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Abstract. We report here on post-midnight uplifts near the Keywords. lonosphere (Equatorial ionosphere; Modeling
magnetic equator. We present observational evidence fromand forecasting; lonospheric disturbances)
digital ionosondes in Brazil, a digisonde in Peru, and other
measurements at the Jicamarca Radio Observatory that show
that these uplifts occur fairly regularly in the post-midnight 1  |ntroduction
period, raising the ionosphere by tens of kilometers in the
most mild events and by over a hundred kilometers in thelt is well-known that the height of th&-region ionosphere
most severe events. We show that in general the uplifts args the major parameter in controlling the onset of equatorial
not the result of a zonal electric field reversal, and demon-spreadr (ESF) (Farley et al., 1970). This relationship is due
strate instead that the uplifts occur as the ionospheric reto the fact that the growth rate for the generalized Rayleigh-
sponse to a decreasing westward electric field in conjunctiomaylor instability is inversely proportional to the ion-neutral
with sufficient recombination and plasma flux. The decreas-collision frequency, which decreases exponentially with alti-
ing westward electric field may be caused by a change in theude (Kelley et al., 1979a). A second term in the growth rate
wind system related to the midnight pressure bulge, which isdepends on the eastward electric field, which is destabiliz-
associated with the midnight temperature maximum. In or-ing after F-region sunset and stabilizing during the night as
der to agree with observations from Jicamarca and Palmasiictated by the nominaF-region electric field driven by the
Brazil, it is shown that there must exist sufficient horizon- dynamo wind systems (e.g., Fejer et al., 1979).
tal plasma flux associated with the pressure bulge. In ad- Thus, itis no surprise that most observations of ESF are as-
dition, we show that the uplifts may be correlated with a sociated with the evening pre-reversal enhancement, during
secondary maximum in the spre&teccurrence rate in the which the altitude of the ionosphere increases due to an in-
post-midnight period. The uplifts are strongly seasonally de-creasing eastward electric field. The onset of ESF during this
pendent, presumably according to the seasonal dependengene period typically leads to a continuation of ESF through-
of the midnight pressure bulge, which leads to the necessargut the post-sunset period, often beyond midnight, with an
small westward field in the post-midnight period during cer- occurrence rate that decreases steadily throughout the night
tain seasons. We also discuss the enhancement of the upliff&il and Heelis, 1998; Hysell and Burcham, 2002). How-
associated with increased geomagnetic activity, which mayever, studies of post-midnight / pre-sunrise ESF have been
be related to disturbance dynamo winds. Finally, we showfewer (e.g., MacDougall et al., 1998), since ESF during this
that it is possible using simple numerical technigues to estitime period is in general much weaker and occurs much less
mate the horizontal plasma flux and the vertical drift velocity frequently. Most statistical studies of the occurrence rates
from electron density measurements in the post-midnight peof ESF (e.g., Abdu et al., 1983; MacDougall et al., 1998)
riod. use ionosondes, where the instabilities produce a measurable
spreading in range or frequency on an ionogram trace.
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Fig. 1. Virtual height contours as measured in Sao Jose dos Campos and Palmas, Brazil, on 1 and 2 October 2002.

In this paper, we discuss what could be a source for aet al., 2006), which produce interesting features such as the
secondary post-midnight maximum in the ESF occurrencemidnight temperature maximum (e.g., Sastri et al., 1994) and
rate that has been reported by MacDougall et al. (1998)the midnight density maximum (e.g., Arduini et al., 1997).
who observed eastwardly convecting irregularity patches co- We show that the uplifts are associated with a decrease
incident with “bottomside bulges”. Such a maximum was in magnitude, but not a reversal, of the zonal electric field.
also observed by Hysell and Burcham (2002). We show ob-A decrease in the magnitude of the westward electric field
servational evidence from digital ionosondes in Brazil andcauses a waning of the reverse fountain effect (King, 1968).
a digisonde at Jicamarca, Peru for what we term “post-Using numerical simulations of the continuity equation, we
midnight uplifts”, which may be the same phenomenon asshow how the uplifts can occur despite the fact that the elec-
the bottomside bulges. The term “uplift” refers to the ob- tric field does not change sign. We also focus on an extremely
served increase in height of thié-region ionosphere. We disturbed night during which the uplifts were amplified, and
note here that such a “lifting” does not say anything aboutdiscuss how the uplifts may be enhanced by magnetic ac-
the sign of the electric field because of other terms in thetivity, which may be related to disturbance dynamo wind
continuity equation. systems (e.g., Blanc and Richmond, 1980; Richmond et al.,

003). We also show some ESF statistics from Brazil that

.We expla}ln 'Fhese uplifts in terms of phenomena assomatg eem to support the idea that these uplifts could be the source
with the midnight pressure bulge (e.g., Fesen, 1996). Th'sofasecondary maximum in ESE occurrence rates.
pressure bulge is associated with a convergence of merid-

ional thermospheric winds near the equator (e.g., Faivre
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Jicamarca: October 1-2, 2002

Altitude (km)

150 L L

1800 -
1600 |-
~ 1400 -
< 1200
1000 |-

km

800 -

Altitude

600 -
400 -

200 - .

