
1. Introduction
The reaction of thermosphere and ionosphere to Sudden Stratospheric Warming (SSW) is an excellent example of 
the impact from below on the Earth's upper atmosphere. This issue is widely discussed in the literature. A review 
of papers devoted to foF2 effects at middle latitudes related to SSWs was done in our previous paper (Mikhailov 
et al., 2021), see also a comprehensive review by Goncharenko, Harvey, Liu, and Pedatella (2021). It should be 
stressed that among indirect methods only observations of electron concentration in the F-region may indicate 
the state of the surrounding thermosphere (neutral composition, temperature, winds) while total electron content 
(TEC) observations widely used in SSW considerations is not a proper parameter for thermospheric analyses. 
TEC includes the plasmaspheric part which is not related to the underlying F2-region but reflects the state of 
high-latitude ionosphere. Therefore, we do not here review foF2 and TEC observations during SSW events. The 
present paper is devoted to SSW thermospheric effects simultaneously observed in two Hemispheres during 
SSWs and we will consider previously obtained observational results only under this angle. Numerous model 
simulations are also omitted here as their correctness is always questionable (e.g., Pedatella et al., 2014).

Liu et al. (2011) analyzing CHAMP and GRACE neutral gas density (ρ) observations during the major SSW 
in January 2009 revealed a significant ρ decrease across both hemispheres with the minimum on 24 January 
for the afternoon (16–18) LT sector. Further, authors found that the Southern Hemisphere experienced a larger 
relative density decrease than the Northern one. The observed depression in neutral density as well as in electron 
concentration measured on board the CHAMP satellite in the equatorial (±30°) region was attributed to the ther-
mosphere cooling initiated by SSW.

Observations from the recently launched Global-Scale Observations of the Limb and Disk (GOLD) instrument 
on the geostationary SES-14 communications satellite reveal a substantial response of the mean state of the 
thermosphere to the major SSW event in late December 2018 to early January 2019 (Oberheide et al., 2020). The 
observed column O/N2 ratio depletion of more than 10% started at the onset of the SSW, maximized at the time 
of the stratospheric wind reversal, and recovered toward the end of the SSW.

Yamazaki et al. (2015) investigated possible impact of SSWs on the thermosphere by using long-term data of 
the global average thermospheric total mass density derived from satellite orbital drag during 1967–2013. A 
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superposed epoch analysis of 37 SSW events manifested a density reduction 
of 3–7% at 250–575 km with the relative density perturbation being greater 
at higher altitudes. The temperature perturbation is estimated to be −7.0 K 
at 400 km.

Goncharenko, Harvey, Greer, et  al.  (2021) have reported strong (up to 
80−100%) positive anomalies in the daytime TEC and an increase of the 
thermospheric O/N2 ratio in the western region of North America during 
the Antarctic SSW in September 2019. However, central and eastern parts 
of North America have manifested moderate suppression of TEC reaching 
20–40% of the baseline. The authors suggest that changes in thermospheric 
zonal wind play a major role in the formation of ionospheric anomalies, espe-
cially over western North America. These results raise a number of questions 
(see Section 4).

The aims of the paper may be formulated as follows:

1.  To analyze the reaction of ionospheric (foF2) and thermospheric (neutral composition, temperature, winds) 
parameters at midlatitudes of both Hemispheres to the minor Arctic SSW in January 2008 and three major 
Arctic SSWs in January 2009, January 2013, and January 2006.

2.  To consider ionospheric and thermospheric effects to the minor Antarctic September 2019 SSW at middle 
latitudes of the North America where Goncharenko, Harvey, Greer, et al. (2021) have observed a large TEC 
anomaly presumably related to this SSW.

2. Observations and the Method of Analysis
Routine ionosonde observations at midlatitude stations in the Northern and Southern Hemisphere (Table 1) were 
used for the periods of three major Arctic SSWs (in January 2009, January 2013, and January 2006) and the 
minor Arctic SSW in January 2008. A special analysis was devoted to the ionospheric and thermospheric effects 
at the midlatitudes of Northern America during the minor Antarctic SSW in September 2019.

Interpolated over 11–13 LT foF2 observations (using 5–15 min data when available) were used to find noontime 
relative foF2/foF2med deviations for the periods in question. Observed monthly median foF2 used as a background 
in our analysis were interpolated for each day of a month using three adjacent months. Keeping in mind that 
observed foF2 monthly medians may bear the SSW effects, we have controlled them using medians from the 
global empirical model GDMF2 by Shubin and Deminov (2019).

Daytime midlatitude foF2 is closely related to the state of surrounding thermosphere (neutral composition, temper-
ature, winds). Our method (Perrone & Mikhailov, 2018) to retrieve thermospheric parameters from ionospheric 
observations was used in the analysis. The basic version of this method utilizes observed noontime foF2 and 
plasma frequencies at 180 km height, f180 for (10, 11, 12, 13, 14) LT, both observations may be taken from SAO 
files (Reinisch et al., 2004) at the stations where DPS-4 are installed. This strongly confines the list of available 
stations in the Southern Hemisphere. During summer season when foF1 is well-pronounced on vertical sounding 
ionograms the method allows us to use observed foF1 instead of f180 and this possibility was used at Hobart not 
equipped with DPS-4. An extended version of our method additionally uses observed neutral gas density (ρ) as a 
fitted parameter. Neutral gas density observations with CHAMP/STAR, GOCE, and Swarm (March et al., 2021; 
Siemes et al., 2016; van den Ijssel et al., 2020) satellites were used in the analysis. Inclusion of neutral density into 
the retrieval process increases the reliability of the obtained results. In this case the inferred neutral composition 
([O], [N2], [O2] concentrations), temperature Tex along with vertical plasma drift W and total solar EUV ionizing 
flux are found consistently with the observed neutral gas density.

