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Abstract. Ground based ionosonde measurements are thé Introduction
most essential source of information about long-term varia-
tions in the ionospheric E and F1 regions. Data of such ob-Trend analyses with ionospheric data have mainly been initi-
servations have been derived at many different ionospheri@ted by model results of Roble and Dickinson (1989) assum-
stations all over the world some for more than 50 years. Theéng a doubling of the atmospheric greenhouse gases€0@®
standard parametefsE, h’E, andfoF1 are used for trend CHa in the Earth’s atmosphere. Based on these results Rish-
analyses in this paper. Two main problems have to be conbeth (1990) and Rishbeth and Roble (1992) predicted a low-
sidered in these analyses. Firstly, the data series have to ®fing of the F2-layer by about 15-20 km and of the E-layer
homogeneous, i.e. the observations should not be disturbedy about 2.5 km. Additionally they prognosticated a decrease
by artificial steps due to technical reasons or changes in théf the peak electron density of the F2-layer (decrease of foF2
evaluation algorithm. Secondly, the strong solar and geoby about 0.2-0.5MHz) and an increase of the peak electron
magnetic influences upon the ionospheric data have carefullgensity of the F1- and E-layer®f1increase by about 0.3—
to be removed by an appropriate regression analysis. OtheP.5 MHz; foE increase by 0.05-0.08 MHz). During the fol-
wise the small trends in the different ionospheric parameterdowing years a lot of investigations have been carried out to
cannot be detected. test these predictions using ionosonde observations at differ-
The trends derived at individual stations differ markedly, ent stations. Most of these investigations deal, however, with
however their dependence on geographic or geomagnetic latrends in the ionospheric F2-layer (peak height, i.e. hmF2, as
itude is only small. Nevertheless, the mean global trends eswell as peak electron density expressed by foF2). A compi-
timated from the trends at the different stations show somdation of these results can be found in Bremer (2005). Trend
general behaviour (positive trendsfoE andfoF1, negative ~ analyses with ionosonde parameters of the E- and F1-layer
trend inh’E) which can at least qualitatively be explained are fewer and mostly restricted to one or a few stations (Bre-
by an increasing atmospheric greenhouse effect (increase éfner, 1992; Givishvilli et al., 1995; Sharma et al., 1999).
CO; content and other greenhouse gases) and decreasignly some papers deal with the results of more globally dis-
ozone values. The positiieE trend is also in qualitative tributed stations (Bremer, 1998, 2001, 2004; Mikhailov and
agreement with rocket mass spectrometer observations of iofle la Morena, 2003; Bremer et al., 2004; Mikhailov, 2006).
densities in the E region. First indications could be found In this present paper earlier results of trend analyses with
that the changing ozone trend at mid-latitudes (before aboueharacteristic ionosonde parameters of the ionospheric E-
1979, between 1979 until 1995, and after about 1995) modi-and F1-regions (Bremer, 1998; 2001; 2004) will be updated
fies the estimated medoE trend. using data series newly extended to the year 2005. New as-
. . pects of this paper deal with latitudinal and longitudinal vari-
Keywords. Atmospheric composition and structure (lon : . .
chemistry of the atmosphere: Thermosphere-compositionatlons of t_he_ ionospheric trends as well as the influence of
. .~ 0zone variations on these trends.
and chemistry) — lonosphere (lonosphere-atmosphere inter-
actions; Solar radiation and cosmic ray effects) — Radio sci-

ence (lonospheric propagation; Remote sensing) 2 Data analysis and methodical investigations

