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Abstract. A new three-dimensional, time-dependent theo- explained in terms of the longitudinal asymmetryBn(the
retical model of the Earth’'s low and middle latitude iono- eccentric magnetic dipole is displaced from the Earth’s cen-
sphere and plasmasphere has been developed, to take intier and the Earth’s eccentric tilted magnetic dipole moment
account the effects of the zortak B plasma drift on the elec- is inclined with respect to the Earth’s rotational axis) and the
tron and ion number densities and temperatures, whared  variations of the wind induced plasma drift and the merid-
B are the electric and geomagnetic fields, respectively. Thaonal ExB plasma driftin geomagnetic longitude. The study
model calculates the number densities of(¢8), H", NOt, of the influence of the zon& x B plasma drift on the topside
O+, NJ, O*(?D), O*(2P), O (*P), and O (?P*) ions, the  low-latitude electron density is presented for the first time.
electr_on c_iensny, the ele_ctron and ion temperatures using %eywords. lonosphere (Electric fields and currents; Equa-
combination of the Eulerian and Lagrangian approaches an?orial ionosphere: Modeli df tina: Pl ¢ :
. ) L . phere; Modeling and forecasting; Plasma temper
an eccentric tilted dipole approximation for the geomagnetlcature and density)
field. The F2-layer peak densitfhmF2 and peak altitude,
hmF2, which were observed by 16 ionospheric sounders dur-
ing the 12-13 April 1958 geomagnetically quiet time high
solar activity period are compared with those from the modely  |ntroduction
simulation. The reasonable agreement between the measured

and modeledinF2 andhmF2 requires the modified equato- The jonosphere at the geomagnetic equator and low geomag-
rial meridionalE x B plasma drift given by the Scherliess and petic latitudes have been studied observationally and theo-
Fejer (1999) model and the modified NRLMSISE-00 atomic retically for many years (see Moffett, 1979; Anderson, 1981;
oxygen density. In agreement with the generally accepted aspya|ker, 1981; Anderson et al., 1996; Bailey and Balan, 1996;
sumption, the changes MmF2 due to the zon& xB plasma  Millward et al., 1996; Roble, 1996; Richards and Torr, 1996;
drift are found to be inessential by day, and the influence ofgchunk and Sojka, 1996; Rishbeth, 2000; Abdu, 1997, 2001;
the zonalExB plasma drift olNmF2 andhmF2 is found to  Hypa et al., 2000; Fesen et al., 2002; Maruyama et al., 2003;
be negligible above about 2@nd below about —26geo-  paylov et al., 2006, and references therein). The behaviour
magnetic latitude, by day and by night. Contrary to commongf the equatorial and low-latitude ionosphere is strongly de-
belief, it is shown, for the first time, that the model, which pendent upon the meridional component (which is located
does not take into account the zofakB plasma drift, un-  jn 3 plane of a geomagnetic meridian) of a drift velocity,
derestimates night-timmF2 up to the maximum factor of E=gB/B2, of electrons and ions perpendicular to the ge-
2.3 at low geomagnetic latitudes, and this plasma transporgmagnetic fieldB, due to an electric fieldE, which is gen-

in geomagnetic longitude is found to be important in the cal-erated in the E region. Sterling et al. (1969) found that the
culations ofNmF2 andhmF2 by night from about —20to  effect of the zonal component ¥ (geomagnetic east — ge-
about 20 geomagnetic latitude. The longitude dependencegmagnetic west component) on the F2-layer peak density in
of the night-time low-latitude influence of the zorlakB  the |ow-latitude ionosphere is not significant at solar mini-
plasma drift onNmF2, which is found for the first time, is  mum and solar maximum equinoctial conditions. However,
as was pointed out by Anderson (1981), the zonal plasma
Correspondence tdA. V. Paviov drift used by Sterling et al. (1969) bears little resemblance to
(pavlov@izmiran.rssi.ru) the observed zonal plasma drifts given by Fejer et al. (1981).
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This discrepancy between the measured and plasma drifiodel, the Earth’s eccentric tilted magnetic dipole moment
used can lead to an incorrect conclusion about the role of thés inclined with respect to the Earth’s rotational axis but is lo-
zonal component of thé x B plasma drift in the low-latitude  cated at a point which is not coincident with the Earth’s cen-
ionosphere. The averadexB zonal F-region plasma drift ter (the first eight nonzero coefficients in the expansion of the
(Fejeretal., 1981) measured over Jicamarca was used by Argeomagnetic field potential in terms of spherical harmonics
derson (1981) to reinvestigate the effects of the zé&haB are taken into account). The dependences of the parameters
plasma drift on the equatorial F-region ionosphere for highof the eccentric tilted magnetic dipole on a year are given by
solar activity conditions. Anderson (1981) has found thatFrazer-Smith (1987) and Deminov and Fishchuk (2000). The
the F2-layer peak electron densities calculated over the geanodel includes the production and loss rates of ions by the
magnetic equator at 20:00 LT and at 24:00 LT do not differ photochemical reactions described in detail by Paviov (2003)
significantly from those obtained when the zoBaiB drift and Pavlov and Pavlova (2005).

is omitted, while there are noticeable changes in the F2-layer Eccentric dipole orthogonal curvilinear coordinates g, U,
peak altitudes (see Fig. 10 of Anderson, 1981). As aresult oind A are employed in the model calculations, where q is
the model calculations given by Anderson (1981), effects ofaligned with, and U and\ are perpendicular to, the mag-
the zonaE x B plasma drift on the electron and ion densities netic field, and the U and coordinates are constant along an
and temperatures were not taken into account in the previeccentric dipole magnetic field line. It should be noted that
ous model studies (e.g. Anderson et al., 1996; Bailey andj=(Rz/R)?cos ®, U=(Rg/R) sirf®, and A is the geomag-
Balan, 1996; Millward et al., 1996; Pavlov, 2003; Pavlov et netic longitude, where R is the radial distance from the ge-
al., 2004a, b, 2006). The present work revises the relationemagnetic field cente§=90"—¢ is the geomagnetic colati-
ship between the zonal component of the plasma drift andude,¢ is the geomagnetic latitude zHs the Earth’s radius.
the dynamics of the low-latitude F2-layer using a new three-In the modeI,VEzvﬁ eA+V5 ey, where VEA=EU/B is the
dimensional time-dependent model of the low and middlezonal component o¥ £, V5:—EA/B is the meridional com-
latitude ionosphere and plasmasphere presented in Sect. gonent ofv £, E=E, es+Ey ey, Ex is theA (zonal) compo-

To test the reliability of the new model, the theoretical study nent ofE in the dipole coordinate systemy &s the U (merid-

is carried out in the present case Study, in which the F2-iona|) Component oE in the d|po|e coordinate SystemA
layer peak electron densitimF2, and altitudehmF2, are  ande; are unit vectors im and U directions, respectively,
observed simultaneously in the low-latitude ionosphere byg; s directed downward at the geomagnetic equator.

the La Paz, Trivandrum, Ahmedabad, Kodaikonal, Tiruchi- Equations which determine the trajectory of the iono-
rapalli, Singapore, Maui, Panama, Talara, Chiclayo, Huan-spheric plasma perpendicular to magnetic field lines and the

cayo, and Bogota ionospheric sounders during the 12-13n0ving coordinate system are derived by Pavlov (2003) as
April 1958 geomagnetically quiet time period at high solar

g 3 I
activity. U=~ ESTR B, (1)
. . . . ad
2 New three-dimensional, time-dependent theoretical -~ A = ESTR By, 2
model

where Ef=E h\R.*, ESf=E; hy R, ha=Rsin ©,

=RU1cos I, Re is the Earth’s radius, | is the magnetic
ield dip angle, cos I=si® (1+3cog®)~Y/?, By is the value
of B for R=Rg and®=0.

