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Daytime mid-latitude F2-layer 
Q-disturbances: A formation 
mechanism
Loredana Perrone1 ✉, Andrey V. Mikhailov2,1, & Anatoly A. Nusinov3

Negative and positive near noontime prolonged (≥3 hours) F2-layer Q-disturbances with deviations 
in NmF2 > 35% occurred at Rome have been analyzed using aeronomic parameters inferred from fp180 
(plasma frequency at 180 km height) and foF2 observations. Both types of NmF2 perturbations occur 
under quiet (daily Ap < 15 nT) geomagnetic conditions. Day-to-day atomic oxygen [O] variations at F2-
region heights specify the type (positive or negative) of Q-disturbance. The [O] concentration is larger 
on positive and is less on negative Q-disturbance days compared to reference days. This difference takes 
place not only on average but for all individual Q-disturbances in question. An additional contribution 
to Q-disturbances formation is provided by solar EUV day-to-day variations. Negative Q-disturbance 
days are characterized by lower hmF2 while positive – by larger hmF2 compared to reference days. This 
is due to larger average Tex and vertical plasma drift W on positive Q-disturbance days, the inverse 
situation takes place for negative Q-disturbance days. Day-to-day changes in global thermospheric 
circulation may be considered as a plausible mechanism. The analyzed type of F2-layer Q-disturbances 
can be explained in the framework of contemporary understanding of the thermosphere-ionosphere 
interaction based on solar and geomagnetic activity as the main drivers.

Usually F2-layer disturbances are related to geomagnetic activity variations but there is a class of F2-layer pertur-
bations which occur under quiet geomagnetic conditions (Q-disturbances), their magnitude being comparable to 
moderate F2-layer storm effects. Day-to-day NmF2 variability is 15–20% at middle latitudes1,2 while we are speak-
ing about NmF2 deviations with the magnitude >35% occurring near noontime with a duration more than three 
hours, i.e. longer than two characteristic e-fold times of the daytime F2-layer (the e-fold time is the time required 
for a parameter to change by 2.72 times). Such long-lasting NmF2 deviations imply either changes in the ionizing 
solar EUV radiation or changes in the production/recombination rate (i.e. thermospheric neutral composition) 
or/and changes in vertical plasma drift mainly related to thermospheric winds. Variations of electric field cannot 
be excluded but this is less probable during magnetically quiet periods analyzed in the paper.

There is a widely spread opinion that F2-layer Q-disturbances are related to the impact from below – the 
so-called “meteorological control” of the Earth’s ionosphere1–6. However, one has to be cautious to associate all 
quiet-time F-region disturbances with forcing from the lower atmosphere. Nevertheless accepting that geomag-
netic activity is a major cause of F2-layer day-to-day variability Rishbeth2 stressed that the ‘meteorological’ impact 
at least was comparable to the geomagnetic one. Despite lots of publications on this topic the actual mechanism of 
observed day-to-day NmF2 variations has not been revealed yet. One may find7,8 that this variability is attributed 
to ‘solar’, ‘geomagnetic’ and ‘other’ causes. Therefore any attempt to give a quantitative explanation to day-to-day 
NmF2 changes should be considered as one more step towards understanding of the F2-layer variability and its 
prediction, the latter being very important from practical point of view.

The morphology and possible mechanisms of Q-disturbances were earlier discussed9–12. It was shown that 
both negative and positive daytime Q-disturbances may be related to thermospheric circulation and neutral 
composition changes. However that time we had not either necessary aeronomic parameters or solar EUV 
observations to explain the observed Q-disturbances and the number of Millstone Hill ISR observations of 
Q-disturbances used in previous analyses was very limited. Now using the recently developed method13 to extract 
aeronomic parameters from ground-based ionosonde observations, we can reanalyze and specify the formation 
mechanisms of positive and negative Q-disturbances at least at middle latitudes for daytime hours. Moreover 
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today we have direct solar EUV observations and satellite neutral gas density measurements which can be suc-
cessfully used to control the obtained results.

The proposed method13 can be applied when bottom-side Ne(h) profiles are available and such possibility now 
exists with the worldwide DPS-4 digisonde network14. However for various reasons the accuracy of Ne(h) profiles 
at F1-layer heights (used in the method) is different at different stations and not all of them can be used for our 
aims. There are two ionosondes at Rome (41.9°N; 12.5°E) and DPS-4 observations can be controlled by Italian 
ionosonde (http://www.eswua.ingv.it/ingv/home.php?res=1024). For this reason Rome DPS-4 Ne(h) observa-
tions were used for physical interpretation.

The aims of the paper may be formulated as follows.

	(a)	 to find available cases of negative and positive daytime Q-disturbances using Rome ionosonde 
observations;

	(b)	 to reveal aeronomic parameters responsible for the formation of daytime Q-disturbances in question;
	(c)	 to give physical interpretation to the observed daytime Q-disturbances, i.e. to specify their origin.

Method
Selection of the background level is a crucial point dealing with Q-disturbances and various approaches are used 
to specify it. Our earlier method9 was based on 27-day running median centered to the day in question. Monthly 
median or running medians calculated over previous ∼ 30 days are often used as the background15–17. However 
any median includes the effects of geomagnetic disturbances occurred during the analyzed period therefore dif-
ferent periods turn out to be in different conditions. Better results should give a selection of magnetically quiet 
days at a station with binning them in terms of hour, month and range of solar activity. The mean value for each 
bin provides a quiet-time background level which can be applied with suitable interpolation to any day of a 
month18–21. But Q-disturbances inevitably contribute to such background level.

Another direction is based on using model monthly median foF2 as the background level22,23. After averaging 
(in the model) of many monthly medians obtained under various geomagnetic conditions but similar levels of 
solar activity one may hope that such average median presents a background level corresponding to a given level 
of solar activity. Both positive and negative F2-layer disturbances (including Q-disturbances) should be seen with 
respect to such background level.

We may also derive local (for each station) monthly median foF2 models24 which are based on the ionospheric 
T-index25,26 as an indicator of solar activity level. It is well-known that effective ionospheric indices of solar activ-
ity provide the best correlation with monthly median foF2 27. Such model medians derived for each station are 
used as the background to calculate foF2 deviations.

Q-disturbances in our analysis are referred to average over 11, 12, 13 LT hourly (NmF2/NmF2med − 
1) × 100% > 35% if all 3-hour ap indices were ≤ the threshold for 24 previous hours. The analyzed negative 
Q-disturbances took place under very low geomagnetic activity – the average threshold over 24 previous hours 
on ap was 6.1 ± 2.53 while the average threshold for positive disturbances was slightly higher – ap = 10.1 ± 3.87. 
A 24-hour preceding time interval was chosen basing on the empirical estimation of the ionosphere reaction to 
forcing geomagnetic activity. Some estimates of this time constant for mid-latitude F2-region are: 12 h18, 15 h28, 
6–12 h7; 16–18 h16, 8–20 h depending on season29.

The analyzed type of Q-disturbances are not numerous, the larger their magnitude the less they are in number. 
Our previous morphological analysis9 has shown that positive Q-disturbances are much numerous compared to 
negative ones and this is valid especially for noontime perturbations. The selected disturbances should be strong 
enough to be outside of usual day-to-day 15–20% NmF2 variability. Further, only the period since 2002 can be 
analyzed as daily EUV and satellite neutral gas density observations used for a comparison are available for this 
period. All this taken into account together has specified the magnitude of selected disturbances δNmF2 = NmF2 

Qday/NmF2 ref > 35%. Therefore negative disturbances listed in Table 1are all corresponding to the listed require-
ments which could be found for the analyzed (2002–2018) period.

Besides the background level we need a particular day of the month which would be as much as possible close 
to the model background NmF2. Such days are needed to compare the retrieved aeronomic parameters to those 
retrieved for the Q-disturbance days. Examples of negative and positive Q-disturbances analyzed in the paper are 
given in Fig. 1.

