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Abstract. We have presented a comparison between theperiod, a total contribution from meridional neutral winds
modeledNmF2 andhm2, andNnF2 andhmi=2, which were  and variations in the zonal electric field to the equatorial
observed in the low-latitude ionosphere simultaneously byanomaly changes is larger than that from geomagnetic storm
the Kokubunji, Yamagawa, Okinawa, Manila, Vanimo, and disturbances in the neutral temperature and densities. Vibra-
Darwin ionospheric sounders, by the middle and upper attionally excited b and G promote the equatorial anomaly
mosphere (MU) radar during 17-22 March 1990, and by theenhancement during the predominant part of the studied time
Arecibo radar for the time period of 20—22 March 1990. A period, however, the role of vibrationally excited Bnd Q
comparison between the electron and ion temperatures medn the development of the equatorial anomaly is not signifi-
sured by the MU and Arecibo radars and those producedtant. The asymmetries in the neutral wind and densities rela-
by the model of the ionosphere and plasmasphere is pretive to the geomagnetic equator are responsible for the north-
sented. The empirical zonal electric field, the meridional south asymmetry iNmF2 andhnF2, and for the asymmetry
neutral wind taken from the HWM90 wind model, and the between the values of the crest-to-trough ratios of the North-
NRLMSISE-00 neutral temperature and densities are corern and Southern Hemispheres. The model simulations pro-
rected so that the model results agree reasonably with theide evidence in favor of an asymmetry in longitude of the
ionospheric sounder observations, and the MU and Arecibenergy input into the auroral region of the Northern Hemi-
radar data. It is proved that the nighttime weakening of thesphere on 21 March 1990.
equatorial zonal electric field (in comparison with that pro- . ]
duced by the empirical model of Fejer and Scherliess (1997 _ey_words. Iongsphere (Electricfields and curr_en.ts, Equato-_

. . . o : ial ionosphere; Plasma temperature and density; lonospheric
or Scherliess and Fejer (1999)), in combination with the cor-yi . . .

L : o : isturbances; Modeling and forecasting)
rected wind-induced plasma drift along magnetic field lines,
provides the development of the nighttime enhancements in
NmF2 observed over Manila during 17-22 March 1990. As
a result, the new physical mechanism of the nighttmd2 1 |ntroduction
enhancement formation close to the geomagnetic equator in-

cludes the nighttime weakening of the equatorial zonal elecGepomagnetic storm effects on the ionosphere depend on sea-
tric field and equatorward nighttime plasma drift along mag- son, atitude, and longitude, as well as on the severity, time of
netic field lines caused by neutral wind in the both geomag-occurrence, and duration of the storm, and the geomagnetic
netic hemispheres. It is found that the latitudinal positionSstorm Changes in electric fields] thermospheric winds and
of the crests depend on tfiexB drift velocity and on the  neytral composition have been suggested to explain varia-
neutral wind velocity. The relative role of the main mecha- tions in the low-latitude ionosphere (Abdu et al., 1991; Abdu,
nisms of the equatorial anomaly suppression observed durtgg7: Buonsanto, 1999; Rishbeth, 1975, 2000: Pavlov et
ing geomagnetic storms is studied for the first time in termsg|. 2004b and references therein). The storm-time F-region
of Storm'time Variations of the mOde| CreSt-to-trough ratiOS Changes at IOW geomagnetic |atitudes have been |dent|f|ed
of the equatorial anomaly. During most of the studied time frgm F-layer height and frequency responses observed by
ionosondes (see Abdu, 1997 and references therein). The
Correspondence tdA. V. Paviov dynamics of the low-latitude ionosphere was observed by
(pavlov@izmiran.rssi.ru) the middle and upper atmosphere (MU) radar during the
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geomagnetic storms of 6-8 February 1986, 20-21 Januarwere studied by Fuller-Rowell et al. (2002), without taking
1989, 2023 October 1989, and 25-27 August 1987 (Olivelinto account geomagnetic storm disturbances in the electric
et al., 1988; Reddy et al., 1990; Oliver et al., 1991; Pavlovfield. Their model results made clear the difference between
et al., 2004b). The changes in F-layer electron density obthe effects of meridional and zonal winds on the disturbed
served by the MU radar in the 6—8 February 1986 stormionosphere.
were explained by changes in an influx of ionization from Electric fieldsE affect the distribution of plasma in the
the plasmasphere, modulated by the passage of a large-scalew-latitude ionospheric F-region, causing both ions and
southward traveling gravity wave (Oliver et al., 1988). In electrons to drift in the same direction with a drift veloc-
the 2021 January 1989 storm, the observed large changéty, VE=ExB/B?, perpendicular to the geomagnetic field
in the F2-region peak altitude from 23:00 LT to 02:40 LT B direction. The present work studies the relationship be-
were attributed to a large eastward electric field originat-tween variations in the meridional component\6f and
ing at auroral latitudes (Reddy et al., 1990). During the the dynamics of the low-latitude F2-layer in the low-latitude
20-23 October 1989 storm-time period, drastically differentionosphere, wheNmF2 andhmF2 are observed simultane-
electron densities were discovered in the F-region (Oliver etusly by the Kokubunji, Yamagawa, Okinawa, Manila, Van-
al., 1991). Pavlov et al. (2004b) have presented a compariimo, and Darwin ionospheric sounders and by the MU and
son of the modeled F2-layer peak densitidgf2, and al-  Arecibo radars during the 17—22 March 1990 geomagneti-
titudes,hnF2, with NmF2 andhmF2, which were observed cally storm-time period. We investigate how well the mea-
at low geomagnetic latitudes simultaneously by the Akita,sured electron density and temperature at Arecibo and Shi-
Kokubunji, Yamagawa, Okinawa, Manila, Vanimo, and Dar- garaki, andNnmF2 andhmF2, observed by the ionospheric
win ionospheric sounders and by the MU radar during thesounders agree with those generated by the 2-D time depen-
25-27 August 1987 geomagnetically storm, taking into ac-dent model of the low-and middle-latitude ionosphere and
count the storm-time changes in the thermospheric wind, theplasmasphere of Paviov (2003).
electric field, the neutral composition, and the neutral tem- If the ExB plasma drift is directed from lower L-shells
perature. It is found by Pavlov et al. (2004b) that the geo-to higher L-shells, then a decrease in heB plasma drift
magnetic latitude variations INmF2, calculated for 26 Au- leads to decreases NmF2 in the crest regions and to an in-
gust 1987 (the recovery phase of the geomagnetic storm)srease inNmF2 in the trough region, hampering the equa-
differ significantly from those calculated for 25 August 1987 torial anomaly development, while a strengthening of this
(before SSC and during the main phase of the geomagnetiplasma drift causes an equatorial anomaly enhancement. A
storm) and for 27 August 1987 (after the geomagnetic storm)plasma drift due to wind transports plasma along magnetic
The Arecibo radar observations of the ionospheric F-regiorfield lines and causes changesNmF2 and in the crest-to-
during the 1-5 May 1995 geomagnetic storm period havetrough ratio ofNmF2 in the Northern and Southern Hemi-
shown that there is the possibility of poleward expansionspheres, leading to a weakening or a strengthening of the
of the equatorial anomaly zone with the northern anomalyequatorial anomaly. The value BimF2 is a function of [O],
crest location close to the 28ip latitude (Buonsanto, 1999). [N2], and [®] at hnF2 at low geomagnetic latitudes (e.g.
Another anomalous low-latitude ionospheric feature was ob-Pavlov et al., 2004b), and, therefore, storm-time changes in
served during the 17-18 February 1999 highly disturbed geothese number densities in one of the crest regions or in both
magnetic period, when the Arecibo radar recorded an anomaerest regions or in the trough region contribute to changes in
lous nighttime ionospheric enhancement in which the night-the equatorial anomaly development. As far as the authors
time value ofNmF2 exceeded f&m2 and the F2 peak al-  know, the relative role of these mechanisms in the equatorial
titude went above 400 km (Aponte et al., 2000). anomaly suppression is studied only by Pavlov et al. (2004b)
The effects of geomagnetic storms on the low-latitudefor the 25-26 August 1987 geomagnetic storm. Pavlov et
ionosphere and plasmasphere have attracted much inteal. (2004b) found that weak differences between disturbed
est. The simplified theoretical computations of Burge etand quietExB plasma drifts cannot be responsible for the
al. (1973) and Chandra and Spencer (1976) have speculatedippression of the equatorial anomaly on 26 August, and
on the importance of the disturbed neutral winds to the low-this suppression is due to the action of storm-time changes
latitude ionospheric response to geomagnetic storms, buh neutral winds and densities on the equatorial anomaly de-
lack of data and/or model winds has hampered progress. Igvelopment.
noring electric field perturbations, due to the storm during In this paper, we continue the study of the complex prob-
22 March 1979, and suggesting that the temperatures of eledem of the low-latitude ionospheric response to variations in
trons and ions are equal to the neutral temperature, Fesethe thermospheric wind, electric field, neutral composition,
et al. (1989) found that the equatorial anomaly may be dis-and neutral temperature during 17-22 March 1990 at solar
rupted by the magnetic storms, and that the major factor in-maximum in the present case study, in which the electron
fluencing the storm-time ionospheric behavior is the neutraldensity and temperature are measured simultaneously by the
wind. Variations in the low-latitude ionosphere for a hypo- MU and Arecibo radars, andmF2 andhmF2 are observed
thetical geomagnetic storm at equinox and high solar activityby the Kokubunji, Yamagawa, Okinawa, Manila, Vanimo,
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and Darwin ionospheric sounders. The use of data from thexcited N and G react more strongly with ©(*S) ions

MU radar and the Arecibo radar, in combination with the in comparison with unexcited Nand Q (Schmeltekopf et

ionosonde measurements, allows us to investigate the differal., 1968; Hierl et al., 1997). As a result, an additional re-

ences and similarities between the storm effects in the ionoduction in the electron density is caused by the reactions of

sphere in the different longitude sectors at low geomagneticO* (*S) ions with vibrationally excited Nand @ (Pavlov,

latitudes. 1994; Richards et al., 1994b; Jenkins et al., 1997; Pavlov and
It has been well established that the F2-peak electron denBuonsanto, 1997; Pavlov and Oyama, 2000; Pavlov and Fos-

sity shows anomalous nighttime enhancements under variougr, 2001; Pavlov, 2003; Pavlov et al., 20044, b). In this paper

geophysical conditions (see Pavlov and Pavlova, 2005a, andie examine the effects of vibrationally excite@ Hnd G

references therein). Many theories have been put forward ton the electron density and temperature during 17—22 March

explain these nighttime enhancement®NimF2. The mech- 1990 and study, for the first time, the role op(M>0) and

anism which can account for the observed nighttiim-2 O2(v=>0) in the equatorial anomaly development.