Daytime neutral densities observed in the vicinity of ionosonde station were reduced to 12 LT and the location of 
ionosonde using the MSISE00 thermospheric model (Picone et al., 2002). The height of observed ρ used in our 
analysis was taken directly from the orbit not to introduce additional inaccuracy related to possible imperfectness 
of Tex in MSISE00. The retrieved neutral gas density ρ = m1[O] + m2[O2] + m3[N2] does not include the contri-
bution of [He] and [N] therefore the observed ρ were corrected using MSISE00. This correction is small (1–2)% 
for CHAMP/STAR observations at heights of ∼330 km in 2008–2009 (for GOCE even less due to low satellite 
orbits) while it is of (5–6)% for Swarm data obtained at heights of ∼438 km in 2019.

Table 1 
List of Stations Used in the Analysis

Station
Geographic 
coordinates Station

Geographic 
coordinates

Rome 41.9°N, 12.5°E Hermanus 34.4°S, 19.2°E

Athens 38.0°N, 23.5°E Grahamstown 33.3°S, 26.5°E

Roquetes 40.8°N, 0.5°E Christchurch 43.6°S, 172.8°E

Millstone Hill 42.6°N, 288.5°E Canberra 35.3°S, 149.0°E

Point Arguello 34.8°N, 239.5°E Hobart 42.9°S, 147.3°E

Boulder 40.0°N, 254.7°E

Note. (Reinisch & Galkin, 2011; Upper Atmosphere Physics, 2020)
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3. Results
First let us consider ionospheric (delfoF2 = foF2obs/foF2med) effects observed simultaneously at middle latitudes 
in both Hemispheres during a major (January 2009) and a minor (January 2008) Arctic SSW events. Both events 
took place under a very deep solar minimum and manifest clear SSW impact on the thermosphere not contami-
nated by solar and geomagnetic activity effects.

On the background of day-to-day foF2obs/foF2med variations in January 2009 (Figure 1) a well-pronounced synchro-
nous foF2 depression is seen at three European stations and at the stations located in the Southern Hemisphere 
during some days before and including the SSW maximum on 23 January 2009. The reversal of zonal wind took 
place on 23/24 January 2009 (MERRA2).

The SSW event in January 2008 manifested a large stratospheric temperature increase (Figure 1, right bottom 
panel) similar to the major SSW in January 2009 but without a reversal of stratospheric zonal wind there-
fore formally it is considered as a minor SSW. During this SSW event European stations also manifested a 
well-pronounced synchronous foF2 depression during 3 days around the SSW maximum (23–24 January 2008) 
but no effects are seen at the Southern Hemisphere stations (Figure 1 right column).

The method by Perrone and Mikhailov (2018) was applied at the stations located in the Northern and Southern 
Hemispheres to retrieve thermospheric parameters during SSW events in question. The results for Rome and 
Hermanus in January 2009 and for Rome and Hobart in January 2008 are given in Figure 2.

Solar EUV and geomagnetic activity are two external factors controlling the state of thermosphere. Figure 2 
shows that solar EUV flux variations were small (∼3%) during the analyzed periods and they hardly can be 
responsible for the revealed variations of thermospheric parameters. Although, ρ, [O]300, and Tex seem to follow 
EUV variations the corresponding correlation coefficients are small and statistically insignificant.

Figure 1. Noontime foF2/foF2med ratio for stations located in the Northern (top panel) and Southern (middle panel) 
Hemispheres during the major SSW event in January 2009 (left column) and the minor event in January 2008 (right column). 
Bottom panels give daily Ap indices and stratospheric temperature at 90°N, 10 hPa (∼32 km), dashed lines—40-year mean 
values of stratospheric temperature.
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More pronounced effects are related to geomagnetic activity and the reaction depends on season—winter in the 
Northern and summer in the Southern Hemispheres. The seasonal effect is clearly seen in Tex reaction to magnetic 
activity especially in January 2009 (Figure 2, left panel). Although magnetic activity was low (Ap ≤ 12 nT) for 
the periods in question even such individual splashes of Ap index produce visible thermospheric effects under 
solar minimum as this was shown by Mikhailov et  al.  (2021). Day-to-day Tex/Ap reaction is clearly seen in 
summer. This seasonal difference is explained in the framework of well-known thermosphere-ionosphere storm 
mechanism (Fuller-Rowell et al., 1994; Prölss, 1995; Rishbeth et al., 1987; Rishbeth & Müller-Wodarg, 1999).

Let us consider retrieved thermospheric parameters for 23 January 2009 and 22 January 2008 to manifest the SSW 
effects. These days were magnetically very quiet with daily Ap ≤ 2 nT. Bearing in mind the obvious dependence 

Figure 2. Observed noontime NmF2 = 1.24 × 10 4(foF2) 2, CHAMP/STAR neutral gas densities reduced to 12 LT and station 
locations along with retrieved atomic oxygen at 300 km, Tex, and column O/N2 ratio. Model MSISE00 (solid and dashed lines 
without triangles) variations are given for a comparison. Observed total EUV (100–1200) Å solar flux (Woods et al., 2018) 
along with Ap indices, are given in the bottom panel. Vertical solid lines indicate the dates of stratospheric temperature peak.
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of thermospheric parameters on magnetic activity the reference days selected to visualize the SSW effects should 
be also very quiet. 11 January 2009 with Ap = 1 nT and 30 January 2008 with Ap = 2 nT were selected as 
the reference days. The selection of reference period in January 2008 after the SSW peak may raise questions. 
However, the inferred variations of atomic oxygen and the column O/N2 ratio indicate (Figure 2, left column) that 
the duration of atomic oxygen decrease related to SSW is only 3–5 days in the vicinity of the SSW peak. This 
estimate coincides with the results by Shepherd and Shepherd (2011) on thermospheric O( 1S) volume emission 
rates observed by the WIND Imaging Interferometer on UARS. They observed a depletion above 140 km in the 
daytime O( 1S) volume emission rates, which commenced around the onset of the SSW and lasted over a period of 
3–4 days. Therefore, our selection of 30 January 2008 as a reference day is justified. Although the observations 
by Shepherd and Shepherd (2011) were made at 50°–70°N that is, at slightly larger latitudes than our stations are 
located (Table 1) our previous analysis (Mikhailov et al., 2021) has shown that Moscow, Juliusruh, and Chilton 
stations with latitudes >50°N demonstrated a decrease in foF2 around the SSW peak similar to foF2 variations at 
lower latitude Rome, Athens, Roquetes stations. Further, heights considered by Shepherd and Shepherd (2011) 
are above the turbopause level (∼120 km). All neutral species above this level are distributed in accordance with 
the barometric law at least under magnetically quiet conditions considered in our paper. Therefore, relative vari-
ations of [O] (and we consider relative variations in the vicinity of the SSW peak) will be practically same in the 
whole thermosphere above the turbopause level.