In the trend analyses presented here monthly median values
of the following characteristic ionosonde parameters of the
Correspondence tal. Bremer E- and F1-region are usethE , h’E, andfoFLl In Fig. 1 one
(bremer@iap-kborn.de) example of such data series is shown. Here the local noon
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Fig. 1. Long-term variations of monthly meaoE values of the
ionosonde station Juliusruh at local noon (upper part) and of solar
sunspot number (lower part).
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foE values of the station Juliusruh (54 8; 13.4 E) are pre- e
sented (upper part) together with the solar sunspot number R
(lower part). Two things can obviously be remarked, firstly
the foE values are markedly dependent on the solar activ- 0
ity and secondly théoE values have a pronounced seasonal
variation. MoreoverfoE has also a diurnal variation, not to
be seen in Fig. 1 because it is restricted to a fixed time (lo-
cal noon). This variability has to be taken into considerationFig- 2. Long-term variations of differept solar activity indices: solar
in the trend analyses. Therefore, the elimination of the solaSUnsPot number, solar 10.7 cm radio flux F10.7, and solar EUV
and geomagnetic influences upon the observed parameteP&®*Y E10-7-
Xobs=fOE, h’E or foF1are carried out for each hour and each
month separately. At first the solar and geomagnetically in- . :
duced parts of the ionospheric parameter are estimated by thtéon whereas] is a constant factor fat X a_t year=0.
following twofold regression formula In _Eq_. (2) the splar sunspot number. is used as the s_olar
activity index. It is however also possible to use other in-
dices as the solar 10.7 cm radio flux F10.7 or the EUV proxy
E10.7 (Tobiska, 2001). In Fig. 2 these three indices are pre-
sented for the time period between 1948 and 2005. In spite
gf some unusually high monthly mean values of the E10.7
index during 1957 all three indices are very strongly corre-
lated (e.g. correlation coefficient§R, F10.7)=0.975y(R,
10.7)=0.948). Therefore, the choice of the solar activity in-
dex should not be very critical.

100 o

50
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year

Here the value is the trend parameter for the individual sta-

Xip=a+b-R+c-Ap. (1)

Here R is the solar sunspot number as proxy of the solar
activity, Ap is the global geomagnetic activity indexandc

are the corresponding partial regression coefficients, and a i
constant factor describing,, for R=0 andAp=0. Then the
difference between the observed and calculated ionospheri
parameters are estimated by

AX = Xops— Xin 2 In Fig. 3 the results of trend analyses wfthE, h’'E and

or the relative differences are calculated fol_:l da_ta series from_ opservatlons at Juliusruh are p,resented
using different solar indices. For strong trends (herk’E)

AX = (Xops— X,h)/Xth. 3) the choice of the solar index is totally uncritical. For very

%mall and insignificant trends (here mainlyfoF1) the de-
rived trends may however slightly differ in dependence on
the used solar activity index. Therefore, in trend analyses of
different stations always the same index should be used. In
agreement with earlier investigations by the author the solar
sunspot number is used in this present analysis.

Trend analyses can be done for each hour and each mon
separately, but often th& X data series are combined to get
more representative yearly mearX values which are also
used in this paper to derive linear trends according to

AX =d+e-year (4)
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Fig. 4. Trends infoE of the ionosonde station Port Stanley derived
from absolute (lower part) and relative differences (upper part) be-
tween experimental and regression model values.

0.2 1

series have been derived from allX data series for each
month and each hour where observation data are available,
i.e. without night-time values fdioE, h’E, andfoF1 as well
as without winter values foioF1. Also other missing data
1960 1970 1980 1990 2000 (e.g. caused by technical reasons) have not been included
year in the analyses, e.g. by use of interpolation methods. The
length of the individual data series is different reaching from
Fig. 3. Long-term trends of different ionospheric parametéo&( 15 years up to 49 years. The first year of the analysed data
h'E, foF1) observed at the ionosonde station Juliusruh after elimi-is 1957 as in connection with the International Geophysical
nation of the solar and geomagnetic influences using different solayear (IGY) a lot of ionosondes started their operation in this
activity indices (R: black, F10.7: red, E10.7: blue). year, the last analysed year is 2005.

