
JOURNAL OF GEOPHYSICAL RESEARCH, VOL 102, NO. A~, PAGES 20,059-20,062, SEPTEMBER 1, 1997 

Nighttime thermospheric meridional winds 
at Cachoeira Paulista (23~S, 45°W): 

Evidence for effects of the equato~ial ~d.night pressure bulge 

In~z S. Batista, J. H. Sastri, l R. T. de Medeiros,2 and M. A. Abdu 
Instituto Nacional de Pesquisas Espaciais, Sl[o Jose dos Caplpos, Brazil 

Abs.tr.act. w.e have studied ~~ local ti~ and season~ variations of tbermospheric nighttime 
mendional:wmds ~t. the ~9W~latitude staqon, Cachoeira Paulista, Brazil, corresponding to quiet 
ge~magnetic conditions Qfhl~ solar activity (FlO.? > 150 Units). The meriqional winds are 
denve~ from F ~ayer peak heIght (hmax) datq. u~~g a modified form of the "servo" model 
whe~eill plasma ~sport ~ue to e~c!Tic field is taken into accoUnt. It is found that during the 
solsq~s the ~ndional.w~ds eX!llbl~ the transequatop.al neutral airflow from the summer to 
the wmter heIDlsphere, 1.~ .. ! the Il!-ghttim~ winds ~e primarily equatorwar~ (poleward) during 
the Decemper (J?D-e) solstice. It IS sho~ ~at this neutral mp.d flow pattern is effectively 
Ihod~ated b~ w~ds related to equatonal ~~ght temperature ?J13.Ximum (MTM) and the 
asso!::lated.n:~l~ght pressure bqlge, especIally ill the pecember solstice (local summer). The 
seas?nal vIs~bility of th~ eff~ct of MTM on 10w!eq~toriallatitude meridional winds seems to 
be different ill the east BrazIl (450W) a¢ Indian (75°~) ~ectors ,. ' 

Introduction 
The characteristics of the equ~torial low-latitude 

thermosphere are dominatecl. by interactive coupling between 
the plasma and neutral domains. This pbysical situation is 
reflected in several phenomena speciflC to this s·egme~t of the 
~errestrial upper at:!nosphere. one of ~elI! being the' equatqrial 
midnight temperature maximum (MTM) apd the associated 
midnigh~ pressure bulge [see Herrero et al., 1993, and 
references therein]. MTM is curr~ntly understood in terms of 
tidal forcing in which the ion neutral momentum coupling 
associated with the diurnal variatj.on in ion drag' plays the 
central role. Recent simulation results of MTM using 
TIEGCM [Fesen. 1996] show that its developrp.ent is due to 
the upward propagation of semidiurnal tides, an,d that the 
observed seasonal v<!l"iations in MTM may be explained by the 
combined effect of the 2,2 and 2,3 tidal modes. which differ 
from summer to winter. MTM is an energetically signifl~ant 
and semipermanent (occurs 30-50% of the time) feature of the 
equatorial theqnosphere and influences signifi~antly the 
dynamics of both neutral thermosphere and ionospheric 
plasma. Our observatioQallmowledge of equatorial MTM and 
its effects is based on that derived from AB-E and DE-2 
satellite dat~ and from ground-based measurements at a few 
widely separated sites [Herrero et al .• 1993. and references 
therein; Rao and Sastri, 1994; Sastri et al., 1994; Herrero 
and Meriwether. 1994; Goembe1 and Herrero, 1995; 
Cole rico et a1., 1996]. There i$ now a resurgence of interest in 
equatorial MTM motivated by the need to characterize the 
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pht<nomenon, for the different longitude sectors. as regards the 
variability of its characteristics (shape. amplitude and time of 
occurrence) from day to day. with season, solar and 
geomagnetic activity and lower atmospheric perturbations: 
Recent studies indicate that the amplitude of MTM is 
longitude dependent. being higher in the Incti.an sector 
compared to the American sector [Rao and Sastri, 1994]. and 
that the variability of the MTM and t.p.e associated nighttime 
pressure bulge may po~sibly be linked to the variability of 
solar EUVradiation [Goembe1andHemro, 1995]. 