If a day is marked as a Q-disturbed one then the sign of NmF2 deviations (negative or positive) is kept for many 
hours, sometimes for the whole day as in Fig. 1. This is different from usual geomagnetic storm induced F2-layer 
disturbances when positive and negative phases in NmF2 variations may change each other in the course of a day. 
Table 1 gives daytime Q-disturbances found at Rome for the period since 2002. Observed and averaged over 
(11–13) LT NmF2 values are given along with daily F10.7 and ap(τ) indices30
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where ap−n (n = 0, 1, 2, 3…) – ap value for the current 3-hour interval, −3 h, −6 h, etc., τ = 0.75, ap(τ) values are 
given for 12 LT. This time-integrated index takes into account the prehistory of geomagnetic activity development 
manifesting more smooth variations and it is more appropriate for our analysis compared to usual 3 hour-ap 
indices.

Q-disturbances from Table 1 were developed with the method13 to retrieve a consistent set of the main aero-
nomic parameters responsible for the formation of the daytime mid-latitude F-layer. The method13 is based on 
solving an inverse problem of aeronomy using observed noontime foF2 and five at (10,11,12,13,14) LT values 
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of plasma frequency fp180 at 180 km height as input information along with standard indices of solar (F10.7) and 
geomagnetic (Ap) activity. Data on foF2 and fp180 are available from DPS-414 ground-based ionosonde observa-
tions after the ionogram reduction. The list of the retrieved parameters includes: neutral composition (O, O2, N2 
concentrations), exospheric temperature Tex, the total solar EUV flux with λ ≤ 1050 Å, and vertical plasma drift 
W mainly related to the meridional thermospheric wind, Vnx. By fitting calculated NmF2 to observed ones the 
method provides hmF2 values which are useful for physical interpretation. For some of the selected cases in Table 1 
it was possible to find neutral gas density observations with the Gravity field and steady state Ocean Circulation 
Explorer (GOCE https://earth.esa.int/web/guest/-/goce-data-access-7219), CHAllenging Minisatellite Payload 
(CHAMP ftp://anonymous@isdcftp.gfz-potsdam.de/champ/), and Swarm (https://earth.esa.int/web/guest/
swarm/data-access) satellites. For these cases the observed neutral gas density (ρ) was incorporated into our 
method as a fitted parameter. Available neutral gas density observations in the daytime European sector were 
reduced to the location of ionosonde and 12 LT using the MSISE00 thermospheic model31 and the following 
expression:

ρ ρ=
MSISE
MSISE

00
00station satellite

station

satellite

We have used three ρ observations from an orbit with the latitudes close to the latitude of ionosonde station 
and then (after the reduction to the ionosonde location and 12 LT) found the mean over three ρ values which were 
used in our analysis. Normally such three values are very close to each other. The retrieved with our method neu-
tral gas density ρ = m1[O] + m2[O2] + m3[N2] does not include the contribution of [He] and [N]. Therefore the 
observed densities were corrected using MSISE00. Depending on conditions this correction may be up to (1–5)%. 
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 days in question. The method using 
observed neutral gas densities was applied when ρ observations were available both for the Q-disturbed and the 
reference days.

Negative Q-disturbances Positive Q-disturbances

Date F10.7 (F + F81)/2 ap(τ) NmF2 Date F10.7 (F + F81)/2 ap(τ) NmF2

13/06/2002
08/06/2002

133.4
155.2

147.3
157.4

6.1
5.1

6.19
10.5

23/08/2002
08/08/2002

224.5
134.6

203.8 
57.6

6.1
3.9

15.8
8.54

17/10/2004
23/10/2004

91.9
131.6

99.9
119.4

2.3
2.3

6.61
9.17

17/06/2004
28/06/2004

111.3
89.4

109.3
97.5

7.2
9.2

8.14
5.73

15/08/2005
28/08/2005

75.8
89.8

83.9
90.1

4.2
4.1

2.94
4.97

26/10/2004
23/10/2004

136.7
131.6

121.6
119.4

4.2
2.3

14.2
9.17

14/02/2006
19/02/2006

77.3
76.5

77.7
77.3

1.0
5.1

4.08
5.85

10/06/2007
06/06/2007

75.9
84.6

74.9
79.6

8.1
2.1

5.57
3.85

27/01/2010
11/01/2010

77.8
89.2

79.8
84.9

1.8
6.0

3.02
3.98

22/10/2009
13/10/2009

71.6
69.8

72.1
70.9

8.9
2.5

6.61
5.40

06/02/2010
11/02/2010

87.5
94.2

85.0
88.6

1.6
5.0

3.84
5.24

15/02/2010
11/02/2010

87.6
92.4

85.5
88.6

8.2
5.0

8.96
5.24

18/12/2011
05/12/2011

127.4
158.1

134.6
150.8

1.1
1.3

6.97
12.4

20/10/2010
03/10/2010

83.9
80.0

83.1
80.4

4.7
1.7

8.75
5.90

14/01/2012
07/01/2012

132.3
140.5

129.9
136.1

3.2
6.4

6.19
8.82

11/06/2012
27/06/2012

133.9
106.3

130.8
116.9

7.2
4.4

10.7
6.08

06/12/2012
15/12/2012

97.4
122.4

109.1
122.1

1.2
6.2

5.79
8.47

30/09/2012
12/09/2012

135.6
102.6

127.2
111.3

6.6
4.2

17.0
8.54

07/12/2012
15/12/2012

97.1
122.4

109.1
122.1

0.2
6.2

5.13
8.47

25/08/2013
01/08/2013

112.6
112.1

111.0
112.7

5.7
4.1

10.5
6.61

17/04/2013
04/04/2013

106.3
128.5

115.3
124.5

3.1
4.2

6.39
10.7

04/07/2014
27/07/2014

187.6
121.4

157.6
124.5

4.5
4.9

9.82
6.66

18/04/2013
04/04/2013

98.4
128.5

111.3
124.5

1.9
4.2

7.80
10.7

30/09/2015
16/09/2015

131.1
109.4

118.5
106.3

1.8
9.9

10.7
6.25

28/11/2013
15/11/2013

132.9
177.9

142.8
161.6

0.2
4.3

7.94
12.5

10/04/2016
27/04/2016

110.6
92.6

101.8
92.0

6.0
6.8

9.98
5.08

23/06/2014
11/06/2014

92.6
168.4

110.5
149.7

2.5
6.6

4.66
7.87

11/04/2016
27/04/2016

116.6
92.6

104.8
92.0

2.5
6.8

11.1
5.08

22/07/2014
27/07/2014

92.6
121.4

110.3
124.5

4.0
4.9

4.32
6.67

15/10/2016
21/10/2016

84.9
77.8

84.3
80.4

10.2
1.5

8.75
5.08

27/05/2015
08/05/2015

95.2
149.8

109.8
137.8

3.4
7.0

5.29
9.90

11/04/2017
12/04/2017

74.6
71.4

75.4
73.8

8.8
7.9

6.48
3.62

28/05/2015
08/05/2015

93.0
149.8

108.6
137.8

6.1
7.0

4.82
9.90

16/04/2017
12/04/2017

74.5
71.4

75.4
73.8

4.1
7.9

5.90
3.62

26/03/2016
02/03/2016

85.5
98.2

89.1
98.0

2.1
6.1

4.82
8.82

29/04/2017
12/04/2017

77.0
71.4

77.2
73.8

5.4
7.9

5.40
3.62

Table 1.  Negative and positive F2-layer Q-disturbances at Rome along with daily F10.7, 0.5(F10.7 + F10.7 81), and 
ap(τ) indices (at 12 LT) for Q-disturbance and reference days (second line). NmF2 (in 105 cm−3) are averaged 
over the observed at (11-13) LT values.
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Results
Negative Q-disturbances.  Table 2 gives observed δNmF2 along with the observed total solar EUV (100–
1200)Å flux32 (http://lasp.colorado.edu/lisird/) as well as inferred EUV flux, vertical plasma drift W, F2-layer 
maximum height hmF2, atomic oxygen concentration at 300 km in a comparison to MSISE00 model31 values, and 
exospheric temperature Tex. Table 2 indicates that selected Q-disturbances are rather strong: δNmF2 = NmF2 Qday/
NmF2 ref are (0.5–0.7) with the average value 0.63 ± 0.08. Negative Q-disturbance cases manifest lower F10.7 and 
as a rule lower ap(τ) indices compared to the reference days. The average F10.7 Qday/F10.7ref = 0.79 ± 0.12 and the 
average ap(τ)Qday/ap(τ)ref = 0.51 ± 0.36. Lower F10.7 and ap(τ) indices mean lower ionizing EUV flux and lower 
level of auroral activity.

