 nT influence the strength of the EEJ at both longitudes. This is evident in the reduced amplitudes of EEJ at VEN (Figures 3 and 6) as compared to CBY on the days of occurrence of significant CEJ events (Figure 9).Table 3
                          List of observed CEJ events and their characteristics at both longitudes with reference to Kp index
                        


	Month
	Day
	Kp < 1
	CEJ
	VEN
	CBY

	November 2011
	16
	0.75
	MCEJ
	Yes
	-

	November 2011
	17
	0.93
	ACEJ
	Yes
	-

	November 2011
	19
	0.04
	MCEJ
	Yes
	-

	November 2011
	20
	0.26
	ECEJ
	Yes
	Yes

	December 2011
	6
	0.16
	MCEJ
	Yes
	-

	December 2011
	25
	0.70
	ACEJ
	Yes
	-

	January 2012
	15
	0.95
	MCEJ
	Yes
	-

	January 2012
	19
	0.49
	NCEJ
	Yes
	Yes

	January 2012
	20
	0.99
	NCEJ
	Yes
	-

	February 2012
	16
	0.95
	ECEJ
	Yes
	Yes

	February 2012
	18
	0.80
	ACEJ
	Yes
	-

	 	 	Kp < 2
	 	 	 
	December 2011
	1
	1.68
	MCEJ
	Yes
	-

	December 2011
	20
	1.38
	ACEJ
	Yes
	Yes

	January 2012
	13
	1.54
	MCEJ
	Yes
	-

	January 2012
	17
	1.43
	MCEJ
	Yes
	-

	January 2012
	23
	1.76
	ACEJ
	Yes
	-

	January 2012
	28
	1.50
	MCEJ
	Yes
	Yes

	January 2012
	30
	1.39
	MCEJ
	Yes
	Yes

	February 2012
	2
	1.16
	ACEJ
	Yes
	Yes

	February 2012
	11
	1.08
	ACEJ
	Yes
	-

	February 2012
	21
	1.68
	ECEJ
	Yes
	Yes

	February 2012
	24
	1.34
	ECEJ
	Yes
	-

	February 2012
	29
	1.38
	ECEJ
	Yes
	Yes

	 	 	Kp > 2
	 	 	 
	November 2011
	1
	3.30
	ECEJ
	Yes
	-

	November 2011
	21
	2.45
	ECEJ
	Yes
	-

	December 2011
	29
	2.00
	ECEJ
	Yes
	Yes

	January 2012
	22
	3.43
	ACEJ
	Yes
	-

	January 2012
	24
	2.95
	ACEJ
	Yes
	Yes

	February 2012
	15
	3.41
	ACEJ
	Yes
	-

	February 2012
	22
	2.23
	MCEJ, ECEJ
	Yes
	Yes

	February 2012
	28
	2.20
	ECEJ
	Yes
	-






Results and discussion
New data at closely spaced EEJ sites and comparison with EEJM-2.0
A new set of electrojet pairs used in the present study (VEN-HYB and CBY-PBR) formed the first such set of observations of magnetic variations, separated by 15° longitude and were compared with the monthly averaged values of current densities over the northern Indian Ocean from global EEJM-2.0 (Figure 4). The observed monthly averaged EEJ amplitudes correlated well with the global model EEJM-2.0 at the two longitudes (Figure 5). The noontime EEJ strength shows a smooth decrease in D-season up to December and a gradual increase from January, approaching the equinoctial maximum of daily variation (Figure 6). Global averaged current densities for each month as well as D-season average (Figure 4) show the persistence of larger current strength at 93° longitude compared to 77°. The trends of the monthly averaged hourly means of current density from EEJM-2.0 match the monthly averaged hourly means of EEJ strengths at both the longitudes (Figure 5). Inspection of the top and bottom panels of Figure 5 shows that EEJM-2.0 corresponds very well with the EEJ strengths at VEN and CBY in the morning hours (i.e., from 05:00 to 09:00 LT). In the evening hours (i.e., from 14:00 to 19:00 LT), there are noticeable differences between the data sets during all the 4 months; both in terms of amplitudes as well as the irregular trends of the contours of EEJ at VEN and CBY, seen in the top panels, indicating the local differences at VEN and CBY, which are not reflected in the near congruous trends of the EEJM-2.0 in the bottom panels. Thus, the discrepancies between the trends as well as the amplitudes from model and the data, particularly during the afternoon hours (i.e., from 10:00 to 13:00 LT), are highly prominent in Figure 5a,b, compared to Figure 5c,d, which highlight the nature of EEJ variability at a longitudinal separation of 15°.
Comparison of EEJ fluctuations with estimated current density from the model at respective longitudes further highlights the fact that noontime variability in EEJ strength is not accounted for in EEJM-2.0 (Figure 6). The days when EEJ strength differs from the model also varies considerably more at VEN. This is illustrated in Figures 3, 5, and 6, where variability from day to day and averaged hourly means over the months, for both stations are shown. The variability is generally larger at VEN. This suggests the influence of local meteorological mechanisms, viz., departures/oscillations of the wave structure of atmospheric tides, which are not incorporated in EEJM-2.0. These tides and fluctuations of the eastward and westward winds have been associated with ionospheric parameters (Sridharan et al. 2002; Lin et al. 2007; Luhr et al. 2008; Vichare and Rajaram 2011; Luhr et al. 2012). While this dataset has been analyzed to study the effects of longitudinal separation, the possible influence of local topography and meteorological considerations has not been quantified to make an assessment.