An indirect means of enhancing our knowledge of the 
s~cture and dynamics of the sub auroral thennosphere is 
throug~ analysis of the ex~nsive ionosonde 'data available 
frpm the global network. For eJ!,ample, MTM can be studied 
through its effects on low-latitude thermospheric meridional 
winds and F layer height. The passage of the pressure bulge 
asSOCiated with the MTM over the mi~ght sector causes a 
dec.eleration or even a reversal in 'the equatorward' winds, 
which ap~ears as a desceQt of the F layer in height (termed as 
''midnight collapse"), and enhancement of 0I630 om. airglow 
emission. at low latitudes [see Herrero et aL 1993 and 
references therein]. Valuable inforIDation is obtained ~bout 
ineridi(:mal neutral winds for midlatitudes frpm analysis cl 
iqnosonde data, taking advantage of the fact that the F layer 
peak height (hrr-)' is sensitiv~ to meridional wind [see 
Titheridge, 1995, and references therein]. Extension of this 
approach to low and equatoriallaiitudes is not straightforward 
beCause hmu at these locations is controlled by meridional 
winds' as well as byelectrj.c fields. We have just developed a 
method of calculating the meridional winds fO! the low­
latitude station, Cachoeira Paulist~ (23°S; 45"W; dip, -30") 
from hr- data using the servO model [Rishbeth et a1 .• 19781 
and paying due attention to the effects of electric fields 
[Medeiros et at., 1997]. The diurnal patterns of meridional 
winds and their seasonal variatioIl& derived from this method 
are found'to be in proad agreement with the HWM90 model 
predictiops. 
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In this paper we focus on the interpretative aspects of the 
nocturnal and seasonal variations of nighttime meridional 
winds at Cachoeira Paulista (CP) for high solar flux (F10.7 > 
150 units) conditions. We present evidence to show, for the 
first time, that the pattern of nighttime meridional winds at CP 
is modulated by winds related to the equatorial MTM and 
associated pressure bulge, particularly in the December 
solstice (local summer). The modulation is ascertained from. 
an evaluation of the local time variation of the winds with 
reference to the two-dimensional (local time-latitude) global 
distribution of the MTM derived by Spencer et al. [1979] 
from satellite data. We consider the identification of the MTM 
modulation in meridional winds at Cachoeira Paulista as a 
flfSt step in the direction of establishing the characteristics of 
MTM in the east Brazil sector. 

Calculation of Meridional Winds 
We have derived meridional winds at Cachoeira Paulista 

(CP) from h.-r. data using the servo model equations in the 
time dependent form. and retaining the nonlinear terms [see 
Rishbeth et al., 1978; Buonsanto et al., 1989]. The main 
inputs are h.-r., the F layer vertical drift at hJDBX' and the 
balance height. ho, i.e.. the height of peak. electron density in 
the absence of plasma transport. The POLAN code is used to 
obtain ha,.", from ionograms prior to 1990 and the University 
of Massachusetts Lowell Center for Atmospheric Research 
Digisonde ARTIST code from. March 1991. The vertical 
plasma drift near the dip equator is derived from the 
Jicamarca radar measurements of the vertical drift and from. 
the time derivative of the h' F at Fortaleza WS; 38"W), as 
described by Medeiros et al. [1997]. The equatorial drift 
model thus obtained is then used to estimate the vertical drift 
at hmax over CP by freld line mapping. The altitude gradiel1t of 
vertical drift at the dip equator required for the purpose is 
derived from a numerical model of the electrodynamical 
coupling of E and F regions (see Batista et aL [1986] for 
details). The local time pattern of the height gradientS 
:Predicted by the model is consistent with the Jicamarca radar 
measurements [Medeiros et al., 1997]. The balance height ho 
iii calculated from standard servo model equations using the 
MSIS-86 neutral atmospheric model. The magnetic 
meridional wind, U", is calCulated from the equation: 

U'" _-,1,--_~ 
sinIcosI dt 

+ e B -1e H _....:...L. H [~ _kh.c-h" 1 V 
(k + 1) IX. sin I 

where 

2H"cosI 
IX. = (km m·l S·l) 

(k+l)D sin I 

(1) 

and I is the dip angle, H iii the scale height of ionizable gas, 
and D is diffusion coefflCient; k=1.75 and 11.=1 for night, and 
3.86 for daytime conditions, with a linear transition between 
0600 and 1000 LT and between 1400 and 1800 LT. The 
relative contribution of the three terms in (1) to the wind 
component in the magnetic meridian depepds on local time, 

season and solar activity. The present work is based on 
ionosonde data corresponding to geomagnetically quiet 
conditions (LKp < 10) of the high solar activity period: 
September 1988 to December 1991 

