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Abstract. The virtual height of the bottom side F-region been extensively studied by analysing the ground-based mag-
(W' F) and equatorial spread-F (ESF) onsets at Chumphometometer data (e.g., Doumouya et al., 1998).
(10.7 N, 99.2 E; 3.3 N magnetic latitude) were compared |t is well-known that the reversal of the eastward electric
with the behaviour of equatorial electrojet (EEJ) ground field to westward around sunset is often accompanied by a
strength at Phuket (8N, 98.3 E; 0.I° N magnetic lati-  strengthened eastward electric field called the pre-reversal
tude) during the period from November 2007 to Octoberenhancement (PRE), and its amplitude and time depend on
2008. Increase in the F-layer height and ESF onsets duringhe solar and magnetic activities, season and longitude (e.g.,
the evening hours were well connected with the EEJ ground-ejer and Scherliess, 1997, 2001). A mechanism of PRE
strength before sunset, namely, both the height increase anghs been investigated with numerical techniques, and the F-
ESF onsets were suppressed when the integrated EEJ grounggion dynamo has been considered as the primary origin of
strength for the period from 1 to 2 h prior to sunset was negaPRE (e.g., Eccels, 1998; Heelis, 2004). However, detailed
tive. The finding suggests observationally that the pre-sunsgphysical processes connecting the F-region dynamo and PRE
E-region dynamo current and/or electric field are related toappear to be complicated, and several explanations have been
the F-region dynamics and ESF onsets around sunset. ~ proposed (e.g., Rishbeth, 1971; Farley et al., 1986; Haeren-
del and Eccles, 1992; Eccles, 1998). Haerendel and Eccles
(1992) investigated a current system around sunset by in-
putting arbitrary zonal electric field variations in their model.
They found that the dayside EEJ flows into a night side re-
gion and that a vertical divergent current of EEJ connects to
1 Introduction the vertical F-region dynamo current. They proposed that the
current connection demands EEJ to flow in a low conductiv-
The vertical E x B drift driven by the zonal electric field ity E-region around sunset, and then an additional eastward
and horizontal northward magnetic field significantly affects electric field strengthening PRE can originate.
the structure and dynamics of the equatorial F-region iono- Equatorial spread-F (ESF) irregularity is a plasma density
sphere. The verticak x B drift is generally upward during irregularity occurring in the F-region ionosphere after sun-
the daytime and downward during the nighttime. During theset. Since the ESF irregularity causes severe disturbances
daytime, the eastward electric field is mainly generated byfor various communication and navigation systems, a pre-
the E-region dynamo. The dynamo electric field simultane-cise forecast of ESF onsets is important from a point-of-view
ously drives a zonal current in the E-region. Such a currenbf space weather. Although an initial phase of ESF develop-
is intensified in the vicinity of the magnetic equator with the ment has been explained by the linear Rayleigh-Taylor insta-
range of a few degrees and is called the equatorial electrojetility theory (e.g., Sultan, 1996), the precise forecast of ESF
(EEJ) (Chapman, 1951). EEJ causes large variations, typensets has not been established. One of the reasons is that the
ically several tens nT, in the geomagnetic field, and it hasseeding mechanism of an initial perturbation which is neces-
sary for ESF onsets has not been fully understood, although
the gravity wave has been suggested as the possible seed-
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development (Abdu, 2001). Among the various processes300 km. Many earlier studies have utilizdti’F/dt for eval-
PRE is considered to be the primary process acting on ESkating theE x B drift of PRE with ionosonde observation
development (e.g., Abdu, 2001); it is then pointed out that(e.g., Rama Rao et al., 1997). During the nighttime, the lower
the precise knowledge of the day-to-day variability of PRE edge of the F-region echo trace at CPN is generally below
can help in understanding that of ESF onsets. the frequency of 2.0 MHz, which is the start frequency of the
Recently, relationships between the daytime EEJ, PRHonosonde installed at CPN. Considering the retardation ef-
strength and ESF onset have been extensively investigatefect on the echo tracéy/ F scaled at the lower frequency is
particularly in India. Dabas et al. (2003) compared the virtualmore adequate to evaluate tliex B drift of PRE, on the
height of the bottom side F-layeh/(F) on ionograms and contrary, scaling:’F at the lower frequency is more likely
the E x B drift (dh’F/dt) during evening hours with the EEJ to be interfered by the sporadic E-layer. In this contgs,
ground strength observed at 11:00 IST (Indian standard timeat the frequency of 2.5 MHz is manually scaled to derive the
