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Abstract. This paper deals with two problems, methods of of the F2 layer. Unfortunately, the results of different au-
foF2 trend determination and origin of trendsfo¥2, both  thors differ substantially, even as to sign and possible ori-
being controversial in current literature. We found that vari- gin of long-term change ifioF2 (see, e.g., brief review in
ous regression-based methods and artificial neural network:aStovicka et al., 2006b; Yue et al., 2006). The determination
based method of Yue et al. (2006) provided comparable reand/or estimation of long-term trendsfoF2 are difficult due
sults within uncertainties caused mainly by various ways ofto the overlapping effect of the 11-year solar cycle, which is
removing/suppressing the dominant solar cycle effect. Themany times larger than the effect of long-term trends over
role of geomagnetic activity in the observed trendgaliR2 the 11 year period. There may be several reasons of differ-
was probably substantial and might be still even rather dom-ences between trend results as follows: (1) different methods
inant in the last quarter of the 20th century. of trend determination, (2) different methods of corrections

Keywords. lonosphere  (lonosphere-atmosphere inter_forsolar and geomagnetic activity changes, (3) possible geo-

actions) — Geomagnetism and paleomagnetism (Timegrapmcdependenceoftrends, (4) different periods analyzed,

variations, secular and long term) — Radio Science (Iono-(S) data of different stations and related data quality and ho-

spheric physics) mogeneity problems. _

In order to estimate the role of the first two factors on
trend determination and to explain some differences between
results of various authors, six different teams applied their
1 Introduction methods (some teams several different methods) ofofr2

trend determination to the same high quality data set (station

The global surface air temperature has been increasing duguliusruh, northern Germany) over two solar cycles, 1976—
ing the recent decades predominantly due to the increasing996 (La&tovicka et al., 2006b). Selection of this period
atmospheric concentration of greenhouse gases. In the uppgtarting from solar minimum at the beginning of the first cy-
atmosphere, the radiative effects of greenhouse gases, partigle and ending with solar minimum at the end of the second
ularly COp, become more pronounced and produce a cool-Cycle, consists of two very similar consecutive solar cycles
ing, not a warming effect. The cooling results in the thermal (which is very unusual) and, thus, helps to reduce substan-
contraction of the upper atmosphere and changes in electrofi@lly (but not to remove) the effect of solar cycle on trend
density caused by thermally invoked changes in minor con-determination. Various regression methods, wavelet analy-
stituents and various reaction rates§tavicka et al., 2006a). ~ Sis, singular decomposition method, a complex method of
Long-term changes of greenhouse origin may be mixed withMikhailov et al. (2002), and Danilov's (2002) method of
that caused by long-term changes of solar and geomagnetidetermination of non-geomagnetic component of long-term
activity, particularly in the ionosphere. trend were applied as well as various approaches to correc-
The very important ionospheric parameter is its maximumtions for solar and geomagnetic activity effects. Selection of