Table 2 manifests a systematic decrease of atomic oxygen concentration on Q-disturbance days compared 
to reference days. This is valid not only on average but for particular Q-disturbance cases as well. The aver-
age [O]Qday/[O]ref ratio = 0.73 ± 0.08 and the difference from 1.0 is absolutely significant according to Student 
t-criterion. Atomic oxygen is a crucial parameter for the daytime F2-layer33 as NmF2 ∼ [O]4/3. Table 2 also indicates 
that the inferred difference in [O]300 between Q-disturbance and the reference days is systematically larger than 
MSISE00 predicts.

Along with decreased [O] concentration on Q-disturbance days ionizing solar EUV flux is also decreased on 
average by ∼13% due to lower level of solar activity. This decrease is seen both in observed (http://lasp.colorado.
edu/lisird/) and retrieved EUV fluxes. Table 2 indicates the average observed EUVQday/EUVref ratio 0.88 ± 0.06 
while the retrieved average ratio is 0.87 ± 0.08. This closeness of observed and retrieved EUV ratios tells us that 
the method13 provides reasonable results.

Positive Q-disturbances.  The results on positive Q-disturbances are given in Table 3. The selected dis-
turbances are rather strong with δNmF2 up to 2.2 (the average value =1.66 ± 0.24). In contrast to the negative 
Q-disturbances F10.7 and ap(τ) indices on average are larger compared to the reference days: F10.7 Qday/F10.7ref = 1.16 
± 0.20 and ap(τ)Qday/ap(τ)ref= 1.78 ± 1.61. This means larger ionizing EUV flux and stronger auroral heating for 
Q-disturbance days.

In contrast to negative Q-disturbances the concentration of atomic oxygen [O] is systematically larger on 
Q-disturbance days compared to reference ones. This is valid not only on average but for individual Q-disturbance 
cases as well. Table 3 shows that average [O]Qday/[O]ref ratio is 1.46 ± 0.17, the difference from 1.0 being abso-
lutely significant according to Student t-criterion. A comparison to the MSISE00 model (Table 3) shows that the 
model systematically underestimates the atomic oxygen variations. The same situation we met analyzing negative 
Q-disturbances.

Table 3 also demonstrates that Q-disturbance days on average are characterized by larger (∼7%) solar EUV 
fluxes and this increase is confirmed by direct EUV observations (http://lasp.colorado.edu/lisird/): the inferred 
average EUVQday/EUVref ratio is 1.07 ± 0.09 while the observed ratio is 1.08 ± 0.10. By analogy with negative 
Q-disturbances (Table 2) the retrieved and observed average EUVQday/EUVref ratios practically coincide and this 
indicates that the method13 provides reasonable results as the observed EUV fluxes have nothing common with 
the retrieval process.

Along with this Table 3 shows some cases with the EUVQday/EUVref ratio ≤ 1.0. Electron concentration at 
F2-region heights depends on the O+ ion production rate q(O+) ∼ IEUV[O], where IEUV – the intensity of incident 
solar EUV radiation. Table 4 gives positive disturbance cases with EUVQday/EUVref <1.0 from Table 3. The ratio 
R = (EUV × [O]300)Qday/(EUV × [O]300)ref is >1.0 for such cases as well. It should be noted that R is always <1.0 for 
negative Q-disturbances (Table 2). Therefore the IEUV[O] product is always >1.0 for positive Q-distubances and 
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Figure 1.  Diurnal variation of logNmF2 during negative (left panel) and positive (right panel). Q-disturbances at 
Rome. Asterisks – Q-disturbance variations, dashes – local model monthly medians, solid line – reference days 
close to the model monthly medians.
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it is <1.0 for negative Q-disturbances. The same rule is valid for atomic oxygen concentration as this was shown 
earlier. Therefore both aeronomic parameters may be used to divide Q-disturbances into negative and positive 
ones. This result is important from practical point of view as it can be used to predict the type of Q-disturbance.

Interpretation.  The undertaken analysis has shown that strong (with magnitude >35%) daytime both nega-
tive and positive Q-disturbances in NmF2 are mainly due to day-to-day variations of atomic oxygen concentration. 
The average [O]Qday/[O]ref ratio = 0.73 ± 0.08 for negative and 1.46 ± 0.17 for positive Q-disturbances.

Date δNmF2

EUVobs ×10−3 
Wm−2

EUV×1010 ph 
cm−2s−1 W m s−1

hmF2 
km

Tex  
K

[O]300×108 
cm−3

[O]300×108 
cm−3 
(MSISE00) ρobs g cm−3

13/06/2002
08/06/2002 0.59

5.64
6.15
(0.92)

8.04
8.68
(0.93)

−0.6
0.0

341
352

1338
1308

9.83
11.98
(0.82)

7.55
7.89
(0.96)

—
—

17/10/2004
23/10/2004 0.72

4.13
5.02
(0.82)

7.78
9.28
(0.84)

−16.3
−19.8

229
234

868
919

4.41
5.53
(0.80)

5.77
6.43
(0.90)

—
—

15/08/2005
28/08/2005 0.59

3.46
4.15
(0.83)

6.57
7.36
(0.89)

−13.2
−9.4

234
247

841
928

2.71
4.01
(0.68)

3.48
4.08
(0.85)

2.59×10−15

4.43×10−15

(0.58)

14/02/2006
19/02/2006 0.70

3.36
3.50
(0.96)

5.43
5.39
(1.01)

−27.4
−19.4

211
220

742
740

2.97
3.72
(0.80)

3.14
3.58
(0.88)

—
—

27/01/2010
11/01/2010 0.76

3.42
3.50
(0.98)

5.44
5.89
(0.92)

−23.4
−23.8

212
213

740
750

2.06
2.84
(0.72)

3.21
3.49
(0.92)

—
—

06/02/2010
11/02/2010 0.73

3.53
3.83
(0.92)

5.85
6.09
(0.96)

−28.1
−24.9

212
218

753
791

2.69
3.78
(0.71)

3.29
3.91
(0.84)

—
—

18/12/2011
05/12/2011 0.56

5.17
5.82
(0.89)

7.97
8.76
(0.91)

−27.0
−19.2

230
243

925
980

5.82
7.82
(0.74)

6.77
8.19
(0.83)

—
—

14/01/2012
07/01/2012 0.70

5.25
5.32
(0.99)

8.19
8.40
(0.98)

−26.8
−26.6

229
234

908
948

4.50
6.74
(0.67)

6.09
6.68
(0.91)

—
—

06/12/2012
15/12/2012 0.68

4.34
4.94
(0.88)

7.79
9.51
(0.82)

−24.4
−23.8

220
236

856
922

3.94
5.58
(0.71)

5.48
6.28
(0.87)

—
—

07/12/2012
15/12/2012 0.60

4.39
4.94
(0.89)

7.77
9.51
(0.82)

−23.7
−23.8

218
236

858
922

3.60
5.58
(0.64)

5.44
6.28
(0.87)

—
—

17/04/2013
04/04/2013 0.60

4.46
5.01
(0.89)

8.84
9.66
(0.91)

−9.9
−9.0

261
265

1029
1013

4.90
6.11
(0.80)

7.08
7.32
(0.97)

6.90×10−14

8.26×10−14

(0.83)

18/04/2013
04/04/2013 0.73

4.32
5.01
(0.86)

8.32
9.66
(0.86)

