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Abstract. We constructed an empirical model of the change in the position of
the dynamics of the main tonospheric trough minimum at altitudes of 430 £ 50 km
during the main phase of a magnetic storm. By introducing an indicator ol magnetic
activity for the trough position, more adequate than Kp or Dst, namely, the ring
current magnetic field 1, the model provides approximately twice the accuracy
of earlier models. We found that in the premidnight hours in the main phase of
an intensive magnetic storm the trough equatorward movement is steplike; that is,
a strong jumplike variation in trough position occurs in a narrow interval of DR
variations. We present a gqualitative interpretation of this effect and other features
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that follow from the constructed model.

Introduction

The region of lowered electron concentration at sub-
auroral latitudes, located near the equatorward bound-
ary of the electron diffusive precipitations with an en-
crgy of about 0.5 keV, 1s considercd the mdlatitude
ionospheric trough [e.g., Redger et al, 1992]. During
the main phase of a magnetic storm, usually only one
main ionospheric trough (MI'T) is detected in this re-
glon [Deminov el al., 1992]. So for this period the MIT
and the midlatitude 1onospheric trough are equivalent
terms.

A qualitative analysis by Deminov el al. [1992} demo-
nstrated that the MIT movement equatorward during
the main phase of a magnetic storm is delayed in rela-
tion to an increase in the Kp index depending on the
rate of increase in magnetic activity. This is one of the
reasons for the relatively low accuracy of the empirical
dependences of the MIT minimum invariant latitude &
on K'p, which have been obtained on the hasis of nu-
merous data sels [e.g., Rodger el al, 1992]. Moreover,
during intense magnetic storms the MIT equatorward
movement starts before the end of the growth phase of
a magnetic storm; that is, it advances the Dst index
decrease [Deminov ef al., 1992]. Therefore Deminov et
el. [1992] suggested that during the main phase of a
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magnetic storm, ®7 is better correlated with the ring
current magnetic field DR than with Kp or Dst.

The goal of this paper 1s a qualitative check of the
above hypothesis based on an analysis of the probe mea-
surements on board the Cosmos 900 satellite at altitudes
of 430 £ 50 km during the unilluminated time of day in
winter 1n equinox during the main phases of 14 magnetic
storms in 1978-1979.

Magnetic Activity Indices

Let us present the ring current magnetic field in the
form

DR = Dst — kv/P + 14 (1)

where DR and Dst are measured in nanoteslas, P =
0.01nV? is the solar wind pressure, V is its velocity, »
is the conecentration per cubic centimeter, and

k=02 B, >1
k= 0.25, -l< B, <1 (2)
: = 0.3, B, < -1

‘The dependence of the coefficient & on the value and
direction of the interplanetary magnetic field vertical
component 13, slightly differs from that of Kuznetsoun
and Shevnin [1984]. Equation (1) for & = 0.2 and the
substitution of 20 in the last term arc used frequently

le.g., Nishida, 1980]. By definition, DR < 0.
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Below, we consider the dependence of the invanant
latitude of the main ionospheric trough ®1(1'), mea-
sured by satellite at the universal time T, on the Rp(T),
Dst(T), and DR(T — Tp) magnetic indices. The tem-
poral delay Ty of the &1 changes relative to A2 is de-
termined from the condition of the highest correlation
between (7)) and DR(T — Tp). Calculations of DIt
for particular moments of the universal time T —T; are
based on the linear interpolation of the hourly mean val-
ues of DR nearest that time. For example, if DR = =5,
—10, and —40 for the universal time intervals 0000~
0100, 0100-0200, and 0200-0300 UT, then for T = 1.7
and Ty = 0.5, the value of DR is equal to —8.3, and
for T = 1.7 and Ty = 0, the valuc of DR is equal to
—16. Here and below, the time is expressed in hours.
For the sake of brevity the time T is omitted; that is,
&1 ~ DR{—1) means that &1 ~ DR(T — Tp), where
Th=1.