IST=UT+5.5h) in February 1980 and September and Octo-PRE strength as performed by earlier studies (e.g., Saito and
ber 1989. They found that the daytime EEJ ground strengtiMaruyama, 2006; Maruyama et al., 2007). On the basis of
and both the evening’ F and E x B drift show good, pos- the findings by Bittencourt and Abdu (1981), a peakdf
itive correlations. Tulasi Ram et al. (2007) examined theduring the period from 18:00 to 21:00 THA reflects a time-
highesth’ F, ESF onset from 18:00 to 21:00IST, and the in- cumulativeE x B drift of PRE. We adopted a peak afF
tegrated EEJ ground strength (IEEJ) from 07:00 to 17:00 ISTfrom 18:00 to 21:00 THA as the PRE strength. It should be
in March for the period 2001 to 2005. They found that the noted that:’ F derived in this study was often below 300 km
highesth’ F, ESF onset, and IEEJ show good, positive corre-(see Fig. 1), in which casé/F is affected by the produc-
lations. The relationships they found can help in forecastingtion and loss of plasma as well as tBex B drift of PRE.
ESF onsets because the EEJ ground strength before sunseten, the peaks of’ F' are not utilized to discuss the PRE
can be measured prior to ESF onsets. Then, the relationshipgrengths quantitatively but qualitatively. On the other hand,
should be examined in more detail whether they are validthe scaling ofa’ F becomes impossible when a strong spo-
in any season and longitude. On the other hand, Haerendebdic E-layer occurs. We used théF data on certain days
and Eccles (1992) found, by performing calculations, thatfor analyses when more than half ®fF during the period
the dayside EEJ flows into the night side region and that therom 18:00 to 21:00 THA can be scaled.
vertical divergent current of EEJ connects to the vertical F- In this study, the EEJ current was evaluated by using its
region dynamo current. The existence of the divergent curmagnetic effect at the ground level referred as the EEJ ground
rent of EEJ has been observationally verified by Denardini etstrength (Denardini et al., 2009). The EEJ ground strength
al. (2006). Thus, EEJ just before sunset could be connectedas calculated from H-components that were obtained from
to PRE. However, the relationship between the EEJ groundnagnetometers installed at Phuket (PKT:°8\1 98.3 E;
strength, limited to pre-sunset hours, and PRE has not beef.1° N magnetic latitude) and at Kototabang (KTB: 92,
observationally investigated on a day-to-day basis as far a300.3 N; 10.0° S magnetic latitude). We used 5 min values
the authors are aware. calculated from 1 min ones for analyses, since EEJ variations
To investigate the relationships between the PREWithatime scale more than 10 min are required in this study.
strengths, ESF onsets and EEJ ground strengths around suhbe EEJ ground strength was estimated by subtracting the
set hours, we analyzed ionograms and magnetometer datd-component at KTB outside the EEJ region from that at
obtained in Southeast Asia. PKT inside the EEJ region according to many previous stud-
ies (e.g., Mayaud, 1977; Denardini et al., 2009). The subtrac-
tion was performed to minimize the difference between the
2 Data set and analysis methods H-components at PKT and KTB over the period from 21:00
to 05:00LT at PKT (LT at PKT is 6.6 h ahead of UT). The
ESF onsets and PRE strengths were derived by analysingesidue of the difference, during the period from 21:00 to
ionograms obtained at Chumphon (CPN: 27 99.4 E; 05:00 LT at PKT, tended to become large when the daily AP
3.3 N magnetic latitude) every 15min during the pe- index was high. When the residue is large, the estimated EEJ
riod from 18:00 to 21:00 THA (Thailand standard time, ground strength probably contains a large error. Then, we
THA=UT+7 h). The details of the ionosonde observation areused the EEJ ground strength on certain days when the aver-
provided elsewhere (e.g., Maruyama et al., 2007). In thisage of the residue is less than 5nT and the daily AP index at
study, ESF days are defined only when ESF is detected bePKT is less than 15.
fore 21:00 THA. ESF onsets after 21:00 THA are ignored be- We investigated the relationships between PRE, ESF and
cause ESF onsets after 21:00 THA mainly accompany fosEEJ for 240 days when both the requirements of ionogram
sil plasma bubbles (e.g., Saito and Maruyama, 2006) exand magnetometer data are met for analyses for the period
cept for magnetically disturbed conditions. Bittencourt and from November 2007 to October 2008.
Abdu (1981) reported that the time variatiordf (dh’F/dt)
agrees well with theE x B drift of PRE whenh' F exceeds
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Figure 1 shows thé'F variations at CPN for the period
from 18:00 to 21:00 THA. The red lines correspond to the
h'F variation when the peak df' F exceeded 300 km and 175
PRE was relatively strong even for the low solar activity pe- 150
riod. As the sunset time, measured in local meantime, varies %200 15 10 ire-sun(s)etlEEJs 1B 20
over approximately 1 h depending on the day of the year (see