−10.3
−9.0

255
265

988
1013

5.22
6.11
(0.85)

6.83
7.32
(0.93)

6.78×10−14

8.26×10−14

(0.82)

28/11/2013
15/11/2013 0.63

5.08
6.13
(0.83)

10.03
11.32
(0.89)

−30.5
−21.7

232
250

981
1074

6.21
8.24
(0.75)

8.06
9.53
(0.84)

—
—

23/06/2014
11/06/2014 0.59

4.37
5.69
(0.77)

7.90
11.26
(0.70)

−5.1
−6.7

257
288

951
1116

3.29
4.87
(0.67)

4.94
6.75
(0.73)

4.44×10−16

10.3×10−16

(0.43)

22/07/2014
27/07/2014 0.65

4.34
5.01
(0.87)

7.90
9.83
(0.80)

−10.1
−9.6

251
255

995
1004

3.94
4.33
(0.91)

4.68
5.25
(0.89)

6.47×10−16

7.21×10−16

(0.90)

27/05/2015
08/05/2015 0.53

4.56
5.32
(0.86)

8.19
10.25
(0.80)

−11.4
−6.5

249
292

992
1083

4.27
6.71
(0.64)

5.64
7.57
(0.74)

8.47×10−16

15.9×10−16

(0.53)

28/05/2015
08/05/2015 0.49

4.50
5.32
(0.85)

7.86
10.25
(0.77)

−13.7
−6.5

239
292

1010
1083

4.23
6.71
(0.63)

5.75
7.57
(0.76)

8.90×10−16

15.9×10−16

(0.56)

26/03/2016
02/03/2016 0.55

3.93
4.42
(0.89)

7.40
8.12
(0.91)

−9.9
−10.7

241
238

858
885

3.06
4.80
(0.64)

4.84
5.12
(0.94)

4.44×10−16

7.54×10−16

(0.59)

Table 2.  Observed δNmF2 = NmF2 Qday/NmF2 ref, observed EUV along with inferred EUV fluxes, vertical 
plasma drift W, hmF2, atomic oxygen concentration at 300 km in a comparison to MSISE00 model values, 
and exospheric temperature Tex for negative Q–disturbance and reference days. Numbers in brackets are Q–
disturbance day/Reference day ratios. Available Swarm (10−16), GOCE (10−14) and CHAMP (10−15) neutral gas 
densities at the satellite height are given in the last column. Dashes - observations are absent.
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In both cases the difference with respect to 1.0 is absolutely significant according to Student t-criterion. This 
day-to-day difference takes place not only on average but for individual Q-disturbance cases as well.

This is a new and principle result. Partly [O] variations may be attributed to day-to-day changes in solar (F10.7 
index) and geomagnetic (Ap index) activity (Table 1). However MSISE00 driven by these indices systematically 
underestimates the required (retrieved) day-to-day [O] variations (Tables 2 and 3).

Next in the hierarchy of contributors is standing solar EUV. Both observed and retrieved total solar EUV 
fluxes indicate on average a decrease for negative EUVQday/EUVref = 0.88 ± 0.06 (the retrieved 0.87 ± 0.08) and an 
increase for positive EUVQday/EUVref = 1.08 ± 0.10 (the retrieved 1.07 ± 0.09) Q-disturbances. Note the closeness 
between the observed and retrieved EUVQday/EUVref average ratios.

Of course, EUV reflects the corresponding variations of solar activity. The EUVAC34 empirical model is based 
on the F = (F10.7 + F81)/2 index of solar activity where F81 is 81- day average of daily F10.7 centered on the day 
in question (Table 1). Average of the FQday/Fref ratio = 0.89 ± 0.07 for negative and 1.08 ± 0.09 for positive 
Q-disturbances. This is very close to the observed average EUVQday/EUVref ratios.

Date δNmF2

EUVobs 
×10-3 
Wm−2

EUV×1010 ph 
cm−2s-1 W m s−1

hmF2 
km

Tex  
K

[O]300×108 
cm−3

[O]300×108 
cm−3 

(MSISE00) ρobs g cm−3

23/08/2002
08/08/2002 1.85

7.74
5.82

(1.33)

12.76
9.97

(1.28)
−7.5
−9.3

316
293

1280
1154

10.36
7.94

(1.30)

10.10
8.01

(1.26)
—
—

17/06/2004
28/06/2004 1.42

4.32
4.19

(1.03)

7.60
7.71

(0.99)
−0.1
−9.8

301
264

1071
994

6.96
5.30

(1.31)

4.83
4.35

(1.11)
—
—

26/10/2004
23/10/2004 1.55

4.93
5.02

(0.98)

9.43
9.12

(1.03)
−8.9
−14.3

252
246

938
927

6.11
4.84

(1.26)

6.93
6.43

(1.08)
—
—

10/06/2007
06/06/2007 1.45

3.51
3.60

(0.97)

6.32
6.75

(0.94)
−6.7
−11.1

246
229

878
868

3.99
2.70

(1.48)

3.27
3.16

(1.03)

4.83×10−15

3.37×10−15

(1.43)

22/10/2009
13/10/2009 1.22

3.20
3.16

(1.01)

6.06
5.93

(1.02)
−15.8
−20.0

227
219

780
753

4.36
3.56

(1.22)

4.02
3.60

(1.12)
—
—

15/02/2010
11/02/2010 1.71

3.86
3.83

(1.01)

7.42
7.70

(0.96)
−14.3
−20.6

235
217

818
788

4.51
2.83

(1.59)

4.08
3.91

(1.04)
—
—

20/10/2010
03/10/2010 1.48

3.86
3.64

(1.06)

7.07
6.85

(1.03)
−14.8
−16.2

226
222

792
803

4.45
3.57

(1.25)

4.61
4.16

(1.11)
—
—

11/06/2012
27/06/2012 1.76

5.30
4.57

(1.16)

10.26
9.02

(1.13)
−6.6
−12.8

284
250

1089
1004

6.87
4.46

(1.54)

6.02
5.03

(1.20)
—
—

30/09/2012
12/09/2012 1.99

5.61
4.85

(1.16)

10.49
8.61

(1.22)
−7.4
−8.6

278
256

1012
943

8.10
5.02

(1.61)

7.38
6.08

(1.21)

7.76×10−14

5.33×10−14

(1.46)

25/08/2013
01/08/2013 1.59

5.21
4.97

(1.05)

9.19
9.24

(0.99)
−6.1
−10.0

267
250

974
961

5.81
4.06

(1.43)

5.30
4.63

(1.14)
—
—

04/07/2014
27/07/2014 1.47

6.32
5.10

(1.24)

11.76
9.81

(1.20)
−9.1
−10.3

273
252

1111
997

5.77
4.42

(1.30)

6.17
5.25

(1.17)

12.53×10−16

7.21×10−16

(1.74)

30/09/2015
16/09/2015 1.71

5.04
4.40

(1.14)

9.53
8.54

(1.12)
−11.5
−7.2

249
251

943
907

5.76
3.58

(1.61)

6.23
5.57

(1.12)

8.70×10−16

5.95×10−16

(1.46)

10/04/2016
27/04/2016 1.96

4.04
4.10

(0.98)

8.51
7.88

(1.08)
−1.3
−18.8

287
229

1036
937

6.93
4.05

(1.71)

5.65
4.99

(1.13)
—
—

11/04/2016
27/04/2016 2.19

3.98
4.10

(0.97)

8.62
7.88

(1.09)
−3.0
−18.8

275
229

994
937

6.62
4.05

(1.63)

5.50
4.99

(1.10)
—
—

15/10/2016
21/10/2016 1.72

3.80
3.53

(1.08)

7.33
6.69

(1.09)
−10.3
−13.7

244
227

851
789

4.91
2.90

(1.69)

5.15
4.08

(1.26)
—
—

11/04/2017
12/04/2017 1.79

3.04
3.07

(0.99)

6.48
6.08

(1.06)
−8.1
−10.0

247
235

856
831

4.57
2.81

(1.62)