enhancements at middle geomagnetic latitudes is a combina-

tion of the plasmaspheric heating and refilling, and chemical

and plasma transport effects (Pavlov and Pavlova, 2005a Theoretical model

The observed features of the nighttime enhancements in the

total ionospheric electron content, TEC, at low geomagnetic! '€ medel of the low- and middle-latitude ionosphere and

latitudes, were reported by various workers (e.g. Young et?'@smasphere, which is described in detail by Pavlov (2003),
; . + (4 + O
al., 1970; Nelson and Cogger, 1971; Lanzerotti et al., 1975calculates number densities; ,of O™ (°S), H*, NO*, 05,
Tyagi et al., 1982; Balan et al., 1994; Su et al., 1994; JainN3, OT(°D), O (°P), O*(*P), and O (*P*) ions, the elec-
et al., 1995; Unnikrishnan et al., 2002). The post-sunset entron density, N, and temperature, ;T and the ion tem-
hancements in TEC ardimF2 of the low-latitude ionosphere Perature, T. The model includes the production and loss
during geomagnetically quiet conditions were studied by An-rates of ions by the photochemical reactions presented by
derson and Klobuchar (1983), Dasgupta et al. (1985), Balaf®avlov (2003) and Pavlov and Pavlova (2005b), except for
et al. (1995), and Su et al. (1995, 1997), using theoreticathe rate coefficient of the ©2D)+0 reaction, which is taken
modeling techniques. Anderson and Klobuchar (1983) andom Fox and Dalgarno (1985). The horizontal components
Dasgupta et al. (1985) have shown that the prereversal inof the neutral wind are specified using the HWM90 wind
crease of the meridional component of EeB drift velocity model (Hedin et al., 1991); the model solar EUV fluxes are
primarily determines the development of the post-sunset enProduced by the EUVAC model (Richards et al., 1994a),
hancements in TEC near the crests of the equatorial anomalyhile neutral densities and temperature are taken from the
Seasonal, solar activity and latitude variations of the post-NRLMSISE-00 model (Picone et al., 2002).
sunset enhancements in TEC aNohF2 in the 10-30 ge- The model calculations are carried out in dipole orthogo-
omagnetic latitude range at longitude 158 were studied nal curvilinear coordinates g, U, antl, where q is aligned
by Balan et al. (1995). The model calculations of Su etWith, and U andA are perpendicular td@, and the U and\
al. (1995), carried out for July at solar maximum, confirmed coordinates are constant along a dipole magnetic field line.
that the primary source for the nighttime enhancement inlt should be noted that q®(/R)? cos ©, U=(Rg/R) sir?
TEC at geomagnetic latitude 19 the prereversal increase ©. and the value ofA is the geomagnetic longitude, where
in theExB plasma drift. It is shown by Su et al. (1997) that R is the radial distance from the geomagnetic field center,
the difference in time of occurrence between the peak valu@?=90F—¢ is the geomagnetic colatitude, is the geomag-
of the prereversal increase in theB plasma drift and in the ~ netic latitude R is the Earth's radius.
peak values of TEC andnF2 at equinox under solar maxi- ~ 1he model takes into account that thexB plasma drift
mum conditions at the crests of the equatorial anomaly varie¥elocity can be presented a&°=V{ e\+V[ ey, where
with longitude because of the longitudinal difference of the V4= Ey/B is the zonal component &£, V£,=—E,/B is the
neutral wind. meridional component oF £, E=E, ex+Ey ey , E, is the
In this paper, we present the first theoretical study of theA (zonal) electric field in the dipole coordinate systerg, E
physical mechanisms responsible for electron density enis the U (meridional) component & in the dipole coordi-
hancements at night close to the geomagnetic equator, ustate systeme, andey are unit vectors ilA and U direc-
ing the sounder low-latitude data during 17—22 March 1990tions, respectivelygy is directed downward at the geomag-
and a time-dependent two-dimensional model of the low-netic equator. We use the implementation of the Eulerian-
and middle-latitude ionosphere and plasmasphere describddagrangian method developed by Pavlov (2003) in solving
in Sect. 2. the time dependent and two-dimensional continuity and en-
O*(4S) ions which dominate at ionospheric F2-region al- ergy equations at a (q,U) plane. The combination of the
titudes are lost in the reactions off@S) with unexcited Lagrangian and Euleurean approaches used consists mainly
N2(v=0) and Q(v=0) and vibrationally excited Mv) and  of two steps, an advection step and an interpolation step
O2(v) molecules at vibrational levels,»0. Vibrationally (Pavlov, 2003). The trajectory of the ionospheric plasma
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Table 1. lonosonde station and radar names and locations. Geomagnetic latitudes and longitudes of the ionosonde stations and radars ar
calculated on the surface of the Earth in the eccentric (first number) and centered (second number) dipole approximations for the geomagnetic
field using the parameters of these magnetic field approximations for the time period 1990. The calculated L-shell values correspond to
magnetic field lines which intersect 300-km altitude over the sounders and radars, the eccentric (first number) and centered (second number
dipole approximations are used.

lonosonde station  Geographic Geographic Geomagnetic Geomagnetic L

and radar names latitude longitude latitude longitude

Kokubuniji 35.7 139.5 27.4,26.2 206.7, 207.5 1.228,1.300

Yamagawa 31.2 130.6 21.7,21.0 198.5,199.8 1.124,1.202
Okinawa 26.3 127.8 16.2, 16.0 196.1, 197.6 1.052, 1.133
Manila 14.6 121.1 3.2,4.0 189.9,191.9 0.977, 1.052

Vanimo 2.7 141.3 -13.9,-11.8 213.0,213.2 1.033, 1.093
Darwin -12.45 130.95 -25.3,-22.5 202.3,203.4 1.199, 1.226
MU radar 34.85 136.10 26.1,25.1 203.5,204.5 1.202,1.276
Arecibo radar 18.35 293.25 26.5, 29.2 7.2,4.8 1.377,1.373

perpendicular to magnetic field lines and the moving co-computational grid consists of a distribution of the dipole
ordinate system are determined from equations derived bynagnetic field lines in the ionosphere and plasmasphere. One
Pavlov (2003). The effects of the zonal (geomagnetic easthundred dipole magnetic field lines are used in the model
geomagnetic west) component of theB drift on N, N;, for each fixed value ofA. The number of the fixed nodes
T., and T; are not taken into consideration because it is be-taken along each magnetic field line is 191. For each fixed
lieved (Anderson, 1981) that these effects are negligible. Asvalue of A, the region of study is a (g, U) plane, which is
a result, the model works as a time dependent, 2-D (q and Wounded by two dipole magnetic field lines. The computa-
coordinates) model of the ionosphere and plasmasphere. Iltional grid dipole magnetic field lines are distributed between
this approximation, time variations of U, caused by the exis-the low and upper boundary lines. Each computational grid
tence of the zonal electric field, are determined by time vari-dipole magnetic field line intersects the geomagnetic equato-
ations of the effective zonal electric fieldf\fE:EA RRElsin rial point (g=0) at the geomagnetic equatorial crossing height
®, and the value of ﬁf is not changed along a magnetic h§q=h§q+Ah§q +. ..+Ah’,§’;,where k=1,...kk, kk=lOQAh’§q

field line (Pavlov, 2003). is the interval between neighboring computational grid lines.
In the model, the low boundary magnetic field line intersects

Pavlov (2003) and Pavlov et al. (2004 a, b) used a math'the geomagnetic equatorial point at the geomagnetic equa-

ematical model of the ionosphere and plasmasphere Whic?orial crossing heightﬂ;}:150 km. The computational grid

incorporated a centered tilted magnetic dipole representatio . k _
for the geomagnetic field and employed the averaged pararrr'-nes have the mtervahheq of 20km for k=1 and 2, and

eters (Akasofu and Chapman, 1972) of the centered tiltedhe value ofAhf is increased from 20 km to 42 km linearly,
magnetic dipole, whose magnetic moment is located in thd' the value of k is changed from k=2 to k=kk. The upper
Earth's center and is inclined with respect to the Earth's ro-boundary magnetic field line ha§{k4264 km.

tational axis (the first three coefficients in the expansion of

fche geomagnetlc field potential are taken mtq consideration nd from the Kokubunji, Yamagawa, Okinawa, Manila, Van-
in this approach). In the updated model of the ionosphere an o .
imo, and Darwin ionospheric sounders (see Sect. 3), whose

plasmasphere, the Earth’; magnetic fi_eld .is approximated b)(ocations are shown in Table 1. It follows from Table 1 that
the field of the eccentric tilted magnetic dipole, whose mag-y o <ounders and the MU radar are located withitl 55

netic moment is inclined with respect to the Earth’s rmatlonalgeomagnetic longitude of one another, if the eccentric tilted

axis but is located at a point which is not coincided with the . : A
) : : - . magnetic dipole representation for the geomagnetic field is
Earth’s center (the first eight nonzero coefficients in the ex- . : . .
used. As aresult, the model simulations are carried out in the

pansion of the geomagnetl_c field potential in terms of spher- q, U) plane of 201.45geomagnetic longitude, to compare
ical harmonics are taken into account). The dependence, .
e model results with the MU radar and sounder measure-

of the parameters of the eccentric tilted magnetic dipole on ents. If the eccentric tilted magnetic dipole approximation

a year are given by Frazer-Smith (1987) and Deminov an R f :
Fishchuk (2000). OEr the geomagnetic field is applied, then the Arecibo radar

is located in the (g, U) plane of 7.Zjeomagnetic longitude,
The model calculates the values of, NN, T;, and T, where the model simulations are carried out separately. If
in the fixed nodes of the fixed volume grid. This Eulerian the geomagnetic field is represented by the eccentric tilted

In this work, we use data from the MU and Arecibo radars
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17-22 March 1990
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Fig. 1. The variation in the AE index (top panel), the Dst index (middle panel), and Kp index (bottom panel) during 17—-22 March 1990. The
SSC onset of the second geomagnetic storm is shown by the arrow in the bottom panel.

