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Abstract. We have presented a comparison between theance, magnitude variations, latitude variations, and a disap-
modeledNm F2 andhm F2, andNm F2 andhm F2 which pearance of the morning, peaks during 25-27 August are
were observed at the equatorial anomaly crest and closeaused by variations in & thermospheric composition,, T

to the geomagnetic equator simultaneously by the Akita,and W. The magnitude of the evening peak and its time
Kokubunji, Yamagawa, Okinawa, Manila, Vanimo, and Dar- location are decreased with the lowering of the geomagnetic
win ionospheric sounders and by the middle and upper atiatitude due to the weakening of the effect of the plasma drift
mosphere (MU) radar (34.8Bl, 136.10 E) during the 25—  caused by W on the electron density. The difference between
27 August 1987 geomagnetically storm-time period at low 25 August and 26—-27 August in an appearance, magnitude
solar activity near 207, geomagnetic longitude. A compari- and latitude variations, and a disappearance of the evening
son between the electron and ion temperatures measured By, peak is caused by variations in W, the thermospheric com-
the MU radar and those produced by the model of the ionoosition, T,, and E, .

sphere and plasmasphere is presented. The corrections Rfe words. lonosphere (Equatorial ionosphere; electric
the storm-time zonal electric field, & from 16:30 UT to y ) P d P '

21:00 UT on 25 August bring the modeled and measureJ'elds and currents; plasma temperature and density; iono-

hm F2 into reasonable agreement. In both hemispheres, thgpherlc disturbances)

meridional neutral wind, W, taken from the HWW90 wind
model and the NRLMSISE-00 neutral temperaturg, dnd
densities are corrected so that the model results agree with |ntroduction

the ionospheric sounders and MU radar observations. The

geomagnetic latitude variations Mm F'2 on 26 August dif-  The ionosphere at the geomagnetic equator and low geo-
fer significantly from those on 25 and 27 August. The equa-magnetic latitudes is the site of important ionospheric phe-
torial plasma fountain undergoes significant inhibition on 26 nomena, which include the equatorial electrojet, equatorial
August. This suppression of the equatorial anomaly on 26plasma fountain, equatorial (Appleton) anomaly, additional
August is not due to a reduction in the meridional compo-|ayers, plasma bubbles, and sprefad These low-latitude

nent of the plasma drift perpendicular to the geomagneticcharacteristic properties of the ionosphere have been stud-
field direction, but is due to the action of storm-time changesijed observationally and theoretically for many years (Mof-

in neutral winds and densities on the plasma fountain pro<fett, 1979; Anderson, 1981; Walker, 1981; Abdu et al., 1991;
cess. The asymmetry in W determines most of the northBailey and Balan, 1996; Buonsanto, 1999; Rishbeth, 1975,
south asymmetry inm F2 andNm F2 on 25 and 27 August  2000; Rishbeth and Fukao, 1995; Abdu, 1997, 2001).
between about 01:00-01:30 UT and about 14:00 UT when A variety of global processes in the iono-
the equatorial anomaly exists in the ionosphere, while asymsphere/thermosphere/magnetosphere system is generated
metries in W, -E, and neutral densities relative to the geo- during geomagnetic StormS, and magnetic storm effects on
magnetic equator are responsible for the north-south asyme neutral atmosphere and ionosphere depend on season,
metry in NmF2 andhm F2 on 26 August. A theory of the |atitude, and longitude, as well as on the severity, time of oc-
primary mechanisms causing the morning and evening peakgyrrence, and duration of the storm (Buonsanto, 1999). The
in the electron temperature,,Tis developed. An appear- electron number density, Ncan be decreased or increased

in association with a magnetic storm in comparison with
Correspondence toA. V. Paviov a quiet time N. In general, the equatorial anomaly is less
(pavlov@izmiran.rssi.ru) developed during geomagnetic storm-time periods in com-




3480 A. V. Pavlov et al.F-region ionospheric perturbations

parison with the quiet time periods, however, enhancementshe first significant auroral display over Japan since 1960 was
of the equatorial anomaly have also been reported (Rishbetlgbserved, and drastically different electron densities were
1975). The geomagnetic storm changes in electric fieldsdiscovered using the four radar beams, separated by about
thermospheric winds and neutral composition have beer250 km horizontally in thé -region (Oliver etal., 1991). The
suggested as physical mechanisms to explain the variation&recibo radar observations of the ionosphdrigegion dur-
in the low-latitude ionosphere, and plasmasphere structuréng the 1-5 May 1995 geomagnetic storm period have shown
and dynamics (Moffett, 1979; Anderson, 1981; Abdu et al.,the possible existance of a poleward expansion of the equa-
1991; Buonsanto, 1999; Rishbeth, 1975, 2000; Rishbeth antbrial anomaly zone with the northern anomaly crest location
Fukao, 1995; Abdu, 1997, 2001). close to 29 dip latitude (Buonsanto, 1999). Another anoma-
Geomagnetic storm processes, such as particle precipious low-latitude ionospheric feature was observed during
tation and Joule dissipation, lead to thermospheric heatind 7—18 February 1999 highly disturbed geomagnetic period,
and, as a result, to gravity waves/TIDs, disturbed thermo-when the Arecibo radar has recorded an anomalous night-
spheric winds, and composition changes which reach lowtime ionospheric enhancement in which the nighttime value
latitude regions with a delay of a few hours from the geo- of the F2 peak electron density exceeded &2 and the
magnetic storm onset. These perturbation neutral winds pro#2 peak altitude went above 400 km (Aponte et al., 2000).
duce a part of storm-time changes in the equatorial electric The difficulties in theoretical studies of the response of
fields through the ionospheric disturbance dynamo (Blanche low-latitude ionosphere and plasmasphere to geomag-
and Richmond, 1980), while the other part of the storm-netic storms arise due to many competing processes imbed-
time equatorial electric field changes is produced by the soded in the production, loss and transport electrons and ions.
lar wind-magnetosphere dynamo (Senior and Blanc, 1984The earlier simplified theoretical computations (Burge et
Spiro et al., 1988). The duration of electric field distur- al., 1973; Chandra and Spencer, 1976) have speculated on
bances varies from tens of minutes to hours (Abdu et al.the importance of the disturbed neutral winds to the low-
1991). In general, the low-latitude electric fields undergo latitude ionospheric response to geomagnetic storms, but
large departures from their quiet time averages during gelack of data and/or model winds has hampered progress.
omagnetic storms (Fejer and Scherliess, 1997; Fejer, 200Eesen et al. (1989) studied ionospheric effects in the low-
and references therein). There are clear indications that &titude ionosphere during the 22 March 1979 geomagnetic
dawn-to-dusk disturbed electric field (i.e. eastward/westwardstorm period using the model without™Hions, ignoring
on the day/night sides), penetrated in the equatorial iono€lectric field perturbations due to the storm, and suggest-
sphere, is associated with a southward turning of the intering that the temperatures of electron and ions are equal to
planetary magnetic field componet, (Abdu et al., 1991; the neutral temperature. It follows from the results of Fesen
Abdu, 1997). The intensity and duration of the disturbanceet al. (1989) that the equatorial anomaly may be disrupted
electric field is controlled by many factors, such as the timeby the magnetic storm, and the major factor influencing the
constants of the decay/formation of the shielding charges irstorm-time ionospheric behavior is the neutral wind. This
the inner magnetosphere, and auroral conductivity (Vasyliupoint of view was reiterated in recent studies, for example,
nas, 1975; Kelley et al., 1979; Gonzales et al., 1983), andby Sastri et al. (2000), with particular reference to the well—-
as a result, there are still questions concerning the predictioknown storm in early November 1993. The coupled thermo-
of the storm-time dependence of ionospheric electric fieldssphere ionosphere plasmasphere electrodynamic model was
(Fejer, 2002). used by Fuller-Rowell et al. (2002) to model the low-latitude
The storm-timeF-region changes in the low-latitude iono- ionosphere and plasmasphere for a hypothetical geomagnetic
sphere have been identified froftlayer height and fre- storm at equinox and high solar activity without taking into
quency responses observed by ionosondes (see Abdu, 19@¢count geomagnetic storm disturbances in an electric field.
and references therein). The incoherent scatter radar techFheir model results showed response features of the ther-
nique has expanded the range of information obtainable froomosphere and ionosphere as a unique system. In particu-
the low-latitude sounders during geomagnetic storms. Thdar, Fuller-Rowell et al. (2002) found an equatorial response
dynamics of the low-latitude ionosphere was observed by thevithin 2 h of the storm onset and made clear the difference
MU radar during the great geomagnetic storms of 6—-8 Februbetween the effects of meridional and zonal winds on the dis-
ary 1986, 20-21 January 1989, and 20-23 October 198%urbed ionosphere.
(Oliver et al., 1988, 1991; Reddy et al., 1990). The changes As far as we know, there are no published comparisons
of F-layer electron density observed by the MU radar in the between measurements and theoretical calculations of the
6—8 February 1986 storm were explained by changes in atow-latitude F-region electron density and temperature dur-
influx of ionization from the plasmasphere, modulated bying geomagnetic storms, which would take into account the
the passage of a large-scale southward traveling gravity wavetorm-time changes in the thermospheric wind, the electric
(Oliver et al., 1988). In the 20-21 January 1989 storm, thefield, the neutral composition, and the neutral temperature.
observed large changes in the region peak altitude from In this paper, we present the first study of the complex prob-
23:00 LT to 02:40 LT were attributed to a large eastwardlem of the low-latitude ionospheric response to the disturbed
electric field originating at auroral latitudes (Reddy et al., thermospheric wind, electric field, neutral composition, and
1990). During the 20-23 October 1989 storm-time period,neutral temperature.
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It follows from the above-mentioned studies that horizon- new two-dimensional time dependent model of the low- and
tal neutral winds cause significant variations in the structuremiddle-latitude plasmasphere and ionosphere (Pavlov, 2003),
and dynamics of the low-latitude ionosphere and plasmaswhich employs the updated rate coefficients of chemical re-
phere during geomagnetic storms. In the present work, wections of ions and the update@,ND,, and O photoioniza-
continue to investigate the role of horizontal neutral winds intion and photoabsorption cross sections. lonospheric models
the ionization distribution, plasma dynamics, structuring, andare particularly valuable for investigating the changes that
thermal balance of the low-latitude ionosphere in the presentvould result, in observed quantities, from changes in individ-
case study, in whictm F2 andhm F2 are observed simul- ual input parameters, and, therefore, the theoretical study of
taneously close to the same geomagnetic meridian at the gethe ionospheric storm response features is a highly complex
magnetic longitudes of 20% 11° by the Akita, Kokubunji,  taskin the absence of the measurements of the disturbed ther-
Yamagawa, Okinawa, Manila, Vanimo, and Darwin iono- mospheric wind, electric field, neutral composition, and neu-
spheric sounders and by the middle and upper atmosphereal temperature for the studied time period at low-latitudes
(MU) radar at Shigaraki (34.8%, 136.10 E, Japan) during  close to 201 geomagnetic longitude. Nevertheless, it is pos-
the 25-27 August 1987 geomagnetically storm-time periodsible to evaluate whether or not the storm-time variations
at solar minimum. of the main ionospheric parameters measured by the iono-