The two-dimensional, time-dependent model of the low
and middle latitude ionosphere and plasmasphere develop
by Pavlov (2003) calculates the number densities, &

+ (4 + O Nt OF2 + (2 4
8 +E2§Z) :_({);’SNI?L "[h%e,leNgt;o?l 'El'z)n d?or(1 ?’ tSr;(pePr)éti?Ss As a result of the condition of the frozen-in magnetic field
) P RS ~  lines into the ionospheric and plasmaspheric plasma, the val-
n a plz_ine 9f a geomagnetic mer_|d|z_an in a centere_d d.'pOIeues of the effective zonal and meridional electric ﬁelqg E
approximation for the geomagnetic field without taking into and E&ﬁ are not changed along magnetic field lines (Paviov
consideration the zonal plasma drift effects on N, T,, 2003): 9 g mag ’
and T;. A new three-dimensional time-dependent mathe- :
matical model of the low and middle latitude ionosphere 9
and plasmasphere presented in this work includes the two%
dimensional time-dependent model given by Pavlov (2003) ) ) o
as a principal block, takes into account the effects of thelt IS worth noting that the effective zonal and meridional
zonal plasma drift on NN,, T,, and T, and uses an eccen- Plasmadrift velocities $'=E{ By and V'=—ES B, * can
tric tilted dipole approximation for the geomagnetic field to be used in Egs. (1-3) instead offEand E", respectively,
calculate the time-dependent electron and ion densities, andhere \&™=V£ Rgh;* and fi=vE R h[,l.
temperatures as a function of latitude, longitude, and altitude The model calculates the values of,W,, T;, and T, in
on a fixed spatial grid at low and middle latitudes. In the the fixed nodes of the fixed Eulerian volume grid at the fixed

0
ES" =0, —ESf = 0. (3)
A 3qU
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universal times UEt=t0, tO+At, t0+2At, and so on, uptothe the values of Nq,U,Ag,t), T;(q,U,Ag,t), and T.(q,U,A,t),

final universal time with the time stept. This Euleriancom-  where k=1,2,...kk. The magnitude a&fA; is determined
putational grid consists of a distribution of the dipole mag- from Eq. (2). In the second part, we calculate the values of
netic field lines in the ionosphere and plasmasphere. Oné&\;(q,U,Ax,t+At), T;(q,U,Ag,t+At), and T.(q,U,Ag, t+At).
hundred dipole magnetic field lines are used in the modeln the low-latitude ionosphere, the value of‘is positive (an

for each fixed value oiA. The number of the fixed nodes eastward drift of plasma) during the most of the daytime con-
taken along each magnetic field line is 191. Seventy-twoditions, while during the most of the night-time conditions,
model Eulerian (q,U) computational grid planes are locatedthe plasma moves westward perpendicular to the geomag-
at A=0°, 5°,...355%. For each fixed value af, the region netic field lines in longitude (Fejer et al., 2005; Fejer, 1993).
of study is a (q,U) plane, which is bounded by two dipole The subsequent strategy of the second part for the case when
magnetic field lines. The computational grid dipole magneticvf>0 is different from that for the case Wherf\éo.

field lines are distributed between the low and upper bound- At first, we describe the technique in the case when the
ary lines. Computational grid dipole magnetic field lines zgnal plasma drift is directed eastward/E\(M,U,Ak,t)>O).
intersect the geomagnetic equatorial point (q=0) at the geysing the values of  NG,U,Ar+AAg t+AL),
omagnetic equatorial crossing heighfg HZ,, ... Hu" with  T,(qUA,+AALFAY,  To(qUA,FAAL+AL  and

the intervaIAh’gjzth—hg”qfl between neighboring compu-  N;(q,U,Ax—1+AAx_1,t+AL), Ti(q,UAr—1+AA;_1,t+AL),
tational grid lines m and m-1, where m=2,... mm, mm=2100.T.(q,U,Ax_1+AA;_1,t+At), and the interpolation pro-
The low boundary magnetic field line intersects the geomag-cedure, the model calculates the desired quantities of
netic equatorial point at the geomagnetic equatorial crossindN; (q,U,Ag,t+At), T;(q,U,Ax t+At), and T.(q,U,Ag, t+Atl).
height rnglso km. The upper boundary magnetic field line It should be noted that the quantities of (§lU,A1,t+At),

has I"=4264km.. The computational grid lines have the T;(q,U,A1,t+At), and T,(q,U,A1,t+At) are found from the
interval Ahy, of 20 km for m=1 and m=2, and the value of values of N(q,U,A1+AA1,t+A1), T;i(q,U,A1+AA,t+ALY),
AWZ,] is increased from 20km to 42 km linearly, if the value T,(q,U,A1+AA1,t+At) and  N(q,U,Age+A Ak, t+AL),

of mis changed from m=3 to m=mm. T (QU,Apk+A Ak 1AL, To(qQ,U,Ark+AAgg, t+AL), and

At each time point, we use the implementation of the tN€ interpolation procedure.
Eulerian-Lagrangian method developed by Paviov (2003) in If the plasma moves westward, i.e.x¥4,U,A,1)<O0,
solving the time dependent and two-dimensional continu-then the technique is changed in comparison with the
ity and energy equations at a (g,U) plane and upgrade thigrevious case. The values of;({,U.Ar+AAg t+AY),
method, taking into consideration the plasma drift betweenT:(d,U.Ax+AAL AL,  Te(qUArt+AAg AL and
the (q,U) planes in geomagnetic longitude. The Eulerian-Ni(Q,U,Ak—1+A Ak 1,t+AY), Ti(q,U Ak 1+A Ak, t+AL),
Lagrangian scheme used describes the plasma evolutiohe(d.U.Ak+1+A Ak 1,t+AL), and the interpolation pro-
based on a reference frame (see Egs. 1-2) moving with agedure are used to calculate the desired quantities of
individual parcel of plasma like a fully Lagrangian method, Ni(d.U.Axt+At), Ti(q,U.Ar t+At), and T.(q,U.Ag t+AY).
but makes use an Eulerian computational grid. It involvesUsing the interpolation procedure, the values of
a forward time integration of Eqgs. (1-2). Figure 1 shows Ni(d,U,Ake t+At), Ti(q,UAxk t+At), and T,(q,U,A g, t+AL)
schematic illustration of the major elements of the differ- are determined from the values of(,U,Axx+A Ak t+At),

ence between the two-dimensional approach and the threeli (0 U.Axc+A Agr t+AL), Te(dUA gk +A Agr t+AL)
dimensional approach in the calculations qf NI,, and T,  and  N(qU.A1+AA3t+AY),  Ti(qUA1+AAL AL,
described below. Te(9,U,A1+A A1 HAL).

Let us assume that the values of@lU,A 1), T;(q,U.A 1), If V{(@UAw0=0, then the desired values of
and T,(q,U,A,t) are known, and we calculate the values of Ni(QU.Ag AL, Ti(Q,UAtFAD, and T(q,U.AL A
N; (.U H+AD), Ti(q,UA,t+AY), and T(q,U,A, t+AY) si- € calculated from  Ng,UAD,  Ti(Q.UAD, and
multaneously for all the computational grid dipole magnetic Te(9,U.A.1), without takmg Into accouqt the plasma drift
field lines. The model calculations are carried out in the PEWeen the (q,U) planes in geomagnetic longitude.
two parts at each time step. In the first part, the new model As a result, the two-dimensional Eulerian-Lagrangian
uses the algorithms developed by Pavlov (2003) to describécheme of Paviov (2003) was extended to the three-
plasma evolution in each (g,U) plane. However, as dis-dimensional scheme. The new model works as a time de-
tinct from the two-dimensional approach of Pavlov (2003), Pendent three-dimensional (g, U, andcoordinates) global
the three-dimensional model results att+correspond to model of the low and middle latitude ionosphere and plasma-

a (q,U) plane which is located at+AA, and this change SPhere.

in geomagnetic longitude (the value ofA) is caused by Equations (1-2) determine the trajectory of the iono-
the zonalExB plasma drift. As a result of the first part, spheric plasma perpendicular to the magnetic field lines and
the model calculates the values of(JU,Ar+A Ay, t+AL), the moving coordinate system. Time variations of U are de-

T (q,UAr+A A t+AL), and T.(q,U,Ar+A A t+AL) from termined by time variations ofj\'ﬁ, and time variations oA
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N |(q ,U ,Ak,t+At),
T,(q U ,Ak,t+At),
Te(q,U, A, t+AL)

k=2,...kk
Ni(qvu!Ak’t)7 Ni(q,U,Ak+AAk,t+At),
Ti(q,U, A1), Ti(0,U, Al ctAA T+AL),
Te(q,U,Axt) Te(q,U,Ag+AA t+AL)
Ni(g,U,Ax1,1), Ni(q,U, A tAA ., T+AL),
Ti(q,U,Ax1,1), Ti(Q,U, A1 tAA 1, tHAL),
Te(quvAk-lvt) Te(qu 1Ak-1+AAk_1,t+At)

k=1
Ni(g,U,A 1), Ni(q, U, A1 +AA t+AL),
Ti(q,U,Ay 1), Ti(q,U,A+AA,, t+AL),
Te(q,U,Al,t) Te(q!U 1A1+AA1|t+At)
Ni(q,U,Akk,t), Ni(q,U,Akk+AAkk,t+At),
Ti(q,U,AKk 1), Ti(q,U, At AA i 1+AL),

