Ann. Geophys., 25, 85861, 2007 ~ "*
www.ann-geophys.net/25/855/2007/ G Ann_ales
© European Geosciences Union 2007 Geophysicae

On the seasonal variations of the threshold height for the occurrence
of equatorial spread F during solar minimum and maximum years

G. Manju, C. V. Devasia, and R. Sridharan
Space Physics Laboratory, Vikram Sarabhai Space Centre, Trivandrum — 695 022, Kerala, India

Received: 16 June 2006 — Revised: 7 March 2007 — Accepted: 20 March 2007 — Published: 8 May 2007

Abstract. A study has been carried out on the occurrencel Introduction
of bottom side equatorial spread F (ESF) and its dependence
on the polarity and magnitude of the thermospheric merid-gquatorial Spread F (ESF) irregularities are night-time
ional wind just prior to ESF occurrence during summer, Win- plasma density irregularities of scale sizes ranging from cen-
ter and equinox seasons of solar maximum (2002) and mintimetres to several hundred kilometres (Farley et al., 1970;
imum years (1995), using ionosonde data of Trivandrumpssakow, 1981: Woodman and La Hoz, 1976: Fejer and
(8.5°N, 76.5 E, dip=0.53 N) and SHAR (13.7N, 80.ZE,  Kelly, 1980; Abdu et al., 1981; Fejer et al., 1999, Hy-
dip ~5.5°N) in the Indian longitude sector. In this study, se|l and Burcham, 2000). The primary process responsible
we have examined the changes in the threshold height of theyy the generation of these irregularities is the Collisional
base of the F layer for the triggering of ESF, irrespective of Raleigh-Taylor (CRT) instability mechanism operating in the
the magnitude and polarity of the meridional winds during post sunset bottom side F region (Haerendel, 1974; Costa
the above periods. The study indicates that the thresholging Kelley, 1978). Equatorial spread F occurrence shows
height above which ESF triggering is entirely controlled only large day-to-day, seasonal, longitude, solar cycle, and mag-
by the collisional R-T instability is least for summer months, npetic activity variabilities (Chandra and Rastogi, 1970; Kel-
with higher values for winter and equinox, during the solar ley and McClure, 1981; Abdu et al., 1981, Huang et al.,
minimum period, whereas for the solar maximum period the1987: Sahai et al., 2000, Abdu, 2001, Tsunoda, 1985). The
threshold height is least for winter, with higher values for effects of meridional winds, which move plasma along field
summer and equinox. But the range over which the threshtines poth vertically and horizontally, have been examined by
old height varies is very narrows(L5 km) for solar minimum  some workers (Maruyama and Matuura, 1984; Maruyama,
in relation to the large range of variation §0 km) in the so- ~ 1988). Studies on the role of seed perturbations in the gener-
lar maximum epoch. Further to this, the study also reveals &tjon of F region irregularities have been reported by White-
clear-cut increase in threshold height with solar activity for hegd (1971) and Fejer et al. (1999). One of the important
all seasons. Clear-cut seasonal variability is also observeghctors that could contribute to the ESF day-to-day variabil-
in the threshold height, especially for solar maximum. Theity is the thermospheric meridional/transequatorial wind that
study quantifies the level of the base of the F layer belowyould cause an asymmetry in the equatorial anomaly, in-
which neutral dynamical effects play a decisive role in the crease the E region conductivity and load the F region dy-
triggering of ESF during different seasons and solar epochs.namo, thus limiting the post sunset F region height rise.
The increased ion-neutral collision frequeney,{ at lower
Keywords. lonosphere (Equatorial ionosphere; lonospheric€ights causes reduction in the linear growth rate of the R-
irregularities; Plasma waves and instabilities) T mechanism responsible for the generation of ESF irreg-
ularities (Maruyama, 1988; Mendillo, 1992). Devasia et
al. (2002) showed that converging/diverging thermospheric
meridional winds become significant with the equatorward
wind being present whel' F was below a threshold height
(W' F.), for the R-T instability to become triggered. Above
Correspondence tds. Manju the critical height the polarity did not matter. This thresh-
(manjuspl@vssc.gov.in) old height of i’ F (defined by them) has been found to be
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~300 km for the occurrence of ESF during equinoctial peri- this study. As mentioned earlier, the criterion of ESF oc-
ods and showed a linear solar activity dependence (Devasiaurrence irrespective of the polarity of meridional winds is
et al., 2002; Jyoti et al., 2004). Raghavarao et al. (1993)applied toh'F to determine the threshold heightF. below
conjectured that such equatorward winds could be producedhich equatorward wind is essential for the triggering of ESF
as a result of the pressure bulges associated with EquatorigDevasia et al., 2002; Jyoti et al., 2004).
Temperature and Wind Anomaly (ETWA). The present study
aims at examining the seasonal variatioraf . during so-
lar minimum and maximum epochs with a view to unravel 3 Results
the enigmatic day-to-day variability of the ESF occurrence
during a particular season. Figure 1a shows the scatter plot of the meridional wind ve-
locities against:’' F values of each of the ESF events dur-
ing the summer solstice of solar minimum (left panel) and
2 Experimental set up and data and method of analysis  solar maximum (right panel) periods. It may be noted that
) . . the wind magnitudes show large variabilities during the solar
lonosonde data, of Trivandrum (8"_76'5)_ E, dip IatltuFJe maximum period in comparison to the solar minimum period
0.5°N) _and SH'_A‘R (13.7N, 80.2°E, dip latitude 5.5N) N and the’ F values also show large variability (250—-375 km),
the Indian longitude se_ctor, have been made use of in th'%nlike those during the solar minimum period where they
study. Data corresponding to the ESF occurrence in the sulmy e jimited to a narrow range of 225-250 km. The threshold
mer, winter and equinox seasons of 1995 (solar minimMuM),aignt level is indicated in all the scatter plots by the dashed
and 2002 (solar maximum) have been examined. %  |ihes |t should be noted that tH&F . could be unambigu-
and merldlongl wind values just prior to the triggering of ously determined for the solar maximum summer months
ESF are obtained for each day during these seasons. Thgyjie for other cases only the upper limit ofF. could be
method given by Krishna Murthy et al. (1990) is used for es-jyanified. It is clearly seen that the threshold height for the