The low-latitude ionosphere undergoes changes as a respheric sounders and the MU radar are consistent with what
sult of storm-time variations in plasma motion perpendic- is calculated from the model of the ionosphere and plasma-
ular to the geomagnetic field, direction due to an elec- sphere. The model of the ionosphere and plasmasphere of
tric field, E, which is generated in the-region. This elec- Pavlov (2003) uses the NRLMSISE-00 neutral temperature
tric field affects F-region plasma, causing both ions and and density model (Picone et al., 2002) and the HWW90 neu-
electrons to drift in the same direction with a drift veloc- tral wind model (Hedin et al., 1991) as the model input pa-
ity, VE=E x B/B?. The zonal component df £ (geomag-  rameters. As a result, model/data discrepancies can arise due
netic east-geomagnetic west component) is thought to havéo the possible inability of the neutral atmosphere and wind
only a negligible effect on the low-latitude plasma densitiesmodels to accurately predict the storm-time thermospheric
(Anderson, 1981), and changes in the meridional componentesponse to the studied time period in the upper atmosphere.
(component in the plane of a geomagnetic meridian) of theWe investigate how well the MU radar data and the Akita,
E x B drift velocity, caused by changes in the zonal elec- Kokubunji, Yamagawa, Okinawa, Manila, Vanimo, and Dar-
tric field, affect the distribution of plasma in the low-latitude win ionospheric sounder measurements of electron densities
ionosphericF-region. During geomagnetic storms, the ver- taken during 25—-27 August 1987 agree with those calculated
tical equatorial drift shows significant variability in the mag- by the model of the ionosphere and plasmasphere.
nitude (Fejer, 2002), and, as a result, the vertical drift given The horizontal neutral wind drives the low-latitude-
by the empirical model of Fejer and Scherliess (1997) forlayer plasma along magnetic field lines and causes significant
the geomagnetically storm-time periods is the averaged vernorth—south asymmetry in the equatorial ionization anomaly
tical drift and can differ from the vertical drift for the stud- during geomagnetically quiet conditions (Balan and Bailey,
ied geomagnetically disturbed time period. The examination1995; Balan et al., 1997 a,b). As far as the authors know,
of the model of the meridional component of the drift ve- our investigation is the first theoretical study of the role of
locity has been driven by the relationship between the zonavariations in the neutral winds, temperature, and densities
electric field and the dynamics of thfé2-layer close to the in producing the northsouth asymmetry in the storm-time
geomagnetic equator. The present work studies the relatiorelectron density.
ship between the zonal electric field and the dynamics of the Otsuka et al. (1998) found that the occurrence and strength
low-latitude F2-layer in the low-latitude ionosphere, when of the morning and evening peaks ip dver the MU radar
NmF?2 andhm F2 are observed simultaneously close to the depend on altitude, season, and solar activity under magneti-
same geomagnetic meridian by the Akita, Kokubuniji, Yam- cally quiet conditions during 1986—1995. Pavlov et al. (2004)
agawa, Okinawa, Manila, Vanimo, and Darwin ionospheric studied, for the first time, the latitude dependence of the
sounders and by the MU radar during the 25-27 August 198 bccurrence and strength of the morning and evening peaks
geomagnetically storm-time period. in T, and the mechanisms causing these peaks in the low-

Many theoretical models of the plasmasphere and low-atitude ionosphere during geomagnetically quiet-time con-
latitude ionosphere were constructed and have been applieditions of 19—21 March 1988. In this work, we report the
to study a wide variety of equatorial ionosphere character{irst results obtained from a study of the latitude dependence
istic properties during geomagnetically quiet conditions (seeof the occurrence and strength of the morning and evening
Moffett, 1979; Anderson, 1981; Walker, 1981; Bailey and peaks in T and the mechanisms causing these peaks in the
Balan, 1996; Rishbeth, 2000; Abdu, 1997, 2001, and referlow-latitude ionosphere during the 25-27 August 1987 geo-
ences therein). In the present work, we investigate the equamagnetically storm-time period. The reliability of the con-
torial anomaly geomagnetic storm characteristics (the equaelusions is based on the comparison between the measured
torial trough, and crest latitudes and magnitudes) from theMU radar and modeled,.T and the use of the updated elec-
comparison between the measured and modeleghd elec-  tron cooling rates (Pavlov, 1998a, b; Pavlov and Berrington,
tron temperatures, T during 25—-27 August 1987 using the 1999) in the model.
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2 Theoretical model

The model of the low- and middle latitude ionosphere and
plasmasphere, which is described in detail by Pavlov (2003)
calculates number densities; ,f Ot (4S), Ht, NOt, o7,

NI, OF(2D), O*(?P), O*(*P), and O (?P*) ions, N., T,
and T;. As the model inputs, the horizontal components of
the neutral wind are specified using the HWW90 wind model
(Hedin et al., 1991), the model solar EUV fluxes are taken
from the EUVAC model (Richards et al., 1994), while neutral
densities and temperature are taken from the NRLMSISE-0
model (Picone et al., 2002).

The model calculations are carried out in dipole orthogo-
nal curvilinear coordinates q, U, antd, where q is aligned
with, and U andA are perpendicular t#, and the U and\
coordinates are constant along a dipole magnetic field line
It should be noted that g=(RR)? cos®, U=(Rx/R) sirf ©,
and the value ofA is the geomagnetic longitude where R is
the radial distance from the Earth’s cent®s90P—¢ is the
geomagnetic colatitude, is the geomagnetic latitude zRs
the Earth’s radius. The Mcllwain parameter L=R{RI©)
can be presented as L=,

The model takes into account that the< B plasma drift
velocity can be presented ¥ =VFe,+V /ey, whereVE=
Ey/B is the zonal component o £, V5=—E/B is the
meridional component oF £, E=E e +Eyey , E, is the
A (zonal) electric field in the dipole coordinate systdty, is
the U (meridional) component df in the dipole coordinate
system,e, andey are unit vectors ilA and U directions,
respectively,ey is directed downward at the geomagnetic
equator.

The trajectory of the ionospheric plasma perpendicular to
magnetic field lines and the moving coordinate system aréf
determined from equations derived by Pavlov (2003). The

effects of the zonal (geomagnetic east- geomagnetic wes
component of thek x B drift on N,, N;, T., and T; are not

taken into consideration because it is believed (Anderson
1981) that these effects are negligible. As a result, the mod

works as a time dependent two-dimensional (g and U coor-
dinates) model of the ionosphere and plasmasphere. In thi

approximation, the trajectory of the ionospheric plasma in
the U direction is found from the equation as (Pavlov, 2003)

3
5 U =—E{'Rg'Bg™, (1)
ES" = EpnaREY, 2)

where h= R sin®, By is the equatorial value of B for R5R
and®=0.

ef!
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i.e. the effective electric field, ﬁ , Is not changed along
magnetic field lines.

It should be noted that Eqgs. (2) and (3) determine the
changes in the zonal electric field along magnetic field lines,
and the altitude dependence of this component of the electric
field in the ionosphere and plasmasphere.

The time variations of the zonal electric field used in the
model calculations during 25-27 August 1987 are presented

in the middle and bottom panels of Fig. 1. The solid line

dn the bottom panel of Fig. 1 shows the empiri¢aregion

Storm-time equatorial zonal electric field found from the em-
pirical model of the vertical drift velocity of Fejer and Scher-
liess (1997). For the time periods from 16:30 UT to 21:00 UT
on 25 August, this empirical electric field is modified by the
use of the comparison between the measured and modeled
values ofhim F2 over the Manila sounder (see Sect. 4.1).
The resulting storm-time equatorial zonal electric fieIﬁ?E
given by crosses in the bottom panel of Fig. 1, is used in
the model calculations at thé-region altitudes over the ge-
omagnetic equator. The top panel of Fig. 1 shows the mea-
sured (triangles) and modeled (solid linBjregion plasma
vertical drift velocity over Jicamarca, which will be dis-
cussed in Sect. 4.1.

There are no MU radar vertical drift velocity measure-
ments for the studied time period. We take into account that
the perpendicular drifts over Arecibo and the MU radar are
similar for the same local time (Takami et al., 1996). There-
fore, for geomagnetically quiet conditions, it would be possi-
ble to use the Arecibo average quiet time zonal electric field,
Ef\Q, in model simulations at th&-region altitudes, 29 ge-
omagnetic latitude, and 201geomagnetic longitude. This
onal electric field is found from Fig. 2 of Fejer (1993) and is
shown in the middle panel of Fig. 1 (dashed line). To find the

isturbed zonal electric field,f\é, at theF-region altitudes,

9 geomagnetic latitude, and 20fjeomagnetic longitude,
we find the differenceAE,, between the disturbed (crosses
in the bottom panel of Fig. 1) and geomagnetically quiet
zonal electric fields over the geomagnetic equator. Fhe
gegion geomagnetically quiet equatorial zonal electric field
Is found from the empirical model of the vertical drift ve-
locity of Scherliess and Fejer (1999) and is shown by the
dashed line in the bottom panel of Fig. 1. In the absence of
measurements and an empirical model of a storm-time zonal
electric field for the studied time period at geomagnetic lat-
itudes close to 29 we suggest that the studied storm-time
variations in the zonal electric field at theregion altitudes
are the same at the geomagnetic equator and at the geomag-
netic latitude of 29, i.e. E}S=EA? + AE,. The value of B
found is shown by crosses in the middle panel of Fig. 1.

Equations (1)—(3) determine the trajectory of the iono-

The model takes into account that magnetic field lines arespheric plasma perpendicular to magnetic field lines and the

"frozen” to the E x B drift of the ionospheric and plasmas-
pheric plasma if (Pavlov, 2003)

i effy _

moving coordinate system. It follows from Eq. (1) that time
variations of U caused by the existence of the zonal elec-
tric field are determined by time variations of\“Egiven by

Eqg. (2). We have to take into account Eq. (3), which shows
that Ef\ﬁ is not changed along magnetic field lines. The equa-
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28-27 August 1087

“ertical drift(m =™
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UT thours)

Fig. 1. The bottom and middle panels show diurnal variations of the
zonal electric field during 25-27 August 1987. The solid line in the Fig. 2. The variation in theAE index (top panel), theD,; index
bottom panel shows thE-region storm-time equatorial zonal elec- (middle panel), and;, index (bottom panel) during 25-27 August
tric field found from the empirical model of Fejer and Scherliess 1987. The SSC onset of the geomagnetic storm is shown by the
(1997), while theF-region geomagnetically quiet equatorial zonal arrow in the bottom panel.
electric field found from the empirical model of Scherliess and Fe-
jer (1999) is presented by the dashed line in the bottom panel. For
the time periods from 16:30 UT to 21:00 UT on 25 August, the torial and Arecibo values of the storm-time zonal electric
empirical electric field, given by the solid line in the bottom panel, fija|d are used to find the equatorial and Arecibo value§;\8f E

is modified by use of the comparison between the measured an?rom Egs. (2) and (3). The equatorial value (%ffEs used for

modeled values oim F2 over the Manila sounder (see Sect. 4.1). ic field i ith ltitude. ER. -R»_ |
The resulting storm-time equatorial zonal electric fieIﬁ,SEgiven magnetic field lines with an apex altitu0g,RR.q-RE, less

by crosses in the bottom panel of Fig. 1, is used in the model calthan 600km, where B is the equatorial radial distance of
culations at theF-region altitudes over the geomagnetic equator. the magnetic field line from the Earth's center ang iR the
The average quiet time value of the zonal electric field atkhe  Earth’s radius. The Arecibo value ofEis used if the apex
region altitudes over Arecibo (dashed line in the middle panel) isaltitude is greater than 2126 km. A linear interpolation of the
found from Fejer (1993). To find the disturbed zonal electric field, equatorial and Arecibo values oﬁfEis employed at interme-
E4’, at theF-region altitudes, 29geomagnetic latitude, and 201 djate apex altitudes.

geomagnetic longitude, we find the differenek , between the The model calculates the values of,M,, T;, and T, in

d'SturbEd.(ersses In the bottom panel) and g.eor.nagne“ca”y qUIetthe fixed nodes of the fixed volume grid. This Eulerian com-
(dashed line in the bottom panel) zonal electric field. We suggest

that the studied storm-time variations in the zonal electric field atputatlo_nal 9“0' cpn5|st§ of a distribution of the dipole mag-
the F-region altitudes are the same at the geomagnetic equator anf€tic field lines in the ionosphere and plasmasphere. One
at 29 geomagnetic latitude, i'e_ﬁ:_s:EﬁQJr AE,. The E}\S used hundrgd dipole magnetic field lines are us_ed in the model for
is shown by crosses in the middle panel. Theegion plasma ver-  €ach fixed value ofv. The number of the fixed nodes taken
tical drift velocity, measured by the Jicamarca, radar from 16:31 UT@long each magnetic field line is 191. For each fixed value
on 26 August 1987, to 20:45 UT on 27 August 1987, is displayed byof A, the region of study is a (g, U) plane, which is bounded
triangles in the top panel, while thE-region plasma vertical drift by two dipole magnetic field lines. The low boundary mag-
velocity over Jicamarca calculated by the empirical model of Fejernetic field line has f,=150km. The upper boundary mag-
and Scherliess (1997) for the time period of 25-27 August 1987 ispetic field line has [p=4491km and intersects the Earth's
shown by the solid line in the top panel. surface at two middle-latitude geomagnetic latituded(’.