Te(q ’ U 1Akk1t)

Te(Q, U, ApictAA i t+AL)

Ni(q,U,Aq t+AL),
Ti(q,U,Aq tHAL),
To(q,U,Ap t+AL)

VEA(qu ,Ak,t)<0

k=1,...kk-1
Ni(qiuiAk!t)l Ni(q,U,Ak+AAk,t+At),
Ti(qlulAkvt)l Ti(qlu,Ak+AAk,t+At),
TE(Q1U1Ak!t) Te(qu ,Ak+AAk,t+At)

Ni(q1U1Ak+1:t),
Ti(Q:U lAk+lvt)v
Te(quvAkﬂ:t)

Nl(q ’ u 1Ak+1+AAk+1,t+At),
Ti(Q,U, A1+ AA i, tHAL),
TE(q ’ u 1Ak+1+AAk+1,t+At)

N |(q , U ,Ak,t+At),
T.(q U ,Ak,t+At),
Te(q,U, A, t+AL)

k=kk

Ni(9,U, Ak b),
Ti(Q,U,Ax 1),
Te(q,U,Akk,t)

Ni(9, U, AxctAA i t+AL),
Ti(Q,U, Ak tAA i T+AL),
Te(Q, U, AgictAA g t+AL)

Ni(q1U1A1yt):
Ti(qulAllt)!
Te(anyAlyt)

Nl(q ’ U 1A1+AAl|t+At),
Tl(q y U 1A1+AA11t+At)y
Te(q,U ,A1+AA1,t+At)

Ni(9,U, A, t+AL),
Tl(q ’ U ,Akk,t+At),
Te(q ’ U lAkk1t+At)

Fig. 1. The major elements of the difference between the two-dimensional approach (Pavlov, 2004) and the three-dimensional approach usec
in this work in calculations of N T,, and T;.

are determined by time variations oﬁE In the model cal- model simulations over the geomagnetic equator at F-region
culations, the empirical F-region quiet time equatorial ver- altitudes are obtained from the time variations of the empir-
tical drift model of Scherliess and Fejer (1999) is used toical F-region quiet time equatorial zonal plasma drift shown
calculate the value of  over the geomagnetic equator at by the solid line in Fig. 2. The value of this drift velocity is
F-region altitudes. The time variations of/Hised in the taken from Fig. 2 of Fejer et al. (2005) over Jicamarca for
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equinox conditions and F10.7=180. It is assumed that this 160 |—
value of gy is the same at all geomagnetic longitudes over 14 |-
the geomagnetic equator at F-region altitudes. The equato-~ 1
rial electric fields & and E; are used to find the equatorial
effective electric fields g and ET.

The dashed line in Fig. 2 shows the average quiet time
zonal plasma drift velocity over Arecibo for equinox con-
ditions at solar maximum taken from Fig. 3 of Fejer (1993).
This drift is used to determine the value qf &t the F-region
altitudes over Arecibo. The average quiet time electric field
E, at the F-region altitudes over Arecibo is found from the 40
average quiet time perpendicular/northward F-region plasma -0
drift for equinox conditions at solar maximum presented in 0 6 12 18 24
Fig. 2 of Fejer (1993). The Arecibo values of, Eand & SLT (hours)
are used to find the Arecibo quantities §f&and E. Let a _ _ o o _
geomagnetic field line intersect the 300-km altitude over theF9- 2. Diurnal variations of the quiet time zonBlxB plasma drift
Arecibo radar at a geomagnetic latitudesof. The values velocity at F-rgglon altltude§ overchamarca (sol_lc_zl and dotted lines)

off i : . nd over Arecibo (dashed line) for equinox conditions at solar max-
of E" and B’ are assumed to be the same in the CorLc’ldereﬂilmum The Jicamarca zon&xB plasma drift velocity are taken
(q,U) planes for magnetic field lines which intersect the 300- - P y

: X . . from Fig. 2 of Fejer et al. (2005) (solid line) and from Fig. 2 of
km altitude at geomagnetic latitudes-¢. The equatorial  pejer et al. (1981) (dotted line), while the dashed line represents

effective electric fields & and E are used for magnetic  the Arecibo data presented in Fig. 3 of Fejer (1993). The zonal
field lines, which intersect the geomagnetic equatorial pointsExB plasma drifts shown by the solid and dashed lines are used
at the geomagnetic equatorial crossing heig@:gBOO km. in the model simulations of this work (see Sect. 2), while the data
Linear interpolation of the equatorial and Arecibo quantities presented by the dotted line were used by Anderson (1981) (see
of ES™ and E¥ are employed at intermediate dipole magnetic discussion in Sect. 4). SLT is the solar local time (SLT=y715,
field lines. wherey is the geographic latitude).
The finite-difference algorithm described above yields ap-
proximations to N, N, T;, and T, in the ionosphere and
plasmasphere at 72 Eulerian computational grid (g,U) planeghond and Lu, 2000). The value of the geomagnetic Kp index
with the time stepAt=10 min. The interpolation procedure Was in the range from_1to 3 during 10-11 April 1958 and
is used to find the values of;NN,, T;, and T, at points between Q and 3. during 12-13 April 1958. Therefore,
which are located between 72 Eulerian computational gridthe studied time period of 12—-13 April 1958 can be consid-
(9,V) planes. Using initial ion densities, and electron and ion€red as a geomagnetically quiet time period. The F10.7 solar
temperatures, the model is run from 14:00 UT on 10 April activity index was equal to 197 on 12 April and 181 on 13
1958 to 24:00 UT on 13 April 1958. To neglect the effects of APril, while the 81-day averaged F10.7 solar activity index
the initial conditions on N T;, and T,, the values of N T;,  centered on 12 or 13 April was close to 244.
and T, produced by the model from 14:00 UT on 10 April  Hourly critical frequencies,foF2 and foE, of the F2
1958 to 24:00 UT on 11 April 1958 are not taken into con- and E layers, and maximum usable frequency parameter,
sideration, and the model results are used during the studiell(3000)F2, from the La Paz, Natal, Bombay, Ahmedabad,
time period from 00:00 UT on 12 April 1958 to 24:00 UT Trivandrum, Kodaikonal, Tiruchirapalli, Delhi, Calcutta,
on 13 April 1958. As the model inputs, the horizontal com- Singapore, Maui, Talara, Panama, Chiclayo, Huancayo, and
ponents of the neutral wind are specified using the HWM90Bogota ionospheric sounder stations, which are available at
wind model (Hedin et al., 1991), the model solar EUV fluxes the lonospheric Digital Database of the National Geophys-
are taken from the EUVAC model (Richards et al., 1994), ical Data Center, Boulder, Colorado, are used as a base for
while neutral densities and temperature are taken from théhe purpose of this investigation. The locations of these iono-
NRLMSISE-00 model (Picone et al., 2002). spheric sounder stations are shown in Table 1. The value of
the peak densityNmF2, of the F2 layer is related to the crit-
ical frequencyfoF2 asNmF2=1.24x10'° foF22, where the
3 Solar geophysical conditions and data unit of NmF2 is nT-3, the unit offoF2 is MHz. To determine
the ionosonde value &inF2, the relation betwedmm=2 and
The characteristic time of the neutral composition recoverythe values ofM (3000F2, foF2, andfoE recommended by
after a storm impulse event ranges from 7 to 12 h, on averag®udeney (1983) is used asF2=1490/M (3000 F2+AM]—
(Hedin, 1987), while it may need up to several days for all 176, whereAM=0.253/foF2foE-1.215)-0.012. If there are
altitudes down to 120 km in the atmosphere to recover comno foE data, then it is suggested thaM=0, i.e. thehmF2
pletely back to the undisturbed state of the atmosphere (Richformula of Shimazaki (1955) is used. The reliabilitytofiF2

Jicamarca (Fejer et al., 2005)

