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Abstract We present statistical results of traveling ionospheric disturbances (TIDs) with origin near the
geomagnetic equator during geomagnetic storms that occurred within the period of 2010-2018. Based on
storm criteria of Kp > 4 and Dst < —50 nT, we have analyzed total electron content perturbations derived
from Global Navigational Satellite Systems observations within a latitude range of 40°S—60°N and longitude
ranges of 20°-40°E and 50°-70°W representing the African and American sectors. Although the northern
hemispheric part of the African sector has limited data coverage, results show that the launched TIDs do not
exceed the latitudinal distance of 20°-25° from their origin during the analyzed period. A statistically similar
result is observed over the American sector with launched poleward TIDs constrained largely within +20°-30°
around the geomagnetic equator. Where data are available, majority of these cases are linked to changes in
ionospheric electrodynamics, especially the enhancement of equatorial electrojet (EEJ), although there are
other observations that are not explained by EEJ variability. This indicates that there may be other physical
mechanisms that play a role in launching TIDs at the geomagnetic equator during disturbed conditions. An
important result is that large-scale and medium-scale TIDs have been found to occur predominantly during the
main and recovery phases of geomagnetic storms, respectively, at least over the African sector.

1. Introduction

Traveling ionospheric disturbances (TIDs) during geomagnetic storms are usually associated with solar wind—
magnetosphere-ionosphere coupling that leads to the surge in the generation of atmospheric gravity waves
(AGWs) as aresult of enhanced Lorentz coupling, Joule heating, and particle precipitation in auroral/high-latitude
regions (e.g, Balthazor & Moffett, 1997; Bruinsma & Forbes, 2009; Hajkowicz & Hunsucker, 1987; Hocke &
Schlegel, 1996; Hunsucker, 1982). Large-scale TIDs (LS TIDs) show a dominant equatorward direction from both
northern and southern hemispheres and have been extensively reported from ground-based instrumentation such
as ionosondes and other radar systems (e.g., Hocke & Schlegel, 1996; Nicolls et al., 2004; Shiokawa et al., 2002),
optical instruments such as airglow imagers (e.g., Shiokawa et al., 2002), and satellite observations from differ-
ent missions such as CHAMP, SWARM, and general Global Navigational Satellite Systems (GNSS) networks
(Borries et al., 2009; Bruinsma & Forbes, 2009; Habarulema et al., 2018; Katamzi & Habarulema, 2014; Nicolls
et al., 2004; Tsugawa et al., 2004, 2003). Equatorward TIDs have been reported to cross either the geomagnetic
or geographic equator to either hemisphere (e.g., Balthazor & Moffett, 1997; Bruinsma & Forbes, 2009) in which
case they could become poleward meaning that they are traveling in the poleward direction. Medium-scale TIDs
(MS TIDs) occur more frequently and are associated with many sources, such as tropospheric and mountainous
turbulent processes (e.g., Valladares & Hei, 2012), and can propagate in any direction. MS TIDs have periods
and velocities in the ranges of about 15-60 min and 100-250 m/s, respectively (e.g., Hunsucker, 1982; Kersley &
Hughes, 1989). Most LS TIDs have periods larger than 1 hr and velocities of 300—1,000 m/s, although some stud-
ies have indicated the period range as 30 min to 3 hr (e.g., Hocke & Schlegel, 1996; Hunsucker, 1982). Thus, there
is sometimes “overlap” in either period or velocity values in classifying MS TIDs and LS TIDs. However, these
types of TIDs originating from high/auroral regions as well as medium-scale TIDs that do not have a preferred
direction are not the focus of this paper.
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(a) Distribution of GNSS receivers used in this study
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Figure 1. Distribution of Global Navigational Satellite Systems (GNSS) receivers used in the study (a) and examples of poleward Traveling ionospheric disturbances

(TIDs) occurrence over the African sector

on (b) 16 July 2012, (c) 14 April 2014, and (d) 16 November 2014.