Large day-to-day longitudinal variability between the sites in D-season
On sorting EEJ strengths according to Kp values (Figure 7), it is noted that for more than 30% of the days, the amplitude difference between CBY and VEN is greater than 10 nT, which is significant, being approximately 20% of the averaged EEJ amplitude. A close examination of Figure 6 also shows that noontime EEJ strengths at VEN and CBY are poorly correlated during most of the second half of November 2011, December 2011, first half of January 2012, and few days in February 2012, in agreement with earlier findings (Greener and Schlapp 1979; Alken and Maus 2007). Figure 7 emphasizes the relative degrees of variability of the two longitudes vis-à-vis the number of days. In some earlier analyses, a drop in correlation over longitudinal separation approximately 15 to 20 degrees has been noted (Schlapp 1968; Manoj et al. 2006; Alken and Maus 2007). These analyses showed symmetric reduction of correlation with increasing distance between the longitudes (east and west) of observation. Therefore, it is likely that greater influence of wave-tidal interactions having spatial scales of approximately 1,000 km could be invoked to explain day-to-day variability (England et al. 2006; Abdu et al. 2006). These authors have also suggested planetary wave (PW) oscillations of different periodicities with episodic nature have been observed to occur simultaneously in the mesospheric winds and EEJ intensity. The interaction of gravity waves and non-migrating tides has been noted from observations using air glow and MF radar (Vineeth et al. 2012; Gurubaran et al. 2001; Sridharan et al. 2002), which indicate interactions between planetary wave oscillations and shifts in duration and time of EEJ maximum strength. The zonal distribution of surface heat flux and precipitating clouds is not uniform around the globe and leads to the generation of non-migrating tidal oscillations, in the lower atmosphere, propagating both westward and eastward, or standing (Tsuda and Kato 1989). To a lesser extent, local factors affecting lower atmospheric neutral winds could also influence E-region dynamics through lower-upper atmospheric coupling, as low-latitude observations have revealed the existence of non-migrating tides even at mesospheric levels (Sasi and Krishnamurthy 1993). Immel et al. (2006) conclude that neutral winds in the lower atmosphere influence and modulate the E-region dynamo to produce spatial variability approximately 1,000 km scales. Other causes of EEJ variability suggested by earlier workers are (i) the variations in tidal strength (Stening 1975) and the sharp longitudinal gradients in the diurnal non-migrating tides (DE2 and DW2) between the longitudes over 15° separation (Anderson et al. 2009); (ii) the day to day variability of zonal winds (Fang et al. 2008); (iii) the day-to-day variability in semidiurnal tide at lower thermosphere, modulated by interactions at planetary wave periodicities (Fuller-Rowell et al. 2008); and (iv) the modulation of ionospheric dynamo in the middle atmosphere through the excitation of solar non-migrating tides in the troposphere (Jin et al. 2011).