The retrieved thermospheric parameters for the days close to the SSW temperature maxima in January 2009 and 
2008 along with same parameters for the reference days are given in Tables 2 and 4.

Table 2 and Figure 2 manifest some interesting results in the Northern Hemisphere.

1.  The absence of any essential Tex variations related to SSW contrary earlier obtained results (e.g., Goncharenko 
& Zhang, 2008; Liu et al., 2011), Tex being close to MSISE00 model values.

2.  The absence of any essential [N2] variations in accordance with the absence of Tex variations. This is an 
expected result as [N2] is a chemically inactive species whose distribution is controlled by the barometric law. 
This result also tells us that processes during SSW do not affect the N2 abundance in the upper atmosphere.

3.  Atomic oxygen demonstrates a strong depletion (∼80%) in the vicinity of the SSW maximum compared to the 
reference day. Although atomic oxygen is the main contributor to neutral gas density at the analyzed heights 
the latter includes N2 which is not affected by SSW, therefore quantitatively the decrease in [O]300 is larger 
than in ρ300.

4.  Column O/N2 ratio calculated above the N2 column density of 10 17 cm −2 (Strickland et al., 1995) manifests 
solely variations of atomic oxygen during SSW events and this was stressed earlier by Mikhailov et al. (2021).

The Southern Hemisphere (Hermanus) demonstrates similar variations of thermospheric parameters but with 
much less magnitude than the Northern one: 18% compared to 59% in ρ300, 24% compared to 80% in [O]300, 28% 
compared to 79% in column O/N2 ratio but similar to Rome—practically no changes take place in Tex and N2.

Figure 2 manifests that observed neutral gas density and retrieved atomic oxygen qualitatively follow MSISE00 
model variations, the latter are driven by solar (F10.7) and geomagnetic (Ap) indices. However, quantitatively 
these variations are different. Figure 3 gives relative variations of ρ, [O]300, and Tex calculated with respect to 23 

Table 2 
Retrieved ρ, [O], [N2] at 300 km Along With Tex and Column O/N2 Ratio Are Given for the Selected (23 January 2009 the 
First Line) and Reference (11 January 2009 the Second Line) Days at Rome and Hermanus

Station ρ300 × 10 −15 g cm −3 Tex (K) [O]300 × 10 8 cm −3 [N2]300 × 10 7 cm −3 Col (O/N2)

Rome 4.32 754 1.21 2.29 0.38

6.88 747 2.18 2.28 0.68

59% <1% 80% <1% 79%

Hermanus 6.67 764 1.86 3.60 0.50

7.85 771 2.31 3.62 0.64

18% <1% 24% <1% 28%

Note. The ratio for reference/selected days in % is given in the third line.
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January (the date of SSW peak) values to demonstrate this difference from MSISE00. Median values (dashed 
lines) calculated over all available points are given for better obviousness.

MSISE00 is seen to manifest much smaller magnitude of variations compared to observed (ρ) and retrieved 
([O] and Tex) parameter variations. Table 3 is given to quantify the difference between medians at Rome and 
Hermanus.

Table 3 indicates that median relative observed ρ variations are larger on average than MSISE00 predicts by 22% 
at Rome and by 18% at Hermanus. The difference is larger for atomic oxygen—39% and 23%, correspondingly 
while practically no difference is seen for Tex. This means that the main SSW effect is related to a decrease of the 
atomic oxygen abundance in the thermosphere as [O] is the main contributor to neutral gas density at heights of 
CHAMP/STAR observations (∼323 km at Rome and ∼332 km at Hermanus). The other important result is that 
the thermospheric SSW effect is seen in both hemispheres but it is stronger in the Northern hemisphere than in 
the Southern one during the major SSW in January 2009.

It should be stressed that the January 2009 event presents an ideal case for SSW analyses. It occurred under the 
deepest solar minimum over the whole history of ionospheric observations. Practically invariable solar EUV 
and extremely low level of geomagnetic activity allows us to attribute the retrieved variations of thermospheric 
parameters solely to the impact from below. One may consider this SSW event as a standard while other SSW 
events (see later) are contaminated to more or less extent by solar EUV and geomagnetic activity effects. For 

instance, the minor SSW event in January 2008 (Figure 1, right column) also 
took place under the same deep solar minimum but geomagnetic activity was 
slightly elevated during that period and the analyzed day of 22 January 2008 
(although with Ap = 2 nT) was surrounded by disturbed days. Splashes of 
magnetic activity with Ap = 7–10 nT may produce visible effects under solar 
minimum (Mikhailov et al., 2021). Table 4 gives the retrieved thermospheric 
parameters for the minor SSW event in January 2008.

The minor SSW in January 2008 demonstrated a well-pronounced and 
synchronous foF2 decrease at three European stations but not in the Southern 
Hemisphere (Figure 1, right column). Table 4 explains this effect. Similar 

Table 3 
Median Values of Relative Variations for ρ, [O]300, and Tex Taken From 
Figure 3 to Quantify the Difference Between Observed (Retrieved) and 
MSISE00 Model Variations

Rome Hermanus

Parameter ρ [O]300 Tex ρ [O]300 Tex

Obs (Ret) 1.27 1.45 0.96 1.25 1.27 1.03

MSISE00 1.04 1.04 1.01 1.06 1.03 1.02

Figure 3. Observed neutral gas density ρ, atomic oxygen [O]300, and exospheric temperature Tex variations relative to 23 
January 2009 values are given for Rome and Hermanus. Solid lines—MSISE00 model variations. Dashed lines—medians 
calculated over all points. Vertical solid lines indicate the date of Sudden Stratospheric Warming (SSW) peak.
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the January 2009 SSW case the depression in ρ and [O]300 takes place for 22 January (the day before the SSW 
peak) in a comparison to the reference day, however the magnitude of this depression is much less than for the 
major SSW in January 2009. By analogy with the major SSW in January 2009 no essential change is seen in Tex. 
The Southern Hemisphere (Hobart) contrary the January 2009 case manifests small and irregular variations of 
the thermospheric parameters and this explains the observed irregular foF2 variations in the vicinity of the SSW 
maximum date (Figure 1, right column). Therefore, visible SSW effects in the opposite Hemisphere may be 
expected only for major SSW events.

