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Abstract. We have presented a comparison between thds interpreted in terms of the corresponding dependence of
modeled NmF2 and hmF2, and NmF2 and hmF2 which werethe electron density. The relative role of thex B drift and
observed at the equatorial anomaly crest and close to the gehe plasma drift caused by the neutral wind in the formation
omagnetic equator simultaneously by the Akita, Kokubunji, and the dependence of the magnitudes of the morning and
Yamagawa, Okinawa, Chung-Li, Manila, Vanimo, and Dar- evening electron temperature peaks on the geomagnetic lati-
win ionospheric sounders and by the middle and upper atmotude is studied.

sphere (MU) radar at Shigaraki (34°8%, 136.10 E, Japan)
during the 19-21 March 1988 geomagnetically quiet time pe-

. p ; fields and currents; plasma temperature and density;
riod at moderate solar activity near approximately the same P P y

geomagnetic meridian of 261 A comparison between the :;);;Jsphere—atmosphere interactions; modeling and forecast-
electron, T, and ion, T, temperatures measured by the MU
radar and those produced by the model of the ionosphere and
plasmasphere is presented for 19-21 March 1988. Itis shown
that there is a large disagreement between the measured and Introduction
modeled hmF2 from about 07:00 UT to about 11:00 UT if the
equatorialE x B drift given by Scherliess and Fejer (1999) is The ionosphere at the geomagnetic equator and low geomag-
used. The required equatorial upwatck B drift is weaker  netic latitudes has been studied observationally and theoret-
from 03:14 UT to 11:14 UT than that given by Scherliess andically for many years (see review papers presented by Mof-
Fejer (1999) for the studied time period. The required mod-fett, 1979; Anderson, 1981; Walker, 1981; Bailey and Balan,
ification of the E x B drift weakens the effect of the foun- 1996; Rishbeth, 2000; Abdu, 1997, 2001, and references
tain in NmF2 bringing the modeled and measured hmF2 andherein). The low-latitude ionosphere undergoes dramatic
NmF2, into reasonable agreement. The depth of the equachanges as a result of changes in plasma motion perpendic-
torial NmF2 trough in the calculated NmF2 is approximately ular to the geomagnetic field3, due to an electric fieldE,
consistent with the measured depth if the modified equatorialvhich is generated in the E-region. This electric field af-
E x B drift is used. It has been found that the north-southfects F-region plasma, causing both ions and electrons to
asymmetries in the observed NmF2 and hmF2 about the geadrift in the same direction with a drift velocityf *=E x B
magnetic equator are mainly caused by the asymmetry in théB2. The zonal component of £ (geomagnetic east- geo-
neutral wind about the geomagnetic equator. In the North-magnetic west component) is thought to have only a negli-
ern Hemisphere, the meridional neutral wind taken from thegible effect on the low-latitude plasma densities (Anderson,
HWW90 wind model and the NRLMSISE-00 atomic oxygen 1981), but changes in the meridianal component (component
density are corrected so that the model results agree with thim the plane of a geomagnetic meridian) of tBex B drift
ionospheric sounders and MU radar observations. A theoryelocity, caused by changes in the zonal componegt,dE
of the primary mechanisms causing the latitude dependencthe electric field, affect the distribution of plasma in the low-
of the morning and evening peaks in iB developed. The latitude ionospheric F-region. The examination of the model
latitude dependence of the magnitudes of these peaks in Tof the meridional component of the drift velocity has been
driven by the relationship between, Eand the dynamics of
Correspondence toA. V. Paviov the F2-layer close to the geomagnetic equator. It is shown
(pavlov@izmiran.rssi.ru) by Pavlov (2003) that the agreement between the measured
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and modeled F2-peak altitudes, hmF2, of the low-latitude It follows from the electron, I, and ion, T, temperature
ionosphere requires the correction of the empirical verticalprofiles measured at Jicamarca that the enlargement of the
drift model of Scherliess and Fejer (1999). The present workaltitude region with T>T; occurs at sunrise at all heights
continues the study of the relationship betwegndhd the  to at least 600 km (McClure, 1969). The diurnal variation
dynamics of the low-latitude F2-layer in the present caseof the low-latitude T is characterized by a morning peak
study, in which NmF2 and hmF2 are observed simultane{McClure, 1971; Oyama et al., 1996) and an evening peak
ously close to the same geomagnetic meridian at the geomagFukao et al., 1991; Watanabe and Oyama, 1997). Itis shown
netic longitudes of 201 + 11° by the Akita, Kokubunji, by Oyama et al. (1996) that the latitude dependence of the
Yamagawa, Okinawa, Chung-Li, Manila, Vanimo, and Dar- morning peak in 7 at 600 km for the June solstices at so-
win ionospheric sounders and by the middle and upper atmolar maximum is caused by the electron density latitude de-
sphere (MU) radar at Shigaraki (34°8%, 136.10 E, Japan) pendence due to a downwakix B plasma drift. Otsuka et
during the 19-21 March 1988 geomagnetically quiet time pe-al. (1998) found that the occurrence and strength of the morn-
riod at moderate solar activity. ing and evening peaks in,Tover the MU radar depend on
The importance of diffusion, electrodynamic drift, and altitude, season, and solar activity under magnetically quiet
neutral wind on the generation and modulation of the equa-<conditions during 1986—-1995. However, Otsuka et al. (1998)
torial anomaly in the electron density, Nhe plasma foun- presented only a typical average picture of the diurnal elec-
tain and several fountain related features (an additional layertron temperature variations over the MU radar and did not
a reverse fountain, an equatorial anomaly in vertical iono-compare the measured and modeledover the MU radar
spheric electron content, a noon bite-out in NmF2, a night-for a specific time period. In this work, we study the latitude
time increase in ) plasma bubbles and spread F) were stud-dependence of the occurrence and strength of the morning
ied by Balan and Bailey (1995) and Balan et al. (1997a).and evening peaks in,Tand the mechanisms causing these
In the present work, we investigate the equatorial anomalypeaks in the low-latitude ionosphere during geomagnetically
characteristics (the equatorial trough, and crest latitudes anduiet time conditions of 19—21 March 1988 at moderate so-
magnitudes) from the comparison between the measured ardr activity. The reliability of the conclusions is based on the
modeled N and electron temperatures,,Tduring 19-21  comparison between the measured MU radar and modeled
March 1988, using the new two-dimensional time depen-T,, and the use of the updated electron cooling rates (Pavlov,
dent model of the low- and middle-latitude plasmasphere andl998 a, b; Pavlov and Berrington, 1999) in the model.
ionosphere (Pavlov, 2003), which employs the updated rate
coefficients of chemical reactions of ions and the updatgd N
0,, and O photoionization and photoabsorption cross sec2 Theoretical model
tions. The horizontal neutral wind drives the low-latitude F- ) ) )
layer plasma along magnetic field lines and causes significant "€ model of the low- and middle-latitude ionosphere and
north—south asymmetry in the equatorial ionization anomaly,Plasmasphere, whichis described in gietan by Paviov (+2003)’
producing notable effects on spread F generation and dynanf:alculates number densities;,f O* (*S), H", NO*, O3,
ics, and resulting in longitude dependent seasonal variabilN3 , OT(°D), Ot (°P), O"(*P), and O (°P*) ions, N, T,
ity of N, (Rishbeth, 1972, 2000; Balan and Bailey, 1995; and T;. As the model inputs, the horizontal components of
Balan et al., 1997a, b; Abdu, 1997, 2001). We investigatethe neutral wind are specified using the HWW90 wind model
the role of horizontal neutral winds in the ionization distribu- (Hedin et al., 1991), the model solar EUV fluxes are taken
tion, plasma dynamics, structuring, and thermal balance offom the EUVAC model (Richards et al., 1994), while neutral
the low-latitude ionosphere in the plane of the geomagneticdensities and temperature are taken from the NRLMSISE-00
meridian of 201 during 19-21 March 1988. model (Picone et al., 2002).
lonospheric models are particularly valuable for investi- Dipole orthogonal curvilinear coordinates q, U, ahdire
gating the changes that would result in observed quantitiesised in the model calculations, where q is aligned with, and
from changes in individual input parameters. The model ofU andA are perpendicular to, the magnetic field, and the U
the ionosphere and plasmasphere of Pavlov (2003) uses tiNdA coordinates are constant along a dipole magnetic field
neutral temperature and densities as the model input. As #ne. It should be noted that g=¢R)?*cos ©, U=(Rg/R)
result, model/data discrepancies can arise due to a possibf” ©, and A is the geomagnetic longitude, where R is
inability of the neutral atmosphere model to accurately pre-the radial distance from the Earth's cent@r90°—¢ is the
dict the thermospheric response to the studied time perio@&omagnetic colatitude, is the geomagnetic latitude :Rs
in the upper atmosphere. We investigate how well the MUthe Earth's radius. In the mod®Z=V{ e ,+V{; ey, where
radar data and the Akita, Kokubunji, Yamagawa, Okinawa,V£=Ey/B is the zonal component af£, VE= -E, /B is the
Chung-Li, Manila, Vanimo, and Darwin ionospheric sounder meridional component oV £, E =E, e, +Ey ey, Ey is the
measurements of NmF2 taken during the 19—21 March 1988\ (zonal) component of in the dipole coordinate system,
geomagnetically quiet period agree with those calculatedgy is the U (meridional) component & in the dipole coor-
by the model of the ionosphere and plasmasphere usinginate systeme, andey are unit vectors im and U direc-
the NRLMSISE-00 model neutral temperature and densitiegions, respectivelyey is directed downward at the geomag-
given by Picone et al. (2002). netic equator.
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Equations which determine the trajectory of the iono- UT ¢ hours)
spheric plasma perpendicular to magnetic field lines and the
moving coordinate system are derived by Pavlov (2003). The
effects of the zonal (geomagnetic east-geomagnetic wes!
component of theE x B drift on N;, N., T,, and T, are
not taken into account in the model calculations (Anderson, ©#
1981). It means that the model works as a time depender
two-dimensional (q and U coordinates) model of the iono-
sphere and plasmasphere. In this approximation, the trajecy oz
tory of the ionospheric plasma in the U direction is found &