electron density, represented fof2, the critical frequency ~ data avoided influence of factors (3), (4) and (5). Results of
LaStovicka et al. (2006b) may be summarized as follows:
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1. The solar activity correction with proxies F10.7 (ob- —0.0155 (F10.7), OR), —0.0053 (E10.7) for 11-year run-
served, not adjusted) and E10.7 is superior to that withning meanA ,.
sunspot numbeR. Even the optimum selection of These results illustrate the sensitivity of calculated trends in
the interval under study only partly helps to reduce thefoF2 to the way how corrections to solar and geomagnetic
effect of the solar cycle on trend determination. activity are made. These results also support the result of
LaStovicka et al. (2006b) that F10.7 and E10.7 are better than
2. The regression-based trends were between ab0l2 R for correcting for solar activity; the former provide more
and—0.015 MHz/year; the larger data smoothing (daily, stable results. This is physically plausible because F10.7 and
monthly, yearly), the smaller trend. Mikhailov’s trends E10.7 describe better the variability of solar EUV radiation
were many times smaller and statistically insignifi- than sunspot numbers do. Corrections with the 11-year run-
cant. Chilean group wavelet-based (not regressionning meanA, provide worse results (much larger range of
based) trends were very small, statistically insignificant, results) than when we use daily valuesAdf. As Table 1
but positive. Two solar cycles with good quality data en- and other results of [&ovicka et al. (2006b) show, inclusion
able determine trend in yearly values, but such intervalof correction forA , variability somewhat reduces trend co-
is too short to determine reliably seasonal (month-to-efficients (by~10-20%) without appreciable impact on vari-
month) variation of trends. ance and standard error, i.e. inclusionAgf mainly slightly
increases relative noise in data. ThereforethaiCka et
Yue et al. (2006) developed another promising method ofal. (2006b) did not use correction fdr,; it is simpler without
trend determination based on artificial neural network andimpact on reliability of results. However, their regression-
applied it successfully to data from the Asia/Pacific sector.based trends for F10.At, and R+A,, are well comparable
The main purpose of our short paper is to apply Yue etwith our results here{0.0104 and-0.0147 versus-0.0136
al. (2006) method to the test Juliusruh data set to help to clarand —0.0103), i.e. the neural network method provides re-
ify differences between different methods and reliability of sults which are not identical but are well comparable with
different methods and to test if the application of this modernresults obtained by simple regression methods. To complete
statistical method leads to changes in trend results. Anothecomparison, we computed also trends with only solar correc-
purpose of the paper is to contribute to the determination otion (withoutA, correction) (in MHz/year):
the role of greenhouse gases on long-term trendisHA. —0.0124 (F10.7)0.0156 ®), —0.0170 (E10.7).
These trends are really somewhat higher than those including
correction toA ,, as expected, and to some extent question
2 Trends infoF2 the conclusion about superiority of F10.7 and E10.7 aliove
for corrections. However, they again essentially agree with
High-quality daily values ofoF2 observed at station Julius- trends calculated by Eovicka et al. (2006b).
ruh (54.6N, 13.#E) for noon (average from 10:00-  The above trends without, correction were computed
14:00 UT) are used for the period of two solar cycles from from daily values. Now we compute trends for monthly mean
minimum to minimum (1976-1996) to diminish the effect values instead of daily values of all parameters. Their values
of solar cycle by suitable selection of analyzed data set, agin MHz/year) are as follows:
LaStovicka et al. (2006b) did. The results obtained by ap- —0.0094 (F10.7)~0.0074 R), —0.0162 (E10.7)
plying the Yue et al. (2006) artificial neural network-based These trends are somewhat weaker than trends based on daily
approach with their way of correcting for solar and geomag-values, which is consistent with the fact know to statisticians
netic activity influences to these test data are shown below. that smoothing somewhat reduces the magnitude of trends
Six combinations of daily values @t (sunspot number), (e.g. E. C. Weatherhead, private communication, 2006), even
F10.7, E10.7 and geomagnetic activity indéy are used though the expected difference was smaller. The weak-
in order to remove and/or suppress the solar cycle and gecest trends are provided by using sunspot numigerfor
magnetic influences on trend determination: (1) F10.7 anctorrections of solar influence. The trends, however, are
Ap; (2) R andA,; (3) E10.7 and4 ,; (4) F10.7 and 11-year still reasonably consistent with trends calculated by other
running meard ,; (5) R and 11-year running mead,; (6) regression-based approaches by other groups $itolzgka
E10.7 and 11-year running mea),. Figure 1 shows daily et al. (2006b).
values of all four indices. It is evident that all three indices  Statistical significance of yearly trends is larger than 95%,
describing solar activity do not differ much in longer-term but this statistically computed significance is only signifi-
development, while time-development of geomagnetic activ-cance with respect to (random) scatter of data. The main

ity (A ) differs significantly. problem of results reliability and/or accuracy is due to the

The yearly mean trends for these six combinations of dailycorrection to solar activity, as illustrated by the above results,
values are (in MHz/year): and to application of different trend determination methods,
—0.0103 (F10.7)~0.0136 R), —0.0162 (E10.7) for daily = as discussed below (if we remove data quality and homo-
Ap geneity problems).
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Fig. 1. Course of daily values of solar( F10.7, E10.7) and geomagnetic activity,(), 1976-1996.

