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Abstract. The electron temperature enhancement is 

known to occur in the main ionospheric trough during 

geomagnetic disturbances. In this paper, we study fea-

tures of the formation of the electron temperature (Те) 

enhancement in the subauroral ionosphere by comparing 

results of the numerical simulation with measurements 

of Te onboard the CHAMP satellite under moderate ge-

omagnetic activity conditions. It is shown that depend-

ing on the terminator position and universal time (UT), 

the location of the enhanced Te regions in the subauroral 

ionosphere varies in different seasons. So, in winter 

ring-shaped and sickle-shaped regions can be formed, 

whereas during the equinox and summer periods sickle-

shaped regions of different lengths and clarity are gen-

erally observed. 

Keywords: subauroral ionosphere, numerical mod-

el, electron temperature enhancement, seasonal features, 

ring current, ring-shaped and sickle-shaped regions, 

CHAMP. 

 

 

 

 

 

 

INTRODUCTION 

The authors of [Brace et al., 1982; Kofman, 1984; 

Prölls, 2006] have found effects of electron temperature 

enhancement in the subauroral ionosphere from experi-

mental data. Prölls [2006] has studied an electron temper-

ature Te enhancement, using DE-2 satellite data. It has 

been found that the enhanced Te region spatially coin-

cides with the position of the main ionospheric trough 

(MIT). The numerical simulation of the thermal regime 

of the high-latitude ionosphere, including the subauroral 

one, has been studied in a number of papers [Klimenko et 

al., 1991; Mingaleva, Mingalev, 1992; David et al., 2011; 

Mingaleva, Mingalev, 1996; Prölls, 2006; Schunk et al., 

1986], which examined causes of the formation of en-

hanced temperature regions. The enhanced Te has been 

shown to be related to downward heat fluxes, electric 

fields, and lower electron density ne in MIT. In [Büchner, 

Lehmann H.-R. 1983; Krymsky, 1990; Cole, 1965; 

Prölls, 2006], the authors have suggested that a possible 

cause of enhanced Te in the subauroral ionosphere can be 

the ring current, which increases during disturbances. The 

heat, generated by ring current particles at heights of sev-

eral Earth radii, due to the high thermal conductivity of 

electron gas can be transferred down along geomagnetic 

field lines into F-layer heights, thus causing Te to rise.  

Our purpose here is to study features of the for-

mation of enhanced Te regions in the subauroral iono-

sphere in different seasons, using a numerical model of 

the high-latitude ionosphere and CHAMP satellite data. 
 

MODEL OF THE HIGH-LATITUDE 

IONOSPHERE 

Calculations have been made using a model of the 

high-latitude ionospheric F-region in Euler variables. 

The model accounts for the mismatch between the geo-

graphic and geomagnetic poles [Golikov et al., 2016]. 

Here we give its brief description. The density of atomic 

oxygen ions n(O
+
), electron Te and ion Ti temperatures 

are determined from the numerical solution of the sys-

tem of three-dimensional unsteady-state equations con-

sisting of continuity equations for O
+
 ions, thermal con-

ductivity for electrons and ions in the height range from 

120 to 500 km. In this range, we can assume the quasi-

neutrality condition ne≈n(O
+
). Then, we specify the 

electron gas cooling rate for the interaction with ions 

and neutral particles as in [David et al., 2011; Schunk, 

Nagy, 1978]. The temperature and density of neutral 

components were calculated by the thermosphere model 

NRLMSISE-00 [Picone et al., 2002]. The magneto-

spheric convection electric field is specified using Hep-

pner's A model [Heppner, 1977]. To calculate the cor-

puscular ionization rate, we employ the auroral precipi-

tation model [Vorobjev et al., 2013], and the function of 

ion formation by precipitated particles is determined 

from the results obtained by Fang et al. [2008]. Wave 

ionization rates for large solar zenith angles (χ>75°) are 

calculated as in [Chapman, 1931]. 

The algorithm for solving the system of modeling 

equations as well as their boundary conditions have been 

examined in [Golikov et al., 2012, 2016]. For the numeri-

cal solution of three-dimensional differential equations, we 

use the total-approximation method [Samarsky, 1977], 

which reduces the solution of three-dimensional differen-

tial equations to the successive solution of a system of one-

dimensional equations. Next, we utilize the finite differ-

ence approximation and then reduce it to the three-point 

scheme, which is solved by the tridiagonal matrix algo-

rithm. As the initial condition for n(O
+
) we use the simple 

Chapman layer and equate electron and ion temperatures to 

the neutral gas temperature (Te=Ti=Tn). The calculations 

are made at ∆r=10 km, ∆θ=2°, ∆φ=10°, ∆t=2 min. On a 
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personal computer with a 2400 MHz processor and 4000 

Mb random-access memory, it takes approximately 30 min 

to find a periodic solution. 

