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The first part of the paper is directed to the investigation of the practical importance of possible long-
term trends in the F2-layer for ionospheric prediction models. Using observations of about 50 different
ionosonde stations with more than 30 years data series of foF2 and hmF2, trends have been derived with
the solar sunspot number R as index of the solar activity. The final result of this trend analysis is that
the differences between the trends derived from the data of the individual stations are relatively large,
the calculated global mean values of the foF2 and hmF2 trends, however, are relatively small. There-
fore, these small global trends can be neglected for practical purposes and must not be considered in
ionospheric prediction models. This conclusion is in agreement with the results of other investigations
analyzing data of globally distributed stations. As shown with the data of the ionosonde station Trom-
s@, however, at individual stations the ionospheric trends may be markedly stronger and lead to essen-
tial effects in ionospheric radio propagation. The second part of the paper deals with the reasons for pos-
sible trends in the Earth’s atmo- and ionosphere as investigated by different methods using characteris-
tic parameters of the ionospheric D-, E-, and F-regions. Mainly in the F2-region different analyses have
been carried out. The derived trends are mainly discussed in connection with an increasing greenhouse
effect or by long-term changes in geomagnetic activity. In the F'1-layer the derived mean global trend
in foF1 is in good agreement with model predictions of an increasing greenhouse effect. In the E-region
the derived trends in foE and h ’E are compared with model results of an atmospheric greenhouse effect,
or explained by geomagnetic effects or other anthropogenic disturbances. The trend results in the D-re-
gion derived from ionospheric reflection height and absorption measurements in the LF, MF and HF
ranges can at least partly be explained by an increasing atmospheric greenhouse effect.

5.1. INTRODUCTION

Trend investigations of different ionospheric and atmospheric parameters became more important
during recent years as such trends could be caused by anthropogenic activities. In this paper we will
concentrate on two main questions:

1) Are there trends in the ionosphere which have to be considered in radio wave prediction models?

2) What are the reasons for possible trends in the Earth’s atmosphere and ionosphere?
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The results related to these two topics are presented in Sections 5.2 and 5.3, discussed in Section
5.4 and briefly summarized in Section 5.5.

5.2. PRACTICAL ASPECTS OF IONOSPHERIC TRENDS

In this section some practical aspects of ionospheric radio propagation are discussed. We restrict
our investigations to trends in the ionospheric F2-region using their height and maximum electron
density data from different ionosonde stations. In Section 5.2.1 mean global trends are derived,
whereas in Section 5.2.2 some practical aspects of the ionospheric radio propagation are presented
using data from an individual ionosonde station.

5.2.1. Derivation of mean global trends

As is well-known from many investigations the behavior of the ionosphere is markedly controlled
by solar activity. In most of the ionospheric prediction models the solar activity is described by the
solar sunspot number Ri». Therefore, in the analyses to investigate the practical aspects of possible
ionospheric trends this parameter has been used. As the ionospheric radio propagation in the HF
range is mainly dependent on the behavior of the ionospheric F2-region (height and maximum elec-
tron density), in the following the results of trend analyses of himF2 and foF?2 observations all around
the world are presented. The analyses have been carried out for data series mainly starting at 1957
with a duration of at least 30 years. Altogether the results of 53 stations with foF2 data and 50 sta-
tions with hmF?2 data have been investigated. The hmF 2 values were derived from M(3000)F2 data
using the simple formula of Shimazaki (1955). The trend method used starts with calculations of sim-
ple regression equations using monthly mean values the ionospheric parameter X (= hmF2 or foF2)
at each full hour in dependence on the solar activity assuming a linear dependence

Xpy=a+b-R, (5.1a)
or a quadratic equation

Xo=a+b-R,+c-R}. (5.1b)
Then the differences between the observed Xops and the calculated values Xy, are estimated
AX =X, — X, (5.2a)
or relative differences are calculated
AX=(Xp—X0)/ X (5.2b)

Using mean yearly AX values derived by averaging the monthly AX values at each full hour (averages
of 12x24 data series), mean linear tends have been estimated according to

AX=d+ e year. (5.3)
In fig. 5.1a,b two histograms are shown for the trend results of foF2 observations at 53 different
ionosonde stations. In the upper part the solar activity has been eliminated by a linear relation ac-

cording to eq. (5.1a), in the lower part by the quadratic relation according to eq. (5.1b). In both cas-
es differences according to eq. (5.2a) have been used in the trend estimations. The distributions of the
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Fig. 5.1a,b. Histograms of 53 individual foF?2 trends derived after a linear (a) and quadratic (b) elimination of
the solar influence. The corresponding median values are marked by arrows.

individual foF?2 trends are relatively broad, the median trends however are relatively near to zero. As
to be expected both data sets are well correlated with a correlation coefficient r=0.92.

