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Abstract. A relationship betweenfoE trends and geomag-
netic activity long-term variations has been revealed for the
first time. By analogy with earlier obtained results on the
foF2 trends it is possible to speak about the geomagnetic con-
trol of the foE long-term trends as well. Periods of increas-
ing geomagnetic activity correspond to negativefoE trends,
while these trends are positive for the decreasing phase of ge-
omagnetic activity. This “natural” relationship breaks down
around 1970 (on some stations later) when pronounced pos-
itive foE trends have appeared on most of the stations con-
sidered. The dependence offoE trends on geomagnetic ac-
tivity can be related with nitric oxide variations at the E-
layer heights. The positivefoE trends that appeared after the
“break down” effect may also be explained by the [NO] de-
crease which is not related to geomagnetic activity variations.
But negative trends or irregularfoE variations on some sta-
tions for the same time period require some different mech-
anism. Chemical pollution of the lower thermosphere due to
the anthropogenic activity may be responsible for such ab-
normalfoE behavior after the end of the 1960s.

Key words. Ionosphere (ionosphere-atmosphere interac-
tions; ionospheric disturbances)

1 Introduction

Ionospheric parameter long-term trends have been widely
discussed during the last decade. This interest is due to possi-
ble anthropogenic impact on the Earth’s atmosphere, and the
ionospheric trends may serve as an indicator of such changes
in the upper atmosphere. The interest was greatly stimulated
by model calculations by Roble and Dickinson (1989), Rish-
beth (1990) and Rishbeth and Roble (1992), who predicted
changes in the neutral atmosphere and related ionospheric
effects under the increase in the atmosphere greenhouse gas
concentrations. Since then, researchers have been trying to
reveal and confirm the predicted ionospheric effects related
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to the thermosphere cooling (Bremer, 1992, 1998, 2001;
Givishvili and Leshchenko, 1994; Ulich and Turunen, 1997;
Jarvis et al., 1998; Upadhyay and Mahajan, 1998; Sharma
et al., 1999). But the greenhouse hypothesis encounters seri-
ous problems at least with the F2-region parameter long-term
trends (Mikhailov and Marin, 2000, 2001; Mikhailov et al.,
2002; Mikhailov, 2002).

The main efforts have been directed towards the F2-region
parameter long-term trends analysis, since these observations
are the most abundant and consistent, while trends in the E-
region were considered only by some researchers (Givishvili
and Leshchenko, 1993, 1995, 1996, 1998; Bremer, 1998,
2001; Sharma et al., 1999). The result of these analyses is
that positivefoE trends are the most probable and are pre-
sumably due to a decrease in the neutral NO concentration
at the E-region heights (Danilov and Smirnova, 1997; Bre-
mer, 1998; Danilov, 2001). The “NO mechanism” is strongly
supported by [NO+]/[O+

2 ] rocket mass-spectrometer obser-
vations analyzed by Danilov (1997), Danilov and Smirnova
(1997). Since the late 1950s, this ratio demonstrates a pro-
nounced decrease which can be related only to a [NO] de-
crease at the E-region heights.

The nitric oxide concentration in the E-region is known
to be strongly dependent on the geomagnetic activity level
(e.g. Titheridge, 1997; Solomon and Barth, 1999; Ridley et
al., 1999). Therefore, in the framework of the NO mech-
anism, in principle, one may expectfoE trends of different
signs for the periods of rising and falling geomagnetic ac-
tivity, and this would be a good test for the proposed ex-
planation. Besides this mechanism of natural origin, an an-
thropogenic impact on the neutral atmosphere cannot be ex-
cluded as well. Among such artificial factors are the earlier
mentioned greenhouse effect and the atmosphere pollution
due to the increasing rate of rocket and satellite launchings
(Kozlov and Smirnova, 1999; Adushkin et al., 2000). Un-
fortunately, earlier proposed methods for the E-region trend
analysis cannot be used for such investigations, and a new,
more accurate approach should be developed to reveal and
separate natural and anthropogenic (if it exists) parts in the
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foE long-term variations.
The aim of the paper is to develop a method which would

be able to remove solar and geomagnetic activity effects from
the observedfoE long-term variations, to analyze the depen-
dence offoE trends on the phase of geomagnetic activity and
to check for any unnatural effects present in thefoE trends
revealed.