magnetic dipole, then the L-shell value of the upper bound- There are no MU radar vertical drift velocity measure-
ary magnetic field line is equal to 1.592 and 1.738 for thements for the period under investigation. We take into ac-
(g, U) plane of 201.45geomagnetic longitude and for the count that the perpendicular drifts over Arecibo and the MU
Arecibo (g, U) plane, respectively. radar are similar for the same local time (Takami et al., 1996).
The empirical model of the storm-time vertical drift ve- Let us us L as the Mcllwain parameter of the geomagnetic
locity of Fejer and Scherliess (1997) is used to determinefield line, which corresponds to the Arecibo radar. The av-
E‘f\“ at the equatorial dipole magnetic field lines which in- erage time zonal electric field derived from Arecibo radar
tersect the geomagnetic equatorial points at the geomagnetieatter observations, appropriate for a high level of solar ac-
equatorial crossing heightgqhgeoo km. The value of k, tivity, is determined from the corresponding averdgeB
which corresponds to the plasma drift velocity, is corrected indrift given by Fig. 2 of Fejer (1993). In the absence of mea-
order to bring the measured and modelled F2-region peak alsurements and an empirical model of a zonal electric field
titudes into better agreement (see Sect. 4.1.1). This correctel@r the studied time period at F2-region altitudes for mag-
equatorial zonal electric field is considered as the disturbedetic field lines which correspond tasll 4, we suggest that
equatorial zonal electric field for the studied time period.  the value of the effective zonal electric field is not changed at
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300-km altitude for magnetic field lines atdL 4. The effec-  an intense storm. The Dstindex remained at less than —-60 nT
tive equatorial zonal electric field is assumed to be the samérom 00:00 UT on 21 March to 24:00 UT on 22 March. The
at the geomagnetic equator for equatorial magnetic field lineKp index reached its maximum value of @t 15:00 UT-
with h’;q<600 km. A linear interpolation between the equa- 18:00 UT and on 18 March and at 00:00 UT-03:00 UT on
torial and Arecibo values of the effective zonal electric field 19 March during the moderate storm, while the Kp maximum
is employed at intermediate dipole magnetic field lines. Thevalue was 7 at 00:00 UT-03:00 UT on 22 March during the
value of the zonal electric field is corrected to make the meaintense storm.
sured and modeled F2-region peak altitudes agree during the The MU radar operated from 11:52 LT on 19 March to
studied time period (see Sect. 4). 11:37 LT on 22 March. The capabilities of the radar for in-
In the (g, U) plane of 201.45geomagnetic longitude, the coherent scatter observations have been described and com-
model starts at 05:13 UT on 15 March. This UT correspondspared with those of other incoherent scatter radars by Sato
to 14:00 SLT (solar local time) at the geomagnetic equatoret al. (1989) and Fukao et al. (1990). Rishbeth and Fukao
and 201.45 of the geomagnetic longitude (SLT=U7+15, (1995) reviewed the MU radar studies of the ionosphere and
wherev is the geographic latitude). The model is run from thermosphere. The data that we use in this work are the
05:13 UT on 15 March 1990 to 24:00 UT on 16 March 1990 measured time variations of altitude profiles of the electron
before model results are used. The model starts at 18:24 Utdensity and temperature, and the ion temperature between
on 17 March in the Arecibo (g, U) plane. This UT corre- 200 km and 600 km over the MU radar.
sponds to 14:00 SLT at the geomagnetic equator arfdof.2 The Arecibo incoherent scatter radar operated during the
the geomagnetic longitude. The model is run from 18:24 UTperiod 14:29 UT on 19 March to 02:00 UT on 23 March
on 17 March 1990 to 24:00 UT on 19 March 1990 before 1990, obtaining data on electron density, and electron and
model results are used. We expect our finite-difference alion temperature variations. The experimental sequences
gorithm, which is described below, to yield approximations used contained a number of pointing directions, but this
to N;, N, T;, and T, in the ionosphere and plasmasphere atstudy will use data observed in a local mode, using a scan
discrete times t=0At, 2At, and so on up to the final discrete at elevation angles between 75 and®.90The final anal-
time with the time step\t=10 min. ysed data set covers the 145 to 686-km altitude with ap-
proximately 37—-38-km resolution. Data are accessed using
the MADRIGAL database at the Millstone Hill Observatory
3 Solar geophysical conditions and data website (http://www.haystack.mit.edu/madrigal), located at
Massachusetts Institute of Technology’s Haystack Observa-
The geomagnetically quiet conditions of 17 March 1990 (thetory. The detailed description of the Arecibo radar experi-
geomagnetic activity index Ap changes from 3 to 8) and thement is given by Buonsanto et al. (1992) and Buonsanto and
18-22 March 1990 magnetic storm period (the value of ApFoster (1993).
changes from 14 to 73) were periods which occurred at solar We use hourly critical frequencie$pf2 and foE, of the
maximum, when the 10.7 solar flux varied between 182 onF2 and E-layers, and maximum usable frequency parameter,
17 March and 243 on 22 March. In Fig. 1, the geomagneticM(3000)F2, data from the Manila ionospheric sounder sta-
activity indexes Kp (bottom panel), Dst (middle panel), and tion available at the lonospheric Digital Database of the Na-
AE (top panel), taken by INTERNET from the database of tional Geophysical Data Center, Boulder, Colorado. Hourly
the National Geophysical Data Center (Boulder, Colorado,fof2, M(3000)F2, andoE ionospheric parameters measured
are plotted versus universal time. It is seen from Fig. 1by the Kokubunji, Yamagawa, and Okinawa sounders were
that during the 18-22 March 1990 period two geomagneticobtained from the National Institute of Information and Com-
storms took place with a gradual commencement time neamunications Technology of Japan, while the Australian Gov-
04:00 UT on 18 March and with a sudden commencemenkrnment IPS Radio and Space Service was used to obtain
time near 22:45 UT on 20 March. these data by Internet for the Vanimo and Darwin ionoson-
Intense storms have minimum values D6t<-100nT  des.
(Gonzalez and Tsurutani, 1987), while the first studied storm The locations of these ionospheric sounder stations and
reached the minimum value of Dst=—67nT at 01:00 UT—the location of the MU and Arecibo radars are shown in Ta-
02:00 UT on 19 March 1990, followed by the recovery phaseble 1. The value of the peak densityyF2, of the F2 layer
of the storm. Thus, this storm can be classified as a moderatis related to the critical frequendpf2 as NmF2=1.2410'°
storm. The AE index of the first storm remained perturbedfof22, where the unit oNmF2 is nT3, the unit offof2 is
until about 02:50-03:00 UT on 19 March. The SSC onset ofMHz. In the absence of adequdtaF2 data, we use the re-
the second geomagnetic storm was at 22:43 UT on 21 Marclation betweermmF2 and the values of M(3000)F&f2, and
and is shown by the arrow in the bottom panel of Fig. 1. ThisfoE recommended by Dudeney (1983) from the comparison
storm has the minimum value of Dst=—136 nT at 06:00 UT-of different approaches aanF2=1490/[M(3000)F2AM]-
07:00 UT on 21 March 1990 followed by the recovery phasel176, whereAM=0.253/fof2/foE—1.215)-0.012. If there are
of the geomagnetic storm, and this storm can be classified aso foE data, then it is suggested thaM=0, i.e. thehmF2
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formula of Shimazaki (1955) is used. The reliabilitytofiF2 brings the measured and modeNd¥F2, hnF2, T,, and T
derived from the observed values of M(3000)F&2, and  into reasonable agreement, although there are some quan-
foE by means of the Dudeney (1983) approach is also suptitative differences. The reasonable agreement between the
ported by the reasonable agreement between these valuesmieasured and modeled Bnd T; determines the reliabil-
hnmF2 and those measured by the MU radar during the geoity of the calculated T and T; at other geomagnetic lati-
magnetically quiet conditions of 19-21 March 1988 (Pavlov tudes. It should be noted that the measura#2 presented
et al., 2004a), and during the geomagnetic storm periods oin Figs. 3—6 show large fluctuations. The possible source of
25-27 August 1987 (Pavlov et al., 2004b) and 19-22 Marchthis scatter inhnF2 is the relationship betwednmF2 and
1990 (see Fig. 6, which is explained in Sect. 4.1.1). M(3000)F2 andAM (see Sect. 3), which determinbg¥2

with errors. Furthermore, the ionosondes listed in Table 1 are

not located at the geomagnetic longitude of 201, 4thich
4  Model results and discussion is used in the model calculations. This geomagnetic longi-

tude displacement can explain a part of the disagreement be-
4.1 The (g, U) plane at geomagnetic longitude 201.45  tween the modeled and measuled-2, NmF2, T,, and T; in

Figs. 3-6. A part of these discrepancies is probably due to the
4.1.1 Model/data comparisons uncertainties in the model inputs, such as fhe NRLMSIS-

00 model densities and temperature, the neutral wind, EUV
The measured (squares and circles) and calculated (linegjuxes, chemical rate coefficients, and photoionization, pho-
NmF2 andhmF2 are displayed in Figs. 3-5 for the period toabsorption and electron impact cross sections fgr®y,
under investigation above the Darwin (two lower panels inand O.
Fig. 3), Vanimo (two upper panels in Fig. 3), Manila (Fig. 4), It follows from Figs. 3—6 that the use of the uncorrected
Okinawa (two lower panels in Fig. 5), and Yamagawa (two E, and the original HWM90 wind and NRLMSISE-00 neu-
upper panels in Fig. 5) ionosonde stations. The two lowertral temperature and densities as the input model parameters
panels of Fig. 6 showNmF2 andhmF2 measured by the brings the measured (squares, circles and crosses) and mod-
Kokubunji ionosonde station (squares and circles) and MUeled (dashed linef)imF2, hmF2, T,, and T; into disagree-
radar (crosses), in comparison with the calculated (linesment.
NmF2 andhmF2 over the MU radar, while the measured  The vertical equatorial drift shows significant variability in
(crosses) and modeled (lines) electron andi@n tempera-  the magnitude (Fejer, 2002), and the significant day-to-day
tures at the F2-region main peak altitude above the MU radawariability of the quiet plasma drift in events from a database
are presented in the two upper panels of Fig. 6. The relaof Jicamarca observations was demonstrated by Scherliess
tions betweemnF2 and the values of M(3000)F&f2, and  and Fejer (1999). The empirical models of Scherliess and
foE (see Sect. 3) are used to determine the valugs®®2  Fejer (1999) and Fejer and Scherliess (1997) for quiet and ge-
shown by squares and circles, when the measured valuasmagnetically storm-time periods were created by averaging
of foE are acceptable and not acceptable, respectively, i.ea great deal of data to find the mean trends in noisy data and
the magnitudes ohmF2 shown by circles in Figs. 3-6 are create smooth curves. As a result, the averaged vertical drifts
overestimated. The results obtained from the model usingroduced by these empirical models can differ from the ver-
the combination of £, based on the uncorrected zonal dis- tical drifts for the studied time period, and can be modified to
turbed equatorial electric field (given by the dashed line inbring the measured and modellidF2 andhnF2 into rea-
the bottom panel of Fig. 2), the NRLMSISE-00 neutral tem- sonable agreement over the Manila, Vanimo, and Okinawa
perature and densities, and the HWM90 wind, as the inpusounders.
model parameters, are shown by dashed lines in Figs. 3—6. The time variations of the zonal electric field used in the
Solid and dotted lines in Figs. 3—6 show the results givenmodel calculations are presented in the bottom (geomagnetic
by the model with the corrected zonal equatorial electricequator) and top (Arecibo) panels of Fig. 2. The dashed
field (given by the solid line in the bottom panel of Fig. 2), line in the bottom panel of Fig. 2 shows the empirical F-
the corrected NRLMSISE-00 neutral densities, and the cor+egion storm-time equatorial zonal electric field found from
rected neutral wind, when vibrationally excited(d>0) and  the empirical model of the vertical drift velocity of Fejer and
Oz(v>0) are included (solid lines) and not included (dotted Scherliess (1997). The empirical model of Scherliess and
lines) in the loss rate of ©(*S) ions. The corrections of £ Fejer (1999) is used to determine the F-region geomagneti-
and the NRLMSISE-00 and HWM90 model corrections usedcally quiet equatorial zonal electric field shown by the dotted
in the model simulations, shown by solid and dotted lines inline in the bottom panel of Fig. 2. By the use of the com-
Figs. 3-6, are explained below. parison between the measured and modeled valubsie2