timating the meridional winds. In this method, the vertical summer solstice increases from 228 km at solar minimum
dnft of the evening F layer is estllmated for the two stations, 314 km at solar maximum. Figure 1b depicts the scat-
(Trivandrum and SHAR), accounting for the effects due to re-ter plot of the meridional wind vs:' F at 19:00 IST on the

combination and diffusion. The F-region vertical drift at the non-spread F days (for which data were available) during the

magnetic equator over Trivandrum is purely electrodynami—Summer of solar maximum. It is seen that out of the 7 days,

cal in nature while that at a low-latitude station, like SHAR, ¢, tor of the days, the meridional wind is clearly poleward,
has a contribution from the meridional winds (U) in addition ¢ expected when tHeF is below the threshold level. For

to diffusion along the magnetic field lines. The observed Velthe other three days, the meridional wind is equatorward. On
tical drift velocities (\,) are initially derived from the rate one of these three days théF is just above the threshold

of change th/f (d(#' F)/dt). The true vertical drift is ob-  \aying it an exception. It is likely that the seed perturba-
tained from V4=V, —pH, wherep is the effective recombi- qnq \hich are assumed to be omnipresent might not be of
nation c?efflqent and H s the sc_ale he|ght given by H_:(llN sufficient amplitude for an ESF occurrence on that day. For
dN/dh)=. N is the electron density angH is the correction 1o oiher two days, the'F is clearly below the threshold

due to recombination. level and the wind is equatorward. Again, the lesser magni-

_ The actual meridional wind for the period 18:00-06:00h 4 of the seed perturbations is believed to be the reason for
is estimated from the equations for the vertical drift at the (1o on-occurrence of ESFE on these two days.

two stations as: Figure 2 shows the scatter plot of the meridional wind ve-

U =[2(Vpcosl —V)/sin2] — Wptanl, 1) locities andh’ F values for winter solstice of solar minimum
(left panel) and solar maximum (right panel). The variabil-
whereV p is the vertical drift over Trivandrum and that ities in &’ F during winter solstice periods are very large in
over SHARL.I is the dip angle at SHAR and/  the plasma comparison to those observed in summer of both solar min-
drift velocity due to plasma diffusion and is given b;,, imum and maximum epochs. Another important observa-
where g is the acceleration due to gravity amg, is the  tion during solar maximum is that meridional winds during
ion-neutral collision frequency. The error in the meridional the winter solstice period are in general poleward, whereas
wind estimation using this method is estimated to be abouturing summer solstice they are predominantly equatorward.
+25ms ! (Krishna Murthy et al., 1990). The meridional In general, these patterns are expected to be so, based on
wind velocities corresponding to the post-sunset F-regionthe sub-solar points for thermospheric heating, for the dif-
heights ¢’ F at Trivandrum), just before the onset of each ferent seasons. But the ETWA- related meridional winds,
of the ESF events, have been obtained for the different seawhich follow the day-to-day variability of the EIA, modulate
sons corresponding to the solar minimum and maximum pethe inter-hemispheric winds and thereby result in higher or
riods considered for the present study. Only those events folower values of meridional winds either poleward or equa-
which ESF is triggered before 20:00 IST are considered fortorward (depending on the magnitude and direction of the
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Fig. 1a. Scatter plot of meridional wind ankl F prior to triggering of ESF for summer solstice of solar minimum (left panel) and solar
maximum (right panel).