2 Method description

A general method for theF2-layer trends analysis was de-
scribed by Mikhailov et al. (2002), which, with some modi-
fications, is used in the present study. As earlier we proceed
from an assumption that naturalfoE long-term variations are
due to solar and long-term geomagnetic activity variations
which may be presented byR12 and 11-year running mean
Ap indices. The method includes the following steps:

1. Observed mid-latitude monthly medianfoE values for
10:00, 11:00, 12:00, 13:00, 14:00 LT are reduced to a
12:00 LT moment, to give average noonfoE values. The
dependencefoE ∝ (cosχo)

p, whereχo – solar zenith
angle andp = 0.6 (Muggletone, 1972), is used for this
reduction. The use of an average over 5 values increases
the reliability of the analyzed noonfoE values.

2. A regression of this noonfoE with R12

foEreg = a0 + a1R
α
12 (1)

is used to define monthly relative deviations

δfoE =
(
foEobs− foEreg

)
/foEobs. (2)

We, as initially it was proposed by Danilov and
Mikhailov (1998, 1999), we analyze relative rather than
absoluteδfoE deviations normally considered in the
ionospheric trend analyses by most of the authors. As
far as we know, relative deviations were considered only
by Deminov et al. (2000), to analyzefoF2 trends. Rel-
ative deviations allows us to combine different months
and obtain annual meanδfoE which are used in the anal-
ysis, with the final method being based on the 11-year
running meanδfoE values. A simple arithmetic running
mean smoothing with an 11-year gate is applied every-
where .

The optimal 12 different values ofα (for each month
of the year) are specified to provide the least stan-
dard deviation (SD) after a regression (see later) of 11-
year smoothedδfoE values withAp132 (11-year run-
ning meanAp indices). The 11-yearδfoE smoothing re-
quires all 12 values ofα to be available simultaneously
at each step of theSDminimization. This implies an ap-
plication of special multi-regressional methods (Press et
al., 1992) to solve the problem considered.

The expression (1) is of a general type and depending on
α, it can describe both the linear and nonlinear relation-
ship of foE with R12. The regression coefficientsai are

specified by the least-squares method for each month
and a givenα value. It should be stressed that the ex-
pression (1) does not provide the best approximation of
the observedfoE versusR12 dependence (other depen-
dencies may give less sum of residuals), but it should be
considered in terms of the followingδfoE132 regression
with Ap132 to find the minimalSD (see later). There-
fore, the regression (1) is not a “model” in the usual
sense of this word, as it is accepted in other approaches.
This regression is used to remove the solar activity part
from the observedfoE variations, since a “pure”foE de-
pendence on solar activity (presented by theR12 index)
a priori is not known for each month. The application
of this general approach has shown that all 12 values of
α turned out to be close to unity, and this strongly sim-
plifies the calculation. It should be noted that monthly
α vary in a wide range in the case of thefoF2 trends
analysis (Mikhailov et al., 2002). The reason forα to be
close to unity is considered in the Discussion.

3. One-hour gaps infoE within the 10:00–14:00 LT inter-
val are filled by spline interpolation, but large gaps in
observations are not filled. If the number of months with
availablefoE values for a given year is less than 6, then
the year is marked as “zero”. During the 11-yearδfoE
smoothing, the arithmetic mean is calculated over the
non-zero years only. Due to this smoothing, even one-
year gaps do not introduce any visible deviation in the
foE132 variation. But large gaps result in noticeable per-
turbations in theδfoE132, variations and an additional
analysis is needed for each station to select the period
for analysis. Therefore, only clear enough periods were
left for further analysis on each station.

4. The geomagnetic activity effect is removed from the
11-year running meanδfoE variation using a regression
with Ap132

δfoE132 = b0 + b1Ap
β

132(t + n), (3)

whereδfoE132 andAp132 are 11-year running mean val-
ues,β is a fitting parameter,n = 0÷−5 is a time shift in
years ofAp132 with respect toδfoE132 variations, both
parameters being specified to give the leastSD for the
residuals after Eq. (3). The regression coefficientsbi are
found by the least squares-method.

