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Abstract: Ionospheric observations along with CHAMP/STAR neutral gas density measurements
were used to retrieve thermospheric parameters and to check whether the equinox transition season
exists separately from the December solstice and June solstice seasons. Juliusruh and Boulder
ionosonde stations located in “far-from-pole” and “near-pole” longitudinal sectors were analyzed
during deep solar minimum in 2008–2009. The results were compared to GOLD column O/N2

ratio observations. The retrieved thermospheric parameters have shown that equinoctial transition
period exists separately from the winter one at Juliusruh, while column O/N2 ratios, exospheric
temperatures Tex, and vertical plasma drifts related to thermospheric winds retrieved at Boulder for
the winter season do not significantly differ from vernal values. This means that the December solstice
season just does not exist as it merges with the vernal season in the “near-pole” longitudinal sector.
The obtained results indicate that two longitudinal sectors manifest different seasonal variations both
in thermospheric circulation and neutral composition.
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1. Introduction

According to ionospheric F2-layer observations at middle latitudes, there are two
types of foF2 diurnal variations: winter and summer firstly mentioned by [1–4]. Using
Millstone Hill incoherent scatter radar (ISR), observations specified winter and summer
F2-layer variations as the following:

(1) Large diurnal NmF2 variations in winter (up to an order of magnitude), while in
summer the NmF2 day/night ratio is only about factor of 2;

(2) Maximum in the diurnal NmF2 variations takes place around 13 LT in winter, while in
summer it shifts towards 18–20 LT, a morning peak may frequently occur;

(3) Summer daytime hmF2 values are higher by about 20 km than winter ones and in
summer the layer is broader than in winter for the same geophysical conditions.

The transition in NmF2 and hmF2 diurnal variations of from one type to the other
is very rapid and occurs during a couple of weeks around equinoxes. The differences
mentioned above are supposed to manifest strong changes of thermospheric winds and
neutral composition during the transition periods.

Global modelling of the thermosphere by Fuller-Rowell and Rees [5] confirmed sea-
sonal changes of neutral composition caused by global circulation in the thermosphere.
Rishbeth and Müller-Wodarg [6], using a 3D model of the thermosphere, confirmed that
seasonal changes take place very quickly around equinoxes. Shepherd et al. [7] using
ground-based and optical satellite observations revealed strong variations in the integrated
emission rate of the oxygen airglow during the springtime transition period.

The analysis [8] based on ground-based ionosonde and ISR observations have shown
the following: The average transition from one type of diurnal NmF2 variation to another
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takes 20–25 days, but cases of very fast (6–10 days) transitions are observed as well. The
summer-type diurnal NmF2 variation is characterized by decreased atomic oxygen con-
centration [O] and a small equatorward thermospheric wind compared to winter-type
days with strong poleward wind and increased [O]. Molecular N2 and O2 concentrations
remain practically unchanged during seasonal transitions. The main cause of the F2-layer
variations during the transition periods is a change of atomic oxygen abundance in the
thermosphere related to changes of global thermospheric circulation.

New interesting observations on seasonal variations of thermospheric composition
using column number density O/N2 ratio were obtained by the NASA Global Observations
of Limb and Disk (GOLD) mission from low–mid to mid–high latitudes [9]. Among many
interesting results concerning spatial and temporal variations of column O/N2 ratio, the
timing of seasonal transition looks to be the most challenging one:

(1) The December solstice season is much shorter than the June one. The average dura-
tions for the December solstice season and the June solstice season during this period
(October 2018–the end of 2021) are 122 days and 243 days, respectively;

(2) As far as column O/N2 ratio is concerned, there is only the December solstice season
or June solstice season, and the transition between two seasons, the equinox transition,
has a time scale of the order of one day.

The most striking difference with previous results manifests the duration of the
equinoctial transition—the order of one day compared to two–three weeks revealed earlier.
It should be noted that the method for how the seasons were specified was by Qian
et al. [9]. The authors found the difference in O/N2 annual variations at same latitudes in
the two hemispheres: “We define the time period when the ΣO/N2 difference is positive
as “the December solstice season”, the period when it is negative as “the June solstice
season”, and the transition between the two as the “equinox transition”. Formally, such a
method may be applied to specify the season but there is a hemispheric asymmetry in the
seasonal variations related to the interaction of three components—annual, semiannual,
and non-seasonal [10]. There are objective reasons for the hemispheric asymmetry: different
configuration of the geomagnetic field [11], different auroral electrojet indices [12], and a
persistent difference in the auroral hemispheric power [13]. All these should inevitably
result in different thermospheric circulation and different neutral composition.