----- Arecibo (Fejer, 1993)

..... Jicamarca (Fejer et al., 1981)"

Zonal ExB plasma drift (ms
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Table 1. lonosonde station names and locations, and the maximum model vaﬂm:dfﬂ\lrrFZ(Vf =0) over each ionosonde station during
12-13 April 1958. Geomagnetic latitudes and longitudes are calculated in eccentric (first number) and centered (second number) dipole
approximations for the geomagnetic field using the parameters of these magnetic field approximations for the time period 1958.

lonosonde Geographic  Geographic Geomagnetic GeomagneNerF2ZNmF2(E; =0)]max

Stations latitude longitude latitude longitude

La Paz -16.5 291.9 -52,-5.0 34,12 1.2
Natal -5.3 324.9 35,42 344,342 1.2
Bombay 19.0 72.8 9.5,9.8 140.1,143.8 24
Ahmedabad 23.0 72.6 13.6,13.8 140.3,1458 2.1
Trivandrum 8.5 770 -—-1.6,-1.1 143.0,146.8 23
Kodaikonal 10.2 77.5 0.1,0.5 143.7,1474 23
Tiruchirapalli 10.8 78.7 0.6,1.0 144.9,148.7 23
Delhi 28.6 77.2 18.8,18.8 145.3,149.2 15
Calcutta 23.0 88.6 12.2,12.3 155.7,159.3 2.2
Singapore 1.3 103.8 —-11.1,-10.1 170.1,173.0 2.1
Maui 20.8 203.5 214,209 271.8,268.4 1.1
Talara —4.5 278.6 6.0,6.8 350.8,347.9 15
Panama 9.4 280.1 19.4,20.7 351.9,3489 11
Chiclayo —6.7 280.1 40,46 352.3,3495 15
Huancayo -12.0 284.6 —-1.0,-0.6 356.7,354.1 14
Bogota 45 285.8 14.8,16.0 357.6,355.0 1.2

derived from the observed values #f(3000F2, foF2, and s the primary force in determiningmF2 (Rishbeth, 2000;
foE by means of the Dudeney (1983) approach is supporte@ouza et al., 2000; Pavlov, 2003; Pavlov et al., 2004a, b). As
by the reasonable agreement between these valuasrs# a result, it is necessary to compare the measured and mod-
and those measured by the middle and upper atmosphered hmF2 close to the geomagnetic equator to adjust the
radar at Shigaraki (34.8%, 136.10 E) during 19—21 March  value of E, for the studied time period. The comparison be-
1988 and 25-27 August 1987 (Pavlov et al., 20044, b). tween the measurdahF2 shown by the squares in Figs. 3—

6 and the calculatethim2 shown by the dashed lines in

Figs. 3-6 clearly indicates that there is a large disagreement
4 Model/data comparisons between the measured and modeled-2 over the Natal,

Ahmedabad, Talara, and Chiclayo ionosonde stations close
The measured (squares) and calculated (linésF2 and t(? 18200—2020(? SLT on 12 and 13 Apl‘" 1958 if the equ_ato-
hF2 are displayed in Figs. 3-6 from 00:00 UT on 12 April rial Ex _determlneq by the plasma drift model of Scherllgss
to 24:00 UT on 13 April above the ionosonde stations pre-2nd Fejer (1999) is used. It follows from the model sim-
sented in Table 1. For clarity, the solar local time, SLT, is ulations that it is unlikely to make the measured and mod-
used in Figs. 3-6 for each ionosonde station (SLT=YTL5, _eled hmF2 over j[hese |on_o_sonde stations agree via changes
where v is the geographic latitude). The NRLMSISE-00 N the _neutral wind, densities, and temperatgre. The model
neutral temperature and densities, and the equatorial E ©Of the ionosphere and plasmasphere overestint®g un-
given by the equatorial perpendicular plasma drift model O]c_der condmorys of strong upward plasmg drifts before and dur-
Scherliess and Fejer (1999) for the studied time period ard"d the evening prereversal plasma drift enhancement, trans-
used in producing the model results shown by dashed line§0rting ions and electrons from lower to higher altitudes.
in Figs. 3-6. Solid and dotted lines show the results from I herefore, if the equatorial perpendicular plasma drift given
the model with the correctedEand NRLMSISE-00 atomic Py the empirical model of Scherliess and Fejer (1999) at

oxygen density, which are discussed below. The zonal com&ach geomagnetic longitude over the geomagnetic equator
ponent of the plasma drift described in Sect. 2 is taken into€*xc€eds 20 ms" from 16:00 SLT to 20:00 SLT, then it is set

account in the model results shown by solid and dashed line® 20 ms *, to improve the agreement between the measured
in Figs. 3-6, while dotted lines in Figs. 36 are produced by@nd modeledirF2 over the Natal, Ahmedabad, Talara, and

the model when the zonal plasma drift is equal to zero. Chiclayo ionosonde stations.

Close to the geomagnetic equator, the meridional wind has Figures 3—6 show that the modeled daytime values of
little effect on the spatial and temporal features of the dis-NmF2, given by dashed lines, are overestimated in compar-
tribution of plasma, and the meridionglxB plasma drift  ison with the observed values. It can be expected that the
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Fig. 3. Observed (squares) and calculated (lifds}2 andhmF2 above the La Paz, Natal, Bombay, and Ahmedabade ionosonde stations
from 00:00 UT on 12 April 1958 to 24:00 UT on 13 April 1958. SLT is the solar local time at each ionosonde station. The results obtained
from the model of the ionosphere and plasmasphere using the equatgripfdtiuced by the equatorial perpendicular plasma drift model

of Scherliess and Fejer (1999), and the NRLMSISE-00 neutral temperature and densities, as the input model parameters, are shown b
dashed lines. Solid and dotted lines show the results given by the model with the corrected equataridlthe NRLMSISE-00 model

with the corrected value of [O]. The corrected meridioBalB plasma drift given by the model of Scherliess and Fejer (1999) is taken to be
20ms 1 from 16:00 SLT to 20:00 SLT at each geomagnetic longitude over the geomagnetic equator, if this drift is larger thah Z0hms
NRLMSISE-00 model atomic oxygen number density was decreased by a factor of C in the both hemispheres at all times and altitudes. The
value of C is found to be 1.5 at all geomagnetic latitudes, if the geomagnetic longitude is located betWesmd1¥85. In the geomagnetic

longitude ranges from9to 35° and from 350 to 36C, the [O] correction factor is estimated to be 1.5 at geomagnetic latitudes exceeding

15° and below—15°, C=1.2 at the geomagnetic equator, and the value of C decreases linearly from 1.5 to 1.2, if the geomagnetic latitude is
changed from-15° to 0° and from 15 to 0°. The [O] correction factor varies linearly in geomagnetic longitude betwe2&mad® 140 and

from 155 and to 350, if the value of the geomagnetic latitude is not changed. The Z6r&@ plasma drift described in Sect. 2 is taken

into account in the model results shown by solid and dashed lines, while dotted lines are produced by the model when the zonal plasma drift

is equal to zero.
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Fig. 4. From bottom to top, observed (squares) and calculated (liné$jb2 andhmF2 above the Trivandrum, Kodaikonal, Tiruchirapalli,
and Delhi ionosonde stations during 12—-13 April 1958. SLT is the solar local time at each ionosonde station. The curves are the same as in
Fig. 3.