4 | | | |
5 6 7 8 9 10 11 12 13 14 15
Time (UT,LT+5)

Fig. 2. Isodensity contours as measured by the Jicamarca digisonde on 2 October 2002 and measurements of coherent backscatter from tf
JULIA radar at Jicamarca.

2 Observational evidence 05:00 and 09:00 UT (02:00—-06:00 LT). On the previous night
(30 September—1 October), we do not see the oscillations as-

On the geomagnetically disturbed night of 1-2 October 2002 sociated with the LSTID. However, we do see an uplift at
a series of large-scale traveling ionospheric disturbance&e equatorial station. It should be noted that on both 1 Oc-
(LSTIDs) propagated from high to low latitudes, causing tober and 2 October there was significant auroral electrojet
large fluctuations ilNmF2 andhnF2 as observed at the (AE) activity, which could be a major cause of these height
Arecibo Observatory (18.34\, 66.73 W, dip 46). This increases through disturbance electric fields. We discuss this
event has been reported and discussed by Nicolls et aRossibility later.

(2004) and Vlasov et al. (2005). Nicolls and Kelley (2005) In Fig. 2 we show observations from instruments at the
also showed that the final LSTID before sunrise caused thdicamarca Radio Observatory (11°@5 76.87 W, dip 1°)
Arecibo ionosphere to rise to over 450 km, and subsequentln the night of 1-2 October. The upper panel shows iso-

led to plasma structuring presumably due to some sort of indensity contours measured by the Jicamarca digisonde, and
stability mechanism. the lower panel shows coherent backscatter as measured by

In Fig. 1 we show observations from two digital ionoson- (e JULIA radar (Hysell and Burcham, 1998). A large up-
lift of over 100km is observed in the ionosphere. Dur-

des in Brazil on this interesting night along with the previous .

night (1 October). The panels are iso-density contours from"9 the uplift, strong post-midnight irregularities were ob-
Sao Jose dos Campos (232 45.9 W, dip —32) and Pal- served with plumes reaching up to 2000 km. It is interesting
mas (10.2S, 48.2 W, dip —1F) in Br:azil. On 2 October {0 note that the highest plume at about 04:30 LT coincides

at the low-latitude station (Sao Jose dos Campos — SJC) wwith the time that the irregularity structure was observed at

see oscillations in the height of the ionosphere induced by*€ciPo (Nicolls and Kelley, 2005). However, the apparent

the propagating LSTID. These observations are very simi-simultaneity of the events might be misleading because post-

lar to those observed at Arecibo and are caused by the TiBnidnight ESF at Jicamarca normally occurs during this time
neutral winds coupled with a sufficient dip angle. At the Period (Hysell and Burcham, 2002) and any disturbed elec-

equatorial station (Palmas—PAL) on this night we do not sediC fields, caused for example by the TID, could enhance
these oscillations because of the much smaller dip angle. InPre-existing irregularities.
stead, we see a large uplift of over 100 km between about
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slowing of the density decrease is observed to about 1 MHz

b +3'c':mg"e age per hour, which should be expected. This is a result of a de-
Oct 08 crease in the recombination rate as the ionosphere rises. The
300+ —=—0ct 10 seasonal variation of the uplifts and the role of the reverse

—ct15

fountain effect will be discussed later.

A similar plot as Fig. 4 using the Jicamarca digisonde is
shown in Fig. 5. The data plotted here are from 2002, and
each curve is a monthly average with the blue lines rep-
resenting equinox months and the black lines representing
winter/summer months. The uplifts are again evident in
the post-midnight period (before 10:00 UT) in the equinox
months. The magnitude of the average uplifts are not much
; 1 ; . ; ) different than those measured at Palmas, despite the near-
3 4 5 GL'T 7 8 9 10 zero dip angle at Jicamarca. The uplifts should not be con-

fused with the significant rise ih’ F after 10:00 UT. This

Fig. 3. Virtual height of theF peak for several days in October 2002 SPike ink’F may be caused by the low value fof-2 (near

along with the monthly average as measured at Palmas, Brazil.  the lowest sounding frequency), which makes it nearly im-
possible to determing F.

h'F (Km)