AfoE [MHZ]

3.1 Trends irfoE

As mentioned above the trend analyses can be made with
absolute (Eq. 2) or relative differences (Eg. 3). In Fig. 4 oneFrom 71 different globally distributed ionosonde stations in-
example is shown witlioE trends derived from ionosonde dividual foE trends have been derived. In Fig. 5 these indi-
observations at the station Port Stanley (885757.8 W) vidual trends are shown in a histogram (right part). Nega-
using both methods. The long-term variations of the derivedtive values are in red, positive values in blue. The signifi-
AfoE values are very similar and the derived linear trendscant trends are in dark colours (confidence level greater than
are nearly identical if we use a me#E value of 2.2MHz.  95%), the non-significant trends (confidence level less than
Therefore, also the choice of both methods seems to be urB5%) in light colours. The significance of the individual
critical. In this present paper absolute differences accordingrends has been tested by the Fisher's F parameter
to Eg. (2) are used in agreement with earlier papers of the
author. F=r2.(n—-2 / (1-r?). (5)

Here r is the correlation coefficient betweAX and year af-
3 Experimental trends from global ionosonde observa- ter Eq. (4) and n is the number of years with data. The signif-
tions icance levels for the F parameter can be found in Taubenheim
(1969). The median value of the individual trends (marked
In the following the results of the trend analyses are pre-by the arrow in the histogram) is 0.0011 MHz/year.
sented for the different characteristic ionospheric parameters In the left part of Fig. 5 the mean globflE trend is esti-
separately. In each case only yeatyX data series have mated from all 71 individuaAfoE data series. The derived
been investigated to get most reliable data series. These dataean global trend is 0.0013 MHz/year. The corresponding
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Fig. 5. Global mearfoE trend (left part) and histogram (right part) £ 7. Global mearh’E trend (left part) and histogram (right part)
deduced from observations at 71 individual ionosonde stations. deduced from observations at 33 individual ionosonde stations.
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Fig. 6. foE trends in dependence on the absolute value of the lati-

tude of the individual stations (upper part) and on the longitude ofFig. 8. h’E trends in dependence on the absolute value of the lati-
these stations (lower part). The dashed lines characterize the mednde of the individual stations (upper part) and on the longitude of
global foE trend, the full lines are the curves of the best linear fit these stations (lower part). The dashed lines characterize the mean
(upper part) and sinusoidal fit (lower part) through the individual globalh’E trend.

trend values.

in the mean trend analysis and the correlation coeffictent
error of this trend has been calculated with the following for- petweenaAfoE and year. Using these values the correspond-
mula (Taubenheim, 1969) ing F parameter according to Eq. (5) can easily be estimated

(F=47.9) which demonstrates a strongly significant correla-
Error(95%) = tg(n — 2)/‘/(n -2 s§/s§ - eix(y). (6) tion betweenAfoE and year (confidence level above 99%)

thus confirming the result presented above by use of Eq. (6).
Here § is the threshold value of the Student’s t test with a The derived mean trend in the left part of Fig. 5 agrees rea-
confidence level of 95%, n the number of yeaﬁaandsyzare sonably with the median value of the individual trends in the
the variances ok (=foE, foF1, orh’E) and ofy (=year), and  right part.
e is the regression coefficient (= trend value) from Eq. (4). In Fig. 6 the individuafoE trends are presented in depen-
For X=foE the estimated mean error #0.0005 MHz/year. =~ dence on the absolute value of the latitude of the stations
Therefore, the mean globmE trend is significantly different  (upper part) and in dependence on the longitude (lower part).
from zero. Inside of the left part of Fig. 5 the trend value with The dashed lines represent the méalatrend. There is an
error limits is presented including the number n of years usedndication that thdoE trends may slightly be stronger at low
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latitudes, however the slope of the estimated linear regres- ,

sion line (full red line in the upper part of Fig. 6) is not sig- 10 00021 Mmyter ]
nificant (confidence level only about 50% due to Fishét's _ 8

parameter test). The individusdE trends in dependence on % %

latitude have been fitted by a sinusoidal curve (full blue curve % g °1

in the lower part of Fig. 6). Here a tendency of a small lati- 14 Dot 0011 e 2

tudinal variation of thédoE trends can be seen with a maxi- (r=49,r=0.40)

mum near 40W and a minimum near 14(. In spite of the e e 200 " oms omo oxs 000
strong variability of the individual trends this result is how- year foF trend [MHzyear]

ever an indication of a latitudinal dependencdatt trends. _ _ i

The correlation between the individual trend values and theF'g' 9. Global mearfoF1trend (left part) and histogram (right part)
) . L deduced from observations at 51 individual ionosonde stations.