Two other major SSW events were analyzed to check this conclusion. A major SSW event in January 2013 
(Figure 4) with a moderate stratospheric temperature increase ∼247 K and a reversal of zonal stratospheric wind 
on 5 January 2013 manifested a pronounced synchronous foF2 decrease (∼10%) at the European stations during 

Table 4 
Retrieved ρ, [O], [N2] at 300 km Along With Tex and Column O/N2 Ratio Are Given for the Selected (22 January 2008 the 
First Line) and Reference (30 January 2008 the Second Line) Days at Rome and Hobart

Station ρ300 × 10 −15 g cm −3 Tex (K) [O]300 × 10 8 cm −3 [N2]300 × 10 7 cm −3 Col (O/N2)

Rome 6.17 752 1.82 2.80 0.50

7.18 761 2.13 3.17 0.56

16% 1% 17% 13% 12%

Hobart 7.54 810 1.92 5.09 0.44

7.18 823 1.75 5.28 0.39

−5% <2% −9% <4% −11%

Note. The ratio for reference/selected days in % is given in the third line.

Figure 4. Same as Figure 1 but for major Sudden Stratospheric Warming (SSW) events in January 2013 (left column) and in 
January 2006 (right column).
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some days around January 03, that is, slightly before the SSW temperature maximum. A similar forestalling took 
place during the January 2009 SSW event. The observed foF2 depression was not related to geomagnetic activity 
which was at a very low level (Figure 4, bottom panel). Although that was a major SSW no depression in foF2 
was seen in the Southern Hemisphere at the stations located in the Australian sector (Figure 4, left middle panel).

An interesting three-humped stratospheric temperature major SSW event took place in January 2006 (Figure 4, 
right panel). The second and third temperature peaks were large enough (244 K on 11 January and 260 K on 
22 January) to expect foF2 deviations comparable to those we had in January 2009. The reversal of zonal wind 
occurred on 20 January, that is, before the main temperature peak. The main foF2 effects were associated with 
the second stratospheric temperature peak. A well-pronounced synchronous foF2 depression (∼15%, around 30% 
in NmF2) took place in both Hemispheres around 11 January 2006. It should be stressed that the observed foF2 
decrease also was not related to geomagnetic activity which was very low around this date. It is interesting to 
note that the magnitudes of foF2 decrease are comparable in both Hemispheres contrary earlier considered cases. 
During following on days geomagnetic activity was elevating (Figure 4, right bottom panel) and possible effects 
of the main stratospheric temperature peak on 22 January were overlapped by increased magnetic activity effects 
which especially are clearly seen on 26 January when Ap reached 30 nT. In accordance with the F2-layer storm 
mechanism midlatitude positive foF2 deviations took place in the winter Northern Hemisphere and negative ones 
in the summer Southern Hemisphere after 20 January.

The retrieved and MSISE00 model variations of thermospheric parameters are given in Figure 5.

Unlike two previous SSWs which took place under deep solar minimum (2008–2009) these two major SSW events 
occurred under elevated solar activity (Figure 5, bottom panels). Solar EUV exhibited a 26% increase during the 
January 2013 event and the magnitude of EUV variations was within 12% in January 2006. Geomagnetic activity 
increased from very low in the beginning of both periods toward an elevated one with Ap = 10 nT in January 
2013 and moderate one with Ap = 30 nT in January 2006. The continuous increase in EUV and Ap in January 
2013 is directly reflected in Tex and [O]300 variations for both retrieved and MSISE00 model variations (Figure 5, 
left middle panels). Similar to SSWs in 2009 and 2008 retrieved Tex does not manifest any reaction to SSW being 
close to MSISE00 model variations in both Hemispheres. Despite the increase in EUV observed ρ, retrieved 
[O]300 and column O/N2 ratio demonstrate a pronounced depression at Rome (Northern Hemisphere) with the 
minimum around January (the peak of SSW). In accordance with foF2 variations (Figure  4) no pronounced 
effects next to January 05 are seen in ρ and retrieved [O]300 variations at Hobart (Southern Hemisphere). The 
observed and retrieved variations of thermospheric parameters after the SSW maximum mainly reflect varia-
tions of geomagnetic activity bearing in mind different seasons in two Hemispheres. The main conclusion—both 
observed foF2 and ρ as well as retrieved [O]300 and column O/N2 ratio do not exhibit any pronounced SSW effects 
at the stations located in the Southern Hemisphere during the major SSW in January 2013.

The situation with the January 2006 SSW event is more complicated. The second peak in stratospheric temper-
ature on 11 January (Figure 4) practically coincides with the minimum in solar EUV (Figure 5, right bottom 
panel) therefore the origin of a well-pronounced foF2 depression in two Hemispheres (Figure 4) may present an 
overlapped effect of SSW and EUV. However, the analysis shows that this coincidence may not be crucial. On 
one hand, similar to earlier analyzed SSW cases the retrieved Tex variations are close to MSISE00 model ones and 
do not manifest any visible SSW effects (Figure 5). Both model and retrieved ρ and [O]300 qualitatively follow 
Ap index variations. On the other hand, both MSISE00 and solar EUV (see, for instance, the EUVAC model by 
Richards et al.  (1994)) depend practically on same F10.7 indices: FA10.7 (81-day average of F10.7 centered on a 
given day) and daily F10.7. In the case of MSISE00 F10.7 for previous day are used but normally they are close to 
daily ones. Therefore, one may think that observed EUV variations are properly reflected (via F10.7 indices) in 
MSISE00 and the quantitative difference between model and retrieved ρ and [O]300 (Figure 5) should be attrib-
uted to the SSW impact on the upper atmosphere. This SSW effect is large enough—at Rome, for instance, the 
reduction of ρ and [O]300 from January 03 to January 13 (same Ap = 3 nT for both dates) is ∼40% while MSISE00 
gives ∼10% only. Even larger difference ∼55% in the retrieved ρ and [O]300 takes place at Hobart.

