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Abstract. We use a digisonde at Jicamarca and a chaintion with the E x B drift instability (e.g. Kelley, 1989; Abdu,
of GPS receivers on the west side of South America to in-2001). The growth rate of instabilities crucially depends on
vestigate the effects of the pre-reversal enhancement (PREhe density gradient that becomes steeper in the nighttime
in Ex B drift, the asymmetry &,) of equatorial ionization equatorial F-region. Moreover, due to the nonlinear evolu-
anomaly (EIA), and the magnetic activiti() on the gener-  tion, these instabilities would fully develop into vertically
ation of equatorial spread F (ESF). Results show that the ESElongated wedges of plasma depletion from bottomside to
appears frequently in summer (November, December, Jartopside of the F-layer (e.g. Tsunoda et al., 1982; Zalesack et
uary, and February) and equinoctial (March, April, Septem-al., 1982; Sultan, 1996).
ber, and October) months, but rarely in winter (May, June, The ESF studies using ionosonde data (Sales et al., 1996;
July, and August) months. The seasonal variation in theStephan et al., 2002; Whalen, 2002), the Global Positioning
ESF is associated with those in the PRE B drift and 1,. System (GPS) (Aarons et al., 1996; Mendillo et al., 2000,
The largerE x B drift (>20m/s) and smallejl,| (<0.3) in  2001), radars (Woodman and LaHoz, 1976; Hysell and Bur-
summer and equinoctial months provide a preferable condicham, 1998), satellite (Huang et al., 2001; Su et al., 2001),
tion to development the ESF. Conversely, the smdilerB. and numerical modeling (Maruyama, 1988; Sultan, 1996)
drift and larger|/,| are responsible for the lower ESF oc- have demonstrated the general morphology of the ESF phe-
currence in winter months. Regarding the effects of mag-nomenon. Now, it is known that there are some candidate
netic activity, the ESF occurrence decreases with increasingnechanisms helping the ESF development. These are (1)
K, in the equinoctial and winter months, but not in the sum-the pre-reversal enhancement (PRE) in upwBrB drift
mer months. Furthermore, the larger and smallerB drifts and associated uplifting of the F-layer (Fejer et al., 1999;
are presented under the quiét(<3) and disturbedX ,>3) ~ Whalen, 2002), (2) a small or null transequatorial compo-
conditions, respectively. These results indicate that the supnent of the thermospheric winds and associated symmetry
pression in ESF and the decreaseFir B drifts are mainly  in the equatorial ionization anomaly (EIA) (Maruyama and
caused by the decrease in the eastward electric field. Matuura, 1984; Maruyama, 1988; Mendillo et al., 2000,
Keywords. lonosphere (ionospheric irregularities; equato- 2001), (3) a simultaneous decay of the E region conductiv-
rial ionosphere) ity at both ends of the field line (Tsunoda, 1985; St_ephan et
al., 2002), and (4) a sharp gradient at the bottomside of the
F-layer (Kelley, 1989).

The scope of this paper is to look for the effects of the first
and second mechanisms listed above on the ESF onset. For

Equatorial spread F (ESF) takes its name from the range_!WO decades, t_he earhe_r Work_s have investigated the variabil-
of E x B drift on various timescales from day-to-day to

dispersed ionogram at stations near the dip equator (Bookéfy lonaitud d | d i tivi
and Well, 1938). The ESF usually occurs just after local sun-?eas?:n'. on tonlgl 59765’9 and on S%?L an gtg_eo;”r:jagtne IC activi-
set and the scale sizes of irregularities range from a few cen-oS- Teler etal. ( ) examined the vertical drift measure-

timeters to a few hundred kilometers. Based on the previ—ments of Jicamarca (13, 76.9 W) incoherent scatter radar

ous investigations, the basic mechanism of ESF onset is thgSR) during 19681976 to find the associated variations in

ravitational Rayleigh-Taylor (GRT) instability in conjunc- S€aS0n and solar _cycle. Abdu et al. (1983) p°"?ted out that
9 yielg ylor ( ) y : a necessary condition for the ESF occurrence isEheB

Correspondence taC.-C. Lee drift from analysis of Fortaleza {4, 38 W) ionosonde data
(cclee@cyu.edu.tw) during January—April and September—-December in 1978.

1 Introduction
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Table 1. The locations of the GPS stations on the west side of South America.