Fig. 4), _theh’E variations are arranged_accord_ing_ to sunsetFig_ 2. Scatter plots of peak’ F of PRE at CPN versus daytinfa)
at E-region height (100 km) over PKT. Figure 1 indicates thatang pre-sunsdb) IEEJ at PKT. Solid and open circles indicate the
PRE starts to develop before sunset at E-region height. Wgccurrence and non-occurrence of ESE.

adopt the integrated EEJ ground strength from 2 hto 1 h prior
to sunset at E-region height as the EEJ ground strength just
before or around the time when PRE starts to develop. Theressed when the pre-sunset IEEJ is negative (Fig. 2b). ESF
integrated EEJ ground strength from 2 h to 1 h prior to sunsetletection is also less frequent when the pre-sunset IEEJ is
at E-region height is referred to as the pre-sunset IEEJ, whil@egative (Fig. 2b and Fig. 3c). The primary cause of sup-
that from 07:00 to 17:00 THA is referred to as the daytime pression of ESF onsets appears to be the PRE strength, since
IEEJ. the most important driver of ESF development is considered
Figure 2 shows the scatter plots of the p&dk of PRE  to be the PRE strength. When the pre-sunset IEEJ is posi-
versus the daytime IEEJ (panel a) and the pre-sunset IEEUve, the peak:' F and ESF onsets scatter. In other words,
(panel b). Solid and open circles indicate the ESF and ndhe PRE strength and ESF onsets cannot be predicted solely
ESF days, respectively. Figure 3 shows how the ESF ocby the pre-sunset IEEJ when the pre-sunset IEEJ is posi-
currences depend on the pedle of PRE (panel a), daytime tive. This implies that the PRE strength is affected by var-
(panel b) and evening IEEJ (panel ¢). Figure 3aindicates thaious components, such as the F-region neutral wind and flux
ESF onsets tend to be frequently as the pg@kof PRE be-  tube-integrated conductivities (e.g., Heelis, 2004; Prakash et
comes high as reported by earlier studies (e.g., Abdu, 2001al., 2009) and that the seed perturbation and the physical pro-
and references therein). As shown in Fig. 2a and Fig. 3bgcesses such as the meridional neutral wind also control ESF
clear relationships between the PRE strength, ESF onsets ar@hsets (Abdu, 2001).
the daytime IEEJ through a year were not found in South- Figure 4 shows the seasonal and local-time variations of
east Asia, although the direct relationship between the PREhe EEJ ground strength as a contour plot. The red colour
strength and the daytime EEJ ground strength around théndicates the positive values and the blue colour indicates the
equinox seasons in the Indian sector was found (Dabas etegative ones, or the counter electrojet (CEJ). The CEJ, clas-
al., 2003; Tulasi Ram et al., 2007). On the other hand, in-sified as the evening CEJ by Alex and Mukherjee (2001),
teresting relationships between the PRE strength, ESF onsetarted to develop around 15:00 LT at PKT, as shown in the
and the pre-sunset IEEJ were found; PRE tends to be sudigure. The evening CEJ occurred frequently in the June
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between the PRE strength and the pre-sunset IEEJ are sug-
© gested. One is a current connection between the daytime EEJ

¢ 32 (TT TT1] g and the vertical current in the F-region around sunset pro-
et I O 2 posed by Haerendel and Eccles (1992). The other is a con-
5 04 [ b a nection through the modification of plasma density distribu-
f;g 02 [ | uin ;2 tion in the equatorial F-region around sunset (Prakash et al.,
00 T 2 15 10 5 o0 5 10 15 20 o500 2009) by the zonal electric field generated in the pre-sunset
Pre-sunset IEEJ E-region dynamo.