An amazing coincidence not met in other analyzed cases of the retrieved ρ and [O]300 variations in two Hemi-
spheres (Figure 5, right middle panels) is due to the Tex and [O] interplay. Of course, seasonal (winter/summer) 
difference in Tex and in the atomic oxygen abundance exists but lower [O] at the thermospheric bottom is 
compensated by larger Tex in summer, vice versa situation takes place in winter. Column O/N2 ratio which does 
not depend on the neutral temperature profile clearly manifests this seasonal difference in the atomic oxygen 
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abundance (Figure 5, bottom). It should be stressed that O/N2 ratio in fact indicates the column density of atomic 
oxygen (Mikhailov et al., 2021, their Figure 10).

The undertaken analysis has shown that Arctic SSWs (both major and minor) always result in a pronounced and 
synchronous foF2 depression ∼(10–15)% at midlatitude European stations starting slightly before the stratospheric 
temperature peak and lasting for some days. The reaction of midlatitude stations in the Southern Hemi sphere to 
Arctic SWWs may be different—a synchronous (at some stations) foF2 depression takes place during strong 
major (January 2009 and January 2006) SSW events but no pronounced foF2 depression is seen during weak 
major (January 2013) and minor (January 2008) SWWs. The foF2 depressions in both Hemispheres are due to 
a decrease in the atomic oxygen abundance in the upper atmosphere as this was shown earlier by Mikhailov 
et al. (2021) while Tex does not manifests any visible reaction to SSWs being close to MSISE00 model values.

Figure 5. Same as Figure 2 but for the major January 2013 and January 2006 Sudden Stratospheric Warming (SSW) events. 
GOCE neutral gas density observations were used for the January 2013 event. Vertical lines indicate the stratospheric zonal 
wind reversal dates.
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Now let us consider the minor Antarctic SSW event in September 2019. 
The reaction of Northern Hemisphere to this event in American and Euro-
pean longitudinal sectors was analyzed by Goncharenko, Harvey, Greer, 
et al. (2021). They have revealed a persistent (at least 30 days) and strong (up 
to 80–100%) positive anomalies in the daytime TEC in the western region 
of North America. However, central and eastern parts of North America 
manifested a very moderate TEC decrease. Therefore, an analysis of the ther-
mosphere reaction to this Antarctic SSW looks very interesting from iono-
spheric and thermospheric points of view.

Figure  6 gives observed foF2/foF2med ratio at six midlatitude stations 
Point Arguello, Millstone Hill, Boulder located in the North America and 
Hermanus, Canberra, and Hobart located in the Southern Hemisphere. 
Despite a strong (>60  K) stratospheric temperature increase during the 
SSW event two groups of stations do not manifest any synchronous reaction 
contrary the cases we saw earlier with Arctic SSWs. We have just a scatter of 
foF2/foF2med within ±20% at these stations. Large foF2/foF2med scatter may be 
related to elevated magnetic activity with Ap ≥ 10 nT for some days during 
the period in question. No visible pronounced difference is seen in foF2/
foF2med between Point Arguello and Millstone Hill which could explain large 
difference in TEC observed by Goncharenko, Harvey, Greer, et al.  (2021). 
It should be reminded that F2-layer provides the main contribution to TEC.

Thermospheric parameters were extracted with our method at Point Arguello 
and Millstone Hill for September 2019. Swarm neutral gas density obser-
vations were used in the retrieval process as a fitted parameter. Since 
no pronounced synchronous foF2 depressions are seen at the two stations 
(Figure 6) median values of the retrieved thermospheric parameters calcu-
lated over all available points are considered in Table 5. The retrieved hmF2 
and vertical plasma drift W are also given in Table 5.

The analysis of data in Table  5 shows that the difference between Point 
Arguello and Millstone Hill in observed ρ, retrieved [O]300 and Tex is statis-

tically insignificant according to t-criterion. The retrieved column O/N2 ratio at Point Arguello is slightly larger 
than at Millstone Hill but MSISE00 also manifests this longitudinal difference. The difference between two 
stations in retrieved hmF2 is statistically significant at the 99% confidence level—hmF2 is slightly larger at Point 
Arguello due to larger W but the difference in hmF2 as well as SD are within the height step of 5 km used in the 
numerical method. Therefore, in fact the difference in hmF2 between two stations is not essential.

Summarizing the results of this consideration it may be stressed that no 
statistically significant difference in the observed neutral gas density and 
retrieved thermospheric parameters takes place in September 2019 compar-
ing western (Point Arguello) and eastern (Millstone Hill) regions of North 
America. Observed foF2 also did not manifest any visible difference between 
two stations during this SSW period. Therefore the (80–100%) increase in 
TEC observed by Goncharenko, Harvey, Greer, et al. (2021) in the western 
region of North America (in the vicinity of Point Arguello) was not related 
with changes of thermospheric parameters during the SSW event.

4. Discussion
The undertaken analysis has led us to results which agree only partly with 
earlier revealed SSW effects in the midlatitude ionospheric F2-region and 
in the thermosphere. There is a widely spread opinion that SSWs have 
a global appearance (Liu et  al.,  2013; Pedatella et  al.,  2018; Pedatella & 
Maute, 2015; Yamazaki et al., 2015 see also Goncharenko, Harvey, Liu, & 

Figure 6. Same as Figure 1 but for the Antarctic Sudden Stratospheric 
Warming (SSW) in September 2019.

