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[1] Geomagnetic activity threshold expressed in ap index units for F2-layer negative
storms onset at middle latitudes exhibits seasonal (winter/summer) variation with summer
thresholds being larger than winter ones. That is, for a given magnitude of the ionospheric
disturbance, the associated magnetic activity must be larger in summer than in winter.
There are also relative minima (or plateau) in the threshold annual variation during
equinoctial periods. An analysis has shown that seasonal effect is due to seasonal difference in
the thermosphere (O/N2 ratio) reaction to geomagnetic disturbances, while the equinoctial
plateau in the threshold annual variations may be related to the thermospheric circulation
and atomic oxygen abundance changes during the equinoctial transition periods. INDEX

TERMS: 2435 Ionosphere: Ionospheric disturbances; 2788 Magnetospheric Physics: Magnetic storms and

substorms; 2431 Ionosphere: Ionosphere/magnetosphere interactions; KEYWORDS: Ionosphere-atmosphere

interaction; Ionospheric disturbances; magnetic activity.

Citation: Mikhailov, A. V., V. Kh. Depuev, and T. Yu. Leschinskaya (2005), Geomagnetic activity threshold for F2-layer negative

storms onset: Seasonal dependence, Int. J. Geomagn. Aeron., 6, GI1003, doi:10.1029/2005GI000098.

1. Introduction

[2] Usual F2-layer storms are related to geomagnetic dis-
turbances which are characterized by various indices of ge-
omagnetic activity. It is well known that the correlation
between relative δfoF2 deviations and various indices of ge-
omagnetic activity is not very high [e.g., Araujo-Pradere et
al., 2002; Wrenn, 1987; Wu and Wilkinson, 1957; Zevak-
ina et al., 1990]; however, needs of practice force researchers
to develop methods for ionospheric foF2 short-term predic-
tion based on indices of geomagnetic activity [e.g., Araujo-
Pradere et al., 2002; Cander and Mihajlovic, 1998; Cander
et al., 1998; Chan and Cannon, 2002; Francis et al., 2000,
2001; Kutiev and Muhtarov, 2001; Kutiev et al., 1999; Marin
et al., 2000; Mikhailov, 1990; Muhtarov and Kutiev, 1999;
Muhtarov et al., 1998; Wintoft and Cander, 2000; Wu and
Wilkinson, 1995; Zevakina et al., 1990]. Planetary geomag-
netic activity indices may serve as an indicator of an aver-
age (in a statistical sense) disturbance level over the globe,
while F2-layer perturbation picture is individual for each
particular storm and depends on the geomagnetic storm
intensity, season, latitude and longitude, UT and LT of
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storm onset etc. Ionospheric F2-layer storms at middle lati-
tudes mainly reflect the state of the disturbed thermosphere
(winds, neutral temperature and composition) resulted from
high-latitude energy deposition via magnetospheric electric
fields and particle precipitation. On one hand, this energy
input spatially is not uniform during a geomagnetic storm
and different longitudinal sectors turn out to be in different
situations, on the other hand the thermosphere reaction to
one and the same external impact is different and depends
on its current state and prehistory. Unfortunately, the lat-
ter is not known in principle and hardly any thermosphere
monitoring will be implemented in observable future. All
these complexities do not allow to produce a deliberate foF2
forecast with an acceptable accuracy for periods of geomag-
netic storms [e.g., Wintoft and Cander, 2000] which are the
most interesting and important from practical point of view.
Because of a complex and indirect relationship between F2-
layer storm effects and the level of geomagnetic activity there
is a wide range of estimates for the time delay between ge-
omagnetic and ionospheric storm onsets: 0–6 hours for pos-
itive disturbances [Zevakina and Kiseleva, 1978], 12 hours
[Wrenn et al., 1987], 15 hours [Wu and Wilkinson, 1995],
6–12 hours [Forbes et al., 2000]; 16–18 hours [Kutiev and
Muhtarov, 2001], and 8–20 hours depending on season [Pant
and Sridharan, 2001].