The computational grid dipole magnetic field lines are dis-

tributed between these two boundary lines. They have the

interval, Ah,;,, of 20km between ), of the low boundary
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Table 1. lonosonde station and radar names and locations.

lonosonde Geographic Geographic Geomagnetic Geomagnetic

station and latitude longitude latitude longitude
radar names

Akita 39.7 140.1 29.6 206.2
Kokubuniji 35.7 139.5 25.6 206.2
Yamagawa 31.2 130.6 20.5 198.6
Okinawa 26.3 127.8 15.4 196.3
Manila 14.6 121.1 3.4 190.6
Vanimo 2.7 141.3 -12.4 211.9
Darwin -12.4 130.9 -23.0 202.0
MU radar 34.9 136.1 24.5 203.2

line and h, of the nearest computational grid dipole mag- between 0 andgfor most of the time period of 18-24 Au-
netic field line. The value oAh,, is increased from 20km  gust 1987, except between 09:00 UT and 15:00 UT on 24
to 45km linearly as we go from the low computational grid August when the magnitude &, was 4..

boundary line to the upper computational grid dipole mag-
netic field line. We expect our finite-difference algorithm,
which is described below, to yield approximations tq N,,

The middle and upper atmosphere (MU) radar at Shi-
garaki, which is located at the geomagnetic latitude of 24.5
; : ¢ and the geomagnetic longitude of 203.2perated from
Ti, and T, in the ionosphere and plasmasphere at dISCretPfL6:OO LT gn 25 A?ugust to 191:00 LT on 27 Au%ust. The capa-

times t=0,At, 2At,... with the time stepAt=10min. The bilities of the radar for incoherent scatter observations have

modgl starts at05:14 .UT on 23 August. This UT correspondsoeen described and compared with those of other incoherent
to 14:00 solar local time, SLT, at the geomagnetic equator

. . scatter radars by Sato et al. (1989) and Fukao et al. (1990).
and 202 geomagnetic longitude (SLT=UTW#15, wherey ; : .
is the geographic latitude). The model is run from 05:14 UT Rishbeth and Fukao (1995) reviewed the MU radar studies

on 23 August 1987 to 24:00 UT on 24 August 1987 before °F "€ ionosphere and thermosphere. The data that we use in
this work are the measured time variations of altitude profiles
model results are used. : )
of the electron density and temperature, and the ion temper-
ature between 200 km and 600 km over the MU radar.

3 Solar geophysical conditions and data We use hourly critical frequenciegpf2 and foE, of the
F2 and E-layers, and maximum usable frequency parame-

The storm period under study occurred at solar minimumter, M(3000) 2, data from the Akita, Kokubuniji, Yamagawa,
when the 10.7 cm solar flux was between 85 and 90 dur-Okinawa, Manila, Vanimo, and Darwin ionospheric sounder
ing 25-27 August 1987, and the 3-month average of thestations available at the lonospheric Digital Database of the
10.7 cm solar flux was 87. In Fig. 2 starting from the bottom National Geophysical Data Center, Boulder, Colorado. The
panel, the geomagnetic activity index&s, Dy;, andAE, locations of these ionospheric sounder stations and the loca-
are plotted versus universal time, taken by Internet from thetion of the MU radar are shown in Table 1. The values of
database of the National Geophysical Data Center (Boulderthe peak densityNm F2, of the F2 layer are related to the
Colorado). critical frequencyfof2 asNmF2=1.2410% fof2?, where

Intense storms have minimum values bf;<—100nT the unit of Nm F2 is nT3, the unit of fof2 is MHz. In the
(Gonzalez and Tsurutani, 1987), while the studied storm hasbsence of adequaiie: F 2 data, we use the relation between
the minimum value ofD;;=—97 nT at 21:00 UT-22:00 UT &hmF2 and the values of M(3008R, fof2, andfoE rec-
on 25 August 1987 with the following recovery phase of the ommended by Dudeney (1983) from the comparison of dif-
geomagnetic storm. Thus, this storm can be classified aferent approaches &a F2=1490/[M(3000fF2+AM]—176,
a moderate storm which is very close to an intense stormwhereAM=0.253/(fof2/foE—1.215)0.012. There are no
The Dy, index remained at less tharbOnT up to 09:00 UT  foE data in the lonospheric Digital Database for the 25-27
on 26 August while thed E index remained perturbed until August 1987 time period for the Manila ionosonde station,
21:00 UT on 27 August. The SSC onset of the geomagneti@and we are forced to us&M=0, i.e. thehm F2 formula of
storm was at 06:58 UT on 25 August and is shown by theShimazaki (1955) is used for the Manila ionosonde station
arrow in the bottom panel of Fig. 2. The, index reached data. The sounders and the MU radar are withihl® ge-
its maximum value of §at 12:00 UT-15:00 UT on 25 Au- omagnetic longitude of one another. As a result, the model
gust 1987 and at 03:00 UT-06:00 UT on 26 August 1987.simulations are carried out in the plane of 2@Eomagnetic
The studied storm-time period was preceded by fairly quietlongitude to compare the model results with the MU radar
conditions when the value of the geomagndficindex was  and sounder measurements.
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4 Results : : CL g Okinawa, 15 40 geomagnetic |atitude

4.1 Zonal electric field corrections from the observed vari- i
ations inhmF2

The measured (squares) and calculated (lidés)F2 (bot-
tom panel) andim F2 (top panel) are displayed in Fig. 3 for
the 25-26 August 1987 time period above the Vanimo (two
bottom panels), Manila (two middle panels), and Okinawa
(two top panels) ionosonde stations. The solid lines in Fig. 3
show the calculatetVm F2 andhm F2 over Manilausingthe &
corrected storm-time (crosses in the bottom and middle pan-
els of Fig. 1), while the dotted lines in Fig. 3 aken F2 and

hm F2 from the model with an uncorrected (solid lines in the
bottom and middle panels of Fig. 1) zonal electric field. The
dashed lines will be explained later in this section. The orig-
inal HWW90 wind and NRLMSISE-00 neutral temperature
and densities are used in the model calculations.

There are nofoE data for the 25-27 August 1987 time
period for the Manila ionosonde station, and we believe that
hm F2=1490/M(3000F 2 over Manila (see Sect. 3). It means
that the real values dfm F2 are less than those shown in the

hmF2 (k)
(%5 o
g &

[
i
=

middle panel of Fig. 3 by squares. As a result, if the modeled “g 20— Vanimo, 12,45 geom agnefc st
hmF2 is less than the measuréeh F'2, then we cannot de- o 15 E“m : ) ' '
rive conclusions about errors of the model calculations. For = 101>

example, there is the disagreement between the measure LZE 5 )

and modeledim F2 over Manila from about 01:00 UT to 0 o 12 18 24 5 12 18 24
about 09:00 UT on 25 August. However, we have no right to UT (hours)

correct the model input parameters in order for the measured

and modeledim F2 to agree, because this disagreement (orFig. 3. Observed (squares) and calculated (limés)F2 andim F2

a part of this disagreement) can be explained by errors irfluring 25-26 August 1987 over the Vanimo (two bottom panels),

hm F2 found only from the M(3000)2 measurements. Manila (two middle panels), and Okinawa (two top panels), The
The comparison between the measukedF2 (squares) s_olid lines show the calc_ulateMmFZ andhmF_Z using the storm_-

and the calculated results, shown by the dotted lines in Fig. 3iMe corrected (crosses in the bottom and middle panels of Fig. 1)

clearly indicates that there is a disagreement between thérzrr]r?ltﬁée;tgge?aihVtvhhélirzzgr?eo;ttgg (I;r:ﬁlsd iﬁ'jf tﬁgdb};'ﬁgri and

measured and modeléa: F2 from about 17:00 UT to about

i ; . ; middle panels of Fig. 1) zonal electric field. To produce the model
21:00 UT on 25 August, if the equatorial upwalick B drift  1e5uts shown by the dashed lines, the storm-time corrected zonal

given by Fejer and Scherliess (1997) is used. As was po“j‘te@lectric field shown by crosses in the middle and bottom panels of
out above, the measureéah F'2 are less than those shown in Fig. 1 was divided by a factor of 10 at all the studied geomag-

