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Abstract Amechanism of the neutral gas density decrease at middle latitudes during the recovery storm
phase is discussed. The recently proposed method to retrieve thermospheric parameters from ionospheric
observations is used for the analysis of equinoctial, summer, and winter severe magnetic storms.
CHAllengingMinisatellite Payload and Swarm neutral gas density observations are used for a comparison. It
is shown that storm‐induced atomic oxygen variation is the controlling process. Well‐known F2‐layer
storm morphology and the poststorm decrease of neutral gas density reflect the same storm‐induced
variations of atomic oxygen abundance in the upper atmosphere. There is no need to attract a new
“poststorm NO overcooling” concept to explain the decrease of neutral gas density.

The simplest explanation is best
(Occam's Razor)

1. Introduction

The analysis by Lei et al. (2012) of CHAllengingMinisatellite Payload (CHAMP) and Gravity field and steady
state Ocean Circulation Explorer (GRACE) neutral gas density (ρ) variations along with NO cooling rates
measured by Thermosphere Ionosphere Mesosphere Energetics and Dynamics/Sounding of the
Atmosphere using Broadband Emission Radiometry for the October 2003 storm period has shown that
the poststorm ρ values during the recovery storm phase were lower than the prestorm ones. Compared with
the prestorm values, the maximum depletion in the CHAMP densities after the storm was about (16–23)% at
390 km, and the estimated with theMSISE00model (Picone et al., 2002) decrease in thermospheric tempera-
ture on the dayside was as large as 110 K. The phenomenon was called “NO overcooling.” That was one ran-
domly chosen storm period but this has turned out to be sufficient to propose a new concept and to support it
by TIEGCMmodel simulations (Chen & Lei, 2018) using a required temperature‐dependent reaction rate of
Duff et al. (2003). Later Zhang et al. (2019) have reanalyzed this effect considering both strongly disturbed
and quiet time periods. They have shown that the effect may not take place for severe storms; on the other
hand, they have stressed that a decrease in neutral density may be related with corresponding variations in
solar EUV flux and a selection of the prestorm reference level. They have found that NO radiative cooling
“may have very little to do with the density decrease.” Their main conclusion is “thermospheric density
decrease is likely caused by a combination of enhanced NO radiative cooling, reduced auroral energy input
(HP and Joule heating), and reduced solar EUV flux.” Such conclusion just indicates that the actual mechan-
ism has not been revealed.

Neutral gas density at F2 region heights is mainly specified by atomic oxygen concentration and exospheric
temperature. Both parameters strongly change in the course of a storm and the mechanism of these changes
is well‐established (Duncan, 1969; Field et al., 1998; Forbes et al., 1996; Fuller‐Rowell et al., 1994; Prölss,
1995; Rishbeth, 1998; Rishbeth et al., 1987; Rishbeth & Muller‐Wodarg, 1999; Skoblin & Förster, 1993).
Disturbed neutral composition with a decreased atomic oxygen concentration formed in the auroral zone
is moved to middle latitudes by thermospheric winds resulted from the competition between solar‐driven
(background) and storm‐induced circulations. The bulge of disturbed neutral composition with a decreased
atomic oxygen concentration is pushed around by winds and may move back and forth in latitude (Prölss,
1995). Such effect was confirmed by the storm simulations (Fuller‐Rowell et al., 1994) as well as by ESRO‐
4 data analysis (Skoblin & Förster, 1993). The bulge with disturbed neutral composition overlaps middle lati-
tudes in the night and is shifted back to higher latitudes during daytime hours. This process may last for
some days during a severe geomagnetic storm including the recovery storm phase.

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JA027122

Key Points:
• The existing F2‐layer storm

mechanism is sufficient to explain
the observed poststorm decrease in
neutral gas density

• Storm‐induced atomic oxygen
variation is the controlling process

• There is no need to attract a new
“poststorm NO overcooling”
concept

Correspondence to:
L. Perrone,
loredana.perrone@ingv.it

Citation:
Mikhailov, A. V., & Perrone, L. (2020).
Poststorm thermospheric NO
overcooling?. Journal of Geophysical
Research: Space Physics, 125,
e2019JA027122. https://doi.org/
10.1029/2019JA027122

Received 2 JUL 2019
Accepted 23 DEC 2019
Accepted article online 31 DEC 2019

MIKHAILOV AND PERRONE 1 of 15

https://doi.org/10.1029/2019JA027122
https://doi.org/10.1029/2019JA027122
mailto:loredana.perrone@ingv.it
https://doi.org/10.1029/2019JA027122
https://doi.org/10.1029/2019JA027122
http://publications.agu.org/journals/


The pattern strongly depends on season. In summer the [O]/[N2] disturbance zone may extend all the way
from the polar to the low latitudes while in winter it is only restricted to high latitudes (Prölss, 1980; Prölss &
von Zahn, 1977). The effect is due to the interaction of the seasonal (solar‐driven) and storm‐induced ther-
mospheric circulations (Duncan, 1969; Field et al., 1998; Forbes et al., 1996; Fuller‐Rowell et al., 1994).

A direct indication for the presence of a disturbed neutral composition at a given location is a decreased foF2
compared to the quiet time or monthly median level. Therefore, if during the recovery storm phase a nega-
tive daytime F2‐layer storm effect takes place at middle latitudes onemay expect a decreased neutral gas den-
sity at F2‐layer heights due to low atomic oxygen concentration. Such a decrease of neutral gas density may
be not accompanied by a decrease in neutral temperature contrary to the NO overcooling concept by Lei
et al. (2012).