GPS Station Geographical Latitude  Geographical Longitude = Geomagnetic Latitude
Bogota (BOGT) 4.86N 74.1° W 16.7 N
Riobamba Permanent Station (RIOP) 1% 78.6 W 10.# N
Arequipa Laser Station (AREQ) 16.5 71.5W 3.2s
UNSA Salta (UNSA) 24.9S 65.2 W 12.2S
Tucuman (TUCU) 26.8S 65.2 W 14.3 S
Coronel Fontana (CFAG) G 68.2 W 184S
Cordoba (CORD) 317S 64.5 W 18.2S
Valparaiso Tide Gauge (VALP) 336G 71.6 W 19.6°S
Santiago Tracking Station (SANT) 33.% 70.7 W 19.7S
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Fig. 1. Map of a digisonde and a chain of nine GPS receivers. TheFurthermore, Mendillo et al. (1992) have noted the possi-
solid dot represents the Jicamarca digiosonde, while the triangleg|e contributions of transequatorial wind in limited samples
symbc_alize the nine GPS sta_tions_on the vyest sidg of South Americags ESE day-to-day variability, using an all-sky imaging sys-
The C|rcl_es at _each GPS site give the field-of-view for a 400-km tem at Kwajalen Atoll (9.2N, 167.5 E). Sastri et al. (1997)
intersection height at an elevation angle &t.30 . . . - . .
applied two ionosondes in Brazil to examine the correlation
between the ESF occurrences and the associated meridional
winds in June of 1978-1981. Mendillo et al. (2000, 2001)
Recently, Fejer et al. (1999) analyzed the data of the Jicautilized the GPS data near the equinox to calculate the asym-
marca ISR during 1968-1992, and found thatkheB drift metry of EIA and to test the day-to-day variability of ESF.
and ESF occurrence depend on solar flux, season, and mag- |, the present paper, we first attempt to investigate the sea-
netic activity. Whalen (2002) also proposed that the ESF ocyqn 4 effect of the EIA asymmetry on the ESF development,
currence andt x B drift are a function of magnetic activity peasides the seasonal effect of the PRE B drift velocity
and season, using an array of ionospheric sounders in thgnq the magnetic activity. We conducted a one-year observa-
western American sector during 1958. tion on the equatorial ionosphere during April 1999—March
Among the studies made on the effects of the second?2000. A digisonde and a chain of GPS receivers on the west
mechanism, most studies employed the short-duration data tside of South America have been applied to this work. The
explore the day-to-day variability of the meridional wind and minimum virtual height of the F-layef(F) and the latitudi-
associated EIA asymmetry. Maruyama and Matuura (1984hal distribution of the vertical total electron content (VTEC)
proposed that the asymmetry in the electron density distri-are used to derive the PREx B drift and the asymmetry
bution, which is caused by the meridional winds, could sup-of EIA, respectively. Further, we utilize these data to study
press the ESF activity. However, they did not show the seathe dependence of ESF on the PRE B drift velocity, the
sonal variation in the asymmetry in the density distribution. asymmetry of EIA, and the magnetic activity ).
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Fig. 3. Schematic illustrating a typical latitudinal distribution of 1999 ——p»|-—— 2000
VTEC values. The equation of an asymmetry indgof the EIA Month

is represented in the upper-right corner.

Fig. 4. Seasonal variation in the occurrence probability of ESF
during April 1999—March 2000. The highest value (100%) of the
occurrence probability appears in January, while the lowest value