In fig. 5.2a,b the trend results of hmF2 observations at 50 different stations are shown in a simi-
lar way as for foF?2 in fig. 5.1a,b. Also here relatively broad distributions of the individual trends can
be seen, whereas the median values are again very near to zero. The correlation between both trend
ensembles is very good with r=0.995.

In table 5.1 the mean trends of foF2 and hmF2 (median as well as mean values) have been com-
piled. These data can partly be found in figs. 5.1a,b and 5.2a,b and from trend results using a linear so-
lar activity influence (eq. (5.1a)) and relative differences AX (eq. (5.2b)) not shown before. For the
mean trends the error values with a significance level of 95% are also presented (for calculation see
Taubenheim, 1969). All mean trends are smaller than the corresponding error limits, indicating that the
mean trends are not significantly different from zero. Nevertheless from all mean and median values
in table 5.1 the expected changes for AfoF2 and AhmF2 have been estimated for a time period of 100
years. As to be seen these values are very much smaller compared with changes induced by the vari-
able solar activity. Therefore, possible long-term changes have not to be introduced in ionospheric pre-
diction models. Until now global mean trends in foF2 and hmF?2 have no essential practical meaning.
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Fig. 5.2a,b. Histograms of 50 individual ~mF2 trends derived after a linear (a) and quadratic (b) elimination of
the solar influence. The corresponding median values are marked by arrows.

Table 5.I. Mean trends of foF?2 and hmF?2 derived from observations at about 50 ionosonde stations (beginning
1957, more than 30 years) by different methods. AfoF2 and AhmF2 are the expected changes of foF2 and hmF?2

during 100 years.

Trend (R12) Trend (R3) Trend (R2) rel
foF2  Mean trend + 0.0003 MHz/yr -0.0013 MHz/yr - 0.016%/yr
95% error +(0.0027 MHz/yr +0.0023 MHz/yr = 0.041%/yr
AfoF2mean +0.03 MHz —-0.13 MHz -0.13 MHz
Median trend + 0.0009 MHz/yr - 0.0010 MHz/yr + 0.001%/yr
AfoF2med [MHz] +0.09 MHz -0.10 MHz +0.008 MHz
hmF2  Mean trend + 0.058 km/yr +0.063 km/yr +0.021%/yr
95% error = 0.096 km/yr = 0.092 km/yr = 0.030%/yr
AhmF2mean + 5.8 km + 6.3 km + 6.3 km
Median trend +0.012 km/yr +0.009 km/yr + 0.004%/yr
AhmF2med [km] + 1.2 km + 0.9 km + 1.2 km
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5.2.2. Trends at an individual station

The ionosonde at Tromsg in Northern Norway (69°N, 19°E) (Hall and Hansen, 2003) is a
unique resource providing continuous observations of ionospheric critical frequencies since 1935
and layer heights since 1952. Hall and Cannon (2001, 2002) have examined long-term trends in
F-region parameters at Tromsg using a method similar to that developed by Bremer (1992) and
used in Section 5.3.1 below, eq. (5.4). Using daily ionosonde measurements taken at or near noon,
linear components of the background variations in Ri> and geomagnetic index (Ap) are subtract-
ed to leave a residual trend. Based on a recently extended set of ionograms, the peak height of the
F2 layer, hmF?2 is found to fall at —0.106 £0.087 km per year and its critical frequency, foF?2 falls
at —0.013+0.002 MHz per year, where the errors indicate one standard deviation. Ulich et al.
(2003) presented an hmF2 data set for a nearby ionosonde at Sodankyli, Finland for the period
1958-2003 with a trend of —0.41+0.04 km per year — a significantly steeper trend than that seen
in the Troms¢ data.

Modeling of ionospheric radio system performance requires a propagation tool that contains a
three-dimensional map of ionospheric electron density. This may be used to find the skip zones
of High Frequency (HF) radio transmissions, or the group delay, phase advance, efc., in trans-
ionospheric systems. Parameterized «monthly median» models are often employed, and these use
worldwide maps of foF2 and hmF?2 and similar parameters, often referred to as CCIR coefficients
(CCIR, 1966; Jones et al., 1969) or URSI coefficients (Rush et al., 1989). The former were based
on ionosonde data for the years 1954-1958 and 1964 only and foF?2 was described by a set of spe-
cial mapping functions. The worldwide RMS error in foF2 is ~0.5 MHz. The URSI coefficients
are derived from a much larger database of 45000 station-months and include data from 1975-
1979. URSI coefficients showed improved accuracy over the oceans but at the expense of accu-
racy over land, so that overall the CCIR and URSI maps are of similar accuracy (Bilitza, 2002).
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Fig. 5.3. Impact of 16 km reduction in #zmF?2 on ground ranges for propagation due south of Tromsg at 8 MHz
for December, 12 UT, Ry, = 50.
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Five decades have elapsed since the data were collected to generate the CCIR coefficients, and
in that time the F2-region over Tromsg has fallen by 5.3 km. Further, foF?2 has decreased by 0.65
MHz, an amount already bigger than the RMS model error of the CCIR model. The impact on HF
systems has been assessed by ray tracing through two sets of analytical Dudeney profiles of elec-
tron density (Dudeney, 1983). The first set of profiles was fit to the CCIR coefficients and the sec-
ond was modified to reduce the peak height by 16 km. Based on the analyses of Tromsg iono-
grams a 16 km drop in himF2 is appropriate to the conditions in the year 2100 (provided there is
no change in the long-term trends). If we had chosen to use the results of Ulich et al. (2003) then
a 16 km height reduction was appropriate to the year 1990! For a 16 km drop it was found that
ground range errors of ~100 km per hop will be common if system designers and operators con-
tinue to employ the old CCIR maps. A sample of the ray tracing results is presented in fig. 5.3,
representing 8 MHz 1-hop propagation south of Tromsg near noon on a December day. Overall,
the ground range errors (lower curve) are 50-150 km for the 1F2 mode of propagation (above 21°
elevation), with greater errors at elevations just above that at which the E-layer is penetrated.