On the other hand, the method based on the analysis of NmF2 = 1.24 × 104(foF2)2

diurnal variations also has its own peculiarities; therefore, two methods may give different
results. Although daytime mid-latitude F2-layer manifests the state of the surrounding
thermosphere, NmF2 is not directly related to the column O/N2 number density [14].
Further, NmF2 depends on vertical plasma drift related to thermospheric winds (mainly
meridional Vnx component is important during noontime hours) and this drift in its
turn depends on the intensity of auroral heating. Therefore, auroral activity changing
the type of NmF2 diurnal variation (winter/summer) may strongly affect the duration of
the equinoctial transition estimated from NmF2 diurnal variations as this was stressed by
Mikhailov and Schlegel [8].

The difference in two estimates is a principle question for physics of the thermosphere
and this issue requires a special analysis. Such an attempt is undertaken in the present
paper. We use as earlier diurnal foF2 variations observed at mid-latitude stations but under
deep solar minimum in 2008–2009 when geomagnetic activity was at the lowest level. In
this case, one may hope that observed foF2 diurnal variations manifest the intrinsic state of
the thermosphere (neutral composition, temperature, and solar-driven winds). Previous
analyses [15–17] have shown that under deep solar minimum, even small splashes of
auroral activity with Ap = 7–10 nT may strongly perturb foF2 diurnal variations. Therefore,
we analyzed only days with daily Ap < 7 nT. Our recently proposed method [18], along
with CHAMP/STAR (ftp://anonymous@thermosphere.tudelft.nl/version_01/CHAMP_
data/, accessed on 16 March 2023) neutral gas density observations, was applied to infer
a consistent set of aeronomic parameters (neutral composition and temperature, vertical
plasma drift, total solar EUV flux) responsible for the formation of daytime mid-latitude

ftp://anonymous@thermosphere.tudelft.nl/version_01/CHAMP_data/
ftp://anonymous@thermosphere.tudelft.nl/version_01/CHAMP_data/
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F2-layer. The retrieved solar EUV flux with λ ≤ 1050 Å may be controlled by available EUV
observations [19]. Such a set of aeronomic parameters obtained for the periods of equinox
transition will give us a complete picture of the thermospheric state for each particular
day, and we will be able to specify the exact dates of seasonal transitions related to the
internal processes in the thermosphere. This will allow us to check the results obtained
with GOLD observations.

The aims of our paper may be formulated as follows:

1. To analyze ionosonde annual foF2 observations at two mid-latitude stations, Juliusruh
and Boulder, located at close magnetic latitudes but in different “near-pole” (Boulder)
and “far-from-pole” (Juliusruh) longitudinal sectors under deep solar minimum in
2008–2009 with an accent on seasonal transitions.

2. To retrieve thermospheric parameters (neutral composition, temperature, vertical
plasma drift) from the ionospheric and CHAMP/STAR neutral density observations
for the analyzed periods to specify the periods of equinoctial transitions in thermo-
spheric parameters.

3. To discuss mechanisms responsible for the revealed seasonal transitions.

2. Observations and the Method of Analysis

The period from July 2008 to June 2009 which includes the autumnal equinox (September–
October) of 2008 and the vernal equinox (March–April) of 2009 was taken for our analysis.
That was the deepest solar minimum for the whole history of ionospheric observations with
monthly F10.7 = 67.1–69.7 and Ap = 4.4–6.8 nT. Moreover, all days with daily Ap > 7 nT
were removed from our analysis. Under such conditions, one may hope to follow seasonal
transitions solely related to the intrinsic processes in the thermosphere resulted from solar
heating while the effects of auroral heating are supposed to be negligible. The separation of
observed diurnal foF2 variations into winter, equinox, and summer was made in accordance
with the features also used in our earlier analysis [8]. Figure 1 gives three well-pronounced
different types (winter, summer, and equinox) of foF2 diurnal variations observed at Juliusruh
in 2008–2009.
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Figure 1. Well-pronounced foF2 diurnal variations for three seasons at Juliusruh.
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The winter type of foF2 variation is characterized by one near noontime foF2 peak,
a large (2–3 times) midday/pre-sunrise foF2 difference, and a narrow half-width of foF2
variation during daytime hours. The equinoctial type is characterized by a broad plateau-
like foF2 during variation during daytime hours. The summer type is characterized by a
well-pronounced evening and a morning-noontime foF2 peaks and a ‘bite-out’ between
them. The summer type may be also presented by a plateau-like foF2 variation during
daytime hours but the evening maximum always exists, the noon/pre-sunrise foF2 differ-
ence being <2 times. Such noon/pre-sunrise differences are observed under deep solar
minimum in question, for solar maximum the differences are larger [8] but we do not
consider solar maximum to avoid the auroral heating effects. In reality, seasonal differences
may not be well-expressed for individual days so sometimes this is not that easy to attribute
the observed foF2 variation to one or another type even for magnetically quite periods.
Nevertheless, monthly median foF2 variations well manifest these seasonal differences.