the middle panel of Fig. 3 by squares. On the other handpetic latitudes from 02:00 UT to 10:00 UT on 26 August 1987.
the measuredm F2 is less than the calculatédn F2 over  The original HWW90 wind and NRLMSISE-00 neutral tempera-
Manila, and we conclude that this disagreement is explainedure and densities are used in the model calculations. The starttimes
by errors of the model calculations. The model simulations©f the sudden commencement (06:58 UT on 25 August), main phase
show that changes in the NRLMSISE-00 neutral tempera{08:00 UT on 25 August) and recovery phase (22:00 UT on 25 Au-
ture and densities do not lead to considerable variations iffus! °f the geomagnetic storm are indicated by the arrows.
hmF2 and cannot bring the measured and modéled 2
into agreement. By comparing the measured and calculated
hmF?2 over Manila, we found that the required equatorial Fejer and Scherliess (1997) does not reproduce this weaken-
upward E x B drift is weaker during the time period from ing in the zonal electric field which follows from the Manila
16:30 UT to 21:00 UT on 25 August than that given by Fejer ionosonde station measurements, because this plasma drift
and Scherliess (1997). The use of the corrected storm-timenodel produces only the averaged vertical drift and this ver-
model equatorial zonal electric field found, shown by crossesical drift, can differ from the vertical drift for the studied ge-
in Fig. 1, brings into agreement the measured (squares) andmagnetically disturbed time period. This conclusion is sup-
modeled (solid linesym F2 shown in Fig. 3. ported by the top panel of Fig. 1, where triangles display the
The weakening of the zonal electric field from 16:30 UT F-region plasma vertical drift velocity measured by the Jica-
to 21:00 UT on 25 August causes a noticeable decrease imarca radar from 16:31 UT on 26 August 1987 to 20:45 UT
hmF2 over Manila. The equatorial plasma drift model of on 27 August 1987, while th€-region plasma vertical drift
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velocity over Jicamarca, given by the empirical model of Fe-MU radar and the calculatedn F2, N, T,, and T, above
jer and Scherliess (1997) for the time period of 25—-27 Augustthis sounder are practically the same as those in Fig. 10. The
1987, is shown by the solid line. We conclude from the top results obtained from the model of the ionosphere and plas-
panel of Fig. 1 that the measured drift is very variable, andmasphere using the combination cﬁ”Ebased on the uncor-
the difference between the empirical model drift velocity and rected zonal disturbed electric field (given by the solid lines
the measured drift velocity during some short time periodsin the bottom and middle panel of Fig. 1), the NRLMSISE-00
on 27 August is comparable to the magnitude of the aboveneutral temperature and densities, and the HWW90 wind as
mentioned weakening in the electric field on 25 August. the input model parameters are shown by the dotted lines in
If EA>0, then a decrease in\Heads to a slower plasma Figs. 4-10. The solid lines in Figs. 4-10 show the results
motion from low to high geomagnetic latitudes perpendic- given by the model with the corrected zonal electric field
ular to B, causing an increase iNmF2 and a decrease in (given by crosses in the bottom and middle panel of Fig. 1),
hmF2 close to the geomagnetic equator, i.e. itis possible thathe corrected NRLMSISE-00 neutral temperature and densi-
the disagreement between the measured and moNeted? ties, and the corrected neutral HWW90 wind. Dashed lines
over Manila on 26 August (see middle panel of Fig. 3) could in Figs. 4-10 show the results from the model with the same
be eliminated by a weakening of\Fon 26 August in com-  corrections of the NRLMSISE-00 [O] and meridional neutral
parison with that shown by crosses in the middle and bottorHWW90 wind as for solid lines and when the value §f'E
panels of Fig. 1. To test this hypothesis, the value gf E used in producing results shown by solid lines (based on the
shown by crosses in the middle and bottom panels of Fig. icorrected zonal electric field given by crosses in the bottom
was divided by a factor of 10 at all the studied geomagneticand middle panel of Fig. 1) was divided by a factor of 10 at
latitudes from 02:00 UT to 10:00 UT on 26 August. It fol- all the studied geomagnetic latitudes. The NRLMSISE-00
lows from the model results shown by dashed lines in Fig. 3and HWWS90 model corrections will be explained below in
that this weakening in £ causes an increase N F2 from this section.
about 02:00 UT to about 11:00 UT and a decreadenirf 2 It follows from Figs. 4-10 that we are not capable of mak-
from about 02:00 UT to about 22:00 UT on 26 August over ing the measured (squares and crosses) and modeled (dotted
Manila. However, only a small part of the disagreement be-lines)yNmF2,hmF2, T,, and T; agree if the NRLMSISE-00
tween the measured and model§d: F2 over Manila can  neutral temperature and densities, the HWW90 wind, the un-
be explained by this reduction imE Furthermore, the sug- corrected I‘;ff (based on the zonal electric field given by the
gested weakening in £brings the measured and modeled solid lines in the bottom and middle panel of Fig. 1) are used
hmF2 into disagreement over Vanimo and Okinawa on 26as the input model parameters. A part of these disagreements
August and worsens the agreement between the measurdetween the measured and modeled N, and T; is prob-
and modeledum F2 over Manila from about 03:00 UT to ably due to inaccuracies in the model inputs, such as a pos-
07:00 UT and from about 13:00 UT to about 15:00 UT on sible inability of the NRLMSIS-00 neutral temperature and
26 August. As a result, we have no arguments to correctdensities model, the HWW?90 wind model, and the empirical
E from the comparison between the measured and modeledlectric field model of Fejer and Scherliess (1997) to accu-
hmF2 andNmF2 on 26 August. We show in Sect. 4.2 that rately predict the neutral densities, temperature, wind com-
the model/data discrepancies over Manila arise due to an inponents, and zonal electric field for the studied period. These
ability of the NRLMSISE-00 model to accurately predict the models can be corrected for the studied time period from the
thermospheric response to the studied time period in the upeomparisons between the measured and modeled Nand
per atmosphere. T;.
By comparing the dotted lines and crosses in the top panel
4.2 Diurnal variations oNmF2,hmF2, T, and T; of Fig. 10, it is seen that the measured ion temperature is
higher than the calculated one. It follows from Fig. 10
The measured (squares) and calculated (limés)F2 and  that there is an agreement between the measured and mod-
hmF2 are displayed in the two lower panels of Figs. 4-9 eled electron temperature /at: F2 over the MU radar from
for the 25-27 August 1987 time period above the Darwin16:00 UT on 25 August 1987 to 11:00 UT on 26 August
(Fig. 4), Vanimo (Fig. 5), Manila (Fig. 6), Okinawa (Fig. 7), 1987. As aresult, we can infer that the disagreement between
Yamagawa (Fig. 8), and Akita (Fig. 9) ionosonde stations,the measured and modeled ion temperature is caused by inac-
while the modeled electron and'Qon temperatures at the curacies in the NRLMSISE-00 model prediction of the neu-
F2-region main peak altitude above the ionosonde stationsral temperature, J; for the studied geomagnetic storm-time
are presented in the two upper panels of these figures. Figseriod. To overcome the disagreement between the measured
ure 10 shows the measured (crosses) and calculated (lineahd modeled ion temperature, we multiply the value,pby
NmF?2 (bottom panel) and electron (middle panel) and O the correction factor, C, which is determined as
ion (top panel) temperatures fat: F2 above the MU radar.
Squares in the two lower panels of Fig. 10 show the mea-C = 1.2 + 0.2-sin[(UT—21)-7/12] from
suredNmF2 andhm F2 during 25-27 August 1987 above 15:00 UT on 25 August to 1500 UT on 26 August
the Kokubunii ionosonde station. The latitude and longitude ¢ = 1.1 + 0.1.sin[(UT—21)-7/12] from (4)
location of the Kokubunji sounder is very close to that of the 15: 00 UT on 26 August to 1500 UT on 27 August
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Fig. 4. Observed (squares) and calculated (linés)F 2 andhm F2 Fig. 5. From bottom to top, observed (squares) and calculated
(two lower panels), and electron and-Gon temperatures (two up-  (lines) of NmF2, hmF2, electron temperatures and Gon tem-

per panels) at thé2-region main peak altitude above the Darwin peratures at the"2-region main peak altitude above the Vanimo
ionosonde station during 25-27 August 1987. SLT is the solar lo-ionosonde station during 25-27 August 1987. SLT is the solar local
cal time at the Darwin ionosonde station. The results obtained frontime at the Vanimo ionosonde station. The start times of the sudden
the model of the ionosphere and plasmasphere, usﬁngﬁsed commencement (06:58 UT on 25 August), main phase (08:00 UT
on the uncorrected zonal electric field, given by the solid lines inon 25 August) and recovery phase (22:00 UT on 25 August) of the
Fig. 1, the NRLMSISE-00 neutral temperature and densities, andjeomagnetic storm are indicated by the arrows. The curves are the
the HWW90 wind as the input model parameters, are shown by dotsame as in Fig. 4.

ted lines. Solid lines show the results obtained from the model of the

ionosphere and plasmasphere using the combination%ﬁobgsed

on the corrected zonal electric field given by crosses in Fig. 1, the

corrected NRLMSISE-00 neutral temperature and densities, and theomparison between the modeldd: F2 andNm F2 mea-
corrected meridional HWW90 wind. Dashed lines show the resultssured by the Manila ionosonde station (see Fig. 6), the value
from the model with the same corrections of the NRLMSISE-00 of [O] was increased by a factor of 2 in the 0-§eomag-

[O] and meridional HWWS0 wind as for solid lines and when the netic |atitude range of the Northern Hemisphere at all alti-
value of Ei" used in producing results shown by solid lines (based y,ges from 02:00 UT to 08:00 UT on 26 August. During this
on the_corrected zona_l electric fle!d_ given by crosses in the bottorr’time period, the [O] correction factor varies linearly from 2 to
and middle panel of Fig. 1) was divided by a factor of 10 at all the 1in the geomagnetic latitude ranges betweard 15 and

studied geomagnetic latitudes during the studied time period. Th .
start times of the sudden commencement (06:58 UT on 25 Augustﬁ,)ewveen ©and—-10°. To bring the measured and modeled

main phase (08:00 UT on 25 August) and recovery phase (22:00 Ulelec'gron densities ir_1to agreement above the Darwin and Van-
on 25 August) of the geomagnetic storm are indicated by the arrowsiMO ionosonde stations, the value of [O] was increased by a
factor of 1.5 at the geomagnetic latitudes frerh5° to —40°

at all altitudes from 23:00 UT on 25 August to 02:00 UT

on 26 August. To make the measured and modaledF2
where the unit of UT is hour. As was pointed out before, we agree over the Okinawa, Yamagawa, Kokubunji, and Akita
expect that the NRLMSISE-00 neutral model has some inHonosonde stations, the model [O] was decreased by a fac-
adequacies in predicting the number densities with accuracytor of 1.5 at the geomagnetic latitudes from° 16 40> at
and we have to change the number densities by correctioall altitudes from 22:00 UT on 24 August to 09:00 UT on
factors at all altitudes to bring the modeled electron densitie25 August, while the model [ and [O;] were increased
into agreement with the measurements. As a result of théy a factor of 2 in the 15-40geomagnetic latitude range
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Fig. 6. From bottom to top, observed (squares) and calculatedFig. 7. From bottom to top, observed (squares) and calculated
(lines) of NmF2, hmF2, electron temperatures andrGon tem-  (lines) of NmF2, hmF2, electron temperatures and Gon tem-
peratures at thé"2-region main peak altitude above the Manila Peratures at thé'2-region main peak altitude above the Okinawa
ionosonde station during 25-27 August 1987. SLT is the solar localonosonde station during 25-27 August 1987. SLT is the solar local
time at the Manila ionosonde station. The start times of the sudderime at the Okinawa ionosonde station. The start times of the sudden
commencement (06:58 UT on 25 August), main phase (08:00 UTcommencement (06:58 UT on 25 August), main phase (08:00 UT
on 25 August) and recovery phase (22:00 UT on 25 August) of theon 25 August) and recovery phase (22:00 UT on 25 August) of the
geomagnetic storm are indicated by the arrows. The curves are thgeomagnetic storm are indicated by the arrows. The curves are the
same as in Fig. 4. same as in Fig. 4.