2 Experiment setup (30%) is at June.

Figure 1 shows the locations of a digisonde and all nine
GPS receivers. The Jicamarca digisonde® 8,276.9 W,
geomagnetic latitude: 1.28), near the geomagnetic equa-
tor, recorded ionograms from April 1999 to March 2000.
The presence/absence of ESF and the ionospheric paramet
(e.g.h'F, foF2 — maximum frequency of F-layer) are deter-
mined by both the ARTIST program (Reinisch and Haung,
1983; Reinisch, 1996) and manual work. Notably, we focus
on the ESF appearing during 18:00-24:00 LT (LT=UT-5 h).
The upward PRE velocity is derived by the temporal rate of
of 'F, dn'F/dt, which is described as thgx B drift veloc-
ity (Bittencourt and Abdu, 1981). Since tlex B velocity 3 Results and discussion
generally reaches its maximum value before the onset of ESF
(e.g. Fejer et al., 1999; Whalen, 2002), we apply the maxi-3.1 Seasonal variations in occurrence probability of ESF
mum value of @&'F/dt between 18:00 LT and the time of ESF
onset to the statistical analyses. For example (Fig. 2), as thgigure 4 displays the seasonal variation in the occurrence
ESF appears from 19:15 LT on 15 April 1999, the maximum probability of ESF. This seasonal variation in the occurrence
value of di’F/dt, ~32m/s, is adopted in the following stud- probability is the percentage of days on which at least one
ies. pre-midnight ESF event is observed daily. Clearly, the high-
The data of the nine GPS sites (Fig. 1 and Table 1) aresst occurrence probabilities (100%) of ESF is in January,
retrieved from the International GPS Service (IGS) for Geo-near the summer solstice; while the lowest value83%)
dynamics. Two of the GPS sites (BOGT and RIOP) are situ-is in June, near the winter solstice. During the equinoctial
ated north of the geomagnetic equator, and the BOGT site isnonths (March, April, September, and October), the occur-
located near the northern crest of EIA. The other seven GP®ence probabilities are more than 75%. Generally, the oc-
receivers (AREQ, UNSA, TUCU, CFAG, CORD, VALP, and currence probability is higher in summer (November, De-
SANT) are placed south of the equator. The AREQ is closecember, January, and February)/equinoctial months than in
to the equator, while the TUCU is located near the south-winter months (May, June, July, and August). In this in-
ern crest. These nine GPS sites offer the equivalent VTEGrestigation, the ESF is not categorized into three levels pro-
along the common meridian ef75° W (see Mendillo et posed by Whalen (2002), because only one ionosonde is
al., 2000 for reference). Moreover, an asymmetry index ofused. Thus, the seasonal variation in ESF (Fig. 4) should be
EIA (1,), which is related to the transequatorial meridional compared with that in the total bottomside spread F (BSSF)
winds, can be derived from the north versus south crest dif-of Whalen (2002) (his Fig. 4), who analyzed the ionograms
ferences. Thd, is represented as (N-S)/((N+S)/2) (shown at Huancayo (12S, 75.3 W) during 1958. Notice that the
in Fig. 3), whereN andS are the VTEC values of the north total BSSF consists of strong and weak BSSF and bubbles
and south crests, respectively (Mendillo et al., 2000). BasedWhalen, 2002), and Huancayo is located at 160 km east
on Abdu (2001), the ESF development would depend uporof Jicamarca. The comparison result shows that these two

the symmetry/asymmetry of EIA during the previous 0.5- to
1-h period. Therefore, we examine thebetween 18:00 LT
and the time of ESF onset. Whilg is positive/negative dur-
eilr% this period, the maximum/minimum value 6f is used

for the statistical analyses. Notably, is not estimated dur-

ing December 1999—-March 2000, because the BOGT data
are not available in these months.
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Fig. 5. Seasonal variation in the monthly mean value of the~¢tt ~ Fig. 6. Seasonal variation in the monthly mean valug/ pfsoild

(soild line) and the associated standard deviation (error bar) durindine) and the associated standard deviation (error bar) during April
April 1999-March 2000. The gray histogram in the background 1999-March 2000. The gray histogram in the background repre-
represents the occurrence probability of ESF. Two peak values ofents the occurrence probability of ESF. Notice thais not esti-
dn’F/dt appear at October and March, while the smallest value is amated during December 1999-March 2000, because the GPS data
June. of BOGT are not available in these months.