Instead, we focus on TIDs that have been observed to have their origin from around the geomagnetic equator and
propagate poleward during geomagnetic storms. Despite their possible existence having been suggested and numer-
ically shown about 50 years ago (Chimonas, 1969; Knudsen, 1969), literature about their observations is nearly
nonexistent. This is because AGWs generated through EEJ dynamics and electrodynamics are difficult to observe
and track due to their small amplitudes compared to the ones that originate from auroral regions (Knudsen, 1969).
It is only recently that these TIDs have started receiving attention with their existence having been reported in
Habarulema et al. (2015) during the geomagnetic storm of 9 March 2012. Prior to this, Ding et al. (2013) showed
poleward LS TIDs over China during the recovery phase of the 27 May—01 June 2011 geomagnetic storm and
attributed these observations to medium-scale TIDs dissipating energy resulting in the excitation of LS TIDs.
Following Habarulema et al. (2015), it was further shown that poleward TIDs could be a result of enhanced EEJ
during local daytime over the African and American sectors (Habarulema et al., 2016). Since then, a few studies
have reported some aspects related to poleward TIDs possibly originating from the geomagnetic equator (e.g.,
Habarulema et al., 2018; Ngwira et al., 2019) and deep convection within the troposphere (e.g., Jonah et al., 2018).
Recently, Ngwira et al. (2019) showed that while the Thermosphere Ionosphere Electrodynamics General Circula-
tion Model clearly captured equatorward LS TIDs, it was unable to reveal the existence of MS TIDs of equatorial
origin over Brazilian longitudes during the storm of 22-23 June 2015. This leads to a number of scenarios, including
the possibility of the observed poleward TIDs being interhemispheric TIDs, which may be amplified as they cross
the geomagnetic equator, similar to results reported in Pradipta et al. (2016).

It is in this context that we perform a statistical study to determine the frequency of occurrence of poleward TIDs
with specific emphasis on the ones originating from the geomagnetic equator during geomagnetic storms by
analyzing total electron content (TEC) within 2010-2018. Using the storm criteria of Kp > 4 and Dst < —50 nT,
we have analyzed 2-dimensional (2-D) maps of diurnal variability of TEC perturbations during geomagnetic
storms occurring from 2010 to 2018. For this analysis, we have considered GNSS receiver locations within a
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(a) Distribution of GNSS receivers used in this study

(b) Lat: 40°S-60°N, Long: 50-70°W (02/10/2013)
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Figure 2. Similar to Figure 1; for the American sector on (b) 02 October 2013, (c¢) 15 July 2013, and (d) 02 March 2017.

latitude range of 40°S—60°N and longitude ranges of 20°-40°E and 50°~70°W over the African and American
sectors, respectively.

2. Data Sources and Method

In this study, observations of poleward TIDs are solely based on TEC derived from GNSS data within latitude
and longitude ranges of 40°S—60°N and 20°—40°E and 40°S—60°N and 50°~70°W over the African and American
sectors, respectively. Over the GNSS receiver locations within the specified latitude and longitude ranges, TEC
data were derived using the Boston College algorithm that has been utilized extensively in different TEC investi-
gations (e.g., Habarulema et al., 2016; Pradipta et al., 2016; Valladares et al., 2009, and some references therein).

Figure 1a shows the location of GNSS receivers (blue dots) used in this study, which reflects lack of sensors on the
western part of the African continent that informed the choice of the 20°—40°E longitude sector represented within
the vertical red lines. In an effort to minimize errors related to multipaths, we use TEC values with an elevation angle
cutoff of 20° (e.g., Habarulema et al., 2016). To detect poleward TIDs, we apply a fourth-order polynomial fit to TEC
for all satellites visible over all GNSS locations within the selected latitude and longitude ranges. The fitting procedure
removes diurnal variability from the TEC segment time series data (e.g., Valladares et al., 2009) and the difference
between TEC and corresponding fits yields TEC perturbations (hereafter referred to as ATEC). Figures 1b—1d shows
examples of ATEC as a function of latitude and time for 16 July 2012, 14 April 2014, and 16 November 2014, respec-
tively, within latitude and longitude ranges of 40°S—60°N and 20°—40°E. In Figures 1b-1d, the horizontal line depicts
the geomagnetic equator at approximately 10° geographic latitude. For demonstration purposes, Figure 1b—1d shows
linear fits (represented by red lines) on traces of enhanced ATEC starting at approximately 0700, 0530, and 1530
universal time (UT), respectively, which in this case act as estimated launching times of the associated poleward TIDs.
With reference to the geomagnetic equator (horizontal red dashed line at 10°N, geographic), the fits in both southern
and northern hemispheres appear nearly symmetric especially for Figures 1b—1c signifying that the source mechanism
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(a) Velocity values of poleward TIDs during main and recovery phases
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Figure 3. Statistical results of poleward Traveling ionospheric disturbances (TIDs) during main and recovery phases for geomagnetic storms that occurred from 2010