e

from the equation (Pavlov, 2003) w0
9 ff p—1p—1 02
5 U=—EX'R;" By, (1)

.04
where Eff= E\hyR;1, ha=R sin©, By is the equatorial
value of B for R=R; and®=0.

The value of E‘“ is not changed along magnetic field 4z
lines, because the model takes into account that the magnet
field lines are “frozen” in the ionospheric and plasmaspheric SLT thours)
plasma (Pavlov, 2003):

-05

29 =] 12 12 29

Fig. 1. Diurnal variations of & during each day of 17-21 March
i(EEﬁ)zo ) 1988. The empirical F-region quiet time vertical drift velocity over
aq A ’ the geomagnetic equator presented in Figure 8 of Scherliess and Fe-

. .jer (1999) for equinox conditions was used for the equatorial value
It should be noted that Egs. (1)-(2) determine the changes i f Eo (dash-dotted line). The solid line shows the empirical equa-

E, along magnetic field lines and the altitude dependence 0fyiy) electric field, which was modified in the time range between
Ea in the ionosphere and plasmasphere. 12:00 SLT and 24:00 SLT by the use of the comparison between the
In the model of the ionosphere and plasmasphere, the daneasured and modeled hmF2. The dash-dotted line coincides with
pendence of E on the solar local time, f, over the ge-  the solid line between 00:00 SLT and 12:00 SLT. The average quiet
omagnetic equator given by the dash-dotted line in Fig. 1time value of B at the F-region altitudes over Arecibo (dashed
is obtained from the empirical F-region quiet time equato-line) is found from the average quiet time perpendicular/northward
rial vertical drift velocity presented in Fig. 8 of Scherliess F-region plasma drifts for equinox conditions presented in Fig. 2 of

and Fejer (1999) for equinox conditions. As it will be dis- Fejer (1993). SLT is the local solar time at the geomagnetic equator

cussed later in Sect. 4.1, this empirical equatorial zonal elec2"d 20T geomagnetic longitude.

tric field is modified in the time range between 12:00 SLT
and 24:00 SLT by the use of the comparison between the
measured and modeled values of hmF2, where SLT is th&x - We have to take into account Eq. (2), which shows that
solar local time at the geomagnetic equator for the geomagMagnetic field lines are *frozen” in the ionospheric plasma.
netic longitude of 201 The resulting equatorial magnitude AS a result, '_fxﬁ(t) is not changed along magnetic field lines.
of E4 (tee), which is used in the model calculations, is shown The equatorial and Arecibo values of &.) are used to find
by the solid line in Fig. 1. It should be noted that the pro- the equatorial and Arecibo values of&,.) from Eq. (2).
cedure used to correct tHex B drift (comparing measured The equatorial value of €(t,.) is used for magnetic field
and modeled hmF2) is the same as that used by Balan dines with an apex altituden,,=R.;-R, less than 600 km,
al. (1996). There are no MU radar vertical drift velocity Where Ry is the equatorial radial distance of the magnetic
measurements for the studied time period. We take into acfield line from the Earth’s center andeRs the Earth’s radius.
count that the perpendicular drifts over Arecibo and the MU The Arecibo value of &(t,.) is used if the apex altitude is
radar for solstice seasons are similar (Takami et al., 1996)greater than 2126 km. Linear interpolation of the equatorial
Therefore, the average quiet time value af & the F-region  and Arecibo values of §(t,.) is employed at intermediate
altitudes over Arecibo (dashed line in Fig. 1) is found from apex altitudes.
Fig. 2 of Fejer (1993), where the average quiet time perpen- The model calculates;\NN,, T;, and T, in the fixed nodes
dicular/northward F-region plasma drift for equinox condi- of the fixed volume grid. This Eulerian computational grid
tions is presented and assumed to be similar to the value afonsists of a distribution of the dipole magnetic field lines in
E, above the MU radar. the ionosphere and plasmasphere. One hundred dipole mag-
Equations (1-2) determine the trajectory of the iono- netic field lines are used in the model for each fixed value
spheric plasma perpendicular to magnetic field lines and thef A. The number of the fixed nodes taken along each mag-
moving coordinate system. It follows from Eq. (1) that time netic field line is 191. For each fixed value &f the region
variations of U caused by the existence of the @ompo-  of study is a (q,U) plane, which is bounded by two dipole
nent of the electric field are determined by time variations ofmagnetic field lines. The low boundary magnetic field line
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SLT thours) nearest computational grid dipole magnetic field line. The
10 16 22 4 value of Ah,, is increased from 20 km to 45km linearly as
| I | I we go from the low computational grid boundary line to the
500 — O j {_f-'\-v_ﬁ Manla j upper computational grid dipole magnetic field line. We ex-
1%, FHgeomagretic lattude - pect our finite-difference algorithm, which is described be-
: . ' ' low, to yield approximations to N N,, T;, and T, in the
ionosphere and plasmasphere at discrete timesAt@At,
with the time stepAt=10 min. The model starts at 05:14 UT
on 17 March. This UT corresponds to 14:00 SLT at the ge-
omagnetic equator and 20heomagnetic longitude. The
model is run from 05:14 UT on 17 March 1988 to 24:00 UT
on 18 March 1988 before model results are used.

I
)
(==

hmF 2 {km )

3 Solar geophysical conditions and data

MmF2 (109 cnrd

The value of the geomagneti¢, index was between 0 and
2, for most of the studied time period of 19-21 March 1988,
o & 12 18 24 except between 09:00 and 12:00 UT on 20 March when the
UT thours) magnitude ofk , was 3. It should be noted that when the
] ) thermosphere is disturbed it takes time for it to relax back
Fig. 2. Observed (squares) and calculated (lines) hmF2 (top panel), jis injtial state, and this thermospheric relaxation time de-
and NmF2 (bottom panel) on 19 March 1988. The model Calcu_termines the time for the disturbed ionosphere to relax back

lations have been carried out with different combinations of thet th iet state. It that not fi iod with
model input parameters. The combinations are 1) the SFgiven 0 the quiet state. Tt means that not every ime period wi