Figure 2 gives a monthly median foF2 variations at Juliusruh (54.6◦N, 13.4◦E) and
Boulder (40.0◦N, 254.7◦E) for 12 months of 2008–2009. These two mid-latitude stations are
located in the longitudinal sector covered by GOLD observations made at (120◦W–20◦E)
longitudes [9]. Boulder is located in the “near-pole” and Juliusruh in the “far-from-pole”
longitudinal sectors [10] where the thermospheric circulation responsible for seasonal
transitions may be different and one may expect different seasonal transition patterns. In
general, two stations manifest a similar monthly median foF2 diurnal variations. January
and December exhibit the winter type while May–August the summer type. Other months
demonstrate interim type of foF2 variations due to some days in the month possibly
manifesting winter features while others summer ones. It is seen that March, September,
and October belong to the transitional period as this is manifested in the monthly median
foF2 variations, however individual days may belong to winter or summer types (see
later). This tells us that the equinoctial transition is a prolonged process occupying a period
of the order of a month and this does not agree with Qian et al.’s [9] results. Therefore,
neutral composition should be specified for the analyzed (2008–2009) period to provide a
correct comparison with GOLD observations also made under solar minimum in October
2018—the end of 2021 [9].

Our method [18] to retrieve thermospheric parameters from ionospheric observations
was applied to the selected dates in 2008 and 2009. The method utilizes observed noontime
foF2, plasma frequencies at 180 km height, f180 for (10, 11, 12, 13, 14) LT, both observations
may be taken from SAO files [20] at the stations where DPS-4 are installed. The method
also uses neutral gas density as a fitted parameter. CHAMP/STAR (https://isdc.gfz-
potsdam.de/champ-isdc/, accessed on 15 March 2023) observations were used in the
present analysis. Daytime neutral density observed in the vicinity of ionosonde station
was reduced to 12 LT and the location of ionosonde using the MSISE00 thermospheric
model [21].

https://isdc.gfz-potsdam.de/champ-isdc/
https://isdc.gfz-potsdam.de/champ-isdc/
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Figure 2. Monthly median foF2 diurnal variations at Juliusruh and Boulder in 2008–2009. 
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3. Results

Figure 3 gives the seasonal distribution of days at Juliusruh after the application of
the above-mentioned criteria to observed foF2 diurnal variations during July–December
2008 and January–June 2009. The duration of the winter season is ~172 days while the
summer season lasts ~145 days; the vernal equinox lasts ~36 days while the autumnal
only ~12 days, i.e., the summer to winter transition is much shorter. This coincides with
the earlier obtained results [8] where it was shown that the vernal transition lasts a little
longer than the autumnal one and the vernal transition starts close to the equinox while
the autumnal one starts earlier. This does not agree with the results by Qian et al. [9] who
found that the December solstice season lasted for 122 days and the June solstice season 243
days, while the equinoctial period was totally absent. However, it should be stressed once
again that the estimates by Qian et al. [9] are based on the column O/N2 ratio seasonal
variations while foF2 depends on thermospheric neutral composition, temperature, and
winds which strongly vary with season.
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Figure 3. Seasonal distribution of days with three types of foF2 diurnal variation at Juliusruh during
July–December 2008 and January–June 2009. Noontime foF2 values are given. Blue triangles—
days with winter type of foF2 diurnal variation, red triangles—summer type, and green triangles—
equinoctial type. Vertical dashed lines confine the periods of equinoctial transition.