4.33
4.23

(1.02)
—
—

16/04/2017
12/04/2017 1.63

3.29
3.07

(1.07)

6.28
6.08

(1.03)
−10.2
−10.0

237
235

824
831

3.93
2.81

(1.40)

4.07
4.23

(0.96)
—
—

29/04/2017
12/04/2017 1.49

3.47
3.07

(1.13)

6.51
6.08

(1.07)
−10.6
−10.0

236
235

842
831

3.51
2.81

(1.25)

4.15
4.23

(0.98)
—
—

Table 3.  Similar Table 2 but for positive Q-disturbances.
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Some but not large contribution to NmF2 Qday/NmF2 ref difference provides vertical (downward) plasma drift 
W presumably related to meridional thermospheric wind Vnx = W/sinIcosI, where I- magnetic inclination at a 
given location. We are speaking about an effective meridional thermospheric wind. Average W = −17.3 ± 9.1 m/s 
for negative Q-disturbance days and W = −15.0 ± 8.2 m/s for reference days (Table 2) while average W = −8.5± 
4.3 m/s for positive Q-disturbance days and W = −12.9 ± 4.3 m/s for reference days (Table 3). According to the-
ory of ionospheric F2-layer the stronger downward plasma drift the less NmF2 i.e. stronger poleward Vnx increases 
the negative Q-disturbance effect while damped poleward Vnx increases the positive Q-disturbance effect.

Negative Q-disturbance days are characterized by lower hmF2 while positive Q-disturbance days – by larger 
hmF2 compared to reference days. Tables 2 and 3 give the average (hmF2 Qday − hmF2 ref) difference of −14. 3 km for 
negative Q-disturbance cases and this difference is +18.9 km for positive Q-disturbances.

The following expression for hmF2 obtained from a solution of the continuity equation for electron concen-
tration in the stationary daytime mid-latitude F2-layer35 gives the hmF2 dependence on aeronomic parameters

β= ⋅ + . + +h F H O H d cW h
3

[ln( [ ] ) ln( /(0 54 ))] (1)m 2 1 1
2

1

where H = kT/mg – scale height and [O]1 concentration of neutral atomic oxygen at a fixed height h1 (say 300 km), 
β = γ1[N2] + γ2[O2] – linear loss coefficient, d = D × [O]1, D – ambipolar diffusion coefficient at h1 height, W – 
vertical plasma drift, c – a constant. Expression (1) indicates a linear hmF2 dependence on neutral temperature 
and vertical plasma drift while the dependence on neutral composition is weaker via logarithm. Larger average 
Tex and W on positive Q-disturbance days compared to reference ones provide larger hmF2 (Table 3), the inverse 
situation takes place for negative Q-disturbance days (Table 2).

Earlier it was stressed that atomic oxygen day-to-day variations determined the type (positive or nega-
tive) of NmF2 Q-disturbances. Therefore a mechanism of [O] day-to-day variations is a principle question. It 
is well-known that atomic oxygen is totally produced and lost in the upper atmosphere36. It is produced via O2 
photo-dissociation above ∼120 km then molecular diffusion transfers it downward to the turbopause (100–110) 
km level and further it is transferred downward by eddy diffusion. The maximum in the atomic oxygen height 
distribution around 97 km is formed in the downward eddy diffusion flux with the exponentially increasing asso-
ciation of [O] via a three-body collision O + O + M → O2 + M37,38, where M is a total number density of neutral 
species mostly presented by [N2]. Along with these local processes atomic oxygen is transferred by global thermo-
spheric circulation and this process is very efficient.

Day-to-day variations of solar dissociative radiation in Schumann-Runge continuum in principle may con-
tribute to variations of the atomic oxygen abundance when Q-disturbance and the reference days are largely 
separated in time as the characteristic (e-fold) time of the O2 dissociation process is ∼ 1/JO2 ≤ 3 days above 
120 km height36 (their Fig. 8.2). However sometimes Q-disturbance and reference days are neighboring ones (e.g. 
11/04/2017 and 12/04/2017, Table 3) and this supposes a very fast redistribution of atomic oxygen.

The annual mean eddy diffusion coefficient is ∼4 × 106 cm2/s at 85–100 km39. This gives the characteristic 
time for the eddy diffusion transfer of atomic oxygen τtr ∼ H2/Kedd ∼ 1 day.

This time is comparable to the observed times of atomic oxygen changes during Q-disturbance events.
However at present it is not known how eddy diffusion is related to day-to-day changes in solar and geomag-

netic activity clearly seen in Q-disturbances occurrence. Moreover Kedd manifests seasonal variations40 which are 
not followed by Q-disturbance occurrences.

Therefore global thermospheric circulation looks like the most preferable process to explain day-to-day vari-
ations of the atomic oxygen abundance. Negative Q-disturbances are associated with extremely low level of mag-
netic activity corresponding to the minimal intensity of auroral heating. This corresponds to an unconstrained 
solar-driven thermospheric circulation (a strong poleward neutral Vnx wind during daytime hours) and to rela-
tively low atomic oxygen concentrations at middle latitudes as this follows from the model simulations41 - low [O] 
may be related to a moderate upwelling of neutral gas in a wide range of latitudes (their Fig. 3). Indeed, retrieved 
W for negative Q-disturbance days on average are larger compared to reference days (see earlier) and average 
[O]Qday/[O]ref ratio = 0.73 ± 0.08. The available neutral gas density observations confirm the obtained results. 
On negative Q-disturbance days the observed neutral gas density at the satellite height is systematically lower 
compared to the reference days (Table 2). This difference in neutral gas density is due to different Tex and atomic 
oxygen concentration.

Similar explanations may be applied to positive Q-disturbance cases. Smaller vertical plasma drifts W on 
Q-disturbed days (Table 3) tell us that the northward circulation was damped. This should decrease or even invert 
upwelling increasing by this way the atomic oxygen abundance in the thermosphere41,42.

Indeed, the retrieved average W = −8.5 ± 4.3 m/s for positive Q-disturbance days while W = −12.9 ± 4.3 m/s 
for reference days, along with this the average [O]Qday/[O]ref ratio is 1.46 ± 0.17 (Table 3).

Direct observations of neutral gas density for Q-disturbance and reference days confirm the obtained results. 
Four events with ρ observations (Table 3) indicate an increase of neutral gas density on Q-disturbance days. This 
increase is due to larger neutral temperature and larger atomic oxygen concentration at the analyzed heights 

Q day Ref 
day

17/06
28/06
2004

10/06
06/06
2007

15/02
11/02
2010

25/08
01/08
2013

Ratio 1.30 1.39 1.53 1.42

Table 4.  (EUV×[O]300)Qday/(EUV×[O]300)ref ratio for positive. Q-disturbance cases with EUVQday/EUVref < 1.0.
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>400 km. The main contribution to ρ variations provides atomic oxygen as this follows from a comparison of 
10/06/2007 and 06/06/2007 (Table 3). The difference in Tex was not large (∼10 K) for these days while [O]Qday/
[O]ref = 1.48 and ρQday/ρref = 1.43 are very close.

It would be interesting to follow the quantitative contribution of different aeronomic parameters to the 
observed negative and positive Q-disturbances. This can be done using an approximate expression43 for NmF2 in 
the day-time mid-latitude ionosphere:

β
= .N F

q
0 75

(2)m
m

m
2

where qm – O+ ion production rate and βm – linear loss coefficient taken at the height of the F2-layer maximum, 
hmF2. This expression does not take into account the contribution of vertical plasma drift W. For this reason 
we should choose such cases where drifts were not large and close for the Q-disturbance and reference days 
to minimize possible effects of the W neglect. Two cases from Tables 2 and 3 (13/06/2002)/(08/06/2002) and 
(23/08/2002)/(08/08/2002) can be used for such analysis. Table 5gives necessary aeronomic parameters taken 
from our calculations.

