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Abstract. The method earlier used for tHeF2 long-term  Marin 2000; Deminov et al., 2000). But no final concept
trends analysis is applied to revéak F2 long-term trends at  has been developed yet. Based on the model calculations of
27 ionosonde stations in the European and Asian longitudi-Roble and Dickinson (1989) who predicted a marked cooling
nal sectors. Observet! (3000F2 data for the last 3 solar of the mesosphere and thermosphere due to an enhancement
cycles are used to derivenF2 trends. The majority of the of the atmospheric greenhouse gases, Rishbeth (1990) and
studied stations show significahtzF2 linear trends with a  Rishbeth and Roble (1992) predicted a lowering of the F2-
confidence level of at least 95% for the period after 1965,layer height. Assuming these predictions, some researchers
with most of these trends being positive. No systematic vari-have been trying to explain the observed long-term trends
ation of the trend magnitude with latitude is revealed, butin the ionospheric parameters as an indication of this green-
some longitudinal effect does take place. The proposed gehouse effect in the mesosphere and thermosphere (Bremer,
omagnetic storm concept to explaimF2 long-term trends  1992; Givishvili and Leshchenko, 1994; Ulich and Turunen,
proceeds from a natural origin of the trends rather than arl997; Jarvis et al., 1998; Upadhyai and Mahajan, 1998).
artificial one related to the thermosphere cooling due to theSatellite drag observations by Keating et al. (2000) revealed
greenhouse effect. a 10% decrease in neutral density at 350 km for the 20
year (1976-1996) period which seems to confirm the ther-
mosphere cooling due to the greenhouse effect. On the other
hand, the results of analysis by Bremer (1998) over many
European ionosonde stations, Upadhyay and Mahajan (1998)
over the world-wide ionosonde network, as well asithd-2
1 Introduction trend analysis for the Southern Hemisphere ionosonde sta-
tions by Jarvis et al. (1998) and Foppiano et al. (1999) have
There is a permanent interest in the problem of globalshown that the F2-layer parameter trends turn out to be dif-
changes in the terrestrial atmosphere due to an antropogenigrent both in sign and magnitude for different stations and
impact. Most of the discussion of this problem has focusedhis can hardly be reconciled with the greenhouse hypoth-
on the troposphere and stratosphere, which are of immediggijs. Therefore, Upadhyay and Mahajan (1998) concluded
ate human and economic concern. But long-term changegat the analysed data do not provide a definitive evidence
in the thermosphere and ionosphere should also be studiegk any global long-term trend in the ionosphere. Jarvis et
seriously not only for their possible practical importance for 5|, (1998) relating the revealddnF2 trends with the green-

the ionospheric HF radio-wave propagation, but also for theithoyse effect, nevertheless stress that other explanations can-
potential use as indicators of changes at lower heights. Durpot pe ruled out.

ng recgnt years several attgmpts have .been. made to anal- It must be pointed out that different authors use different
yse various sets of long period observations in order to re-

: . : . approaches to extract long-term trends from the ionospheric
veal the long-term effects in various ionospheric parameters, -\ tions and the success of analysis depends to a great
(Givishvili and Leshchenko, 1994, 1995; Givishvili et al., i . ;

1995: Ulich and Turunen, 1997, Rishbeth. 1997 Jarvis et al.extent on the method used. F2-layer ionospheric parameters

1098: Bremer, 1992, 1998: Danilov 1997, 1998: UpadhyayStrongly depend on solar and geomagnetic activity. These

. ; U effects make it difficult to detect long-term trends because
and Mahajan, 1998; Danilov and Mikhailov 1998, 1999; .
Sharma et al., 1999: Foppiano et al. 1999: Mikhailov andthese changes are relatively small compared to the solar and

geomagnetic ones. The useful “signal” is very small and the
Correspondence tdD. Marin (marinsd@inta.es) “background” is very noisy, so special methods are required
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dure of 12 month smoothing is the same used to obtain the
12 month running mean sunspot numbgis (CCIR, 1988).
Years of solar minimum  Years of solar maximum This is an important point not used by other researchers as
it strongly decreases the scatter in observedr2 data. The

Table 1. Years of solar minimum and maximum used in the analysis

18‘513' iggj 12;‘; 1332’ iggg use of 12 month running mean values does not eliminate an-
' ' ' nual variations but only smoothes them.

1964, 1965 1968, 1969, 1970 . .

1975 1976 1979 1980. 1981 2. Relative deviations of the observed:F2 values from

1985, 1986 1989, 1990, 1991 some model are analysed

ShmF2 = (hmF2ps — hmF2mod)/ hmF2mod (1)

to reveal significant trends from the ionosonde observationswherehmF2nq4is a third-degree polynomial regression with
An approach being developed by Danilov and Mikhailov the R1,index. Other researchers (Givishvili and Leshchenko,
(1998, 1999) and Mikhailov and Marin (2000) has allowed 1994, 1995; Bremer, 1998; Upadhyay and Mahajan, 1998,
us to find systematic variations of tifieF2 trend magnitude Jarvis et al., 1998) considered absolute deviations rather than
with geomagnetic (invariant) latitude and local time. The ap- relative ones. The use of relative deviations allows us to com-
plication of this approach ttwF2 trend analysis resulted in a bine values for different months to obtain the annual mean
new geomagnetic control concept based on the contemporaryalue analysed in our method.
understanding of the F2-layer storm mechanisms (Mikhailov We have calculatedmF2 trends using two models: a re-
and Marin, 2000). SincémF2 andNmF2 are related by gression withR1, (Model 1) and a regression with a combi-
the mechanism of the F2-layer formation, any hypothesis ofation 12 + 12 month running mean p index). The latter
the F2-layer parameter trends should explain the observei$ done as an attempt to exclude the dependence on geomag-
trends of both parameters simultaneously. Therefore, if thenetic activity.
F2-layer trends are primarily controlled by the geomagnetic
activity, thehmF2 long-term trends should also demonstrate /7F2mod1= a + bRi2+cR%, + dR3, (Model D)
corresponding temporal and spatial variation. The aim of thisymF2,042 = a + bR12+CR12+dR12+eAp12 (Model 2
paper is to studymF2 long-term trends in order to check if
the results may be reconciled with the proposed geomagnetidll the coefficients are calculated for each station, month,
control hypothesis. and SLT moment with the least squares method.