5. Our previous analysis (Mikhailov et al., 2002) has
shown that the best results (the leastSD) can be ob-
tained if an additional smoothing is applied toδfoE132
and Ap132 variations. Such smoothing is made by a
5-order polynomial approximation of these parameter
variations.

6. The residual linear trend with the slopeKr (in 10−4 per
year) may be estimated over the residuals after the re-
gression (3).
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Fig. 1. Long-term variations of geomagnetic activity (top panel) and correspondingδfoE132 changes for the stations with different types of
δfoE132 variations after the end of the 1960s. Note the unsystematicδfoE132 variations after the end of the 1960s (middle panel). Dashed
line in the top panel is a linear, very long-term trend with the slopeK = 0.02 per year in geomagnetic activity obtained over the observed
Ap132 variations.

7. The test of significance for the linear trend parameterKr
(the slope) is made with Fisher’sF criterion (Pollard,
1977)

F = r2(N − 2)/1 − r2),

wherer is the correlation coefficient andN is the num-
ber of pairs considered. Keeping in mind that we work
with smoothed variations, we put the number of degrees
of freedom (N − 2) = 4 (the 5th order polynomial is de-
fined by 6 coefficients).

3 Dependence on geomagnetic activity

Figure 1 demonstratesδfoE132 andAp132 long-term varia-
tions. Four stations with available periods of observations (in
brackets): Slough (1931–2000), Tomsk (1945–1997), St. Pe-
tersburg (1946–1999), and Juliusruh (1957–1999) were used
in these calculations (Fig. 1, middle panel). The 11-year
smoothing applied toδfoE reduces the available periods by
10 years as shown in Fig. 1. NegativefoE trends are seen to
take place before 1953–1955 for the period of increasing ge-
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Table 1. The sign of theδfoE132 versusAp132 dependence (“+” – direct, “-” – inverse) and years during which it persists. Symbol “0”
means the absence of any pronounced dependence

Station Coordinates Period and sign Station Coordinates Period and sign
Lat Lon of dependence Lat Lon of dependence

Tomsk 56.5 84.9 + 1971-1983 Uppsala 59.8 17.6 + 1970–1979

Rome 41.9 12.5 + 1972–1987 Karaganda 49.8 73.1 + 1970–1977

Tashkent 41.3 69.6 + 1969–1979 Slough 51.5 359.4 + 1955–1974

Ekaterunburg 56.7 61.1 + 1972–1984 Moscow 55.5 37.3 + 1954–1977

Poitires 46.6 0.3 + since 1970 Kiev 50.7 30.3 0 1969–1977

Alma-Ata 43.2 76.9 + since 1964 Boulder 40.0 254.7 0 since 1968

Tbilisi 41.7 44.8 + since 1971 Gorky 56.1 44.3 - 1970–1981

Khabarovsk 48.5 135.1 + since 1969 Novokazalinsk 45.8 62.1 - 1969–1984

St.Petersburg 59.9 30.7 + since 1953 Lannion 48.5 356.7 - 1976–1981

Yakutsk 62.0 129.6 + 1971–1983 Ottawa 45.4 284.1 - 1962–1977

Dourbes 50.1 4.6 + 1964–1992 Irkutsk 52.5 104.0 - 1970–1983

Kaliningrad 54.7 20.6 + 1969–1979 Ashkhabad 37.9 58.3 - 1966–1977

omagnetic activity (Fig. 1, top), while they are positive until
1965, in accordance with the decrease in geomagnetic activ-
ity. CloseδfoE132 variations are seen to take place for the
stations until 1965, while this coherence breaks down after
the end of the 1960s. A tendency to switch to a negative
foE trend is clearly seen for Tomsk and Juliusruh after 1965,
in accordance with a positive phase in theAp132 variation,
but something overpowers this tendency, making the trends
positive. TheδfoE132 variations are seen to be different at
different stations after 1970. Therefore, the “natural” type of
foE132 dependence on geomagnetic activity seems to break
down after the end of the 1960s.