It is seen from the comparison between the correspondandNmF2 over the Manila, Vanimo, and Okinawa sounders,

ing solid lines and data in Figs. 3—6 that the use of the corthe value of this quiet equatorial zonal electric field was de-
rected NRLMSISE-00 neutral densities, the corrected meridcreased by a factor of 1.5 from 23:00 UT on 16 March to
ional HWM90 wind, and the corrected zonal electric field 08:30 UT on 17 March, by a factor of 2 from 8:30 UT to

www.ann-geophys.net/24/915/2006/ Ann. Geophys., 24, 915-940, 2006



922 A. V. Pavlov et al.: A modeling study of ionospheric F2-region storm effects

SLT (hours)
12 24 12 24 12 24 12 24 12 24 12 24

Arécibo

0.6

—

0.4

0.2

Ex (mV m1)

02— : : . . . .
| | | | | |
1722 March 1990, - 4 - b i i .

!

-
~a
\

0.9
0.6
0.3

rnoh
\

-0.3
-0.6
-09 —

E), (mV m)

" Geomagnetic equator

Bl I N N N I I I ) I

0 12 24 12 24 12 24 12 24 12 24 12 24

UT (hours)

Fig. 2. Diurnal variations of the F-region zonal electric field during 17-21 March 1990 over the geomagnetic equator at@&dnddgnetic
longitude (bottom panel) and over Arecibo (top panel). The zonal electric field at the F-region altitudes over Arecibo is found from Fig. 2
of Fejer (1993).The dashed line in the bottom panel show the storm-time equatorial zonal electric field found from the empirical model of
Fejer and Scherliess (1997), while the geomagnetically quiet equatorial zonal electric field found from the empirical model of Scherliess
and Fejer (1999) is presented by the dotted line in the bottom panel. The quiet equatorial zonal electric field is modified by the use of the
comparison between the measured and modeled valdegf andNmF2 over the Manila, Vanimo, and Okinawa sounders (see Sect. 4.1)

to produce the resulting storm-time equatorial zonal electric field shown by the solid line in the bottom panel. SLT is the local solar time at
the geomagnetic equator and 20P.4@omagnetic longitude on the surface of the Earth.

11:00 UT on 17 March, by a factor of 1.4 from 11:00 UT to  To bring the measured and modeldd¥2 of the North-
17:00 UT on 17 March, by a factor of 1.6 from 23:00 UT on ern Hemisphere into reasonable agreement, the value of C
17 March to 08:30 UT on 18 March, by a factor of 2 from is found to be 1.5 above 16geomagnetic latitude from
8:30 UT to 10:00 UT on 18 March, by a factor of 2 from 23:00 UT on 16 March to 20:00 UT on 17 March and from
07:00 UT to 17:00 UT on 19 March, by a factor of 1.8 from 22:00 UT on 17 March to 20:00 UT on 18 March, and its
22:00 UT on 19 March to 07:00 UT on 20 March, by a fac- value decreases linearly from 1.5 to 1 in thé i@omagnetic
tor of 1.3 from 07:00 UT to 10:45 UT on 20 March, by a latitude range. We found that C=1.6 abové geomagnetic
factor of 1.8 from 10:45 UT to 22:00 UT on 20 March, by latitude from 03:00 UT to 12:00 UT on 19 March, and the
a factor of 2 from 07:00 UT on 21 March to 07:00 UT on [N2] and [O] correction factor decreases linearly from 1.6
22 March, by a factor of 1.5 from 07:00 UT to 10:45 UT on to 1.4 in the geomagnetic latitude range betweehaid 0.

22 March, and by a factor of 2 from 10:45 UT to 17:00 UT on The value of C is estimated from the numerical simulations to
22 March, to produce the resulting equatorial zonal electricbe 1.5 and 1.6 at geomagnetic latitudes exceedifidgrdin
field used in the model simulations and shown by the solid04:00 UT to 11:00 UT on 20 March and from 02:00 UT to
line in the bottom panel of Fig. 2. 10:00 UT on 21 March, respectively, and this correction fac-
tor varies linearly from the above-mentioned values to 1 in
dhe geomagnetic latitude range betweef dad 0. In the
time period from 21:00 UT on 21 March to 12:00 UT on
22 March, the [N] and [O,] correction factor is found to

As aresult of the comparison between the modéled-2
and NmF2 measured by the ionosonde stations and by th
MU radar, the NRLMSISE-00 model values of{Nand [O;]
were increased by a correction factor of C at all altitudes.
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Fig. 3. Observed (squares and circles) and calculated (liNe$j2 andhmF2 above the Darwin (two lower panels) and Vanimo (two upper
panels) ionosonde stations during 17—22 March 1990. The relations betwEgrand the measured values of M(3000)fe£2, andfoE (see

Sect. 3) are used to determine the valuebhraF2, when the measured valuesfoE are acceptable (squares) and not acceptable (circles).

The results obtained from the model of the ionosphere and plasmasphere, ?{éjrtgaEed on the uncorrected storm-time zonal electric

field given by the dashed line in Fig. 2, the NRLMSISE-00 neutral temperature and densities, and the HWM90 wind as the input model
parameters, are shown by the dashed lines. The solid lines show the results obtained from the model of the ionosphere and plasmaspher
using the combinations ofjﬁ, based on the corrected zonal electric field given by the solid line in Fig. 2, the corrected NRLMSISE-00
neutral densities, and the corrected neutral wind (see Sect. 4.1.1). The dotted lines show the results from the model with the same value:
of Eiﬂ, the HWM90 wind, and the NRLMSISE-00 neutral densities, as for the solid lines, when vibrationally exgigtND} are not

included in the loss rate of ©(*S) ions.

be 1.3 above 25geomagnetic latitude; its value decreases The reasonable agreement between the measured and
linearly from 1.6 to 1.3 in the 16-25geomagnetic latitude modeled NmF2 is found if C=1.5 below —14 geomag-
range, and a linear variation in the Nand [O;] correction  netic latitude from 23:00 UT on 16 March to 08:00 UT on
factor from 1 to 1.6 is assumed in the geomagnetic latitudel7 March and from 23:00 UT on 17 March to 06:00 UT on
range between°Cand 16. 18 March, and its value decreases linearly from 1.5 to 1 if
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Fig. 4. Observed (squares and circles) and calculated (INe$)2 (bottom panel) andmF2 (top panel) above the Manila ionosonde station
during 17-22 March 1990. The curves are the same as in Fig. 3.

the geomagnetic latitude is changed from =1d (°>. The  the neutral wind are produced by the HWM90 wind model
model simulations show that C=1.4 in the Southern Hemi-of Hedin et al. (1991) in geographical frame of reference,
sphere from 03:00 UT to 12:00 UT on 19 March. In the time so that the meridional wind is directed northward fos=\/
period from 00:00 UT to 13:00 UT on 20 March, theJN  and southward for W0. To bring the modeled and mea-
and [Q] correction factor is equal to 1.6 at <14eomag- suredhmF2 andNmF2 into reasonable agreement over the
netic latitude, and its value decreases linearly from 1.6 to 1sounders shown in Table 1 and over the MU radar, the value
if the geomagnetic latitude is changed from 1¢-25 and  of W taken from the HWM90 wind model is changed to
from —14 to 0°. The model uses the same value of C in the W+AW. The value ofAW shown in the Fig. 7 by the solid
Southern Hemisphere in the time periods from 20:00 UT online is used above the geomagnetic latitude 6f@%ring 17—

20 March to 07:00 UT on 21 March and from 22:00 UT on 18 March and above the geomagnetic latitude ¢f @lring

21 March to 06:00 UT on 22 March. This value of C is found 19-22 March. The dashed line in Fig. 7 is the value\a¥

to be 1.2 below —25geomagnetic latitude, the pjand [O;] below the geomagnetic latitude of <14vhile AW=0 at the
correction factor is evaluated to be 1.4 at =f@omagnetic geomagnetic equator. A square interpolatiom\¥ is em-
latitude, and the value of C varies linearly from 1 to 1.4 and ployed between —P4and @, between 25 and @, and be-
from 1.4 to 1.2 if the geomagnetic latitude is changed fromtween 2% and @ of the geomagnetic latitude, respectively.
0° to —14 and from —14 to —25, respectively.