The morphology of F2‐layer storms which reflects the state of disturbed thermosphere and the pattern of
neutral winds is rather complicated and depends on the storm intensity, season, local time, latitude, and
longitude of a place. For this reason a decrease in neutral gas density may not take place even after a
strong geomagnetic storm as Zhang et al. (2019) have revealed for the 19–23 November 2003 storm event.
In winter due to strong poleward thermospheric wind during daytime hours the disturbed neutral composi-
tion is restricted to high latitudes (Prölss, 1995; Prölss & von Zahn, 1977) and the negative storm phase
(always related to low atomic oxygen concentration) will not appear at middle latitudes at least during
daytime hours.

Zhang et al. (2019) have also given an example of a nonstorm event on 15–24 April 2013 when neutral gas
density has manifested a pronounced decrease related to corresponding decrease in solar EUV. There is a
class of F2‐layer perturbations occurring under quiet geomagnetic conditions, so called Q disturbances
(Mikhailov et al., 2004, 2007). They may be both negative and positive. The formation mechanism of such
disturbances is related to atomic oxygen concentration, solar EUV, and thermospheric wind variations.
Therefore, one may expect a decrease (increase) of neutral gas density during such events as well.

In this paper using recently developed method by Perrone and Mikhailov (2018) to extract thermospheric
parameters from daytime ionospheric observations we will analyze periods of strong geomagnetic storms
resulting and nonresulting in neutral gas density decrease during the recovery storm phase. CHAMP and
Swarm neutral gas density observations will be used in our analysis. The method by Perrone and
Mikhailov (2018) has been modified to consider this particular problem by introducing the observed neutral
gas density into the list of fitted parameters. The paper is aimed to demonstrate that a decrease of neutral gas
density during the recovery storm phase can be explained within the framework of the well‐known F2‐layer
storm mechanism.

2. Method and Results

Our recently proposedmethod (Perrone &Mikhailov, 2018) can be successfully used to an analysis of neutral
gas density variations during the recovery phase of strong geomagnetic storms and to answer the questions
which Zhang et al. (2019) have formulated in relation with the NO overcooling concept. The method uses
routinely observed (Reinisch et al., 2004) near‐noontime foF2 and plasma frequency fo at 180 km from
Global Ionosphere Radio Observatory (GIRO) database as the input information to retrieve neutral densities
(O, O2, N2), exospheric temperature Tex, and vertical plasma drift W mainly related with thermospheric
winds at middle latitudes. Formally the list of inferred parameters is sufficient for an analysis of neutral
gas density variations at the location of ionospheric stations during geomagnetic storms. However, to attach
the solution to the observed neutral gas density (ρ) the latter was added to the list of fitted parameters spe-
cially to consider the problem in question. To do this available CHAMP and Swarm neutral gas density
observations in the daytime European sector were reduced to the location of ionosonde and 12 LT using
the MSISE00 thermospheric model and the following expression:

ρstation ¼ ρsatellite
MSISE00station
MSISE00satellite

We have used three ρ observations from an orbit with the latitudes close to the latitude of ionosonde station
and then found the mean of three reduced ρ values to use it in our analysis. Normally such three reduced ρ
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values are very close to each other. The retrieved neutral gas density in our method ρ = m1[O] + m2[O2] +
m3[N2] does not include the contribution of [He] and [N]; therefore, the observed neutral gas densities were
corrected usingMSISE‐00. Depending on conditions this correctionmay be of (2–6)%. It should be noted that
O, O2, and N2 concentrations are retrieved at heights≤hmF2 and then they are recalculated to the height of ρ
observation using the MSIS model temperature profile Tn(h) (Bates, 1959) normalized by the retrieved Tex
value. During this reduction the height of ρ observation was kept unchanged not to introduce an additional
uncertainty related to unknown MSISE00 neutral temperature Tex for the particular day in question. It
should be stressed that during the reduction process we use relative (spatial and temporal) MSISE00
variations of thermospheric parameters that is the internal structure of the model. Our recent analysis of
thermospheric parameter longitudinal variations (Mikhailov & Perrone, 2019, Table 2) has manifested a
good coincidence between the retrieved and MSISE00 relative variations. As this reduction process raises
questions we have undertaken an additional analysis. Normally there is always an orbit with neutral gas
density observations not farther than ~10° in longitude from the ionosonde location. We selected two
points along the orbit separated by ~10° in latitude and reduced the observed ρ to the other point using
MSISE00. Then we compared the reduced ρ to the observed one in the second point to estimate the
accuracy of the reduction procedure. The same procedure was applied for points at two neighboring orbits
which are separated by ~22° in longitude and ~2 hr in UT. It should be stressed that this distance
between neighboring orbits is by 2 times larger than a normal reduction distance of ~10° in longitude
used in our method. We have analyzed four storm periods (see later) and for each we selected the
reference (prestorm) day and the day belonging to the recovery storm phase. The results are given in
Table 1 for relative deviations δ (in %) and the distance d (in km) between the compared points: average δ
= 3.00 ± 1.71% in the latitudinal direction and δ = 6.02 ± 3.09% in the longitudinal direction. Keeping in
mind that in reality the distance between the ionosonde and the nearest satellite orbit is less than ~10° in
longitude we may accept that the inaccuracy of neutral density reduction from an orbit to the ionosonde
location is (3–4)%. Therefore, there are no reasons not to rely on MSISE00 relative variations used in the
reduction procedure.

We will consider geomagnetic storms during two equinoctial and summer periods when according to F2‐
layer storm mechnism a decrease in neutral gas density should take place during the recovery storm phase,
then we will analyze a winter storm when this effect should be absent at middle latitudes.