Figure 2 shows thefoE132 versusAp132 dependence in a
explicit way for Tomsk, Rome, and Khabarovsk. The in-
verse relationship takes place between these parameters be-
fore 1970 (Rome–1972), but it switches abruptly to a direct
one around 1970. The selected stations demonstrate the most
pronounced cases of such a changeover in the type of de-
pendence. The results of such analysis for 24 mid-latitude
ionosonde stations are given in Table 1. Unfortunately, ob-
servations on many stations start only after 1964–65 (1969–
70 after 11-year smoothing); therefore, it is only possible to
check the sign of this dependence for the years available. For
the long observing stations only the discussed period is con-
sidered in Table 1.

Table 1 shows that most of the stations demonstrate a di-
rect δfoE132 relationship withAp132 after 1968–1972, but
there are stations (the end of Table 1) which exhibit the in-
verse type of this dependence for the same period. Varia-
tions of δfoE132 for these stations are given in Fig. 1 (bot-
tom). AlthoughfoE observations are absent for earlier years
on these stations, they clearly show the “natural” type of be-
havior, that is the inverseδfoE132 versusAp132 dependence.
Ashkhabad and Irkutsk present the best cases with positive

foE trends before 1965 and negative ones afterwards, in ac-
cordance with theAp132 long-term variation (Fig. 1, top).
At Ashkhabad this “natural” dependence breaks down after
1976. This analysis shows that not all stations were subjected
to that breakdown of the “natural”foE behavior after the end
of the 1960s. The reason(s) for this is not clear now, and
further analysis is needed to explain this interesting result.
An important conclusion of this analysis is thatfoE trends
similar to foF2 trends are subjected to geomagnetic control
(Mikhailov and Marin, 2000; Mikhailov, 2002), that is the
sign of thefoE trend depends on the phase of geomagnetic
activity long-term variations (Fig. 1, top).

4 Complementary and residualfoE trends

The observedδfoE132 long-term variations show a clear de-
pendence on geomagnetic activity at least for the period be-
fore 1970–1972, while some stations demonstrate this de-
pendence for later years as well (Fig. 1). Therefore, we
may try to remove this “natural” dependence on geomag-
netic activity and analyze the residualfoE trend. Figure 3
shows theδfoE132 versusAp132 dependence for Slough and
Ashkhabad, where the “natural” type offoE behavior takes
place for different years. Two branches are seen in this de-
pendence: on Slough – before and after 1955, on Ashkhabad
– before 1965 and after 1967 (Fig. 3, left-hand panels). The
inverse type ofδfoE132 versusAp132 dependence takes place
for both branches, but the curves are shifted. It seems as if
the “efficiency” of geomagnetic activity has been increasing
with time as the sameδfoE132 values correspond to lower
Ap132 after the end of the 1950s on Slough and after 1967
on Ashkhabad. The same effect takes place at Tomsk (Fig. 2
for early ages), Moscow, and St. Petersburg, not shown in
the plot. It should be stressed that Ashkhabad, which was
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Fig. 2. Relationship betweenδfoE132 andAp132 for three stations
with a pronounced “break down” effect in this dependence after the
end of the 1960s.

not subjected to the 1970–1972 “break down” effect, demon-
strates the same type ofδfoF2132 versusAp132 dependence
and for later years as well. (Fig. 3, left-hand bottom panel).

The ambiguity in this dependence can be removed to a
great extent by adding a complementary positive linear trend
Kc to the δfoE132 variations. This approach was used ear-
lier for the foF2 long-term trend analysis (Mikhailov et al.,

2002) where the same situation takes place. By a complete
analogy with thefoF2 trend results, the leastSD(the best fit-
ting) is obtained if the complementary trend is applied for the
whole analyzed period, starting from the first year. The op-
timum complementary trendsKc = +5.13× 10−4 per year
for Slough andKc = +11.8× 10−4 per year for Ashkhabad,
being added toδfoE132 variations squeeze the loops in the
δfoE132 versusAp132 dependence practically to one curve
(Fig. 3, right-hand panels), while the curves after 1967 for
Slough and after 1975 for Ashkhabad exhibit quite different
types of variation.