Effects of theE x B plasma drift orhnF2 andNnF2 over ~ 4.1.2  Mechanism of nighttime enhancements NmF2
the Kokubuniji and Darwin sounders and over the MU radar, close to the geomagnetic equator
whose locations are far enough from the geomagnetic equa-
tor, are much less than those caused by the plasma drift alonfhe most striking feature of the diurnal variations of the
magnetic field lines due to the neutral wind (Rishbeth, 2000;measuredNmF2 over Manila, shown in the bottom panel of
Souza et al., 2000; Pincheira et al., 2002; Pavlov, 2003Fig. 4, is the existence of the observed nighttime enhance-
Pavlov et al., 20044, b), and variationshofiF2 are predom- ments. Variations in neutral densities and temperature cannot
inantly determined by variations in the thermospheric wind be responsible for the enhanced ionization in the evening and
over these sounders and the MU radar. The HWM90 windnight hours. Anomalous nighttime increase®im~2 cannot
velocities are known to differ from observations (Titheridge, be explained in terms of traveling ionospheric disturbances,
1995; Kawamura et al., 2000; Emmert et al., 2001; Fejer etsince these disturbances would have to be extremely large to
al., 2002). The meridional, W, and the zonal components ofproduce the nighttime electron density observed (Young et
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Fig. 5. Observed (squares and circles) and calculated (liNe$)2 andhmF2 above the Okinawa (two lower panels) and Yamagawa (two
upper panels) ionosonde stations during 17—22 March 1990. The curves are the same as in Fig. 3.

al., 1970). The observed nighttime increasedNaof-2 can  source of additional ionization at F2-region altitudes (Pinto
be explained by two mechanisms, first by an additional ion-and Gonzalez, 1989). As a result, a flux of plasma into the
ization process, and secondly by an influx of ions and elecnighttime F2-region, caused by tBe<B drift, is considered
trons into the F2-region. At low geomagnetic latitudes, sig-as the plasma source to explain the enhancemeritsniF?
nificant ionization of neutral components of the upper atmo-observed over Manila at night. It is worth noting that the
sphere by energetic particle is rather questionable. It is evplasma drift along magnetic field lines, due to neutral winds,
ident that the anomalous nighttime increaseNinF2 ob-  can modulate the nighttime enhancementsim=2. A pole-
served over Manila during the geomagnetic quiet-time pe-ward meridional wind causes a lowering of the F2-region
riod of 17 March cannot be explained by the energetic elec-height and a resulting reduction MmF2, due to an increase
tron precipitation. Furthermore, the Manila sounder is notin the loss rate of ®(*S) ions, whereas a meridional wind,
located in a zone of a reduced geomagnetic field, where th&hich is equatorwards, tends to increase the valugniF2
enhancement of the energetic electron precipitation can be by transporting the plasma up along field lines to regions
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Fig. 6. Observed (crosses) and calculated (lings}F2 andhimF2 (two lower panels), and electron and @n temperatures (two upper

panels) at the F2-region main peak altitude above the MU radar during 17—22 March 1990. Squares and circles in the two lower panels show
NmF2 andhmF2 measured by the Kokubunji ionosonde. The relations betiveE2 and the measured values of M(3000)fe22, andfoE

(see Sect. 3) are used to determine the valuesBR, when the measured valuedaE are acceptable (squares) and not acceptable (circles).

The curves are the same as in Fig. 3.

of lower chemical loss of ®(*S) ions. The direction of distributions of the meridional neutral wind used in the
the meridional neutral wind is, in general, poleward during model simulations instead of the HWM90 meridional neu-
day-time periods and equatorward at night at middle andral wind from 10:00 UT to 17:00 UT on 17 March (solid line
low-latitudes (Rishbeth, 1967, 1975; Hernandez and Roblein the top panel), from 10:30 UT to 19:00 UT on 18 March
1984a, b). The maximum value of the equatorward neutralsolid line in the top panel), from 09:00 UT to 17:00 UT on
wind occurs during pre-midnight hours at low-latitudes (Kr- 19 March (dashed line in the top panel), from 09:00 UT to
ishna Murthy et al., 1990). 20:00 UT on 20 March (solid line in the bottom panel), from
09:00 UT to 21:00 UT on 21 March (dashed line in the bot-
The model simulations show that the plasma drift causedgy, panel), and from 09:00 UT to 17:00 UT on 22 March
by the neutral wind assists in the development of the postygotted line in the bottom panel). For the sake of simplic-
sunset enhancementidmF2 close to the geomagnetic equa- ity the model of the ionosphere and plasmasphere uses zero
tor, if this wind is equatorward relative to the geomagnetic zona| neutral wind for these nighttime periods. To give an ex-

equator and strong enough during the studied nighttime pezmpe of changes in the meridional neutral wind, the diurnal
riods. Figure 8 shows the values found of the latitude
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Fig. 7. Diurnal variations of the additional meridional neutral wirdyV, when the original value of the meridional HWW90 neutral wind,
W, is changed to WAW. The magnitude oAW is used in the Northern Hemisphere (solid line) above the geomagnetic latitudé of 25
during 17-20 March and above the geomagnetic latitude ofd2iting 19-22 March and in the Southern Hemisphere (dashed line) below
the geomagnetic latitude of —14luring 17—22 March 1990, whilaW=0 at the geomagnetic equator. A square interpolatioA\¥f is
employed between —24nd @, between 21 and @, and between Z5and @ of the geomagnetic latitude, respectively.

variations of the modeled meridional uncorrected HWM90 a plasma inflow and an electron density depletion due to an
neutral wind (dashed lines) and the modeled corrected meridincrease in the loss rate of'@*S) ions, owing to aNmF2
ional neutral wind (solid lines) are shown in Fig. 9 over the peak layer lowering. It follows from the model simulations
MU radar, and over the Okinawa, Manila, Vanimo, and Dar- that the reduction ilNmF2 at night over Manila, caused by
win ionosonde stations during 17—22 March 1990 at 300-kmthe increase in the loss rate of (#S) ions, is stronger than
altitude. The corrected storm-time meridional wind found the NmF2 enhancement caused by the plasma outflow. The
has nonregular variations in agreement with the early conimodel calculations show that the value of the nighttime ver-
clusions of Kawamura (2003) tical equatorial plasma drift velocity, given by the empiri-

The prereversal increase in the meridional component of@ model of Fejer and Scherliess (1997) after the prerever-
the Ex B drift velocity lifts the plasma from lower field lines Sl increase of thE xB drift, is excessively strengthened for
to higher field lines. Simultaneously, the plasma diffusestn€ studied time period, preventigr2 from the develop-

along the magnetic field lines. These processes can suppdfient of the post-sunset enhancements (see the dashed line in
the development of the post-sunset enhancemensria2 the bottom panel Of Fig. 4). If the n!ghttlnExB dr|.ft pro-

near the crests of the equatorial anomaly, decreasing2 _duced by the empirical model qf Fejer and Scherhqss (21997)
close to the geomagnetic equator, i.e. the prereversal increads Weakened (compare the solid and dashed lines in the bot-
in the meridional component of thex B drift velocity ham-  {0M panel of Fig. 2), then it causes an increaskrii2, re-

pers the development of the post-sunset enhancements fH!ting in a decrease in the loss rate _o*f(GB) ions athmF2
NITF2 near the geomagnetic equator. and leads to an increase NmF2 at night over the Manila

] o o sounder. On the other hand, a strong weakening of the night-
The nocturnal, low-latitude F-region is maintained due 10 jme £ B grift leads to a strong reduction of a plasma inflow,
the low-latitude daytime F-region decay and by a diffusion g5 4ing t0 a noticeable increasefimF2 and a disagreement
of ions and electrons along magnetic field lines from the eyeen the measured and modeled F2-layer peak altitudes.
plasmasphere. In addition to these processes, the downwarhe corrected meridiondix B plasma drift and the plasma
nighttime and morning=xB drift moves the plasma from it ajong magnetic field lines due to the corrected equator-
middle to low geomagnetic latitudes, and ions and electrongy, - meridional neutral wind found from the model simula-

then diffuse downward along the magnetic field lines. The re-; s produce the nighttime enhancementsirF2 observed
sulting effect of theE x B drift on NmF2 depends on the com- o Manila.

petition between an electron density enhancement caused by
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Fig. 8. The latitude distributions of the meridional neutral wind used in the model simulations instead of the HWM90 meridional neutral
wind from 10:00 UT to 17:00 UT on 17 March (solid line in the top panel), from 10:30 UT to 19:00 UT on 18 March (solid line in the top
panel), from 09:00 UT to 17:00 UT on 19 March (dashed line in the top panel), from 09:00 UT to 20:00 UT on 20 March (solid line in the
bottom panel), from 09:00 UT to 21:00 UT on 21 March (dashed line in the bottom panel), and from 09:00 UT to 17:00 UT on 22 March
(dotted line in the bottom panel).

The nighttimeE x B drift of electrons and ions moves the Hemisphere and at —14.4nd —18.85 geomagnetic latitude
plasma from higher L-shells to lower L-shells. As a result, in the Southern Hemisphere, respectively. The plasma drift,
changes in electron and ion densities caused by variationdue to the neutral wind, which is equatorward relative to the
in the neutral wind at magnetic field lines, which do not in- geomagnetic equator in the both geomagnetic hemispheres,
tersect the studied F-region altitudes, lead to changes in theansports plasma along magnetic field lines, which are lo-
studiedhmF2 andNmF2. The model calculations show that cated between the above-mentioned geomagnetic latitudes,
the values ohmF2 andNmF2 over Manila are practically not and contributes to the maintenance of the F2-layer observed
sensitive to variations in the nighttime, wind-induced plasmaover Manila at night during 17—-22 March 1990.
drift at magnetic field lines, which cross the geomagnetic
equator above about 750km height. In the (g, U) plane at Figure 10 shows diurnal variations of the modeled F2-
the geomagnetic longitude of 189,%he magnetic field line  region peak electron density (lines) over Vanimo (bottom
passing through the geomagnetic equator at 750 km heighpanel), Manila (middle panel), and Okinawa (top panel) in
crosses the 300-km altitude and the surface of the Eartltomparison with the measured valuesNifF2 (squares).
at 15.3 and 19.78 geomagnetic latitude in the Northern Solid lines show the results obtained from the model of the

ionosphere and plasmasphere, using the combinatiorf%fof E
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Fig. 9. Diurnal variations of the modeled meridional uncorrected (dashed lines) and corrected (solid lines) HWM90 neutral wind at 300 km
altitude during 17—22 March 1990 over the MU radar, and over the Okinawa, Manila, Vanimo, and Darwin ionosonde stations. The meridional
wind is directed northward for W0 and southward for \W0 relative to the geographic equator.

based on the corrected zonal electric field given by the solichighttime gain of ionization at the F2-peak, caused by the
line in Fig. 2, the corrected NRLMSISE-00 neutral densi- ExB drift, becomes greater that the loss of ionization arising
ties, and the corrected meridional wind. The original neu-from the lowering ofhmF2 due to the nighttime weakening
tral HWM90 wind and the same values of the zonal electricof E, in comparison with that produced by the storm-time
field and the NRLMSISE-00 neutral densities as for the solidvertical drift velocity of Fejer and Scherliess (1997) or by the
lines are used by the model to produce the results shown bguiet vertical drift velocity of Scherliess and Fejer (1999). As
the dashed lines. The results shown by dotted lines wera result, this weakening of Eleads to theNmF2 increase at
calculated by the model which uses the original quiet ver-night over the Manila sounder. The comparison of the model
tical drift velocity of Scherliess and Fejer (1999) (dotted line results presented by the solid and dotted lines in the middle
in the bottom panel of Fig. 2) and the same corrections ofpanel of Fig. 10 indicates that this weakening of Eannot
the NRLMSISE-00 neutral densities and meridional neutralproduce the nighttime enhancement&im~2 observed over
HWMO90 wind as for the solid lines. Manila, if the original meridional HWM90 wind is used as

By comparing the corresponding solid and dotted lines inthe Input parameter of the model of the ionosphere.