The approximate expression (2) is seen to describe satisfactorily the observed δNmF2 both for the selected neg-
ative and positive Q-disturbances (Table 5). The negative Q-disturbance is due to lower qmax and larger βmax com-
pared to the reference day while this relation is inversed for the positive Q-disturbance. To a first approximation 
qmax ∼ IEUV × [O]max and βmax ∼ [N2]max therefore NmF2 ∼ [O]max/[N2]max and Table 5 confirms this (see (O/N2)max 
ratio): 3.24/5.02 = 0.64 (observed 0.59) in the case of negative Q-disturbance and 4.34/2.88 = 1.51 (observed 
1.85) for the positive Q-disturbance. The residual difference may be attributed to the difference in EUV. The EUV 
flux is less on the negative Q-disturbance day and it is larger on the positive Q-disturbance day compared to the 
reference day (Tables 2 and 3).

Discussion
At the beginning of our investigations we supposed that F2-layer Q-disturbances could be related to the impact 
from below – the so-called “meteorological control” of the Earth’s ionosphere1–6. Seismic events seem also to 
affect the F2-region44,45. We ourselves have also considered ionospheric precursors for crustal earthquakes in 
Italy46. However all these morphological and correlation analyses are still at the level of pure speculations con-
cerning physical mechanisms of such impact on the ionosphere. Observed NmF2 variations with duration longer 
than e-fold time (∼1.5 hour) imply changes in production and recombination rates i.e. in neutral composition 
and temperature or changes in thermospheric winds or electric fields. Therefore, telling about the impact from 
below firstly it is necessary to show which aeronomic parameters responsible for the F2-layer formation have 
been changed and secondly what is the mechanism of such changes, if it is plausible from physical point of view. 
Unfortunately up to now we don’t have necessary observations to answer the formulated questions.

With our recently proposed method13 the first step in this direction has been done. For a particular geophysi-
cal situation using the observed changes of electron concentration in F1 and F2 layers the method tells us how the 
main (controlling) aeronomic parameters have been changed. The method is confined to middle latitudes and 
noontime hours. However it is sufficient to analyze mid-latitude daytime long-lasting (≥3 hours) Q-disturbances 
taking place under magnetically quiet conditions.

Using Rome ionosonde observations about forty of analyzed Q-disturbance cases have shown the crucial role 
of atomic oxygen day-to-day variations in producing F2-layer Q-disturbance both negative and positive ones. 
It was shown that atomic oxygen was systematically decreased on negative Q-disturbance days (Table 2) and 
it is systematically increased on positive Q-disturbance days (Table 3) compared to reference days. This result 
may be considered as a principle one – it was obtained directly from ionospheric observations for the dates of 
Q-disturbance events. It should be stressed that a good empirical thermospheric model MSISE0031 does not 
reproduce (for understandable reasons) the required day-to-day variations of atomic oxygen (Tables 2 and 3).

CHAMP, GOCE, and Swarm satellite neutral gas density (ρ) observations were used as a direct confirma-
tion to the obtained variations of atomic oxygen on Q-disturbance days. Neutral gas density at satellite heights 
(>400 km) is mainly presented by atomic oxygen. Therefore the retrieved [O] variations should be seen in satel-
lite ρ observations. Indeed, Tables 2 and 3 show that observed neutral gas densities are systematically lower for 
negative and larger for positive Q-disturbance days compared to reference days. Moreover when Tex are close for 
the Q-disturbed and reference days neutral gas density variations should be close to corresponding variations of 
atomic oxygen concentration. Two examples on 22/07/2014 for negative Q-disturbance and on 10/06/2007 for 
positive one confirm this: the inferred [O]Qday/[O]ref ratios practically coincide with the observed ρQday/ρref ratios 

Date
hmF2 
km

Tex, 
K

[O]max 
108,cm−3

[N2]max 
108,cm−3

(O/
N2)max

qmax×102 
cm−3 s−1

βmax× 
10−4, s−1

δ(q/
β)max δNmF2,obs

13/06/2002 341 1338 5.69 1.75 3.24 2.36 2.11
0.58 0.59

08/06/2002 352 1308 5.96 1.19 5.02 2.80 1.45

23/08/2002 316 1280 8.26 1.90 4.34 5.52 2.13
1.84 1.85

08/08/2002 293 1154 8.82 3.06 2.88 4.66 3.30

Table 5.  Inferred aeronomic parameters at hmF2 for negative (top lines) and positive (bottom lines). 
Q-disturbances. The last columns give inferred δ(q/β)max and observed δNmF2..
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(Tables 2 and 3). All this tells us about the reality of the obtained result on the leading role of atomic oxygen in the 
formation of Q-disturbances.

Some contribution in a proper direction provides solar ionizing EUV radiation. Both observed and retrieved 
total solar EUV fluxes indicate on average a decrease for negative EUVQday/EUVref = 0.88 ± 0.06 (the retrieved 0.87 
± 0.08) and an increase for positive EUVQday/EUVref = 1.08 ± 0.10 (the retrieved 1.07 ± 0.09) Q-disturbances. It 
should be noted the closeness between the observed and retrieved EUVQday/EUVref average ratios. These average 
results were obtained from individual comparisons given in Fig. 2.

The correlation coefficients between observed and retrieved EUVQday/EUVref ratios are significant at the 99.9% 
confidence level according to Student criterion. This comparison may be considered as an absolutely independent 
control of the applied method13 as the observed EUV (http://lasp.colorado.edu/lisird/) fluxes have nothing com-
mon with our method to retrieve aeronomic parameters from ionospheric observations.

The crucial role of atomic oxygen in the formation of daytime F2-layer Q-disturbances has been shown by 
the undertaken analysis. The other and more difficult question – what is the cause of such day-to-day variations 
of atomic oxygen? Our earlier discussion of this issue has shown that global thermospheric circulation which 
is resulted from a competition between solar-driven (background) and storm-induced (due to auroral heating) 
circulations looks as a plausible mechanism. The inferred W and hmF2 variations (Tables 2 and 3) clearly indi-
cate changes in the effective meridional wind Vnx when we pass from a reference day to a Q-disturbance one. 
Under low geomagnetic and lower solar activity compared to the background level we have an unconstrained 
solar-driven circulation with a strong northward Vnx decreasing the atomic oxygen abundance at F2-layer 
heights41,42. These factors along with lower EUV flux work in one direction to decrease NmF2 and create a negative 
Q-disturbance. Under slightly elevated geomagnetic and larger solar activity compared to the background level 
we have damped northward solar-driven circulation. This takes place for two reasons: an elevated auroral heat-
ing and an increased ion drag due to larger electron concentration. Damped poleward circulation increases the 
atomic oxygen abundance in the mid-latitude thermosphere due to downwelling41. This along with larger EUV 
flux creates conditions for a positive Q-disturbance to occur. It should be stressed that all this takes place under 
quiet geomagnetic conditions when daily Ap <15 nT. Under larger geomagnetic activity (Ap > 15–20 nT) auro-
ral heating increases and inverts the solar-driven thermospheric circulation. The disturbed neutral composition 
moved by the disturbed equatorward wind spreads from the auroral zone to middle latitudes and we obtain a 
normal F2-layer storm-induced disturbance. Therefore in the case of Q-disturbances we have the same F2-layer 
storm mechanism41,42,47–49 manifesting itself under low geomagnetic activity.

In this paper we have analyzed the simplest situation with strong Q-disturbances at middle latitudes during 
daytime hours. According to our morphological analysis9 such events are not numerous while the majority of 
Q-disturbances take place during evening and nighttime hours. The nighttime and evening F2-layer formation 
mechanisms are strongly related and meridional thermospheric wind plays an essential role in this mechanism. 
Future considerations of Q-disturbances in different LT sectors may help clear up the role of thermospheric cir-
culation in day-to-day atomic oxygen variations.