200+

The event on the night of 1-2 October 2002 was anoma-3 Simulations of post-midnight uplifts
lous and coincident with a geomagnetic storm (Nicolls et al.,
2004). However, the uplifts occur fairly regularly in the In the preceding section, we showed evidence that post-
equatorial ionosphere with no strong correlation to Kp. This Midnight uplifts occur near the magnetic equator on a fairly
is illustrated by the fact that the uplifts occurred on the pre_regular basis. It is well-known that the zonal electric field
vious night of 30 September—1 October as well, which wasiS Westward at night (e.g., Fejer et al., 1979; Kelley, 1989)
a much quieter night (see Fig. 1). Figure 3 shows the vir-and there is no reason to think that the zonal electric field is
tual height of theF peak for several other days in October changing sign at this time since such a trend does not show
along with the monthly average with errorbars correspond-Up in long-term averages except perhaps during summer sol-
ing to the standard deviation. We should note that while rel-Stice, solar minimum periods. We show some case studies
atively quiet, these nights were all disturbed to some degredater that show that the reversal does not occur. There is a
as dictated by the auroral electrojet indices, especially sevgeneral trend, however, of smaller fields for all seasons dur-
eral hours preceding the layer uplift. The quietest of the daysing solar minimum conditions.
October 15, was preceded by weak AE activity on the previ- The major forces that can drive the ionosphere upwards
ous day. We discuss the potential influence of auroral activityPesides the effect of electric fields are those caused by neutral
later, however we should emphasize that the uplifts appear t¥inds and the horizontal advection of plasma, while recom-
be a quiet-time phenomenon but strongly sensitive to auroraPination can cause an apparent motion leading to an uplift as
activity. The monthly average indicates an average uplift ofWwe have defined it (see the introduction). We show in this
about 50 km in the month of October 2002, with significant Section that the daily uplifts discussed in Sect. 2 can be ex-

variations on that curve as noted by the example days. plained by including the role of recombination in the conti-
nui ion. Off th r, win nd diffusion m
The averages for many months between 2002 and 2004 ar.eu ty equation. Off the equator, : ds and diffusion beco €
- ; . important and enhance the uplifts. At the equator, there is
shown in Fig. 4. We have binned them here in terms of sea- . . .
. . : really no way that winds can directly produce an uplift. For
son into equinox and winter / summer, and we sHiol2 on

the bottom and’ F data on the top (the virtual height of the :g::reg;:iézorggrx:)our;gl t?:t:galljxgdtgf Sri\c/iirca; gulg(ir:lduml;
F peak). In the virtual height data, the uplifts are evident at P q P P

) ) . f 50km over the course of an hour at the dip latitude of
equinox, and are especially pronounced during a couple %Yicamarca. Such magnitudes are not observed (e.g., Biondi
months (dark blue and orange curves) which correspond tg . D

October of 2003 and October of 2002, respectively. The up-et al, 1999)'. I-_|owever, Wm.ds can |nd|rectly_produce an .UP“_ft
. . ) . through meridional advection of plasma, driven by a latitudi-
lifts are evident, however, in most of the equinox curves. In

. ; nal gradient in electron density.
the winter / summer curves, the uplifts are not present except g Y

for a weak one in June of 2002 (red curve). The signature3.1 Recombination

of the uplifts can also be seen in tha#2 data for equinox.

After midnight, the density decreases relatively constantly afThe ionospheric response to recombination only is well-
a rate of about 2 MHz per hour as a signature of the revers&nown (e.g., Banks and Kockarts, 1973; Rishbeth and Gar-
fountain effect. However, during the time of the uplifts, a riott, 1969). However, we present a discussion here in order
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Fig. 4. Monthly averages dioF2 (left) andh’ F binned into equinox and winter summer months as measured in Palmas, Brazil.

to illustrate the differences when a finite vertical drift is in-
cluded.

For the Northern Hemisphere case, we definejtlveor-
dinate as parallel to the magnetic field, theoordinate as
perpendicular and north to the magnetic field (vertical at the
equator), and thé coordinate as perpendicular and east to
the magnetic field, and the vector velocity may be written as

FoF2 (MH2)

V:VL—i—VH:anE—i-vlef—I-v”)A). (l)

The continuity equation is,

an
C4V.-(nN)=P—L ) 0
ot 300
where P and L refer to production and loss terms, respec-
tively. The continuity equation may be written as 280
on, on,

v
S Fne (V VO HVL (Vre) bne ol v 55
There is no production term at night and the loss term is due% 240 }
to recombination, which is controlled by the reactions that
convert O to molecular ions (which then recombine disso- 20|
ciatively). The major reactions in thé-region are thus

=P—L.(3) E 260t
=

+ + 200 ' ' ' '
0"+02—~0; +0 0 5 10 15 20

with reaction rate (St.-Maurice and Torr, 1978) Time (UT, LT+5)

y1 = 2.82x 1071 — 7.74x 10_12(Teﬁ/30®+ Fig. 5. Monthly averages ofoF2 (top) and:’ F (bottom) as mea-
1.073x 10—12(Teff/300)2 _517x 10—14(Teff/300)3 sured by the Jicamarca digisonde. The black curves correspond to

winter / summer data and the gray curves correspond to equinox
+9.65 x 107 18(Te/300* cm® st 4 data

and

www.ann-geophys.net/24/1317/2006/ Ann. Geophys., 24, 1317-1331, 2006
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Fig. 6. Electron density as a function of time and altitude for the case of recombination only. The left panel is a contourpl®hefright
panel isNmF2 (top) anchnmF2 (bottom). The solid lines correspond to the values using the recombination rate calculated from MSIS and the
dashed lines correspond to the analytical solution of Egs. (10) and (11).

then there is an interesting analytical solution for the peak
height and density in the case thatis constant in time