These results demonstrate that for trends derived at individual stations their influence on
ionospheric radio propagation could be much stronger than for global mean trends. This result
could be expected from the broad trend histograms shown in figs. 5.1a,b and 5.2a,b.

5.3. SCIENTIFIC ASPECTS OF IONOSPHERIC TRENDS

This section presents the trend results which were derived by different European groups using
partly different methods. The results are separately discussed for the different ionospheric re-
gions.

5.3.1. Trends in the F2-region

Using a similar analysis method as described in Section 5.2.1 Bremer (1998, 2001) investigated
data series of more than 100 ionosonde stations. For the elimination of the solar and geomagnetical-
ly induced parts, however, the following twofold regression equation was used:

Xo=a+b-R+c-Ap 5.4)

with the solar sunspot number R and the geomagnetic activity index Ap. Also other solar indices have
been tested (Fi0.7, E10.7, R12), but the derived trends are not markedly influenced by this choice (Bre-
mer, 2001). In fig. 5.4 the updated histograms with the individual trends of foF2 and hmF2 are pre-
sented together with the corresponding median values. As in the investigations discussed in Section
5.2.1, the distributions of the individual trends for both parameters are relatively broad, and the me-
dian values are very small. As shown in table 5.1I the mean trends of foF2 and hmF?2 are not statisti-
cally significant different from zero as follow from the corresponding mean errors.

In fig. 5.5 the individual simF2-trends are presented in dependence on longitude and latitude. Nega-
tive trends are marked by blue, positive trends by red symbols. Significant trends with a 95% relia-
bility level are characterised by full dots, non significant trends by circles. There is no clear depend-
ence of the trends on latitude or longitude, but there seem to be some regional differences. Whereas
in the western part of Europe most trends are negative, in Central Asia the trends are more positive.
The causes of these regional differences are not known.

Similar trend analyses have been made by Ulich and Turunen (1997a) at first with ~AmF2 data of
Sodankyld and later for more than 50 stations (Ulich and Turunen, 1997b). These authors also found
similar regional differences in the himF2 trends as shown in fig. 5.5. Ulich (2000) also investigated
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Fig. 5.4. Histograms for foF2 and hmF?2 trends derived from ionosonde observation at different stations. Num-
ber of stations are given in brackets.

Table 5.II. Mean experimental trends and error limits (95%) derived from trend analyses of different
ionosonde parameters at different stations. Significant mean trends are bold-faced.

Parameter N Mean trend Error (95%)
F2-region foF2 106 -0.0018 MHz/yr + 0.0025 MHz/yr
hmF?2 87 - 0.009 km/yr +(0.076 km/yr
F1-region JoF1 51 0.0027 MHz/yr +0.0011 MHz/yr
E-region JoE 72 0.0014 MHz/yr +0.0007 MHz/yr
h'E 31 - 0.040 km/yr + 0.070 km/yr
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Fig. 5.5. Trends of hmF2 in dependence on latitude and longitude derived from data sets of 87 different

ionosonde stations. Negative trends are blue, positive are red, significant trends are marked by full dots, non sig-
nificant trends by circles.
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different formulas to derive hmF?2 from ionosonde M(3000)F2 data. He found quantitative differ-
ences in the derived trends depending on the hmF2 formula used. This finding is caused by the fact
that the ionisation below the F2-layer is differently considered by the different formulas. Therefore,
trends in the underlying ionisation parameters my also cause differences in the AmF2 trends.

Bencze et al. (1998) derived trends in himF2 for some Asian and American stations using the same
method as Bremer (2001) and Ulich and Turunen (1997a,b). He also found similar regional differ-
ences with more negative trends at coastal regions and more positive trends inside the continents.