3. Linear trends (slop&) are estimated according to a

linearshmF2 regression with the yeas/{mF2 = a +K year)

2 Data and method for selected hours and months. As annualF2 variations
. _ . (especially 12 month running mean values) are small, the an-
The height of the F2 layeh{nF2) data used in our analysis nual variation of théimF2 trends are rather small as well for

haf b('a\;lan p;(lap?/;egoe(l)ccg;dmgé_o the follor\]/vmg stleps:d . all SLT moments. Such seasonal variations of the trends for
onthly M (3000F2 medians on the analysed iono- 0, 6, 12 and 18 SLT are shown for several stations in Fig. 1

sonde stations were obtained from WDC-C at the Rutherfordas an example. Therefore, only annual meamF2 values
Appleton Laboratory (Chilton, UK) and from NGDC (Boul- at fixed hours are used to find annual mean trends.

de; UASA) to derllvizénFZ vtz?]lues : thind to th 4. The test of significance for the linear trerii parame-
- AS we apply L2 month running mean smoothing to eter) is made using the Fisher’s F criterion (Pollard, 1977)

hmF2 values (see below the first point of the method applied
to extract the trends), gaps in the initif(3000F2 observa-  r — »2(N —2)/(1 — r?),

tions have to be filled in. This is done by using the monthly

median MQMF2 model by Mikhailov et al. (1996), which is wherer is the correlation coefficient between the annual mean
based on thé/ (3000 F2 third-degree polynomial regression §hmF2 values and the year after Eq. (1), and N is the number
with the sunspot numbeR1,. The regression is calculated of pairs considered. A 95% confidence level is applied in the
for each station, with 24 moments of UT and 12 months. Thepaper.

initial M (3000F2 monthly medians are converted to solar 5. To comparémF2 linear trends at different stations, the

local time (SLT) using spline-interpolation. same time period 1965-1991 is analysed. This is done to
3. The Shimazaki (1955) formula was used to detivd-2 avoid the influence of different (falling/rising) periods in the
from M (3000F2 hmF2 = [1490M (3000F2]-176. long-term geomagnetic activity variations on the trend mag-

The approach to reveal tieF2 layer parameter trends is nitude as well as for a comparison f@F2 trends obtained
described in detail by Danilov and Mikhailov (1998, 1999) for the same period (Mikhailov and Marin, 2000).
and Mikhailov and Marin (2000), so only the main points 6. We use two selections of years in our analysis to reveal
of the method applied to thienF2 trend analysis are sum- hmF2 trends: all years and then only years around solar cycle
marised below: maximum and minimum (Table 1) to check if the selection
1. A 12 month running mealm F2 rather than just month-  of years makes a difference as it did with thef2 trends.
ly median hourly values are used in the analysis. The proce{Danilov and Mikhailov, 1999; Mikhailov and Marin, 2000).
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Fig. 1. Seasonal variation of themF2 trends at 6 European Fig. 2. Diurnal variation of thetmF2 trends when the Shimazaki
ionosonde stations and 4 moments of SLT. Regressidm&P with (Formula 1) and the Dudeney (Formula 2) formulas were used to
R12 (Model 1) is used. derivehmF2 from M (3000 F2.

3 hmF2 formula selection with

2 2 1/2

In searching for thémF2 trends it should be taken into ac- My = M3{[(0.0196M; + 1)/(1.29675 — 1))}

count thathmF2 values are not directly scaled from iono- M3 = M(3000F2

grams as are other ionospheric parameters. A practical aPsng

proach to deriveimF2 values is to use empirical formulas

that link amF2 to the MU F factor, M(3000F2. There- AM = 0.253/(r — 1.215 — 0.012

fore, some investigations have been made in order to anal: _ foF2/foE.

yse the dependence of the results on the formula used. Bre-

mer (1992) compared thémF2 trends for the Juliusruh

ionosonde station using four different methods to derive The results of such a comparison for St. Petersburg, Up-

hmF2 (Shimazaki,1955; Bradley and Dudeney,1973; Du-psala, Ekaterinburg, Slough, Kiev and Poitiers are shown in

deney, 1974; and Bilitza et al., 1979). He found that theFig. 2. All analysed stations demonstrate a systematic be-

choice of the formula was not critical for the derived trends. haviour of the trends when both formulas are applied; the