Figure 4 gives same results but for Boulder. The seasonal distribution looks differently
compared to Juliusruh. The winter season is much shorter—only ~60 days. The length of
vernal transition is hard to estimate as winter and equinoctial types of foF2 diurnal variation
are mixed and the total duration of this period is ~85 days. The autumnal transition period
is less contaminated with neighboring seasons and its duration is ~80 days. The duration
of summer season is similar to the Juliusruh one ~140 days. One may note some interesting
results: (i) a short winter season; (ii) a long vernal transition period strongly contaminated
with winter days; and (iii) a prolonged autumnal transition period in a comparison with
the Juliusruh one. These peculiarities may be related to the Boulder location in the “near
pole” longitudinal sector with specific seasonal variations of neutral composition [14,22].

Dates with well-pronounced seasonal difference in foF2 diurnal variations observed
at Juliusruh were developed with our method [18] to retrieve noontime thermospheric
parameters. Among them, column [O], [N2], and the column O/N2 ratio (Figure 5) were
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calculated above the height with N2 column density of 1017 cm−2 [23] to compare with the
GOLD [9] results. The retrieved vertical plasma drift W mainly related to the meridional
Vnx neutral wind component is also given in Figure 5 (top panel). It is seen that column
O/N2 ratio variations are practically totally due to atomic oxygen, while column [N2]
variations are very small, within ~6–7% throughout the year.
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Table 1 gives average retrieved column O/N2, exospheric temperature (Tex), and W
for dates with winter, equinox, and summer type of foF2 diurnal variations.

Table 1. Average along with ± SD retrieved at Juliusruh col(O/N2), Tex, and W over the dates with
three types of foF2 diurnal variations.

Type of foF2
Variation Col (O/N2) Tex, K W, m/s

Winter 0.56 ± 0.08 735 ± 47 −21.5 ± 9.4
Equinox 0.42 ± 0.06 812 ± 35 −9.2 ± 2.2
Summer 0.39 ± 0.03 779 ± 31 −9.4 ± 1.8

The application of t-criterion to column O/N2 ratio, Tex, and W data given in Table 1
and Figure 5 indicates that winter/summer and winter/equinox differences are significant
at >99.9% confidence level while the summer/equinox difference is significant only at ~95%
level for column O/N2 ratio and is insignificant for W. Thus, the equinoctial period should
be considered as different from the winter one while a 95% confidence level may be not
sufficient to distinguish equinoctial and summer periods analyzing column O/N2 ratio
seasonal variations. This confirms the results by Qian et al. [9] who found that the winter
season was much shorter than the summer one if the summer and equinoctial periods are
considered together. Seasonal variations of vertical plasma drift W also manifest a signifi-
cant difference between winter and two other seasons while this difference is insignificant
considering equinox and summer. This also tells us that summer and equinoctial periods
may be considered together at Juliusruh bearing in mind daytime thermospheric parameter
seasonal variations.
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pronounced winter, summer, and equinox foF2 diurnal variations along with retrieved vertical
plasma drifts, W (top panel). Bottom panel gives separately column [O] and [N2] for the same dates.

However, one may expect different results at Boulder where the vernal equinoctial
period is strongly contaminated with winter days (Figure 4). We have also retrieved ther-
mospheric parameters for days with winter and equinoctial type of foF2 diurnal variations
in February–April 2009 in a comparison to days with purely winter type of foF2 variations
in December 2008–January 2009. Figure 6 gives retrieved noontime column O/N2 ratio at
Boulder and vertical plasma drifts for the selected days while Table 2 gives retrieved ther-
mospheric parameters for the analyzed days along with MSIS-86 model [24] Tex, column
O/N2 ratio, and column [O] values given for a comparison. The gap during the end of
December 2008–the beginning of January 2009 is due to absence of CHAMP neutral gas
density observations at Boulder during this period.
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Figure 6. Retrieved noontime column O/N2 ratio and vertical plasma drift W at Boulder for days
with winter and vernal equinox foF2 diurnal variations.

Table 2. Retrieved thermospheric parameters for winter and vernal periods at Boulder. Numbers in
brackets—MSIS86 model values.