Alfonsi et al. (2001, 2002a) derived foF?2 trends for different stations at high and middle latitudes
using monthly mean values as well as hourly values. In their analyses only such experimental data
have been introduced which are not accompanied by qualification letters to reduce the uncertainty of
the hourly foF2 values. The investigation of the ionospheric long-term changes follows an analytical
approach similar to that shown in eq. (5.4). The original contribution comes from the use of Ap(t)
and MACAp(7), used for investigating the geomagnetic control on the ionospheric trends. Ap(t) and
MACAp(7) have been introduced for representing the non-linear relationship between geomagnetic
activity and ionospheric behaviour (Wrenn, 1987; Perrone and De Franceschi, 1999). In particular,
Ap(7) is a time-weighted accumulation of Ap index, and MACAp(7) is the related catalogue, intro-
duced for characterising four levels of geomagnetic impact on the ionosphere ranging from O (quiet
magnetic condition) to 3 (severely disturbed magnetic condition) (De Franceschi et al., 1999, 2002).
Extracting from long data series of hourly foF2 data those values recorded under magnetically quiet
conditions (MACAp(7) =0), Alfonsi et al. (2002a,b) found a long-term decrease of the F2 plasma fre-
quency. All foF2 trends derived from data of four different stations shown in fig. 5.6 are negative with
a median value of —0.0035 MHz/yr.

A totally different method for derivation of trends has been developed by Mikhailov and Marin (2000,
2001) and Marin et al. (2001). They use 12-monthly running hourly mean values of foF2 or hmF2 and
of the solar sunspot number (R)2) and geomagnetic activity (Api2). For foF2 only data during three years
near solar minimum and maximum are taken into consideration to avoid the hysteresis effect whereas for
hmF?2 data of all years have been analysed. Data gaps are filled by the MQMF2 model (Mikhailov et al.,
1996). The regression model used is a modification of eq. (5.1b) according to

X,=a+b-R,+c-Ry+d R+ (e Apy). (5.5)

The analyses have been made with or without the geomagnetic term. Relative deviations of the ob-
served data have been used according to eq. (5.2b). The main results can be summarized:

1) The influence of the geomagnetic activity can only partly be removed also if Ap» is introduced
in eq. (5.5).

2) Periods with increasing and decreasing geomagnetic activity are related to different ionos-
pheric trends: foF?2 trends are in anti-phase, hmF?2 trends in-phase with Ap trends. This behavior can
be seen in fig. 5.7 for long-term observations at the station Slough.

3) The diurnal and latitudinal variations of the foF2 and hmF?2 trends can be explained by the cur-
rent geomagnetic storm behavior. Therefore, this method is called geomagnetic control concept by
their authors.

Danilov (2002, 2003) developed a method to eliminate the long-term changes in geomagnetic ac-
tivity in foF?2 trends. Starting with relative AfoF?2 values, calculated in a similar way as by Mikhailov
and Marin (2000) but using data of all available years, he assumes that the derived foF2-trend k(obs)
is the result of a linear combination of a non-geomagnetic trend k(tr) and a geomagnetically caused
trend. He further assumes that the geomagnetic activity is described by annual mean values of Ap and
the geomagnetic trend is proportional to the gradient of Ap, k(Ap)

k(tr) =k (obs) + a,- k (Ap). (5.6)
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Fig. 5.6. Long-term trends of foF2 from different stations under magnetically quiet condition (MACAp(7)=0)
and after removal of the solar cycle influence.

Here aj is a scaling coefficient which includes the efficiency of the geomagnetic activity impact on
foF2 and may therefore be different for different stations and local times. The details of the method
to estimate the a; values can be found in Danilov (2002, 2003). Using foF?2 data of 23 stations with
observations of more than 35 years a mean non-geomagnetic trend of —0.012 MHz/yr was found for
the period between 1958 and the mid-nineties and —0.0075 MHz/yr for an earlier interval between
1948-1985 (here only data of 8 stations were available).

Another attempt to eliminate the geomagnetic influence on the foF2 trends has been tried by Mikhai-
lov et al. (2002). They start their analysis with monthly regressions according to eq. (5.1a), estimate rela-
tive deviations after eq. (5.2b) and calculate 11-year running mean values from these deviations: §foF2;.
The geomagnetic activity effect in foF2i3, is derived from 11-year running mean values Api3, by

OfoF2 50, = by+ b,- Ap,3, (t +n) + b,- Ap, (1 + n) (5.7
where 7 is the time shift in years of Ap;3, with respect to dfoF2;3, variations. From the residuals
OfoF2 = OfoF 2,30 — Of0F2 5, (5.8)
linear trends according to eq. (5.3) have been calculated with the following main results:
1) The derived foF2 trends are nearly independent of latitude and of the phase of long-term

changes in geomagnetic activity (basic point of geomagnetic control concept of Mikhailov and Marin,
2000, 2001).
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2) Most of the residual trends are negative, often however not significant. In fig. 5.8 a significant
negative trend is shown using the long-term data series observed at Slough.