LaStovicka et al. (2006b) found two results, which dif- trends are the same as those obtained by other authors in the
fered principally from a large group of various essentially paper by L&tovicka et al. (2006b) as well as in this paper.
consistent regression-based results. Trends determined by What might be the role of long-term changes of geomag-
a special Mikhailov’s method were many times smaller andnetic activity in the observed trendsfioF2, and what might
statistically insignificant as a consequence of his method obe the seasonal variation of trends? Figure 2 shows the sea-
correction for the long-term changes in geomagnetic activ-sonal variation of trends calculated for monthly mean val-
ity. Chilean group’s wavelet-based (not regression-basedjes offoF2, F10.7,R and E10.7 without correction td ,,
trends were very small, statistically insignificant, but pos-with monthly meanA », and with 11-year mean ,, respec-
itive. New careful inspection of Chilean group results re- tively. Figure 2 confirms worse performance of correction
veals very close negative correlatier—0.93, between their  with R, which provides larger scatter of values than correc-
regression-based and wavelet-based monthly trends, and ofiens with F10.7 and E10.7. It also illustrates predominance
posite month-to-month variation: positive month-to-month of months with relatively weak negative trends, particularly
change for regression-based trends is accompanied by negfor E10.7 corrections. The impact of geomagnetic activity
tive for wavelet-based trends and vice versa without any ex{A ) correction on the overall pattern of seasonal variation is
ception. This indicates methodological problem in Chileansmall, and as shown above by comparing trend values with
group wavelet-based trends and their unreliability. Sinceand without geomagnetic activity correction, the trends with
trends computed by us with the artificial neural network- geomagnetic activity corrections are somewhat lower. How-
based method of Yue et al. (2006) are reasonably consisterdver, it might be questioned if our correction to geomagnetic
with regression-based trends, only Mikhailov's method pro- activity is adequate. It should be mentioned that due to the
vides principally different results. ISovicka et al. (2006b)  relatively small number of monthly values we consider the
discussed several possible contributors to this difference bugeasonal variation to be rather unreliable, at least in absolute
each of them was found to play only minor to very minor values. L&tovicka et al. (2006b) obtained very similar sea-
role. sonal variation as in Fig. 2, but adding of five more years re-

The final (residual) trends obtained by Mikhailov (2006) sulted in a substantial change of seasonal pattern of trends to-
by the method introduced by Mikhailov et al. (2002) are very wards a more smoothed curve without changing significantly
small because the geomagnetic activity effects are practicallyhe yearly trend magnitude.
removed from the observddF2 variations. If the geomag- The above results show that the main problem of inves-
netic activity effects were not removed, the Mikhailofds2 tigations of long-term trends ifoF2 is corrections to solar
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Fig. 2. Seasonal variation of trends based on monthly mean valdes®fand solar proxies (F10.7 — circles; E10.7 — squakesasterisks)
for no correction to4 ,, (left panel), correction with monthly meat, (middle panel), and correction with 11-year mean monthjy(right
panel).

and geomagnetic activity (if we omit data quality problems). minimum to the solar cycle minimum of two comparable so-
The amplitude of solar cycle ifoF2 is by 1.5-2 orders of lar cycles, helps to reduce the problem via “pre-suppression”
magnitude larger than the changefoF2 over solar cycle of the solar cycle influence.