seasonal variations are similar: the highest and lowest occumwinter months. These results reveal that the FIREB drift
rence probabilities are in summer and winter, respectively. plays an important role as the seeding mechanism of ESF
development (Sultan, 1996; Fejer et al., 1999; Kudeki and
3.2 Seasonal variations in the PBEEx B drift Bhattacharyya, 1999; Whalen, 2002). Additionally, there are
also other seeding mechanisms such as gravity waves (Sul-
We examine the seasonal variation in the PREB driftby ~ tan, 1996; Kudeki and Bhattacharyya, 1999).
deriving the monthly mean value ohtF/dt. Figure 5 shows During the summer months, the mean values igFdt,
the seasonal variation in the monthly mean value/dF¢tt ~20-27 m/s, are smaller than that at the equinox, but higher
(solid line) and the associated standard deviation (error bar)than that in the winter. Notice that the occurrence probability
as well as the occurrence probability of ESF (gray histogramof ESF in January is the highest value (100%) between April
in background). It is apparent that two peak value28 and 1999 and March 2000. Such kind of correlation between the
~32m/s, appear in October and March, respectively; whiledh'F/dt and the ESF occurrence indicates that there would
the smallest &'F/dt,~14 m/s, is in June. The seasonal varia- be another mechanism to help the ESF development, besides
tion in dn’F/dt is close to Fejer et al. (1999), who propounded the larger upward velocity. According to Maruyama (1988)
that the largest and smallest vertical drift velocities are at theand Fejer et al. (1999), the late reversal time of upward drift
equinox and the June solstices, respectively. Consequentlghould be a considerable reason for the highest occurrence
the mean d'F/dt are~14-18 and~20-27 m/s during May-  probability at December solstice.
August and November-February, respectively. These mean
values are also close to Fejer et al. (1999), in which the max3.3 Seasonal variations in the asymmetry of EIA
imum values are-18 and~28-34 m/s, respectively, in May—
August and November—February, during a high solar activityFigure 6 shows the seasonal variation in the monthly mean
period. However, in March, April, September, and October, value ofI, (solid line), the associated standard deviation (er-
the values of-25-32 m/s are slightly smaller than the maxi- ror bar), and the occurrence probability of ESF (gray his-
mum value {-33-48 m/s) of Fejer et al. (1999) during a high togram in background). It is found thd} is negative and
solar activity period. |1,| is greater than 0.3 during May—August (winter months).
In the equinoctial months, the larget’&/dt is associated In April, September, and October (equinoctial monttig)s
with the higher ESF occurrence. This demonstrates that thalso negative, buft/,| is smaller than 0.3. In contrast, is
larger upward drift lifts the F-layer to higher altitudes, which positive and|/,| is smaller than 0.3 in November (summer
not only results in favorable conditions for the GRT insta- months). According to Mendillo et al. (2000, 2001), the
bility but the larger eastward electric field itself causes anindex is associated with the transequatorial meridional winds
E x B drift instability (Maruyama, 1988; Kelley, 1989). In that would distort a presumed symmetrical EIA. Thus, the
contrast, the small/dF/dt in the winter months would not meridional winds are generally southward and northward in
raise the F-layer to altitudes where it is high enough to generApril-October and November, respectively. Moreover, the
ate irregularities. Thus, the ESF occurrences are lower in thgreater values>0.3) of |I,| during May-August indicate
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Fig. 7. Occurrence of ESF on each day for each of the equino@jalsummer(b), and winter(c) months plotted as a function @,
determined as the average during the 6 h prior to measurement.

that the associated meridional winds in the winter monthsFejer et al., 1999; Whalen, 2002). Notice that the average
are stronger than that in the equinoctial (April, September,K , is generally derived from the interval of 18:00-24:00 UT
and October) and summer (November) months. These arél3:00-19:00 LT).
similar to the meridional winds used by Maruyama (1988), The number of days on ESF are organized by season and
in which the wind is northward and stronger near the winterplotted versus the averadg, in Fig. 7. For the equinoctial
solstice (in his Fig. 3). months (Fig. 7a), the ESF occurs frequently and rarely when

As shown in Fig. 6, the greatéf,| and lower ESF oc- K, is 1 and 5, respectively. Except,=2, the number of
currence concurrently appear during May-August. Baseddays tends to decrease with increasiig in the equinoc-
on Maruyama and Matuura (1984), Maruyama (1988), andial months. Moreover, a descending trend frémp=1 to
Mendillo et al. (1992), this negative correlation between5 is obvious in the winter months (Fig. 7c), but not in the
these two parameters indicates that the asymmetric EIA is resummer months (Fig. 7b). The decreasing trends in the
lated to the inhibition of ESF development. This is becauseequinoctial and winter months indicate that the increasing
the asymmetry of EIA would form an asymmetry in distribu- magnetic activity progressively suppresses the ESF genera-
tion of conductivity and recombination rates along the field tion in these two seasons (Fejer et al., 1999; Whalen, 2002).
line. Then, the asymmetry in conductivity and recombinationHowever, these distributions are not consistent with that of
rates further suppresses the GRT growth rate (Maruyama antbtal BSSF in Whalen (2002) (his Fig. 5), which reported that
Matuura, 1984; Maruyama, 1988; Mendillo et al., 1992). Be- the decreasing trends existed in the equinoctial and summer
sides the suppressive effect Bf the smaller d'F/dt in the ~ months, not in the winter months. This might be because the
winter months (Fig. 5) is not helpful in developing the ESF distribution of K, days is different for each seasons between
either. Therefore, the lower ESF occurrence is caused by th&958 and 1999-2000.
greater{l,| and the smaller dF/dt. To further reveal the geomagnetic effect ol'Fefdt and