Dependence of MIT Position on
Magnetic Activity

The values of @, obtained by Cosmos 900 for the
main phase periods of 14 magnetic storms, correspond
to the [ollowing intervals of magnetic activity variations:
—5> Dst > =210, =15 > DR > —250, 2 < Kp < 84.
These values of &1 correspond to two intervals of local
magnetic time; 1800-2200 MLT and 2300-0500 MLT;
and 10 of 14 main phase periods analyzed correspond
to the 2300-0500 MLT interval. Analysis demonstrates
that for these MLT intervals the @ dependence on mag-
netic activity indices is the principal phase during the
main phase of a magnetic storm.

'The regression equation, obtained by the Cosmos 900
data for the 2300-0500 MLT interval, their standard
deviations in latitude degrees, and the correlation coef-
ficients R arc presented below:

O =638 -21Kp=+3;

R = 0.68 (3)

$r = 63 — [1 — 2Dst — 0.001Dst*]> £ 1.5;

R =093 (4)
& = 70 — [20 — ADR(—1) — 0.006DR(—1)*]"* £ 1.1;
R=1097 (5

Insofar as the value of & cannot increasc under a DR
decrease, a condition ®p = 41.4° under DR < —400
should be added to equation (5). The standard devi-
ations and correlation coefficients of equations (3)-(5)
demonstrate that /2R(—1) is more adequate than Kpor
Dst as an indicator of the magnetic activity for trough
position. For the given local time interval the most fre-
quently used empirical model of MIT position [Kokn-
lein and Raalt, 1977) differs from cquation (3) by no
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more than 2° latitude. The & — Dsi relation has been
mentioncd before [Besprozvannaya and Shchuka, 1993;
Besprozvannaya et al, 1994]. The @ dependence on
Dst, presented by Besprozvannaya and Shchuka [1993],
is based on an analysis of the data from the ionospheric
station network for the periods near the magnetic storm
development maximum. This dependence gives overes-
timated values of $¢ as compared with equation (4),
obtained for the entire period of the main phase of a
magnetic storm. This difference between the @ depen-
dence on Dst for the entire storm period and for the
storm development maximurn follows from the data of
the tonospheric station network presented by Besproz-
vannaya el al. [1994].

It follows from the Cosmos 900 data that at the alti-
tudes considerced a distinct peak in electron temperature
usually corresponds to the trough minimum [Deminov
el al., 1995]; this peak is often associated with the mid-
latitude stable auroral red (SAR) arcs [Rees and Hoble,
1975], so the above cquations may be considercd a de-
pendence of the invariant latitudes of the clectron ter-
perature subauroral peak and, probably, of SAR arcs
on magnetic activity indices during the main phase of a
magnetic storm in the near-midnight and after-midnight
hours.

It follows from equation (5) that the main lonospheric
trough, the subauroral temperature peak, and a SAR
arc under no values of DR are able to move equatorward
of the limiting latitude of &, = 41.4°. This value of &,
practically coincides with the value of the SAR. arc lim-
iting latitude, observed for extremely intensive storms
[Khorosheva, 1987). Thus equation (5), obtained from
the data set for —15 > DR > —250, is still valid for the
entire possible range of DR variations during the main
phase of the magnetic storm.

The regression equations for the 1800-2200 MLT -
terval are

$p=66—19Kp+1.9;, R=086 (6)

1 = 66 — [1 — 1.5Dst — 0.001Dst*]%° £ 2;

R =085 (7)
®p = 70— [20— ADR(—0.5) - 0.005DR(-0.5)*]"" £1.3;
R =093 (8)

where 4 = 2.2 for DR(—0.5) > —1565 and A = 3.5
for DR(—0.5) < —150. Moreover, equation (8) should
be completed by the condition & = &, = 45.1°
for DR(-0.5) < —300. Equation (8) for —130 >
DR(—0.5) > —155 gives values of &1 = 54.5° and
&1 = 49° for fixed DR; that is, a simultaneous exis-
tence of two troughs separated by latitude is possible for
this narrow interval of D R(—0.5) variations. Equations
(6)-(8) werc obtained from a limited data set for the
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main phases of four storms, and values of DR < —135
were measured during only one of these storms, so the
indicated accuracies of equations (6)-(8) and the con-
ditions for the simultancous cxistence of two troughs
arc approximate. Nevertheless, equation (8) 1s appar-
ently true for the entire possible range of DR variations
during the storm main phase. For example, equation
(8) almost exactly simulates the value of ®1 = 45° for
DR < —300, observed on February 8 around 1800 MLT
(0000 UT), i.e. near the maximum of a giant storm [ Yeh
el al, 1991).