ETWA related winds). For the winter solstice, the upper

bound (Jyoti et al., 2004) of the threshold height could only 400 | L1 —L
. . K ummer (non-ESF days)

be delineated and it was found to increase from 240 km at :

solar minimum to 264 km at solar maximum. It is seen that !

the threshold height shows an increase with solar activity for 250 — :

winter solstice similar to the summer solstice, but to a signif- !

icantly lesser extent. g

Figure 3 depicts the scatter plot of the meridional wind

velocities andh’'F values for equinox of solar minimum L i
(left panel) and solar maximum (right panel). As is seen i - i ‘ - L
from the figure for solar minimum, the upper bound of the |
threshold height could only be identified with the available 250 — :
database. Nevertheless, the increase in the threshold heigt ,
|

Su::-llar ma:ilmllm ;
1 1 1

____________ I
200 — s —

I F(km

from 243 km (upper bound) at solar minimum to 305km
at solar maximum is clearly discernible. Interestingly, the 200 ———————
meridional wind values, during the equinox of solar max- 420 -80 -4 0 40 80 120
imum, reveal an almost equal distribution of values in the Meridional Wind (m/s)
poleward and equatorward directions, indicating a clear-cut

transition from the summer to the winter pattern. Fig. 1b. Scatter plot of meridional wind and F at 19:00 h on non-

. L ESF days for summer solstice of solar maximum.
Figure 4 (dashed curve) shows the seasonal variation in the y

threshold height for the solar minimum epoch, essentially re-

drawn from the earlier figure showing the nature of the vari-_ ]

ation starting from the summer solstice to the equinox andncreased values of 305km and 314 km for the equinox and
then to the winter solstice. The threshold height is 228 kmSUmmer, respectively.

for summer, while the upper bounds are 243 km and 240km It is accepted that the phenomenon of ESF is a result of
for the equinox and winter, respectively. It shows a fairly a hierarchy of multistep, nonlocal plasma processes involv-
smooth variation over a span of 15km. This result suggestsng the collisional and collision-less Rayleigh-Taylor and
nearly the same probability of occurrence of ESF throughoutE x B instabilities and drift waves driven by coupled elec-
the solar minimum period, as the threshold height is seen tarodynamic and neutral atmospheric processes (Haerendel,
be confined to 228-243 km. Unlike this, the seasonal varia1973; Ossakow, 1981; Zalesak et al., 1982; Sekar and Kel-
tion of the threshold height during the solar maximum periodley, 1998; Basu and Coppi, 1999). However, the primary pro-
is quite significant. The threshold height (for solar maxi- cess responsible for the generation of large-scale ESF irreg-
mum) is found to be 264 km (upper bound) for winter, with ularities is the collisional Rayleigh-Taylor (CRT) instability
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Fig. 2. Scatter plot of meridional wind ankl F prior to triggering of ESF for winter solstice of solar minimum (left panel) and solar
maximum (right panel).

Solar minimum Solar maximum
450 P Y U U 250 PR IR U N
Automnal Equinox 1995 243 Kir Autumnal equinox 2002 305 km

! !

400 — ! - 400 — ' L .
X . . -
i b - i r
' a e ®

350 —| ! = _ om0 * . * . -
: | E | - ‘. . c' . 0w ol
! ™ I"I-' - .