corresponding values from the fitted curve.36) is signif-

icant with a confidence level of about 99%.

are characterized by dark colours, the non-significant trends
3.2 Trendsim’E by light colours.
In the left part of Fig. 9 the mean glob&F1 trend is
Trends in the virtual height of the ionospheric E lay®E, shown estimated from thafoF1 data series of all 51 avail-
have been derived from data series of 33 different ionosond@ble stations. The mean trend with 0.0019 MHz/year agrees
stations. These individual trends are presented in a histografeasonably with the median value of all individual trends.
(right part of Fig. 7). Negative trends are in red, positive in As the error limit is markedly smaller than the mean value
blue. Significant trends are marked by dark colours, non-(see numbers inside the left part of Fig. 9), the derived global
significant trends by light colours. The median value is trend is significant with more than 95%. This fact can also
—0.068 km/year. be confirmed by the calculation of the F value according to
In the left part of Fig. 7 the mean gloalE trend is shown ~ EQ: (5) with the r and n values shown inside of the left part
calculated from all 33 individuahh’E data series. The mean ©Of Fig. 9. The estimated valu€=12.6 indicates a significant
trend is—0.029 km/year and therefore different from the me- correlation betweemfoF1 and year with a confidence level
dian value of the individual trends in the right part of Fig. 7. ©f more than 99%.
The reason of this difference may be the small number of [N Fig. 10 the individuafoF1 trends are presented in de-
available stations and the strong differences between the in€ndence on the absolute values of the latitude as well as
dividual trend values producing a relatively disturbed his- ©n the longitude of the available measuring stations. There
togram with some peaks. In spite of the small number ofSE€MS tO be asligh_t tgndency tfaffltrends at low latitudes
available stations the mean trend is significant with more tharPecome stronger similar as also observed in the upper part of
95% confidence as to be seen by the error which is markedly19- 6 forfoE trends. The derived slope of the linear regres-
smaller than the mean trend (see numbers in the left part ofion line (full red line in the upper part of Fig. 11) is due to
Fig. 7). This result can be confirmed by the Fishé'sest. the Fisher'sF’ parameter test significant with about 88% con-
Using the correlation coefficientand the number of years fidence. There is however no visible dependence ofdhé
n as presented in the left part of Fig. 7, a valte6.6 can t_rendg on the Iong|tude. (lower part of Fig. 10). The dashed
be estimated due to Eq. (5) which demonstrates a significarifn€s in both parts of Fig. 10 mark the mefoF1 trend as
correlation betweem\h’E and year with a confidence level derived in the left part of Fig. 9.

of more than 95%. 3.4 Influence of ozone on trendsfimE
The dependences of théE trends on the absolute value of u z

the latitude and on the longitude of the individual ionosondegq, long-term observation of the total 0zone content in

stations are presented in Fig. 8. There are no remar_kable d&Re atmosphere over Europe (Krzyscin et al., 2005) peri-
pendencies to be seen, probably caused by the limited nunsys with different ozone trends can be detected, only small
ber of available stations. The dashed lines mark the meagends before 1979, a marked decrease between 1979 and
h'E trend as derived in the left part of Fig. 7. 1995, and a small ozone increase after about 1995. These
features can also be seen in the total ozone data series ob-
3.3 Trends irfoF1 served at Arosa (coordinates: 460 9.7 E; data source:
Mader, 2005, and DWD, 2005) in Fig. 11. After elimination
Similar as above fofoE andh’E the trend results fofoF1 of the solar and geomagnetically induced parts a mean to-
observations are presented in Fig. 9. In the right part of Fig. al ozone trend has been derived with.44 DU/year for the
the histogram is presented for the individtaF 1 trends with  full period between 1957 and 2005 (red line), whereas the
a median value of 0.0021 MHz/year. The positive trends ardrends in the above mentioned sub-intervals are quite differ-
presented in blue, the negative in red. The significant trendgnt. We know from model results (Bremer and Berger, 2002;