2.1. Intense Equinox Storm on 17–20 March 2015

The so‐called St. Patrick Day storm on 17–20 March 2015 during the vernal equinox was a severe isolated
storm with a quiet reference prestorm day on 16 March. Therefore, this period is an excellent case for our
analysis. During some prestorm days geomagnetic activity was at a low level and solar activity manifested
small variations (Figure 1). Along with F10.7 and AE indices we have added to Figure 1 the total solar
EUV (100–1,200) Å flux (Woods et al., 2018) to demonstrate the absence of any peculiarities with the ioniz-
ing radiation during the analyzed period.

Our analysis is based on ionospheric observations. For this reason let us consider foF2 variations at the two
European ionosonde stations Juliusruh (54.6°N, 13.4°E) and Rome (41.9°N, 12.5°E) where ionograms are
scaled manually (Figure 2). These two stations will be also used in further analyses.

March 16 was a quite day with foF2 close to monthly median value and it may be taken as a reference one. It
should be stressed that in our analyses we use model foF2 monthly medians specially produced for each

Table 1
Relative Mean Deviation (in %) of Neutral Gas Density Reduction Using the MSISE00 Model and the Distance (in km) Between Two Analyzed Points in
Latitudinal (lat) and Longitudinal (lon) Directions for the Storm Periods Analyzed in the Paper

Date 26/03/2015 20/03/2015 27/10/2003 01/11/2003 21/07/2004 28/07/2004 19/11/2003 24/11/2003

Direct lat lon lat lon lat lon lat lon lat lon lat lon Lat lon lat lon

δ (%) 1.2 3.8 4.1 7.8 3.6 3.0 6.2 2.5 1.3 10.7 3.6 6.0 2.3 4.7 1.7 9.7
d (km) 1055 1699 1266 1647 1046 1715 1300 1619 1086 1682 1401 1695 1370 1710 1337 1712
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ionospheric station for 12 months and (00–23) UT moments using all available monthly median foF2
observations and IPS T‐index (Caruana, 1990; Turner, 1968) as an indicator of the solar activity level.

The first splash of auroral activity at (06–09) UT on 17 March with AE index increase up to 778 nT produced
a well‐pronounced positive storm phase in foF2 at middle latitude related with the TAD passage. The positive
phase was immediately followed by a negative one at Juliusruh clearly indicating the arrival of disturbed

Figure 1. Daily F10.7, AE indices, and solar EUV (100–1,200) Å variations in March 2015.

Figure 2. Observed hourly andmonthly median (dashes) foF2 variations at Juliusruh and Rome for the 16–20March 2015
geomagnetic storm. Observed hourly Dst (solid line) and AE (dashes) indices are shown in the top panel. Asterisks
= reduced to Juliusruh (at 516.5 km) and Rome (at 513.9 km) Swarm‐B neutral gas densities.
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neutral composition. Therefore, that was a classic two‐phase F2‐layer
storm normally occurring when a storm commencement takes place dur-
ing daytime hours (Mikhailov et al., 2012).

Negative foF2 deviations at Juliusruh took place during three days (18–20
March) both in nighttime and daytime hours indicating the presence of
disturbed neutral composition. Rome located farther from the auroral
zonemanifested negative deviations mainly during nighttime hours when
the thermospheric circulation was equatorward. However, as the auroral
activity was elevated during the recovery storm phase the ionospheric
negative storm phase appeared at Rome on 20 March during daytime
hours as well (Figure 2).

The reduced to ionosonde locations Swarm neutral gas densities indicate
some (~5%) decrease on 20 March with respect to the prestorm level on 16
March at both stations (Figure 2 and Tables 2 and 3) looking like a confir-

mation for the NO overcooling concept. This difference may be slightly increased if neutral gas density (ρ)
observed on 20March under Ap= 22 to reduce to Ap= 12 on 16March. But we have not done this reduction
keeping in mind that the difference in Ap is not large and F10. 7 were very close for the two days in question
(Table 2). It should be mentioned that the accuracy of Swarm neutral gas density observations has not been
officially declared yet. Everywhere (Tables 2–9) the observed neutral gas densities after the reduction to the
location of ionosonde stations (see earlier) are given in a comparison to the MSISE00 (Picone et al., 2002)
model. It is seen that MSISE00 does not reproduce the poststorm decrease in neutral gas density (Tables 2
and 3).

Neutral gas density is mainly presented by atomic oxygen at heights in question. This is seen fromMSISE00
model calculations for the Rome location at 515‐km height on 20March 2015 (12 LT): [O] = 2.37 × 107 cm−3,
[N2] = 3.67 × 105 cm−3, [O2] = 5.39 × 103 cm−3. Tables 2 and 3 indicate a 9% decrease in the retrieved atomic
oxygen on 20 March compared to 16 March despite larger Tex during the recovery storm phase. The differ-
ence in Tex means that the total (column) decrease in the atomic oxygen abundance is essential during the
recovery storm phase. This result agrees with the present day understanding of the F2‐layer storm mechan-
ism mentioned earlier. Thus, the analyzed equinoctial storm event does demonstrate a decrease in neutral
gas density during the recovery storm phase compared to the prestorm reference day but this decrease is
due to a decrease in atomic oxygen abundance in the upper atmosphere. Along with this (contrary to the
poststorm NO overcooling concept) neutral temperature Tex is larger (Tables 2 and 3) compared to the pre-
storm reference day and this is due to larger Ap during the recovery storm phase. It should be noted that
MSISE00 also gives larger Tex on 20 March compared to 16 March.

A partial solar eclipse took place on 20 March with a 78% coverage of the Sun at Juliusruh and a 54% cover-
age at Rome. The eclipse with duration of 2 hr and 18 min has completely ended by noontime at both loca-
tions. Therefore, some decrease in electron density may be attributed to a decrease in solar EUV before
noontime; however, this cannot change the main conclusion on the storm‐induced decrease in the atomic
oxygen abundance which takes place during other storm events considered in the paper.