Summarizing it can be stated that in all analyses with data of different stations the derived mean
trends in the F2-region are relatively small and not important for practical applications. At individual
stations (Ulich and Turunen, 1997a; Rogers et al., 2002), however, the trends can be markedly more
pronounced, resulting in broad global histograms as shown in fig. 5.4.
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Fig. 5.7. (Top) Long-term variation of geomagnetic activity (11-year running mean of Ap) together with rela-
tive deviations of foF2 (middle) and of hmF?2 (bottom) derived from ionosonde observations at Slough.
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line: linear trend; Kr: trend parameter).

5.3.2. Trends in the F'1-region

Trends in foF1 data series were derived by Bremer (2001) using observations at 51 different
ionosonde stations. For the elimination of the solar and geomagnetically induced parts the twofold re-
gression eq. (5.4) was used. In fig. 5.9 the histogram of the updated individual trends is shown together
with the global median value (marked by an arrow). The distribution is asymmetric to zero as slightly
seen by essentially more positive (grey) than negative trends (white). The estimated mean trend with
0.0027 MHz/yr is significantly different from zero as seen in table 5.1 where the corresponding mean er-
ror can also be found. Therefore this trend has been marked there by bold letters.

5.3.3. Trends in the E-region

Trends in the ionospheric E-region were estimated by Bremer (2001) from 4 °E and foE observa-
tions at different ionosonde stations. For the elimination of the solar and geomagnetically induced
parts the twofold regression eq. (5.4) has been used. The results of the trend analyses are shown by
histograms together with their global median values (marked by arrows) in fig. 5.10. The estimated
mean foFE trend is significant with a reliability level of more than 95%, whereas the mean 4 E trend
is not significant different from zero. This can be seen in table 5.1 where the mean values and their
mean errors are presented.

Mikhailov and de la Morena (2003) investigated foE trends from different ionosonde stations with their
revised trend method which was developed for foF2-trend investigations (Mikhailov et al., 2002). This
method is briefly described above. Instead of eq. (5.8), they used a slightly modified equation

5f0E132m =b,+ b Ap@z (t+n) (5.9)
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Fig. 5.9. Histogram for foF1 trends derived from ionosonde observations at different stations. Number of sta-
tions is given in brackets.

] T I T 1T T 1T T 11 17T I $ TTrrrrrrrT I I_
203 fE E
3 1 (N=72) ]
g _15 __ __ .15 __ T I TT1 1T I LI ¢I T T T I TT1 1T I I__
5 5 1 e 5
5 10 3 10 4 (N=31) =
9 ] ] ] ]
g ] ] ] ]
2 5] 1 5 :
O ] T I T I rrririrrir ] O ] T I TT1 1T I LI L L ]
—0.01 0.00 0.01 -1.0 —-0.5 0.0 0.5 1.0
trend [MHz/yr] trend [km/yr]

Fig. 5.10. Histogram for foE and hE trends derived from ionosonde observations at different stations. Num-
bers of stations are given in brackets.

where f3is a fitting parameter and n again the time shift in years of Api3, with respect to §foE13,. Their
main results are:

1) Before about 1970 dfoE 13, and Api3; are negatively correlated. The authors call it «natural foE
variation».

2) After about 1970 positive foE trends were detected which could anthropogenically be caused.
In fig. 5.11 an example is shown of the dependence between dfoEi13, and Api3; using ionosonde
data observed at the station Rome.

5.3.4. Trends in the D-region

In the ionospheric D-region the available data series for trend analyses are limited, therefore we
restricted these investigations to some reflection height and ionospheric absorption data observations.
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Fig. 5.11. Variation of dfoE 3 in dependence on Api3; for foE data series observed at the station Rome with the
marked increase after 1972.

From the interference field between the ionospherically reflected sky wave and the ground wave
of a far distant radio transmitter it is possible to derive ionospheric reflection heights (often called
phase heights, for details of the method see Bremer and Berger, 2002, and references therein). From
long-term field strength observations of a measuring path at 162 kHz in mid-latitudes trends of the
reflection height have been derived for a constant solar zenith angle ) =78.4°. In fig. 5.12 the yearly
trend can be seen. Here the solar and geomagnetically induced variations have been removed ac-
cording to eq. (5.4) using the solar Lyman « radiation instead of the solar sunspot number R. A sig-
nificant negative trend could be derived with about —0.028 km/yr.

Such a shrinking of the lower ionosphere could also be detected from observations of reflection
heights at ionospheric drift measurements during night-time (Kiirschner and Jacobi, 2002). These
measurements were made in the LF range (177 kHz) at short distance between transmitter and re-
ceiver (170 km).