It follows from equation (8) that under DR variations
from —130 to —150 the trough position changes only
slightly; that is, when the decreasing DR approaches
—150, a gradual “saturation” of the equatorward trough
shift occurs near the boundary latitude of $p = b5°.
When DR diminishes from — 150 to —1554, there ocecurs
a sharp equatorward jump of the trough of approxi-
mately 6° latitude. This equatorward jump may happen
through an intermediate state, when two troughs exist
simultaneously. Further DR decreases lead to a smooth
equatorward movement trough from ®¢ = 49° until
a blocking of the trough occurs when &7 approaches
$r,. So in the evening hours for a decrease in DR
from about —100 (o the minimum possible values the
strongest changes of ®r take place in the very narrow
DR nterval: that is, the trough equatorward movement
is steplike in character. It 1s the principal quantitative
difference in MI'T dynamics in the evening hours from
the local time near-midnight and after-midnight hours.

MIT Position Model During the
Magnetic Storm Main Phase

Let us combine equations {5) and (8) and thus create
a model of the MIT position during the main phase of
a magnetic storm for the entire interval of the unillumi-
nated time of day, using the magnetic activity indicator
DR. Let us use as an intermediate function the hyper-
bolic tangent tanh(2t +4), where ¢ is the local magnetic
time, counted from the midnmght, that is, ¢ = MLT af-
ter midnight and { = MLT—24 before midnight. As a
result, we obtain

®1(DR,1) =70 — [20 — ADR(~Tp)—
—0.005DR(-Tx)?°*+£12; R=096  (9)
To = 0.75 + 0.25 tanh(2t + 4) (10)
A=3.1+09tanh(2 +4), if DR(—Ts) > —155
A = 3.75+0.25 tanh(2+4), if DR(~Ty) < —150 (11)

From model {9) one can obtain dependences of the &,
limiting latitude and of the limiting value of the L shell
L, on t corresponding to this latitude:

®p, = 43.25 — 1.85 tanh(2¢ + 4)
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(12)

In the same way, combining equations (3) and (6}, one
can get the MI'T position model for the entire interval
of the unilluminated part of a day, using the magnetic
activity indicator K p:

Ly = 1.89 — 0.11tanh(2t + 4)

$T(Kp,t) =649 - 2Kp—

—(1+4 0.1Kp)tanh(2t +4)£27, R=076 (13)

For the above reasons the standard deviations and
correlation coefficients for cquations (9) and (13) refer
mainly to the near-midnight and after-midnight MLT
hours. It follows from these equations that model (9)
is much more accurate than model (13).This finding is
more visually evident in Figure 1, which presents the
MIT position dependences on RKp and DR(-Tpy) ac-
cording to models (13) and (9) for ¢ = 0 (solid lines)
together with the Cosmos 900 data reduced to midnight
(circles). The reduction procedure of a measured valuc
of the trough position ®(¢) under fixed t and, for ex-
ample, Kp to midnight s

$r(0) = &(t) — PT(Kp,{) + 2T(Kp,0)

where ®1(Kp, ) and ¢ (# p,0) are determined by equa-
tion (13).

The difference in trough positions between model (13)
and the model by Kohnlein and Raiti [1977] does not ex-
ceed 2° of latitude for the entire interval —6 < ¢ < 6 and
for the range 2 < K'p < 8, typical for the main phase, so
the standard deviation presented for equation (13} char-
acterizes to some degree the accuracy of the empirical
dependences of &1 on Ap and ¢ obtained earlier under
their use for the magnetic storm main phase.