CEJ events
A total of 43 CEJ events were identified in this 4-month season. Some significant patterns are the large number of small amplitude CEJ events occurring almost daily (Figure 9), the absence of CEJ events at CBY (93°) longitude (examples: 01 and 16 November and 01 December 2011) which were recorded at VEN and simultaneous events at both longitudes (examples: 20 November and 20 and 29 December 2011) during the period of study. The presence of westward currents during daytime results in decrease of the eastward electrojet (examples: November 2011 to January 2012 at VEN) in the morning and (i.e., from 08:00 to 10:00 LT) evening hours (i.e., from 14:00 to 16:00 LT) and shifting of the noontime peak to 13:00 LT, seen in Figure 5a (for November 11 to January 12) and for January 2012 at CBY (Figure 5b) to 13:00 LT. From Table 3, it is evident that most of the observed CEJ events are during Kp < 1 (13 events) and Kp < 2 (20 events), highlighting the variability in occurrence phenomena of CEJ during quiet days.
It is evident that the CEJ occurrences are more frequent and higher in amplitude at VEN than CBY (Figure 9), which is a new finding and important contribution of this work. The persistence of CEJ events at VEN but not at CBY indicate the influence of local effects such as: eastward zonal winds (Ramkumar et al. 2002), gravity wave-tidal interactions, and vertical coupling process in mesosphere lower thermosphere ionosphere (MLTI) resulting in neutral winds (Vineeth et al. 2007; Liu and Watanabe 2008) via DE3 tidal modulation of the E-layer dynamo, changes in temperature, wind and density variation in the upper mesospheric region due to the influence of tides, gravity, and planetary waves from the stratosphere and troposphere (Vineeth et al. 2012), which strongly influence ionospheric conductivity over short spatial scales of approximately 1,600 km. The present observations reinforce the previous works of Rastogi (1973), Raghavarao and Anandarao (1987), Rangarajan and Rastogi (1993), suggesting that the phenomena of depression of X or H component of the magnetic field at electrojet stations during morning hours are localized events and in some occasions, the events may not occur on the same day even at locations separated by a longitude of 2 to 3 h (i.e., more than 3,000 km). Kane (1973), Kane and Trivedi (1981), and Rastogi (1974) found that CEJs have a small longitudinal extent of less than 3,000 km. Rangarajan and Rastogi (1993) observed that CEJ events at observatories separated by 35° are not always in agreement. Variability in occurrence of CEJs could also be due to the differences in local wind shears that modify jet fields (especially during the noon hours), (Reddy and Devasia 1981) in addition to the observed changes in neutral winds (Sridharan et al. 2002; Vineeth et al. 2007). Whether there is a predominance of CEJs in the westward direction requires analysis of data from at least one more western longitude along with measurements of associated ionospheric parameters which is planned to be the future work.


Conclusions
The current study presents for the first time observations that document the variability in EEJ at separation of 15° longitude with two new remote electrojet sites in India. The EEJ strengths observed at VEN and CBY are compared with the current density of EEJM-2.0. While the difference in current densities at the two sites is constant, the EEJ strength at these sites exhibit differences, both on monthly averaged values as well as daily values. Day-to-day variability could be up to 30 nT (almost 50% of the signal strength). These observations provide evidence of local influences over a separation of 1,600 km.
Short spatial variability of equatorial electrojet on the earth's magnetic field plays a key role in understanding dynamics of the atmosphere-ionosphere coupling. Several mechanisms can cause the longitudinal variations in EEJ strength: tidal effects in the ionosphere, low-latitude signatures of magnetic activity, planetary wave oscillations, interaction of gravity waves and non-migrating tides and day to day variability of zonal winds. The role of atmospheric/meteorological effects in ionospheric variability is being studied and quantified with ever increasing accuracy of the present satellite observations. Real time ground observations of ionospheric changes may provide critical inputs to further probe the factors for the variability.
A large number of CEJ events recorded in this dataset exhibit a distinct difference in occurrence pattern at VEN and CBY, suggesting that various CEJ currents are influenced by local effects that are associated with the coupling process of troposphere-stratosphere mechanisms generated by atmospheric tidal winds over a short duration of one hour. Some mechanisms in lower/upper atmosphere have been observed to directly influence the eastward electrojet. Some are sporadic and some are periodic. The influence of each cannot be quantified from the present study.
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