2.2. Intense Equinoctial Storm on 28–31 October 2003

This storm was considered by Lei et al. (2012), Chen and Lei (2018), and Zhang et al. (2019) and their ana-
lyses have resulted in the “poststorm NO overcooling” concept. An interesting peculiarity of that period was
a steep increase of solar activity after 18 October (Figure 3). Under monthly median F10.7~150 with noontime

Table 2
Retrieved Tex, [O], and ρ for Juliusruh at 516.5 km for the March
2015 Geomagnetic Storm

Parameter
16

March
17

March
18

March
19

March
20

March

ρobs (10
−16 g cm−3) 4.80 6.87 8.69 4.94 4.57

ρMSISE (10−16 g cm−3) 5.59 6.89 7.08 6.74 5.90
Tex (K) 990 1115 1247 1075 1082
[O] (107 cm−3) 1.77 2.45 2.86 1.77 1.62
Daily F10.7 117.2 114.3 114.8 109.3 112.7
Daily Ap (nT) 12 108 47 26 22

Note. Swarm neutral gas densities reduced to Juliusruh (12 LT) as well as
MSISE00 (italic) values are given for a comparison. Daily F10.7 and Ap
indices are given in the bottom. Shadow indicates the reference day.

Table 3
Same as Table 2 but for Rome (513.9 km)

Parameter 16 March 17 March 18 March 19 March 20 March

ρobs (10
−16 g cm−3) 5.46 7.24 9.69 5.34 5.18

ρMSISE (10−16 g cm−3) 6.23 7.62 7.92 7.52 6.56
Tex (K) 998 1110 1159 1059 1070
[O] (107 cm−3) 2.03 2.59 3.42 1.92 1.86
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median foF2~(8–9) MHz at Juliusruh and Rome solar radio flux has increased up to F10.7~280 on 29 October
resulting in foF2~(11–13) MHz. Formally from ionospheric point of view all foF2 values during 24–29 October
at Rome and 24–28 October at Juliusruh were positively disturbed followed by negative foF2 deviations.

Following strongly varying F10.7 the total solar EUV (100–1,200) Å flux was also very large after 13 October
(Figure 3). Despite the increasing intensity of solar EUV foF2 fell down below median level after 15 October.
This was due to storm effect related to elevated auroral activity with AE~500 nT (Figure 3; right y axis)

Figure 3. (top panel) Daily F10.7, AE indices, and solar EUV (100–1,200) Å variations. (bottom panel) Noontime foF2 var-
iations at Rome and Juliusruh in October 2003. Straight lines = noontime monthly median foF2 values at the two stations.

Table 4
Retrieved Tex, [O], and [N2] at Juliusruh (397.7 km) for the October 2003 Geomagnetic Storm

Parameter 26 October 27 October 28 October 29 October 30 October 31 October 01 November

ρobs (10
−15 g cm−3) 5.05 6.39 8.96 10.16 6.66 7.72 5.19

ρMSISE (10−15 g cm−3) 7.14 7.94 8.81 12.74 11.59 12.36 8.80
Tex (K) 1114 1202 1328 1579 1447 1455 1231
[O] (108 cm−3) 1.71 2.09 2.66 1.89 1.14 1.56 1.56
[N2] (10

7 cm−3) 1.07 1.74 3.78 10.37 7.41 7.36 2.18
Daily F10.7 243.4 257.2 274.4 279.1 271.4 248.9 210.4
Daily Ap (nT) 10 11 25 204 191 116 26

Note. CHAMP/STAR and reduced to Juliusruh (12 LT) as well as MSISE00 (italic) neutral gas densities are given for a comparison. Daily F10.7 and Ap indices are
given in the bottom. Shadow indicates the reference day, 27 October.
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inevitably resulting in neutral composition changes. This F2‐layer storm mechanism is mentioned repeat-
edly in the paper; therefore, it is appropriate to give the expression relating daytime midlatitude NmF2 to
the main aeronomic parameters (Ivanov‐Kholodny & Mikhailov, 1986; Mikhailov et al., 1995)

NmF2∝
J0 0½ �2=3
Tn

5=6

0
N2

� �2=3

(1)

where Jo is the ionization efficiency which is proportional to the total incident ionizing solar EUV flux, Tn is
the neutral temperature, [O] is the atomic oxygen, and [N2] is the molecular nitrogen concentrations at a
fixed height in the F2 region (say 300 km). Expression (1) shows that NmF2 depends not only on the O/N2

ratio but also on the absolute concentration of atomic oxygen as well. For this reason [O] is a crucial para-
meter both for NmF2 and neutral gas density (see earlier). Therefore, a decrease in foF2 after 15 October
reflects changes in neutral composition which overpower the increase in solar EUV.

October 27 used by Lei et al. (2012) as a reference (prestorm) day in fact was a disturbed one with splashes of
AE index up to 490 nT indicating a disturbed thermosphere. On 30–31 October during the recovery storm
phase geomagnetic activity was still high with daily AE > 400 nT (Figure 3 and Table 4) and daily Ap =
191 and 116, correspondingly. Therefore, the whole recovery period was strongly contaminated with geo-
magnetic storm effects. Nevertheless, for a comparison with the results by Lei et al. (2012) we will consider
this storm period as it was used to propose the “NO overcooling concept.”

CHAMP/STAR daytime neutral gas density observations are available for this period in the daytime
European sector. Observed neutral gas densities on 26 October to 01 November were reduced to the locations
of Rome and Juliusruh, 12 LT (as this was mentioned earlier).