NRLMSISE-00 model has some inadequacies in predictingnent,g is the acceleration due to gravity, is a thermal dif-
the number densities with accuracy. This model assumes thiusion coefficient.

use of the analytical formula to calculate the neutral density The NRLMSISE-00 neutral temperature profile is calcu-
altitude profiles at altitudes above 120 km by integrating thelated above the 120-km altitude as

equation of diffusion equilibrium given as
T1(2)=Too—[Too—Tn(20)] €XH—0 (z—20) (RE+20)/ (Re+2)], (5)

(4) where T, is an exospheric temperature=420 km, and»

is a shape factor.

where ry denotes a number density of the n-th neutral com- The value of p(z) produced by the NRLMSISE-00
ponent,z is an altitude H,,=KT, (mng)—l, k is Boltzmann’s  model is a function of f(zp), Teo, Tn(20), and o deter-

coefficient, m denotes the mass of the n-th neutral compo-mined by Picone et al. (2002) from measurements of the

d d
—Inn, +H, '+ 14 a,)—InT, =0,
0z 9z
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Fig. 5. From bottom to top, observed (squares) and calculated (lind¢iB2 andhmF2 above the Calcutta, Singapore, Maui, and Panama
ionosonde stations during 12—13 April 1958. SLT is the solar local time at each ionosonde station. The curves are the same as in Fig. 3.

neutral temperature and densities, i.e. inaccuracies in thenake a contribution to the inaccuracies of the calculated
NRLMSISE-00 neutral temperature and number densitieSNRLMSISE-00 ry(z) and T,(z).

can arise from inaccuracies in the predictions @fzp),

Teos Tu(20), ando. Unfortunately, Picone et al. (2002) Lean et al. (2006) have analyzed the total mass density
did not publish statistical distributions of data used by theof the atmosphere measured by three Starshine spacecraft
NRLMSISE-00 model in time, in altitude, in months, in lat- at altitudes between 200 and 475 km at solar maximum and
itude, in longitude, and in solar and geomagnetic activities.have found larger differences of as much as 30% between
Nevertheless, it is possible to suppose that, as a result of the measured total mass density and that produced by the
limited amount of measurements qof() and T,(z), not all ~ NRLMSISE-00 model which can persist on time scales of
geophysical conditions are well represented in this modelseveral months. A part of this inaccuracy in the NRLMSISE-
Errors in satellite and rocket measurement,dizhand T, (z) 00 model prediction is reduced if an improved solar EUV ir-

used by the NRLMSISE-00 model as the base data set alstadiance index, such as the Mg Il index, is used as the input
parameter of the NRLMSISE-00 model instead of the solar
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Fig. 6. From bottom to top, observed (squares) and calculated (lin@g)B andhmF2 above the Talara, Chiclayo, Huancayo, and Bogota
ionosonde stations during 12—13 April 1958. SLT is the solar local time at each ionosonde station. The curves are the same as in Fig. 3.

10.7 cm radio flux (Lean et al., 2006). It was pointed out by in some places even higher (Rishbeth andllst-Wodarg,
Lean et al. (2006) that the total mass densities given by the1999). Models such as NRLMSISE-00 generally assume that
NRLMSIS-00 model underestimate the upper atmosphere rediffusive equilibrium exists above 120 km, but this assump-
sponse associated with solar 27-day rotational modulation ofion may introduce errors of 25% or more in model values
EUV radiation seen in the Starshine drag densities, up to af [O]/[N] at F2-layer heights for quiet geomagnetic condi-
factor of two. In the lower thermosphere, the primary sourcetions (Rishbeth and Mler-Wodarg, 1999).

of information on [O] is the mass spectrometer data on a |t s necessary to modify the NRLMSISE-00 number den-
sum of [O] and 2[Q] (Picone et al., 2002), and it may be a sjties to bring the modeled electron densities into better
source of inaccuracies in [O] produced by the NRLNSISE-00agreement with the measurements (see Figs. 3-6). As a
model. It is worth noting that above about 127 km, diffusion result, the value of [O] was decreased by a factor of C in
becomes dominant over photochemistry for O, but diffusivepoth hemispheres at all times and altitudes from the compar-
equilibrium is not fuIIy established until about 166 km, and ison between the model@&th=2 andNmF2 measured by the
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ionosonde stations of Table 1. It is found from the modelthe Jicamarca vertic&t xB plasma drifts are most variable
simulations that C=1.5 at all geomagnetic latitudes, if the ge-over a period of about 4 weeks, centered on the equinox (Fe-
omagnetic longitude is changed between°1d0d 155. In jer and Scherliess, 2001). The empirical model of Scher-
the geomagnetic longitude ranges froft6 35 and from  liess and Fejer (1999) was created by averaging a great deal
350 to 360, the value of C is estimated to be 1.5 at ge- of data to find the mean trends in noisy data and create
omagnetic latitudes exceeding®land below—15°, C=1.2  smooth curves. Therefore, the equatorial meridional drift
is taken at the geomagnetic equator, and the [O] correctiorpatterns produced by this model describe only average diur-
factor decreases linearly from 1.5 to 1.2 if the geomagneticnal changes in the equatorial meridional drift (see very large
latitude is changed from-15° to 0° and from 15 to @°. The  scattering in the measured vertical plasma drift in Figs. 1 and
[O] correction factor varies linearly in geomagnetic longi- 2 of Scherliess and Fejer, 1999). It is possible to assume that
tude between 35and 140 and from 158 and to 350, if the there are differences in longitude of this day-to-day variabil-
value of the geomagnetic latitude is not changed. This cority in E», which is not used by the model. It is also possible
rection of the NRLMSISE-00 atomic oxygen number density that the NRLMSISE-00 [Q] correction factor is inconstant
is used in the model results presented in Sect. 5. in time, and the NRLMSISE-00 model has some inadequa-
It should be noted that the valuesMimF2 andhmF2 and  cies in predicting the actual fjland [O,] with accuracy for
the model results and conclusions described in Sects. 5 andtBe studied time period. A possible difference between the
are practically not sensitive to the above-mentioned correcHWM90 wind and the real wind for the studied time period
tion of the NRLMSISE-00 atomic oxygen number density can also produce a part of some quantitative differences be-
by night, and the night-time correction of [O] is employed to tween the measured and modeMiF2 andhnF2. Never-
avoid sharp changes in [O] between daytime and night-timetheless, the use of the corrected [O] angd litings the mea-
conditions. On the other hand, during daytime periods thesured and modeleNnF2 andhmF2 into reasonable agree-
value of NmF2 is approximately proportional to [O]/L(O, ment, which is enough to carry out the study of the influence
where L(O") is the loss rate of O(*S) ions in the reactions  of the zonaE x B plasma drift on N.
of these ions with vibrationally unexcited and vibrationally
excited molecular nitrogen and oxygen, described in detalil
by Pavlov (1998). It means that it is possible to make a com-5 Effect of the zonalE xB plasma drift on N,
parable agreement between the measured and modeled day-
time NmF2 by decreasing [O] by a correction factor of C, Itis evident from the comparison between the solid and dot-
or by increasing the daytime values offNand [O;] by the  ted lines in Figs. 3-6 that§/produces small effects NmF2
same correction factor of C, or decreasing [O] and increasduring the daytime periods, the zortak B plasma drift gives
ing [N2] and [O] by day, so that the [O]/[B] and [O)/[O;] rise to a considerable increaseNmF2 during the night-time
ratios are decreased by the same correction factor of C. Thiperiod, and there is the tendency for the influence ﬁfdh
conclusion is supported by the model simulations. It is worthNmF2 to peak after midnight. The influence of the zonal
noting that the value dfimF2 is a function of L(3) by night ~ ExB plasma drift orNmF2 andhF2 is characterized by the
and the use of the above-mentioned correction ig] dhd NrrF2/NrTF2(Vﬁ=O) ratio and thehrTFZ—hrrFZ(Vj{:O) dif-
[O2] as an alternative of the correction in [O] is limited by ference, WhereNrrFZ(Vﬁ:O) andhrrFZ(Vﬁ:O) are the F2-
daytime conditions. It is found from the model simulations layer peak density and altitude produced by the model, which
that the model which uses these different neutral density cordoes not include the zonglx B plasma drift. The maximum
rections with the same correction factor of C produces cIosé\IrTFZ/l\Ir‘rFZ(VI’f:O) ratio over the ionosonde stations is pre-
results, and the validity of the main results of this work is sented in Table 1.
not dependent on the alternative choice of the neutral density The two low panels of Fig. 7 show the maximum model
corrections. value oanF2/NrrF2(V§:O) during 12—-13 April 1958 at
Solid and dotted lines in Figs. 3—6 show the results giventhe geomagnetic latitudes of ,0—-10°, —20° (the solid,
by the model, which uses the corrected equatorighfd the  dashed, and dotted lines in the panel (a), respectively) and
modified NRLMSISE-00 [O] described above. One can seel(®, 2C¢° (the solid and dashed in the panel (b), respec-
from the comparison between the squares and the solid linetvely). The longitudinal changes in tmmFZ/NrrFZ(ij:O)
in Figs. 3—6 that these modifications of End [O] bring the  ratio over the geomagnetic equator at 20:00 SLT (dashed
measured and modelédhF2 andhmF2 into better agree- line), and 24:00 SLT (solid line) shown in the panel (d)
ment. of Fig. 6, and the maximum model value o@/INIg(V£=O)
Figures 3-6 show that there are some quantitative dif-over the geomagnetic equator at 700 km (solid line), 1000 km
ferences between the measuiaF2 andhmF2 and those (dashed line), and 1500km (dotted line), shown in the
shown by solid lines. These differences can be the resultop panel of Fig. 7, are discussed later in this section.
of scattering in the data caused by measurement errors, arithe model results show that there are significant dif-
can be produced by considerable day-to-day variability in theferences in INrrFZ/NrrFZ(Vi=O)]maX at different geomag-
equatorial electrojet (Rishbeth, 2000). It should be noted thahetic latitudes and longitudes. The main peak value of
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[NrrFZ/NrrFZ(Vf:O)]malX is estimated from the numerical
simulations to be 2.15-2.31 betweed(® and 10 geomag-
netic latitude at 140geomagnetic longitude, and this main
peak is less pronounced aR0° and 20 geomagnetic lat-
itudes, in comparison with that betweerl(®® and 10 ge-
omagnetic latitude. TheNMF2NMF2(VE =0)]nax ratio is
found to be 1.04-1.20 at 2@eomagnetic latitude from°0
to 95° and from 220 to 360> geomagnetic longitude, while
[NrTF2/I\IrTF2(Vf;:0)]max:1.06—1.20 at-20° geomagnetic
latitude from O to 25> and from 220 to 360° geomagnetic