to 2018 over the African sector.

for these TIDs may be around the equatorial region. Based on the linear fits, the velocity of the TIDs in Figures 1b—1d
have been determined using the gradient method (Liu et al., 2019; Thaganyana et al., 2022) as 380 + 33, 222 + 18,
and 348 + 5 m/s, respectively.

Figure 2 is similar to Figure 1 but for the American sector. The red vertical lines in Figure 2a show the latitude and
longitude ranges used in the analysis. The horizontal red dashed lines in Figures 2b—2d depict the approximate
location of the geomagnetic equator at 3°S geographic latitude. In Figures 2b—-2d, ATEC (TECU) as a function
of latitude and time within the 20° longitude range covering 50°-70°W is shown for 02 October 2013, 15 July
2013, and 02 March 2017, respectively, from where poleward TIDs can be observed to be emerging at around
2100, 1800, and 1700 UT. The determined velocity values for the fitted TID traces in Figures 2b—2d are 240 + 55,
330 + 20, and 282 + 16 m/s, respectively.

3. Results and Discussion

Figure 3 shows statistical results of poleward TIDs launched from the geomagnetic equator over the African
sector during the main and recovery phases of geomagnetic storms occurring from 2010 to 2018. Figure 3a shows
the approximate time in different years at which poleward TIDs emerge as a function of the computed velocity.
Results are presented for main (blue dots) and recovery (black crosses) phases. The main result or finding from
Figure 3a is that these poleward TIDs were mainly observed in 2012 and 2015. Figures 3b—3c show aggregated
diurnal results of poleward TIDs' velocity (m/s) and period (hours) for main and recovery phases, respectively.
In Figures 3b-3c, velocities and periods of the TIDs are plotted as blue dots and open black circles, respectively,

HABARULEMA ET AL.

40of 10



A7t |

A\ Journal of Geophysical Research: Space Physics 10.1029/2021JA030162
AND SPACE SCIENCE
(a) Velocity values of poleward TIDs during main and recovery phases
600 T T \ \ I
* Main phase
X
5001 Recovery phase
Q
E 400 B
2
.g L] ° °
< 3001 X y % -
>
° X
200 *
100 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018
Years
600 ‘(b) Mgln PhaseI ‘ - 25 600 ‘(c) Repovery Pt:a;e - 25
1 1 1 1
1 1 1 1
5001 1 1 12 5001 1 1 12
1 1 . 1 1 .
w 1 1 2 1 1 )
£ 400} o 1 1 11.5 3 £ 400} 1 1 115 3
> 10 o1 ESNS 1 1 <
S ‘1 o ° G 1 o 1 °
2 300[ ° - & &1 {1 €3 300 & - T
> ol 1 e = 1 o] 1 D
1 Q, 1 o} 1
2001 : : 10.5 200 : : 10.5
1 1 1 1
100 : : L : : —L—Ig 100 : : L. : : —L—Ig
0 3 6 9 12 15 18 21 24 0 3 6 12 15 18 21 24
Time (UT) Time (UT)

Figure 4. Similar to Figure 3 but for the American sector.