www.ann-geophys.net/26/1189/2008/ Ann. Geophys., 26, 11B892-2008
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longitude ['] is shown, here however estimated only from 45 stations at

mid-latitudes (30—-60S and 30-6ON). The mean trend (red
Fig. 10. foF1 trends in dependence on the absolute value of the”nle) isl iléientiéal with the mean glo)bz{be trend shown( in

latitude of the individual stations (upper part) and on the longitude _. 5 (left Al h . d lue is simil
of these stations (lower part). The dashed lines characterize thg'g' (left part). Also the estimate errqr V,a ueis S'_m' arto
mean globafoF1trend, the full red line in the upper part is the best the value for the global trend, thus confirming the high con-

linear fit through the individual trend values. fidence level of this long-term trend. THeE trends in the
three sub-intervals (blue lines) are quite different with a very
small trend before 1979, a steep increase of the trend during
AROSA (46.8°N, 9.7°F) the time period between 1979 and 1995, and a reduced trend
| after 1995. Due to the short length of these sub-intervals
| the estimated trends can describe only the main features of
-1.09 DUyear | the AfoE variations and there remain some discrepancies be-
tween the trend values at the boundaries of adjacent inter-
vals. The confidence levels of these trends are partly very
small. Only for the second interval (1979-1995) the confi-
dence level is markedly higher than 95%, for the third in-
terval this level is only 64% whereas in the first interval the
AfoE trend is nearly zero. Nevertheless there are some simi-
larities between the ozone trends in Fig. 11 and the trends in
foE in Fig. 12. This statement is confirmed by the correla-
tion betweenAfoE values from Fig. 12 anchOs data from
Fig. 11 presented in Fig. 13 with a significant correlation co-
efficientr (AfoE, AO3)=—0.57.
Fig. 11. Long-term variation of total ozone observed at Arosa after
elimination of the solar and geomagnetic influences. The red line is
the linear trend for the whole interval between 1957 and 2005, the4 Discussion
blue lines characterize the trends in different sub-intervals.

20 4 0.15 DUlyear § 1

0,67 DUlyear|

AO3 [DU]

-20 -
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To derive reasonable long-term trends from ionosonde data

it is necessary to have homogeneous data series of sufficient
Akmaev et al., 2006) that ozone changes may influence nokength. In particular artificial steps due to technical changes
only the stratosphere but also the meso- and lower thermoer changes of the evaluation method may produce erroneous
sphere. Therefore, it seems to be reasonable to investigateends. Therefore, data series with such steps have been ex-
whether the different ozone trends may influence trends ircluded from the trend analyses. The length of the observation
the E region. In Fig. 12 the variation of meafoE values  period should be as large as possible. Here only data series

Ann. Geophys., 26, 1183197 2008 www.ann-geophys.net/26/1189/2008/
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' + ! ' ' Table 2. The experimental trends of different ionospheric parame-
0.06 + + ters, their extrapolation to G2 conditions, and, for direct com-
+ parison, the model results of Rishbeth (1990) and Rishbeth and
0.04 Roble (1992).
— 0.02
E + Parameter Meanexp. Trend &Q (exp) CQO*2 (mod)
1 ! +
= Al N ot + 777777777 foF1l 0.0019 MHz/year 0.38 MHz 0.3...0.5MHz
= 0.00 : + —
TR L ¥ foE 0.0013MHz/year 0.26MHz  0.05...0.08 MHz
e} 1 + " hE —0.029km/year —5.8km —2.5km
2 M
-0.02 ~ +'|' ! o
1 H
+ .+
-0.04 3
| r(AfoE, AO3 )=-0.57 : vsed h lativel b
_ | arameters analysed here are relatively strong as can be seen
006 4 (1=49, 1599 % b _ ; . _
0.06 ( ) in the histograms presented in the right parts of Figs. 5, 7,
T

AO3[DU]

T

10

20

and 9. The reasons for these differences are not quite clear,
some of them may be caused by their geographical locations.
E.g. there are small indications that tle& andfoF1 trends

are more pronounced at low latitudes than at mid- and high
latitudes (see upper parts of Figs. 6 and 10), but the confi-
dence levels of the corresponding regression lines are small
as already remarked above in Sects. 3.1 and 3.3.