MIT Position Model for the Entire
Period of Magnetic Activity
Growth

It follows from equation (9) for DR = 0 that &1(0,1)
= 65.5° regardless of the local time ¢. However, the
dependences of ®1 on T and also on the geographic
longitude A are essential under disturbed conditions:

&1(0,t,A) = 65.5 - Adr(t) — AGp(A)£2  (14)
(15)
(16)

Adp(t) = 0.7(1 - 0.1t — 0.01£°)
ADN(A) = cos(2A — 45°) — cos(A + 40°)
A‘I’:}(A) = 2cos(A + 35°)

where the N and S indices correspond to Ad(A) for the
northern and southern hemispheres. Dependence (15)
was based on a preliminary analysis of the Cosmos 900

data for the 1800-0600 MLT intcrval. This dependence



T84 DEMINOV ET AL.:

DYNAMICS OF THE MIDLATITUDE IONOSPHERIC TROUGH

(DT T T T T T T T T T T T T T
60 —
50 — =
4£) 1 1 1 L 1 ! 1 1 ] i i i !

2 4 6 8 0 -100 -200
Kp DR(-1), nT

Figure 1. Invariant latitude of the main lonospheric trough minimum @t versus Kp or DIt
at midnight during the main phase of magnetic storms according to models (13) and (9) (solid
lines) and to data of Cosmos 900 reduced to midnight (circles).

differs slightly from the one presented by Moffet and
Quegan [1983, Figure 10] for Kp = 0. Dependence
(16) coincides with the one presented by Deminov et
al. [1992]. The above indicated accuracy of equation
(14) coincides with the one presented by Kehnlein and
Raitt [1977] and Deminov et al. [1992]. Comparing
equations (9) and (14) for DR = 0, one can conclude
that the A®r(t) and APr{A) dependences disappear if
one moves from quiet conditions to the main phase of
a magnetic storm, so the MIT position modcl for the
entire expansion period of a storm may be presented in
the form
(DR, t,A) = & (DR,t)—

~[ADr(2) + Abp(A)] exp( DR(~T)/20)  (17)

where @7 (DR, ), ®1(t), @7(A), and T are determined
by equations (9), (15), (16), and {10), respectively. De-
termining the accuracy of these models is beyond the
scope of this paper. Nevertheless, one can see from (9)
and (14) that in moving from quiet conditions to the
main phase of a magnetic storm, the accuracy of model
{17) increases.

Discussion

Let us consider possible causes of MIT dynamics dur-
ing the expansion phase of a magnetic storm, which fol-
lows from model (17). In quiet conditions, ®1(0,t,A)
depends on the local time and longitude. In partic-
ular, during the evening hours the trough is located
morc paleward than during the near-midnight and after-
midnight hours. Such dependence on the local titne is

typical for many auroral structures, including the equa-
tortal boundary of the electron diffusive precipitation
(EDP) [Gal'perin et al, 1990]. During that period the
vertical commponent of the interplanetary magnctic field
B, is usually directed northward, 1.e., B, > 0, and the
electric field of the magnetospheric convection at au-
roral and subauroral latitudes 1s weakened. On that
background a dependence of @1 on the horizontal com-
ponent By of the interplanetary magnetic field addition-
ally appears with a correlation coefhicient of R = 0.66
[Ben'kova ef al, 1989]. Moreover, even relatively weak
fluctuations of the convection electric field and of the
thermospheric wind velocity may lead to a significant
scatter of the measured ®1 values in relation to the
model. The standard deviation presented for equation
(14) characterizes that scatter under DR = 0.