However, Ulich (2000) analysed several ionosonde stationsgrend magnitude tending slightly to decrease when the ef-

showing thatimF2 trends may be different both in sign and fect of the underlying layer is taken into account by the ratio

magnitude depending on the formula used to defiué2. foF2ffoE (Formula 2). The differences in the trend magnitude
Therefore, we have comparggiF2 trends for several Eu- are not very large and they depend on the local time. Both

ropean stations using the Shimazaki (1955) formula (For-formulas give close results during nighttime hours wfath

mula 1) and the Dudeney (1978) formula (Formula 2). Theis small, but the difference increases during daytime hours

latter one is more accurate as it includes the dependence onhen the E-layer contribution increases. Therefore, it should

thefoF2foE ratio: be kept in mind that:mF2 trend results are not as reli-

able asfoF2 ones becausknF2 values are inferred from
hmF2 = (149WMF)/(M3+ AM) — 176 M (3000F2 by using some empirical formulas which insert
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Sl " 12SLT (Model 1) I T 125LT (Model 2) lap the.analy_sed per_lod of 1965-1991, V\{h!ch corresponds.to
o 20| " - [ ] the period of increasing geomagnetic activity. Moreover, this
~ n . . . . . .
T 2 - " . Lo - - time period is the richest, with observations over the world-
sy T L ] wide ionosonde network.
& 0 = .
2 o] n [ ] u m | u
i 0 . . The calculatedimF2 linear trends for four SLT moments
| | .
2 201 =t i . ] (0, 6, 12 and 18) and two models are shown in Table 2.
3 " © % @ " w % & An inclusion of the dependence ofp12 to the regression
Geomagnetic Lafitude, deg Geomagnetic Latitude, deg (Model 2) makes the trends more negative, while Model 1

_ ) ~ provides more positive trend magnitudes. Mikhailov and
Fig. 3. A dependence of themF2 trend magnitude on geographic - \arin (2000) found the opposite effect of taking into account

ggp pznf;) grg g'f_ﬂmdagnetic (kl)oolttom panel) 'ZtittUd_e fo_;_t""ot”t'c’dedlsthe dependence on thep index for thefoF2 trends which
an . Fllled In symbols correspona to signiticant tren SWere more pOSItlve |nthe |attercase

t a 95% fid level. Note the ab f d . . . -
3e§ende°n§g.m ence level. Tote the absence of any pronounced: y, ot of the stations listed in Table 2 show significant

trends. The number of stations with significant trends (neg-
ative and positive) for four SLT moments and two models is

an additional noise to the analyskaF2 values. There are ;gmmarised in Table 3 'V'°$t (.)f them are seen to be_ pos-
some problems with the use of formula (2). It includes the 'tve even when thedp |nde>§ IS .|ncluded o the regression
foF2ffoE ratio, which should itself demonstrate long-term (Model 2). The only exception |ls.for the 00 SLT (Mc.)de_l'2)
variations that distort the sought: F2 trend. In additionfoE case when the numbers of positive and negatwe_: s_|gn|f|cant
values used in the formula (2) are not available at many sta!r_em_j_S are nearly the same. T_herefore, the majority of the
tions during nighttime hours. Therefore, the simple formula S|gn|f|car?th.mF2 .trends are positive regardles; of thg quel
by Shimazaki (1955) has been chosen for our analysis. Thié‘sed' Thisis an |mpor.tant_ result of our analysis, which gives
allowed us to analyse a greater number of ionosonde station& CIU? for further phy§|cal _mterpretatlon. : .

In this context it should be mentioned that the use of model YS9 t.he TeS“'tS givenin Table 2, spatial (both latitudinal
foE values instead of absefioE observations (Upadhyai and and longitudinal) variations of thamF2 trends have b_e en
Mahajan, 1998) should distort thenF2 trends a$oE itself ar_1a|ysed. Th_e slope&_f at00 and 12 SLT for_ the stations
demonstrates a long-term trend (Givishvili and Leshchenko With observations available for the whole period 1965-1991

1995; Bremer, 1998) which is not reflected by an empirical are p'one‘?' VErsus Iatit.ude.(geomagnetic and g(_aographic) and
model such as IRI-90. geographic longitude in Figs. 3 and 4, respectively. Regres-
sions of imF2 with R12 (Model 1) and withR12 + Ap12
(Model 2) are used in both figures for a comparison. The
scatter of the slop& at the analysed stations is seen to be
smaller when thedps, index is included to the regression

_ ) _ (Model 2). The calculated trends are seen to demonstrate
Ground-based ionosonde observations on 27 Eurasian st%

X , . 0 latitudinal dependence (Fig. 3) regardless of whether geo-
tions IocaFed n the 37N — 69}_N and 56 W,_ 13_63 E_Se"tf’r graphic or geomagnetic latitude is used, while a pronounced
are used in this study. The list of the stations is given in Ta-