by das-dotted line in Fig. 1, the NRLMSISE-00 neutral tempera- K»=3 €an be considered as a magnetically quiet time pe-
ture and densities, and the HWW90 wind (dotted curves), 2) theliod. The characteristic time of the neutral composition re-
SF E,, the NRLMSISE-00 neutral temperature and densities, andcovery after a storm impulse event ranges from 7 to 12h,
the zero neutral wind (dashed curves), 3) the modifigd iven on average (Hedin, 1987), while it may need up to days for
by solid line in Fig. 1, the NRLMSISE-00 neutral temperature and all altitudes down to 120km in the atmosphere to recover
densities, and the HWW90 wind (dash-dot curves), and 4) the corcompletely back to the undisturbed state of the atmosphere
rected equatorial , given by solid line in Fig. 1, the NRLMSISE-  (Richmond and Lu, 2000). The value #&f, was between 0
00 neutral temperature and densities with the corrected value o 3 for the previous 17-18 March 1988 time period, i.e.
[O], and the corrected HWW90 wind (solid curves). The correc- yq gy died time period of 19-21 March 1988 can be consid-
tions of the NRLMSISE-00 [O] and the HWW90 wind, are used ered as a quiet time period. The F10.7 solar activity index
to make the measured and modeled NmF2 and hmF2 agree over . -
the MU radar and over all the ionosonde stations in Table 1. The!'&> 116-118, while the 81-day averaged F10.7 solar activity
NRLMSISE-00 model [O] was increased by a factor of 1.5 in the index Wa§ 107. ]
0-15 geomagnetic latitude range of the Northern Hemisphere from The middle and upper atmosphere (MU) radar at Shi-
05:14 UT to 09:44 UT. The meridional neutral wind, W, of the garaki, which is located at the geomagnetic latitude of 24.5
Northern Hemisphere, taken from the HWW90 wind model, was and the geomagnetic longitude of 203.2perated from
changed to WAW, where AW=-30 m/sec® between 10:14 UT  00:00 SLT on 19 March to 07:00 SLT on 22 March. The ca-
and 13:44 UT during 17-21 March 1988W=30 m/sec from  pabilities of the radar for incoherent scatter observations have
15:14 UT 10 24:00 UT and from 00:00 UT to 00:14 UT during 17— pheen described and compared with those of other incoherent
51 '\l\/'ﬂzrrz?] i%%gsszsvTosﬁgmfgoomlgle‘l tL;Tofc;c?lOA,&ji LJJH?]Z scatter radars by Sato et al. (1989) and Fukao et al. (1990).
17-21 March 1988 and from 07:14 UT to 09:14 UT on 21 March RIShb?th and Fukao (1995) reviewed the MU radar StUdleS.
of the ionosphere and thermosphere. The data that we use in

1988. A linear interpolation between the values\W was used in hi K h di L f altitud fil
the intermediate time periods. These valuea¥®¥ are used above this work are the measured time variations of altitude profiles

the geomagnetic latitude of 24while AW=0 at the geomagnetic of the electron density and temperature, and the ion temper-
equator. A square interpolation &fW is employed between 24  ature between 200 km and 600 km over the MU radar.
and ©. We use hourly critical frequencies, fof2 and foE, of the
F2 and E layers, and maximum usable frequency param-
eter, M(3000)F2, data from the Akita, Kokubunji, Yama-
has h,=150km. The upper boundary magnetic field line gawa, Okinawa, Chung-Li, Manila, Vanimo, and Darwin
has h,=4491km and intersects the Earth’s surface at twoionospheric sounder stations available at the lonospheric
middle-latitude geomagnetic latitudes40°. The computa- Digital Database of the National Geophysical Data Cen-
tional grid dipole magnetic field lines are distributed betweenter, Boulder, Colorado. The locations of these ionospheric
these two boundary lines. They have the intervdi,,, , of sounder stations and the location of the MU radar are
20km between }), of the low boundary line andhof the ~ shown in Table 1. The sounders and the MU radar are




A. V. Pavlov et al.: Comparison of the measured and modeled electron densities, and electron and ion temperatures 2751

Table 1. lonosonde station and radar names and locations.

lonosonde station and Geographic  Geographic Geomagnetic Geomagnetic

radar names latitude longitude latitude longitude
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
Chung-Li 24.9 121.2 13.7 190.3
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

within £11° geomagnetic longitude of one another. As a corrected equatorial £ given by the solid line in Fig. 1,
result, all model simulations are carried out for the geo-the NRLMSISE-00 neutral temperature and densities with
magnetic longitude of 201 The values of the peak den- the corrected value of [O], and the corrected HWW90 wind
sity, NmF2, of the F2 layer is related to the critical fre- (solid curves). The corrections of the NRLMSISE-00 [O]
quency fof2 as NmF2=1.2801° fof22, where the unit of and the HWW90 wind which are used in this work, allow the
NmF2 is nT3, the unit of fof2 is MHz. To determine measured and modeled NmF2 and hmF2 to agree over the
the ionosonde values of hmF2, we use the relation beMU radar and over all the ionosonde stations of Table 1, as
tween hmF2 and the values of M(3000)F2, fof2, and foE will be explained in Sect. 4.2.
recommended by Dudeney (1983) from the comparison of The comparison between the measured hmF2 and the cal-
different approaches as hmF2=1490/[M(3000)ER®H-176 culated results shown by the dotted and dashed lines in the
where AM=0.253/(fof2/foE-1.215)-0.012. If there are no upper panel of Fig. 2 clearly indicates that there is a large dis-
foE data then it is suggested thaM=0, i.e. the hmF2 for- agreement between the measured and modeled hmF2 from
mula of Shimazaki (1955) is used. about 07:00 UT to about 11:00 UT on 19 March 1988 if the
equatorial upwardt x B drift given by Scherliess and Fe-
jer (1999) is used. By comparing the results of calculations
4 Results 1 and 2, it can be seen that we are not capable of making
the measured and modeled hmF2 agree by the change in the
4.1 Equatorial perpendicular electric field modification neutral wind. A comparison of results 2 and 4 provide evi-
dence that we can improve the agreement between the mea-
At middle-latitudes, hmF2 is mainly determined by varia- sured and modeled NmF2 using the corrected NRLMSISE-
tions of thermospheric wind, while close to the geomagnetic00 [O]. However, these changes in the NRLMSISE-00 [O]
equator, hmF2 is largely controlled by variations in fiie B do not lead to considerable variations in hmF2. Our calcu-
drift (Rishbeth, 2000; Souza et al., 2000). As a result, it islations also show that the correction of the NRLMSISE-00
necessary to compare the measured and modeled hmF2 cloagdel [N;], or [O] does not bring the measured and mod-
to the geomagnetic equator to evaluate the accuracy of theled hmF2 into agreement. Calculations 3 and 4 reproduce
equatorial & given by the equatorial perpendicular plasma the observed features of hmF2 on 19 March 1988. The agree-
drift model of Scherliess and Fejer (1999) for the studiedment between the measured and modeled hmF2 suggests that
time period (this modeled Eis labeled as the SF Ein this  the corrected equatorial\Egiven by the solid line in Fig. 1
work). is reasonable and can be used in the model calculations pre-
The measured (squares) and calculated (lines) NmF2 (botsented in this work. We conclude that the required equatorial
tom panel) and hmF2 (top panel) are displayed in Fig. 2 forupward E x B drift is weaker from 03:14 UT to 11:14 UT
the 19 March 1988 time period above the Manila ionosondethan that given by Scherliess and Fejer (1999) for the studied
station, which is very close to the geomagnetic equator (se¢éime period and this leads to the disagreement between the
Table 1). The combinations of the model input parame-measured and modeled hmF2. The resulting correction in the
ters are 1) the SF equatorial Ethe NRLMSISE-00 neu- equatorial upwardt x B drift can be the result of consider-
tral temperature and densities, and the HWW?90 wind (dottedhble day-to-day variability in the equatorial electrojet (Rish-
curves), 2) the SF equatorial\Ethe NRLMSISE-00 neu- beth, 2000). It should be noted that the Jicamarca vertical
tral temperature and densities, and no wind (dashed curves) x B plasma drifts are most variable over a period of about
3) the corrected equatorial\Egiven by the solid line in 4 weeks, centered on the March equinox (Fejer and Scher-
Fig. 1, the NRLMSISE-00 neutral temperature and densi-liess, 2001), i.e. the equatoriilx B drift patterns of Scher-
ties, and the HWW90 wind (dash-dot curves), and 4) theliess and Fejer (1999) describe only average diurnal changes
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5LT thours) tor. lons and electrons then diffuse downward along the mag-
1018 2 4 10 16 2 4 10 16 22 4 netic field lines leading to the plasma “fountain”. The effect
on NmF2 depends on the competition between the electron
density reduction caused by the plasma outflow and the elec-
tron density enhancement caused by the decrease in the loss
rate of OF (*S) ions. Comparison between the results of cal-
culations 1 and 3 or 1 and 4 shows that the increase in the
equatorial daytime upwarfi x B drift leads to the decrease
O in - . . zgesmagnetie b . . . . . in NmF2, i.e. the NmF2 reduction caused by the plasma out-
R R flow is stronger than the enhancement in NmF2 caused by
the decrease in the loss rate of 3S) ions.
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4.2 Comparison between the measured and modeled NmF2
and hmF2 in the geomagnetic meridian plane
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The measured (squares) and calculated (lines) NmF2 and
hmF2 are displayed in the two lower panels of Figs. 3-
11 for 19-21 March 1988 above the Darwin (Fig. 3), Van-
imo (Fig. 4), Manila (Fig. 5), Chung-Li (Fig. 6), Okinawa
(Fig. 7), Yamagawa (Fig. 8), and Akita (Fig. 9) ionosonde
stations, and above the MU radar (Fig. 10), whileahd T;
at hmF2 above the sounders and the MU radar are presented
in the two upper panels of these figures. Figure 11 shows the
measured (squares) and calculated (linesfjlddttom panel),
T, (middle panel), and ;T(top panel) at the 400 km altitude
o B 12 18 24 6 12 18 224 B 12 18 24 above the MU radar. The latitude and longitude location
UT thours) of the Kokubunji sounder is very close to that of the MU
radar and the calculated hmF2,,Nl,, and T above this
%ounder are practically the same as those in Fig. 10. The