Figure 4 shows observed (smoothed) and calculated
δfoE132 variations, as well as their difference for Slough and
Ashkhadad. A good quality of model fitting practically re-
sults in zero residual trends on Slough (Kr = −0.22×−4 per
year for the period 1936–1967) and on Ashkhadad (Kr =

0.04 × 10−4 per year over 1962–1975), the trends being
insignificant in both cases. This means that the “natural”
δfoE132 dependence on geomagnetic activity can be effi-
ciently removed and there is no residualfoE trend left. On
the other hand, strong positivefoE trends are seen for the
two stations after the years mentioned.

5 Discussion

The proposed approach to thefoE trend analysis has shown
a close relationship betweenδfoE132 and Ap132 long-term
variations. The “natural” type of this dependence is the in-
verse one, that is positivefoE trends correspond to decreas-
ing geomagnetic activity and vice verse. This is a new result
which was not mentioned in earlier publications on thefoE
trends. However, it should be mentioned that Givishvili and
Leshchenko (1996), using quite different methods were the
first to reveal thefoE trends of different signs before and af-
ter the end of the 1950s without any explanation of this ef-
fect. Due to this dependence on the phase of geomagnetic
activity, one should be careful with the selection of the pe-
riods for trend analysis and not put together years belonging
to different (rising/falling) periods of geomagnetic activity.
Unfortunately, this is not taken into account in other publica-
tions devoted to the ionospheric trends and this (as one of the
reasons) results in a chaos of various signs and magnitudes
of the trends at various stations.

Our approach allows us to remove to a great extent solar
and geomagnetic activity effects fromfoE long-term varia-
tions and to show that the residualfoE trends are close to zero
for the years before the “break down” effect occurs in the
δfoE132 versusAp132 dependence (see earlier). From a phys-
ical point of view, the obtained result is interesting, telling us
that practically all observedfoE long-term variations may be
attributed to the variations in solar and geomagnetic activity
– that is they are of a natural origin. An additional (presum-
ably of a manmade origin) effect is also clearly seen in the
δfoE132 variations after the end of the 1960s on most of the
stations and for later years on some other stations.
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Fig. 3. Two stations illustrating the “natural” inverse type ofδfoE132 versusAp132 dependence during 1936–1967 on Slough and 1962–
1975 on Ashkhabad (left-hand panel). Right-hand panels show the same dependencies after applying the complementary trends. Note the
tightening of the two branches in theδfoE132 versusAp132 dependence before the “break down” effect occurs.

The obtained results are mainly due to the efficiency of
the method applied and some comments are required in this
relation. The first one concerns the procedure of the solar
activity effect removal. According to our general approach
to the trend analysis (Mikhailov et al., 2002), first, we used
a general type offoE relationship withR12 (see Eq. 1), to
remove the solar activity part fromfoE long-term variations.
But unlike our previous results on thefoF2 trend analysis
(Mikhailov et al., 2002), where monthlyα values varied in a
wide range 1.8 < α < 3, in the case offoE, theα parameter
turned out to be close to unity and this strongly simplified the
calculations. This result may be explained as follows. As the
mid-latitude daytime E-layer is produced via the ionization
of neutral O2 by two closeEUV linesλ = 977Å (CIII) and
λ = 1025.7Å (HLyβ), the classical Chapman theory (Chap-
man, 1931) may be applied in this case with a sufficient accu-
racy (Ivanov-Kholodny and Nusinov, 1979). The ionization
rate in the E-layer maximum may be written as

qm =
I∞σ i cosχ2

Hσ ae
, (4)

whereI∞ – the incident ionizing flux,H – scale height of
neutral O2, χo – solar zenith angle,σ i,a – ionization and ab-

sorption cross sections. Critical frequency,foE is propor-
tional to

foE ∝
4
√

qm/αeff, (5)

whereαeff is the effective dissociative recombination coef-
ficient for the molecular ions NO+ and O+