Results and Discussion 
Neutral atmosphere winds at F region altitudes are driven 

primarily by pressure gradients set up by solar EUV heating. 
Since the Coriolis force is small compared to the frictional 
forces of ion drag and viscosity, the neutral air flows from. the 
high-pressure bulge around the sub solar point and across the 
~ator and over the poles into the low-pressure region 
near the antisubsolar point, with the return flow at heights 
below 150 kIn. This two-cell circulation pattern can be 
expected to prevail under quiet geomagnetic conditions and in 
the absence of any other sources of heating. In the solstice 
months, nighttime meridional winds at low latitudes ought to 
exhibit the transequatorial flow of air from S\lIIllIJer 

hemisphere to winter hemisphere. In the equinoxes when the 
sub solar and antisolar points are near the geographic equator 
on the dayside and nightside, respectively, the nighttime 
meridional winds are to be equatorward in both hemispheres. 
The amplitude of the neutral wind ~ the magnetic meridian at 
low latitudes can be modified by the zonal wind in the regions 
where magnetic declination is large like the east Brazil sector. 
At Cachoeira Paulista (magnetic declination 19"W), the 
eastward zonal wind that prevails in the evening and 
nighttime period prod!lces a poleward wind in the magnetic 
meridian irrespective of season, and this will be superposed 
on that due to the global circulation. As a result, the nighttime 
poleward winds at Cacho~a Paulista will be enhanced in the 
June solstice (local winter) depending on the amplitude of the 
eastward zonal wind. On' the other hand, a reduction of the 
equatorward wind is to be operative in the December solstice. 
Let us now examine the meridional wind patterns at CP in the 
light of these considerations. 

Figure 1 displays the mean patterns of nighttime magnetic 
meridional winds at Cachoei):"a Paulista derived from 
ionosonde data for the December and June solstices and 
equinoxes, along with the HWM90 winds. Also plotted are 
the magnetic meridional winds calculated from the direct 
measurements of zonal and meridional winds at CP with the 
Fabry-Perot interferometer (FPI) technique over the period 
March 1988 to pecerriber 1989 (not simultaneous with the 
ionosonde data analyzed here) reported by Sahai et aL [1992]. 
It can be seen that there is broad agreement between the 
model winds and the winds from indirect (ionosonde) and 
direct (FPI) methods, particularly in equinoxes and the June 
solstice. In the December solstice (local summer), the 
ionosonde winds at CP are equatorward (as can be expected), 
but only for short intervals in the 'posts unset and postmidnight 
periods as can be seen from Pigure 1. Beginning at 2000 LT 
the equatorward wind abates and reverses direction to 
poleward with pmimum ~litude (about 35 mls) at 
midnight and returns to the equatorward direction by 0200 LT. 
The FPI winds also show essentially the same pattern but with 
a delay of 1 hour. This consistent behavior is a Significant 
dep~ure from. the HWM90 winds and the one expected from 
the global thermospheric circulation due to solar forcing. The 
rapidity of the abatement and reversal of the equatorward 
wind around midnight, and its subsequent return to the 
equatorward direction bears the signature of the effect of the 
pressure bulge associated with the equatorial MTM. 
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Figure 1. Nocturnal variation of neutral wind in the magnetic 
meridian (positive equatorward) over Cachoeira Paulista for 
the December (D), equinox (E), and June (J) months of high 
solar flux conditions. The HWM90 model winds and winds 
from FPI measurements at the same location (not 
simultaneous) are also shown for comparison. The number of 
nights of data are also shown both for ionosonde and FPI 
winds_ The average solar 10.7 em flux for the D, E and J 
months is 196.2, 194.7 and 185.3 units, respectively. 

The two-dimensional (local time-latitude) distribution of 
MTM derived by Herrero and Spencer [1982] from AE-E 
satellite data shows that in the December solstice, MTM 
appears f11'st at low latitudes in the southern (summer) 
hemisphere around 2000 LT, and then extends toward the 
equator and into the northern hemisphere. The amplitude of 
MTM is more in the summer hemisphere than in the winter 
hemisphere, and there is a secondary isolated maximum in the 
summer hemisphere centered on midnight between 15° and 
20° latitude [see Herrero and Spencer, 1982. Figure 4]. The 
abatement and reversal of the equatorward wind at CP over 
the period 2100-0200 LT in the December solstice thus finds a 
logical explanation in terms of the effect of winds related to 
the midnight pressure bulge_ The genuineness of this 
explanation can be gauged from other facts like changes in 
hmax (input for the wind calculations) at CP shown in Figure 2. 

The distinct midnight descent of the F layer over CP in the 
December solstice is quite obvious and the mean descent rate 
of = 5.3 mls compares favorably with the corresponding value 
of 8 mls at Arecibo [Nelson and Cogger, 1971]. It is pertinent 
to recall here that the midnight descent of the low-latitude F 
layer provided the early evidence for the existence of the 
equatorial MTM [Nelson and Cogger. 1971]. The amplitude 
of the midnight poleward winds at CP of 35 mls is also 
consistent with the satellite measurements [Spencer et al .• 
1979]. A recent work on coordinated measurements of F 
region dynamics related to MTM [Colerico at aL. 1996] 
showed a close relation between reversals in meridional 
winds and the passage of a ''brightness wave" associated with 
the MTM over Arequipa, Peru, in October 1994. 