O" + N2 > NO" +N and decays exponentially in altitude with the Chapman scale
. . . height, i.e.
with reaction rate (St.-Maurice and Torr, 1978) ( H
B(2) = Poelino=d/ M ©)
y2 = 153 x 10712 — 592 x 10" *¥(Tef/300)+ _ o N _
8.6 x 10~ 14(Turr/3002 cm® s (5) wherepg is the recombination coefficient at the peak. In this

case, the altitude of the peak and the peak density can be
whereTe=0.667T; + 0.3337,,. The loss term can be writ- shown to be
ten asL=pBn, where 8 is the recombination coefficient,

m =Zm Hc | 1 2 10

B=y1[02] + y2[N2]. Then, Zm(t) = zmo + Hen IN[1 + 2Bot] (10)
nm0

8 e 3 8 e m t —_ 11

e (V VDL (Tng e oy T = —pne®) " T T 2B )

For the case at the magnetic equator, we first make th&/heren,o andz,o correspond to the peak density and alti-
assumptions that there are no parallel or perpendicular-eadde of the initial profile. _ _
gradients in electron density. Then, we are left with the ver- 10 demonstrate the behavior of the ionosphere under re-
tical velocity (perpendicular-north) term. Assuming no verti- COmbination only, we show an example in Fig. 6. In this case,
cal velocity, we obtain the simplest continuity equation dom-We have taken the initial electron density profile to be a Chap-

inated by recombination, man layer with scale heightf,,=50 km. The calculation is
run for two hours and the neutral densities from the MSIS-90
n, = —Bn @) model (Hedin, 1991) are used to calculate the recombination
ot ¢ coefficient for the conditions in the early morning of 8 Octo-

. . _ B . .. ber2002. The left-hand plot shows contours of electron den-
with solutionr, (z, f)=nco(2)e™"*" whereneo(z) ISthe ini- e line plots shoNmF2 andhmF2, along withv,,

tial density proflle. Th? effect of recombination in t.he ab andh,, computed from Egs. (10) and (11). It should be clear
sence of a vertical drift is to eat away at the bottomside den-, : . L
N : . : . rom these line plots that in general the recombination rate
sity, increasing the bottomside gradient, decreasing the peal S .
. . : . scale height is much lower than the Chapman scale height.
density, and increasing the peak height.

L . ) ' As can be seen from the figure, the ionosphere rapidly re-
Ifwe let the initial density profile be a Chapman profile, combines for a short period. The height of the ionosphere in-
n0 (w02 HM)} ®) creases and the peak density decreases. There is an observed

1 Z—
n00(2) = nmo eXp[§ <1 T TH, uplift.
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Fig. 7. Profiles of electron density about 1, 2, and 3 h into the simulation for constant downward velocities. The profiles with the lowest
densities correspond to the highest downward velocities.
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Fig. 8. Contour plots of the electron density for the different values of a constant downward velocity.

3.2 The role of a finite vertical drift proximately uniform with altitude in th& region in the post-
midnight period so that the dependence can be dropped.

Now, let us consider the role that vertical motion plays in this physical analytical solutions to this equation are difficult to

process. Again at the magnetic equator, neglecting horizontadptain, even for a constant drift, and we must turn to a nu-

gradients, the continuity equation, Eq. (6), becomes merical approach.
0ne(z, 1) ne(z,1) vy (z, 1) . - . )
ea—t + v, (z, t)ea— + ne(z, t)za— = To illustrate the effect of a finite vertical drift, we have
¢ ¢ run numerical simulations for the case of a constant west-
—B(z, Hn.(z, 1) (12)

ward electric field (downward drift) with varying magni-
where we have strictly included the time and altitude depen-+tudes, which are plotted in Figs. 7 and 8. The initial pro-
dences. v, in Eq. (12) refers to the? x B drift caused by file was taken to be Chapman with a scale height of about
a zonal electric field. Experimental data show thats ap- 65km and a peak density at 320 km of about-810° cm—3

www.ann-geophys.net/24/1317/2006/ Ann. Geophys., 24, 1317-1331, 2006
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Fig. 9. Contour plots of the electron density for the different values of a constant neutral wind as described in the text. The scale is the same
as that in Fig. 8.

corresponding approximately to the profile measured by Ji-of winds near the equator (e.g, Faivre et al., 2006). Some an-
camarca at 01:00 LT (06:00 UT) on 16 April 2002. The sim- alytical solutions to various simplified versions of this conti-
ulations are run for 4 h. Figure 7 shows profiles at about 1,nuity equation have been obtained (e.g, Banks and Kockarts,
2, and 3 h into the simulation, for 6 different valuesvofof 1973; Duncan, 1956; Dungey, 1956; Martyn, 1956; Rishbeth
0, -1, -5, -10, —20, and —=30m/s. Figure 8 shows contouand Garriott, 1969; Vlasov et al., 2005). However, in general
plots for each of the cases. The major observation from thesa numerical approach is necessary.
curves is that a downward drift leads to a faster decline in Examples of the behavior with winds, diffusion, and a
density (as one would expect) and at some critical velocityvertical velocity are shown in Fig. 9 for a constant down-
can overcome the uplift induced by recombination. ward drift of 10 m/s and three different values of equatorward
However, real drifts are a function of time and possibly wind: 0m/s, 30 m/s, and 70 m/s. The same initial profile as
height. In Sect. 4.1, we will include the effect of a time- before was used and the simulation corresponds to the loca-