[3] However, researchers are working in this direction and
any empirical regularities revealed in the F2-layer storm
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Table 1. List of Stations, Geodetic Coordinates, and Invariant Latitudes of the Stations, Periods of Observations Available,
and Total Number of Storms Analyzed

Station Latitude Longitude Invariant Latitude Period, years Number of Storms

Slough 51.5 −0.6 49.8 1949–1996 1147
Poitiers 46.6 0.3 45.1 1957–1998 619
Dourbes 50.1 4.6 47.8 1957–1990 642
Juliusruh 54.6 13.4 51.6 1957–1999 917
Uppsala 59.8 17.6 56.6 1957–1999 845
Kaliningrad 54.7 20.6 51.2 1964–1994 616
Kiev 50.7 30.3 46.5 1964–1992 498
St. Petersburg 59.9 30.7 55.9 1957–1998 842
Moscow 55.5 37.3 50.8 1957–1997 947
Nizhny Novgorod 56.1 44.3 51.4 1958–1989 559
Ekaterinburg 56.7 61.1 51.4 1957–1995 797
Tomsk 56.5 84.9 50.9 1957–1997 647
Irkutsk 52.5 104.0 45.6 1957–1997 452
Magadan 60.1 151.0 52.8 1969–1999 749

morphology are important for creating the methods of foF2
short-term prediction. Apart from this practical aspect of
the problem, physical interpretation of the revealed regu-
larities in storm features help understand F2-layer storm
formation mechanisms and this is important for ionospheric
physics. This paper is devoted to analysis of the seasonal
variations in the geomagnetic activity threshold for the iono-
spheric F2-layer negative storms onset. The results of statis-
tical analysis based on foF2 ionosonde observations are in-
terpreted in the framework of the F2-layer formation mech-
anism.

Table 2. Annual Variations of the Threshold in ap Units

Unit

Station I II III IV V VI VII VIII IX X XI XII

Slough 7.17 8.60 5.80 7.72 9.70 13.25 12.52 11.15 8.30 7.85 7.17 6.77
Poitiers 9.85 12.22 6.15 9.02 10.67 13.92 18.20 11.05 9.15 11.00 10.35 7.22
Dourbes 9.50 10.97 4.70 12.35 10.75 14.47 15.60 13.45 8.87 7.95 9.50 6.57
Juliusruh 9.27 8.45 10.10 9.45 10.22 12.45 16.77 13.07 7.70 8.02 7.67 8.00
Uppsala 7.45 12.45 9.52 11.82 10.07 11.30 12.95 14.32 7.70 8.10 11.35 12.30
Kaliningrad 8.65 9.87 11.65 8.90 8.52 10.57 12.15 10.20 8.17 8.90 9.55 9.57
Kiev 10.32 8.47 10.17 10.05 9.90 13.30 13.75 9.97 10.45 10.85 15.12 9.60
St. Petersburg 11.90 11.57 10.57 10.30 7.72 8.85 11.77 11.05 7.37 6.40 11.00 10.15
Moscow 6.22 5.60 7.47 9.05 9.77 10.47 13.30 9.37 9.47 6.40 6.45 6.70
Nizhny Novgorod 9.32 11.02 9.25 9.62 9.72 12.07 11.97 10.62 12.17 9.42 11.65 6.47
Ekaterinburg 8.47 7.37 8.05 8.37 7.90 10.80 11.25 9.10 11.32 9.15 6.10 6.60
Tomsk 8.67 9.00 8.75 7.40 8.12 11.67 12.57 13.10 10.12 8.87 4.75 7.57
Irkutsk 8.35 8.12 10.57 7.55 7.15 10.65 14.27 11.37 10.70 6.82 8.77 7.75
Magadan 6.50 8.15 8.90 8.40 8.00 11.70 11.90 8.77 8.95 7.07 8.95 7.02

2. Data Analysis

[4] An analysis of the F2-layer storms at middle latitudes
indicates the existence of a threshold for the ionospheric
storm onset expressed in ap index units, the threshold being
seasonal-dependent. The following analysis aims to clarify
the question. As the effect is expected to depend on lati-
tude, only midlatitude stations with close invariant latitudes
(Φinv ≈ 50 ± 5◦) were considered (Table 1). The initial ex-
perimental material, available hourly foF2 observations at
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Figure 1. Annual variations of the threshold calculated with respect to the annual mean values (see the
text). Dashes indicate the approximating sixth-order polynomial.