Conclusions
For the first time negative and positive near noontime prolonged (≥3 hours) F2-layer Q-disturbances (daily Ap 
<15 nT) observed with a ground-based ionosonde at Rome under various seasons and levels of solar activity have 
been analyzed to reveal their formation mechanism. The recently developed method13 to extract a consistent set 
of the main aeronomic parameters from fp180 and foF2 observations has been used for this analysis. The obtained 
results may be summarized as follows.
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Figure 2.  Retrieved EUVQday/EUVref versus observed ratios for negative and positive Q-disturbance cases. 
Correlation coefficients (C.C.) along with the confidence intervals are shown.
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	 1.	 Day-to-day atomic oxygen variations at F2-region heights specify the type (positive or negative) of NmF2 
Q-disturbances with the average [O]Qday/[O]ref ratio at 300 km 1.46 ± 0.17 for positive Q-disturbance and 
0.73 ± 0.08 for negative ones. This difference in [O] between Q-disturbance and reference days takes place 
not only on average but for all individual cases in question. The required atomic oxygen day-to-day vari-
ations are not described by the empirical MSISE00 thermospheric model which systematically underesti-
mates the magnitude of these variations.

	 2.	 The retrieved atomic oxygen day-to-day variations are confirmed by CHAMP, GOCE, and Swarm satellite 
neutral gas density observations. Neutral gas density at satellite heights (>400 km) which is mainly pre-
sented by atomic oxygen also manifests positive and negative deviations in accordance with the observed 
type of Q-disturbance.

	 3.	 An additional contribution to Q-disturbances formation is provided by solar EUV day-to-day variations. 
Both observed and retrieved total solar EUV fluxes indicate on average a decrease for negative EUVQday/
EUVref = 0.88 ± 0.06 (the retrieved 0.87 ± 0.08) and an increase for positive EUVQday/EUVref = 1.076 ± 
0.10 (the retrieved 1.074 ± 0.09) Q-disturbances. The closeness between observed and retrieved average 
EUVQday/EUVref ratios is a direct confirmation for the reality of the obtained results as the observed EUV 
fluxes have nothing common with the retrieval process.

	 4.	 Negative Q-disturbance days are characterized by lower hmF2 (on average −14.3 km) while positive Q-dis-
turbance days – by larger hmF2 (on average +18.9 km) compared to reference days. This is due to larger 
average Tex and vertical plasma drift W on positive Q-disturbance days compared to reference ones, the 
inverse situation takes place for negative Q-disturbance days.

	 5.	 Day-to-day changes in global thermospheric circulation manifested by W day-to-day variations are 
considered as a plausible mechanism. The analyzed type of F2-layer Q-disturbances can be explained in the 
framework of contemporary understanding of the thermosphere-ionosphere interaction based on solar 
and geomagnetic activity as the main drivers.

Received: 29 November 2019; Accepted: 11 May 2020;
Published: xx xx xxxx

References
	 1.	 Rishbeth, H. & Mendillo, M. Patterns of F2-layer variability. J. Atmos. Solar-Terr. Phys. 63, 1661–1680 (2001).
	 2.	 Rishbeth, H. F-region links with the lower atmosphere? J. Atmos. Solar-Terr. Phys. 68, 469–478 (2006).
	 3.	 Danilov, A. D. Meteorological control of the D-region. Ionospheric Res., 39, 33-42, Moscow (1986) (in Russian).
	 4.	 Kazimirovsky, E. S., Herraiz, M. & De la Morena, B. A. Effects on the ionosphere due to phenomena occurring below it. Survey in 

Geophysics 24, 139–184 (2003).
	 5.	 Laštovička, J., Križan, P., Šauli, P. & Novotná, D. Persistence of the planetary wave type oscillations in foF2 over Europe. Ann. 

Geophysicae 21, 1543–1552 (2003).
	 6.	 Altadill, D., Apostolov, E. M., Boška, J., Laštovička, J. & Šauli, P. Planetary and gravity wave signatures in the F-region ionosphere 

with impact to radio propagation predictions and variability. Annals of Geophysics 47(Suppl), 1109–1119 (2004).
	 7.	 Forbes, J. M., Palo, S. E. & Zhang, X. Variability of the ionosphere. J. Atmos. Solar-Terr. Phys. 62, 685–693 (2000).
	 8.	 Fuller-Rowell, T. J., Codrescu, M. & Wilkinson, P. Quantitative modelling of the ionospheric response to geomagnetic activity. 

Annales Geophysicae 18, 766–781 (2000).
	 9.	 Mikhailov, A. V., Depueva, A. K. & Leschinskaya, T. Y. Morphology of quiet time F2-layer disturbances: High and lower latitudes. 

Int. J. Geomag. Aeronom. 5, GI1006, https://doi.org/10.1029/2003GI000058 (2004).
	10.	 Mikhailov, A. V., Depueva, A. K. & Depuev, V. K. Daytime F2-layer negative storm effect: what is the difference between storm-

induced and Q-disturbance events?. Ann. Geophysicae 25, 1531–1541 (2007a).
	11.	 Mikhailov, A. V., Depuev, V. K. & Depueva, A. K. Synchronous NmF2 and NmE daytime variations as a key to the mechanism of 

quiet-time F2-layer disturbances. Ann. Geophysicae 25, 483–493 (2007b).
	12.	 Mikhailov, A. V., Depueva, A. H. & Depuev, V. H. Quiet time F2-layer disturbances: seasonal variations of the occurrence in the 

daytime sector. Ann. Geophysicae 27, 329–337 (2009).
	13.	 Perrone, L. & Mikhailov, A. V. A. New Method to Retrieve Thermospheric Parameters From Daytime Bottom-Side Ne(h) 

Observations. Journal of Geophysical Research: Space Physics 123, 10,200–10,212, https://doi.org/10.1029/2018JA025762 (2018).
	14.	 Reinisch, B. W., Galkin, I. A., Khmyrov, G., Kozlov, A. & Kitrosser, D. F. Automated collection and dissemination of ionospheric data 

from the digisonde network. Adv. Radio Sci. 2, 241–247 (2004).
	15.	 Marin, D., Miro, G. & Mikhailov, A. V. A method for foF2 short-term prediction. Phys. Chem. Earth (C) 25, 327–332 (2000).
	16.	 Kutiev, I. & Muhtarov, P. Modeling of midlatitude F region response to geomagnetic activity. J. Geophys. Res. 106, 15,501–15,509 

(2001).
	17.	 Tsagouri, I. & Belehaki, A. An upgrade of the solar-wind-driven empirical model for the middle latitude ionospheric storm-time 

response. J. Atmos. Solar-Terr. Phys. 70, 2061–2076 (2008).
	18.	 Wrenn, G. L., Rodger, A. S. & Rishbeth, H. Geomagnetic storms in the Antarctic F-region. I. Diurnal and seasonal patterns for main 

phase effects. J. Atmos. Solar-Terr. Phys. 49, 901–913 (1987).
	19.	 Perrone, L., Pietrella, M. & Zolesi, B. A prediction model of foF2 over periods of severe geomagnetic activity. Adv. Space Res. 39, 

674–680 (2007).
	20.	 Pietrella, M. & Perrone, L. A local ionospheric model for forecasting the critical frequency of the F2-layer during disturbed 

geomagnetic and ionospheric conditions. Ann. Geophysicae 26, 323–334 (2008).
	21.	 Pietrella, M. A short-term forecasting empirical regional model (IFERM) to predict the critical frequency of the F2-layer during 

moderate, disturbed, and very disturbed geomagnetic conditions over the European area. Ann. Geophysicae 30, 343–355 (2012).
	22.	 Shubin, V. N. & Annakuliev, S. K. Ionospheric storm negative phase model at middle latitudes. Geomag. Aeronom. 35, 363–369 

(1995).
	23.	 Araujo-Pradere, E. A., Fuller-Rowell, T. J. & Codrescu, M. V. STORM: An empirical storm-time ionospheric correction model 1. 