dependent velocity. tion of Palmas. At Om/s, we see a curve similar to that of
Fig. 8 except with slightly increased falling velocity due to
3.3 Diffusion and winds the inclusion of diffusion. At 30 m/s, we see a sizable uplift,

and at 70 m/s, we see a huge uplift of almost 100 km.
Off the equator, in addition to the electric field, ambipolar
diffusion, gravity, and neutral winds become important and . )
their role in the vertical velocity must be included in the con- 4  Discussion
tinuity equation. Equation (12) becomes (e.g., Banks and4

Kockarts, 1973) .1 Comparison to observations
n, 0 _ dn,  n, In the previous section, we showed evidence that recombi-
” + a—z[ — Dysir? 1 ( 9z + H_> + vzn, COS/ nation induces an apparent uplift at the magnetic equator
' P provided that the downward vertical drift (westward electric
—uun, sinl cosl] = —fBn, (13) field) is sufficiently small. In this subsection, we compare
our modeling results to some Jicamarca measurements.
where D,=k;T,/m;v;, is the ambipolar diffusion coeffi- On 16 April 2002, a mild uplift of 40-50 km was observed

cient, I is the magnetic dip angletd,=k,T,/m;g is the  in the post-midnight period at Jicamarca. The radar was op-
plasma scale height,,=T;+T., u, is the northward neutral erating in the drifts (perpendicular) mode and densities were
wind, v;,, is the ion-neutral collision frequency, and we have estimated using the differential phase approach (Feng et al.,
ignored temperature gradients and other neutral motions. 12004; Kudeki et al., 1999). The measured velocity is shown
can be expected that diffusion should reduce the magnitudé the top panel of Fig. 10 as the solid line, and a polynomial
of the uplifts but that neutral winds might enhance them infit used in our simulation is the dashed line. The drift was
the case of an equatorward wind. Equatorward winds are obassumed constant as a function of altitude. An initial den-
served at mid and low latitudes after midnight (e.g., Biondi sity profile corresponding to a fit to the measurements was
etal., 1999), although there is an abatement of the wind (e.gused, which corresponded to a bottomside scale near 65 km
Herrero et al., 1993) associated with the midnight pressureand a larger topside scalanF2 as measured by Jicamarca
bulge (e.g., Fesen, 1996), which is related to the convergencis shown as the blue line in the second panel, and the model

Ann. Geophys., 24, 1317-1331, 2006 www.ann-geophys.net/24/1317/2006/
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April 16, 2002
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Fig. 10. Data and simulations on 16 April 2002. The top panel is the vertical drift measured by Jicamarca (black solid) and the drift used
in the model run (blue dashed). The second paneiis2 (measured in blue, modeled in black) &2 (measured in green, modeled in
red). The lower panel is a density contour plot of the model (left) and measurements (right).

results are shown in blaclNmF2 as measured by Jicamarca the densities, we see that up until about 03:00 LT, they agree
is shown as the green line and the model results are showwmery well, but after that point, there is a large discrepancy.

in red. The lower panels show the modeled and measureth fact, NmF2 increases, which can be seen more clearly in

densities as a function of height and time. We should notethe color plot in Fig. 10 where we see a secondary maxi-

that we have increased the recombination coefficient slightlynum in density in the Jicamarca data. This maximum cannot
over the value given using the MSIS parameters for this casée explained by including only recombination and the one-

to match the observed density decrease. dimensional plasma motion.

The vertical drift is observed to decrease in intensity after In order to explain this increase, we must consider ad-
about 01:00 LT to reach a minimum velocity of near 0 m/s atditional sources of ionization. Possibilities include actual
03:00 LT, at which point it increases again. This is a charac-production (which seems unlikely at night), a shear in the
teristic that is observed frequently during the uplifts. From vertical drift (the drift would have to increase in magnitude
the model behavior described in the preceding section, wawvith increasing altitude), or a gradient in horizontal plasma
would expect an uplift at this point and this is exactly what flux, corresponding to either a meridional or a zonal gra-
we see. ThéinF2 comparisons show that the model repro- dient in electron density. A meridional plasma flux could
duces the uplift in height quite well. However, in comparing be interpreted as the horizontal advection of the equatorial
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and the data (gray).

anomaly into the equatorial region, which seems to be the

most likely explanation. This advection may be associatedotal electron content from 200-450 km for the two simula-

with the midnight pressure bulge caused by a convergence difons (with and without flux) and for the data are compared in

thermospheric winds at low latitudes. Fig. 12. The results are in reasonable agreement with the es-
If we subtract the electron density data from the model totimations above. The source of this flux is likely a meridional

obtain the difference, and take the time derivative, we obtairdensity gradient.

an estimate of the ionization rate necessary for the model to

agree with the data (this estimate is only approximate since4 2 Interpretation and variation of uplifts

it ignores recombination and is only calculated at the peak)We have shown that uplifts occur fairly regularly in the equa-

We find that in this case the rate is close to constant afte'iorial ionosphere. The uplifts are not caused by a reversal
. H —1 . .