4 CalculatedhmF2 trends
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Geographic Longitude: 0-22E, degrees significant positive trends for all SLT. Stations in the bound-
30] e Uppsala | o sioun | a berescnta A bortes ary region (middle panel) show small positive or negative
~ 2] e el TSRl morretes o Kainnged trends which are not significant. A similar longitudinal effect
o 101 -/ T N v T was found earlier by Bremer (1998). It should be stressed
< OpETe e ey A,,,A,,,«\T that although we observe some stations with significant neg-
g -0)a ':/-‘/ N . Taom ative trends (all located in a small longitudinal sector of west-
0N 1 m— ~a— L = . . .
@ 20 g ern Europe), they are a minority as most of the stations are
-30{ @ = (54-62N) —~m  ®=(45-53N) - .
USSR S S seen to present positive trends (see Tables 2 and 3). This
0 2 4 6 8 10121416 182022 0 2 4 6 8 1012 14 16 18 20 22 . . . . . .
Hours (SLT) Hours (SLT) longitudinal effect aI.so requires physical '|nterpretat|on'.
Geographic Longitude: 26-33E, degrees Another point which should be taken into account in the
o[ e | e o] OIS Uends i e e possble nfuence of e
— 20 jurmansi L lev . ,
o 10] I o, e also demonstrate a hysteresis effect in their solar cycle vari-
- __a="0. ~g—pg—3= —oo . .
= oy e e e 0 ations (Rao and Rao, 1969). As:F2 values are derived
i'oi 0] B ) \Q i from M(3000F2, some effect may also be expected in the
® 20 i hmF2 variations as well. Danilov and Mikhailov (1999) and
i S Mikhailov and Marin (2000) found in theifoF2 long-term
0 2 4 6 8 10121416 182022 0 2 4 6 8 10 12 14 16 18 20 22 .
Hours (SLT) Hours (SLT) trends research that only when the hysteresis effect at the
Geographic Longitude: >37E, degrees rising and falling phases of a solar cycle was avoided, was
o T T T T it possible to obtain stable significant trends. They recom-
20 e —n | /./ \°°°\,,,/°/°\ mended using a selection of years around solar cycle maxi-
ATR B BT .. . . .
T ogo|m—e=te E<Sg-p 40} |, A S | ° mum and minimum for théoF2 trends analysis. Taking into
SR Rt e S S b . account this result, we have tried to check the effect of the
g-or e e T year selection on the resultantF2 trends. By analogy with
[e) loscow omsi rkutsi v ashken . 3
% 4 Eateriburg  —— Novosibirsk | 4—Khabarov  —e— Ashkhaba the foF2 trends analysis, we considered all years and then
P PE@ASN T @ = (30-47N) only years around the solar cycle extrema. The results of this
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 . . . .
Hours (SLT) Hours (SLT) comparison are given in Table 4 (Model 1) and in Table 5

(Model 2). The selection of years applied in this analysis is
Fig. 5. Diurnal variation of thehmF2 trends in three longitudinal based on the observed annual méga variations. Two or
sectors. Regression binF2 with R12+ Ap1»> (Model 2) was used.  three years around solar cycle maxima (M) and minima (m)
Filled in symbols correspond to significant trends at a 95% confi-with close annual meaR1» values are selected for each solar
dence level. The interval of geomagnetic latitudewhere stations  cycle (Table 1). As it can be seen from Tables 4 and 5, al-
are located is given in the plots. though there are some small differences in/the=2 slopes

for the two selections of years, the character of the trends

does not change. Therefore, this (M)+(m) selection of years
latitudinal dependence was revealed for fio#2 trends  goes not help to revealnF2 trends, as it did in the case of
(Danilov and Mikhailov, 1999; Mikhailov and Marin, 2000). ' the foF2 trends. There is still no explanation for this resuit.
This is another interesting result of our analysis which shouldtherefore, to reveatmF2 long-term trends, all years with
be reconciled with the previous conclusions on thE2  yyajlable observations are used (as done in Table 2) since this

trends. On the other hand, some longitudinal effect is seefcreases the statistics and the confidence of results obtained.
in Fig. 4. The trends have a tendency to have different signs

in the West European and in the East European/Asian longi-
tudinal sectors. 5 Discussion
All negative trends are observed at the stations located be-
tween 0 and 33E, while significant positive trends are ob- The physical mechanism of the ionospheric trends remains
served to the east from 3E. But it should be pointed out still unclear. Although the thermosphere cooling due to an
that some stations, such as Slough or Lycksele, demonstraifcrease in the atmospheric greenhouse gases has been pro-
significant positive trends and they are located in the Wesposed by different researchers as an explanatior#dE2
European longitudinal sector. long-term trends, the results of the F2-layer parameter trends
To study this effect in more detail, the diurnal variation analysis cannot be explained by this greenhouse hypothesis.
of the trends has been calculated for all ionosonde station§&lobal cooling of the upper atmosphere due to this effect
shown in Fig. 4 (those ones with available observations forwould result in a negativemF2 trend (Bremer, 1992; Ulich
the period 1965-1991) using Model 2. The results are preand Turunen, 1997) and a positive onddR?2 at least for the
sented in Fig. 5. Stations have been separated according toidlatitude F2-layer (Mikhailov and Marin, 2000), which is
their longitude. Whereas most of the analysed stations lo€ontrary to the obtained observations. This conclusion was
cated in the 0—22E longitudinal sector have negative trends obtained for the Northern Hemisphere stations. Long-term
(Fig. 5, top), those with. > 37° E (bottom panel) present hmF2 trends for the Southern Hemisphere stations of the Ar-



D. Marin et al.: Long-ternkmF2 trends 767

Table 3. Number of stations with significant (positive and negatike)FF2 trends taking into account the results presented in Table 2.
Confidence level of 95% is applied

Number of O SLT O SLT 6 SLT 6 SLT 12 SLT 12 SLT 18 SLT 18 SLT
analysed Stations Modell Model2 Modell Model2 Modell Model2 Modell Model?2

19 sig. 13 sig. 20 sig. 17 sig. 19 sig. 18 sig. 20 sig. 18 sig.
27 16 posit. 6 posit. 19 posit. 12 posit. 14 posit. 13 posit. 17 posit. 14 posit.
3negat. 7negat. 1negat. Snegat. 5negat. 5negat 3 negat 4 negat.