Ann. Geophys., 24, 2552572 2006

longitude. The two low panel of Fig. 7 show that the model
also produces the second peak NnFZ/I\IrrFZ(Vﬁ:O)]maX
between-10° and 10 geomagnetic latitude, which is equal

to 1.48-1.57 and located from 33@0 345 geomagnetic
longitude. As a result, the present study provides first ev-
idence that there are longitude sectors where the enhance-
ments inNmF2 due to the zonaExB plasma drift are
more pronounced. A noticeable feature of the change in
NnFZA\IrTFZ(V/’{:O)]maX in geomagnetic longitude is its lo-

cal minimums in the 1.03-1.15 range, which are formed at
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20-3% geomagnetic longitudes and at 245-27gomag- at 0 geomagnetic longitude and zero neutral wind are em-
netic longitudes between10° and 10 geomagnetic lati- ployed at all geomagnetic longitudes, and a centered dipole
tude. Hence, this work provides first evidence that the in-approximation for the geomagnetic field (the Earth’s cen-
fluence of the zondt xB plasma drift orNmF2 is less pro-  tric tilted magnetic dipole moment is inclined with respect
nounced close to the above-mentioned geomagnetic longito the Earth’s rotational axis) is used, then the model pro-
tude, where local minimums ofNMF2NNF2(V5=0)lmax ~ duces feebly marked variations MfiF2NmF2(VE =0)]max
are formed. The influence of the zortak B plasma drift  in geomagnetic longitude. For example AE0-360, then
on NnF2 is feebly marked mF2NMF2(VE =0)Jmax<1.1)  [NMF2NNMF2(V4=0)]max=1.90-2.05 over the geomagnetic
and can be neglected between’ 5nd 95 geomagnetic  equator, andl‘ﬂrrFZ/NrrFZ(Vﬁ:O)]max:1.88—2.00 and 1.90—
longitude, between 230and 300 geomagnetic longitude, 1.97 at—15° and 18 geomagnetic latitude, respectively. As
and from 330 to 350° geomagnetic longitude at 2@eo-  a result of the model simulations, three major causes of the
magnetic latitude, and in the 240-358eomagnetic longi- calculated longitude variations irIN[rFZ/l\IrrFZ(Vﬁ:O)]maX
tude range at-20° geomagnetic latitude. The difference were revealed: (1) the longitudinal asymmetnyBir{the ec-
between the calculated F2-peak altitude and that obtainedentric magnetic dipole is displaced from the Earth’s center
when the zonaE x B drift is omitted is inessentiallimF2—  and the Earth’s eccentric tilted magnetic dipole moment is
hrrFZ(VﬁzO)|§10 km) at—20° and at 20 geomagnetic lat- inclined with respect to the Earth’s rotational axis), (2) the
itude between Dand 108 geomagnetic longitude and from variations of the wind induced plasma drift in geomagnetic
210 to 360 geomagnetic longitude. By comparing the solid longitude caused by the changes in the displacement of the
and dashed lines in Fig. 2, it is seen that the night-timegeomagnetic and geographic equators and the magnetic dec-
eastward drift over the geomagnetic equator is considerablyination angle in geomagnetic longitude, and (3) the varia-
larger than the night-time eastward drift over Arecibo. As tions of the meridionaExB plasma drift in geomagnetic
a result of this weakening of the night-time eastward drift in longitude (due to the longitudinal dependence of the merid-
geomagnetic latitude, the influence of the zdaalB plasma  ional equatoriaE x B plasma drift produced by the empirical
drift on NnF2 andhm2 is found to be negligible above model of Scherliess and Fejer, 1999).
about 25 and.below. about-26° geomagnetic latitude at In the topside night-time ionosphere, an increase in N
all geomagnetic longitudesNfrF2NMF2(V{=0)lmax<1.09  caysed by the zon& xB plasma drift is transported from
and |hmF2-hmF2(V=0)| <5km at—26° and 25 geomag-  gwer to higher altitudes by plasma diffusion along magnetic
netic latitude). _ _ _ field lines, and, simultaneously, this increase inidlredis-
+A1;ter sunset, the daytime F2-region decay is caused byihted between magnetic field lines by the merididaalB
O+(4S)_'°” losses with a rate in chemical reactions of gt As a result, the altitude dependence of the influence
O ( S_) ions Wlth V|b_rat|o_nally u_nexcned and excited Bind ¢ Vf on N, in the topside ionosphere over the geomag-
O. Field-aligned diffusion of ions and electrons transport atic equator is a function of changes in the effect ﬁf(‘m
ionization from the topside ionosphere to F2-region altitudesy g2 andhme2 in geomagnetic latitude. As the top panel of
maintaining night-timeNmF2. The night-time gain of ion- gig 7 shows, the maximum effect offvon N, decreases in
ization at the F2-peak is caused by the merididhaB drift,  5jiitude in the night-time topside ionosphere above 700 km
which is directed from higher L-shells to lower L-shells. The gyer the geomagnetic equator and this effect is not signif-
plasma drift along magnetic field lines due to neutral windsicant above about 1500km. The model simulations show
modulates the night-timBInF2 in a constructive or destruc- i i E_ ;
tive manner, depending upon the direction of the meridionalitg acthg:]glgc(j) %Ié?\:v:::lfg;gﬁdqﬁw :1?1]8(\1/6 gg)c);?;g_

wind. A poleward meridional wind causes a lowering of pegic |atitude and is found to be negligible a20° and 20
the F2-region height and a resulting reductioNim~2 due geomagnetic latitude.

to an increase in the loss rate off@S) ions, whereas a - .
meridional wind, which is equatorwards, tends to increase Shqwn in Figs. 8, 9, and 10 are plots of solar lgcal time
the value ofNMF2 by transporting the plasma up along field variations of the modeled 1\/?'“63 NIMF2INMF2(V=0),
lines to regions of lower chemical loss of @#S) ions. These hnFZ‘hTTFZ(ViZO)’ and N 5% N, athmF2 over the geo-
processes lead to a dependenceof2 on SLT by night, magnetic Iat|tt_Jde of-15° (solid lines), (3 (dottgd lines), and
forming NmF2 changes in geomagnetic longitude at fixed 15 (dashed lines) at the geomagnetic longitude 9f4%’,
values of altitude and geomagnetic latitude. In addition 10907, 135, 180, 225, 270, and 318.