.02'?0 LT tW'th a Va“tje nﬁ'athtO—bZS cris d SUCh T lon- thof the zonal electric field, as shown in the case study pre-

ization rate seems 1oo Nigh 1o be caused by a snear N Ngapieq i the previous section and as can be seen by looking

vertical drift, implying that plasma flux must be the major at other datasets. However, comparisons to Jicamarca drifts

source of |forr1]|z?jt|op. .Thui’ the Ionllzat|3p rate fglr\]/es lus AMindicate they occur when the vertical drift is small or decreas-
estimate of the derivative (horizontal gradient) of the pasrnaing, which allows recombination to become significant.

flux. The total electron content transported to the equato- The source of the variation in the zonal field is related to

riaL rggior;;orﬁ;uciq a P}?rilz_ogtgl E)rllasmat_flur( ca? bebcortn'variations in the thermospheric wind driving théregion
glcj)oek as IC' i Sd bmuhlp 1ed by leV?rrl]caﬂsca G%\r(]? ?Iu dynamo. These variations are associated with the midnight
.m) multiplied by the t'm? scale of the flux. This flux temperature maximum, or midnight pressure bulge, and a
persists for at least 2.5, giving a tc’g"’" electron c;ontgnt Ofconvergence of winds at low latitudes (e.g., Herrero et al.,
about 2.25 TE3C91(1 TECU = 18 cmr2) for gra@ent N 1993; Faivre et al., 2006; Fesen, 1996; Sastri et al., 1994).
flux of 25cnTs™". This is a reasonable change in the ver- Observations (e.g., Burnside et al., 1981; Herrero et al.,

tically integrated electron density observed at at Jicamarcalg%) have shown that there is an abatement in the merid-
in the post-midnight period, which is typically greater than ional neutral wind associated with the pressure bulge. The

10TECU (e.g., Valladares et al.,, 2001). We note that our es'F—region dynamo controls the magnitude of the zonal elec-

timate I‘.Jf Fhe flux and associated TEC increase is probably alic field and thus the decreasing zonal electric field is asso-
upp.er it . _ ciated with the abatement in the dynamo winds. Presumably,
Figure 11 shows the results of incorporating the necesthe seasonal variations of the winds also contributes to the

sary horizontal gradient in plasma flux, and we now see veryseasonal variations of the uplifts described in Sect. 2.
good agreement with the observed density behavior with the

modelNmF2 variation matching the data almost exactly. The
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Fig. 13. Spread# statistics at Palmas for several equinox months in 2002, 2003, and 2004. The top panel is thé" spiegistics for the

entire month as a function of local time and night of month. White corresponds to no data, black corresponds to nb,digleagray
corresponds to range spreading, and dark gray corresponds to frequency spreading. The lower panel is the averaged probability of occurrenc
of spread# for the month as a function of local time.