(two lower panels), and electron and-Gon temperatures (two up- . P
per panels) at the F2-region main peak altitude above the DarwiandEI results using the combinations of the Sfgiven by

ionosonde station during 19-21 March 1988. SLT is the solar Iocald‘r’lsh'dOtted line n _F'g' 1, the NRLMSISE'_OO neutral tem-
time at the Darwin ionosonde station. The results obtained from theP€rature and densities, and the HWW90 wind are shown by
model of the ionosphere and plasmasphere using the,SiEen dotted lines. Solid lines show the results given by the model
by dash-dotted line in Fig. 1, the NRLMSISE-00 neutral tempera-With the corrected equatorial \Egiven by the solid line in
ture and densities, and the HWW90 wind as the input model param¥ig. 1, the corrected NRLMSISE-00 [O] (the value of [O]
eters are shown by dotted lines. Solid lines show the results giverwas increased by a factor of 1.5 in the (> Ideomagnetic
by the model with the corrected equatorig{ Egiven by the solid  |atitude range of the Northern Hemisphere from 05:14 UT
line in Fig. 1, the corrected HWW90 wind, and the NRLMSISE- tg 09:44 UT), and the corrected meridional neutral HWW90
00 model with the corrected value of [O]. In the modification of \yind. In the Northern Hemisphere, the meridional neutral
the meridiqnal wind in the Northern Hemisphere, the meridional wind, W, taken from the HWW90 wind model, was changed
wagf) wind was decn_aased by 30 m sédjetween 1(_)'14 Ut to W+AW , whereAW=-30 m/sec’ between 10:14 UT and
and 13:44 UT and was increased by 30 msefrom 15:14 UT ) . _ 1
to 24:00 UT. The NRLMSISE-00 model [O] was increased by a 13:44 UT during 17-21 March 1988W=30 m/sec™ from
factor of 1.5 in the 0—15geomagnetic latitude range of the North- 19:14 UT to 24:00 UT and from 00:00 UT to 00:14 UT dur-
ern Hemisphere from 05:14 UT to 09:44 UT. The results shown bying 17-21 March 1988AW=20 m/sec! from 01:14 UT to
dashed lines were calculated by the model with the same correc06:14 UT on 21 March 1988, antiW=0 from 00:14 UT to
tions of the NRLMSISE-00 [O] and meridional HWW90 wind as 09:14 UT during 17-21 March 1988 and from 07:14 UT to
for the solid lines and when the value of the corrected BEsed in ~ 09:14 UT on 21 March 1988. A linear interpolation between
producing results shown by the solid lines, was divided by a factorthe values ofAW was used in the intermediate time peri-
of 10 at all the studied geomagnetic latitudes. ods. This additional meridional neutral wind is used in the
model calculations above the geomagnetic latitude 6f 24
while AW=0 at the geomagnetic equator. A square interpo-
in the equatorialE x B drift (see very large scattering in the |ation of AW is employed between 24nd 0. Dashed lines
measured vertical plasma drift in Figs. 1 and 2 of Scherliessyere calculated by the model with the same corrections of the
and Fejer, 1999). NRLMSISE-00 [O] and meridional neutral HWW90 wind as
The equatorial daytime upwat®x B drift resulting from  for solid lines and when the value of\EEused in producing
E, lifts upward the ionospheric electrons and ions, and thisresults shown by the solid lines, was divided by a factor of
leads to the increase of hmF2 close to the geomagnetic equd-0 at all the studied geomagnetic latitudes.

hrmF 2 k)

MmF2 (109 crrd )
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Fig. 4. From bottom to top, observed (squares) and calculatedFig. 5. From bottom to top, observed (squares) and calculated
(lines) of NmF2, hmF2, electron temperatures ard ion tem-  (lines) of NmF2, hmF2, electron temperatures antl ion tem-
peratures at the F2-region main peak altitude above the Vanimd@eratures at the F2-region main peak altitude above the Manila
ionosonde station during 19-21 March 1988. SLT is the solar lo-ionosonde station during 19-21 March 1988. SLT is the solar lo-
cal time at the Vanimo ionosonde station. The curves are the sameal time at the Manila ionosonde station. The curves are the same
asin Fig. 3. as in Fig. 3.

By comparing dotted lines and squares in Figs. 4-6, it isfactors at all altitudes to bring the modeled electron den-
seen that the calculated hmF2 is higher than the measuregities into agreement with the measurements. The value
one from about 07:00 UT to about 11:00 UT on 19 March of [O] was increased by a factor of 1.5 in the 0=Ideo-
1988 if the equatorial upward x B drift given by Scher- magnetic latitude range of the Northern Hemisphere from
liess and Fejer (1999) is employed. Use of the corrected5:14 UT to 09:44 UT at all altitudes from the compari-
equatorial & given by the solid line in Fig. 1 brings the son between the modeled NmF2 and NmF2 measured by
measured and modeled hmF2 into reasonable agreement, dhe Manila ionosonde station. One can see from Fig. 5 that
though there are some quantitative differences. On the othelhe NRLMSISE-00 model with the modified [O] improves
hand, it is well known (Su et al., 1997; Balan et al., 1998) the agreement with the measured NmF2 over the Manila
that variations of hmF2 are controlled mainly by variations ionosonde station.
in the neutral wind and E for low mid-latitudes, where the The NRLMSISE-00 model can have some inadequacies
MU radar and the Akita ionosonde station are located. How-ip predicting the actual [ and [O,] with accuracy. How-
ever, the HWW90 wind velocities are known to differ from eyer, to reach the same agreement between the measured and
observations (Oliver et al., 1990). For the present study thenodeled NmF2 over the Manila ionosonde station, the val-
model HWW90 winds are modified, as explained above, toyes of the NRLMSISE-00 [N and [O;] must be decreased
bring the modeled hmF2 in reasonable agreement with hmF2y 5 factor of 2 in the 0—15geomagnetic latitude range of
measured by the MU radar and the Akita ionosonde statiorthe Northern Hemisphere from 05:14 UT to 09:44 UT at all
(see solid lines in Figs. 9-11). altitudes without NRLMSISE-00 [O] corrections. Thus, the

We can expect that the neutral models have some inadeomparison between the NRLMSISE-002JNand [O;] de-
equacies in predicting the number densities with accuracycrease and the NRLMSISE-00 [O] increase does not show
and we have to change the number densities by correctiosimilarity and consistency in the magnitudes of their effects
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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 and ion tem- (lines) of NmF2, hmF2, electron temperatures ant iOn tem-
peratures at the F2-region main peak altitude above the Chung-Lperatures at the F2-region main peak altitude above the Okinawa
ionosonde station during 19-21 March 1988. SLT is the solar localionosonde station during 19-21 March 1988. SLT is the solar local
time at the Chung-Li ionosonde station. The curves are the same a#mne at the Okinawa ionosonde station. The curves are the same as
in Fig. 3. in Fig. 3.