As there is no strong dependence of the detected trends in
Table 1. Mean global trends in different ionospheric parameters. N foOE, h'E andfoF1 on latitude and longitude it seems to be
is the number of ionosonde stations used in the trend analyses.  reasonable to compare the globally averaged trends of these
parameters with the model predictions of Rishbeth (1990)
and Rishbeth and Roble (1992). In Table 1 the mean experi-

Fig. 13. Correlation between 49 yearly mean valuesAdbE de-
duced from ionosonde observations at mid-latitudes a@4} at
Arosa.

Region ~Parameter N Mean exp. trend  Error (95%) mental trends are compiled together with their error bars. In
F1 foF1 51 0.0019 MHz/year +0.0011MHz/year  contrast to these trends in MHz/year or km/year the model
E foE 71 0.0013MHz/year +0.0005MHz/year  predictions in Table 2, C®2 (mod), are given for a dou-
E h'E 33  —0.029kmiyear +0.020 km/year bling of the greenhouse gases (mainly O For a com-

parison of both results it is necessary to look at the changes
of these gases during the last 40 years. Due to Houghton
et al. (2001) and Brasseur and de Rudder (1987) an effec-
with more than 15 years have been used; most of the seriesve increase of the greenhouse gases of about 20% can be
are however longer than two solar cycles, extending to 49%ssumed for the last 40 years. If we further assume a lin-
years at maximum. ear dependence between the content of greenhouse gases and

The method used to derive long-term trends has been dethe ionospheric trend effect then we can easily estimate from
scribed in Section 2 above. As demonstrated there the choicthe derived experimental trends the expected ionospheric ef-
of the solar activity index as well as the method using absofect for a doubling of the greenhouse gases called*@0
lute or relative differences between the observed and modfexp). A comparison of the experimental trends with the
elled data is uncritical and should not influence the presentetnodel data in Table 2 gives for all three parameters the same
trend results markedly. But there is another trend method design but differences in the amplitudes of the trends. In the
veloped by Mikhailov and de la Morena (2003) which usesE region the mean experimental trend is markedly stronger
quite another algorithm. These authors try to exclude long-than the model value. The agreement of thEl trends is
term variations of the geomagnetic activity. Their results however surprisingly good. The observiett increase is in
cannot directly be compared with the results presented imjualitative agreement with a negative trend in the ion ratio
this paper. These authors believe that before about 1970 thp\lo+]/[oj] as detected by Danilov and Smirnova (1997)
long-term variation ofoE is mainly controlled by the long-  with rocket borne mass spectrometer measurements at E re-
term variation of the geomagnetic activity, after that time, gion heights. This negative trend should decrease the effec-
however, &0E increase should be caused by anthropogenidive recombination coefficient as the recombination coeffi-
sources. cient of NO' is markedly larger than that ofp and there-

In spite of the exclusion of non-homogeneous data seriegore an increasing electron density can be expected. A neg-
the differences between individual trends in all ionosphericative trend in the ion ratio [N@]/[Og“] should be caused by

www.ann-geophys.net/26/1189/2008/ Ann. Geophys., 26, 11B892-2008
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380 : It is not quite clear if the latitudinal variation of tHeE
370 | | i trends in the lower part of Fig. 6 is a real effect or only an
260 | 3 5 52 | artefac_t._ However, the possibility canno.t be.excluded that
E | . ppmviyear the individual trends may depend on their latitude. In solar
g 09 1.37 ppmv/year : 1 cycle effects of the temperature in the strato- and mesosphere
& 04 : 1.50 ppmvi/year . some zonal asymmetric effects have been found (Hampson
O 0] 3 ] et al., 2006). Therefore, in the future this effect has to be
| investigated in more detail, e.g. for different seasons.
3201 1.02 ppmv/year : ]
310 +=5 ‘ s ; ‘ ;
1960 1970 1980 1990 2000 5 Summary and conclusions
year