We have mentioned the fact that the magnitude of thelikely that the effects we are observing are due to penetrating
uplifts is related to auroral electrojet activity. Storm-time electric fields since there are no rapid variations in the inter-
effects can cause variations in the equatorial electric fieldgplanetary electric field for the days we have examined. In ad-
through changes in the global wind system, penetrating elecdition, the under-shielding effect would cause a penetrating
tric fields (e.g., Nishida et al., 1966; Vasyliunas, 1970; Kel- electric field that would be westward at these times, and we
ley et al., 1979b), and disturbance dynamo winds driven byobserve an eastward shift in the zonal field. However, weak
Joule heating (e.g., Blanc and Richmond, 1980). It is un-disturbance dynamo effects could be causing the variations.
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A recent study by Richmond et al. (2003) has shown that atdescribed a secondary maximum in ESF occurrence in the
night the disturbance dynamo tends to drive a current thapost-midnight period (Abdu et al., 1981, 1983; Fejer et al.,
leads to reductions or reversals in the equatorial zonal elec1999; Hysell and Burcham, 2002; MacDougall et al., 1998).
tric field. This behavior appears to be consistent with the ob-During periods of high geomagnetic activity, electric fields
servations, an uplift and a decrease in the magnitude of thean penetrate to low latitudes and cause the equatorial elec-
zonal electric field caused by weak auroral electrojet activity.tric field to reverse in the post-midnight period, which is a
From this explanation, it is clear how enhanced uplifts cansource of ESF during periods of high geomagnetic activity
occur during times of higher magnetic activity, when the dy- (Kelley et al., 1979b; Fejer et al., 1999). Hysell and Burcham
namo disturbance becomes enhanced. As shown in the daf2002) divides the pre-sunrise ESF into two categories. The
from 1-2 October 2002 presented in Sect. 2, enhanced upliftfirst, as described by Farley et al. (1970) and MacDougall
occur in response to geomagnetic activity. Storm-time ef-et al. (1998), occur just before sunrise near fhpeak. The
fects induced for example by variations in the dynamo windother may be due to “dead bubbles”. Thus it seems possi-
system could lead to an enhancement of pre-existing irreguble that the uplifts described in this paper could contribute
larities, leading to the behavior shown in Fig. 2. to the secondary maximum in ESF occurrence that occurs in
It might be thought that the decrease in magnitude of thethe pre-sunrise period.
zonal electric field can be interpreted in terms of the reverse To illustrate that there is indeed a secondary peak in
fountain effect (e.g., King, 1968). The so-called fountain ef- the ESF occurrence rate, we show Palmas ESF statistics in
fect is caused in the daytime by the zonal field which driveSFig_ 13 for several equinox months. The top pane| of each
plasma upwards. The plasma can then fall down the fielchlot shows the statistics for each day of the given month,
lines to low-latitudes where it creates the equatorial anomawith range spreading distinguished from frequency spread-
lies. At night, the reverse effect can occur. Downward ing as described in the caption. The dominant occurrence
drifts cause decreased plasma pressure on the topside, whigleak can be seen between 20:00 and 22:00 LT with a de-
can pull plasma from low-latitudes to the equatorial region.cline in rate after that point. A secondary peak is seen in all
When this reverse fountain effect decreases in magnitude dugut one of the curves (April 2004), with an occurrence rate
to a decrease in the magnitude of the downward drift, an upof near 40%, most pronounced in October 2002 and March
lift can be caused via the mechanisms described already. Thgo04. The peak occurs between 02:00 and 04:00 LT. This
inclusion of recombination is essential to reproducing thiscorresponds nicely to the time of the uplifts, as depicted in
uplift. Fig. 4. It is interesting to note that the ESF observed in the
While the effect of the post-midnight wind abatement and late morning is largely of the frequency type. This was also
the disturbance dynamo can explain the uplifts, it does nobobserved by Abdu et al. (1983).
explain the density increase that is observed. The interpreta-
tion of the density increase in terms of the reverse fountain, 4 Extracting velocities from density measurements
effect is not satisfactory because at the time of the uplift, the

westward electric field is at its weakest and thus the plasm .
flux caused by the reverse fountain effect is also at its Iowes'j.‘q ecently, Woodman et al. (2006) have compared vertical

In order to explain this density increase, we have invoked adrlfts deduced from digisonde measurements to Jicamarca

horizontal gradient in the meridional plasma flux in Sect. 4.1. (r:wbesr:atr\z;{attli(r)r?sso\f/\/tr:]:nv(setr:g:r?I dgg:ls\;ezggnagt:;ﬁ;gi fa]}:)rrag):gr(;—_
This is an inward flux that could be driven by a westward g '

electric field or by a convergence of neutral winds. But aspIe near the pre-reversal enhancement, but poor agreement

we have just stated, the observed westward electric field i f[tlmes when production and recombination dominate. The

becoming smaller, which should reduce the plasma flux, nofJllgisonde drifts are deduced from the line-of-sight Doppler

increase it. Thus, the major source of the flux appears to bé/elocny, and such measurements have been refatively suc-

the convergence of the low-latitude winds associated with thecssslfulzgtoglghhlawl:gets t(he'g" ?Carlr'] e:]tail., vlvgfst).in\/\t/g odmatn
midnight pressure bulge. Other studies have reported a der:- 2 '.( ).S 0 at ne agreement 1S wors ¢ post-
sity increase associated with the midnight temperature max[n'dmght period, and attribute this disagreement to the rel-

imum or midnight pressure bulge (e.g., Arduini et al., 1997).ative. importance of recombiqatiqn. There have been oth_er

At this time, it is unclear whether the pressure bulge is Sig_stud|es on the role of recombination at the equator (e.g., Bit-

nificant enough to drive the gradient in plasma flux that istencourt a“f’ Abdu, 198_1)' o )

required for this interpretation. There exists a very simple method for estimating the drift
from the continuity equation. Equation (12) can be solved

4.3 Equatorial spread- for the vertical velocity with a horizontal plasma flux term
included,

One of the potential implications of the post-midnight up-

lifts described in this paper is the generation of a secondary Bne +0n, /0t + 0(nevy)/0x

maximum in spread< occurrence rates. Many papers have Yz = ~ Ine(z,1)/0z (14)

Ann. Geophys., 24, 1317-1331, 2006 www.ann-geophys.net/24/1317/2006/



M. J. Nicolls et al.: Post-midnight uplifts 1329

which is valid for the nighttime equatorial ionosphere. The 320
plasma flux term can be due to either meridional or zonal gra-
dients in density. Given bottomside density measurements, 300}
one can calculate the time and altitude gradients to estimate

. . : E 280}

the vertical velocity. The plasma flux, of course, is more é 80
difficult to measure, although we have demonstrated in this L 260t
paper a simple method for estimating it given density mea- 2
surements. < 2407 : 105 o2