On the other hand, the smallef,| and higher ESF oc-  I,, we examine the monthly mean values éffefdt (Fig. 8a)
currence concurrently appear in April, September, and Octoand I, (Fig. 8b) under quietk ,<3) and disturbedX ,>3)
ber. This result shows that thé,| is negatively correlated conditions during April 1999—March 2000. In the equinoc-
with the ESF occurrence, and demonstrates that the asyntial months, the mean/dF/dt asK ,>3 is less than that as
metry in conductivity and recombination rates would be not K, <3, and the differences are3-8 m/s. For the summer
strong enough to suppress the GRT growth rate. Recall thatnonths, @’F/dt is larger under the quiet condition and the
in the equinoctial months (Fig. 5), the values aff/dt are  differences are-2—5 m/s, except February. Furthermore, for
larger. Thus, the higher ESF occurrence is due to not only théhe winter months, & F/dt ask , <3 is also larger in May and
larger ci’F/dt but also the smallef, | during the equinoctial ~ August, and the differences are3 and~3 m/s, respectively.
months. Additionally, the smallgf, | and higher ESF occur- Notice that no @’'F/dt asK,>3 is shown in June, because
rence are also seen simultaneously in November. Similar t@ll K, are smaller than 3. Furthermore, only oriéFldt as
the equinoctial months, the higher ESF occurrence is caused ,>3 is in July, and this large upward velocity is related

by both the smallerl, | and larger d’F/dt. to the prompt penetration effect (Fejer and Scherliess, 1997,
Fejer et al., 1999). Generally, thé'&/dt is smaller under
3.4 Dependence on the magnetic activiky,] the disturbed condition, and these results are similar to Fe-

jer et al. (1999), who proposed that the maximum vertical
The ESF is examined on each day in relation to the magnetidrift is, respectively, larger and smaller under the quiet and
activity on that day, which is taken as the average value ofdisturbed conditions during a high solar activity period (their
K, recorded during the 6 h prior to the onset of ESF (e.g.Fig. 7). The decrease imtF/dt indicates that the maximum
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——T— — . winter months. Such kind of occurrence variation is evi-

40 _(a) — g ;2 i dently correlated to the magnitude Bfx B drift. The corre-
. lations in summer and equinoctial months demonstrate that
g sor . the ionosphere is lifted to higher altitudes where the gravita-
3 tional drift term is dominant in the GRT growth rate, leading
& 20 1 to the development of the ESF, when the upward drift veloc-
= ities are larger than 20 m/s. Moreover, the influence of the
10r 7 EIA asymmetry (,,) is also significant regarding the ESF oc-
0 L R s currence. The value df,| is generally anti-correlated to the
1.0 = . — : ESF occurrence. This anti-correlation indicates that the EIA
_ K§23 asymmetry (I,]>0.3) could suppress the GRT growth rate,
05+ . because of the asymmetry in distribution of conductivity and
recombination rates.
=5 0.0t . For the magnetic activity, we have shown that the number
I\ of ESF days decreases with increasikig in the equinoc-
0.5} . tial and winter months, but not in the summer months. This
descending trend suggests that the magnetic activity progres-
X T O S S N sively suppresses the ESF generation in those two months.
4 &5 6 7 8 3 11099911 12 1 2 2;00 Additionally, our results shows that thEx B velocity is
Month i larger and smaller under the quiet and disturbed conditions,

respectively. This indicates that this ESF suppression would
Fig. 8. Seasonal variations of the monthly mean values/F(iit be due to the effect of the magnetic activity on #i& B ve-
(a) andl, (b) between April 1999 and March 2000. The black thin |ocity. Contrarily, it is found that, is not obviously related
and gray bold lines represent the mean values under the disturbegh the magnetic activity.
(Kp=>3) and quiet K, <3) conditions, respectively. The error bars

are the associated standard deviation.
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