the stations listed in Table 1. A 27-day foF2 running median
centered to the day in question rather than usual monthly
median was used in the analysis. The advantages of us-
ing such median were discussed by Mikhailov et al. [2004].
Only long-duration (≥ 6 hours) negative disturbances with
δ = (NmF2/NmF2med− 1)× 100% more than 40% were an-
alyzed. Such ionospheric disturbances may be considered to
be related to changes in the thermospheric composition and
temperature. The ionospheric storm is supposed to begin if
δ > 40% takes place during 4 successive hours at least. If
this requirement is fulfilled, 3-hour ap indices for the pre-
vious 24 hour period were analyzed. To separate geomag-
netic activity induced F2-layer disturbances from quiet time
ones (Q disturbances [Mikhailov et al., 2004]), at least one
of eight ap indices for the previous 24-hour period should
be larger than 15. This choice is used in accordance with
Kutiev and Muhtarov’s [2001, and references therein] results
which show that the most probable state of the ionosphere
corresponds to kp ≈ 30 (ap = 15) and on average negative
disturbances correspond to geomagnetic activity level higher
than ap = 15. The threshold was calculated as an average
over 8 ap indices for the 24-hour period prior the ionospheric
storm onset. The choice of 24-hour period is based on the
empirical estimations of the ionosphere reaction to the forc-
ing geomagnetic activity (see earlier). The thresholds for all

the storms at each station were ordered, and an average of
over 5 of the smallest values was referred as a threshold for
a given month. The same analysis was applied for 10 the
smallest thresholds as well, but the results turned out to be
about the same: Only the absolute values of the threshold
were larger as cases for more disturbed conditions turned out
to be included into the consideration. No separation on solar
activity level was made for two reasons. On one hand, no
pronounced and systematic dependence of the effect on solar
activity has been revealed; on the other hand, analyzing the
thresholds distribution over 12 months, the number of cases
may turn out to be statistically insufficient in some bins for
a particular month if solar activity gradation is applied.

[5] The results of our analysis over 14 stations are given
in Table 2. A well-pronounced seasonal (winter/summer)
variation is seen for all the stations. The threshold is low
in winter and much higher in summer. There is also a pro-
nounced tendency for complementary minima to appear dur-
ing equinoctial periods. To present these annual variations
in a more explicit way, monthly deviations of the thresh-
olds relative to the annual mean values were found for each
station and the results are given in Figure 1.

[6] This result implies that the level of geomagnetic distur-
bances should be higher in summer than in winter to result
in the same F2-layer negative storm effect. A decrease in
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Figure 2. A comparison of daily Ap index distributions for four seasons. Only Ap ≤ 50 indices for the
1949–1999 period were considered.

the threshold during equinoxes is also an interesting result
of our analysis. Let us consider possible explanations for the
variations revealed.

3. Interpretation

[7] No systematic seasonal differences in the Ap ≤ 50 in-
dex distribution exist (Figure 2). The Ap distributions are
peaking at Ap ≈ 5 regardless the season; therefore the re-
vealed annual threshold variations cannot be related to a
peculiarity in the Ap index distribution. A well-known ex-
perimental fact that running average Ap indices exhibit a
pronounced equinoctial maximum [e.g., Roosen, 1966] does
not explain the threshold decrease during equinoxes (Fig-
ure 1); moreover, we consider the five smallest thresholds
corresponding to low level of geomagnetic activity.

[8] Negative long-duration F2-layer storms are known to
result from thermospheric neutral composition variations,
namely, O/N2 decrease [e.g., Prölss, 1980, 1995]. Therefore
there should exist some seasonal difference in the thermo-
sphere reaction to geomagnetic disturbances. The MSIS 86
model [Hedin, 1987] gives very small seasonal differences
in ∆[O/N2] at the F2 region heights at moderate high
latitudes (ϕ = 55◦) both for daytime and nighttime dis-
turbances, with summer O/N2 perturbations being larger
than winter ones. This contradicts the European Space Re-
search Organization (ESRO 4) observations by Prölss and
von Zahn [1977], who found a pronounced seasonal differ-
ence in ∆(N2/O) at 280 km for middle and high latitudes.

The most important for present analysis result of Prölss and
von Zahn [1977],observations is that “During summer the
perturbations are of moderate magnitude compared with the
larger disturbance effects commonly seen in the winter hemi-
sphere”. This seasonal disturbance effect is also present in
the disturbed thermosphere composition model by Zuzic et
al. [1997] based on the ESRO 4 observations. Figure 3,
which can be obtained from the Zuzic et al. [1997] model,

Figure 3. Seasonal difference in the thermosphere reaction
to geomagnetic activity obtained from the model by Zuzic
et al. [1997]. The geomagnetic activity level is presented by
modified Kp index used in the model.
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gives the R(N2/O) = (N2/O)dist/(N2/O)quiet dependence on
geomagnetic activity. The postmidnight (0000–0600) LT
sector where negative F2-layer disturbances are known to
be the most frequent and pronounced was chosen for this il-
lustration. Seasonal difference in the thermosphere reaction
to geomagnetic activity is well presented in this model for
enhanced geomagnetic activity. The ESRO 4 observed sea-
sonal N2/O disturbance variations can explain the revealed
threshold seasonal changes (Table 2 and Figure 1). Indeed,
large winter and equinoctial N2/O disturbance effect (steep
dependence on Kp) needs lower level of geomagnetic activity
to overcome the same δNmF2 disturbance threshold (40%
in our case). In summer when N2/O perturbations are small
(gently sloping dependence on Kp), higher geomagnetic ac-
tivity level is needed to obtain the same F2-layer negative
storm effect.