Haerendel and Eccles (1992) suggest that EEJ is required

PRE(a), daytime(b) and pre-sunset IEEg). Solid and open bars togll.ovr\]/.lmoha low conductivity .reg'g” aroundhsugset.for es-
indicate the ratios of ESF and no ESF days to the total number oFa ishing the current connection between the daytime EEJ

days contained in each bin. The total number of days in each bin i&Nd the vertical current generated by the F-region dynamo
given on the top of each bar. around sunset. Subsequently, an additional eastward elec-

tric field that strengthens PRE can originate. Denardini et
al. (2006) observationally verified the existence of the diver-

solstice season, moderately in the equinox seasons and leg€nt current of EEJ. When the evening CEJ occurs, a west-
frequently in the December solstice season. The local-timévard current is considered to flow in the pre-sunset E-region,
of the evening CEJ occurrence also showed a seasonal depeif-Which case, the strengthening PRE proposed by Haeren-
dence and it tended to occur in later local-times in the Junedel and Eccles (1992) would not occur. The present result
solstice season. The integral range for calculating the preiS consistent with the current continuity hypothesis between
sunset IEEJ is an area lying between the two thin curves thalfe pre-sunset E-region and F-region around sunset proposed
correspond to the local-time 1 to 2 h prior to sunset at theby Haerendel and Eccles (1992). It should be noted that
E-region height. As understood by comparing the eveningthe present analyses did not directly exhibit spatial varia-
CEJ with the integral range, it is the evening CEJ occurringtions of the current system, since the pre-sunset IEEJ and the
in later local-times that makes the pre-sunset IEEJ negative?RE strength around sunset were obtained at the same longi-
Therefore, it can be pointed out that PRE is suppressed wheftde at different times. Several earlier models and observa-
the evening CEJ occurs in later local-times. tional studies have proposed that the evening CEJ is caused
by semi-diurnal tides (e.g., Hanuise et al., 1983; Alex and
Mukherjee, 2001; Gurubaran, 2002). The semi-diurnal tides
4 Discussion are not likely to vary dramatically within a few hours or sev-
eral tenths of longitudes. Therefore, longitudinal and tem-

PRE and ESF onsets are found to be suppressed when tporal variations of the current system are considered to be
evening CEJ occurred in later local-times and when the pre€duivalent.

sunset IEEJ was negative. Considering that the PRE strength Relationships between plasma density distribution in a

plays a primary role in ESF development (e.g., Abdu, 2001),meridional plane, the PRE strength and ESF onsets have
it is natural that ESF onsets were suppressed on the eveningeen extensively investigated. Thampi et al. (2008) found,

of CEJ days. Two possible explanations of the relationshipby analysing total electron content (TEC) values, that ESF

Fig. 3. Dependence of the ESF occurrences on the géakof
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tends to occur when the equatorial ionization anomaly (EIA)cesses related to the ESF development and the seeding mech-
is well developed and symmetrical in both the hemispheresanism of the initial perturbation in detalil, it should be empha-
Prakash et al. (2009) suggested, by performing model calcusized that the findings are significant from the point-of-view
lations, that PRE tends to be strengthened with the increassf space weather because the pre-sunset IEEJ can be obser-
ing flux tube integrated conductivity of the tropical F-region. vationally determined prior to ESF onsets.

A statistical analysis performed by Rama Rao et al. (1997)

showed that the peak density of the F2-layer near and InAcknowledgementsThe ionosonde at Chumphon and the magne-
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ESF days. Stolle et al. (2008) investigated a typical responsgapan and King Mongkut's Institute of Technology Ladkrabang
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et al. (2008), the evening CEJ modifies the plasma densittitute for Sustainable Humanosphere (RISH), Kyoto University,
distribution around and inside the EIA crests around sunsetJapan and the National Institute of Aeronautics and Space (LA-
since the evening CEJ that makes the pre-sunset IEEJ negBAN), Indonesia. _ _
tive already starts in the afternoon (see Fig. 4). The presenth _Toplcgl Editor M Pln_nock thanks A. Patra and |. Batista for
results are also consistent with the hypothesis explainind eir help in evaluating this paper.
PRE variations through the modification of the plasma den-
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