Dates Tex, K Col (O/N2) Col[O],
1016 cm−2 Dates Tex, K Col (O/N2) Col[O],

1016 cm−2

Winter Type of foF2 Diurnal Variation Equinoctial Type of foF2 Diurnal Variation

9 December 2008 746 (717) 0.467 (0.916) 4.72 (9.20) 8 February 2009 702 (724) 0.552 (0.817) 5.72 (8.47)
10 December 2008 716 (728) 0.598 (0.908) 6.22 (9.38) 9 February 2009 727 (740) 0.551 (0.828) 5.72 (8.32)
11 December 2008 706 (739) 0.692 (0.902) 7.17 (9.55) 10 February 2009 704 (740) 0.592 (0.826) 5.99 (8.31)
17 December 2008 728 (737) 0.623 (0.894) 6.62 (9.49) 21 February 2009 733 (785) 0.522 (0.801) 5.55 (8.28)
18 December 2008 710 (718) 0.712 (0.905) 7.15 (9.14) 28 February 2009 743 (780) 0.580 (0.799) 6.00 (8.04)
19 December 2008 716 (727) 0.635 (0.897) 6.73 (9.30) 1 March 2009 736 (773) 0.606 (0.786) 6.37 (8.22)
20 December 2008 711 (718) 0.630 (0.903) 6.40 (9.10) 2 March 2009 747 (758) 0.525 (0.795) 5.48 (8.09)
11 February 2009 735 (742) 0.542 (0.819) 5.78 (8.36) 9 March 2009 748 (775) 0.629 (0.774) 6.63 (8.09)
23 February 2009 738 (775) 0.608 (0.789) 6.17 (8.38) 11 March 2009 758 (792) 0.615 (0.778) 6.42 (7.88)

10 March 2009 760 (789) 0.670 (0.781) 6.82 (7.89) 19 March 2009 775 (805) 0.663 (0.758) 6.89 (7.78)
18 March 2009 759 (789) 0.660 (0.753) 6.81 (7.99) 22 March 2009 786 (819) 0.646 (0.745) 6.53 (7.78)
20 March 2009 774 (807) 0.630 (0.755) 6.45 (7.77) 27 March 2009 800 (825) 0.657 (0.731) 6.68 (7.69)
28 March 2009 776 (816) 0.546 (0.740) 5.72 (7.62) 5 April 2009 806 (833) 0.514 (0.709) 5.45 (7.49)
29 March 2009 790 (824) 0.612 (0.730) 5.50 (7.63) 6 April 2009 800 (827) 0.517 (0.713) 5.38 (7.45)
3 April 2009 781 (815) 0.589 (0.729) 6.06 (7.47) 7 April 2009 817 (825) 0.502 (0.709) 5.07 (7.42)

8 April 2009 810 (851) 0.580 (0.705) 6.03 (7.22)
Average 747 ± 29 0.61 ± 0.06 6.29 ± 0.66 762 ± 38 0.58 ± 0.05 5.99 ± 0.54

Figure 6 and Table 2 show that unlike Juliusruh (Figure 5), where winter (Decem-
ber/January) column O/N2 ratios and column [O] are significantly larger than vernal
equinoctial values, at Boulder they are practically undistinguished, and the application
of t-criterion confirms that the difference is statistically insignificant. The retrieved verti-
cal plasma drift W related to thermospheric winds also does not manifest any seasonal
differences contrary the W variations at Juliusruh (Figure 5, top panel). Vertical drift W
considered over the whole period is −18.5 ± 2 m/s at Boulder but it is −9.3 ± 2 m/s
during equinox/summer and −21.5 ± 5 m/s in winter at Juliusruh. The retrieved Tex also
does not manifest any significant difference at Boulder for the two periods (Table 2). Unlike
the retrieved column O/N2 ratio and column [O], MSIS-86 model values indicate that
these seasonal differences are significant. Problems with MSIS atomic oxygen longitudinal
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variations under solar minimum in the American longitudinal sector were discussed earlier
by Mikhailov and Perrone [14].The undertaken analysis tells us that two longitudinal
sectors manifest different seasonal variations both in thermospheric circulation and neutral
composition. Boulder is located in the “near-pole” and Juliusruh in the “far-from-pole” lon-
gitudinal sectors [10]. In fact, the vernal transition period lasts for two months at Boulder
i.e., much longer than at Juliusruh. Although GOLD observations cover both longitudinal
sectors (120◦W–20◦E), the authors [9] did not mention this difference.