the above-mentioned processes, the plasma moves in longi- It follows from the model simulations that
tude by the strong eastward zortak B drift velocity, cre- 0.96§NrTF2/l\erF2(V1’{:O)§1.1 from about 07:55 SLT
ating an additional source of electron and ions, so that thdo about 19:47 SLT over the geomagnetic equator at all
night-time plasma density is maintained above values whichgeomagnetic longitudes, and from about 08:32 SLT to about
would be calculated in the absence of this eastward drift and2:00 SLT at—10° and 10 geomagnetic latitude at all
the above-mentioned processes can modulate the effect of tppomagnetic longitudes. Thus, the enhancemeniénif2
zonalExB drift on N,. If the meridionalExB plasma drift ~ caused by the zon&x B plasma drift are pronounced during

www.ann-geophys.net/24/2553/2006/ Ann. Geophys., 24, 2852%-2006



2566 A. V. Pavlov: The role of the zon&lx B plasma drift in the low-latitude ionosphere

4
$|>< 2.0 ... 135° " . 180° geomagnetic longitude
W geomagnetic A
< longitude ;
= :
£ 15 4
a .
LL
£
z
1.0 =3
12 24 12 24
1.6 —
=) 90 _ 225° geomagnetic longitude
< geomagnetic
“é 1.4 longitude —
N
LL
£
Z 1.2
o
LL
1.0 e ST
12 24 12 24
?‘ 270° geomagnetic longitude
i
b
N -
L
£
z
N
L
£
Z
'\
= , 315° 3
T, | /1 geomagnetic s ¢
Lij>_, + longitude
< :
LL
£
Z
N
LL
£
z

SLT (hours) SLT (hours)

Fig. 8. The modeled\erF2/l\lrrF2(V£:O) ratio as a function of SLT from 00:00 UT on 12 April 1958 to 24:00 UT on 13 April 1958 over
the geomagnetic latitude ef15° (solid lines), O (dotted lines), and 5(dashed lines) at the geomagnetic longitudes’o#@°, 90°, 135°,
180°, 225, 270, and 315.

a part of the night-time period, and changesNmF2 due  the meridionalE xB drift lifts the plasma from lower field
to the zonalExB plasma drift are hardly distinguished by lines to higher field lines, while during most of the night-
day. As Fig. 9 shows, the difference between the calculatedime period this drift moves ions and electrons from higher
F2-peak altitude and that obtained when the zdBalB field lines to lower field lines. Simultaneously, the plasma
drift is omitted is not significant in the daytime low-latitude diffuses along the magnetic field lines. As a result of the
ionosphere. morning reversal of the meridion&xB plasma drift, ions
There are distinguishing features in the diurnal variationsand electrons begin to move from lower L-shells to higher L-
of Ne—l%Ne at hmF2 presented in Fig. 10. These varia- shells under the action of this drift, causing a drofNim~2
tions show a morning maximum caused by a sharp increasaround the geomagnetic equator and a gain in ionization at
in NmF2 after sunrise. During most of the daytime period F2-peak altitudes at higher geomagnetic latitudes, leading
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to the formation of the equatorial anomaly. These phys-ExB plasma drift onNmF2. Furthermore, Figs. 3—6 show
ical processes are responsible for the formation of a locathathmF2 makes a rapid drop in the ionosphere during most
minimum in I\glﬁNE before 12:00 SLT over the geomag- of the night-time conditions leading to an increase in the loss
netic equator. For the same reasons, the presence of a locadte, Lg, of O (*S) ions in chemical reactions of these ions
evening minimum in r§t1% N, over the geomagnetic equa- with unexcited and vibrationally excitedoMind G athmF2.

tor is explained by the evening pre-reversal enhancement$hus, this night-time decrease lmF2 leads to a strength-
of meridionalE xB plasma drift produced by the Scherliess ening of a drop ilNmF2, decreasing the value ofgl‘klaiANe,

and Fejer (1999) model. After sunset, a decay in the day-and the resulting influence of the zoak B plasma drift on
time ionosphere leads to a decreasdNimF2 and to a de- NmMF2 becomes stronger.

crease in rglﬁ N., strengthening the influence of the zonal
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The zonalE xB plasma drift, which is used in the model plasma drift orNnF2 to peak close to and after midnight, i.e.
simulations, is directed from the geomagnetic west to the gethe NrrF2/NrrF2(Vﬁ=O) ratio peaks a few hours later than
omagnetic east by night, and the maximum eastward driftvZ. It means that the night-time dependenceNofF2 on
is about 165m<s! close to 20:45 SLT at F-region altitudes V% is essentially nonlocal in time, i.e. the valueNiF2 at
over the geomagnetic equator (see solid line in Fig. 2). Af-the fixed solar local time,;t depends on the values oﬁv
ter a peak before midnight, the magnitude (ﬁ ®t F-region  from ty to t;, where ¢ is a solar local time at sunset. Fur-
altitudes over Jicamarca is observed to decrease with locghermore, Fig. 10 shows that during most of the night-time
time during the night-time period and during a part of the period, the value of llslla‘—ANe athmF2 is decreased in time,
daytime period (after sunrise), reaching the minimum drift strengthening the dependence qf o V. As a result, the
velocity at 11:15-12:15 SLT (see solid line in Fig. 2). Fig- influence of the eastwarfix B plasma drift orlNnmF2 is ac-
ure 8 shows the tendency of the influence of the z&aB  cumulated and, after a small drop, this effect is strengthened
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in time up to a time point, with the following weakness of crosses the geomagnetic equator at F2-layer altitudes, cannot
this influence. This conclusion can be illustrated from the re-changeNmF2 very noticeably by night because during most
duced continuity equation for @*S) ions, which takes into  of the night-time period, electron density changeshirat
account only the loss rate of these ions and the zBneB hmF2 at the same solar local time and geomagnetic longitude

plasma drift as (only for qualitative evaluations) are less pronounced over the geomagnetic equator in com-
3 parison with those from about1(® to about—20° geomag-
§Ne = —LoN, + VfH*lNe, (6) netic latitude or between about°l@nd about 20 geomag-

[ netic latitude (see Fig. 9). On the other hand, it follows from
where H1=—(h, NF)*laiA N, tis SLT, and itwas takeninto the model calculations presented by the solid line in the two

account that [ (*S)]=N, at altitudes of the F2-layer. lower panels of Fig. 6 thaII\[rrFZ{l\IrrFZ(VﬁzO)]maX <2.27
In virtue of Eq. (6), the night-time electron density decay over the geomagnetic equator, if the value df Wescribed
is described as in Sect. 2 is used. It means that the night-time dependence

of NmF2 on Vf\ is essentially nonlocal in space close to the
geomagnetic equator.

Sterling et al. (1969) found no significant effects ofv
on NmF2 without reporting the values of SLT and the ge-
It is evident from Eq. (7) thallmF2(t;) depends on the val-  omagnetic longitudes and latitudes, where the Sterling et
ues of V¥ and H from ¢ to t1. The zonaE xB plasma drift  al. (1969) comparisons between separate calculations of N
cannot change Nnoticeably if changes in Nin theea di-  with and without the zonaExB plasma drift were carried
rection are feebly marked. On the other hand, changes in Nout. Contrary to the study by Sterling et al. (1969), it is
due the zonaExB plasma drift lead to a dependence of H found in this work that the effect of including the zorak B
on V4. In addition to the daytime F2-region decay, during plasma drift in the model results in the maximum increase
the night-time period, the meridion&lx B drift moves ions  in the night-timeNmF2 up to a factor of 1.04-2.31 in the
and electrons from higher field lines to lower field lines, and, low latitude ionosphere betweer2(® and 20 geomagnetic
simultaneously, the plasma drifts due to neutral winds andatitude. It should be noted that there are significant differ-
diffuses along magnetic field lines, changing the magnitudesnces between the meridionkB plasma drift given by
of N;1 %N, and the resulting effect of § on N.. the empirical model of Scherliess and Fejer (1999) and that

As Fig. 2 shows, the night-time eastward drifts are consid-used by Sterling et al. (1969), and these differences can de-
erably larger than the westward daytime drifts at F-region al-crease the effect OfX/O” N, in the model simulations pre-
titudes over the geomagnetic equator. Contrary to night-timesented by Sterling et al. (1969). The zonal plasma drift mea-
conditions, the dependence NfF2 on V{ and N“1-%N.  surements given by Fejer et al. (1981, 2005); Maynard et
cannot be illustrated by Eqg. (7) and the effect(iWnNrrFZ al. (1995); Sheehan and Valladares (2004) are in disagree-
is not accumulated in time by day during a long time period. ment with the zonal component &£ used by Sterling et
As a result, Vf produces small effects iNmF2 during the  al. (1969). For example, the zon&lxB plasma drift used
studied daytime periods (see Figs. 3—6 and Fig. 8). by Sterling et al. (1969) is varied between 100Th ¢close