[9] The seasonal (winter/summer) threshold variations
seem to comprise two parts. The first one reflects sea-
sonal changes of neutral temperature. For the sake of sim-
plicity we may suppose that the thermosphere is isother-
mal and neutral species [O] and [N2] are distributed in ac-
cordance with the barometric law: [O] = [O]0 exp(−h/H)
and [N2] = [N2]0× exp(−1.75h/H), where H = kTn/mg
is the atomic oxygen scale height. This gives [O]/[N2] ∝
exp(0.75h/H). Neutral temperature, Tn increases during
disturbed periods, so we can write down d(O/N2)/dH ∝
− exp(0.75h/H)/H2. This expression tells the higher the
background neutral temperature Tn (and corresponding H),
the smaller the [O]/[N2] storm-induced changes. Neutral
temperature is maximal in summer and minimal in winter
(e.g., MSIS 86); therefore summer storm-induced [O]/[N2]
variations should be less compared to winter ones, and this
is in line with the ESRO 4 observations.

[10] The second part of the seasonal effect may be at-
tributed to the seasonal difference in the spatial distribution
of the perturbed neutral composition [Prölss and von Zahn,
1977]. In summer the [O]/[N2] disturbance zone may ex-
tend all the way from the polar to the low latitudes, while
in winter it is restricted to high latitudes only. This means
that the same energy deposited in the auroral zone during a
geomagnetic storm and resulted in the thermosphere pertur-
bation is smeared over the whole hemisphere in summer, but
it is localized only at higher latitudes in winter. The effect
is known to be due the interaction of seasonal (background)
and storm-induced thermospheric circulation [Duncan, 1969;
Field et al., 1998; Forbes et al., 1996; Mayr and Volland,
1972]. This needs stronger geomagnetic disturbances (higher
threshold) in summer compared to winter to have the same
perturbation effect in neutral composition.

4. Discussion

[11] The calculated thresholds for a given month vary
in a wide range so the standard deviations exceed mean
values, therefore we were forced to consider 5 (or 10) the
smallest values to specify the threshold. However, these
(the smallest thresholds) turn out to be relatively low (Ta-
ble 2), and this looks rather surprising. Some explanations

for this effect may be proposed. During our analysis the
storms were not distinguished by local time of their onsets.
However, the dependence of negative storm onsets on lo-
cal time is well known. The disturbances most frequently
begin in the night–early morning LT sectors, and they are
rare during daytime hours [Mednikova, 1957; Prölss and von
Zahn, 1978]. This is due to the interaction of background
and storm induced thermospheric circulation [e.g.,Prölss,
1995, and references therein]. Therefore the ionospheric ef-
fect of morning-daytime geomagnetic disturbances may be
delayed until nighttime hours when the direction of the
background meridional wind changes for the equatorward
one, while nighttime geomagnetic disturbances appear in
the F2 layer with much shorter time delay. This is one
of the reasons for large scatter in time delay between geo-
magnetic and ionospheric storm onsets (see earlier). Anal-
ysis of the smallest thresholds (Table 2) (for instance, 4.70
(Dourbes, March), 4.75 (Tomsk, November), 5.80 (Slough,
March), 5.60 (Moscow, February)) has shown that they are
due to the following. First, the ionospheric storm may begin
with a small (≥3 hours, the span for ap index determina-
tion) delay with respect to the geomagnetic one, the previous
24-hour period being very quiet (small ap indices). Second,
the geomagnetic disturbance may have taken place during
the previous day, but because of poleward thermospheric
circulation the disturbed neutral composition was restricted
to high latitudes [Prölss and von Zahn, 1977] and the iono-
spheric storm did not begin until the nighttime hours, as
mentioned earlier; again the previous 24-hour period was
very quiet. In fact, this implies that once the composition
perturbation (the disturbance bulge) has been generated, it
is pushed around by winds and may move back and forth
in latitude [Prölss, 1995]. This effect was confirmed by the
storm simulation of Fuller-Rowell et al. [1994] as well as
by ESRO 4 data analysis [Skoblin and Forster, 1993]. So,
the ionospheric disturbance (of course, with smaller magni-
tude) may appear at the same location in 24 hours under
magnetically quiet conditions. Such a case seems took place
at Moscow on 16 February 1963 when the ionospheric dis-
turbance occurred practically under quiet conditions (low
threshold of 5.2) but after a preceding prolonged geomag-
netic disturbance. The effect of an increase in the inter-
hour correlation coefficients for deviations δfoF2 separated
by 24-hour interval was mentioned earlier [Mikhailov, 1990].