4. Discussion

Initially, ionospheric F2-layer observations [1–4,8] were used to analyze seasonal
variations in the thermosphere, bearing in mind that NmF2 manifests the state of the
surrounding thermosphere. However, NmF2 depends on many aeronomic parameters
and the duration of winter, summer, and equinoctial seasons based on NmF2 observations
should be considered only as an estimate. NASA Global Observations of Limb and Disk
(GOLD) mission [25,26] (and Global Ultraviolet Imager (GUVI) limb measurements [27]
gave direct global-scale column O/N2 ratio observations during prolonged periods and
such observations could be efficiently used for analyses of seasonal transitions in the
thermosphere. Such an analysis was undertaken by Qian et al. [9] who have revealed
that there is only the December solstice season or June solstice season, and the transition
between two seasons, the equinox transition, has a time scale of the order of one day.

Seasonal changing of global thermospheric circulation and corresponding changing in
neutral composition is not a one-day act. These changes mainly reflect seasonal changes of
solar illumination and the intensity of auroral heating as was earlier noted by Mikhailov and
Schlegel [8]. We have specially selected in our analysis the period of deep solar minimum in
2008–2009 to exclude as much as possible the effects of auroral heating, however, even in this
case European (“far-from-pole”) and American (“near-pole”) longitudinal sectors manifest
different patterns of thermospheric parameter seasonal variations as was demonstrated in
our analysis.

The definitions “far-from-pole” and “near-pole” were introduced by Rishbeth and
Müller-Wodarg, (2006) to specify the position of a station with respect to a magnetic pole.
Stations in the American longitudinal sector compared to European and Asian ones have
larger magnetic latitudes (under same geographic latitudes) and this is a well-known fact.
However, our analysis has shown that the difference between two sectors is more principle
and does not come down to the difference in magnetic and geographic coordinates. We
selected stations in the two sectors with close magnetic coordinates but they nevertheless
manifest different seasonal variations in neutral composition and winds. This issue needs a
special analysis that goes beyond the scope of this paper, devoted to providing the existence
of equinoctial transition periods in seasonal variations of neutral composition.

Our recently developed method [18] to retrieve a consistent set of main aeronomic
parameters responsible for the mid-latitude daytime F-layer formation was used to find
Tex, [O], [N2], and W seasonal variations at Boulder and Juliusruh. The method is based
on direct ionosonde and in situ satellite neutral gas density observations in the vicinity
of the ionosonde station and describes the noontime state of the thermosphere for given
geophysical conditions. GOLD observations cover a latitude range from 60◦S to 60◦N and
a longitude range from 120◦W to 20◦E which includes Juliusruh and Boulder locations. The
subsatellite longitude of GOLD is at 47.5◦W, therefore Qian et al. [9] focused on examining
the seasonal variation of ΣO/N2 at 45◦W and local noon. The analyzed GOLD observations
were mainly conducted at low level of solar activity from October 2018 to the end of 2021.
Therefore, our retrieved column O/N2 ratios may be compared to GOLD observations
used by Qian et al. [9].

Figure 5 shows that in the European (“far-from-pole”) longitudinal sector there is at
least a two-week vernal equinoctial period which is free of the contamination by neighbor-
ing seasons.
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The autumnal equinoctial period is shorter ~10 days. Earlier in our paper it was
mentioned that all equinoctial column O/N2 ratio data do not statistically differ from
summer ones and this is so comparing vernal to summer dates. However, the same
comparison of autumnal dates to summer ones gives a significant difference at the 97%
confidence level. Of course, all retrieved equinox O/N2 data are significantly different
from winter ones (see earlier). This tells us that both foF2 and column O/N2 data manifest
the existence of equinoctial periods which are separated from winter and summer ones and
the duration of these periods are larger than a day found by Qian et al. [9].

Results for Boulder located in the “near-pole” longitudinal sector are even more interesting.
Figure 4 with foF2 seasonal variations manifests a prolonged (February–April) vernal

transition period which is strongly contaminated with dates typical of the winter season.
The autumnal transition period is also very prolonged and includes September–November
dates. Unlike Juliusruh, the retrieved winter column O/N2 ratios do not significantly differ
from vernal ones. The retrieved Tex also does not manifest any significant difference for the
two periods (Table 2). Retrieved vertical plasma drift W related to thermospheric winds
also does not demonstrate any seasonal differences contrary W variations at Juliusruh. This
means that “the December solstice season” using the terminology by Qian et al. [9] just
does not exist as it merges with the vernal season. The autumnal transition period requires
a special analysis not done in this paper.