300 — . . Rt E | it -
I 24 |

" i | L
LA !

w- .____:_.? ___________ - 250 — : -
| | ! L

200 T | T | T | T I| T | T | T | T 200 T | T | T | T i T | T | T | T

-120 B0 40 O a0 B0 120 -120 -80 -40 0 0 80 120
Meridional wind (m/s) Meridional wind (m/'s)

Fig. 3. Scatter plot of meridional wind anil F prior to triggering of ESF for equinox of solar minimum (left panel) and solar maximum
(right panel).

mechanism, which operates in the post- sunset bottomside F
region under certain favourable conditions. When the con-
ditions are not favourable for the instability to trigger ESF, v =1/LIg/vin + BB+ Wy vy /) = Wel, 2)
factors like neutral winds could also contribute to it. With whereE, is the zonal electric fieldB is the geomagnetic
the delineation of a seasonally varying threshold height forfield, v;, is the ion-neutral collision frequencs; is the gy-
triggering of ESF irrespective of the magnitude and polarity rofrequency W, andW, are the zonal and vertical winds,
of the meridional winds, which at the point of convergence respectively. The role of the electric fields and zonal winds
(i.e. over the dip equator) manifest as vertically downwardis twofold; they dictate the level of’ F where the gravity
winds, the triggering of an ESF on a particular day (when thewould be the dominant driving force in the presence of a
F layer is at or above the threshold height) can be entirely atsteep bottom side gradient and they also contribute to the
tributed to the collisional Rayleigh-Taylor (CRT) instability growth of the instability through Eg. (2), the latter being
mechanism. only secondary. On the other hand, the role of a vertically
downward wind would be equivalent to the primary driving
The expression for the growth rate of the generalized R-Tforce viz. gravity, in generating the polarization field. Sekar
instability in terms of different forcing parameters is given and Raghavarao (1987) have made a comparative estimate
as (Sekar and Raghavarao, 1987; Kelly, 1989) of the effect of vertical winds and gravity and arrived at a
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conclusion that at~300km a vertical wind magnitude of 320 -
20ms ! would be as effective as gravity itself. The crux | - SOLAR MAXIMUN
of the matter, in the present paper, is that above the newly- 200
defined threshold height{F.), the growth rate is mainly
controlled byv;,, and L while E and W, could be modulat-
ing factors. 280 -
£
é‘-‘ 260 |-
4 Discussion - SOLAR MINIMUM
240 - _eT®TTTE -
The above characteristics related to the variations of the i .,"
critical height, seem to originate from the linkage between
T : 220 r I r I T I r 1
the Equatorial ionisation anomaly (EIA) and ESF, provid- o 100 200 300 400
ing an implicit control of the meridional wind on ESF. Day Number