2 . The inten-
sity of solarEUV emission is proportional toFp

10.7, where
p = 1 ÷ 0.67 (Nusinov, 1984, 1992; Tobiska et al., 2000,
and references therein). Our method gave a linearfoE re-
lationship withR12. This is also valid forF10.7, as annual
meanF10.7 andR12 indices are known to be highly corre-
lated (the correlation coefficient is 0.991 being significant at
the 99% confidence level). This means that under the root
sign we have to have an expression depending on solar ac-
tivity as F 4

10.7, or theHαeff product should be proportional
to F−3

10.7, at least. The only possibility of obtaining such a
strong dependence on solar activity is to take into account
a strong dependence ofTe/Tn on F10.7, revealed by rocket
probe measurements in the E-region at the 110 km height
(Duhau and Azpiazu, 1985; also Oyama et al., 2000). We
used this idea earlier to explain seasonal variations in the
E-region (Mikhailov et al., 1999). The dependenceTe/Tn
versusF10.7 (Fig. 2 in Duhau and Azpiazu, 1985) is well ap-
proximated by cubic polynomial onF10.7. Keeping in mind
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Fig. 4. Polynomial approximated ob-
served, calculatedδfoE132and their dif-
ference, resulting in practically zero
residual foE trends on Slough and
Ashkhabad for the period before the
“break down” effect occurs. Calcula-
tions were performed with the comple-
mentary trends given on the plots.

thatαeff is proportional toT −0.8
e , this practically gives the re-

quired dependence onF10.7 under the root sign in (5), while
Tn is highly compensated in theHαeff product asH ∝ Tn.

The other problem concerns the removal of geomagnetic
activity effects from thefoE long-term variations. This prob-
lem was discussed by Mikhailov et al. (2002) with respect to
foF2 trends. Here we used the same approach with the only
difference – the dependence onβ in the regression (3) is of
a general type as a priori we do not have any information on
this dependence. Similar to F2-layer trends, a time shiftn (in
years) ofAp132 with respect toδfoE132 variations is required
to obtain the leastSD for the residuals after the regression
(3). In our case the average time shift is 1 year. As in the
F2-layer case, no physical explanation can be proposed now
for this delayed thermosphere reaction to the geomagnetic
activity variations, and a special consideration is required to
understand this result. Such time delay implies the whole
Earth’s atmosphere to be involved with the processes pro-
voked by geomagnetic activity. Changes in the global at-
mospheric circulation and/or in eddy diffusion and related
variations in the thermospheric neutral composition and tem-
perature is the most probable mechanism. On the other hand,
one should keep in mind thatAp132 maybe is not the most

adequate proxy for solar wind influence on long-term trend
studies. Unfortunately,Ap, as well asR12, are the only in-
dices which have been observed long enough to be used for
the long-term trend analyses.

The revealed relationship betweenfoE trends and geomag-
netic activity may be explained by the variations of nitric ox-
ide, NO, whose concentration in the E-region is strongly de-
pendent on the geomagnetic activity level (e.g. Titheridge,
1997; Solomon and Barth, 1999; Ridley et al., 1999). The
variation of [NO] alters the [NO+]/[O+

2 ] ratio by transform-
ing primary O+

2 ions to NO+ via the fast charge transfer re-
action

O+

2 + NO → NO+
+ O2

(
γ = 4.4 × 10−10

)
. (6)

After this, the standard scheme (e.g. Danilov, 1994) of
chemical processes may be used. The total ion concentra-
tion (ne = 6ni) in the E-region is presented by molecular
ions O+

2 and NO+ which disappear via the reactions of dis-
sociative recombination

NO+
+ e → N + O

(
α = 4.5 × 10−7 (300/Te)

0.83
)

(7)

O+

2 + e → O + O
(
α = 1.95× 10−7 (300/Te)

0.7
)
. (8)
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Fig. 5. Total number of rocket launchings during the 1957–1999
period.