Our analysis is based on ionospheric observations; therefore, foF2 variations during this storm period are
given in Figure 4. The prestorm reference day 27 October was positively disturbed mainly due to large
F10.7 = 257.2 (and correspondingly large ionizing solar EUV flux; Figure 3). On 29 October solar activity
remained at a very high level (F10.7 = 279.1) and auroral activity was also very strong with splashes of AE
index up to 2,000 nT (Figure 4). The latter has resulted in a negative storm phase at Juliusruh but not at
Rome as the bulge of disturbed neutral composition has reached the Rome location only in the night (see
a negative storm phase during the 29–30 October night). Both days of 30–31 October were negatively dis-
turbed at the two stations. Daytime foF2 are below median values on 01 November and neutral gas density
remained at a low level (Figure 4 and Tables 4 and 5) looking like a confirmation of the NO
overcooling concept.

Our method (Perrone & Mikhailov, 2018) including the observed neutral gas density as a fitted parameter
was applied to ionospheric observations at the two stations and the inferred aeronomic parameters are given
in Tables 4 and 5. MSISE00 fails to reproduce ρ variations (Tables 4 and 5) for such supper storm conditions
and this is explainable.

Tables 4 and 5 show that the observed neutral gas density on 30–31 October (the recovery storm phase) is not
less compared to the reference day of 27 October, but Tex was much larger on 30–31 October due to large Ap
and F10.7 indices compared to 27 October. Any strict reduction of thermospheric parameters obtained for 30–
31 October to conditions of the reference day is impossible but a formal change of exospheric temperature for
Tex of the reference day in the MSISE00 model gives a decrease in neutral gas density by a factor of 2 at
heights in question. November 01 (also belonging to the recovery storm phase) with Tex which is much clo-
ser to Tex of the reference day manifests a 19% decrease in ρ at Juliusruh and a 24% decrease at Rome.

Thus, the recovery storm phase (01 November) does demonstrate a decrease in neutral gas density compared
to the prestorm reference day but this decrease is totally due to a storm‐induced decrease in the atomic oxy-
gen abundance (the main contributor to ρ at heights in question; see also [N2] in Tables 4 and 5). The
decrease of [O] is strong and is seen even under large Tex taking place on 30–31 October (Tables 4 and 5).
This result contradicts the NO overcooling concept which relates the observed decrease in neutral gas den-
sity with a poststorm cooling of the upper atmosphere. Under extremely disturbed geomagnetic conditions
with daily Ap = 191 and 116 nT on 30–31 October compared to Ap = 11 nT and F10.7 which are also larger
than on the reference day (Table 4) neutral temperature cannot be lower on 30–31 October than on 27
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October. The reliability of this result is based on the coincidence of the observed and retrieved neutral gas
densities as well as on foF2, both directly depending on exospheric temperature and the concentration of
atomic oxygen. Moreover, any empirical thermospheric model will predict larger Tex for the conditions of
30–31 October compared to 27 October contrary to the NO overcooling concept.

2.3. Intense Summer Storm on 22–30 July 2004

According to the present day understanding of the thermosphere‐ionosphere storm mechanism a storm‐

induced decrease of the thermospheric neutral gas density should take place in summer season as well. A
strong long‐lasting storm during the 22–30 July 2004 period has been selected to demonstrate this effect.
That was an isolated storm consisting of three storm commencement and corresponding three splashes of
auroral activity up to AE = 1,200–1,800 nT (Figures 5 and 6). July 21 with daily Ap = 4 nT may be used as
an excellent reference prestorm day while 28–30 July may be considered as the days belonging to the recov-
ery storm phase (Figure 6). Figure 5 and Table 6 show that solar activity manifested a strong decrease from

Table 5
Same as Table 4 but for Rome at 395.5 km

Parameter 26 October 27 October 28 October 29 October 30 October 31 October 01 November

ρobs (10
−15 g cm−3) 5.89 7.67 10.41 12.16 7.43 8.10 5.83

ρMSISE (10−15 g cm−3) 7.91 8.77 9.73 13.96 13.10 13.94 9.92
Tex (K) 1141 1224 1337 1449 1396 1466 1150
[O] (108 cm−3) 1.99 2.53 3.04 3.29 1.66 1.78 1.92
[N2] (10

7 cm−3) 1.24 2.00 4.04 7.04 6.18 7.02 1.57

Figure 4. Observed hourly and monthly median (dashes) foF2 variations at Juliusruh and Rome for the 27–31 October
2003 geomagnetic storm. Observed hourly Dst (solid line) and AE indices are shown in the top panel. Asterisks =
reduced to Rome (at 395.5 km) and Juliusruh (at 397.7 km) CHAMP/STAR neutral gas densities.
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F10.7 = 172.2 on 21 July down to F10.7 = 88.7 on 30 July. This means that a large part of neutral gas density
decrease during the recovery storm phase was due to this decrease of solar activity and this should be taken
into account in our analysis.

Figure 5. Daily F10.7, AE indices, and solar EUV (100–1,200) Å variations in July 2004.

Figure 6. Observed hourly and monthly median (dashes) foF2 variations at Juliusruh and Rome for the 22–30 July 2004
geomagnetic storm. Observed hourly Dst (solid line) and AE indices are shown in the top panel. Asterisks = reduced to
Juliusruh (at 383.0 km) and Rome (at 380.5 km) CHAMP/STAR neutral gas densities.
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Unfortunately DPS‐4 Ne(h) observations are absent for some days during the period in question both at
Juliusruh and Rome and available manually scaled foF1 data were requested directly from the ionosondes.
Our method (Perrone & Mikhailov, 2018) has a version using foF1 instead of plasma frequency at 180 km,
fo180, and this version may be used in summer when foF1 observations are available. CHAMP/STAR neutral
gas density observations were used in the retrieval process as this was mentioned earlier.