on NmF2 close to the geomagnetic equator. This differencgesults shown by the solid and the dotted lines are the same
in the reaction of the calculated NmF2 is large enough to pro-as those for solid and dotted lines in Figs. 3—11, respectively.
vide evidence in favor of increasing [O] in comparison with The comparison between the measured hmF2, NmF2 and the
reducing [N] and [Oy]. calculated results shown by dotted lines clearly indicates that

The middle-latitude daytime F2 peak electron density isthere is the disagreement between the measured and modeled
proportional to [O]/[N] (e.g. Rishbeth and Garriot, 1969). hmF2 and NmF2 at low geomagnetic latitudes at 08:00 UT
In comparison with the middle-latitude ionosphere, the low-and 11:00 UT on 19 March 1988 if the equatorial upward
latitude ionosphere is special because of the constraints imE x B drift given by Scherliess and Fejer (1999) is used. Fig-
posed on electron and ion motions by the magnetic field andire 12 shows that the modification of the equatorial upward
by the zonal component of the electric field. The model cal-E x B drift improves the agreement between the modeled and
culations of this work provide evidence that the dependencemeasured hmF2 and NmF2, and weakens the effect of the
of NmF2 on [N] and [O;] is weaker than the dependence fountain in NmF2.

of NmF2 on [O] by day at low geomagnetic latitudes. We  The model calculations produce the onset of the equato-
conclude that NmF2 is not proportional to [O]fNor to  rig] anomaly crest formation close to 02:00 UT, in agree-
[O)/[O2] in the daytime ionosphere close to the geomagneticment with the ionosonde measurements. The model calcu-
equator. lations show that the crests disappear close to 15:00 UT. Fig-
The comparison between the measured (squares) and modres 3-9 show that the NmF2 values were not determined
eled (lines) NmF2 and hmF2 latitude variations is shown infrom ionograms at some ionosonde stations from 12:00 UT
Fig. 12 at 08:00 UT (two upper panels) and 11:00 UT (two to 15:00 UT, and there is scattering in the data for this time
lower panels) on 19 March 1988. The combinations of theperiod. As a result, the time of the crest disappearance is un-
model input parameters used in the calculations of the modetesolved from the measured NmF2. The principal feature of
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Fig. 8. From bottom to top, observed (squares) and calculatedrig. 9. From bottom to top, observed (squares) and calculated
(lines) of NmF2, hmF2, electron temperatures arid iOn tem- (lines) of NmF2, hmF2, electron temperatures arfdi@n tempera-

peratures at the F2-region main peak altitude above the Yamagawares at the F2-region main peak altitude above the Akita ionosonde
ionosonde station during 19-21 March 1988. SLT is the solar localstation during 19-21 March 1988. SLT is the local solar time at the

time at the Yamagawa ionosonde station. The curves are the samgkita ionosonde station. The curves are the same as in Fig. 3.
asin Fig. 3.

the equatorial anomaly is the crest-to-trough ratio. The meawhile hmF2 of the crest electron density is less in the north-
sured and modeled NmF2 show that the equatorial anomalgrn geomagnetic hemisphere than that in the southern geo-
effect is most pronounced close to 06:00 UT. magnetic hemisphere. It is clear that most of the asymmetry

Figure 13 presents the comparison between the measurdfl hmF2 should come about through the asymmetry in the
(squares) and modeled (lines) NmF2 and hmF2 latitude Vari_dyna_tmmal processes, which involve neutral_ winds and elec-
ations at 05:00 UT (two upper panels) and 06:00 UT (twotnc.ﬂelds. As can pe seen frpm the comparison betyveen the
lower panels) on 19 March 1988. The combinations of theSClid and dashed lines of Fig. 13, the asymmetry in hmF2
model input parameters used in the calculations of the mode®"d NmF2 is sharply decreased if the model uses the zero
results shown by the solid and dotted lines are the same ddeutral wind. We conclude that the neutral wind given by
those for solid and dotted lines in Figs. 3-12, respectively.th® HWW90 model of Hedin et al. (1991) is asymmetric
Dashed lines show the results produced by the model witroout the geomagnetic equator, and this asymmetry deter-
the corrected equatorialsEgiven by the solid line in Fig. 1, Mines most of the asymmetry in hmF2 and NmF2 between
the NRLMSISE-00 neutral temperature and densities withthe northern and southern geomagnetic hemispheres. This

the same correction of [O] as for the solid lines, and whenconclusion is in agreement with the previous results of Balan
the neutral wind is equal to zero. and Bailey (1995), Su et al. (1996), and Balan et al. (19973,

The striking feature of the observed (squares) and mod-b)' Dashed lines of Fig. 13 show that there is a small asym-

eled (solid and dotied nes) hmF2 and NmF2 is the ex- 0L TR A R e e
istence of an asymmetry in hmF2 and NmF2 between the 9 9 P )

. . small asymmetry is caused by an asymmetry in the neutral
northern and southern geomagnetic hemispheres. The cre -
o : . femperature and densities between the northern and southern
electron density is greater in the northern geomagnetic hemi-

sphere than that in the southern geomagnetic hemispherg,eomagnetlc hemispheres.
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Fig. 10. Observed (squares) and calculated (lines) NmF2 and hmFZig. 11. The measured (squares) and calculated (lines) electron den-
(two lower panels), and electron and-@on temperatures (two up-  Sity (bottom panel) and electron (middle panel) and ©@n (top

per panels) at the F2-region main peak altitude above the MU radapan(:.") temperatures at the 400 km altitude above the MU radar. The
during 19—21 March 1988. SLT is the solar local time at the MU curves are the same as in Fig. 3.

radar. The curves are the same as in Fig. 3.

To obtain a better understanding of the relative role of theManila sounder determines the variations in NmF2 and hmF2
E x B drift at low-latitudes, calculations have been carried caused by the weakening of,Ebver the other sounders (see
out from the model when the value of\Eused in produc- Figs. 3-9).
ing results shown by the solid lines, was divided by a factor The comparison between the solid and dashed lines in
of 10 at all the studied geomagnetic latitudes and when the=igs. 10 and 11 shows that tli&x B drift gives rise to con-
corrections of the NRLMSISE-00 [O] and meridional neu- siderable variations in NmF2 and hmF2, and ind¥400 km
tral HWW90 wind are the same as for solid lines. The modelover the MU radar, and the magnitude of these daytime elec-
results are shown by dashed lines in Figs. 3—-11. tron density variations is less at hmF2 in comparison with

During most of the daytime period thex B drift lifts the that at 400km. The weakening ofsEby a factor of 10
plasma from lower field lines to higher field lines, while dur- changes the simulated daytime NmF2 by a factor of 0.9-1.4,
ing most of the night-time period this drift moves ions and and the changes in hmF2 due to this weakening&Ee be-
electrons from higher field lines to lower field lines. Simul- tween -3 km and 34 km, while the maximum daytime change
taneously, the plasma diffuses along the magnetic field linesin N, is a factor of 0.85-2.3 at 400 km. The change in the
The comparison between the solid and dashed lines in thaight-time N is less than that by day. The weakening af E
bottom panel of Fig. 5 shows that, close to the geomagnetiby a factor of 10 produces the change in the calculated night-
equator, the NmF2 enhancement caused by the decrease time NmF2 by a factor of 0.80-1.05 and the changes in hmF2
the plasma outflow is stronger than the reduction in NmF2are between -10 km and 11 km by night, while the night-time
caused by the increase in the loss rate d{€3) ions. There-  change in N is a factor of 0.86-1.05 at 400 km. It should be
fore, the weakening of Eleads to the NmF2 increase by day noted that the studied changes ip &te less pronounced at
over the Manila sounder. The night-time NmF2 increase is ahigher altitudes in the topside ionosphere and plasmasphere
result of the daytime NmF2 increase and the decrease in thabove the MU radar. For example, the maximum electron
loss rate of @ (*S) ions due to the hmF2 increase caused bydensity change caused by the weakening gfty a factor
the weakening of k over the Manila sounder. The complex of 10 is 19% and 2% at 1000 km above the MU radar by day
interplay of the physical processes described above for thand by night, respectively.
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Figdggbog_srerved (squares) alnd calgullrfgg (L'JTS) hrr|1F2 and Nn:':%:ig. 13. Observed (squares) and calculated (lines) hmF2 and NmF2
at 9 h(t\goguppr:er panels) %nh 2 d (tW(; ower lp()an$ S) at 08:00 UT (two upper panels) and 11:00 UT (two lower panels) on

on 1 Marc 1 88. The measure m_F and NmF2 are taken OM 9 March 1988. The measured hmF2 and NmF2 are taken from the
the ionospheric sounder station listed in Table 1. The curves are th?onospheric sounder station listed in Table 1. The solid and dotted

same as in Fig. 3. curves are the same as in Fig. 3. Dashed lines show the results
produced by the model with the corrected equatorigldtven by