induced by long-term trend for the dataset analyzed in this

paper. Therefore, extremely accurate correction for the solar . )

and geomagnetic activities is needed. For solar activity weS ©Orgin of trends in foF2
use various proxies, not the solar ionizing flux, thus some uns

certainty always remains, even though for long-term variabil What is the main driver of trends ifoF2? The two pri-
. . ) i “mary candidates are increasing concentration of greenhouse
ity the proxies work well (but well does not mean 100% rep- y 9 g

resentation of solar flux). As for geomagnetic activity, var gases in the atmosphere and increasing geomagnetic activity
. - " 9 9 Y, throughout the 20th century (e.g. Clilverd et al., 2002), and
ious indices of geomagnetic activity, mostdy,, have been . . . o S
. L . . ... there is a third candidate, specific contamination of the up-
used. But the geomagnetic activity itself is not driver, it is : . .
_— ) per atmosphere in the process of space exploration (Danilov,
only indicator/proxy of complex solar wind-magnetosphere-

ionoSphere svstem. i.e. again Some uncertainty remains %006). It is necessary to mention that the mutual role of
P y 1€ ag y ‘. the greenhouse effect and geomagnetic activity had been

the trend and sc_)lar cycle would_be comparable n rnagnl'changing throughout the 20th century, the relative role of
tude, our corrections would be quite sufficient. However, the

X reenhouse effect having been increased in the atmosphere-
trend is much weaker than the solar cycle and, therefore, an o
L ) ; o onosphere system from the beginning to the end of the cen-
very minor inaccuracy in corrections, which is rather proba-

ble when we use proxies, can to some degree affect the Ca}ury (Lastovicka, 2005).

culated value of trend. In such situation we should on the one First model calculations (Rishbeth et al., 1992) revealed

. some effect of doubled atmospheric £@oncentration in
hand search for the best ways of correcting, and on the other . . .

) he height of F2-region peakmF2, and only a small effectin
hand as climate modelers we should use ensemble approac,

0F2. The very recent calculations with the top NCAR model

i.e. establish a range of acceptable/realistic trend values fronf’lME-GCM (Qian et al., 2008) provided for greenhouse gas-
various reasonably accurate estimates of trends. Good se- : N K . )
lection of the interval studied, like here from the solar cycle fnduced (i.e. non-geomagnetic) trends in the ionosphere pos

itive trends below and negative trends above the transition
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height, which is located slightly below the F2 peak altitude 2. The solar cycle effect ifoF2 is many times larger than
(hmF2). Therefore they obtained weak negative trends in the long-term trend ifoF2, therefore the results of

foF2, which were remarkably stronger for solar minimum trend calculations depend on correcting for solar activ-
conditions compared to solar maximum conditions. The ity, which is made by various ways but always using
proximity of hmF2 to the transition altitude and their depen- proxies of solar activity, or geomagnetic activity indices

dence on solar activity may contribute to the explanation of as proxies for solar wind-related activity. For the given

differences between published results of various authors on  test data set the trend revealed by majority of analyses,

trends infoF2. which includes the effect of long-term change of geo-
Danilov's non-geomagnetic trend for the same data set  magnetic activity, appears to be between abeQt01

as that used here is about half of full trends computed and—0.02 MHz/year; this “scatter” seems to represent

by others as reported by E@mvicka et al. (2006b). Yue the accuracy with which we are able to determine trends

et al. (2006) analysis indicates the important role of non- in foF2.

greenhouse factors. Observational results and their physical

analysis by Mikhailov (2006) also clearly support the domi- 3. Origin of trends. The role of geomagnetic activity in the

nance of long-term changes of geomagnetic activity in long- ~ observed trends ifoF2 was probably substantial and

term trends ofoF2. Results presented here reveal evidently ~ might be still even rather dominant in the last quarter

stronger trends when the correction for geomagnetic activity ~ Of the 20th century. However, the situation can change

is not included. This all indicates that the role of geomag- ~ rather soon in the 21st century because the atmospheric
netic activity in the observed trendsfio2 is substantial and concentration and therefore the role of greenhouse gases
may be still dominant even in the last quarter of the 20th cen-  continuously increases and the geomagnetic activity is
tury. ThereforeoF2 trends can be included with caution or expected rather terminate its long-term increase.

rather not included at present into the global pattern of long- o
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