 

RESULTS 
OF MODEL CALCULATIONS 

Figure 1 and 2 show ne and Te distributions at a 
height of 300 km for different seasons at 05 and 17 
UT in the local time coordinates (longitude) – the 
geographic latitude when we specify the downward 
heat flux P=–5·10

9
 eV cm

–2
s

–1
, which is formed dur-

ing moderate geomagnetic disturbances (Kp≈3) by the 
ring current [David et al., 2011] at 58°–62° geomag-
netic latitudes. Here, ne and Te are given in the form 
of isolines. Concentric circles correspond to geo-
graphic latitudes with a step of 10°. Numerals near 
the outer circle mark the local time; in brackets is the 
geographic longitude. The dashed line is the position 
of the terminator at a zenith angle χ=90°. The point 
with two mutually perpendicular lines is the geomag-
netic pole. Arrows indicate electron velocities caused 
by the electric field of magnetospheric origin. The 
dash-dot circle shows the plasmapause position, 
which corresponds to the equatorial boundary of the 
magnetospheric convective region, (specified by 
Heppner's A model [Heppner, 1977]. 

At 17 UT, the geomagnetic pole was close to the lo-

cal noon, and the plasmapause was partially on the day-

side. Hence, the magnetospheric convection and the 

transfer of the daytime ionization to the nightside cause 

the tongue of ionization to appear. Behind the tongue on 

the nightside, there is a decrease in ne identified with the 

subauroral ionosphere and MIT [Bryunelli, Nam-

galadze, 1988] (Figure 1, a). Then, in the subauroral 

ionosphere, where the downward heat flux P has been 

set P, a sickle-shaped enhanced Te region is formed 

which coincides in position with MIT, where Te is 3000 

K and higher. At 05 UT, the geomagnetic pole is near 

the midnight meridian, and the convective region is on 

the nightside (Figure 1, b). As a result, the tongue of 

ionization is separated from the daytime ionosphere, 

thus leading to the formation of a daytime trough be-

tween the terminator and the convective region. Thus, 

the ne trough in the latitude profile is formed behind the 

convective region in the entire LT interval, where due to 

the heat flux P in the subauroral ionosphere there ap-

pears a ring-shaped enhanced Te region, where Te is 

2000 K and higher (Figure 2 , b). 

Under vernal equinox conditions, the terminator 

shifts down to the 06–18 LT line (Figure 1, c, d). The 

convective region is partly on the daylight side, and 

unlike winter conditions there is no daytime trough at 

05 UT. In the Te distribution, the effect of the downward 

heat flux P in the subauroral ionosphere gives rise to a 

sickle-shaped enhanced Te (>2000 K) region at ~22–07 

LT both at 17 UT and at 05 UT (Figure 2, c, d). In this 

case, the region is more pronounced and is located at 

lower latitudes at 05 UT than at 17 UT due to the mis-

match between the poles. 

Then, under summer solstice conditions the termina-

tor moves down and the entire high-latitude ionosphere 

at 17 UT is predominantly on the dayside, thus signifi-

cantly reducing the probability of Te enhancement at 

subauroral latitudes (Figure 2, e). This season is charac-

terized by the fact that the plasma heating by the heat 

flux P causes Te to rise in the subauroral ionosphere 

only at 05 UT, when due to the mismatch between the 

poles a part of the subauroral ionosphere is on the 

nightside (Figure 2, f). 

We can conclude that the effect of the downward 

heat flux P leads to the formation of enhanced Te re-

gions in the subauroral ionosphere on the nightside. In 

this case, configurations of the enhanced Te regions in 

different seasons differ and depend on the universal 

time. So, in winter at 05 UT the Te enhancement is ring-

shaped, coinciding with the position of the ne trough; 

and at 17 UT in other seasons it is sickle-shaped with 

different lengths and clarity. 