Figure 6 shows that daytime foF2 on the reference day are close to monthly median values both at Juliusruh
and Rome while days during the recovery storm phase mainly demonstrate negative deviations indicating a
disturbed neutral composition. Nighttime foF2 values fell down to ~2 MHz telling us about strongly
perturbed thermosphere.

Observed in a comparison toMSISE00 neutral gas densities as well as inferred Tex, [O], and [N2] are given in
Tables 6 and 7 for Juliusruh and Rome stations. Although ρ values during the recovery storm phase (28–30
July) are lower than on 21 July this difference is mainly due to lower F10.7 on 28–30 July (Table 6). Keeping in
mind that MSISE00 is driven by F10.7 and Ap indices we may compare the inferred to model ρday/ρref ratios
and to check if there an additional difference in ρ not related to F10.7 and Ap index variations. The underta-
ken analysis of data in Tables 6 and 7 has shown that only 28 July manifests an additional ρ decrease of 5–7%
while the decrease in ρ on 29–30 July is completely attributed to the decrease in solar activity. In fact 29–30
July were magnetically quiet days with Ap = 6 and 7 nT (Table 6). The effective meridional thermospheric
wind Vnx = W/sinIcosI (I‐magnetic inclination) is given in Table 6 for further comparison with winter
storm results.

Therefore, the summer recovery storm phase similar earlier analyzed equinoctial storm cases manifest a
decrease in neutral gas density with respect to the prestorm reference day and this decrease is due to the
storm‐induced decrease in the atomic oxygen abundance.

2.4. Intense Winter Storm on 20–24 November 2003

This was a severe winter storm analyzed by Zhang et al. (2019) which did not manifest any NO overcooling
effect with a decrease in neutral density during the recovery storm phase and this has causedmany questions
left unanswered. The storm occurred at the rising phase of solar activity and the previous (09–18 November)

Table 6
Retrieved Tex, [O], [N2], and Vnx at Juliusruh (383.0 km) for the July 2004 Geomagnetic Storm

Parameter 21 July 22 July 23 July 24 July 25 July 26 July 27 July 28 July 29 July 30 July

ρobs (10
−15 g cm−3) 3.50 3.63 4.98 4.47 6.65 3.83 7.38 3.01 2.50 2.33

ρMSISE (10−15 g cm−3) 4.46 4.45 5.79 5.01 6.29 4.68 6.47 4.08 3.09 2.89
Tex (K) 1097 1074 1298 1120 1314 1186 1337 1099 980 958
[O] (107 cm−3) 9.70 11.01 8.19 12.85 11.23 7.40 11.47 7.09 7.27 7.15
[N2] (10

7 cm−3) 1.96 1.49 5.86 2.23 7.56 4.05 8.82 2.37 1.20 0.92
Vnx (m s−1) −38.9 −28.9 +91.0 −31.3 +90.6 +52.0 +90.5 −28.3 −29.8 −29.8
Daily F10.7 172.2 172.9 165.1 147.2 131.5 128.0 118.1 100.7 99.7 88.7
Daily Ap (nT) 4 31 52 37 154 47 186 15 6 7

Note. CHAMP/STAR and reduced to Juliusruh (12 LT) as well as MSISE00 (italic) neutral gas densities are given for a comparison. Daily F10.7 and Ap indices are
given in the bottom. Shadow indicates the reference day, 21 July.

Table 7
Same as Table 6 but for Rome at 380.5 km

Parameter 21 July 22 July 23 July 24 July 25 July 26 July 27 July 28 July 29 July 30 July

ρobs (10
−15 g cm−3) 3.79 3.99 5.39 4.64 6.60 4.09 8.48 3.35 2.74 2.25

ρMSISE (10−15 g cm−3) 4.92 4.91 6.41 5.54 6.89 5.12 7.04 4.56 3.38 3.18
Tex (K) 1036 1130 ‐ 1158 1257 1197 ‐ 1001 985 930
[O] (107 cm−3) 12.27 10.43 ‐ 12.23 14.98 8.99 ‐ 10.46 8.13 7.17
[N2] (10

7 cm−3) 1.28 2.58 ‐ 2.92 5.44 3.59 ‐ 1.20 1.22 0.78

Note. Dashes = ionospheric observations are absent.
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period wasmagnetically disturbed (Figure 7). However, keeping inmind the peculiarity of winter circulation
with a strong poleward wind (see later) during daytime hours 19 November withAp= 12 nTmay be taken as
a reference prestorm day, foF2 variations were also close to monthly median (Figure 8) indicating undis-
turbed neutral composition.

Figure 7. Daily F10.7, AE indices, and solar EUV (100–1,200) Å variations in November 2003.

Figure 8. Observed hourly and monthly median (dashes) foF2 variations at Juliusruh and Rome for the 20–24 November
2003 geomagnetic storm. Observed hourly Dst (solid line) and AE indices are shown in the top panel. Asterisks = reduced
to Juliusruh (at 394.8 km) and Rome (at 392.0 km) CHAMP/STAR neutral gas densities.
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Despite strong auroral activity on 20 November with AE> 1,400 nT foF2 show small variations being close to
monthly median values or manifesting small positive deviations during daytime hours (Figure 8). Only 23
November demonstrates negative deviations at Juliusruh as the reaction to the 22 November evening splash
of auroral activity. Nighttime equatorward circulation was able to transfer the disturbed neutral composition
to latitudes of Juliusruh but not of Rome where foF2 variations were close to median ones on 23
November (Figure 8).