Table 4. Calculated annual mean slope K (in 10—4 units) for the period 1965-1991. RegressinRdith R1, (Model 1), and all years
as well as years around solar maximum and minimum (Mm years) are used to/obf2ninear trends. Significant trends at a confidence
level of 95% are denoted by an “s” after the value

STATION O SLT O SLT 6 SLT 6 SLT 12 SLT 12 SLT 18 SLT 18 SLT Analysed
Allyears Mmyears Allyears Mmyears Allyears Mmyears Allyears Mmyears Years
MURMANSK -3.23 1.00 3.48 1.56 1.66 4.38 3.43 3.02 1965-91
SODANKYLA —6.71s -10.03s 8.24s 6.43s 5.08 5.75 1.04 0.48 1965-91
LYCKSELE 18.98s 20.27s 24.26's 2485s 25.22s 30.6s 2241s 23.11s 1965-91
ARKHANGELSK —2.36 5.39 8.95s 13.46 s 4.77 7.56 15.08 s 16.37 s 1970-89
UPPSALA —15.49s -8.67 —0.11 3.53 —13.42s -7.68 —19.85s —-16.08s  1965-91
STPETERSBURG 7.64s 11.23s 17.87s 1584 s 10.12s 13.03s 13.54s 13.71s 1965-91
JULIUSRUH —3.48 0.33 2.67 4.94 3.63 8.23s -0.19 2.95 1965-91
SLOUGH 9.19s 13.05s 23.78s 22.55s 15.00 s 15.46 s 15.66 s 18.56 s 1965-91
KALININGRAD 14.06 s 14.07 s 22.75s 17.98 s 491 5.10 5.55 5.46 1965-91
DOURBES —0.86 —-1.01 —-2.71 —-1.23 —13.36s —-6.26s —23.75s —-1991s  1965-91
YAKUTSK 19.55s 16.8 s 22.66's 18.19s 15.96 s 16.41s 18.37s 16.97 s 1965-90
TUNGUSKA 9.7s 13.08 s 4.64 3.76 16.64 s 19.02 s 12.77 s 13.79s 1969-91
MOSCOW 27.8s 36.89s 31.87s 40.79 s 29.26 s 42.6s 31.18s 41.81s 1965-91
MAGADAN 9.29s 1042 s 9.02 10.39s —-952s —-2.63 3.19 2.54 1969-91
GORKY 0.69 2.29 8.77s 7.01 15.47s 16.7 s 1458 s 15.35s 1965-88
POITIERS —4.43 -0.71 —6.09s -2.34 —-759s —-2.00 -2.19 7.19 1965-91
EKATERINBURG  15.75s 16.84 s 30.87 s 32.35s 14.87s 18.29 s 22.15s 25.2s 1965-91
KIEV 8.89s 12.58 s 13.75s 17.69s 4.35 6.35 9.82s 11.24 s 1965-91
TOMSK 23.45s 20.01s 22.48s 19.26 s 23.17s 22.37s 21.26 s 20.27 s 1965-91
BEKESCSABA —1194s -9.58s -3.77 0.58 —9.8s —6.77s —-9.39s -6.23s 1965-91
NOVOSIBIRSK 7.96s 9.78 s 8.17s 7.80 7.59s 12.06 s 6.2s 9.6s 1965-91
IRKUTSK 11.13s 8.54s 17.43s 10.74 s 15.92s 12.01s 16.62s 11.32s 1965-91
KHABAROVSK 10.27 s 10.93s 22.89s 2.77s 13.48s 7.66s 14.63s 12.48 s 1965-91
NOVOKAZILINSK  1.44 1.38 15.07 s 13.72 —-0.97 -1.10 6.39 10.27 1965-88
ALMA ATA 1251s 15.12s 28.27s 29.71s 18.77 s 20.99s 22.98s 2581s 1965-88
TASHKENT 4.99 5.93 10.98 s 5.52 3.97 3.02 9.37s 6.53 1965-91
ASHKHABAD 33.41s 32.32s 40.78 s 37.79s 35.22s 35.04s 4144 s 41.35s 1965-91

gentine Islands and Port Stanley were analysed by Jarvis edf direct corpuscular ionisation may play some role in the
al. (1998) and for the Concepcion station by Foppiano etF2 layer formation thus disturbing the “normal” picture of
al (1999). Primarily negativémF2 trends were revealed at hmF2 behaviour. A similar effect with negativenF2 trends
these stations, especially for Port Stanley. Ehd=2 obser-  during nighttime hours takes place at Sodankyla which may
vations from the first two stations were analysed by Danilovbe attributed to the F-region ionization by the soft electron
and Mikhailov (2001) using the same approach applied inprecipitation (Mikhailov and Marin, 2001). Concepcion is
this paper to reveal the trends. The Argentine Islands data ara low-latitude station® = —25.1) located at the poleward
shown to demonstrate primarily positii@:F2 trends simi-  slope of the equatorial anomaly bulge where F2-layer for-
lar to most of the Northern Hemisphere stations, whereas atation is strongly controlled both by thermospheric winds
Port Stanley, there is a stable negativeF2 trend around and plasma influx due to the “fountain” effect. Therefore,
the clock. It was concluded that the difference might bea special analysis is required to estimate the contribution of
due to the fact that Port Stanley is close to the region ofwinds and equatorial electric fields to the formatiorkafF2

the South-Atlantic Geomagnetic Anomaly where processedrends at this station. Similar to other trend researchers, Fop-
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Table 5. Calculated annual mean slofe(in 10~4 units) for the whole period withmF2 observations available on a particular ionosonde
station. Regression éfnF2 with R12 + Ap12 (Model 2) , and all years as well as years around solar maximum and minimum (Mm years)
are used to obtaihmF2 linear trends. Significant trends at a confidence level of 95% are denoted by an “s” after the value