Table 5 
Median Values With ±SD Are Given for: Observed Swarm Neutral Gas 
Densities Reduced to 12 LT and the Location of Stations, Retrieved [O] 
at 300 km, Tex, and Column O/N2 Ratio in a Comparison With MSISE00, 
Calculated hmF2 and Vertical Plasma Drift W Related to Thermospheric 
Neutral Winds

Parameter Point Arguello Millstone Hill

ρobs (10 −16 g cm −3) 1.98 ± 0.36 2.15 ± 0.33

[O]300 (10 8 cm −3) 1.95 ± 0.23 1.88 ± 0.15

Tex (K) 778 ± 21.3 782 ± 23.9

Column [O/N2]ret 0.507 ± 0.079 0.476 ± 0.064

Column [O/N2]MSISE00 0.712 ± 0.036 0.690 ± 0.031

hmF2 ret (km) 230 ± 3.21 225 ± 4.96

W (m s −1) −9.0 ± 1.98 −10.2 ± 3.07

Note. The total number of analyzed dates is ∼20.
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Pedatella, 2021). However, our analysis of four SSW events has shown that midlatitude F2-region of the Southern 
Hemisphere may not react to Arctic SSWs. Speaking about the reaction we mean a synchronous foF2 decrease 
simultaneously observed at some midlatitude ionospheric stations of a given Hemisphere. This effect should be 
distinguished from day-to-day foF2 variations (Mikhailov et al., 2021) which do not manifest the synchronism 
in their occurrence at different stations. The main thermospheric effect of SSWs is a global-scale decrease of 
the atomic oxygen abundance in the upper atmosphere. This [O] decrease is directly reflected in the NmF2 
depression as NmF2 ∼ 𝐴𝐴 [O]

4∕3

300
 (Mikhailov et al., 1995). Therefore, a synchronous foF2 depression (not related to 

magnetic  activity) observed at some stations near the SSW maximum should be considered as a direct indication 
of the SSW impact. The retrieved [O] variations for the SSW periods confirm this conclusion (Figures 2 and 5). 
We have such synchronous foF2 depressions in two Hemispheres during the SSW in January 2009 (Figure 1) and 
in January 2006 (Figure 4). Other two SSW events in January 2008 and January 2013 resulted in synchronous 
foF2 depressions only in the Northern Hemisphere. Therefore, not all SSWs have global appearance.

Another interesting aspect of SSW impact on the upper atmosphere is the thermospheric cooling—this is a 
generally accepted point of view (e.g., Goncharenko, Harvey, Liu, & Pedatella, 2021). Omitting numerous model 
simulations of SSW events which manifest large disagreement among models in the thermosphere (Pedatella 
et  al.,  2014) we will consider some observational results indicating the cooling effect during SSWs. Liu 
et al. (2011) analyzed CHAMP and GRACE neutral gas density (ρ) observations during the major SSW in Janu-
ary 2009 and their results may be compared to ours. The authors revealed a significant ρ decrease across both 
hemispheres with the minimum on January 24 (1 day after the SSW peak) in the afternoon (16–18) LT sector. 
Latitudinal variations of Δρ (their Figure 2) indicate a prolonged and continuous ρ decrease moving toward the 
date of the SWW maximum. They have chosen 15 January 2009 as a reference day with large observed neutral gas 
density (Figure 2). If they took a reference day with low Ap index similar to Ap on 23–24 January their plot would 
be quite different with the maximal ρ decrease during only 2–3 days around the SSW peak on 23 January. A 50 K 
drop in thermospheric neutral temperature in the equatorial 30°S−30°N region was obtained in the paper and 
this temperature decrease was confirmed by MSISE00 calculations if model ρ values were fitted to the observed 
ones. It should be stressed that the magnitude of temperature decrease also depends on the chosen background 
used for a comparison with the 24 January value. MSISE00 is driven by observed solar (F10.7) and magnetic (Ap) 
indices and it does not take into account the atomic oxygen decrease (which is essential, see Table 2) related to 
SSW (Figure 2). Atomic oxygen is the main contributor to neutral gas density at CHAMP and GRACE heights.

Further, Liu et al. (2011) have found that the Southern Hemisphere experienced a larger relative density decrease 
than the Northern one. In fact, this depends on latitude. If CHAMP observations at middle latitudes (±40°) in two 
Hemispheres are compared, no difference is seen for dates before the SSW peak. On 24 January, the Northern 
Hemisphere manifested larger Δρ (their Figure 2). So, one may conclude that neutral density decrease was larger 
in the Hemisphere of SSW occurrence in accordance with our results (Table 2).

Yamazaki et al. (2015) have considered satellite drag data (∼5,000 objects) for the January 1967 to December 
2013 period and examined 37 SSW events. A superposed epoch analysis revealed a density reduction of 3%–7% 
at 250–575 km around the time of maximum polar vortex weakening. The temperature perturbation was esti-
mated to be −7.0 ± 2.5 K K at 400 km.

It is not that easy to estimate neutral temperature variations from satellite drag observations keeping in mind that 
ρ depends both on neutral temperature and composition, atomic oxygen concentration (the main contributor to ρ) 
being not known in that analysis and the authors stress this. Moreover, they worked with global averaged density 
observations obtained in two Hemispheres under different (winter/summer) seasons and local times. This inevita-
bly results in different relative neutral composition and so different mean molecular mass M used to infer neutral 
temperature. Their expression (3) used in the paper was derived with some assumptions and constraints which are 
not discussed in the paper. An additional complication affecting the results is the asymmetry of SSWs appearance 
in two Hemispheres - not all Arctic SSWs are seen in the Southern Hemisphere as this was shown in our analysis. 
All this resulted in a 3–7% global neutral density decreases while any analysis of individual SSWs using local ρ 
observations gives much larger ρ depressions related to SSWs. For instance, Figure 1 from Yamazaki et al. (2015) 
gives a global mean ρ decrease ∼20% comparing 11 January to 23 January 2009 with close Ap indices while our 
analysis gives ρ decrease of 59% at Rome and 18% at Hermanus (Table 2).