The key point of the “NO mechanism” is the difference in
the reaction rate constants of these two reactions. Under in-
creasing geomagnetic activity (before 1955 and after 1967,
Fig. 1, top), resulting in the neutral [NO] increase, the share
of NO+ ions increases via the reaction (6). Since the recom-
bination rate for NO+ ions is higher (Eqs. 7 and 8), the elec-
tron concentration decreases and we have negative trends in
foE (Fig. 1, middle and bottom panels). During the decreas-
ing phase of geomagnetic activity (1955–1967), the situation
inverses and we have positive trends infoE (Fig. 1). This
mechanism explains the “natural” relationship offoE trends
with geomagnetic activity.

An inclusion of a complementary linear trend to our anal-
ysis restores the unambiguity in theδfoE132 versusAp132
dependence (Fig. 3) and practically results in zero residual
trends (Fig. 4) at least for the years when a “natural” rela-
tionship betweenδfoE132 andAp132 is valid. By a complete
analogy with the results of thefoF2 trend analysis (Mikhailov
et al., 2002), the only plausible explanation (as it is seen from
now) of the complementary trend is a compensation of a neg-
ative foE trend, which is due to a very long-term increase in
geomagnetic activity during the 20th century. This increase
is seen even for the analyzed period (Fig. 1, top) where a
positive trend withK = 0.02 per year exists in the observed
Ap132 variation. Figure 1 (top) is only a fragment of the
general picture showing the increase in geomagnetic activity
in the course of the 20th century (e.g. Clilverd et al., 1998).
This long-term effect in geomagnetic activity cannot be re-
moved using conventional indices and smootherAp132 in-
dices are required for its description. But this is a very del-
icate question which requires a special consideration and is
not discussed here. The same NO mechanism can be used
to explain the negative backgroundfoE trend related to this
very long-term increase in geomagnetic activity.

But around 1970±2 (on some stations later), this “natural”
inverse relationship offoE trends with geomagnetic activity
has broken down. A well-pronounced positivefoE trend not
related to geomagnetic activity variations has appeared on
most of the stations analyzed (Fig. 2 and Table 1). In some
cases this hardly can be considered as a trend – just a pos-
itive δfoE132 upsurge lasting for some years followed by a
drop in theδfoE132 variation (Table 1, Fig. 1). But in many
cases, this is a prolonged positive effect. The only plausi-
ble possibility is to relate this effect with the anthropogenic
impact on the upper atmosphere. Among such mechanisms
may be considered the increasing rate of rocket and satellite
launchings which leads to the thermosphere chemical pollu-
tion (Kozlov and Smirnova, 1999; Adushkin et al., 2000) and
the greenhouse effect mentioned in the Introduction.

Since the E-region formation mechanism is relatively sim-
ple, some explanations may be proposed for this positive ef-
fect in theδfoE132 variations. A decrease in the molecular
oxygen neutral scale height H will increase the production
rate andfoE, correspondingly (see Eqs. 4 and 5). The scale
heightH may be decreased by an intensified downward air
motion at the E-region heights, as model calculations show
(Mikhailov, 1983). Another possible channel of thefoE in-
crease is via a decrease in the effective dissociative recom-
bination coefficientαeff (Eq. 5) due to a decrease in [NO] at
the E-region heights. The decrease inαeff in this case is due
to the [NO+]/[O+

2 ] ratio decrease, as explained earlier. This
mechanism of positivefoE trends was considered by Danilov
(2001), who has found a strong confirmation of it in both the
[NO+]/[O+

2 ] ratio trend at 120 km and in the positive trend
of electron concentration in the D-region, where the ioniza-
tion of NO plays the dominate role in the total ionization
rate. Both results may be explained by the vertical transfer
of NO from the E- to D-region due to intensified downward
air motion or eddy diffusion. The latter was obtained by
Kalgin (1998), analyzing rocket mass-spectrometer data on
the [Ar]/[N2] ratio at the E-region heights for the 1966–1991
period. But vertical air motion seems to be more preferable,
since it decreases the neutral scale heightH and transfers NO
downward, thus, increasing the positive effect infoE.