Both mean trends of reflection heights near 82 km (LF phase heights) and near 95 km (drift meas-
urements) as well as the trends in the E-layer peak height near 100-110 km (& “E-trends in Section
5.3.3) have negative values which may slightly increase with increasing height. The significance lev-
el of the phase height trend is high (mostly higher than 99%), for the two other methods this level is
however lower due to the shorter data series (drift method) or due to marked differences between in-
dividual stations (ionosonde data, see the broad histogram in fig. 5.10 and the derived mean trend and
error values in table 5.11).

Tonospheric absorption data have been analysed for three different reflection height ranges, below
about 80 km, between about 80-90 km, and above about 90 km (Bremer and Lastovicka, 2002;
Lastovicka and Bremer, 2004).

From long-term observations of the absorption of a very long measuring path at 164 kHz (distance
between transmitter and receiver: 1720 km) during summer and noon conditions (Nestorov et al.,
1991, and updated later by LaStovicka and Pancheva, 1999) a clear positive trend could be detected.
The reflection height of this measuring path is clearly below 80 km.
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Fig. 5.12. Long-term variation of yearly mean phase-heights at mid-latitudes (162 kHz, y=78.4°) after elimi-
nation of the solar and geomagnetically induced variations.
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Fig. 5.13. Trends of ionospheric absorption for three measuring paths with different frequencies at a constant
solar zenith angle x=90° after elimination of the solar and geomagnetically induced parts.

Using, however, data from LF absorption measurements at short distances (about 180-220 km)
the derived trends change their general behavior. In fig. 5.13 the absorption trends are shown for three
different frequencies at the same solar zenith angle y=90°. Whereas the trend at the lowest frequen-
cy is negative, the trend increases with increasing frequency and becomes even positive at the high-
est frequency. That means that with increasing reflection height the trends become more positive. We
observe the same behavior if trends have been estimated for the same measuring path but at different
solar zenith angles (example can be found in Bremer, 2003). With increasing solar zenith angle the
trends becomes again more positive.

Investigating ionospheric absorption measurements in the MF and HF ranges at oblique incidence
(distances between transmitter and receiver are about 170 km up to 550 km) only positive trends have
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been estimated. Some examples can be seen in Lastovicka (2001, 2002) and Bremer and LasStovicka
(2002). The reflection heights of these measuring paths are above 90 km. The tendency detected at
the LF absorption data series that with increasing reflection height the trends become positive, is
therefore confirmed by the absorption measurements in the MF and HF ranges.

5.4. DISCUSSION

Two main problems will be discussed here concerning a) the practical importance of ionospheric
trends and b) the scientific reasons for possible trends in the different regions of the ionosphere.

5.4.1. Practical aspects

Ionospheric HF propagation is mainly influenced by the behaviour of the F2-region expressed by
their characteristic parameters foF2 and hmF2. As shown in Section 5.2.1 and summarised in table
5.1, possible global trends of both parameters are very small. This finding is in agreement with other
investigations presented in Section 5.3.1 where the results of more complex trend analyses are shown
using observations from all over the world. Therefore, in global ionospheric prediction models it is
not necessary to include the effect of ionospheric long-term changes. The solar and geomagnetically
induced variations are markedly more important.

At individual stations, however, the trends can be essentially more pronounced. This can be
seen in the relatively broad histograms of the foF2-trends in fig. 5.1a,b and of hmF?2-trends in fig.
5.2a,b. The trend values of the stations Tromsg and Sodankyld used in Section 5.2.2 to investigate
their impact on ionospheric radio propagation are well inside the corresponding histograms. Un-
fortunately we do not know the reasons for the strong differences of the trends derived at individ-
ual stations. One reason for such differences between the trends at (partly neighbouring) stations
could be artificial steps in the data series caused by technical changes at the ionosonde equipment
and/or changes of the evaluation algorithms. In Bremer (1998, 2001) some examples of such dis-
turbances can be found. Therefore, the quality of ionosonde data sets have to be carefully con-
trolled before trend analyses are carried out (Ulich ef al., 2003). As long as we do not have final
decisions about the quality of the ionosonde data sets we can only use mean or median values of
all reasonable data sets, hoping that some errors of the derived individual trends may compensate
each other.

5.4.2. Scientific aspects

What are the reasons of trends in the different layers of the ionosphere? At least two candidates
are often discussed: anthropogenic pollution (e.g., CO,, CHa, O3, H>O, ...) and geomagnetic trends.