The effects of the equatorial MTM on magnetic meridian 
winds at Cachoeira Paulista are not that apparent in the June 
solstice and equinoxes compared to the December solstice. As 
can be seen from Figure 1, in the June solstice. the strong 
poleward wind (100-120 mls) in the postsunset period (1900-
2000 L'I) decays more or less completely by midnight, 
followed by an interval (0000-0300 L'I) of weak resurgence 
and an eventual change of direction toward the equator in the 
predawn hours. The FPI winds also exhibit the same pattern. 
and both are consistent with the winter (June solstice) FPI 
observations at Arequipa, Peru [Meriwether et al., 1986]. We 
suggest that this pattern of meridional winds implies the 
effects of MTM winds for the following reasons. The FPI 
observations at Arequipa show that in southern winter (June 
solstice) an eastward wind (50-150 mls) persists through the 
night [Meriwether et al .• 1986], and it is not unreasonable to 
assume such a situation for the east Brazil sector also. One 
can, therefore. expect to see large poleward winds in the 
magnetic meridian at CP throughout the night in the June 
solstice. due to the combination of transequatorial winds cf 
global circulation and poleward winds caused by the eastward 
zonal wind. We interpret the observed cessation of poleward 
winds by midnight and their brief resurgence after midnight as 
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Figure 2. Nocturnal variation of the height of F2 layer peak 
density (hmax) at Cachoeira Paulista during the December 
solstice. The thick line shows the variation of mean hrmx. 



the effects of M1M. The AE-E satellite results show that 
during the June solstice, the M1M appears on the equator 
around 2200 LT and extends flTst into the summer hemisphere 
and then into the winter hemisphere [Herrero and Spencer, 
1982]. Its amplitude is higher on the equator and in the 
summer hemisphere than in the winter hemisphere. As a 
result, the large postsuoset poleward winds at Cachoeira 
Paulista (23°S) will be impeded beginning around 2130 LT 
frrst by the winds associated with the high temperature on the 
equator and then in the summer hemisphere and subsequently 
by those in the winter hemisphere. According to this scenario, 
the brief resurgence of poleward winds after midnight at 
Cachoeira Paulista must essentially be due to the poleward 
winds set up by the M1M in the winter hemisphere, i.e., the 
core of MTM has to be equatorward of Cachoeira Paulista. 
Direct ground-based FPI observations of neutral temperature 
about 15° from the equator in the east Brazil sector will help 
confrrm this interpretation. There is no indication of any effect 
of MTM on the meridional wind pattern during the equinoxes, 
as can be seen from Figure 1. 

It is worth pointing out that the local time-latitude global 
distribution of MTM, which is the basis for the qualitative 
explanations made here, has been derived by Herrero and 
Spencer [1982] from satellite data of a low to moderate solar 
activity epoch (1977-1978), whereas the winds discussed here 
pertain to high solar activity. A comparison of the seasonal 
variation of meridional winds at Cachoeira Paulista with those 
at other low-latitude/equatorial stations reported in the 
literature brings out a significant difference in the visibility of 
the effect of MTM on low-latitude meridional winds between 
the Indian and east Brazil sectors. At SHAR (13.7"N), India, 
the abatement and reversal in direction of equatorial wind, 
which is the characteristic signature of the effect of the 
pressure bulge associated with MTM, is prominently seen in 
equinoxes [Hari and Krishnamurthy, 1995], whereas at 
Cachoeira Paulista (23°S), it is seen in the December solstice 
(local summer). The origin of this difference may be related to 
the relative position of the two stations in relation to the 
magnetic equator and to the tidal forcing that is thought to 
generate the MTM phenomena. It is pertinent to mention in 
this context that the amplitude of MTM has recently been 
found to be in general higher at Kavalur (12.5"N), India, than 
at Jicarnarca (12"N), Peru [Rao and Sastri, 1994]. Synoptic 
ground-based observations (particularly in campaign mode) at 
a global network of stations will help in understanding the 
globallregional features of the equatorial MTM and its effects 
on F layer dynamics. 

Conclusions 

1. Under quiet geomagnetic conditions of high solar activity, 
the thermospheric nighttime meridional neutral winds at 
Cachoeira Paulista , Brazil, exhibit the pattern of neutral 
airflow from the summer to the winter hemisphere during the 
solstices. 

2. This wind pattern during the solstices is shown to be 
modulated by the passage of the midnight pressure bulge 
associated with the equatorial MTM. The modulation is 
prominently seen in the December solstice (local summer) in 
the fonn of a rapid abatement and reversal of the equatorward 
winds around midnight. There is no apparent effect of MTM 
on nighttime meridional winds in the equinoxes. 

3. The visibility of the effect of MTM on meridional winds 
at low/equatorial latitudes seems to depend on longitude. It is 
best seen in the December solstice in east Brazil and during 
equinoxes in the Indian sector. 
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