STATION O SLT O SLT 6 SLT 6 SLT 12 SLT 12 SLT 18 SLT 18 SLT Analysed
Allyears Mmyears Allyears Mmyears Allyears Mmyears Allyears Mmyears Years
MURMANSK -2.15 —0.68 -6.89s —-4.97 —-3.23s -0.98 -3.12s -1.25 1958-93
SODANKYLA —10.63s —-9.55s 2.26s —-1.16 —1.39 —2.68 —-8.16s —-9.8s 1958-97
LYCKSELE 0.98 2.66 —0.05 3.06 1.23 3.52 =277 —2.49 1958-97
ARKHANGELSK —-5.31 -0.14 6.15s 8.25 —-0.28 —-1.79 11.43s 9.48s 1970-89
UPPSALA —-2.79 —-1.22 0.07 1.80 1.79 3.97 -3.01 —-3.39 1958-97
ST PETERSBURG 3.15s 3.13 5.84s 4.50 0.32 3.99 2.26 3.38 1958-95
JULIUSRUH -582s —-596s -3.07s -1.32 —-2.05 0.94 —-4.18s -3.16 1958-91
SLOUGH —-4.49s —-4.07 1.19 —-2.3 0.63 —-1.31 0.59 —-0.12 1958-96
KALININGRAD —1.18 —1.56 8.44s 2.52 —2.95 —4.33 -3.08 —-3.03 1965-93
DOURBES -2s —-2.72s 0.13 -0.22 0.56 —0.33 —2.92 —2.90 1958-96
YAKUTSK 3.29 4.72 3.16 5.70 —0.04 3.81 3.01 5.69s 1958-90
TUNGUSKA 3.29 5.93s 1.93 0.19 11.08s 1212 s 6.01s 8.04 s 1969-96
MOSCOW 19.79s 17.28 s 21.82s 19.58 s 24s 25.88s 23.74 s 22.15s 1958-95
MAGADAN —0.07 -0.72 —-0.13 -3.17 —15.74s -9.89s —-4.91 —6.95 1969-93
GORKY —4.15s -6.23 3.35 —0.36 8.83s 6.86 942s 6.02 1959-88
POITIERS —2.36 -1.89 -9.19s -—-4.58 —-8.92s —-4.36 —0.93 3.30 1958-95
EKATERINBURG 9.79s 3.65 18.21s 16.46 s 14.71s 12.01s 19s 16.44 s 1958-94
KIEV 0.41 2.81 5.37 8.06 0.64 2.08 4.93 5.65 1965-91
TOMSK 4.81s 2.68 5.22s 3.80 4.86s 4.73s 5.24s 49s 1958-96
BEKESCSABA —15.29s -11.48s —454s -2.70 —11.44s -6.83s —-10.26s -—-5.44 1965-92
NOVOSIBIRSK —341s —-3.90 —-4.39s -4.13 0.80 2.03 —1.96 0.07 1959-92
IRKUTSK —4.45s —-4.20 —-2.99 -3.28 1.62 1.59 1.76 1.59 1959-91
KHABAROVSK 9.08 s 2.79 8.25s 4.09 11.55s 1.58 1464 s 4.56 1960-92
NOVOKAZILINSK  —-5.12 —-5.41 5.19 3.59 —7.44s —-7.87 2.17 5.96 1965-88
ALMA ATA 7.1s 7.76s 19.7s 20.51s 13.28 s 15.62s 18.98 s 19.94 s 1958-88
TASHKENT 1.74 4.10 5.73s 2.87 5.17s 5.80 6.95s 6.31 1962-92
ASHKHABAD 10.01s 10.11s 17.07 s 12.94 s 15.99 s 13.67 s 18.01s 1414 s 1958-97

piano et al. (1999) have analysed all available (1958-1994p0 years) changes in may be due to some other reasons,
observations which belong to different periods in the geo-such as: the conversion of orbital data to atmospheric den-
magnetic activity long-term variation and this cannot be ig- sity, the accuracy of the empirical model MET99 used for the
nored in the F2-layer parameters trend analysis (Mikhailovdata reduction. Unfortunately ionospheric F2layer observa-
and Marin, 2000, 2001). In addition, it should be stressedtions cannot help us to reveal such small changesvimich
that mechanisms of F2-layer trends are different at low, mid-(if they really exist) are masked by stronger processes. On
dle and high-latitude stations, reflecting the specificity of thethe other hand, according to the geomagnetic control con-
F2-layer formation and they can hardly be attributed just tocept by Mikhailov and Marin (2000), the 1996 belongs to
the thermosphere cooling due to the greenhouse effect. the period of decreasing geomagnetic activity (1990-91 is a
In connection with this discussion it is interesting to con- turning point), therefore one should expect negative~2
sider the results by Keating et al. (2000) who, in analysingtrend at mid-latitudes after 1991 which is due to a decrease
the orbits of 5 satellites, found a8+ 2.5% decrease in the N geomagnetic activity but not to a greenhouse effect. Some
total thermospheric densigyat 350 km in 1996 with respect €xamples of such change in the:F2 trends after 1991 are
to 1976. They attribute this effect to a 10% increase in thegiven in Fig. 6.
atmospheric C@abundance. According to their estimates, This explanation for the F2-layer parameter long-term
such a 10% decrease anshould resultin a 5 km lowering of  trends, which are not of the man-made origin, is related to
the constant pressure level. This seems to be in line with thédong-term changes in geomagnetic activity. It was shown
hmF2 long-term decrease which many researchers are lookthat the observeébF2 trends could be explained by an in-
ing for. The Keating et al. (2000) results may be consid- crease in the F2-layer storm activity as a result of the in-
ered as the first and the only direct experimental evidence focreasing geomagnetic activity. Moreover, the sign of the
long-term changes in the thermosphere presumably relatedetected trends was shown to be different for the period
with the greenhouse thermosphere cooling hypothesis. Buprior to and after 1965, in accordance with the change in
one should keep in mind that such small (less than 10% ovethe smoothed variation of geomagnetic activity (1965 is an-