while the dashed vertical black lines represent the local sunrise (0700 local time [LT]) and sunset (1800 LT)
times. In both phases, poleward TIDs are observed within time periods of 0400-1530 UT (about 0600-1730 LT)
especially during local daytime. Following the period range categorization of 30 min to 3 hr for LS TIDs (e.g,
Hunsucker, 1982; Kersley & Hughes, 1989, we found that almost all poleward TIDs (with exception of one case)
during the main phase of geomagnetic storms were large scale with velocities ranging from ~300-550 m/s. Apart
from two cases, Figure 3b shows that period values range from 0.5 to 2 hr. During the recovery phase (Figure 3c),
63% and 37% of the observed poleward TIDs accounted for medium- and large-scale TIDs with period (velocity)
ranges of 23-50 min (190-290 m/s) and 30 min—1.5 hr (300—410 m/s), respectively.

Figure 4 is similar to Figure 3 but for the American sector. The dashed vertical black lines in Figures 4b—4c also
represent the approximate local sunrise (0700 LT) and sunset (1800 LT) times. We observe fewer poleward TIDs
over the American sector than in the African sector. Overall, there were about 12 and 40 identified cases of pole-
ward TIDs over the American and African sector, respectively. A common finding is that poleward TIDs are to a
large extent a daytime phenomenon, an indication that their launching source mechanisms may be related or even
similar. Results during the main phase (Figure 4b) show that the TIDs were mainly large scale with periods and
velocity ranges of 45 min—1.5 hr and 300-350 m/s (except one case), respectively. Out of the five cases observed
during the recovery phase (Figure 4c), three fell within the MS TIDs category. Excluding the case that is very
close to the 0700 LT line in Figure 4b, there were three cases of poleward TIDs observed over the American
sector during nighttime.

It has been suggested and numerically shown that changes in EEJ can have an influence in contributing to AGWs
during disturbed conditions (e.g., Chimonas, 1969; Knudsen, 1969). The possibility of these AGWs leading to
poleward TIDs as a result of Lorentz coupling of ions to neutrals through collisions has been reported using TEC
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Figure 5. An example showing the procedure followed to establish the
correlation between the occurrence of poleward Traveling ionospheric
disturbances (TIDs) and changes in EEJ variability as (a) ATEC (TECU) over
the African sector on 11 March 2012, (b) AH (nT) for 11 March 2012 and
corresponding monthly median AH (nT) for March 2012. In (c), a scatter plot
of estimated start time of poleward TIDs and time of maximum AH during the
period when poleward TIDs existed is shown.

observations for two geomagnetic storms of 09 March 2012 and 2017 March
2015 (Habarulema et al., 2015, 2016, 2018). To investigate the role played
by changes in electrodynamics in contributing to these poleward TIDs, we
statistically analyze the variability of EEJ during geomagnetic storms with
reference to monthly median EEJ values for the month during which the
storm occurred. The EEJ is computed from the horizontal component (H) of
Earth's magnetic field using a pair of magnetometer locations at the geomag-
netic equator and another one displaced from the equator by 6-9° follow-
ing the well-established differential magnetometer approach (Anderson
etal., 2002, 2004; Rastogi & Klobuchar, 1990; Yizengaw et al., 2012). Within
our 20°-40°E longitude sector over the African region, the two magnetome-
ter locations satisfying the need to apply differential magnetometer approach
are Addis Ababa, AAE (9.0°N, 38.8°E; 0.2°N geomagnetic) and Adigrat,
ETHI (14.3°N, 39.5°E; 6°N geomagnetic). The differential magnetometer
approach first needs the correction of individual magnetometer observations
for different offsets, which was done by subtracting daily average H values
during 2300-0300 LT (e.g., Yizengaw et al., 2011). Once the offset correc-
tion on each magnetometer observation has been done, direct subtraction of
the resulting H values gives AH, which is well known as the proxy of EEJ
and is directly proportional to vertical E X B drift (Anderson et al., 2004;
Yizengaw et al., 2012). Additional details about the differential magnetom-
eter approach can be found in several sources (e.g., Anderson et al., 2004;
Rastogi & Klobuchar, 1990; Yizengaw et al., 2012, and references therein).