To investigate the influence of an increasing atmospheric greenhouse effect the trends in the
ionospheric F2-, F1-, and E-regions can be compared with model calculations of Rishbeth (1990) and
of Rishbeth and Roble (1992). Their theoretical results have been derived for a doubling of the at-
mospheric greenhouse gases CO, and CHy. The effective change in greenhouse gases during the last
40 years where trends of the ionosonde data have mainly been investigated is about 20% (Brasseur
and de Rudder, 1987; Houghton et al., 2001). Assuming a linear dependence between the content of
the atmospheric greenhouse gases and the ionospheric effect, the experimental trends of table 5.1I can
be extrapolated to a level of doubled greenhouse gases. These values called CO,*2 (exp) are com-
pared with the corresponding model values CO»#2 (mod) of Rishbeth (1990) and Rishbeth and Roble
(1992) in table 5.111.
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Table 5.III. Mean experimental (exp) trends of different ionospheric parameters (from table 5.11) and expect-
ed changes of these data assuming a doubling of the atmospheric greenhouse gases (CO»#*2). The model data
(mod) are from Rishbeth (1990) and Rishbeth and Roble (1992).

Parameter Mean exp trend CO2*2 (exp) COy*2 (mod)
F2-region foF2 - 0.0018 MHz/yr -0.36 MHz -02..-05MHz
hmF?2 —0.009 km/yr - 1.8 km - 10 ... =20 km
F1-region foF1 0.0027 MHz/yr 0.54 MHz 0.3...0.5 MHz
E-region foE 0.0014 MHz/yr 0.28 MHz 0.05 ... 0.08 MHz
h'E - 0.040 km/yr - 8.0 km - 2.5 km

5.4.2.1. F2-region

The agreement between the experimental and model trends in foF2 and hmF2 seems to be quite
reasonable looking at the data in table 5.1II. However, the differences between the individual trends in
foF2 and hmF2 at different stations are very strong, and the derived mean trends are not statistically
significant different from zero as can be seen in table 5.II. Therefore, the agreement between model
and experimental data is accidental. The reason for the strong variability in the F2-region is not quite
clear. After fig. 5.5 there seem to be regional differences which could be caused by dynamical effects
in the plasma of the F2-region. Such strong regional differences of the hmF2 trends were also detect-
ed earlier by other authors using a more limited data volume (Ulich and Turunen, 1997b; Bencze at
al., 1998; Bremer, 1998). From satellite observations (Keating et al., 2000) it is known that the ob-
served long-term neutral density reduction near 350 km altitude is in good agreement with model cal-
culations of an increasing greenhouse effect (Akmaev, 2002). That means that the possible greenhouse
effect in ionospheric data series is superposed by unknown dynamical processes which are more im-
portant for the variability of the ionized component than for the neutral gas at F2-region heights.

Using differences of hmF2-hF Bencze (2002) derived long-term trends which contain informa-
tion about the plasma temperature of the lower part of the F2-region. For most of the used 20 Euro-
pean stations a negative trend was detected in qualitative agreement with an expected cooling of the
atmosphere due to an increasing atmospheric greenhouse effect.

With the method developed by Mikhailov and Marin (2000, 2001) the estimated trends in foF2
and hmF?2 are explained by the remaining influence of geomagnetic activity (geomagnetic control
concept). After their investigations their derived trends depending on local time and latitude can be
explained by long-term variations of geomagnetic activity.

With a revised method Mikhailov et al. (2002) tried to remove this geomagnetic influence. The re-
maining relative trend in foF2 noon values for the station Slough with —2.2 107 year™ can be convert-
ed to a mean trend of —0.0022 MHz/yr if a mean foF?2 value of 10 MHz is assumed. This trend value
agrees well with the mean global trend for foF?2 in table 5.IT and is thus in reasonable agreement with
the model value in table 5.III. Therefore, this foF2 trend can be explained by an increasing greenhouse
effect. However, an influence of the very long-lasting increase of the geomagnetic activity, as found in
long-term variations of the geomagnetic aa index during the last century (Clilverd et al., 1998; Gulyae-
va, 2002), on trends in foF?2 should also lead to a negative foF2-trend due to the negative correlation be-
tween trends in geomagnetic activity and foF?2 after the geomagnetic control concept.

Alfonsi et al. (2002a,b) tried to remove the influence of geomagnetic activity on foF2-trends by
using only geomagnetically quiet hourly data in their analyses. Their mean foF2-trend derived from
4 different stations (see fig. 5.6) with —0.0035 MHz/yr is slightly stronger but not very different from
the expectations after the greenhouse effect.
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Danilov (2002, 2003) used quite another method to derive non-geomagnetic trends in foF?2. His
mean trend, derived from 23 different stations, is with —0.012 MHz/yr also negative but markedly
stronger than the trends in table 5.1T as well as those from Mikhailov et al. (2002) and Alfonsi et al.
(2002a,b). But such differences are not very surprising if we remember the strong variability between
the trends detected at different stations and the fact that these authors used different stations in their
analyses.

5.4.2.2. F1-region

The agreement of the mean experimental trend in the F1-region (described in Section 5.3.2) with
model trends in table 5.111 is surprisingly good. Therefore, the global foF'1-trend can be explained by
an increasing atmospheric greenhouse effect.