D. Marin et al.: Long-ternkmF2 trends 769

other turning point). Therefore, trends should be analysed _254+——F+—+—7————1——7———7—
over a time interval which does not include different (in- 2 i 20 m /'\\ |
creasing/decreasing) periods in geomagnetic activity. Thisg 1 _/'\ - ./ 'I\/'. -E;.
was the reason for analysing the:F2 trends for the time & "5 e VL \_ 7
period 1965—-1991 with the increasing geomagnetic activity.c—g 10 4 ';’."/"""" " "u ii. i
Such proposed geomagnetic control of tbE2 trends im- s 1" N
plies corresponding trends imF2. So let us analysenF2 < ° 1965 1970 1975 1980 1985 1990 1995
trends from this point of view. An approximate expression
for hmF2 can be written for the day-time mid-latitude F2- %&£ o006 | T """ 7" T T I T TR T ET I T AT TR T ITTI
region according to lvanov-Kholodny and Mikhailov (1986): ,% 88‘2‘ 4 Sodankyla (12 SLT) . A - ]
S el om L L ) Em ]
hn = 5 (N[Ol +Infy + In(H2/0.54D) + W, @ 2 o et e w0 L WM
S -0.04 - ]
whereH = kT, /mg is the scale height and [O] is the con- é -0.06 .
centration of atomic oxygerg is the linear loss coefficient < 1965 1970 1975 1980 1985 1990 1995
at a fixed heighti, W (in m/s) is the vertical plasma drift ~
which is primarily related to thermospheric windss a co- = R
efficient close to unityf = 1.38+101%%(7,,/1000%5isaco- £ 004 | Lycksele (12SLT) AT LY ]
efficient in the expression for the ambipolar diffusion coeffi- § 885 ] a """'\"_/ ‘\\ ]
cientD = d/[O]. The loss coefficieng depends ontheden- = o, | = /=% = ] L
sity of the molecular gases;Mind G: 8 = k1[N2] +k2[O2], T 004 ] ""\i\ /' " =
wherek; andk, are the reaction rate constants of the two § -0.06 — ‘-“ e ‘?
processes Controlling the sink offGons in the F2-regi0n: 1965 1970 1975 1980 1985 1990 1995
O++N2£>NO++N; O++02£>O§r+0 % 006 T TTTTT T T T ITTTTTTT
£ 004 - Slough (12 SLT) - ]
both rate constants being temperature dependent (Hierl etally  0.02 | ,./.\',',,\,f.»r/'\-\\ a
1997). é 0.00 - .,!!;.,!,!,!,,'\"f*'""-ﬁl”""" u s U
The main processes responsible for the F2-layer stormi_ Iﬁ‘ﬁii Ean® - \../ "]
effects are known: neutral composition, temperature andz ;) - ]

e S ——
1965 1970 1975 1980 1985 1990 1995
Years

thermospheric wind changes at middle and lower latitudes < ‘

while electric fields and particle precipitation strongly af-
fect the high-latitude F2-region (&lss, 1995, and references

therein). During geomagnetic disturbed periods, the h'gh'Fig. 6. Annual meandp1, and shmF2 variations at Sodankyla,

Igtitude energy inputg (Joule heating and particle PreCipi_ta'Lycksele and Slough, and 12 SLT (Model 1). Note different signs
tion) cause changes in the thermosphere global circulationet trends for the period prior and after 1991.

These result in a perturbation of neutral composition and
temperature, with a decrease in [O] and an increase ih [N
[O2] and neutral temperature. Such perturbations are be- ) i
lieved to be the main reason for the mid-latitude F2-region®ach other as we pass from middle to lower latitudes, one
negative storm effect. They result in an increase of the lineas"0uld not expect any pronounced latitudinal dependence in
loss coefficiens (due to the N and G concentrations and hmF2 trends, as_lF was shown by our analys!s. . Therefore,
temperature increase) with a correspondimge2 increase. the 'revealed p03|t|vbmF2 trends from the majority of thel
The decrease in atomic oxygen concentration has an opposif§ations can be explained by the F2-layer storm mechanism
effect onhmF2, but the effect of # increase usually prevails due to the long-term increase in geomagnetic activity which
(Mikhailov and Forster, 1997, 1999). Therefore, we should f@kes place after 1965.
expect positivéimF2 trends at middle latitudes as a reaction  Some of the stations located in the same longitudinal sec-
to an increase in geomagnetic activity. tor (western region of Europe) have been found to present
At lower latitudes, neutral composition variations are not negative trends. These trends cannot be explained by the ge-
large (e.g. Rilss, 1995 and references therein) and the usuabmagnetic hypothesis and they require an additional analysis.
observed positive F2-layer storm effects are primarily due toThis may be due to the low quality 6fznF2 data. It should be
an increase in the equatorward thermospheric wind. Sometressed thdimF2 values were derived frod (3000F2 by
contribution to the F2-layer positive storm effects at lower using an empirical formula which inserts an additional noise
latitudes provides atomic oxygen (Mikhailov et al. 1995). to the analysis and, thereforinF2 trend results are not as
This results in small or even positifeF2 trends at lower reliable asfoF2 ones. lonospheric trend analysis is a very
latitudes, as was shown by Mikhailov and Marin (2000) and delicate procedure and an inclusion of some erroneous points
should result in positivemF2 trends as well. As both mech- may seriously affect the K value. This is really strange when
anisms work in one directionzzF2 increase), changing close stations demonstrakenF2 trends of different signs.
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Table 6. Calculated coefficients of correlation r between annual nieah2 andA p4» values for the whole period withmF2 observations
available on a particular ionosonde station. Regressidnndi2 with R1> (Model 1) and withRq2> + Ap12 (Model 2), and all years in the
indicated period are used to obtain the coefficients. Significant coefficients at a confidence level of 95% are denoted by “s” after the value