The beginning of the growth phase of a magnetic
storm is related to the high-speed plasma flux of the
solar wind approaching the Earth [Nishida, 1980] and
18 accompanied by an increasc in Kp and Dst under
almost unchanged DR and ®1. There is no correla-
tion of @1 with Kp or Dst during this period [Deminov
et al, 1995]. A reversal of the magnetic field vertical
component B, from north to south in this solar wind
plasma initiates (via the electric field in the magneto-
taill) a beginning of the injection of the plasma shect
energetic ions into the magnetospherve [Nishida, 1980].
These ions are a source of the magnetospheric ring cur-
rent and, moreover, a main reason for the existence of
the Alfvén layer, which forms a pronounced boundary of
the high-latitude plasma convection [ Nishida, 1980] and,
as a result, EDP and MIT [Gal’perin et al., 1990]. Thus

the injection of the plasma sheet ions to the Earth, in-
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tensification of the magnetospheric ring current, reduc-
tion of the DR field, and the equatorward shift of KDP
and MIT are dne to one and the same cause. That is
why @ correlates with DR(—1;). Features of the drift
trajectories of the plasma sheet injected ions, and of
redistribution of the magnetic convection electric ficld,
are evidently the principal reasons for the increase in
the T, delay before @1 changes relative to DR, if one
moves from the evening to the near-midnight and after-
midnight hours (scc equation (10)}.

As a result, the equatorward trough movement begins
in the evening hours carlier than in the near-midnight
and after-midnight hours, and the difference in trough
position between these sectors of local time, typical for
quiet conditions, starts to decrease. Moreover, an in-
crease in magnetic activity leads to a weakening of the
&1 dependence on longitude [Deminov et al., 1992] and
the horizontal components of the interplanetary mag-
netic ficld By, [Ben’kova el al, 1989]. Such weaken-
ing of the above indicated factors after the B, reversal
southward is taken into account in model (17) by the
exponential multiplier at A®r(t) and A®p(A). Dur-
ing intensive storms the southward B, reversal, and the
beginning of 7R depletion and of the trough drift eqna-
torward occur before the end of the growth phase of a
magnetic storm. At the beginning of the main phase
of an intensive magnetic storm, usually DR < —20 and
the dependences of &1 on local time and longitude typ-
ical for quiet conditions are alrcady weakened. During
the main phase of the storm, both in the evening and
in the near-midnight and after-midnight hours, out of
many parameters on which ¢ depends, the Dt param-
eter is in fact, the only one left. That 1s evidently the
rcason for the increased accuracy of model (17), while
switching from quict conditions to the magnetic storm
main phase. For the &1 and Kp dependences the op-
posite tendency is characteristic, probably because of a
relation between the ¢ variation delay time relative to
Kp and the rate of change of Kp, the relation being
different for different storms [Deminow et al., 1995]. In
the vicinity of the minimum of a strong storm develop-
ment, /1B depends on Dst to a more significant degree
than on the solar wind pressure. In this period the cor-
relation of &1 with st is almost as high as the one
with DR. During the entire period of magnetic storm
activity growth the correlation of ®1 with DR 1s con-
siderably higher than that with Ds¢ for the above noted
reasons.

During the main phase of a magnetic storm, model
(17) for the premidnight hours (1800-2200 MLT) coin-
cides with equation (8), which demonstrates a “satura-
tion” of the trough equatorward shift in the vicinity of
&g — 55% when the decreasing DR approaches a value
of —150. 1t follows from the Cosmos 900 data that un-
der such a “saturation” the main 1onospheric trough
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often deepens additionally in the relatively narrow re-
gion and assumes the structure of a narrow lonization
trough. This effect, evidently, is due to a formation of
ions of moderate energies near the inner boundary of
the plasma sheet but equatorward from the EDP in the
polarization jet; a peak of increased northward electric
field is formed [Gal’perin et al., 1990]. The jet is typical
for the premidnight scctor [Spire el al, 1979], is often
associated with the narrow ionization trough [Gal’perin
el al., 1990], and can lead to a significant reduction in
velocity of the equatorward movement of EDP and MIT
[Deminov and Shubin, 1987]. The last fact means that if
a polarization jet has formed, its position changes only
slightly even though thc inner boundary of the plasma
sheet ions continues to shift deeper into the magneto-
sphere. It follows from maodel (17) that the optimum
conditions of formation of an intensive polarization jet
during the main phase of an intensive storm are realized
in the vicinity of &y = 55° or Lg = 3.