To determine the correlation between changes in EEJ and occurrence of pole-
ward TIDs, we identify times of maximum AH (EEJ) during the time range
when poleward TIDs were observed. The database of AH (EEJ) depends
on the availability of magnetometer data over two locations. Unfortunately,
data over ETHI are only available from 2008 to 2013, limiting our ability
to compute AH (EEJ) during the periods when we observed poleward TIDs
especially in 2015. Thus, out of 14 and 26 cases where traces of poleward
TIDs were identified during main and recovery phases, respectively, it was
only possible to determine AEEJ for 11 comprising 5 and 6 cases during
main and recovery phases, respectively.

Figure 5 shows an example of the method followed to identify maximum
AH during the time period when poleward TIDs existed for 11 March 2012
over the African sector. A similar approach was applied for all time periods
and events when poleward TIDs were observed over both the African and
American sectors. As a first step to suggest that the EEJ variability may have
an impact on the origin of poleward TIDs, the AH during the time duration
of poleward TIDs existence should be above quiet time variability. During
geomagnetic storms, this situation can be caused by the additional contribu-

tion of electric field of magnetospheric origin (e.g., Fejer & Scherliess, 1995; Huang et al., 2005) to the existing
eastward electric field during local daytime in the equatorial regions. The enhanced eastward electric field then

leads to increased Lorentz force that later makes coupling of the neutrals to ionized components effective for
conditions responsible for launching poleward TIDs (Chimonas, 1969; Habarulema et al., 2016). In this study,
we have determined the quiet time reference based on monthly median AH. Figure 5a shows the 2-D ATEC as a
function of latitude and time for 11 March 2012. Traces of poleward TIDs are observed during 1000-1100 UT.
Figure 5b shows changes in AH (EEJ, plotted in blue) for 11 March 2012 with monthly median AH (red curve) for
March 2012. As represented between two vertical black lines, we observe a clear increase of AH over the corre-
sponding monthly median values during 1000—1100 UT. The inset of Figure 5b shows the zoomed in variability
of AH during this time interval. For the determination of correlation between the EEJ variability and occurrence

of poleward TIDs, we select the time corresponding to maximum AH (during the time period when poleward
TIDs are observable), which is 1033 UT as shown by the black dot in the inset of Figure 5b. Figure Sc shows the
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Traveling ionospheric disturbances (TIDs) at 0700 UT when AH values were largely negative.

correlation between the time corresponding to maximum AH (EEJ) and approximated start time of TIDs' obser-
vation during the time range when poleward TIDs were observed to be originating from the geomagnetic equator
for all the 11 cases when data were available over the African sector. With this limited data set, there is a clear
one-to-one correlation between the launching of poleward TIDs from the geomagnetic equator and enhancement
of EEJ as quantified by AH above the quiet time background monthly median AH.