The model results presented in the bottom panels Ofhe solid line in Fig. 1, zero neutral wind, and the NRLMSISE-00
Figs. 3-10 show that the magnitude of the electron densityheutral temperature and densities with the same correction of [O] as
change caused by the weakening gf By a factor of 10 is  for the solid lines.
decreased if the absolute value of the geomagnetic latitude
is increased. As an example, above the Akita ionosonde stathe calculated hmF2 of 5 km in the ionosphere betweeh -30
tion, this weakening in E changes the simulated daytime and +30 of the geomagnetic latitude at moderate solar activ-
NmF2 by a factor of 0.91-1.34 and hmF2 by the maximumity. We conclude that the effect of vibrationally excited N
value of 31km, while the maximum daytime electron den- and G on N, of the low-latitude ionosphere is decreased by
sity change is a factor of 0.90-1.96 at 400 km. We concludedecreasing the solar activity level.
that the use of the middle-latitude time dependent model of The measured hmF2 presented in Figs. 3-9 show large
the ionosphere and plasmasphere, which does not take intfuctuations. The possible source of this scatter in hmF2
account theE x B plasma drift, leads to noticeable errors in is the dependence of hmF2 on M(3000)F2 axill given
the calculated daytime electron density of the F2 region and &y Dudeney (1983), which determines hmF2 diurnal varia-
part of the topside ionosphere, even at geomagnetic latitudeions with errors. The ionosondes listed in Table 1 are not
of about 28-30°. located at the geomagnetic longitudes of 20thich is used

It is found by Pavlov (2003) that the daytime magnitude in the model calculations. This geomagnetic longitude dis-
of NmF2 should be reduced up to a maximum factor of 1.44placement can explain a part of the disagreement between
between -30 and +30 of the geomagnetic latitude, due to the modeled and measured hmF2 and NmF2 in Figs. 3—13.
enhanced vibrational excitation of,Naind QG at high solar A part of these discrepancies is probably due to the uncer-
activity during the geomagnetically quiet period of 7 Octo- tainties in the model inputs, such as the possible inability of
ber 1957. We found that in the plane of the geomagneticche NRLMSIS-00 model to accurately predict the densities
meridian at the geomagnetic longitude of 2Qhe increase and temperature for the studied period at low-latitudes, and
in the loss rate of ®(*S) ions, due to the vibrational excited uncertainties in the neutral wind, EUV fluxes, chemical rate
N2 and @, leads to the maximum decrease in the calculatedcoefficients, photoionization, photoabsorption and electron
NmF2 by a factor of 1.16 and to the maximum increase inimpact cross sections fordNO,, and O.
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4.3 Electron and ion temperature variations are less than those by day, and the electron cooling during
morning conditions is less than that by day. This expands the

The two upper panels of Figs. 3-10 show the calculatedaltitude region at which =T, near the equator and leads
(lines) and measured (squares) electronafd ion, T, tem-  to the sunrise electron temperature peaks at hmF2 altitudes
peratures at the F2-region main peak altitude for the 19-2Jabove the ionosonde stations. After the abrupt increase at
March 1988 time period above the Darwin (Fig. 3), Van- sunrise, the electron temperature decreases, owing to the in-
imo (Fig. 4), Manila (Fig. 5), Chung-Li (Fig. 6), Okinawa creasing electron density due to the increase in the cooling
(Fig. 7), Yamagawa (Fig. 8), and Akita (Figu. 9) ionosonde rate of thermal electrons. An appearance, a magnitude, and
stations and above the MU radar (Fig. 10). Figure 11 showsy disappearance of a morning electron temperature peak at
the measured (squares) and calculated (lines) electron (michmF2 depend on a minimum value of the night-time NmF2
dle panel) and O ion (top panel) temperatures at the 400 km before sunrise, because the morning NmF2 is a function of
altitude above the MU radar. this minimum night-time NmF2.

It is evident from comparison between solid and dot- ) je the middle-latitude F-region ionosphere, the noc-
ted lines in Figs. 3-10 that the corrections in the equatoy, | |ow-latitude F-region is maintained due to the low-

rial upwardE x B drift, the model HWW90 wind, and the |54t de daytime F-region decay and by a downward flow of
NRLMSISE-00 [O] produce negligible effects in Turing  jqhization from the plasmasphere. The role of a downward

19-21 March 1988, while there are some electron temperag,,, of ionization from the plasmasphere is increased before
ture varlaFlons due to these mput.model parameter change&mise_ A plasma tube length and total plasma tube con-
after sunrise. The duration of the time period, where this dlf-tent are decreased with lowering the geomagnetic latitude.
ference in the calculated electron temperatures is noticeableh means that an increase in the absolute value of the geo-
is increased by increasing the absolute value of the geomagg,  ynetic latitude could lead to an increase in a downward
netic latitude. flow of ionization from the plasmasphere, the increase in the

Figures 3-11 show that the diurnal variations ofdre  nignt time electron density before sunrise and the resulting
characterized by morning and evening peaks above the Dalye rease in the magnitude of the morning electron tempera-
win, Yamagawa, Kokubunji, and Akita ionosonde stations e peak.

and over the MU radar, while the model produces only morn- i ) i )
The downward night-time and mornidgx B drift result-

ing peaks and a broad daytime maximum indbove the i X i
Vanimo, Manila, Chung-Li, and Okinawa ionosonde sta- "9 from E, <0 moves the ionospheric and plasmaspheric
tions. The calculated evening Peaks are less than those electrons and ions from middle to low geomagnetic latitudes,
measured by the MU radar. If we take into account theand ions and electrons then diffuse downward along mag-
accuracy of the MU radar .Tand T, measurements (Sato netic field lines (the solid line in Fig. 1 shows that the require-
‘ y dnent of Ex <0 is correct over the geomagnetic equator from

et al., 1989) and uncertainties of model calculations (seg, ~ _ _ _
Sect. 4.2), then we conclude that nd T; observed by the 20:06 SLT to 24:00 SLT and from 24:00 SLT to 06:15 SLT,

MU radar are in reasonable agreement with the model result’here SLT is the local solar time at the geomagnetic equa-
shown by the solid lines in the two upper panels of Figs. 10-°F @nd 201 geomagnetic longitude). The resulting effect

11, although there are some quantitative differences. The re2f these physical processes on NmF2 depends on the com-
sonable agreement between the measugean@ T, and the  PEtition between an enhancement ip ¢aused by a plasma

modeled T and T; determines the reliability of the calculated inflow and an Eecrease in.Ncaused by an increase in .the
T, and T; at other geomagnetic latitudes. loss rate of @ (*S) ions due to a NmF2 peak layer lowering.
The relative magnitudes of the cooling rates are of par- Figure 14 shows the calculated minimum night-time F2
ticular interest for understanding the main processes, whictiayer peak electron density, Nmkg, (panel (a)) and its F2
determine the electron temperature. We found that the maipeak altitude, hmkgi,, (panel (b)), the dependence of the
cooling rates of thermal electrons in the low- and middle- calculated morning electron temperature pe&?f’"‘l’on the
latitude ionosphere are electron-ion Coulomb collisions, vi-geomagnetic latitude (panel (d)), and Nrg& (panel (c)),
brational excitation of Nand @ and rotational excitation of  which is the value of NmF2 at the point of the morning elec-
N>. tron temperature peak calculation. The results shown by the
The electron-ion cooling rate of thermal electrons, which solid lines in Fig. 14 were calculated by the model with the
is the predominant cooling rate at hmF2 and the main coolingcorrected equatorial £given by the solid line in Fig. 1, the
rate in the plasmasphere and topside ionosphere, is propocorrected HWW90 wind, and the NRLMSISE-00 model with
tional to N, squared. As a result, variations in Bause vari-  the corrected value of [O]. Dashed lines in Fig. 14 show the
ations in T,. It follows from the profiles of T and T; mea-  results given by the model with the same corrections of the
sured at Jicamarca that the enlargement of the altitude regioNRLMSISE-00 [O] and meridional neutral HWW90 wind as
with T,>T; occurs at sunrise at all heights to at least 600 kmfor solid lines, but when the value of the corrected, Esed
(McClure, 1969). Our calculations show that at sunrise, theran producing results shown by the solid lines, was divided
is a rapid heating of the ambient electrons by photoelectronshy a factor of 10 at all the studied geomagnetic latitudes,
and the difference between the electron and neutral temperanly for the time periods when the equatorial value qf, E
ture could be increased because nighttime electron densitiggiven by the solid line in Fig. 1, is negative (i.e. when the
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equatorialE x B plasma drift is downward). Dotted lines in 2500
Fig. 14 show the results produced by the model with the cor- S
rected equatorial E given by the solid line in Fig. 1, zero < 2000