The revealed peculiarities in thermospheric and ionospheric seasonal variations may
be related to persistent auroral heating in the “near-pole” American longitudinal sector.
The mechanism of longitudinal/UT variations of neutral composition has been always
associated with high latitude heating and the displacement between the geomagnetic and
geographic poles [28–30]. Due to Joule and particle precipitation heating of the auroral zone
which takes place even under magnetically quiet conditions [16,17], the upper atmosphere
expands and this upwelling results in a decrease of the atomic oxygen abundance in the
auroral zone. Heating of the auroral thermosphere creates a pressure gradient and an
equatorward wind which competes with solar-driven wind. This mechanism has been
much discussed in the literature [6,31,32]. Normally, the solar-driven circulation transfers
atomic oxygen from summer (more heated) to winter (more cold) hemisphere, increasing
the atomic oxygen abundance in the winter hemisphere. We have such a situation at
middle latitudes in the “far-from-pole” longitudinal sector. In the “near-pole” sector, the
solar-driven circulation is damped by a high-latitude gradient during winter and the vernal
equinox leaving the atomic oxygen abundance at a relatively low level at middle latitudes.
The day-to-day variation of the intensity of auroral heating results in day-to-day variations
of the atomic oxygen abundance at middle latitude as this was shown in [15]. This is seen as
a contamination of the vernal transition period with winter days (Figures 4 and 6). During
the second part of the year, the direction of aurorally induced circulation coincides with
solar-driven circulation (from the summer to winter hemisphere) resulting in a decrease
of atomic oxygen abundance at middle latitudes. This decrease of [O] is seen in low foF2
observed by the end of August (Figure 4) unlike Juliusruh when minimal foF2 are observed
in the end of July (Figure 3). This is due to a different pattern of meridional circulation in the
two longitudinal sectors. Low starting [O] values in the beginning of the autumnal equinox
result in a prolonged transition period (Figure 4) not contaminated with winter-type of foF2
diurnal variations which normally are associated with large atomic oxygen concentration.

5. Conclusions

Ionospheric observations along with CHAMP/STAR neutral gas density measure-
ments were used to retrieve thermospheric parameters and to specify seasonal transitions
in the European (“far-from-pole”) and American (“near-pole”) longitudinal sectors. The
results were compared to GOLD column O/N2 ratio observations by Qian et al. [9] The
obtained results may be formulated as follows.

1. The analysis of foF2 diurnal variations during July–December 2008 and January–
June 2009 at Juliusruh located in the “far-from-pole” longitudinal sector gave the
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duration of the winter season ~172 days, summer season ~145 days, the vernal equinox
~36 days, and the autumnal one ~12 days, i.e., the summer to winter transition is much
shorter. Boulder located in the “near-pole” longitudinal sectors manifests different
results. The winter season is much shorter-only ~60 days, the vernal period is strongly
contaminated with days typical of winter foF2 variation and the total duration of
this period is ~85 days, the autumnal period is less contaminated with neighboring
seasons and its duration is ~80 days, and the duration of the summer season is similar
to the Juliusruh one at ~140 days. Therefore, mid-latitude foF2 seasonal variations
which reflect the state of the surrounding thermosphere manifest the existence of
prolonged equinoctial periods oppositely to the results obtained by Qian et al. [9].

2. Retrieved thermospheric parameters (neutral composition, temperature, and vertical
plasma drift W related to thermospheric winds) were used to specify seasonal differ-
ences. In particular, column O/N2 ratios were compared to GOLD observations. At
Juliusruh, winter/summer and winter/equinox differences in column O/N2 and W
are significant at >99.9% confidence level while the summer/equinox difference is
significant at ~95% confidence level for column O/N2 ratio and is insignificant for
W. Thus, the equinoctial period should be considered as different from the winter
one while a 95% confidence level may be not sufficient to distinguish equinoctial and
summer periods analyzing column O/N2 ratio seasonal variations. This confirms the
results by Qian et al. [9] who found that the winter season was much shorter than the
summer one if the summer and equinoctial periods are considered together.

3. Retrieved at Boulder column O/N2 ratios, Tex and vertical plasma drifts for the winter
season (December–January) do not significantly differ from vernal values according
to t-criterion.

This means that “the December solstice season” just does not exist as it merges with
the vernal season in the “near-pole” longitudinal sector. Vertical drift W considered
over winter and vernal periods is −18.5 ± 2 m/s at Boulder but it is −9.3 ± 2 m/s
during equinox/summer and −21.5 ± 5 m/s in winter at Juliusruh. This means that two
longitudinal sectors manifest different seasonal variations both in thermospheric circulation
and neutral composition.
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