at all altitudes from 02:00 UT to 08:00 UT on 26 August. and measureflm F2 andNm F 2 into reasonable agreement
During these time periods, a linear variation in the [O] cor- over the Akita, Kokubunji, and Darwin sounders and over
rection factor from 1.5 to 1 is assumed in the geomagnetidche MU radar, the meridional neutral wind, W, taken from
latitude range between15° and—10° and between 1%5and ~ the HWW90 wind model, is changed to V. The val-
10°, respectively, while a linear variation in thefNand [O;] ues of AW, shown in the low panel of Fig. 11, are used in
correction factor from 2 to 1 is assumed in the geomagnetidhe Northern Hemisphere above the geomagnetic latitude of
latitude range between 1and 5. 24 (solid line) and in the Southern Hemisphere below the
Variations in kmF2 are predominantly determined by 9eomagnetic latitude 6f24° (dashed line), while\W=0 at
variations in the thermospheric wind at the ionosonde sta{he geomagnetic equator. A square interpolatiomuy is
tions, such as Akita, Kokubunji, and Darwin and over the émPployed betweer24° and G and between 24and O ge-
MU radar, which locations that are far enough from the OMagnetic latitude.
geomagnetic equator (Rishbeth, 2000; Souza et al., 2000; To give an example of changes in the meridional neu-
Pincheira et al., 2002; Pavlov, 2003; Pavlov et al., 2004), i.etral wind due to AW, the diurnal variations of the mod-
effects of theE x B plasma drift omim F2 andNm F2 over  eled meridional uncorrected HWW90 (dotted lines) and cor-
these sounders and over the MU radar are much less tharected (solid lines) neutral winds during 25-27 August 1987
those caused by the plasma drift due to the neutral windat 300 km are shown in the middle and top panels over the
The HWW90 wind velocities are known to differ from ob- MU radar and over the Darwin ionosonde station, respec-
servations (Titheridge, 1995; Kawamura et al., 2000; Em-tively. We conclude that the storm-time meridional wind ve-
mert et al., 2001; Fejer et al., 2002). To bring the modeledlocity has non-regular variations, in agreement with the early
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Fig. 8. From bottom to top, observed (squares) and calculatedFig- 9. From bottom to top, observed (squares) and calculated
(lines) of NmF2, hmF2, electron temperatures and-Gon tem-  (lines) of NmF2, hm F'2, electron temperatures and"Gon tem-
peratures at th&2-region main peak altitude above the Yamagawa Peratures at the"2-region main peak altitude above the Akita
ionosonde station during 25—27 August 1987. SLT is the solar lo-ionosonde station during 19-21 March 1988. SLT is the solar local
cal time at the Yamagawa ionosonde station. The start times ofime at the Akita ionosonde station. The start times of the sudden

the sudden commencement (06:58 UT on 25 August), main phas€ommencement (06:58 UT on 25 August), main phase (08:00 UT
(08:00 UT on 25 August) and recovery phase (22:00 UT on 25 Au-©n 25 August) and recovery phase (22:00 UT on 25 August) of the
gust) of the geomagnetic storm are indicated by the arrows. Th&Jeomagnetic storm are indicated by the arrows. The curves are the
curves are the same as in Fig. 4. same as in Fig. 4.

conclusions of Kawamura (2003), and the magnitude of thedonosonde station, the values of the NRLMSIS_E-OQl[ahd
storm-time meridional wind shown by the solid line in the [O2] must be decreased by a factor of 3-3.5 in the"0g&
middle panel of Fig. 11 is comparable with that observedomagnetic latitude range of the Northern Hemisphere from

by the MU radar during disturbed conditions of 23 March—2 02:00 UT to 08:00 UT on 26 August at all altitudes without
April 2001 studied by Kawamura (2003). NRLMSISE-00 [O] corrections. If the NRLMSISE-00 [O]

The solid lines in Figs. 4-10 show the results obtainegSouthern Hemisphere correction, which is described above,

from the model of the ionosphere and plasmasphere using thi N0t used, then the values of the NRLMSISE-0Q][Bind
corrected NRLMSISE-00 neutral temperature and densities[O2] Must be decreased by a factor of 2 at the geomagnetic
the corrected meridional HWW90 wind, and the corrected/atitudes from—15° to —40° at all altitudes from 23:00 UT
zonal electric field. We conclude that the use of the correcte® 25 August to 02:00 UT on 26 August, to bring the mea-
[0], [N2], [O2], T, W, and E; brings the measured and mod- sured and modele&m F2 over the Darwin and Vanimo

eled NmF2, hmF2, T,, and T into reasonable agreement ionosonde stations into approximately the same agreement.
’ 1 e v -
although there are some quantitative differences. Thus, the comparison between the NRLMSISE-06][ahd

One can see from Fig. 6 that the NRLMSISE-00 model [O2] decrease, and the NRLMSISE-00 [O] increase does not

with the modified [O] improves the agreement with the mea-SNOW Similarity and consistency in the magnitudes of their
sured Nm F2 over the Manila ionosonde station. On the effects onNm F2 at low geomagnetic latitudes. This differ-

other hand, the NRLMSISE-00 model can have some inad*"¢® in the response of the calculatéa F'2 to neutral den-
equacies ir’1 predicting the actual {Nand [O,] with accu- sity variations is large enough to provide evidence in favor of

racy. However, to reach approximately the same agreemerft12n9ing [O] in comparison with changingiNand [Gy].
between the measured and modebled F2 over the Manila
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Fig. 11. Diurnal variations of the meridional HWW90 neutral wind,
W, the correction, AW, of W during 25-27 August 1987 (when
Fig. 10. Observed (crosses) and calculated (lindsyF2 and the original value of W is changed to W&WV). The values oAW
hmF2 (two lower panels), and electron and Gon temperatures shown in the low panel are used in the Northern Hemisphere above

(two upper panels) at th&2-region main peak altitude above the the geomagnetic latitude of 24(sol_id Iir_le) and in the Sou_thern
MU radar during 25-27 August 1987. SLT is the solar local time at Hemisphere below the geomagnetic latitude-@° (dashed line),
the MU radar. Squares in the two lower panels show the measuredhile AW=0 at the geomagnetic equator. A square interpolation
NmF2 andhm F2 during 25-27 August 1987 above the Kokubunji ©f AW is employed betweer-24° and G and between 24and
ionosonde station. The start times of the sudden commencemerff - The modeled meridional uncorrected HWW9O (dotted lines)
(06:58 UT on 25 August), main phase (08:00 UT on 25 August) and cprrected (solid lines) neutral winds at 300 km are shown in
and recovery phase (22:00 UT on 25 August) of the geomagnetid1® middle and top panels over the MU radar and over the Dar-
storm are indicated by the arrows. The curves are the same as ilwln.lonosonde station, respectively. The meridional HWW90 wind
Fig. 4 (see first paragraph of Sect. 4.2). is directed northward for W0 and southward for \W0. The start _

times of the sudden commencement (06:58 UT on 25 August), main

phase (08:00 UT on 25 August) and recovery phase (22:00 UT on

25 August) of the geomagnetic storm are indicated by the arrows.

It is well known thatNm F2 is proportional to [O]/[N]

in the middle-latitude daytime ionosphere (e.g. Rishbeth and

Garriot, 1969; Rees, 1989; Lobzin and Pavlov, 2002, anddivided by a factor of 10 at all the studied geomagnetic lat-
references therein). However, the low-latitude ionosphere istudes and when the corrections of the NRLMSISE-00 tem-
special because of the constraints imposed on electron angerature and densities and meridional neutral HWW90 wind

ion motions by the magnetic field and by the zonal electricare the same as for the solid lines in Figs. 4-10. The model
field. In agreement with the results of Pavlov et al. (2004), results are shown by dashed lines in Figs. 4-10.

the model calculations of this work provide an additional During most of the daytime period, thEx B drift lifts
evidence that the dependence/@fF2 on [No] and [G]  the plasma from lower field lines to higher field lines, while
is weaker than the dependence/# 2 on [O] by day at  guring most of the nighttime period, this drift moves ions
low geomagnetic latitudes, i.&Vm F2 is not proportional g electrons from higher to lower magnetic field lines. Si-
to [OJ/[N2] or to [O)/[O2] in the low-latitude daytime iono-  myitaneously, the plasma diffuses along the magnetic field
sphere. lines. The comparison between the solid and dashed lines

To evaluate the relative role of tHéx B drift and possible  in the bottom panel of Fig. 6 shows that, close to the geo-
uncertainties in k in variations of N, N;, T, and T;, calcu- magnetic equator, th¥m F2 enhancement caused by the de-
lations have been carried out from the model when the valuerease in the plasma outflow is stronger than the reduction in
of E, used in producing results shown by solid lines, was Nm F2 caused by the increase in the loss rate 6{43) ions.
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Therefore, the weakening of\Heads to theVm F2 increase 400 — +
by day over the Manila sounder. The nighttirVen F2 in- 25 Agust 1987 o
crease is a result of the daytimém F2 increase and the
decrease in the loss rate of @S) ions due to théum F2
increase caused by the weakening af E

son f— .o

+ L
05 00UT, 13.0414255LT -

hrnF 2 {kmy

The complex interplay of the physical processes described T+ L Ll
o0 mEO0UT, 13044285LT L )

above for the Manila sounder determines the variations in
NmF?2 andhm F2 caused by the weakening of, ©ver the
other sounders. Figures 4-10 show that the magnitude ol
the change inlVvm F2 caused by the weakening of, by a
factor of 10 is decreased if the absolute value of the geomag-
netic latitude is increased. As an example, above the Akita
ionosonde station, this weakening iR EhangesVm F2 and
hmF2 up to a factor of 0.85-1.21 and up to the maximum g **
value of 25km, respectively, while the maximum electron E 00 I .
densitylchange isqfactor of 0.83-1.5 at 400 km. In agree- £ - _ — % | oul messr | e
ment with the previous study by Pavlov et al. (2004), we UL L L L L L L L1
conclude that the use of the one-dimensional time dependen _ s -~ -~ ~+- ~ =
model of the ionosphere and plasmasphere, which does no ‘¢
take into account th& x B plasma drift, leads to noticeable
errors in the calculated daytime electron density of #&
region and a part of the topside ionosphere, even at geomag S
netic latitudes of about 25-30°. |
The measuredm F2 presented in Figs. 4-10 show large 35 -0 25 - gesorr;agne-tiscIat?tudes(deér%eg)s 0 2 0 3=
fluctuations. The possible source of this scattelnnF2 is

the dependence dfn F2 on M(3000y'2 andAM given by Fig 12 Observed (crosses) and calculated (lings)F2 and
Dudeney (1983) (see Sect. 3), which determines 2 diur- NmF2 at 02:00 UT (two lower panels) and 05:00 UT (two upper
nal variations with errors. Furthermore, there are fivdl panels) on 25 August 1987. The measutedrF2 andNmF2 are
measurements over Manila during 25-27 August, i.e. it iStaken from the ionospheric sounder station listed in Table 1. The
suggested thaAM=0. It means that the measuréa: F2 solid curves are the same as in Fig. 4. The dotted lines show the re-
presented in Fig. 6 can be overestimated (Dudeney, 1983)ults produced by the model, using the combinations$ftiased
The ionosondes listed in Table 1 are not located at the geon the corrected zonal electric field, given by crosses in Fig. 1 (as for
omagnetic longitudes of 201 which is used in the model the solid lines in Flg. 12), zero neutral Wlnd, and the NRLMSISE-
calculations. This geomagnetic longitude displacement Carg neutral densities and temperature with the same corrections of
i

MrF 2 (105 crr 3y

'02 00 UT, 10:04-11:35 SLT.