It is gxpected that dlglsondg drifts on average represgnt 990 7 7 o 3105 em™®
the motion of a constant density contour. Whether the drift e 45105 em”3
is computed from the range rates of the echoes themselve: 5, ; ; ;
or from the Doppler shifts shouldn’t matter for total reflec- 30 ER e : :
tion. We show an example in Fig. 14 for 16 April 2002. The 20l Doppler
t ; : X Estimated
op panel shows three constant density curves as a functior O Noflux
of time from the model case study presented in Fig. 11. The 10y ‘

solid line with solid points in the bottom panel corresponds @ 41
to the expected Doppler velocity that a digisonde would see, £

m

which corresponds to the change in height of a constant den->™ 107 ' 0000 o o

sity contour as a function of time. This was averaged for the 20} ®r®’®/®/® o5 X%og
three contours in the top panel. The dashed line is the true ve: ® 000 \CX)
locity used in the simulation. It is clear that the “Doppler” ve- 30 '

locity is way off and unphysical — the velocity is not even the -406 . é . "

correct direction. The results are consistent with those pre-
sented by Woodman et al. (2006) which show a positive drift
during this time period, peaking between 02:00-04:00 LT. _ ) _
The crosses are the velocity estimates using Eq. (14), includf'd- 14- The top plot shows three constant density contours using
. . the model results presented in Fig. 11. The bottom plot shows the
ing the plasma flux term, Whlch fa!l exactly on top _Of the_ expected digisonde Doppler velocity (solid line with solid points),
mOO,'e' cune. T_he small Va.”at'on is due to error_s In esf["estimated velocity from density profiles (crosses), estimated veloc-
mating the gradients. The circles are the calculations usingy ignoring plasma flux (circles), and true velocity (dashed line).
Eq. (14) but neglecting the plasma flux term, since that is

in general difficult to estimate. Some error is induced by
neglecting the flux, however the estimate is still very good
compared to the Doppler result. Thus, it seems possible téonosonde in Palmas, Brazil and by a digisonde at the Jica-
estimate the vertical drifts using bottomside density profilesmarca Radio Observatory. These uplifts are in general not
at times when the horizontal plasma flux is not too large. Acaused by a reversal in the zonal electric field, but such a
similar technique was applied by Bertoni (2004) using thereversal would enhance them, which may occur during ac-
SUPIM model. tive periods. During the time of uplift, the magnitude of
Note that both the recombination and the time derivativethe westward electric field decreases (but does not reverse)
terms are quite important in general and neither should beéand recombination causes an apparent lifting of the layer,
neglected, at least in the post-midnight time period. Duringan increase ilmF2. The change in the westward electric
times of high convection (e.g., near the pre-reversal enhancefield during these time periods seems to be associated with
ment) recombination is negligible and the equation reducegin abatement of the equatorward neutral wind, induced by
to the motion of a constant density contour, as discussed bjhe midnight pressure bulge. Enhanced uplifts may be driven
Woodman et al. (2006). Using Eq. (14), the Doppler veloc- by auroral electrojet activity causing the disturbance dynamo
ities can also be corrected for the effects of recombinationto reduce the magnitude of the electric field, as studied by

Time (UT,LT+5)

and plasma flux in the form, Richmond et al. (2003).
Bre + 3(nevy)/dx An interpretation of the uplift in terms of the reverse foun-
V; = —Up — (15) tain effect cannot explain a density increase that is observed

one(z,t)/0z

) ) during the time of the uplift. In order to explain this increase,
wherevp, is the measured Doppler velocity.

we have shown that horizontal plasma flux must be included

in our model. These fluxes may be driven by meridional den-

5 Conclusions sity gradients and a convergence of neutral winds at the equa-
tor associated with the midnight density maximum.

We have shown observational evidence for post-midnight Density and height data can be used to estimate the plasma

uplifts near the magnetic equator using data from a digitalflux in the post-midnight sector. Jicamarca-measured drifts
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in combination with digisonde density measurements couldrarley, D. T., Balsley, B. B., Woodman, R. F., and McClure, J. P.:
be used to study this flux. Our simple model can be combined Equatorial spread’: Implications of VHF radar observations, J.
with density curves, for example measured by a digisonde, Geophys. Res., 75, 7199-7210, 1970.

to estimate vertical drifts at the magnetic equator in the postfejer, B. G., Farley, D. T., Woodman, R. F., and Calderon, C.: De-
midnight period. pendence of equatoridl-region vertical drifts on season and so-

In addition, we have shown that the uplifts may contribute lar cycle, J. Geophys. Res., 84, 5792-5796, 1979.

d . in th torial #ad Fejer, B. G., Scherliess, L., and de Paula, E. R.: Effects of the verti-
to a secondary maximum in the equatonial spréadecur- cal plasma drift velocity on the generation and evolution of equa-

rence rate that occurs in the post-midnight period. The ex- i spread?, J. Geophys. Res., 104, 19 859-19 869x, 1999.
tent of this maximum appears to agree quite well with the,:eng, Z., Kudeki, E., Woodman, R. F., Chau, J., and Milla, ¥.:
local-time variation of the uplifts. region plasma density estimation at Jicamarca using the complex
cross-correlation of orthogonal polarized backscatter fields, Ra-
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