The above situation would be maintained until the
maximum plasma sheet lon concentration crosses the
I. shell at which the trough and the polarization jet are
located, becaunse the efficiency of the polarization jet
formation depends on the value and sign of the concen-
tration gradient of these ions in the equatorial plane of
the magnetospherc [Deminov and Shubin, 1987]. Fur-
ther disappearance of the polarization jet near L = 3
would lead to an almest jumplike cquatorward shift of
EDP, to the formation of the polarization jet and trough
equatorward from the new position of EDP, and to the
gradual disappearance of the trough near L = 3. This
process would look like a jumplike cquatorward shift
of the trough through an intermediate state, when the
simultaneous existence of two tronghs separated by lat-
itude is possible.

Further depletion of DR would lead to a smooth drift
of the new trough down to the limit value of Ly = 2.
The end of such a process probably was observed on
February 8, 1989, in the vicinity of 1800 MLT (0000 UT)
for DR < —300, when the maximuin ring current den-
sity appeared at L = 2.6 [Hamilion et al., 1988], the
EDP and the adjoining polarization jet appeared at
L = 24— 25 [Yeh et al, 1991], and the deep trough
was registered at L = 2 [Yeh ef al, 1991). As far
as the EDP approximately corresponds to the plasma-
pause [Gal'perin ef al., 1990}, ie., to the boundary of
the large-scale high-latitudc convection relative to the
cold plasma, the trough was inside the plasmasphere
and, moreover, was not directly related to the polariza-
tion jet. The energy density of the ring current ions
at I = 2 was significant, and under the mean energies
7 < 30 keV, this density was mainly provided by the
Ot jons [Hamilton et al, 1988]. The latter fact means
that the Coulomb interactions of the ring current OF
jons with the ambient electrons inside the plasmasphere,
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heating of the ambicnt electrons in the region of this
interaction, formation of the clectron temperature peak
and of SAR arcs at ionospheric heights through the heat
transfer along the L shell from the heat region [Kozyra
et al, 1987|, the increasc in the recombination coeffi-
cient of the ionospheric electrons at F region heights
due to the vibrationally excited constituents, such as

5 and OF, in the region of the electron temperature
maximum [e.g., Rodger et al, 1992]; all these events
are evidently the principal chain in the process leading
to formation of the ionospheric trough during the main
phase of a magnetic storm in the premidnight hours un-
der DR(0.5) < —160. In the after-midnight hours the
EDP, the adjoining MIT, and probably the plasmapause
are located almost at the same L shells during the en-
tire main phase of a magnetic storm. This statement
does not contradict the results presented by Gal'perin
et al. [1990], so the difference between the extreme po-
sitions of the trough in the morning and evening hours
ALy is less than the corresponding difference in the
plasmapause position AL,. It follows from cquation
(12) and the above presented estimates that approxi-
mately AL, =022 and 6L, = 0.7.

Conclusions

1. We developed an empirical model of the variations
in the MIT minimum for the unilluminated part of the
day at altitudes of 430 & 50 km during the main phase
of a magnetic storm. By the standard deviation value
the new model provides approximately twice the accu-
racy of the models developed earlier. This was achieved
by introducing into the model a more adequate, than
Kp or Dst, magnetic activity indicator for the trough
position: a magnetic ring current field DR, We found
that the model has no limitations on the magnetic storm
intensity.

2. We generalized the model over the entirc expansion
period of a magnetic storm. We found that the maodel
accuracy increases from quiet conditions to the main
phase of a storm.

3. We discovered that the equatorward trough move-
ment in the premidnight hours during the main phase
of an intensive storm has a steplike character; that is, a
strong jumplike change in trough position takes place in
the narrow interval of DR variations. In this DR varia-
tion interval an intermediate state is possible, when two
troughs separated by latitude exist simultaneously.

4. We give a quahitative interpretation of the above
effect and other consequences of the developed madel.
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