Using data series from long-term observations at globally

Fig. 14. Long-term variation of C@ observed at Hawaii. The

distributed ionosonde stations, the trends of different char-

red line is the linear trend for the whole interval between 1958 acteristic ionospheric parametefs, h’E, foF1) have been
and 2004, the blue lines characterize the trends in different subélerived. The main results can be summarized as follows:

intervals.

the reduced NO density as predicted from model calculations
for an increasing greenhouse effect (Roble and Dickinson,
1989; Beig, 2000).

One reason for the observed discrepancies between ob-
served and modelled data in the E region may result from
the fact that in the model calculations of Roble and Dickin-
son (1989), Rishbeth (1990) and Rishbeth and Roble (1992)
only the trends of the greenhouse gases @ CH, have
been considered. But also ozone (Bremer and Berger, 2002;
Akmaev et al., 2006) as well as water vapour trends (Akmaev
et al., 2006) can amplify the modelled trends.

The influence of ozone trends on th& trends is demon-
strated in Figs. 11-13 above. The dates of possible trend
changes have mainly been derived from long-term ozone
changes (Krzyscin et al., 2005). The year 1979 is also sup-
ported by stratospheric trend analyses of Labitzke and Nau-
jokat (2000) with clearly changing temperature trends at this
time. ThefoE trends in the different sub-intervals in Fig. 12
are of course not only caused by the changing ozone trends
but also by the C@trends. In Fig. 14 the long-term varia-
tion of CQO; is presented derived from observations at Hawaii
(Keeling and Whorf, 2005). Due to these measurements the
CO, trend increases steadily from the interval before 1979
with 1.03 ppmv/year until 1.82 ppmv/year, to the interval af-
ter 1995. Therefore, for the explanation of fb& trends the
influence of different greenhouse gases ¢CCH,, O3, H,O
and others) have to be taken into account. Here it should
only be expressed that in agreement with model results (Ak-
maev et al., 2006) ozone changes influences also long-term
trends in the E region. In the glol&E trend the influence of
ozone could, however, not be detected, probably due to the
markedly reduced data volume (only data from 33 stations
and not enough data after 1999).

In the F1 region no influence of ozone changes ufoéii

— The detection of relatively small long-term trends in

ionospheric data series requires the careful elimination
of the strong solar and geomagnetic influences as al-
ways mentioned by the author in previous publications
and also found by a lot of other investigators. Here a
twofold regression analysis is made using different solar
activity indices and the global geomagnetic Ap index.

The globally averaged mean trends (positive trends in
foE and foF1, negativeh’E trend) qualitatively agree
with model calculations of the effect of the increasing
atmospheric greenhouse effect. However, the experi-
mental trends in the E region are markedly stronger than
in the model predictions.

The derived trends at the individual stations differ
markedly. There are some indications of a slight lati-
tudinal dependency (stronger trends at lower latitudes
in foE andfoF1), however the confidence level is rela-
tively low. ThefoE trend values slightly depend on the
longitude with an indication of a simple sinusoidal vari-
ation.

Changes in the mid-latitude total ozone trends modify
thefoE trends. Therefore, stratospheric ozone changes
also influence long-term variations in the lower thermo-
sphere in qualitative agreement with model results. The
extension of the ionospheric data series until 2005 was
very helpful for these investigations.

General remark: In trend analyses it should carefully be
checked whether the investigated time interval can be
analysed by a simple linear regression line (or another
continuous curve) or whether it is more reliable to sub-

divide the interval into different sub-periods, especially

if there are physical reasons to do it.
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