It should be stressed that the revealed decrease in the atomic oxygen abundance (Table 2) is larger than the 
expected inaccuracy of the method by Perrone and Mikhailov (2018).
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On the other hand, Yamazaki et al. (2015) gave a very small (∼7 K) depres-
sion in Tex which looks as a reasonable one compared to ∼50 K obtained 
by Liu et al. (2011). Our analysis has not also revealed any pronounced Tex 
depressions related to SWWs (Figures 2 and 5).

Global-Scale Observations of the Limb and Disk (GOLD) instrument on the 
geostationary SES-14 communications satellite revealed a substantial response 
of the mean state of the thermosphere to the major Sudden Stratospheric 
Warming (SSW) event in December 2018 to early January 2019 (Oberheide 
et al., 2020). According to MERRA2 the stratospheric temperature maximum of 
258.5 K was reached on 28 December 2018 and the reversal of zonal wind took 
place on 2 January 2019. Observed foF2/foF2med variations at the stations located 
in two Hemispheres in the same longitudinal sector are given in Figure 7.

A sharp decrease of (10–15)% in the column O/N2 ratio has started on 23 
December 2018 (their Figure 1c) mainly in the Northern Hemisphere and lasted 
for ∼3 days. This column O/N2 ratio decrease took place under low magnetic 
activity (Figure 7) and resulted in a nonsynchronous foF2 depression (∼10%) at 
the European stations and a pronounced up to 30% foF2 increase in the South-
ern Hemisphere, the mechanism of this foF2 increase should be yet explained in 
future. A strong increase of magnetic activity on December 28 has resulted (in 
accordance with the F2-layer storm mechanism) in a large foF2 increase in the 
winter Hemisphere and a foF2 decrease in the summer one (Figure 7).

The second wave of column O/N2 ratio decrease (∼10%) has started on 1 
January and was mainly observed in the equatorial and middle latitudes of the 
Northern Hemisphere (their Figure 1c). Its onset exactly coincided in time with 
the reversal of zonal wind (MERRA2). Similarly earlier analyzed SSW events 
this O/N2 ratio decrease resulted in a synchronous foF2 depression at three 
European stations without any visible effects in the Southern Hemisphere. 
The observed column O/N2 ratio decrease (∼10%) is too small compared to 
(∼80%) retrieved for the strong major SSW in January 2009 (Table 2) but it 
is close to ∼12% O/N2 ratio decrease retrieved for the minor SSW in January 
2008 (Table 4) with a similar foF2 decrease only in the Northern Hemisphere 

(Figure 1 right column). Thus, we may conclude that a synchronous at some stations foF2 depression may be 
considered as the indicator of the column O/N2 ratio decrease related to SSWs event. Earlier we saw this effect 
using retrieved thermospheric parameters, direct observations by Oberheide et al.  (2020) gave the same result. 
The analyzed major SSW event also confirms our earlier formulated result—ionospheric and thermospheric SSW 
effects are mainly seen in the Hemisphere of the SSW origin.

All analyzed SSW events were Arctic ones and the first attempt to consider the ionospheric and thermospheric 
effects of an Antarctic SSW was undertaken by Goncharenko, Harvey, Greer, et al. (2021). They have considered 
a minor Antarctic SSW event in September 2019. The obtained results raise some questions.

1.  What in fact the authors have observed speaking about TEC positive anomaly (up to 80–100%) in western part 
of North America and the absence of any noticeable effects in the central and eastern parts of U.S.? Our anal-
ysis has shown no significant difference between two regions both in NmF2 and in thermospheric parameter 
variations during September 2019. F2-region is the main contributor to TEC (Lee et al., 2013), therefore under 
similar NmF2 in the two regions one should not expect any TEC positive anomaly at Point Arguello during this 
event. However, one should bear in mind that TEC consists of the ionospheric TEC (ITEC) and plasmaspheric 
PTEC parts. Global morphological analysis by Lee et al. (2013, their Figure 3), of plasmaspheric PTEC and 
ionospheric ITEC has shown that normally ITEC is ∼12 TECU and PTEC is ∼3 TECU, that is, PTEC is ∼25% 
of ITEC for the conditions in question: equinox, solar minimum, low magnetic activity, northern hemisphere, 
magnetic latitude ∼42°, noontime hours. With a doubled TEC (Goncharenko, Harvey, Greer, et al., 2021) 
under unchanged ITEC, PTEC should be 30 − 12 = 18 TECU. This is larger than normally observed ITEC by 
1.5 times. The situation when PTEC is larger than ITEC under the conditions in question is not confirmed by 
observations (Lee et al., 2013, also Yizengaw et al., 2008);

Figure 7. Same as Figure 1 but for December 2018 to January 2019 major 
Sudden Stratospheric Warming (SSW). Vertical line indicates the date of zonal 
wind reversal.
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2.  Is it possible to explain the observed TEC anomaly with a 10% increase 
in column O/N2 ratio and zonal component Vny of thermospheric wind 
modulated by SSW? On one hand, a 10% increase in column O/N2 is 
not sufficient to explain the observed (80–100%) TEC positive anomaly 
bearing in mind that electron concentration in the F2-layer is the main 
contributor to TEC (Lee et al., 2013). On the other hand, the contribution 
of zonal Vny wind to vertical plasma drift is relatively small compared 
to meridional Vnx one during daytime hours as this follows from empir-
ical models (Drob et al., 2015; Hedin et al., 1991, 1996) and CHAMP 
observations of thermospheric zonal winds at low and middle latitudes 
(Zhang et al., 2018). Vertical plasma drift W = (VnxcosD − VnysinD) sin 
IcosI where Vnx—positive to the South, Vny—positive to the East, D—
magnetic declination positive to the East, I—magnetic inclination posi-
tive in the Northern hemisphere where the vector of total magnetic field 
B is downward. Magnetic declination D is ∼10° (eastward) in the area of 
positive TEC anomaly (western part of U.S., their Figure 2). If thermo-
spheric zonal wind plays a major role as Goncharenko, Harvey, Greer, 
et al. (2021) suggest then Vny should be strong enough to compensate 
at least the negative effect of Vnx in noontime NmF2. In case when Vny 
(upward plasma drift) compensates the effect of Vnx (downward plasma 
drift) Vny = VnxcosD/sinD = 5.76 × Vnx. Normally noontime midlat-
itude Vnx  ∼  50  m/s is poleward under magnetically quiet conditions 
(Drob et al., 2015; Hedin et al., 1991, 1996). This gives Vny ∼ 290 m/s. 
Such daytime zonal winds are not predicted either by empirical wind 
models or CHAMP observations of thermospheric zonal winds at low 
and middle latitudes (Zhang et al., 2018). Similar TEC increase in the 
European sector on 21 September 2019 at 14UT (their Figure 2) in prin-
ciple cannot be discussed in terms of Vny as D ∼ 0° in this area.