Fig. 10, it is seen that, close to the geomagnetic equator, the
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Fig. 10. Observed (squares) and calculated (linés§2 above the Vanimo (bottom panel), Manila (middle panel), and Okinawa (top panel)
ionosonde stations during 17-22 March 1990. The dashed lines show the results produced by the model with the original neutral HWM90
wind and the same values of the zonal electric field and the NRLMSISE-00 neutral densities as for the solid lines. The results shown by the
dotted lines were calculated by the model, which uses the original quiet vertical drift velocity of Scherliess and Fejer (1999) (dotted line in
the bottom panel of Fig. 2) and the same corrections of the NRLMSISE-00 neutral densities and neutral wind as for the solid lines.

The second component of the new physical mechanism ofmeridional neutral winds. It should be noted that a merid-
the nighttimeNmF2 enhancement formation close to the ge- ional neutral wind variability and a variability in thexB
omagnetic equator, developed in this work, is the equatorplasma drift velocity can be responsible for the variability
ward nighttime plasma drift along magnetic field lines causedin time of the measured nighttime enhancementhlinF2,
by meridional neutral winds in the both hemispheres. Bywhich is not reproduced by the calculated F2-peak electron
comparing squares and the dashed lines in Fig. 12, it can bdensity.
seen that this equatorward wind-induced plasma drift alone
cannot account for the observed nighttime peakslim-2 4.1.3 Effects of vibrationally excitedNand G on N,, T,,
over Manila. We conclude that the formation of the night- and T; athmF2
time increases iNNF2 observed over Manila during 22-26
April 1990 is explained by the above-mentioned weaken-The importance of vibrationally excited ;Nand Q in
ing of the equatorial zonal electric field, combined with the controlling the behaviour of the low-latitude ionosphere
equatorward plasma drift along magnetic field lines due tois demonstrated by comparing the corresponding solid
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UT (hours)

Fig. 11. The calculated crest-to-trough ratios in the northern (top panel) and southern (bottom panel) geomagnetic hemispheres during
17-22 March 1990. The heavy solid curves show the results obtained from the model of the ionosphere and plasmasphere, using the
combinations of %ﬁ, based on the corrected zonal electric field given by the solid line in Fig. 2, the corrected NRLMSISE-00 neutral
densities, and the corrected meridional wind. The dashed lines show the results produced by the model, using the combirﬁj@tions of E
based on the corrected zonal electric field given by the solid lines in Fig. 2, zero neutral wind, and the NRLMSISE-00 neutral densities with
the same corrections as for the heavy solid lines. The dotted lines show the results produced by the model, using the combinaﬂﬁfas of the E
based on the geomagnetically quiet equatorial zonal electric field found from the empirical model of Scherliess and Fejer (1999) (dotted line
in the bottom panel of Fig. 2), the HWM90 wind velocities with the same corrections as for the heavy solid lines, and the NRLMSISE-00
neutral densities with the same corrections as for the heavy solid lines. The thin solid lines show the results produced by the model using the
same values of the zonal electric field and the neutral HWM90 wind as for the solid lines in Figs. 3—6, while neutral densities and temperature
are taken from the NRLMSISE-00 model for hypothetical geomagnetically quiet conditions (seven 3-h geomagnetic indexes Ap are equal to
1), using the [N] and [O;] correction factor found for the quiet day of 17 March for 17—22 March. The same values of a number of a given
day and solar activity indexes as for the model results shown by the heavy solid, dashed and dotted lines are employed for the thin solid line.
The differences between SLT and UT are 08:40-08:50 and 08:44—-08:57 for model calculatigrsnaf Ry, respectively.

(vibrationally excited N and G are included in the loss The effect of N(v>0) and Q(v>0) on N, changes the

rate of O" (*S) ions) and dotted (vibrationally exciteglnd  cooling rates of thermal electrons, causing the correspond-

O, are not included in the loss rate of @S) ions) lines in  ing changes in T, and these changes of ldnd T, produce

Figs. 3—6. It follows from Figs. 3—6 that there are increasesthe corresponding changes in. TAs can be seen from the

in the modeledNnF2 and decreases in the calculatedat  two upper panels of Fig. 6, the inclusion ob(N>0) and

hF2 if Na(v>0) and Q(v=>0) are not included in the loss O(v>0) in the loss rate of ®(*S) ions leads to increases

rate of O"(*S) ions. The model simulations show that, in in T, and T;. The model simulations show that the increase

general, inclusion of Nv>0) and Q(v>0) in the loss rate in the loss rate of ®(*S) ions, due to vibrationally excited

of Ot (4S) ions brings the modeled and measuxed-2 into N> and @, causes the increase ip athmF2 up to the maxi-

reasonable agreement. We found that, in the plane of the geanum values of 239K, 242K, 285K, 158 K, 350K, and 268 K

magnetic meridian at the geomagnetic longitude of 201.45 and the maximum increase in of 17K, 16K, 21K, 23K,

the increase in the loss rate of (#S) ions, due to Av>0) 23K, and 26 K in the low-latitude ionospheretat2 over

and Q(v>0), causes the maximum decrease in the calcuthe ionosonde stations of Table 1 and over the MU radar on

latedNmF2 by a factor of 1.25, 1.26, 1.28, 1.33, 1.38, and 17, 18, 19, 20, 21, and 22 March, respectively.

1.34 and the maximum change in the calculdte®2 of 29,

16, 20, 20, 24, and 24 km in the low-latitude ionosphere over4.2 Diurnal variations in the equatorial anomalyNfiF2

the ionosonde stations of Table 1 and over the MU radar on

17,18, 19, 20, 21, and 22 March, respectively. The NmF2 equatorial anomaly is characterized by a trough
in the latitude distribution oNMF2 near the geomagnetic
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Fig. 12. Observed (crosses) and calculated (limgsF2 andhnmF2 (two lower panels), and electron and @n temperatures (two upper

panels) at the F2-region main peak altitude above the Arecibo radar during 20—22 March 1990. SLT is the solar local time at the Arecibo
radar. The results obtained from the model of the ionosphere and plasmasphere, using the original NRLMSISE-00 neutral temperature anc
densities and the original HWM90 wind as the input model parameters, are shown by dashed lines. Solid lines show the results produced
by the model of the ionosphere and plasmasphere, using the corrected NRLMSISE-00 neutral temperature and densities, and the correcte
meridional HWM90 wind (see Sect. 4.2). Dotted lines show the results from the model with the same values of the HWM90 wind and the
NRLM4SISE-OO neutral temperature and densities, as for solid lines, when vibrationally exgis®iND, are not included in the loss rate

of 0T (4S) ions.

equator with southern and northern crestdNofF2 and by =~ geomagnetic hemispheres during 17-22 March 1990. The
the crest-to-trough ratios,\Rand Ry, for the Northern and combination of the model input parameters used in the cal-
Southern Hemispheres, respectively. For clarity sake, we beeulations of the model results shown by the heavy solid lines
lieve in this work that the equatorial anomalyNimF2 is not  in Fig. 11 is the same as that for the solid lines in Figs. 3—
distinguished if R;<1.1 and R <1.1 at the same time. 6. Zero neutral wind and the same values of the zonal elec-
tric field and the NRLMSISE-00 neutral densities as for the

Figure 11 shows the calculated crest-to-trough ratios_ . . A
in the northern (top panel) and southern (bottom paneI)SO“d lines in Figs. 3—6 are used by the model to produce

Ann. Geophys., 24, 915-940, 2006 www.ann-geophys.net/24/915/2006/



A. V. Pavlov et al.: A modeling study of ionospheric F2-region storm effects 933

Table 2. The maximum values of the crest-to-trough ratiog‘,aRand I'{{}ax, and their locations in UT and SLT, and the crest geomagnetic
latitude at 201.45geomagnetic longitude. Limits of variation of SLT are determined by SLT of the crest and SLT of the trough.

Southern Hemisphere Northern Hemisphere
Day uT SLT Geomagnetic R uT SLT Geomagnetic R
latitude latitude
17 March  11:50 20:34-20:41 -13 1.61 12:00 20:44-20:51 14 2.01
18 March  12:00 20:44-20:51 -12 1.53 12:20 21:04-21:11 13 1.70
19 March  12:40 21:24-21:32 -13 1.85 12:40 21:24-21:32 15 2.35
20 March  12:10 20:53-21.01 -13 1.85 12:20 21:09-21:14 14 2.49
21 March  04:40 13:23-13:33 -17 1.47 05:20 14:03-14:13 18 1.92
22 March  12:30 21:14-21:21 -12 1.72 12:40 21:24-21:31 13 1.81

the results shown by the dashed lines. The results shown bglistinguished southern and northern crests is the longer-
the dotted lines were calculated by the model which uses théasting phenomenon on 19 March than on 17, 18, 20, 21,
original quiet vertical drift velocity of Scherliess and Fejer and 22 March, and the shortest duration of the equatorial
(1999) (dotted line in the bottom panel of Fig. 2) and the anomaly inNmF2 occurs on 20 March. Itis seen from Fig. 11
same corrections of the NRLMSISE-00 neutral densities andhat the southern crest is more depleted than the northern
meridional neutral HWM90 wind as for the solid lines in crest during most of the studied time period. The calcu-
Figs. 3-6. The thin solid lines show the results producediated maximum values of the crest-to-trough ratidg™Rand

by the model using the same values of the zonal electridR}®, and their time and geomagnetic latitude locations are
field and the neutral HWM90 wind as for the solid lines in shown in Table 2. It follows from Table 2 that the equa-
Figs. 3—-6, while neutral densities and temperature are taketorial anomaly effect is most pronounced from 11:50 UT
from the NRLMSISE-00 model for hypothetical geomagnet- to 12:40 UT on 17, 18, 19, 20, and 22 March and from
ically quiet conditions (seven 3-h geomagnetic indexes Ap04:40 UT to 05:20 UT on 21 March. If we determine a sim-
are equal to 1), using the pjland [O;] correction factor  ple average maximum value of the crest-to-trough ratio as
found for the quiet day of 17 March for the 17-22 March pe- <Rmax>=0.5 (RI¥+Ry®), then we find from Table 2 that
riod. The same values of a number of a given day and solathe NmF2 equatorial anomaly is less prominent<iiRmax>
activity indexes as for the model results shown by the heavyon 21 March than on 17, 18, 19, 20, and 22 March. The
solid lines and by the dashed and dotted lines in Fig. 11 arenodel simulations show that the latitudinal positions of the
employed for the thin solid lines in Fig. 11. crests depend on thE x B drift velocity and on the neutral