neutral wind, and the NRLMSISE-00 model with the same § -
2,

correction of [O] as for the solid lines.
By comparing the solid lines in the panels (a) and (c) of ;g0
Fig. 14, it is seen that the geomagnetic latitude variation of
NmMF2peaxis similar to the dependence of Nmkr on the
geomagnetic latitude. As a result, the model calculations
of this work provide evidence that an appearance, a magni
tude, and a disappearance of a morning electron temperatui
peak at hmF2 depend on physical processes which determir
NMFZnin. 380
It follows from the comparison between the correspond- ¢ &0
ing solid and dashed lines in Fig. 14 that the decrease in the = 340 _
equatorial night-time downward x B drift by a factor of 30 e
10 leads to the increase in NmF2 between about 81 30
28> geomagnetic latitudes, i.e. the NmF2 reduction causec
by the increase in the loss rate off (#S) ions is stronger
than the enhancement in NmF2 caused by the plasma in
flow. The dashed lines in Fig. 14 show that the equatorial
anomaly caused by the upwaKix B drift by day is main-
tained in the night-time low-latitude ionosphere due to the
low-latitude daytime F-region decay, and a downward flow
of ionization from the plasmasphere is not important. It fol-
lows from Fig. 14 that the night-time and morning down- Georragnetic latitude
ward E x B drift causes the decrease of NmF2 and the re-
sulting increase of the morning peak in. TThe night-time  Fig. 14. The calculated minimum night-time F2 layer peak electron
and morning downward x B drift becomes more effective density, NmFg,in, (panel (a)) and its F2 peak altitude, hmf?
in lowering N, with lowering the geomagnetic latitude., i.e. (panel (b)). The dependences of the calculated morning electron
a decrease in the absolute value of the geomagnetic latitudemperature peak,?'leak, on the geomagnetic latitude is presented in
leads to the decrease in. Mlose to sunrise, resulting in an the panel (d). The panel (c) shows the calculated Npagwhich
increase in the magnitude of the morning geak. It fol- is NmF2 at the point of the morning electron temperature peak cal-
lows from panel (d) of Fig. 14 that the role of the night-time culation. Solid lines show the results given by the model with the
and morning downward x B drift in creating the morning corrected equatorial £ given by the solid line in Fig. 1, the cor-

T K is nealiaibl v 23n low 7 rected HWW90 wind, and th_e NRLMSISE-00 model with the cor-
e PEAKIS 'eg g ble above about2d@nd below about rected value of [O]. Dotted lines show the results produced by the
geomagnetic latitude.

. . . model with the corrected equatorialEgiven by the solid line in
To obtain a better understanding of the relative role of theFig. 1, zero neutral wind, and the NRLMSISE-00 model with the

plasma drift caused by the neutral wind in the formation of same correction of [0] as for the solid lines. The results shown by
the morning T peak, calculations have been carried out from gashed lines were calculated by the model with the same corrections
the model when the values of the components of the neuof the NRLMSISE-00 [O] and meridional neutral HWW90 wind as
tral wind, used in producing results shown by the solid lines,for the solid lines, but only when the value of the correctegd E
were taken to be zero and when the correctionsjrakd the used in producing the results shown by the solid lines, divided by
NRLMSISE-00 [O] are the same as for solid lines. We com- a factor of 10 at all the studied geomagnetic latitudes, only for the
pare the results of these model calculations (which are nofime periods when the equatorial value of Fgiven by the solid
shown in Figs. 3-10) with those shown by the solid lines in 1;”% n glg. L 'Sd)negﬁt've l(.'de'dwt?e; ths gqur?tzdl.akB .plasmal (
Figs. 3-10. We found that, above each ionosonde station of . '> COVIWard). he Sold, dofied and dashed fines in paneis {a,
Table 1 and above the MU radar the magnitude of the morn_b) correspond to 04:41-05:29 SLT on 20 March, 05:09-05:28 SLT

. K d d by th del with h | wind on 20 March, and 05:11-05:31 SLT on 20 March, respectively. The
ing T, peak produced by the model without the neutral win solid, dotted and dashed lines in panels (c, d) correspond to 05:48—

is increased by about 50-960K and the width of the peak ig:21 s1.T on 20 March, 05:48-06:31 SLT on 20 March, and 06:33—

decreased in comparison with the morning peak shown byyg:55 SLT on 20 March, respectively. Arrows at the top mark the

the solid lines in Figs. 3-10. locations of the Darwin, Vanimo, Manila, Chung-Li, Okinawa, Ya-
By comparing the solid and dotted lines in the bottom magawa, Kokubunji, and Akita sounders at -23.012.#, 3.4,

panel of Fig. 14, it is seen that a wind, which is equator-13.7, 15.#4, 29.¢°, 20.5, 25.6’, and 29.6 geomagnetic latitudes,

ward by night in equinox at moderate solar activity, forces respectively.

the F2 layer to lift upward to high altitudes of weak chemi-

cal O (“S) ion losses, increasing the electron density to high
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caused by the night-time neutral wind is to reduce the morn-
ing T, peak through the increase in, Mt all geomagnetic
latitudes and the effect of this plasma drift on the formation
of the morning T peak is decreased by decreasing the abso-
lute value of the geomagnetic latitude. It should be noted that
a wind, which is poleward in the morning time periods de-
creases hmF2, causing an increase in the loss rate ¢f3)

ions at hmF2, a decrease in NmF2 and helps to create an in-
crease in T, in agreement with the conclusions of Otsuka et
al. (1998).

Figure 15 shows the latitude dependence of the daytime
and evening electron temperature peaks (panel ((i’f)?k,T
the time, SLTeak Of the electron temperature peak appear-
ance (panel (c)), the value of the F2 peak layer density,
NMF2pea at SLTyeak (panel (a)), and the F2 peak layer al-
titude, hmF2eak at SLTpeak (panel (b)) on 19 March 1988.
The electron temperature peak is taken to be closest to sun-
set. The results shown by the solid lines were calculated by
the model with the corrected zonal electric field given by the
solid line in Fig. 1, the corrected HWW90 wind, and the
NRLMSISE-00 neutral temperature and densities with the
corrected value of [O]. The dotted lines show the results pro-
duced by the model with the samg B&s for the solid lines,
zero neutral wind, and the NRLMSISE-00 neutral temper-
ature and densities with the same correction of [O] as for

. . ) . the solid lines. The results shown by the dashed lines were
Fig. 15. The latitude dependence of the daytime and evening elec-

eak _ calculated by the model with the same corrections of the
tron temperature peaks (panel (d)3°T", the time, SLfea of the  NR| MSISE-00 [O] and meridional neutral HWW90 wind

hg . .