An increase of daytime Vny should be very large to produce a noticeable NmF2 increase. But ionosonde obser-
vations do not manifest such an increase in the second part of September (Figure 6). Moreover, an increase of 
Vny and a corresponding increase in vertical plasma drift W should be seen in hmF2 variations but DPS-4 obser-
vations do not show this. Figure 8 gives observed with DPS-4 noontime hmF2 in a comparison to our retrieved 
and monthly median model (Shubin, 2015, this model now is in IRI) values for Point Arguello and Millstone 
Hill. The retrieved as well as model median hmF2 on average are somewhat larger than observed ones but this is 
due to the method of ionogram reduction in DPS-4 (Chen et al., 1994)—the last point on ionogram (without an 
extrapolation) is taken as hmF2 (see also Krasheninnikov & Leshchenko, 2021).

Our retrieved hmF2 and W are close at the two stations (Table 5). Therefore, western and eastern regions of U.S. 
manifest normal quite time behavior of ionospheric and thermospheric parameters during the September 2019 
SSW event and the observed (80–100%) TEC increase was not related to thermospheric parameters (neutral 
composition, temperature, winds) but may reflect an increase of electron concentration in the high-latitude iono-
sphere projected to the plasmasphere of middle latitudes.

5. Conclusions
The reaction of midlatitude daytime thermospheric parameters and foF2 to SSWs has been analyzed in two 
Hemispheres for the periods of a minor Arctic SSW in January 2008, three major Arctic SSWs in January 2006, 
2009, 2013, and a minor Antarctic SSW in September 2019. The obtained results may be formulated as follows:

1.  Arctic SSWs (both major and minor) always result in a synchronous simultaneously observed at some stations 
foF2 depression ∼(10–15)% at midlatitude European stations starting slightly before the SSW peak and last-
ing for some days. Our analysis of four SSW events has shown that midlatitude F2-region of the Southern 
Hemisphere may not react to Arctic SSWs therefore not all SSWs have global appearance. Synchronous foF2 
depressions (not related to geomagnetic activity) in the Southern Hemisphere took place during strong major 
January 2009 and 2006 SSW events but no pronounced foF2 effects were seen during a weak major (January 

Figure 8. Observed with DPS-4 noontime (triangles) and retrieved (circles) 
hmF2 at Point Arguello and Millstone Hill in September 2019. Asterisks—
monthly median noontime hmF2 values (Shubin, 2015).
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2013) and a minor (January 2008) SWW events. Thus, SSW effects in foF2 are always seen in the Hemisphere 
of the SSW occurrence but not necessary in the opposite Hemisphere.

2.  The main thermospheric SSW effect is a decrease of the atomic oxygen abundance also seen in the observed 
neutral gas density and in the retrieved column O/N2 ratio. A smaller magnitude of foF2 variations in the 
Southern Hemisphere compared to the Northern one during the strong January 2009 SSW is also seen in 
thermospheric parameter variations (Figure 1 and Table 2): 18% compared to 59% in ρ300, 24% compared to 
80% in [O]300, and 28% compared to 79% in column O/N2 ratio. Similar foF2 variations in two Hemispheres 
during another strong SSW in January 2006 (Figure 4) are reflected in similar variations of thermospheric 
parameters (Figure 5). In contrast to strong SSWs the minor SSW event in January 2008 resulted in smaller 
ρ300, [O]300, and O/N2 ratio depressions in the Northern Hemisphere while the Southern Hemisphere only 
manifested moderate irregular variations (Table 4). A similar pattern of thermospheric parameter variations 
without pronounced effects in the Southern Hemisphere took place during the major but weak SSW event in 
January 2013. Therefore, pronounced thermospheric SSW effects in the opposite (Southern) Hemisphere may 
be expected only for strong major Arctic SSW events.

3.  Contrary to generally accepted view retrieved exospheric temperature Tex does not manifest any visible reac-
tion to SSWs both for major and minor SSW events (Figures 2 and 5 and Tables 2 and 4).

4.  The duration of foF2 and atomic oxygen decrease related to SSW is 3–5 days in the vicinity of the SSW peak. 
This estimate coincides with the results by Shepherd and Shepherd (2011) on thermospheric O( 1S) volume 
emission rate observations. This result contradicts a widely spread opinion about long duration of SSW effects 
in the thermosphere.

5.  Strong (80–100%) TEC increase observed by Goncharenko, Harvey, Greer, et al. (2021) in the western region 
of North America during the minor Antarctic SSW in September 2019 was not related with variations of 
thermospheric neutral composition and winds.

Data Availability Statement
The European Space Agency provides Swarm (https://earth.esa.int/eogateway/catalog/swarm-ionosphere-magne-
tosphere) the GFZ German Research Center for CHAMP data (ftp://anonymous@isdcftp.gfz-potsdam.de/champ/) 
and Woods for EUV observations (http://lasp.colorado.edu/lisird/). The Rome ionospheric data are provided by 
INGV (https://doi.org/10.13127/eswua/hf), as the Lowell DIDBase through GIRO for ionosonde data (http://
giro.uml.edu/). NOAA SWPC (https://www.swpc.noaa.gov/), GFZ Potsdam (https://www.gfz-potsdam.de/en/
kp-index/), the WDC for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html) for geomagnetic 
index ap and MERRA-2 for stratospheric temperature (https://disc.gsfc.nasa.gov/datasets?project=MERRA-2).
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