Maruyamma and Matuura (1984) suggested a mechanism
wherein strong meridional winds create a N-S asymmetry inFig. 4. The seasongl variation in threshold height for solar minimum
the EIA, thus producing substantial changes in E-region inte{dashed) and maximum (solid) epoch.
grated conductivities, which, in turn, control the post-sunset
F-region height rise and the triggering of ESF. Raghavarao
et al. (1988) experimentally showed the intensification of therate, which results in ESF triggering, will be achieved only
crest-to-trough ratio of the EIA well in advance of the onset at a higher altitude in solar maximum.
of ESF linking the EIA and the ESF. Following this, Sridha-  There is a clear-cut seasonal variation in threshold height
ran et al. (1994) demonstrated the existence of a precursqn’F ) for the solar maximum epoch, withl F. being the
in the OI 630 nm day glow that represented the EIA strengthhighest for summer (314 km) and reducing towards equinox
which facilitated the prediction of ESF at least 2 h prior to (305km) and winter (264 km). In solar minimum the sea-
its actual occurrence. Further, Lee et al. (2005) have showRonal variation ofi' F.. is over a narrow range of15km,
the linkage of seasonal ESF variability with EIA asymmetry. with the minimum occurring during summer. As already
Devasia et al. (2002) have shown meridional winds to be thementioned, #'F., being the F-region base height, above
physical parameter connecting EIA and ESF. They suggestedihich the RT instability alone suffices for the triggering of
that the meridional winds were the outcome of the pressureeSF, shows sesonal variabilities, most likely caused by the
bulges associated with ETWA (Raghavarao et al., 1993). Jyparameters controlling the primary RT instability generation
oti et al. (2004) brought out the dependence of the thresholq1st term, Eq. 2) the combined effects of the seasonal vari-
heighth’ F ., on solar activity for the equinox. abilities in the gradient scale length (L) and ion-neutral col-
In the present study, the seasonal variation in the thresholtision frequency ¥;,,) would modulate the growth rate of the
height for the triggering of ESF has been examined, corre-RT instability seasonally. This would manifest as changes
sponding to the solar minimum and maximum phases. Threén the’ F.level in such a way that the optimum growth rate
distinct seasons have brought out the representative chanf the RT instability is attained for different seasons. In this
acteristics of meridional winds in association with the ESF context, it is to be noted that the comparable values 5f.
events. during different seasons of solar minimum indicates nearly
The increased threshold height at solar maximum for allthe same probability of occurrence of ESF when the base of
three seasons is possibly due to the increase in ion-neutrdi@ F-region is above the threshold level.
collision frequencies as a consequence of the increased con- Another aspect of interest is that during solar maximum,
centration of neutrals at a given altitude. During periods ofthe threshold height is minimum for winter in relation to the
high solar activity, the scale height (H) of the neutrals in the other two seasons, i.e. in winter (of solar maximum), the
F region changes significantly due to the increase in temimeridional winds have a role in ESF triggering only when the
perature (H=RT/Mg), where R is the gas constant, T is thebase of the F layer is below 264 km while for the other sea-
temperature inK, M is the molecular mass and g the accel- sons, winds play a role when the base of the F layer is below
eration due to gravity. The increase in H with increasing so-305 km (for equinox) and 314 km (for summer), respectively.
lar activity results in a swelling of the thermospheric neutral This could as well be due to the seasonal variation of ther-
densities (Fuller-Rowell et al., 1996). As a result the ion- mospheric temperatures and the associated enhancement of
neutral collision frequencies would increase. This, in turn,ion-neutral collision frequency, as in the case of the solar ac-
would result in a reduced growth rate of the RT instability tivity dependence. In the case of solar minimum the thresh-
(Eq. 2) for a given altitude at solar maximum in compari- old height is minimum for summer in relation to the other
son to that at solar minimum. Therefore the optimum growthtwo seasons, though the differences are only very marginal.
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Thus, the minimum value of the threshold height undergoesAbdul, M. A.: Outstanding problems in equatorial ionosphere-
significant changes from winter in solar maximum to sum- thermosphere electrodynamics relevant to spread F, J. Atmos.
mer in solar minimum, highlighting the complexities in the ~ Sol. Terr. Phys., 63, 869-884, 2001.
thermosphere-ionosphere system. Basu, B. and Coppi, B.: Relevance of plasma and neutral wind pro-
In the whole study, one of the important factors with re- files to the topology and the excitation of modes for the onset of
gard to the RT instability, namely the seed perturbations, ha% spread F, J. Geophys. Res" 194’ 225-31, 1999. .
been assumed to be omnibresent. which need not necessarbandra, H. and Rastogi, R. G.: Solar cycle and seasonal varia-
u P » Wh tion of spread F near the magnetic equator, J. Atmos. Solar Terr.

ily be true. It is generally believed that gravity waves, ei- Phys., 32, 439-444, 1970.

ther in-situ generated or propagated from a different sourc qsta, E. and Kelley, M. C.: On the role of steepened structures and
region, could be the seed. Though the atmosphere sus- grift waves in equatorial spread F, J. Geophys. Res., 83, 4359—
tains/supports gravity wave activity, they are bound to have 4364, 1978.
their own characteristics and also forced variability. TheseDevasia, C. V., Jyoti, N., Viswanathan, K. S., Subbarao, K. S. V,,
would definitely modulate the triggering and evolution of the ~ Tiwari, D., and Sridharan, R.: On the plausible linkage of ther-
phenomenon. Though our comprehension on the background mospheric meridional winds with equatorial spread F, J. Atmos.
ionospheric and thermospheric conditions has significantly Sol- Terr. Phys., 64, 1-12, 2002. _
increased, there is a large gap with regard to the seed pertuf211€y. D. T., Balsley, B. B., Woodman, R. F., and McClure, J. P.:
bations. The consistency of the results, with the assumption Equatorial spread F: Implications of VHF radar observations, J.
’ . ' . Geophys. Res., 75, 7199-7216, 1970.
that the seed perturbations are always present appears to vipe

di h ) h . . ejer, B. G., Scheerliess, L., and de Paula, E. R.: Effects of the
icate such an assumption. However, when we investigate on vertical plasma drift velocity on the generation and evolution of

a case-by-case basis, unless the seed perturbations are a|SQequatoria| spread F, J. Geophys. Res., 104, 19 859-19 869, 1999.

quantified, all the observations may not be explained. Contejer, B. G. and Kelley, M. C.: lonospheric irregularities, Rev. Geo-

certed efforts have to be made in the future to address this phys. Space Phys., 18, 401-454, 1980.

problem. Fuller-Rowell, T. J., Codrescu, M. V., Moett, R. J., and Quegan, S.:
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