i , wind velocity during the studied time period.
It follows from the model simulations shown by the heavy

solid lines in Fig. 11 that the model produces the distin- The model simulations presented in Fig. 11 show that
guished equatorial anomaly INmF2, which is character- the equatorial plasma fountain, responsible for the equato-
ized by the both distinguished southern and northern crestsial anomaly formation, undergoes significant inhibition pro-
(Ry>1.1 and R>1.1), from 02:10 UT to 13:40 UT and duced by meridional neutral winds, and by the difference
from 20:10 UT to 21:10 UT on 17 March, from 02:10 UT in AE} between the corrected equatorial zonal electric field
to 13:30 UT on 18 March, from 00:10 UT to 18:40 UT on used and that produced by the empirical model of Scherliess
19 March, from 03:30 UT to 06:40 UT, and from 09:20 U and Fejer (1999) for quiet conditions, and by geomagnetic
to 16:20 UT on 20 March, from 23:40 UT on 20 March to storm disturbances in the neutral densities and temperature.
12:40 UT on 21 March, and from 03:10 UT to 15:30 UT on By comparing the results of the calculations presented by the
22 March. The distinguished equatorial anomalyNimF2, heavy solid lines with those shown by dashed, dotted, and
which is characterized only by the distinguished northernthin solid lines in each panel of Fig. 11, we derive the con-
crest (R<1.1 and R/>1.1), occurs from 01:20 UT to clusions about the relative role of these factors in the sup-
02:00 UT, from 13:50 UT to 20:00 UT, and from 21:20 to pression or the development of the equatorial anomaly. It
21:30 UT on 17 March, from 01:10 UT to 02:00 UT and follows from Fig. 11 that during most of the studied time pe-
from 13:40 UT to 20:00 UT on 18 March, from 18:50 UT riod, a total contribution from meridional neutral winds and
to 19:50 UT on 19 March, from 01:10 UT to 03:20 UT, AE} to the equatorial anomaly changes is larger than that
from 06:50 UT to 09:10 UT, and from 16:30 to 22:00 UT from geomagnetic storm disturbances in the neutral densities
on 20 March, from 12:50 UT to 19:30 UT on 21 March, and temperature. The predominant source of the suppression
from 02:00 UT to 03:00 UT and from 15:40 UT to 18:00 UT of the equatorial anomaly is related #&E% on 17, 18, 20

on 22 March. The equatorial anomaly NmF2 with both  and 22 March and to the neutral wind circulation on 19 and
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21 March. Our results show that geomagnetic storm distur- A comparison of the corresponding dashed lines and
bances in the neutral densities and temperature lead to eitherosses in Fig. 12 shows considerable differences between
an enhancement or an inhibition of the equatorial anomaly. the measured and modelétn=2, hmF2, and T and T; at

It follows from the model simulations that if vibrationally hnmF2. In attempt to improve the agreement between the ob-
excited N(v>0) and Q(v>0) are not included in the loss served and modeled ionospheric parameters, the model cal-
rate of OF(4S) ions ,then, during the predominant part of culations have been carried out using the corrected input pa-
the studied time period, the calculated values of the crest-torameters of the model of the ionosphere and plasmasphere.
trough ratios are found to be less by about 10% than those BY comparing the dashed line and crosses in the top panel
produced by the model which includes vibrationally excited ©f Fig. 12, it is seen that the measured ion temperature is
N2(v>0) and GQ(v>0) in the loss rate of ©(*S) ions. As a higher than the calculated one. As a result, we infer that
result, vibrationally excited Nv>0) and Q(v=>0) promote  the disagreement between the measured and modeled ion
the equatorial anomaly enhancement during the predominariemperature is caused by inaccuracies in the NRLMSISE-
part of the studied time period, but the effect of vibrationally 00 model prediction of the neutral temperaturg, for the

excited N(v>0) and GQ(v>0) on the development of the Studied geomagnetic storm-time period. To overcome the
equatorial anomaly is not significant. disagreement between the measured and modeled ion tem-

The model results show that the latitude variations of Perature, we multiply the value of, by the correction factor

hmF2 andNnF2 are asymmetrical about the geomagnetic®f 1-0° duringr:he Eeriod underinvestigatioln. delh
equator, and comparison between heavy solid lines in the We expect that the NRLMSISE-00 neutral model has some

bottom and top panels of Fig. 11 provides evidence in fa_madequacies in predicting the number densities with accu-

vor of an asymmetry between the crest-to-trough ratios in thd a% and we have to ghange the .number densities by cor-
Northern and Southern Hemispheres. We conclude from th&ection factors at all altitudes, to bring the modeled electron

model calculations that the asymmetries in the neutral wingd€nsities into agreement with the measurements. As a result
?f the comparison between the modeldF2 andNmF2

and in neutral densities relative to the geomagnetic equato ; ,
measured by the Arecibo radar, the NRLMSISE-00 atomic

are responsible for the north-south asymmetriim=2 and , X
hmF2, and for the asymmetry between the values ofaRd oxygen density decrease of 30% was employed in the cor-
Rq. rected model simulations at all altitudes from 12:00 UT on

20 March to 13:00 UT on 22 March. To bring the mea-
i ) sured and modeled electron densities into agreement, the
4.3 The_(q, U) plane at geomagnetic longitude°7d? NRLMSISE-00 model values of [§} and [O;] were in-
Arecibo creased by a factor of 2 at all altitudes from 22:00 UT on
20 March to 16:00 UT on 21 March, and by a factor of 1.5
There are no ionosonde and radar measurementémdi2 from 23:00 UT on 21 March to 05:00 UT on 22 March.
andhnF2 near the geomagnetic equator close to the geomag- The location of the Arecibo radar is enough far from
netic |Ongitude of 7 during the time periOd under investiga- the geomagnetic equator, and variationshaof~2 are pre-
tion. As a result, we have no arguments to correctfldBm  dominantly determined by variations in the thermospheric
the comparison between the measured and modet#®  \ind above Arecibo (Bailey, 1980; Osterman et al., 1994;
andNnF2, and the empirical model of the vertical drift ve- pMacPherson et al., 1998). To bring the modeled and
locity of Fejer and Scherliess (1997) is used to determine thgneasurechmF2 andNmF2 into reasonable agreement over
F-region storm-time equatorial zonal electric field. Arecibo, the meridional neutral wind, W, taken from the
Shown in Fig. 12 are diurnal variations of the modeled HWM90 wind model, is changed to WAW. The values of
(lines) and measured (crosses) F2-layer peak electron demyW, shown in the low panel of Fig. 13, are used in the North-
sity and F2-layer peak altitude (two lower panels), and theern Hemisphere above the geomagnetic latitude df®@bile
electron and O ion temperatures at the F2-region main peak AW=0 at the geomagnetic equator. A square interpolation of
altitude (two top panels) above Arecibo during 20-22 March AW is employed between 2&nd 0 geomagnetic latitude.
1990. Dashed lines are the variations in the ionospheric pa- The diurnal variations of the modeled meridional un-
rameters obtained from the model of the ionosphere and plaszorrected HWM90 (dashed line) and corrected (solid line)
masphere using the NRLMSISE-00 neutral temperature andneridional neutral wind over Arecibo during 20-22 March
densities, and the HWM90 wind. The results produced by1990 at 300-km altitude are shown in the top panel of
the model with the corrected NRLMSISE-00 neutral temper-Fig. 13. The model simulations predict the large equatorward
ature and densities and the corrected neutral HWM90 windmeridional neutral wind of 108—127 m5from 01:40 UT to
are shown by solid and dotted lines, when vibrationally ex-02:30 UT and 158-170 ms from 06:30 UT to 08:30 UT on
cited Nb(v>0) and Q(v>0) are included (solid lines) and not 21 March. It follows from the model simulations dfmF2
included (dotted lines) in the loss rate of S) ions. The andhmF2 presented in the two lower panels of Fig. 12 that
NRLMSISE-00 and HWM90 model corrections used are ex-such a large equatorward meridional wind velocity signifi-
plained below. cantly affectshnmF2 andNmF2 over Arecibo, bringing the
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Fig. 13. Diurnal variations of the meridional neutral wind, W (top panel), and the additional meridional neutralAdvigbottom panel)

during 20-22 March 1990 (when the original value of W is changed t&\W}. The values ofAW are used in the Northern Hemisphere
above the geomagnetic latitude of°2%vhile AW=0 at the geomagnetic equator. A square interpolation\ is employed between 25

and 0. The modeled meridional corrected and uncorrected HWM90 meridional neutral winds at 300-km altitude over the MU radar are
shown in the top panel by the solid and dashed lines, respectively. The meridional wind is directed northwas® fandsouthward for

W<O0.

measured and modeléun~2 into reasonable agreement. A The Arecibo data between 270 and 430 km during the time
larger wind-induced equatorward plasma drift causes an eveperiod from 21:00 UT on 20 March to 12:00 UT on 21 March
greater disparity between the measured and calculated F2990 were used by Buonsanto and Foster (1993) to obtain
layer peak density, since this plasma drift raises the F2-layethe meridional neutral wind from the measured line-of-sight-
into a region of lower loss rate of G*S) ions, and the lower velocities using two different techniques, which are called
loss rate of @ (*S) ions causes the F2-region to decay lessthe no gradient method and the constant gradient method.
rapidly until the meridional wind changes its own direction These two different techniques lead to the noticeable differ-
and becomes poleward. However, the comparison betweeance between obtained neutral winds, underlining the pos-
the solid line and crosses in the bottom panel of Fig. 12 showsibility that during rapidly changing storm-time conditions
that the agreement between the measured and modeiea results from neither technique may be valid (Buonsanto and
is reasonabile, if the correction of the NRLMSISE-00 model Foster, 1993). The bottom panel of Fig. 5 of Buonsanto and
densities described above is used. Foster (1993) shows that the constant gradient technique re-
sults in a strong equatorward surge of about 220—23CHims
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the meridional neutral wind close to 07:30 UT on 21 March. asymmetry in longitude of the energy input into the auroral
The largest meridional neutral wind surge derived in our pa-regions of the Northern Hemisphere.
per from comparison between the modeled and measured F2- Solid lines in Fig. 12 represent the results obtained from