Model description. Radio Sci. 37, 1070, https://doi.org/10.1029/2001RS002467 (2002).
	24.	 Mikhailov, A. V. & Perrone, L. A method for foF2 short-term (1-24)h forecast using both historical and real-time foF2 observations 

over European stations: EUROMAP model. Radio Sci. 49, 1–18, https://doi.org/10.1002/2014RS005373 (2014).
	25.	 Turner, J. F. The development of the ionospheric index T, IPS Series R, Report, R11, June. (1968).
	26.	 Caruana, J. The IPS monthly T index, Solar-Terrestrial Predictions. Proc. of a Workshop at Leura, Australia, Oct. 16–20(2), 257–263 

(1990).

https://doi.org/10.1038/s41598-020-66134-2
https://doi.org/10.1029/2003GI000058
https://doi.org/10.1029/2018JA025762
https://doi.org/10.1029/2001RS002467
https://doi.org/10.1002/2014RS005373


1 1Scientific Reports |         (2020) 10:9997  | https://doi.org/10.1038/s41598-020-66134-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

	27.	 Mikhailov, A. V. & Mikhailov, V. V. Indices for monthly median foF2 and M(3000)F2 modelling and long-term prediction. 
Ionospheric index MF2. Int. J. Geomag. Aeronom. 1, 141–151 (1999).

	28.	 Wu, J. & Wilkinson, P. J. Time-weighted indices as predictors of ionospheric behavior. J. Atmos. Terr. Phys. 57, 1763–1770 (1995).
	29.	 Pant, T. K. & Sridharan, R. Seasonal dependence of the response of the low latitude thermosphere for external forcing. J. Atmos. 

Solar-Terr. Phys. 63, 987–992 (2001).
	30.	 Wrenn, G. L. Time-weighted accumulations ap(τ) and Kp(τ). J. Geophys. Res. 92, 10125–10129 (1987).
	31.	 Picone, J. M., Hedin, A. E., Drob, D. P. & Aikin, A. C. NRLMSISE-00 empirical model of the atmosphere: Statistical comparison and 

scientific issues. J. Geophys. Res. 107, 1468, https://doi.org/10.1029/2002JA009430 (2002).
	32.	 Woods, T. N., Eparvier, F. G., Harder, J. & Snow, M. Decoupling Solar Variability and Instrument Trends Using the Multiple Same-

Irradiance-Level (MuSIL) Analysis Technique. Solar Phys. 293, 76, https://doi.org/10.1007/s11207-018-1294-5 (2018).
	33.	 Mikhailov, A. V., Skoblin, M. G. & Förster, M. Day-time F2-layer positive storm effect at middle and lower latitudes. Ann. 

Geophysicae 13, 532–540 (1995).
	34.	 Richards, P. G., Fennelly, J. A. & Torr, D. G. EUVAC: A solar EUV flux model for aeronomic calculations. J. Geophys. Res. 99, 

8981–8992 (1994).
	35.	 Ivanov-Kholodny, G. S. & Mikhailov, A. V. The Prediction of Ionospheric Conditions, D. Reidel Publishing Company Dordrecht, 

Holland (1986).
	36.	 Banks, P.M., & Kockarts, G. Aeronomy, Academic Press, New York, London (1973).
	37.	 Colegrove, F. D., Hanson, W. B. & Johnson, F. S. Eddy diffusion and oxygen transport in the lower thermosphere. J. Geophys. Res. 70, 

4931–4941 (1965).
	38.	 Shimazaki, T. Effective eddy diffusion coefficient and atmospheric composition in the lower thermosphere. J. Atmos. Terr. Phys. 33, 

1383–1401 (1971).
	39.	 Liu, A. Z. Estimate eddy diffusion coefficients from gravity wave vertical momentum and heat fluxes. Geophys. Res. Lett. 36, L08806, 

https://doi.org/10.1029/2009GL037495 (2009).
	40.	 Pilinski, M. D. & Crowley, G. Seasonal variability in global eddy diffusion and the effect on neutral density. J. Geophys. Res. Space 

Physics 120, 3097–3117, https://doi.org/10.1002/2015JA021084 (2015).
	41.	 Rishbeth, H. & Müller-Wodarg, I. C. F. Vertical circulation and thermospheric composition: a modelling study. Ann. Geophysicae. 

17, 794–805 (1999).
	42.	 Rishbeth, H. How the thermospheric circulation affects the ionospheric F2-layer. J. Atmos. Solar-Terr. Phys. 60, 1385–1402 (1998).
	43.	 Rishbeth, H. & Barron, D. W. Equilibrium electron distributions in the ionospheric F2-layer. J. Atmos. Terr. Phys. 18, 234–252 

(1960).
	44.	 Hobara, Y. & Parrot, M. Ionospheric perturbations linked to a very powerful seismic event. J. Atmos. Solar-Terr. Phys. 67, 677–685 

(2005).
	45.	 Liu, J. Y., Chen, Y. I., Chuo, Y. J. & Chen, C. S. A statistical investigation of preearthquake ionospheric anomaly. J. Geophys. Res. 111, 

A05304, https://doi.org/10.1029/2005JA011333 (2006).
	46.	 Perrone, L., Korsunova, L. P. & Mikhailov, A. V. Ionospheric precursors for crustal earthquakes in central Italy, Ann. Geophysicae 28, 

941–950 (2010).
	47.	 Fuller-Rowell, T. J., Codrescu, M. V., Moffett, R. J. & Quegan, S. Response of the thermosphere and ionosphere to geomagnetic 

storm. J. Geophys. Res. 99, 3893–3914 (1994).
	48.	 Prölss, G. W. Ionospheric F-region storms, Handbook of Atmospheric Electrodynamics, Vol. 2 (ed. H. Volland), CRC Press/Boca 

Raton, pp. 195–248 (1995).
	49.	 Field, P. R. et al. Modelling composition changes in F-layer storms. J. Atmos. Solar-Terr. Phys. 60, 523–543 (1998).

Acknowledgements
The Rome ionospheric data are kindly provided by INGV (http://www.eswua.ingv.it/). The authors thank GFZ 
German Research Center for CHAMP data (ftp://anonymous@isdcftp.gfz-potsdam.de/champ/) the European 
Space Agency to provide GOCE (https://earth.esa.int/web/guest/-/goce-data-access-7219) and Swarm (https://
earth.esa.int/web/guest/swarm/data-access) data and Dr. Woods for EUV observations (http://lasp.colorado.edu/
lisird/).

Author contributions
The paper is the result of common investigations L. Perrone conceived the study and contribute to the data 
analysis and to the preparation and finalization of the manuscript. A. Mikhailov conceived the study and 
contribute to the data analysis and to the preparation and finalization of the manuscript A. Nusinov contribute to 
the data analysis and to the preparation and finalization of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-66134-2
https://doi.org/10.1029/2002JA009430
https://doi.org/10.1007/s11207-018-1294-5
https://doi.org/10.1029/2009GL037495
https://doi.org/10.1002/2015JA021084
https://doi.org/10.1029/2005JA011333
http://www.eswua.ingv.it/
https://earth.esa.int/web/guest/-/goce-data-access-7219
https://earth.esa.int/web/guest/swarm/data-access
https://earth.esa.int/web/guest/swarm/data-access
http://lasp.colorado.edu/lisird/
http://lasp.colorado.edu/lisird/
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Daytime mid-latitude F2-layer Q-disturbances: A formation mechanism

	Method

	Results

	Negative Q-disturbances. 
	Positive Q-disturbances. 
	Interpretation. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Diurnal variation of logNmF2 during negative (left panel) and positive (right panel).
	Figure 2 Retrieved EUVQday/EUVref versus observed ratios for negative and positive Q-disturbance cases.
	Table 1 Negative and positive F2-layer Q-disturbances at Rome along with daily F10.
	Table 2 Observed δNmF2 = NmF2 Qday/NmF2 ref, observed EUV along with inferred EUV fluxes, vertical plasma drift W, hmF2, atomic oxygen concentration at 300 km in a comparison to MSISE00 model values, and exospheric temperature Tex for negative Q–disturban
	Table 3 Similar Table 2 but for positive Q-disturbances.
	Table 4 (EUV×[O]300)Qday/(EUV×[O]300)ref ratio for positive.
	Table 5 Inferred aeronomic parameters at hmF2 for negative (top lines) and positive (bottom lines).