Over the African sector, we have observed a single case where poleward TIDs existed during the time when AH
(where available) showed a counter electrojet (CEJ) on 16 July 2012. Figure 6a shows the latitude-time plot of
ATEC where traces of poleward TIDs are clearly visible starting at around 0700 UT (0900 LT). The red fitted
lines show the orientation of the poleward TIDs in both southern and northern hemispheres. This particular TID
occurred during the recovery phase of the 15-16 July 2012 storm and fell within the medium-scale category
based on its velocity and period values of 380 m/s and 32 min, respectively. Figure 6b shows changes in AH (blue
curve) on 16 July 2012 with monthly median AH (red curve). Despite some missing data, where available, AH is
largely negative during 0700-0800 UT. At this point, we are unable to conclude whether there was increased EEJ
responsible for this TID due to the existing data gap. Nevertheless, we see other traces of poleward TIDs between
0800 and 1000 UT coinciding with increased AH on 16 July 2012 over the respective monthly median AH values
as shown by the inset figure in Figure 6b.
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20 f =050 mum AH (when EEJ on a geomagnetic storm day was above the respective
30 —075 monthly median) within the time range when the TIDs were present over the
| . 4 S American sector. The pair of magnetometer locations within 50°-70°W are
-40 0 2 4 6 8 10 12 14 1 2 2 ) -1.00 Alta Floresta, ALTA (9.9°S, 56.1°W, 0.8°N geomagnetic) and Cuiaba, CUIB
Time (UT) (15.6°S, 56.1°W, 5.9°S geomagnetic). However, ALTA-CUIB had significant
(b) AH (blue) for 02 March 2017 and monthly median AH for March 2017 missing EEJ data including for 2017, and therefore, the EEJ (AH) informa-
ég 490 507—mmm = 77 ] tion shown in Figure 7b is for locations over Belem station, BELM (1.45°S,
50 30 : 48.5°W, 1.05°S geomagnetic) and Petrolina station, PETR (9.5°S, 40.5°W,
o ‘3‘8 20 C&\%;: m& ] 6.95°S geomagnetic). For cases in 2017 where EEJ data for ALTA-CUIB
c 20r 1 .
= 18. 1017 75 18 \ : | were not available, we have ysed EEJ data for BELM-PI.ETR. The ALTA-
< ol ~ | CUIB and BELM-PETR pairs belong to the Low Latitude Ionospheric
:%8 :ﬁ/IH: ?rﬁ Mar%h ZOAZ' i Sensor Network (LISN) (Valladares & Chau, 2012) and African Meridian
:‘5‘8’ orvmedanan W) ] B-field Education and Research (AMBER) (Yizengaw & Moldwin, 2009)
0 2 4 6 8 10 12 14 16 18 20 22 24 :
Time (UT) networks, respectively.
= é‘f‘) Estimated aunch time of poleward TIDs against time of maximum AH Returning to the scatter plot in Figure 7c, the black dots are for AH data
£ 21} R=0.9915 X 1 over ALTA-CUIB (and BELM-PETR for 2017 cases). For the three cases
5 18} ' x 1 when EEJ data were available, AH was elevated above quiet time variability
é 157 R=0.9946 x 1 showing a correlation close to one. Due to the limited data set over ALTA-
® 15 X CUIB, we repeated a similar analysis using data for Jicamarca, JICA (11.8°S,
g 6l 77.2°W; 0.8°N geomagnetic) and Piura, PIUR (5.2°S, 80.6°W; 6.8°N
g 3 1 geomagnetic) and results are plotted in red crosses in Figure 7c. As observed,
F 00 2 4 6 8 10 12 14 16 18 20 22 24 both JICA-PIUR and ALTA-CUIB results are in agreement in showing that
Estimated launch time of TIDs (hrs) the occurrence of poleward TIDs has a high correlation with increased EEJ

(AH) over the expected quiet time variability.
Figure 7. Similar to Figure 5 over the American sector. The example showing

the occurrence of poleward total electron content (TIDs) and increase in Our statistical results show that the storm-induced poleward TIDs emerging

equatorial electrojet (EEJ) over monthly median values is shown for 02 March from the equatorial regions are largely constrained within +10°~30° around
2017. In panel (c), a scatter plot of estimated start time of poleward TIDs and

time of maximum AH during the period when poleward TIDs existed is shown . . . .. .
using derived EEJ with two pairs of magnetometers ALTA-CUIB (black dots) analysis of properties of traveling atmospheric disturbances (TADs) during

and JICA-PIUR (red crosses). storms of 2001-2007, Bruinsma and Forbes (2009) stated that few cases of
poleward TADs were observed but did not propagate far from their source