 

COMPARISON 

WITH CHAMP DATA  

The CHAMP satellite was launched on July 15, 

2000 with an orbit inclination of 87.3°. It measured ne 

and Te at 310÷456 km until 2009 [Reigber et al., 2002; 

Xiong et al., 2013]. The main feature of this satellite is 

that its orbital plane due to Earth's nonsphericity pre-

cesses around Earth and for about 130 days, shifting, 

passes all local time sectors. This allows us to use 

CHAMP data to study spatial and temporal features of 

the formation of enhanced Te regions. Here we examine 

space-time distributions of locations of enhanced Te (Te 

peaks) in the subauroral ionosphere we have constructed 

from CHAMP data [http://isdc-old.gfz-potsdam.de] for 

different seasons and compare them with the results of 

model calculations. 
Figure 3 shows typical latitudinal profiles of ne and 

Te for three seasons under moderate geomagnetic activi-

ty. To the right in the equatorial plane, the solid line 

shows CHAMP trajectories, and arrows on the lines 

indicate the satellite's motion direction. Numerals 1 and 

2 on the latitudinal profile and respectively on the satel-

lite trajectory mark the positions of the subauroral iono-

sphere, determined from the equatorial boundary of the 

auroral ionization and latitudinal position of the ne 

trough; bold arrows show the positions of Te peaks in 

the subauroral ionosphere. 

Figure 3, a shows that in the latitude profile the 

electron density behind the terminator on the nightside 

begins to fall sharply due to the lack of effective ioni-

zation sources, forming a daytime ionization trough in 

the subauroral ionosphere (1), and in the post-midnight 

sector the satellite crosses MIT (2). In the vicinity of 

the daytime trough and MIT, we observe the Te peaks 

(thick arrows) exceeding 2500 and 6000 K respective-

ly. In the latitudinal profiles obtained for equinoxes 

and summer (Figure 3, b, c) due to the fact that the 

subauroral ionosphere is on the daylight side, the day-

time trough and the Te peaks are absent on the dayside. 

Positions of the subauroral ionosphere on the dayside are 

shown along the equatorial boundary of auroral ionization 

(1). Figure 3, b, c shows that on the nightside there is 
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Figure 1. Calculated electron density distributions (104 cm–3) at a height of 300 km at 05 and 17 UT for winter solstice (a, b), 

vernal equinox (c, d), and summer solstice ( e, f) 
 

MIT with well-defined equatorial and polar walls (2), 

where Te is increased (as high as ~2000 K). The Figure 

shows that in the nightside subauroral ionosphere dur-

ing these seasons we can observe both MIT and Te 

peaks. 

In the equinoctial months, Te peaks are localized 

predominantly on the nightside, forming a sickle-shaped 

region (Figure 4, c, d), with Te peaks at 04–07 UT rec-

orded at lower latitudes (Figure 4, d) than those at 16–

19 UT, as in model calculations due to the mismatch 

between the poles (Figure 2, d). 

During summer months (June, July), the number of 

Te peaks decreases (hence the zone clarity). They are 

mainly located on the nightside at 04–07 UT, where the 

sickle-shaped zone is more pronounced than at 16–19 

UT (Figure 4, f), where the subauroral ionosphere is on 

the daylight side. 

The comparison between the results of model cal-

culations (Figure 2) and CHAMP measurements of Te 

(Figure 4) shows good qualitative agreement in both 

the geometry of the enhanced Te regions at different 

UT moments and the seasonal characteristics associat-

ed with illumination conditions of the subauroral iono-

sphere in different seasons. 
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Figure 2. Calculated electron temperature distributions (in K) at 300 km at 05 and 17 UT for the winter solstice (a, b), vernal 

equinox (c, d), and summer solstice (e, f) 
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Figure 3. Latitudinal temperature and electron density profiles (right) and CHAMP trajectories (left) obtained for winter (a), 

equinoxes (b), and summer (c) at Kp≈3 
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Figure 4. Spatial distribution of Te peaks (dots) in local time – latitude coordinates derived from CHAMP data at 16–19 UT 

and 04–07 UT for winter (a, b), equinoxes (c, d), and summer (e, f) 
 

CONCLUSION 

The performed study of seasonal characteristics of the 

formation of enhanced electron temperature regions in the 

subauroral ionosphere under moderate geomagnetic activi-

ty and heat flux from the plasmasphere based on the com-

parison between numerical simulation results and CHAMP 

data has shown the following. 

 Configurations of the enhanced Te regions in the 

subauroral ionosphere at different seasons vary consid-

erably and depend on the position of the terminator and 

on the universal time due to the mismatch between the 

geographic and magnetic poles. 

 In winter at 04–07 UT in the subauroral iono-

sphere, a ring-shaped enhanced Te region can be 

formed; and at 17 UT, a sickle-shaped region. 

 In equinoxes and summer, enhanced Te regions 

in the subauroral ionosphere are sickle-shaped with dif-

ferent lengths and clarity. 

This work was supported by RFBR grant No. 18-45-

140037r_a and No. 18-45-140003r_a. 
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