5.4.2.3. E-region

As seen from table 5.111, in the E-region the experimental and theoretical trend values agree qual-
itatively with a lowering of the height 2 E and an increase in foE. However the experimental trends
are markedly stronger than the model values. The derived positive foE trend is also in general agree-
ment with rocket mass spectrometer measurements of the ion density ratio [NO*]/[O,"] in the E-re-
gion (Danilov and Smirnova, 1997). The observed negative trends of [NO*]/[O,"] cause increasing
electron densities and therefore increasing foE values as the dissociative recombination coefficient of
NO" is markedly larger than that of O;".

For years after 1970 Mikhailov and de la Morena (2003) also found with their revised trend
method increasing foE values, a quantitative comparison with the model trends in table 5.1II is how-
ever impossible. Nevertheless they propose an increasing chemical pollution due to an increasing
number of rocket launchings and/or an increasing atmospheric greenhouse effect to explain the ob-
served foE increase.

5.4.2.4. D-region

The shrinking of the lower ionosphere as derived from LF reflection height observations (fig.
5.12) can be explained by a cooling of the strato- and mesosphere as expected from an in-
creasing atmospheric greenhouse effect (Bremer and Berger, 2002). The estimated amount of
the atmospheric cooling depends however also on possible changes in the density of nitric ox-
ide nno and of the effective recombination coefficient c.i near the reflection height of about 82
km. Unfortunately there are no experimental data of long-term changes in these two quantities,
however there exist model results which predict a decrease of nno (Roble and Dickinson, 1989;
Beig, 2000) and an increase in c.f in the mesosphere (Chakrabarty, 1997; Beig, 2000). As shown
by Bremer and LaStovicka (2002) and Bremer (2003) a common interpretation of the trends of
the LF reflection heights and of the absorption data at different frequencies is only possible if
the trends in nno and a.fr as predicted from model calculations are taken into consideration. The
mesospheric temperature trends derived from the trends in LF reflection heights and ionospheric
absorption data are in reasonable agreement with other experimental trends derived from long-
term lidar and rocket measurements (Bremer, 2003). As shown by model results (Bremer and
Berger, 2002; Bremer, 2003) the experimental temperature trends can qualitatively be explained
by an increasing atmospheric greenhouse effect. The experimental trends are however stronger
than the model results.
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5.5. SUMMARY AND CONCLUSIONS

Using data of reflection height observations in the LF range and ionospheric absorption meas-
urements in the LF, MF, and HF ranges for trend analyses in the D-region as well as data of ionosonde
observations for trend estimations in the E-, F1-, and F2-regions, the following short summary and
conclusions can be given:

General aspects

— Long-term ionospheric data series have to be carefully checked concerning their homogene-
ity. Discontinuities caused by different technical changes can markedly disturb the results of trend
analyses.

— The solar and geomagnetically induced variations of most ionospheric parameters are essen-
tially stronger than the long-term trends and have carefully to be eliminated in trend analyses.

F2-region

— The mean global trends are unimportant for practical ionospheric prediction models. In such
models the solar and geomagnetic variability are the most important external factors.

— Due to a wide variability of the individual trends in the F2-region no significant global trends
could be derived for foF2 and hmF2. Therefore, the relatively reasonable agreement between the
mean global experimental and model results could be accidental. The regional differences of the
trends hint at an unknown dynamical process which superposes a possible greenhouse effect in
the F2-region.

— Using different hmF2-h 'F however a general cooling of the lower part of the F2-region could
be derived in qualitative agreement with the greenhouse effect.

— The derived trends after the geomagnetic control concept contain geomagnetically induced
components causing typical local time and latitudinal trend variations.

— Different approaches to eliminate geomagnetic activity changes lead to negative foF2-trends
as proposed by model results of an atmospheric greenhouse effect. The experimental trends are
however slightly stronger than the model predictions. If the geomagnetic influence could not be
totally removed, then these negative trends could also be explained by the very long-term increase
in geomagnetic activity.

Fl-region
— The mean global trend in the F1-region (increase in foF'1) agrees quite well with model re-
sults of an increasing greenhouse effect.

E-region

— The mean global trends in the E-region (lowering of 4 E, increase of foE) are in qualitative
agreement with other experimental results and with model results of an increasing greenhouse ef-
fect. However, the experimental trends are stronger than the model results.

— Investigations with a revised trend method lead to an foE-increase after about 1970.

D-region

— The trends in the D-region (lowering of reflection heights and different trends in ionospher-
ic absorption in dependence on frequency of the measuring path) can qualitatively be explained
by an increasing atmospheric greenhouse effect. The experimental trends are however stronger
than expected from model results.

Summarizing, the investigation of ionospheric trends is an important task for the understanding
of structure and dynamics of the ionosphere in general and for the derivation of anthropogenic influ-
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ences in particular. Combined experimental trend analyses (including quality control of existing da-
ta series as well as introduction of additional data sets) and model activities are necessary for future
trend investigations.
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