MmF2 (109 ¢

explain a part of the disaareement between the modeled an ] and T, as for the solid lines in Fig. 12. The dashed lines show
P P 9 e results produced by the model, using the combinationsj’\%f E

measur.eo}szZ, NmF2 Te, and T; in Figs. 4-10. A.pa.rt OT based on the zonal electric field, given by the dashed lines in Fig. 1,
these discrepancies is probably due to the uncertainties in thg, 4 the HWW90 wind velocities. the NRLMSISE-00 neutral den-
model inputs, such as a pOSS_'b|e inability .O_f the NRLMSIS- sjties and temperature with the same corrections of W, [O}],[N
00 model to accurately predict the densities and temperafo,], and T, as for the solid lines in Fig. 12.

ture for the studied period at low-latitudes, and uncertainties

in the neutral wind, EUV fluxes, chemical rate coefficients,

hotoionization, photoabsorption and electron impact cross . . . —
Sections for Of and O P P on the zonal electric field given by the dashed lines in Fig. 1

(i.e. the zonal electric field for geomagnetically quiet condi-
tions taken from Fejer (1993) and Scherliess and Fejer (1999)
is used), the HWW90 wind velocities, the NRLMSISE-00

The comparison between the measured (crosses) and mofeutral densities and temperature with the same corrections
eled (lines)Nm F2 andhm F2 latitude variations is depicted ©f Wi [O], [N2], O], and T, as for the solid lines. The dot-

in Figs. 12, 14, and 16 at 02:00 UT (two lower panels) angted lines show the results produced by the model using the
05:00 UT (two upper panels) and in Figs. 13, 15, and 17 acombinations of Ef based on the corrected zonal electric
08:00 UT (two lower panels) and 11:00 UT (two upper pan- field given by crosses in Fig. 1, zero neutral wind, and the

els) on 25 August (Figs. 12 and 13), 26 August (Figs. 14 andVRLMSISE-00 neutral densities and temperature with the
15), and 27 August (Figs. 16 and 17). The combinations ofSame corrections of the NRLMSISE-00 neutral densities and

demperature as for the solid lines.

4.3 Latitude variations iNm F2 andhm F 2

the model input parameters used in the calculations of th
model results, shown by the solid lines, are the same as those By comparing the results of calculations presented by the
for the solid lines in Fig. 4. The dashed lines show the resultssolid lines in Figs. 12, 13, 16, and 17, the similarity of the

produced by the model using the combinations?ﬁEased equatorial anomaly on 25 and 27 August can be seen. If
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Fig. 13. Observed (crosses) and calculated (lines)F2 and  Fig. 14. Observed (crosses) and calculated (lings)F2 and
NmF?2 at 08:00 UT (two lower panels) and 11:00 UT (two upper NmF2 at 02:00 UT (two lower panels) and 05:00 UT (two upper
panels) on 25 August 1987. The measuketF2 andNmF2 are ~ panels) on 26 August 1987. The measuked2 andNmF2 are
taken from the ionospheric sounder station listed in Table 1. Thetaken from the ionospheric sounder station listed in Table 1. The
curves are the same as in Fig. 12. curves are the same as in Fig. 12.

we compare these solid lines with those in Figs. 14 andNmF2 is much stronger on 26 August than that on 25 or
15, we can conclude that the geomagnetic latitude varia27 August. Figure 12 shows that the features oftheF2
tions in the electron density calculated for 26 August 1987and hm F2 daytime latitude variations from 02:00 UT to
(the recovery phase of the geomagnetic storm) differ signif-05:00 UT on 25 August before SSC are a greater anomaly
icantly from those calculated for 25 August 1987 (the ini- crest value ofVm F2 in the winter hemisphere and a greater
tial and main phases of the geomagnetic storm and beforgaximum value ofim F2 in the summer hemisphere. It is
SSC) and for 27 August 1987 (after the geomagnetic storm)seen from the comparison between the corresponding solid
The model calculations presented in Figs. 12, 13, 16, andines in Figs. 12 and 14 that there are none of these features
17 shows that the equatorial plasma fountain, responsible foin the Nm F2 andhm F2 from 02:00 UT to 05:00 UT on 26
the equatorial anomaly formation, undergoes significant in-August at the recovery phase of the geomagnetic storm.
hibition on 26 August. During 25 and 27 August, the model It is clear that the north-south asymmetryinn F2 and
produces the onset of the equatorial anomaly crest formaam F2 should come about through the asymmetry in neu-
tion near 01:00-01:30 UT and the crests disappear close ttral temperature, densities, and winds relative to the geomag-
14:00 UT, while a geomagnetic latitude electron density pro-netic equator. The calculations show that the thermospheric
file with two equatorial anomaly crests is distinguished from circulation produced by the HWW90 model is not symmet-
01:00 UT to 04:00 UT on 26 August. The principal feature ric relative to the geomagnetic equator during 25-27 August
of the equatorial anomaly is the crest-to-trough ratio. The1987 (e.g. the middle and top panels of Fig. 11). As can be
modeledNm F2 show that the equatorial anomaly effect is seen from the comparison between the corresponding solid
most pronounced close to 06:00 UT on 25 and 27 August. and dotted lines in Figs. 12-13 and 16-17, the asymmetry
It follows from the model results, shown by the solid lines in himF2 and NmF2 is decreased if the model uses zero
of Figs. 12, 13, 16, and 17, that the latitude variations of neutral wind. We conclude that the asymmetry in the neu-
thehm F2 and Nm F2 are asymmetrical about the geomag- tral wind given by the HWW90 model determines most of
netic equator on 25 and 27 August. As seen from a comthe asymmetry ihm F2 and Nm F2 between the northern
parison between the solid lines of Figs. 14 and 15 and thosand southern geomagnetic hemispheres on 25 and 27 Au-
of Figs. 12, 13, 16, and 17, the north-south asymmetry ingust from about 01:00-01:30 UT to about 14:00 UT when
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Fig. 15. Observed (crosses) and calculated (lines)F2 and Fig. 16. Observed (crosses) and calculated (linés)F2 and
NmF2 at 08:00 UT (two lower panels) and 11:00 UT (two upper NmF2 at 02:00 UT (two lower panels) and 05:00 UT (two upper
panels) on 26 August 1987. The measukedr2 andNm F2 are panels) on 27 August 1987. The measukedF2 andNm F2 are
taken from the ionospheric sounder station listed in Table 1. Thetaken from the ionospheric sounder station listed in Table 1. The
curves are the same as in Fig. 12. curves are the same as in Fig. 12.

the equatorial anomaly exists in the ionosphere. By com-electric field are not responsible for the suppression of the
paring the corresponding solid and dotted lines in Figs. 14equatorial anomaly on 26 August, due to weak differences
and 15, it is seen that both asymmetries in neutral winds andbetween the disturbed and quiet zonal electric fields on 26
in neutral temperature and densities relative to the geomagAugust.
netic equator are responsible for the north-south asymmetry It can be seen from the comparison of the corresponding
in NmF2 andhm F2 on 26 August. solid and dotted lines in Figs. 12-17 that the relative con-
The differences between the disturbed (crosses in the botributions of the meridional wind ihkm F2 and Nm F2 lat-
tom and middle panels of Fig. 1) and quiet (dashed lines initude variations vary with time. We found that close to the
the bottom and middle panels of Fig. 1) zonal electric fields,geomagnetic equator displacement&afF2 and variations
which are most pronounced from 14:00-16:00 UT to 20:00-in NmF2, caused by the effects of neutral winds/onF2
23:00 UT, cause the corresponding noticeable variations irand Nm F'2, are stronger on 26 August than those on 25 and
the calculatedvVm F2 from about 16:00-17:00 UT to about 27 August from 02:00 UT to 11:00 UT. It is interesting to
20:00-22:00 UT. Taking, for example, the Manila sounder, point out that the neutral winds inhibit the development of
we found that the effects of disturbances in the zonal electhe equatorial anomaly, leading to a decrease in the crest-to-
tric field lead to the increase iNm F2 by a factor of 1.2-2.5  trough ratio during 25-27 August 1987 (compare the corre-
from 16:14 UT to 21:04 UT on 25 August, by a factor of 1.2— sponding solid and dotted lines in Figs. 12-17).
3.0from 17:04 UT to 21:14 UT on 26 August, and by afactor  On the other hand, the model using the combinations of the
of 1.2-2.5 from 17:54 UT to 20:50 UT on 27 August. On the corrected HWW90 wind velocities, the corrected storm-time
other hand, the comparison between the corresponding solidonal electric field, and the original NRLMSISE-00 neutral
and dashed lines in Figs. 12—-17 show that the effects of disdensities and temperature produces the equatorial anomaly
turbances in the zonal electric field &fm F2 andhm F2 is from about 01:00 UT to about 09:00 UT on 26 August. We
hardly distinguished from 02:00 UT to 05:00 UT on 25 Au- conclude that the storm-time changes in the neutral densities
gust, from 05:00 UT to 08:00 UT on 26 August, and from (due to the correction in the NRLMSISE-00 neutral densities
02:00 UT to 11:00 UT on 27 August. We conclude from the on 26 August described in Sect. 4.2) are also responsible for
model calculations that the storm-time changes in the zonathe equatorial anomaly inhibition on 26 August.
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S _ o for example, the magnitudes of W shown by the solid lines
in the middle and top panels of Fig. 11). As a result, dis-
placements ofm F2 and variations itNm F2, caused by the
C S effects of neutral winds ohm F2 andNm F2, are stronger
: : M00UT, fe0ez02ssT 4 + . on 26 August than those on 25 and 27 August.
g i Y Ty It is found by Pavlov (2003) and Pavlov et al. (2004) that
. o the daytime magnitude a¥m F2 is reduced up to a maxi-
mum factor of 1.44 and 1.16 betweerB0° and +30 of the
geomagnetic latitude, due to enhanced vibrational excitation
of N2 and @ during quiet conditions at high and moderate
_ - 19:.04-20:25 — solar activities, respectively. We found that, in the plane of
— ' — +|_ ' b the geomagnetic meridian at the geomagnetic longitude of
' LRI L 2071°, the increase in the loss rate of"@S) ions, due to
the vibrational excited Nand G, causes the maximum de-
crease in the calculatedm F2 by a factor of 1.12, 1.26, and
1.13 and the maximum change in the calculatedr?2 of 4,
11, and 4km in the low-latitude ionosphere betwees(®
and +30 of the geomagnetic latitude at low solar activity on
25, 26, and 27 August, respectively. It is interesting to point
out that, in this latitude range, the maximum decrease in the
o _ calculated electron density, caused by reactions 0f*S)
T 08: 00 UT, 16:0417:285LT y ions with vibrationally excited Bland @, is a factor of 1.10
[ s N B (1.07), 1.35 (1.22), and 1.15 (1.09) at 250 (300) km altitude
A raanete attude @erees o o P on 25, 26, and 27 August, respectively. The average daytime
neutral temperature is greater on 26 August than that on 25