peak altitudes (see the solid line in the top panel of Fig. 13)the model with effects of vibrationally excitec,Mnd G on
is comparable to that of Buonsanto and Foster (1993). the O"(*S) loss rate, while dotted lines in Fig. 12 show the
The energy input during storm-time periods is mainly into model results when Mv>0) and Q(v>0) are not included
the auroral regions, leading to a change in the global thermoin the Ot (4S) loss rate. We find from the model calcula-
sphericlwind circu_Iation system. As a consequence .of thisjons that the effects of Mv=>0) and G(v>0) on T; athmF2
h|gh-lat|tgde heating and expansion, equatorward directeqthough corresponding changes in &hd T,) are less than
neutral winds are generated which lift up the plasma along7 K during 20-22 March 1990 and can be neglected. The
geomagnetic field lines. Equatorward storm-time meridionalincrease in the loss rate of @*S) ions, due to B(v>0) and
neutral winds are usually stronger at night, because an equa,(v=0), leads to the maximum decrease in the calculated
torward difference between a storm-time meridional wind NnF2 by factors of 1.36 (20 March), 1.51 (21 March), and
and a geomagnetically quiet meridional wind adds to a ge-1.45 (22 March) and to the increase in the calculated elec-
Omagnetically quiet meridional neutral Wind, which is usu- tron temperature d&tmF2 up to the maximum values of 74 K
ally equatorward at _ni_ght_(Titheridge, 1995). Eigures 12 and(20 March), 193K (21 March), and 774 K (22 March), while
13 show that the striking increasehn2 following the F2-  the maximum change in the calculated F2-layer peak altitude
peak altitude decrease on 21 March is explained by the largef 24, 29, and 23 km, caused by (\>0) and G(v=0) is
equatorward surge of the meridional neutral wind. An equa-found, from the model calculations over the Arecibo radar on
torward wind surge is a result of an immediate thermospherica, 21, and 22 March, respectively. As Fig. 12 shows, there
response to a storm energy input at high latitudes (Fulleris a large increase in the modeldlinF2 without Ny(v>0)
Rowell et al., 1994). Such storm-time wind surges extractedand Q(v=0) in the O" (4S) loss rate, and both the daytime
from hmF2 measured by the ionosondes in the South Amer-and nighttime densities are not reproduced by the model. In-
Ican region are reportgd by Pmc_:hewg et ?'- (2002). As acluding vibrationally excited Mand G in the loss rate of
rule, an equatorward wind surge is a nighttime phenomenorp+ (4s) ions brings the measured and modeled electron den-
as disturbance neutral winds caused by hlgh-latltude heatlngities into reasonable agreement and also tends to give rea-

are reinforced by the prevailing anti-sunward plasma con-sonable agreement between the measured and modeled elec-
vection at night, and neutral winds take the form of equa-tron temperatures.

torward wind surges or traveling atmospheric disturbances
when the high-latitude heating events are impulsive (Hocke
and Schlegel, 1996; Buonsanto et al., 1999a; Buonsanto,
1999). The diurnal variations of the meridional neutral wind 5 Conclusions
measured at the F2-region altitudes over Arecibo, includ-
ing meridional wind surge events, were discussed by Fried\We have presented a comparison between the modeie@
man and Herrero (1982), Crary and Forbes (1986), Burn-andhmF2 andNmF2 andhmF2 measured in the low-latitude
side and Tepley (1989), Burnside et al. (1991), Buonsantdonosphere simultaneously by the Kokubunji, Yamagawa,
and Foster (1993), Buonsanto et al. (1999a, b), MacPherso®kinawa, Manila, Vanimo, and Darwin ionospheric sounders
et al. (1998), and Pi et al. (2000). If the meridional neu- during the geomagnetically quiet-time period of 17 March
tral wind appears to be oscillating between sourthward andl990 and the 18—22 March 1990 geomagnetically storm-time
northward directions, then it implies possible gravity wave period at solar maximum near approximately the same ge-
activity. The meridional wind behaviour at nighttime mani- omagnetic meridian of 201.45n the Northern and South-
fests itself through a maximum equatorward wind after mid- ern Hemispheres. A comparison betwaémF2, hmF2, and
night, suggesting a traveling atmospheric disturbance startthe electron and ion temperatureshat=2, measured by the
ing more earlier. Equatorward wind surges or traveling at-MU radar and those produced by the model of the ionosphere
mospheric disturbances may arise from both auroral zonesand plasmasphere, is given for the storm-time period of 19-
and large-scale gravity waves may propagate from high ta@22 March 1990. The values dfim-2, hmF2, and the electron
low-latitudes, providing varying perturbations measured overand ion temperature a2, observed by the Arecibo radar,
Arecibo. and the results of the model calculations over Arecibo are
It follows from the top panel of Fig. 9 that there are no presented for the storm-time period of 20—22 March 1990,
equatorward wind surges over the MU radar at 300-km alti-to compare the ionospheric storm-time variations in different
tude close to the time periods, when the large equatorwardbngitude sectors. The corrections found in the zonal electric
wind surges were found over Arecibo at 300-km altitude field, the meridional neutral wind taken from the HWM90
on 21 March. The large equatorward propagating surgesvind model, and the NRLMSISE-00 neutral temperature and
of storm-time winds of limited longitude extension, derived densities, bring the model results and data into reasonable
from the model simulations, provide evidence in favor of an agreement.
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Causes of the observed nighttime enhancement close tmto reasonable agreement. As a result, the nighttime weak-
the geomagnetic equator observed over Manila followingening of the equatorial zonal electric field and corrected
the rapid sunset decay are investigated, for the first timeequatorward plasma drift along magnetic field lines, caused
We consider a flux of plasma into the nighttime F2-region, by the neutral wind in the both geomagnetic hemispheres, are
caused by the meridional component of EweB drift, asthe  found to be the new physical mechanisms of the formation of
plasma source to explain the electron density enhancementsghttime enhancements NmF2 close to the geomagnetic
observed over Manila at night. It is shown that the prere-equator.
versal increase in thie x B drift velocity hampers the devel- It is shown that the striking increase 2 over the
opment of the post-sunset enhancementtlin-2 near the  Arecibo radar following the F2-peak altitude decrease on
geomagnetic equator. The weakening of this prereversal in21 March is explained from the model simulations by the
crease in th& x B drift in comparison with that given by the large equatorward surge of the meridional neutral wind,
empirical models of the storm-time vertical drift velocity of which is evaluated to be of 108-127 nisfrom 01:40 UT
Fejer and Scherliess (1997) or by the quiet vertical drift ve-to 02:30 UT and 158—170 m$ from 06:30 UT to 08:30 UT
locity of Scherliess and Fejer (1999) contributes toNind=2 on 21 March at 300-km altitude. On the other hand, there
nighttime increase. It is shown that the value of the night-are no equatorward wind surges at 300-km altitude over the
time vertical equatorial plasma drift velocity produced by MU radar derived from the comparison between the mea-
these empirical models after the prereversal increase in theured and modeled F2-peak altitudes close to these time pe-
ExB drift is excessively strengthened for the studied nigh-riods on 21 March. We conclude that the results of the model
time periods preventinlmF2 from the development of the simulations provide evidence in favor of an asymmetry in
post-sunset enhancements. If the nighttime plasma transpolbngitude of the energy input into the auroral region of the
from higher L-shells to lower L-shells, produced by the B Northern Hemisphere.
plasma drift, given by above-mentioned empirical models, The calculatedNmF2 equatorial anomaly is the longer-
is weakened, then it causes theF2 increase, resulting in lasting phenomenon on 19 March than on 17, 18, 20, 21,
the decrease in the loss rate of 3S) ions athmF2 and  and 22 March, and the shortest duration of the equatorial
leads to theNmF2 increase at night over the Manila sounder. anomaly in NmF2, with both distinguished southern and
We found that this weakening of the equatorial zonal elec-northern crests occuring on 20 March. The southern crest
tric field is not a sufficient condition to produce the observedis more depleted than the northern crest during most of the
nighttime enhancements MmF2, if the original meridional  studied time period. It is shown that the latitudinal positions
HWM90 wind is used as the input parameter of the model. of the crests depend on tfexB drift velocity and on the

If the nighttime wind-induced plasma drift along mag- neutral wind velocity. The relative role of the main mecha-
netic field lines, which crosses a region closéntd=2 near  nisms of the equatorial anomaly suppression observed dur-
the geomagnetic equator, is equatorward relative to the geang geomagnetic storms is studied for the first time from
magnetic equator, then this plasma drift impedes the fieldthe model simulations in terms of storm-time variations of
aligned downward plasma diffusion in both geomagneticthe crest-to-trough ratios. During most of the geomagnetic
hemispheres causing, increases in electron and ion densstorm-time period of 18-22 March 1990, a total contribution
ties at F-region altitudes close to the geomagnetic equatofrom meridional neutral winds and the differences between
The nighttimeExB drift of electrons and ions moves the the corrected equatorial zonal electric field used and that pro-
plasma from higher L-shells to lower L-shells and redis- duced by the empirical model of Scherliess and Fejer (1999)
tributes changes in electron and ion densities between fieldlor quiet conditions to the equatorial anomaly changes is
lines. As a result, variations in the neutral wind at mag- larger than that from geomagnetic storm disturbances in the
netic field lines, which do not intersect the studied equato-neutral temperature and densities. The predominant source
rial F-region altitudes, lead to changes in the studie#2 of the suppression of the equatorial anomaly is related to the
and NnF2. The model simulations provide evidence that wind-induced plasma drift on 19 and 21 March. The changes
the corrected wind-induced plasma drift along magnetic fieldin the E x B plasma drift during the time periods of 17, 18, 20
lines, which crosses the surface of the Earth equatorward ofdnd 22 March (due to the differences between the corrected
about 20 geomagnetic latitude in the Northern Hemisphere equatorial zonal electric field used and that produced by the
and about —19geomagnetic latitude in the Southern Hemi- empirical model of Scherliess and Fejer (1999) for quiet con-
sphere, contributes to the maintenance of the F2-layer obditions) make the largest contribution to the inhibition of
served over Manila at night during 17—22 March 1990. the equatorial anomaly. It is shown that geomagnetic storm

It is shown that the nighttime weakening of the equa- disturbances in the neutral densities lead to either an en-
torial zonal electric field, in combination with the cor- hancement or an inhibition of the equatorial anomaly. Vibra-
rected equatorward wind-induced plasma drift along mag-tionally excited N and QG promote the equatorial anomaly
netic field lines, provides the development of the nighttime enhancement during the predominant part of the studied time
enhancements iNmF2 observed over Manila during 17— period, however, the relative role of vibrationally excitegd N
22 March 1990, bringing the measured and mod&ledr2 and Q in the development of the equatorial anomaly is much
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