The night-time meridiondE x B drift of electrons and ions  to 04:30 SLT) and-100m s (close to 16:30 SLT), while
moves the plasma from higher L-shells to lower L-shells andthe average zonal F-region plasma drift measured over Jica-
redistributes changes in electron and ion densities betweemarca is varied from about50m s (at 11:15-12:15 SLT)
field lines. Therefore, variations in;Nind N, caused by the to about 165m3s! (close to 20:45 SLT) during equinox at
zonalE x B drift at magnetic field lines, which do not inter- high solar activity (Fejer et al., 2005). Itis possible to assume
sect the studied F-region altitudes, can lead to changes in thihat the difference betweenﬁ\/Used by Sterling et al. (1969)
studiedhmF2 andNmF2. It follows from the model calcula- and V£ described in Sect. 2 determines the difference or a
tions that the night-time values b2 andNmF2 over the  part of the difference between the conclusion of this work
magnetic equator are weakly sensitive to variations ﬁ1 V and the conclusion given by Sterling et al. (1969).
at magnetic field lines, which cross the geomagnetic equa- Anderson (1981) has reinvestigated the effects of the zonall
tor above about the 800-900 km height. The model simulaE xB plasma drift on the equatorial F-region ionosphere for
tions show that thel\[rrFZ/l\lrrFZ(Vf:O)]m;le ratio over the  March 1979 conditions, when the solar F10.7 cm flux was
geomagnetic equator at the 0—3Gfomagnetic longitudes about 185 units, and has found that calculated F2-peak elec-
is less than 1.28 and 1.47, ifﬁ#o at magnetic field lines, tron densities at the magnetic equator at 20:00 LT and at
which cross the geomagnetic equator above 500 and 600 krid4:00 LT do not differ significantly fronrNmF2 obtained
height, respectively. It should be noted thatF2<400km  when the zonakE x B drift is omitted. Unfortunately, Ander-
from 21:54-23:08 SLT to 24:00 SLT and from 00:00 SLT to son (1981) did not report the value of the geomagnetic longi-
08:07-09:34 SLT over the geomagnetic equator, if the modetude, which corresponds to these model results. On the other
employs the value of ? described in Sect. 2. As a result, hand, the Jicamarca meridional and zdaalB plasma drifts
the zonalExB plasma drift at magnetic field lines, which were used by Anderson (1981) in the model simulations, and,

1
N.(t1,q, U, A)=N,(t0, g, U, A) exp{— /(Lo— VEH Yadry. (7)
10
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itis reasonable to suppose that the model results presented neference. The method makes use of an Eulerian computa-
Fig. 10 of Anderson (1981) correspond to the Jicamarca Rational grid, which is fixed in space coordinates and chooses
dio Observatory geomagnetic longitude of 3%5Gr 1979. the set of the plasma tubes at every time step, so that each
It follows from the model simulations presented in plasma tube arrives at points which are located between two
panel (c) of Fig. 7 that thelmF2NmF2(V4=0) ratio is var-  grid lines of the regularly spaced Eulerian computational grid
ied between 1.06 and 1.13 at 20:00 SLT on 12 April 1958 andat the next time step. The solution values of electron and ion
from 0.99 to 1.26 at 24:00 SLT on 13 April 1958 over the ge- densities and temperatures at the Eulerian computational grid
omagnetic equator. This ratio is close to 1.10 at 20:00 SLTare obtained by interpolation.
and at 24:00 SLT on 11 April 1958 at 35geomagnetic lon- The new model calculates the number densities of'S),
gitude over the geomagnetic equator. These model resultsl*, NO*, OF, N3, O*(?D), O*(?P), O* (*P), and O (°P*)
and those presented by Anderson (1981) are purely comparaens, N, T,, and T; using an eccentric tilted dipole approx-
ble. Itis also necessary to take into account that the observeiination for the geomagnetic field. In the model, dipole or-
zonalE xB plasma drift given by Fejer et al. (1981) at high thogonal curvilinear coordinates g, U, andare used, where
solar activity at equinox was used by Anderson (1981) (sed] is aligned with, and U and\ are perpendicular to, the
the dotted line in Fig. 2). This drift has a maximum am- magnetic field, and the U and coordinates are constant
plitude of 120 ms* occurring at about 21:00 SLT, while the along a dipole magnetic field line. The Eulerian compu-
maximum value of the eastward zoak B plasma drift (Fe-  tational grid used consists of a distribution of the dipole
jer et al., 2005) used in the model simulation of this work magnetic field lines in the ionosphere and plasmasphere at
is equal to about 165nT8, close to 20:45 SLT, and the (q,U) planes, which are located at 72 geomagnetic longitudes
value of V& given by Fejer et al. (2005) at high solar activ- A=0°, 5°,...355. One hundred dipole magnetic field lines
ity at equinox is larger than that given by Fejer et al. (1981)are used in the model for each fixed valuehofThe number
and used by Anderson (1981), from about 17:45 SLT toof the fixed nodes taken along each magnetic field line is 191.
24:00 SLT and from 00:00 SLT to about 03:00 SLT (com- For each fixed value of the geomagnetic longitude, the Eule-
pare the solid and dotted lines in Fig. 2). Therefore, a smallrian computational grid is located at a (q,U) plane, which is
excess oNMF2NNF2(VE =0) over that given by Anderson bounded by two dipole magnetic field lines. The low and up-
can be explained by the higher eastward zd&faB plasma  per boundary magnetic field lines intersect the geomagnetic
drift used in the model simulations of this work. There are equatorial point at 150 km altitude and 4264 km altitude, re-
also differences in the model inputs used in this work andspectively. The Eulerian computational grid dipole magnetic
those by Anderson (1981), e.g. the differences in the meridfield lines are distributed between these two boundary lines.
ional ExB plasma drifts and in the neutral densities. TheseThe finite-difference algorithm yields approximations tg N
differences in the model inputs can lead to differences in theN,, T;, and T, in the ionosphere and plasmasphere, with the
model results. Thus, the influence of the zoBalB plasma  time step of 10min. The interpolation procedure is used to
drift on NmF2 at 20:00 SLT and at 24:00 SLT on 12 April find the values of N N,, T;, and T, at points which are lo-
1958 at 357 geomagnetic longitude over the geomagnetic cated between 72 Eulerian computational grid (g,U) planes.
equator found in this work does not conflict with the results We have presented a comparison between the modeled
of Fig. 10 presented by Anderson (1981). NmF2 andhmF2, andNmF2 andhmF2, which were ob-
served by the La Paz, Natal, Bombay, Ahmedabad, Trivan-
drum, Kodaikonal, Tiruchirapalli, Delhi, Calcutta, Singa-
6 Conclusions pore, Maui, Talara, Panama, Chiclayo, Huancayo, and Bo-
gota ionospheric sounders during the geomagnetically quiet
A new three-dimensional, time-dependent theoretical modetime period of 12—-13 April 1958 at high solar activity. The
of the Earth’s low and middle latitude ionosphere and plas-model reproduces major features of the data if the equatorial
masphere has been developed on the basis of the twaneridionalExB plasma drift and the NRLMSISE-00 [O] are
dimensional time-dependent theoretical model of the Earth’scorrected. The comparison between the modbale#2 and
low and middle latitude ionosphere and plasmasphere oNmF2 measured by the ionosondes show that it is necessary
Pavlov (2003), to take into account the effects of the zonalto decrease the NRLMSISE-00 model [O] ratio by a factor,
ExB plasmadrifton N, N, T., and T;. The new modeluses which is varied between 1.2 and 1.5, depending on the ge-
a combination of the Eulerian and Lagrangian approachesomagnetic latitude and longitude. To bring the measured
The electron and ion continuity, and energy equations areand modeledNmF2 andhmF2 into better agreement, the
solved in a set of Lagrangian frames of reference. Each Lamodel meridionaExB plasma drift was changed from the
grangian frame of reference moves with an individual plasmaScherliess and Fejer (1999) model value to 20 hisetween
tube, with the local plasma drift velocity perpendicular to the 16:00 SLT and 20:00 SLT at each geomagnetic longitude
magnetic and electric fields. As a result, only the time de-over the geomagnetic equator, if this drift exceeded 20'ms
pendent, one-dimensional electron and ion continuity, and In agreement with the generally accepted assumption
energy equations are solved in these Lagrangian frames djased on the work of Anderson (1981), the chang®ii2
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