Fig. 17. Observed (crosses) and calculated (ngs)F2 and  August or 27 August, due to the correction factor given by
NmF2 at 08:00 UT (two lower panels) and 11:00 UT (two upper EQ. (4). Figures 4-10 show that the average daytime elec-
panels) on 27 August 1987. The measukedr2 andNmF2 are  tron temperature is less on 25 August or 27 August than that
taken from the ionospheric sounder station listed in Table 1. Theon 26 August. As a result, the vibrational temperatures of
curves are the same as in Fig. 12. N, and G are largest on 26 August, and the resulting effect
of vibrationally excited N and @ on the electron density
The equatoriahm F2 and Nm F2 are not expected to be of the low-latitude ionosphere is largest on 26 August. It
very sensitive to neutral wind variations, since these varia-is possible to point out that the increase in the(€8) loss
tions cannot induce significant vertical motions at the geo-rate due to vibrationally excited (s less than that due to
magnetic equator. However, variations in the neutral windvibrationally excited N. The difference between the,Ni-
affect electron and ion densities at nonzero geomagnetic latbrational temperature and the neutral temperature is less than
itudes, causing corresponding variations in electron and iorl67 K, 364 K, and 270 K, and this difference is larger than
densities at all points of these magnetic field lines through—184 K, —202 K, and—15 K athm F2 between-30° and
diffusion of ions and electrons along the magnetic field +30° of the geomagnetic latitude on 25, 26, and 27 August,
lines. TheE x B drift of electrons and ions redistribute these respectively.
changes in electron and ion densities between field lines. As
a result, variations in the neutral wind at nonzero geomag4.4 Electron and ion temperature variations
netic latitudes can lead to changes in electron density alti-
tude profiles close to the geomagnetic equator, resulting infhe two upper panels of Figs. 4-10 show the calculated
corresponding variations of equatoriak F2 andNm F2. It (lines) electron, 7, and ion, T, temperatures at th&2-
is necessary to point out that, Mhanges more slowly with region main peak altitude for the 25-27 August 1987 time
altitude close to geomagnetic equatorfategion altitudes  period above the Darwin (Fig. 4), Vanimo (Fig. 5), Manila
and in the topside ionosphere in comparison with altitude(Fig. 6), Okinawa (Fig. 7), Yamagawa (Fig. 8), and Akita
changes in N at middle geomagnetic latitudes. Therefore, (Fig. 9) ionosonde stations and above the MU radar (Fig. 10).
small variations in N nearhm F2 can changémF2 close  Crosses in the two top panels of Fig. 10 show the electron and
to the geomagnetic equator. The neutral wind causes larg®n temperatures measured by the MU radaraf'2 during
north-south asymmetries in,NAs a result, the use of zero 25-27 August 1987. If we take into account the accuracy
neutral wind instead of the corrected HWW90 wind causesof the MU radar electron and ion temperature measurements
strong electron density changes in the Northern and Souther(Sato et al., 1989) and uncertainties of model calculations,
Hemispheres, resulting iNm F2 andhm F2 changes shown then we conclude that the electron and ion temperatures ob-
in Figs. 12-17. This change in W is more pronounced on 26served by the MU radar are in reasonable agreement with
August in comparison with that on 25 and 27 August (see,the model results, shown by the solid lines in the two upper
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panels of Fig. 10, although there are some quantitative dif-daytime F-region decay and by a downward flow of ioniza-
ferences. The reasonable agreement between the measurgah from the plasmasphere. There is also a plasma inflow
radar electron and ion temperature, and the modeled electrotiue to the ionospheric and plasmaspheric electrons and ions
and ion temperature, determines the reliability of the calcu-which are moved from middle to low geomagnetic latitudes
lated T, and T; at other geomagnetic latitudes. by the downward nighttime® x B drift. It should be noted

Itis evident from the comparison between the correspondthat the role of a downward flow of ionization from the plas-
ing solid and dashed lines in the two top panels of Figs. 4-masphere is increased before sunrise. A plasma tube length
10 that the correction in the disturbdiix B drift produces  and total plasma tube content are decreased with the lower-
negligible effects in T during 25-27 August 1987, while ing of the geomagnetic latitude. It means that an increase in
there are some electron temperature variations due to this irthe absolute value of the geomagnetic latitude can lead to an
put model parameter change. By comparing the results ofncrease in a downward flow of ionization from the plasma-
the model calculations presented by the corresponding solidphere, the increase in the nighttime electron density before
and dotted lines in Figs. 4-10, it can be seen that the elecsunrise and the resulting decrease in the magnitude of the
tron temperature is affected by the corrections in the modemorning electron temperature peak.
HWW90 wind, and in the NRLMSISE-00 neutral tempera-  The downward nighttime and mornirigx B drift, result-
ture and densities. ing from Ej <0, moves the ionospheric and plasmaspheric

It follows from the model calculations (see solid lines in electrons and ions from middle to low geomagnetic latitudes,
Figs. 4-10) that the diurnal solar local time variations of T and ions and electrons then diffuse downward along the mag-
are characterized by morning peaks above the Darwin Vannetic field lines (crosses in the bottom panel of Fig. 1 show
imo, Manila, and Okinawa ionosonde stations during 26—28that the value of i, when less or very close to zero, is cor-
August, and above the Akita ionosonde station and the MUrect over the geomagnetic equator from about 11:45 UT to
radar on 28 August, and by feebly marked morning electronabout 22:45 UT on 25 August, from about 10:15 UT to about
temperature peaks over the Yamagawa ionosonde station d22:25 UT on 26 August, and from about 10:30 UT to about
27 and 28 August. The model produces evening peaks in th22:15 UT on 27 August). The resulting effect of these physi-
diurnal solar local time electron temperature variations overcal processes oNm F2 depends on the competition between
the MU radar (on 25 August), the Darwin (on 25-27 Au- an electron density enhancement caused by a plasma inflow
gust), Vanimo (on 26 August), Yamagawa (on 25 and 26 Au-and an electron density depletion due to an increase in the
gust), and Akita (on 25 and 26 August) ionosonde stationsloss rate of & (*S) ions, owing to aVvm F2 peak layer low-
A broad evening-daytime maximum in the electron temper-ering.
ature is calculated above Manila and Okinawa on 25 August Itis interesting to illustrate the causes of the morning elec-
and over Vanimo on 25 and 27 August. tron temperature peaks which exist in the electron tempera-

The electron-ion cooling rate of thermal electrons, which ture variations on 28 August over the MU radar and above all
is the predominant cooling rate fat: F2 and the main cool- the ionosonde stations listed in Table 1 (see Figs. 4-10). Fig-
ing rate in the plasmasphere and topside ionosphere, is praire 18 shows the latitude dependence of the minimum night-
portional to N squared. As a result, variations in Mause time F2 layer peak electron density (panel (@Y F 2min,
variations in T. and itsF2 peak altitude (panel (b)}m F2min, the morning

It follows from the electron and ion temperatures profiles electron temperature peak (panel (d)g?af‘, andNm F 2peak
measured at Jicamarca that the enlargement of the altitudganel (c)), which is the value aVm F2 for the point of
region with T,>T; occurs at sunrise at all heights to at least the morning electron temperature peak calculation. The re-
600 km (McClure, 1969). The model calculations show thatsults, shown by the solid lines in Fig. 18, were calculated
at sunrise, there is a rapid heating of the ambient electrongy the model with the corrected zonal electric field given
by photoelectrons, and the difference between the electroly crosses in Fig. 1, the corrected HWW90 wind, and the
and neutral temperatures could be increased because nighforrected NRLMSISE-00 neutral temperature and densities.
time electron densities are less than those by day, and thghe dotted lines in Fig. 18 show the results produced by the
electron cooling during morning conditions is less than thatmodel with the corrected zonal electric field given by crosses
by day. This expands the altitude region at which>T; in Fig. 1, zero neutral wind for the time period after 12:00 UT
near the equator and can lead to the sunrise electron tempegn 27 August, and the NRLMSISE-00 neutral temperature
ature peaks altm F2 altitudes. After the abrupt increase at and densities with the same correction as for the solid lines.
sunrise, the electron temperature decreases, owing to the irfFhe dashed lines in Fig. 18 show the results given by the
creasing electron density due to the increase in the coolingnodel with the same corrections of the NRLMSISE-00 and
rate of thermal electrons. An appearance, a magnitude, anH\WW90 models as for the solid lines, and when the value
a disappearance of a morning electron temperature peak af the corrected zonal electric field, used in producing results
hmF2 depend on a minimum value of the nighttilVe: 2 shown by solid lines, was divided by a factor of 10 at all the
before sunrise, because the mornivige F2 is a function of  studied geomagnetic latitudes only for the time period after
this minimum nighttimeNm F2. 12:00 UT on 27 August.

Like the middle-latitudeF-region ionosphere, the noctur-
nal lowlatitudeF-region is maintained due to the lowlatitude
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By comparing the solid lines in the panels (a,c) of Fig. 18,
it is seen that the geomagnetic latitude variations of the
NmF2 peak, whose value affects a morning electron tem-
perature peak atm F2 through changes in electron cooling
rates, is similar to the dependence i F 2 on the ge-
omagnetic latitude. As a result, the model calculations of
this work provide evidence that an appearance, a magnitude,
and a disappearance of a morning electron temperature peak
at hmF2 depend on physical processes, which determine
NmF 2nin.

It follows from the comparison between the corresponding
solid and dashed lines in the panels (a,c) of Fig. 18 that the
decrease in the equatorial nighttime downwdtd B drift
by a factor of 10 after 12:00 UT on 27 August leads to the
increase iNNmF2, i.e. theNm F2 reduction caused by the
increase in the loss rate of'@*S) ions is stronger than the
enhancement iVm F2 caused by the plasma inflow. The
dashed line in the panel (a) of Fig. 18 shows that the equa-
torial anomaly caused by the upwaltix B drift by day is
maintained in the nighttime low-latitude ionosphere due to
the low-latitude daytimeF-region decay, and a downward
flow of ionization from the plasmasphere is not important.
As a result, we conclude that the nighttime and morning
Fig. 18. The calculated minimum nighttimg2 layer peak electron down\./var(.'jExB dn.ft causes th.e decrea$eMMF2.and.the
density (panel (a))Nm F2min, and itsF2 peak altitudefm F2,i resulting increase in the morning peak in The nlghtt|m'e
(panel (b)). The dependences of the calculated morning electroﬁmd morning downward x B drift becomes more effective

temperature peak,EFak, on the geomagnetic latitude are presented in Iowerlr_lg th? electron density with f{he lowering of the ge-

in (panel (d)). The (panel (c)) shows the calculatéct F2pea, omagnetic Iat|tl_Jde, ie.a decrease in the absplute value of
which is Nm F2 at the point of the moring electron temperature the geomagnetic latitude leads to a decrease in the electron
peak calculation. The solid lines show the results given by thedensity close to sunrise, resulting in an increase in the magni-
model with the corrected equatorial zonal electric field, given by tude of the morning T'peak. It follows from the panel (d) of
crosses in the bottom and middle panels of Fig. 1, the corrected=ig. 18 that the role of the nighttime and morning downward
HWW90 wind, and the corrected NRLMSISE-00 neutral tempera- E x B drift in creating the morning electron temperature peak
ture and densities. The dotted lines show the results produced bjs negligible above about 2@&ind below about-20° geomag-

the model with the same value of the zonal electric field as for thenetic |atitude.

solid lines, zero neutral wind only for the time period after 12:00 UT To obtain a better understanding of the relative role of the
on 27 August 1987, and the NRLMSISE-00 neutral temperature an lasma drift caused by the neutral wind in the formation of
densities with the same corrections as for the solid lines. The result . .

e morning electron temperature peak, the calculations have

shown by dashed lines were calculated by the model with the sam ied f h del wh h | fth
corrections of the NRLMSISE-00 neutral temperature and densi- een carried out from the model when the values of the com-

ties and meridional neutral HWW90 wind as for the solid lines, and Ponents of the neutral wind, used in producing results shown
when the value of the corrected zonal electric field, used in producPy the solid lines of Fig. 18, were taken to be zero after
ing results, shown by solid lines, was divided by a factor of 10 at 12:00 UT on 27 August and when the zonal electric field and
all the studied geomagpnetic latitudes only for the time period afterthe NRLMSISE-00 neutral temperature and densities are the
12:00 UT on 27 August 1987. The solid, dotted and dashed linessame as for the solid lines.

in the panels (a,b) correspond to 04:40-05:12 SLT on 28 August |t follows from the model calculations that before sunrise
(19:44-21:44 UT on 27 August), 04:30-05:18 SLT on 28 August o 28 August the meridional wind in both hemispheres is

(19:34152_2:33425140857 A;g”:t)' and 04:39_0_5:2'6 ST;T Onﬁf dA”' equatorward, with greater magnitude in the Northern Hemi-
gust (19:43-20: aoion ugus), respectively. The solid, Ot'iphere. In the Northern Hemisphere, the stronger equator-
ted and dashed lines in the panels (c,d) correspond to 05:43—07:0\/\/&lrd wind gives rise to th&-laver being raised to altitudes
SLT on 28 August (20:54-22:24 UT on 27 August), 05:42—06:31 9 Y 9