the geomagnetic equator over both African and American sectors. In their

and were difficult to be tracked. With respect to TIDs of geomagnetic equator

origin, the difficulty in tracking AGWs that give rise to poleward TIDs was

earlier pointed out due to their lower amplitudes compared to those from
auroral regions (Knudsen, 1969) and thus require a relatively dense network of sensors such as GNSS receiv-
ers. This raises a question about the extent of spatial propagation of the launched AGWs and their associated
physical mechanisms. If Lorentz coupling is the source mechanism of these AGWs in equatorial regions, why
are the resulting TIDs not detectable away from low latitudes such as in midlatitudes as is the case with their
auroral region-related counterparts? The answer to this question lies partly in the orientation of the Lorentz force
driving the ion-neutral collisions at equatorial and auroral regions. Due to nearly vertical nature of the magnetic
field in auroral regions, Lorentz coupling involves a direct transfer of energy to the neutrals in a horizontal way
(e.g., Chimonas, 1969; Knudsen, 1969). Obviously, the Lorentz force in equatorial regions is vertical due to the
eastward electric field and the magnetic field is almost horizontal. An additional consideration is the strength of
the magnetic field in auroral and equatorial regions. The magnetic field strength in auroral regions is approxi-
mately double that of the strength in the equatorial region, and given that the current density magnitude in EEJ is
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about 1/3 that of the auroral electrojet (AEJ) during geomagnetic storms (Akasofu et al., 1965; Knudsen, 1969),
the resulting force (J X B) in EEJ is smaller than that in the auroral region by a factor of 1/5 (Knudsen, 1969;
Yizengaw et al., 2018). Thus, the orientation of the Lorentz force, integrated current density in EEJ and AEJ, and
magnetic field strength influences the resultant energy transferred from ions to neutrals; and hence distinguishes
the characteristics of the launched AGWs in auroral and equatorial regions. Therefore, even during geomagnetic
storms, the Lorentz coupling involving EEJ changes is less effective in launching AGWs resulting in TIDs in
equatorial regions compared to auroral regions (Chimonas, 1969). There are other processes such as Joule heat-
ing and particle precipitation that are more effective in high latitudes compared to equatorial latitudes during
geomagnetic storms (Hajkowicz & Hunsucker, 1987; Hocke & Schlegel, 1996). While the ATEC magnitudes
associated with equatorward and poleward TIDs (where both exist) may be comparable in the examples shown,
it does not directly mean that their amplitudes at the source origin are indeed similar. For example, this study has
shown that AGWs that give rise to poleward TIDs statistically propagate up to 10°-30° from the geomagnetic
equator, while equatorward TIDs are detected even while crossing the equator (e.g., Balthazor & Moffett, 1997,
Bruinsma & Forbes, 2009). During their propagation, equatorward AGWs/TIDs experience energy dissipation as
they travel away from the source origin. The study by Pradipta et al. (2016) has reported results of high resultant
amplitudes of LS TIDs near the geomagnetic equator due to the interference of TIDs originating from the auroral
regions during the geomagnetic storm of 26 September 201 1. In future, it will be interesting to statistically estab-
lish and compare the range of amplitudes for AGWs/TIDs originating in equatorial and auroral regions during
geomagnetic storms based on observational data.

4. Conclusions

In this study, we have established that poleward TIDs during geomagnetic storms over the African and Amer-
ican sectors occur mainly during local daytime. Over the African sector, the poleward TIDs during the main
phase were mostly large scale with cases of periods greater or equal to 1 hr and velocity values of 300-550 m/s
accounting for about 64% of the events. During the recovery phase of the storms, the observed poleward TIDs
were dominated by the medium scale category (63%) with periods of less than an hour. For the American sector,
poleward TIDs also occur predominantly during local daytime, although there are some cases observed during
nighttime hours. Interestingly, most of the poleward TIDs over the American sector occurred during the storm
main phase as opposed to the African sector that had a significant number of poleward TIDs during the recovery
phase. Overall, electrodynamics related to enhanced eastward electric field and hence increased vertical E X B
drift plays a crucial role in launching atmospheric gravity waves in equatorial latitudes that are a likely source of
the reported poleward TIDs. This investigation found that there are more poleward TIDs over the African sector
than the American sector during disturbed conditions. The reasons for this difference are not established in this
paper and will be a future investigation. It is found that poleward TIDs over both African and American sectors
are largely confined within 10°-30° of the geomagnetic equator.

Data Availability Statement

Equatorial electrojet (EEJ) data are available at http://magnetometers.bc.edu/index.php/downloads.Their data are
available from http://lisn.igp.gob.pe website. The Dst and Kp indices data were accessed from the World Data
Centre, Kyoto, Japan http://wdc.kugi.kyoto-u.ac.jp.
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