Such explanations come from normal processes taking
place in the lower thermosphere. But chemical pollution due
to rocket launching may result in quite a different scheme
of chemical processes, since the rocket fuel comprises exotic
for the upper atmosphere components. Long-living “holes”
in the electron concentration is a well-known effect accom-
panying heavy rocket launchings (Adushkin et al., 2000).
Such chemical pollution looks as a very probable mechanism
to explain the break down effect in the naturalδfoE132 ver-
susAp132 dependence around 1970–1972. Figure 5 gives
the number of rocket launchings for the 1957–1999 period.
Data may be found in Aviation Week and Space Technol-
ogy for 1957–1991, Rocket-Space Technique GONTI-1 for
1975–2000 (in Russian), (Adushkin et al., 2000). Maximum
occurrence of rocket launchings is seen to take place in the
second half of the 1960s. Keeping in mind that some time
is necessary for the accumulation of the effect, we obtain the
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discussed “break down” time around 1970.
With regard to the greenhouse hypothesis widely used in

attempts to explain the ionospheric trends, the following may
be noted. There are serious problems with this hypothesis in
the F2-region (Mikhailov and Marin, 2001; Mikhailov 2002),
since it cannot be reconciled with the observed F2-layer pa-
rameter trends. PositivefoE trends in the E-region observed
for some periods seem to be in qualitative agreement with
this hypothesis, but the observed trends already are much
larger than predicted (Bremer, 2001), although we are still
very far from the doubling of greenhouse gases in the at-
mosphere (Keeling et al., 1995; Houghton et al., 1996). On
the other hand, positivefoE trends, usually related with the
worldwide greenhouse effect, in fact does not take place at
all stations – the sign of trends may be different (Fig. 1 and
Table 1). One can say about the spotty global pattern with
an unsystematicfoE behavior at different stations after 1970
(cf. Slough and Juliusruh in Fig. 1, middle panel). It is only
possible to conclude that since the beginning of the 1970s,
there has appeared an additional factor in the lower thermo-
sphere which has broken down the normalfoE dependence
on geomagnetic activity on a long-term time scale. Chemical
pollution of the upper atmosphere due to the rocket launch-
ings and perhaps the greenhouse effect look like the most
probable reasons.

6 Conclusions

The main results of our analysis may be summarized as fol-
lows:

1. Using a newly proposed approach to thefoE trend anal-
ysis, it was shown for the first time the relationship be-
tween foE trends and geomagnetic activity long-term
variations. By a complete analogy with the earlier ob-
tained results on thefoF2 trends, the periods of increas-
ing geomagnetic activity correspond to negativefoE
trends, while these trends are positive for the decreas-
ing phase in geomagnetic activity. Therefore, it is pos-
sible to speak about the geomagnetic control of thefoE
long-term trends as well.

2. Similar to thefoF2 trends, there exists a background
negativefoE trend which may be considered as a man-
ifestation of a very long-term geomagnetic activity in-
crease which took place during the 20th century (e.g.
Clilverd et al., 1998). This effect is seen in theδfoE132
versusAp132 dependence before the breaking down of
“natural” dependence around 1970 (on some stations
later). After removal of this background effect the resid-
ual foE trends are close to zero and insignificant. This
means that observed “natural”foE long-term variations
(trends) have a natural origin and may be attributed to
solar and geomagnetic activity long-term variations.

3. The dependence offoE trends on geomagnetic activ-
ity can be related with [NO] variations at the E-layer

heights, where the [NO] is known to be dependent on
the geomagnetic activity level. The key point of this NO
mechanism is the [NO+]/[O+

2 ] ratio change, resulting in
the effective dissociative recombination coefficient al-
teration.

4. PositivefoE trends (or more or less prolonged posi-
tive upsurges) appearing after the “break down” effect
around 1970 may be related with the [NO] decrease at
the E-region heights due to the intensification of the
downward air motion (Danilov, 2001). But negative
trends or irregularfoE variations also take place on
some stations for the same time period, and this tells us
about some other additional mechanism. Chemical pol-
lution of the lower thermosphere due to the increasing
rate of the rocket launchings and/or the greenhouse ef-
fect may be responsible for such abnormalfoE behavior
since the beginning of the 1970s.
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