[12] It may seem that small calculated disturbance thresh-
olds (Table 2) present exotic cases of ionospheric storms,
therefore the analysis was repeated for strong storms corre-
sponding to daily Ap ≥ 30. Seasonal (winter/summer) dif-
ference in the thresholds takes place in this case as well. For
instance, at Moscow the winter thresholds are 17.9 for De-
cember and 14.5 for January, while in summer they are 26.9
for June, 24.4 for July, and 26.5 for August. Similar seasonal
difference takes place if the thresholds are calculated over
10 (rather than 5) the smallest values. Therefore seasonal
(winter/summer) difference in the disturbance thresholds is
a real feature of the F2-layer negative storms which may
be explained by seasonal variations of neutral temperature
and thermospheric circulation leading to changes in neutral
composition.

[13] Another interesting result of our analysis is the equi-
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noctial relative minimum or plateau in the threshold annual
variations (Figure 1). In fact, one should speak about a
plateau if to delete the extreme low points in March which
present special storm cases discussed earlier. This equinoc-
tial plateau may be related with the winter/summer transi-
tion in the thermosphere manifested by day-to-day changes
of the meridional wind at the F2-region heights [Mikhailov
and Schlegel, 2001] as well as with equinoctial transitions
observed in the lower thermosphere [Shepherd et al., 1999;
Shiokawa and Kiyama, 2000]. Both analyses revealed day-
to-day changes in the atomic oxygen abundance during the
transition periods, and this may help understand the thresh-
old lowering effect during the equinoxes. General increase
of the thermospheric neural temperature from winter to
equinox and further to summer provides a steady increase
of the threshold as discussed earlier. However, if a geomag-
netic storm occurs under summer-type thermospheric circu-
lation accompanied by a decrease in the atomic oxygen [O]
abundance, this should decrease the geomagnetic threshold.
Indeed, in this case, less O/N2 decrease is needed to over-
come the same NmF2 disturbance threshold (40% in our
case), and this corresponds to lower level of geomagnetic
activity. Days with winter-type thermospheric circulation
correspond to increased atomic oxygen [O] abundance and
positive NmF2 disturbances [Mikhailov and Schlegel, 2001]
are not considered in this paper.

5. Conclusions

[14] The main results of our analysis can be summarized
as following:

[15] 1. Geomagnetic activity thresholds expressed in ap in-
dex units for F2-layer negative storms onset calculated for
14 midlatitude ionosonde stations exhibit a pronounced sea-
sonal (winter/summer) variation with summer thresholds
being larger than winter ones. There are also relative min-
ima (or plateau) in the threshold during equinoctial periods.

[16] 2. Seasonal difference in the thresholds is due to sea-
sonal difference in the thermosphere reaction to geomagnetic
disturbances: a steep dependence of ∆(O/N2) on geomag-
netic activity in winter but gently sloping dependence in
summer. This needs higher geomagnetic disturbance level
(higher threshold) in summer compared to winter to have
the same perturbation effect in the thermospheric parame-
ters.

[17] 3. A proposed explanation for the threshold seasonal
variations is based on seasonal changes in neutral tempera-
ture and on seasonal difference in the spatial distribution of
the perturbed neutral composition. Higher background Tn

in summer needs stronger disturbance level (larger thresh-
old) to have the same changes in O/N2 compared to winter
when Tn is lower. The other effect is due to the interaction of
seasonal (background) and storm induced thermospheric cir-
culation. In summer the [O]/[N2] disturbance zone is known
to extend over the whole hemisphere all the way from the
polar to the low latitudes while in winter it is restricted to
high latitudes only. Therefore more energy should be de-
posited in the auroral zone during a geomagnetic storm in

summer compared to winter to have the same perturbation
effect in the thermospheric parameters.

[18] 4. The equinoctial plateau in the threshold annual
variations may be related to day-to-day changes in the ther-
mospheric circulation and atomic oxygen abundance during
the equinoctial transition periods.
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