SLT on 28 August (20:54-21-54 UT on 27 August), and 06:03- Of lower O (*S) ion loss rate. As aresult, tiiélayer decays
07:11 SLT on 28 August (21:04—22:34 UT on 27 August), respec_more SlOle in the Northern HemlSphere than in the South-
tively. Arrows at the top mark the locations of the Darwin, Vanimo, €rn Hemisphere (see the solid line in the panel (c) of Fig. 18).
Manila, Okinawa, Yamagawa, Kokubuniji, and Akita sounders at However, the comparison between the solid and dotted lines
-23.C°, —12.#, 3.4, 15.#, 29.¢°, 20.5, 25.6, and 29.6 geo- in the panel (d) of Fig. 18 shows that the change in the mag-
magnetic latitudes, respectively. nitude of the morning electron peak caused by the meridional
wind is less than about 35 from about—30° to about 27
geomagnetic longitude, i.e. this change in the electron tem-

o
£
S

uw

=
=
[
]
=3
o
L
£
=

o
o
=]

Geomagnetic latitude



A. V. Pavlov et al.:F-region ionospheric perturbations 3497

2000 : - - - : 25-27 August are variations in the zonal electric field, ther-
1800 e mospheric composition, neutral temperature, and meridian
oo - N e neutral wind.
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Figure 19 shows the latitude dependence of the afternoon

electron temperature peak (panel (d)S?ah the time of the
electron temperature peak appearance (panel (C))peRkT
the value of the2 peak layer density at Sk (panel (a)),
NmF2peax and theF 2 peak layer altitude at SlgEax (panel

(b)), hm F 2pea, 0n 25 August 1987. The solid lines show the
results from the model with the corrected zonal electric field
given by crosses in Fig. 1, the corrected HWW90 wind, and
the corrected NRLMSISE-00 neutral temperature and atomic
oxygen density. The dotted lines show the results produced
by the model with the same value of the zonal electric field as
for the solid lines, zero neutral wind, and the NRLMSISE-00
neutral temperature and densities with the same corrections
as for the solid lines.

1200
1000 =

ELTpeak (oUrs)

hmF Zpeq (k)

The present study has shown that the magnitude of the
evening electron temperature peak and its time location are
decreased with the lowering of the geomagnetic latitude, and
the evening electron temperature peak disappears from about
—4° to about 4 geomagnetic latitude and above about 18

- geomagnetic latitude on 25 August 1987, where an afternoon
G eomagnetic latitude daytime electron temperature peak exists only. We found that
the magnitude of the evening electron temperature peak is
Fig. 19. The latitude dependence of the afternoon electron tem-decreased, and this peak disappears from ab6tto about
perature peak (panel (d)) 3 the time of the evening electron 6° geomagnetic latitude and above about 2@omagnetic
temperature peak appearance (panel (c)),;Shd the value of the  latitude on 25 August 1987, if zero wind is used in the cal-
F2 peak layer density at SkEak (panel (a)),NmF2peax and the  culations by the model with the corrected zonal electric field

F2 peak layer altitude at SlgEak (panel (b)),him F2pea 0N 25 given by crosses in Fig. 1, and the corrected NRLMSISE-00
August 1987. The results shown by the solid lines were calcu-neytral temperature and densities.

lated by the model with the corrected zonal electric field given by The ol drift al tic field li due to th
crosses in Fig. 1, the corrected HWW90 wind, and the corrected € plasma driit along magnetic field inés due to the neu-

NRLMSISE-00 neutral temperature and densities. The dotted linedr@l wind can increase or decreasehin F'2, leading to the
show the results produced by the model with the same value oflecrease orincrease in the loss rate o{€3) ions atm F2,
the zonal electric field as for the solid lines, zero neutral wind, causing an increase or a decreas&/inF2, and, as a result,
and the NRLMSISE-00 neutral temperature and densities with thdeading to a disappearance or an appearance of the evening
same corrections as for the solid lines. Arrows at the top mark thepeak in T,, respectively. We conclude from the model cal-
locations of the Darwin, Vanimo, Manila, Okinawa, Yamagawa, culations that a wind, which is poleward by day at low so-
Kokubunji, and Akita sounders at23.0°, —12.#, 3., 15.#,  |ar activity, forces theF'2 layer to descend to low altitudes
29.6°, 20.5, 25.6’, and 29.8 geomagnetic latitudes, respectively. ¢ heavy chemical @(48) ion losses, reducing the electron
density to low values before sunset. A decrease in the pro-
perature is not very significant. It means that differences induction rate of & ions by solar radiation caused by a solar
thermospheric composition between the northern and southzenith angle increase results inNan F2 decrease with the
ern geomagnetic hemispheres are also responsible for a pastassage of time during an evening time period. As follows
of the variations in a magnitude of a morning electron tem-from the model calculations with zero wind, an evening elec-
perature peak atm F2 through changes in the production tron temperature peak can be created by this evening elec-
and cooling rates of thermal electrons during a morning timetron density decrease. As a result of the poleward wind, the
period. eveningNm F2 decrease with time becomes strong, produc-
There are disturbances in thermospheric composition anihg a strongly pronounced decrease in the thermal electron
neutral temperature during the main and recovery phases afooling rate and the increase in the magnitude of the resulting
the geomagnetic storm on 25-27 August, and these disturevening electron temperature peak. This result is in agree-
bances affect the electron temperature through changes iment with the conclusion of Otsuka et al. (1998), who found
the production and cooling rates of thermal electrons. Asthat the occurrence and strength of the evening peaks in T
a result, we conclude that the main reasons for an appeaover the MU radar are determined by the meridional wind
ance, magnitude variations, latitude variations, and a disapunder magnetically quiet conditions during 1986-1995. The
pearance of the morning electron temperature peaks duringecrease in the absolute value of the geomagnetic latitude
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leads to the weakening of the effect of the plasma drift dueasymmetry imim F2 andNm F2 on 25 and 27 August from
to the neutral wind on the electron density. This explains theabout 01:00-01:30 UT to about 14:00 UT when the equa-
calculated latitude variations in the strength of the eveningtorial anomaly exists in the ionosphere, while both asymme-
peak in the electron temperature on 25 August. tries in neutral winds and in neutral temperature and densities
Storm-time variations in thermospheric composition andrelative to the geomagnetic equator are responsible for the
the neutral temperature during the main and recovery phasesorth-south asymmetry iNm F2 andhm F2 on 26 August.
of the geomagnetic storm on 25-27 August can affect the It is shown that the differences between the disturbed and
electron temperature through changes in the production anduiet zonal electric fields, which are most pronounced from
cooling rates of thermal electrons, while disturbances in thel4:00-16:00 UT to 20:00-23:00 UT, cause the correspond-
zonal electric field can change the electron density, leadingng noticeable variations in the calculat&a: F2 from about
to changes in the electron temperature. As a result, we cont6:00-17:00 UT to about 20:00-22:00 UT.
clude that storm-time variations in the meridian neutral wind, We found that, close to the geomagnetic equator, the
thermospheric composition, neutral temperature, and zonakm F2 and Nm F2 variations caused by neutral winds, are
electric field cause the difference in an appearance, magnistronger on 26 August than those on 25 and 27 August from
tude variations, latitude variations, and a disappearance d2:00 UT to 11:00 UT. The neutral winds inhibit the devel-
the evening electron temperature peaks between the evenimgpment of the equatorial anomaly, leading to a decrease in
peak on 25 August and those on 26—27 August. the crest-to-trough ratio. It is shown that the major storm ef-
fect, namely, the suppression of the equatorial anomaly on 26
August, is not due to a reduction in the plasma drift perpen-
5 Conclusions dicular to the geomagnetic field direction (i.e. it is not caused
by a reduction in the zonal electric field), but is due to the ac-
We have presented a comparison between the modeled anfbn of storm-time changes in neutral winds and densities on
experimentalNm F2 and hm F2 at the anomaly crest and the plasma fountain process.
close to the geomagnetic equator simultaneously by the |tis shown that, in the plane of the geomagnetic meridian
Akita, Kokubunji, Yamagawa, Okinawa, Manila, Vanimo, atthe geomagnetic longitude of ZQthe increase in the loss
and Darwin ionospheric sounders and by the MU radar durrate of O (*S) ions, due to the vibrational excited Bnd G,
ing the 25-27 August 1987 geomagnetically storm-time pe-causes the maximum decrease in the calculated 2 by a
riod at low solar activity near approximately the same geo-factor of 1.12, 1.26, and 1.13 and the maximum change in the
magnetic meridian of 201 A comparison between the elec- calculatedim F2 of 4, 11, and 4 km in the low-latitude iono-
tron and ion temperatures measured by the MU radar an@phere betweer-30° and +30 of the geomagnetic latitude
those produced by the model of the ionosphere and plasmasit low solar activity on 25, 26, and 27 August, respectively.
phere is presented for 25-27 August 1987. The model repro- The diurnal solar local time variations of &re character-
duces major features of the data. ized by morning peaks above the Darwin Vanimo, Manila,
It is shown that the dependence NinF2 on [No] and  and Okinawa ionosonde stations during 26-28 August, and
[O2] is weaker than the dependencefoh F2 on [O] by day,  above the Akita ionosonde station and the MU radar on 28
close to the geomagnetic equator, iNn F'2 is not propor-  August, and by feebly marked morning electron tempera-
tional to [O]/[N] or to [O]/[O2] in the low-latitude daytime ture peaks over the Yamagawa ionosonde station on 27 and
ionosphere, close to the geomagnetic equator. 28 August. The model produces evening peaks in the di-
The similarity of the equatorial anomaly on 25 and 27 Au- urnal solar local time electron temperature variations over
gust is found. The geomagnetic latitude variations in thethe MU radar (on 25 August), the Darwin (on 25-27 Au-
electron density calculated for 26 August 1987 (the recov-gust), Vanimo (on 26 August), Yamagawa (on 25 and 26 Au-
ery phase of the geomagnetic storm) differ significantly from gust), and Akita (on 25 and 26 August) ionosonde stations.
those calculated for 25 August 1987 (before SSC and durin@A broad evening-daytime maximum in the electron temper-
the main phase of the geomagnetic storm) and for 27 Auguséture is calculated above Manila and Okinawa on 25 August
1987 (after the geomagnetic storm). The equatorial plasmand over Vanimo on 25 and 27 August.
fountain undergoes significant inhibition on 26 August. Dur-  There is a rapid heating of daytime electrons by photoelec-
ing 25 and 27 August, the model produces the onset of therons, and the difference between the electron and ion tem-
equatorial anomaly crest formation near 01:00-01:30 UT andperatures is increased after sunrise because nighttime elec-
the crests disappear close to 14:00 UT, while a geomagnetitron densities are less than those by day, and the resulting
latitude electron density profile with two equatorial anomaly electron cooling is less than that by day. After the abrupt
crests is distinguished from 01:00 UT to 04:00 UT on 26 Au- morning increase, the electron temperature decreases due to
gust. the increase in the cooling rate of thermal electrons caused
There is an asymmetry ibvn F2 andNm F2 between the by the increase in the electron density. The magnitude of
northern and southern geomagnetic hemispheres on 25 artle morning electron temperature peakhat F2 depends
27 August. This asymmetry iWm F2 is much stronger on on a value of the morningim F2 which is a function of
26 August than that on 25 or 27 August. It is found that a minimum value of the nighttimé&/m F2 before sunrise.
the asymmetry in the neutral wind determines most of theThe nighttime downward x B drift causes the decrease in
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