Inferred Tex, [O], [N2], and Vnx are given in Tables 8 and 9 for Juliusruh and Rome. Observed with
CHAMP/STAR and reduced to the ionosonde location (12 LT) as well as MSISE00 (italic) neutral gas den-
sities are given for a comparison. November 20–22 were disturbed days (see AE and Ap indices Figure 8 and
Table 8) while 23 and 24 November were more quiet andmay be analyzed as the days belonging to the recov-
ery storm phase. Tables 8 and 9 show that the observed neutral gas densities were larger on these days com-
pared to the reference day, 19 November. Partly this is due to larger F10.7 and Ap (Table 8) and partly to
storm‐induced neutral composition. To separate these two contributions ρday/ρref ratios may be analyzed
(Table 10) using the observed and MSISE00 neutral gas densities from Tables 8 and 9. The MSISE00 model
is driven by F10.7 and Ap indices; therefore, the model ratios are the same at Juliusruh and Rome (Table 10)
while the inferred ratios are different as they reflect the real pattern of the storm in question. The observed
ρday/ρref ratios are larger than model ones for 23 and 24 November indicating larger changes of atomic oxy-
gen (the main contributor to neutral gas density at heights in question) than may be attributed to F10.7 and
Ap variations. Table 10 shows that the difference is around 50% telling us that half of the observed neutral
gas density increase is due to storm‐induced atomic oxygen variation.

The revealed variations of atomic oxygen may be explained in the framework of solar‐driven and storm‐

induced thermospheric circulation interaction (e.g., Rishbeth, 1998, and references therein). The interaction
of strong poleward wind (Tables 8 and 9) with oppositely directed storm‐induced circulation results in down-
welling increasing the atomic oxygen abundance. This increases neutral gas density—the situation we have
on 23 and 24 November during the recovery storm phase.

Thus, the dependence of F2‐layer storm mechanism on season explains the absence of neutral gas density
decrease during the winter recovery storm phase.

Table 8
Retrieved Tex, [O], [N2], and Vnx at Juliusruh at 394.8 km for the November 2003 Geomagnetic Storm

Parameter 19 November 20 November 21 November 22 November 23 November 24 November

ρobs (10
−15 g cm−3) 3.81 7.26 7.05 4.51 5.73 5.25

ρMSISE (10−15 g cm−3) 4.92 6.19 7.14 5.95 6.08 5.68
Tex (K) 987 1203 1255 1043 1177 1054
[O] (108 cm−3) 1.34 2.13 2.03 1.55 1.82 1.82
[N2] (10

7 cm−3) 0.56 3.34 3.45 0.82 1.90 0.85
Vnx (m s−1) −65.6 +91.5 +60.8 −59.2 −63.2 −58.3
Daily F10.7 155.1 175.2 177.0 176.2 178.2 177.3
Daily Ap (nT) 12 150 42 30 22 13

Note. CHAMP/STAR and reduced to Juliusruh (12 LT) as well as MSISE00 (italic) neutral gas densities are given for a comparison. Daily F10.7 and Ap indices are
given in the bottom. Shadow indicates the reference day, 19 November.

Table 9
Same as Table 8 but for Rome at 392.0 km

Parameter 19 November 20 November 21 November 22 November 23 November 24 November

ρobs (10
−15 g cm−3) 4.59 6.25 7.93 5.08 6.69 5.88

ρMSISE (10−15 g cm−3) 5.65 6.90 8.19 6.82 6.95 6.50
Tex (K) 1014 1229 1290 1069 1118 1087
[O] (108 cm−3) 1.60 1.75 2.26 1.74 2.28 2.02
[N2] (10

7 cm−3) 0.71 3.44 4.02 0.94 1.32 1.06
Vnx (m s−1) −50.4 +64.7 +41.5 −48.4 −48.2 −48.0
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3. Discussion

Midlatitude daytime ionospheric F2 layer is a good indicator for the state of the thermosphere both under
quiet and disturbed conditions. Electron concentration NmF2 depends on the intensity of solar EUV radia-
tion, neutral composition (O, O2, N2), temperature Tex, and on vertical plasma drift mainly related to ther-
mospheric winds. Neutral gas density at a fixed height of a satellite also depends on (O, O2, N2) and
temperature Tex. Therefore, fitting observed ρ, NmF2, and five values of electron concentration at F1‐region
heights in accordance with our method (Perrone &Mikhailov, 2018) we obtain a complete and consistent set
of the main aeronomic parameters necessary to analyze the problem of poststorm neutral gas
density variations.

Undoubtedly, the effect of NO cooling exist in the upper atmosphere and it may be important for something
but the poststorm decrease of neutral gas density (when it takes place) has a clear explanation based on well‐
known thermosphere‐ionosphere storm mechanism proposed years ago and repeatedly confirmed both by
observations and model simulations (Duncan, 1969; Field et al., 1998; Forbes et al., 1996; Fuller‐Rowell
et al., 1994; Prölss, 1995; Rishbeth, 1998; Rishbeth et al., 1987; Rishbeth & Muller‐Wodarg, 1999; Skoblin
& Förster, 1993). The idea of this mechanism has been outlined in the Introduction part but it would be use-
ful to repeat here its main points for the discussion of obtained results. The thermosphere‐ionosphere storm
process starts with heating of the auroral zone due to Joule heating by magnetospheric electric fields and
particle precipitations the latter being less important. The neutral temperature increase gives rise to upwel-
ling resulting in the O/N2 ratio decrease at F‐layer heights. Elevated neutral gas pressure (due to the
increased neutral gas temperature) changes the distribution of pressure gradients in the upper atmosphere
and the global thermospheric circulation, correspondingly. During nighttime hours the equatorward solar‐
driven meridional wind coincides with the storm‐induced one and the perturbed neutral composition with
low O/N2 is shifted equatorward producing negative F2‐layer disturbances even at low‐latitude stations such
as Rome (Figure 2). Negative F2‐layer disturbances mainly take place during early morning and for some
prenoon hours while the daytime poleward solar‐driven circulation does not shift the disturbed neutral com-
position back to higher latitudes. If a magnetic storm and auroral heating are strong enough the storm‐