. s for the solid lines, but only when the value of Rised in

F2 peak layer density, NMigeak at SLTpeak(panel (2)), and the F2 roducing results shown b ét/he solid lines Wacgdivided by a
peak layer altitude, hmfgak (panel (b)) at SLeakon 19 March P g Y ’ y

1988. The electron temperature peak is taken to be closest to surf‘:letor of 10 at all the studied geomagnetic latitudes.

set. The results shown by the solid lines were calculated by the The present study has shown that the magnitude of the
model with the corrected zonal electric field, given by the solid evening T peak and its time location are decreased by lower-
line in Fig. 1, the corrected HWW90 wind, and the NRLMSISE- ing the geomagnetic latitude, and the evening&ak disap-

00 model with the corrected value of [O]. The dotted lines show thepears from about -F0to about 10 geomagnetic latitude on
results prgdqced by the model vyith the same zonal electric field as g March, and only the afternoon daytime Feaks exist in

for the solid lines, zero neutral wind, and the NRLMSISE-00 model this latitude range if the corrected HWW90 wind (solid lines

with the same correction of [O] as for the solid lines. The results.

shown by the dashed lines were calculated by the model with theIn Fig. 15) or zero wind (dashed lines in Fig. 15) are used

same corrections of the NRLMSISE-00 [O] and meridional neutral " the_ CE_‘ICUIat'_OnS by the mod_el W_'th the corrected zonal
HWW90 wind as for the solid lines, but only when the value of the €l€ctric field, given by crosses in Fig. 1, and the corrected
corrected zonal electric field, used in producing results shown by thdNRLMSISE-00 atomic oxygen density.
solid lines, was divided by a factor of 10 at all the studied geomag- It follows from the comparison between the solid and dot-
netic latitudes. Arrows at the top mark the locations of the Darwin, ted lines in the panel (d) of Fig. 15 that the use of zero wind
Vanimo, Manila, Chung-Li, Okinawa, Yamagawa, Kokubuniji, and jnstead of the corrected HWW90 wind leads to a decrease
Akita sounders at -23%0 -12.#, 3.4, 13.7, 15.#, 29.6, 20.5, i the magnitude of the evening electron temperature peak.
25.6', and 29.6 geomagnetic latitudes, respectively. The plasma drift along magnetic field lines due to the neutral
wind can increase or decrease hmF2, leading to the decrease
or increase in the loss rate of‘@S) ions at hmF2, causing
values before sunrise. The increase in the absolute value ¢i" increase or a decrease in NmF2 and, as a result, leading to
the geomagnetic latitude leads to the strengthening of the efthe disappearance or appearance of the evening peak in T
fect of the plasma drift due to the neutral wind on the elec-respectively.
tron density, the increase in the night-time electron density A decrease in the production rate of"@ons by solar ra-
before sunrise and the resulting decrease in the magnitude afiation caused by a solar zenith angle increase results in a
the morning electron temperature peak. As it is seen fromNmMF2 decrease with time during an evening time period, and
the comparison between the corresponding solid and dotted feebly marked evening peak in i created by this evening
lines in the top panel of Fig. 14, the effect of the plasma drift decrease in N It follows from the model calculations that a

P ' ' ' 19 March 1988

25
a0
15 =

—
=

Geormagnetic 1atitude
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wind, which is poleward in equinox by day at moderate so-mum night-time decrease in Taused by the increase in N
lar activity, forces the F2 layer to descend to low altitudes ofis close to 100K at hmF2 and at 400 km. The changes in the
heavy chemical ©®(*S) ion losses, reducing,No low values  daytime and night-time ;Tcaused by the weakening of, by
before sunset. Due to this poleward wind, the evening NmF2a factor of 10 are less than 40 K at hmF2 and at 400 km over
decrease in time becomes strong, producing a strongly prathe MU radar. These model calculations provide evidence
nounced decrease in the thermal electron cooling rate and thihat the use of the middle-latitude time dependent model of
resulting increase in the evening peak, in agreement with  the ionosphere and plasmasphere, which does not take into
the results of Otsuka et al. (1998). The decrease in the abs@ccount theE x B plasma drift, leads to noticeable errors in
lute value of the geomagnetic latitude leads to the weakeninghe calculated daytime electron temperature of the F2 region
of the effect of the plasma drift due to the neutralwind gn N and a part of the topside ionosphere, even at geomagnetic
This explains the calculated latitude variations in the strengtHatitudes of about 2530°.
of the evening peak in.T

The values of NmF2 and hmF2 which determine the mag-
nitudes of the peaks in,Tat hmF2 depend on the magnitude 5 Conclusions
and the direction of thé x B drift. By comparing the solid
and dashed lines in Fig. 15, it can be seen that the weakening/e have presented a comparison between the modeled NmF2
of Ex by a factor of 10 causes the decrease in the magnitud@nd hmF2, and NmF2 and hmF2, which were observed by the
of the peak in T between about -F0and 10 geomagnetic  Akita, Kokubunji, Yamagawa, Okinawa, Chung-Li, Manila,
latitude, and this magnitude is increased from about 0  Vanimo, and Darwin ionospheric sounders and by the MU
-30° geomagnetic latitude and between about a6d 30 radar during 19-21 March 1988. A comparison between the
geomagnetic latitude on 19 March. This weakening gf E calculated T and T; and those measured by the MU radar
leads to the disappearance of an evening electron temperés presented for 19-21 March 1988. The model reproduces
ture peak close to -2lgeomagnetic latitude and, as a result, major features of the data.

only a daytime peak in Jexists on 19 March from about - It is found that there is a large disagreement between
21° to -3° geomagnetic latitude (see the dashed line in thethe measured and modeled hmF2 from about 07:00 UT to
panel (c) of Fig. 15 and the dashed line in Fig. 3). about 11:00 UT if the equatorial upwatdx B drift given

The comparison between the solid and dashed lines iby Scherliess and Fejer (1999) is used. The discovered mod-
Figs. 3-8 shows that the weakening of By a factor of 10 ification of the equatorial upward® x B drift weakens the
leads to the disappearance of the morning peak iovEr the  effect of the fountain in NmF2, bringing the modeled and
Manila sounder and to the decrease of the morning peak in Tmeasured hmF2 and NmF2 into reasonable agreement. In
over the Yamagawa, Okinawa, Chung-Li, Manila, Vanimo, agreement with the ionosonde measurements of NmF2, the
and Darwin sounders. It is also necessary to point out thamodel produces the onset of the equatorial anomaly crest for-
the evening peak in Tis slightly less pronounced over the mation close to 02:00 UT, shows that the equatorial anomaly
Darwin and Yamagava ionosonde stations due to the weakeffect is most pronounced close to 06:00 UT, and produces
ening of Ey by a factor of 10 (see Figs. 3 and 8). Figure 9 the crest disappearance close to 15:00 UT. It has been found
shows that this weakening of\Heads to the disappearance that the north-south asymmetries in the observed NmF2 and
of the evening T peak on 20-21 March 1988 over the Akita hmF2 about the geomagnetic equator are mainly caused by
sounder due to a decrease in the daytime NmF2 and an irthe asymmetry in the neutral wind about the geomagnetic
crease in the evening NmF2. equator due to the displacement of the geographic and mag-

A comparison of the solid and dashed lines in the two up-netic equators and the magnetic declination angle.
per panels of Fig. 10 and in the middle and top panels of Itis shown that the dependence of NmF2 on][hnd [O;]

Fig. 11 shows the effect of thE x B drift on T, and T; at is weaker than the dependence of NmF2 on [O] by day close
hmF2 (Fig. 10) and 400 km (Fig. 11) over the MU radar. It to the geomagnetic equator. We conclude that NmF2 is not
is seen that this very large decrease inkheB drift can be  proportional to [O]/[N] or to [O)/[O2] in the daytime iono-
important in changing the evening and morningpBaks by  sphere close to the geomagnetic equator. It is shown that the
eliminating the minimum between these peaks. The daytiméncrease in the loss rate of'@*S) ions, due to the vibrational
decrease in Ncaused by the weakening ofyfby a factor of  excited N and Q, leads to the decrease in the calculated
10 leads to an increase in the daytimedlie to the decrease  NmF2, up to a maximum factor of 1.16 and to the increase
in the cooling rate of thermal electrons. The ion temperaturen the calculated hmF2, up to a maximum value of 5km be-
depends on Jand N, and, therefore, this weakening ohE  tween -30 and +30 geomagnetic latitude at moderate solar
changes T. It should be noted that the increase in altitude activity.

causes the increase of the relative role of the electron heat The diurnal variations of I are characterized by morn-
flow along the magnetic field line in comparison with cooling ing and evening peaks above the Yamagawa, Kokubunji, and
of thermal electrons, and the change inaf 400 km is less  Akita ionosonde stations and over the MU radar, while there
than that at hmF2. As a result, over the MU radar, the day-s only a morning peak in Jabove the Darwin, Vanimo,
time N, decrease leads to the daytime maximum increases iManila, Chung-Li, and Okinawa ionosonde stations. There
T, of 400K at hmF2 and 1000 K at 400 km, while the maxi- is a rapid heating of daytime electrons by photoelectrons, and
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