induced equatorward circulation overpowers the solar‐driven one and the disturbed neutral composition
with low O/N2 ratio occurs at middle latitudes during daytime hours as well (30–31 October at Rome). It
should be reminded that disturbed neutral composition with low O/N2 ratio corresponds to low neutral
gas density as atomic oxygen is the main constituent at F2‐layer heights. Along with this neutral temperature
Tex may be larger compared to the quiet reference day (see Tables 2 and 3). This depends on the level of geo-
magnetic activity during the recovery storm phase. It should be stressed that the St. Patrick storm case
(Figure 2 and Tables 2 and 3) is more “clear” compared to the 28–31 October 2003 one analyzed by Lei et al.
(2012), Chen and Lei (2018), and Zhang et al. (2019). During the St. Patrick storm solar activity was rather
stable (Figure 1 and Table 2) unlike the 28–31 October 2003 period when F10.7 manifested large variations
and some poststorm effects were related to F10.7 variations. The St. Patrick storm case may be considered
as a classic one which clearly demonstrates the main features of the F2‐layer storm mechanism indicating
a decrease of neutral gas density during the recovery storm phase on 20 March due to a decrease in the
atomic oxygen abundance along with increased neutral temperature compared to the reference prestorm
day (Tables 2 and 3).

The “NO overcooling” concept fails to explain the winter storm (Zhang et al., 2019). However, the observed
neutral gas density variations have a simple explanation within the F2‐layer storm mechanism. In accor-
dance with this mechanism in winter the disturbed neutral composition is restricted to high latitudes
(Prölss, 1980; Prölss & von Zahn, 1977) while at middle latitudes one should expect an increase of atomic

Table 10
Observed and MSISE00 ρday/ρref Ratios at Juliusruh and Rome

Data

Juliusruh Rome

23/19 November 24/19 November 23/19 November 24/19 November

Observed 1.50 1.38 1.45 1.28
MSISE00 1.23 1.15 1.23 1.15
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oxygen abundance due to downwelling (Rishbeth, 1998). Contrary to the NO overcooling concept CHAMP
observations indicate an increase of neutral gas density due to increase of the atomic oxygen abundance as
our calculations show (Tables 8 and 9).

One should only wonder why the authors of the NO overcooling concept have not even mentioned the
thermosphere‐ionosphere storm mechanism as a possible explanation despite obvious contradictions with
this concept listed by Zhang et al. (2019).

The term “overcooling” implies a decrease of thermospheric temperature with respect to the reference
prestorm day. Assuming that observed changes of thermospheric mass density are purely attributable
to changes in thermosphere temperature Lei et al. (2012) using MSISE00 have found a Tex decrease
of 110 K on the dayside. However, normally auroral activity is kept elevated during the recovery storm
phase (see earlier analyzed storm cases) and Tex just cannot be lower compared to a quiet time pre-
storm Tex value. All empirical thermospheric models based on observations tell this. The only plausible
explanation is to attribute the observed neutral gas density decrease to a decrease in the atomic oxygen
concentration (the main contributor to ρ at heights in question). This is predicted by F2‐layer storm
mechanism and is confirmed by our calculations.

In summer the solar‐driven and storm‐induced circulations coincide during the major part of the day and
moderately disturbed neutral composition with a decreased O/N2 ratio is spread down to lower latitudes
(Prölss, 1980; Prölss & von Zahn, 1977). Therefore, in summer one should expect a relatively small decrease
in neutral gas density during the recovery storm phase even under severe magnetic storms. Our analysis of
July 2004 storm period has shown a 5–7% decrease of neutral gas density not related to solar and geomag-
netic activity variations.

4. Conclusions

The results of our analysis may be formulated as follows.

1. A daytime decrease of neutral gas density not related to solar and geomagnetic activity variations does
take place at middle latitudes during the recovery storm phase in nonwinter seasons.

2. The effect is due to a storm‐induced decrease of atomic oxygen concentration in the upper atmosphere.
Contrary to the NO overcooling concept neutral temperature is not lower during the recovery storm
phase compared to the prestorm reference day. But this depends on the level of geomagnetic activity.

3. Negative NmF2 deviations during the recovery storm phase related to low atomic oxygen concentration
may serve as an indicator of a decreased neutral gas density.

4. In winter when according to F2‐layer storm morphology dominate positive NmF2 deviations or monthly
median NmF2 take place at middle latitudes no decrease of neutral gas density is expected during the
recovery storm phase.

5. There is no need to attract a new poststorm NO overcooling concept contradicting both empirical ther-
mospheric models on Tex and neutral gas density observations during winter season. An explanation
to the observed neutral density decrease during the recovery storm phase may be given in the framework
of the well‐known F2‐layer storm mechanism. This mechanism includes (a) auroral heating of the upper
atmosphere, (b) changing of the thermospheric neutral composition due to upwelling in the auroral
zone, and (c) the transfer of disturbed neutral composition with low atomic oxygen to middle latitudes
by the thermospheric wind resulted from the interaction of solar‐driven and storm‐induced circulations.
This mechanism is known to explain F2‐layer stormmorphology and it is sufficient to explain neutral gas
density variations during the recovery storm phase as in both cases the disturbed thermospheric circula-
tion and variations of atomic oxygen are the controlling processes.
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