STATION OSLT OSLT 12 SLT 12 SLT Analysed
Modell Model2 Modell Model2 Years
MURMANSK 0.157 —0.008 0.449 s 0.054 1958-93
SODANKYLA 0.011 —0.006 0.525s —-0.003 1958-97
LYCKSELE 0.509 s 0.040 0.476s 0.038 1958-97
ARKHANGELSK 0.490s —-0.021 0.819s -0.017 1970-89
UPPSALA 0.164 —0.004 0.236 —0.008 1958-97
ST PETERSBURG 0.608 s 0.053 0.389s 0.029 1958-95
JULIUSRUH 0.576s —0.040 0.579s 0.020 1958-91
SLOUGH 0.624s —-0.007 0.587s —-0.004 1958-96
KALININGRAD 0.683s 0.039 0.496 s 0.036 1965-93
DOURBES 0.274 —-0.075 -0.096 -0.037 1958-96
YAKUTSK 0.597 s 0.038 0.670s 0.074 1958-90
TUNGUSKA 0.687 s 0.053 0.569 s 0.073 1969-96
MOSCOW 0.512s 0.030 0.383 s 0.024 1958-95
MAGADAN 0.627 s 0.023 0.386 s 0.020 1969-93
GORKY 0.312 —-0.082 0.509s -0.023 1959-88
POITIERS 0.439s -0.018 0.162 —0.030 1958-95
EKATERINBURG 0.467 s 0.012 0.311 0.005 1958-94
KIEV 0.672s 0.012 0.307 0.021 1965-91
TOMSK 0.635s 0.055 0.580 s 0.048 1958-96
BEKESCSABA 0.100 —0.015 0.008 —0.003 1965-92
NOVOSIBIRSK 0.648s —-0.023 0.585s 0.045 1959-92
IRKUTSK 0.548 s 0.019 0.517 s 0.044 1959-91

KHABAROVSK 0.404s  0.025 0.338s  0.011 1960-92
NOVOKAZILINSK  0.366 0.013 0.448s  0.002 1965-88

ALMA ATA 0.547s  0.041 0.202 0.029 1958-88
TASHKENT 0.230 —0.011 -0.143 -0.035 1962-92
ASHKHABAD 0.498s  0.045 0.328 s 0.046 1958-97

An example of this fact can be observed when comparingthe inclusion of this index, in fact, does not remove the geo-
Lycksele and Uppsala ionosonde stations. These stations areagnetic effects on the trends (Mikhailov and Marin, 2000,
pretty close (see Table 2), but they demonstrate significan001). Although there is an obvious relationship between
trends of different signs. Nonetheless, posifiweF2 trends  the F2-layer parameter trends and the geomagnetic activity,
obtained for most of the stations analysed may be consideret is impossible to remove this geomagnetic effect from the
as serious support for the geomagnetic origin of the F2-layetrends revealed using any conventional index (e.g. monthly
parameter long-term trends. or annual meamp) of geomagnetic activity. If it could
Finally, in order to test the proposed relationship betweenP€ done using the conventional indices, the problem of the
the hmF2 trends and geomagnetic activity, we calculated theF2-1ayer storm description and prediction would have been
correlation coefficients between the annual mfanF2 and ~ Solved long ago, but this is not the case up until now. This
the Ap12 for each ionosonde station, using the whole period!S NOt surprising as any global geomagnetic activity index

with observations available. The results of this analysis aré?@nnot, in principle, take into account the whole complexity
given in Table 6. All analysed stations demonstrate posi-Of F2-layer storm effects with positive and negative phases

tive shmF2—Ap1 correlation, with most of them (19 of 27 depending on season, UT and LT of storm onset, storm mag-

both at 00 and 12 SLT) being significant with a confidenceNitude, etc. Indeed, the inclusion djp;> to the regression
level of 95% when Model 1 is used. Such correlation disap-(M0del 2) has some effect on the trend magnitude, but with-

pears when a geomagnetic index is included to the regressiofUt changing, in principle, the results obtained whem,
(Model 2) and this is not surprising. The obtained positive &S not considered (Model 1). It was shown that the major-
correlation (when Model 1 is used) may be considered as &Y Of detectedimF2 trends were positive regardless of the
clear indication of the relationship betwelenF2 trends and ~M0del used (Table 3). Therefore, any interpretation of the
geomagnetic activity. However, it should be pointed out thatF2-1ayer parameter trends should consider the geomagnetic

despite the fact that th#mF2—Ap1, correlation disappears effect as an inalienable part of the trends revealed and this
whenAp1. is taken into account in the regression (Model 2), €N be done based on the contemporary understanding of the
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F2-layer storm mechanisms. On the other hand an additionasradley, P. A. and Dudeney, J. R., A simple model of the vertical
analysis is required to find out the reason for significant neg- distribution of electron concentration in the ionosphere, J. Atm.

ativehmF2 trends revealed at some stations. Terr. Phys., 35, 2131-2146, 1973.
Bremer, J., lonospheric trends in mid-latitudes as a possible indica-

tor of the atmospheric greenhouse effect, J. Atmos. Terr. Phys.,

6 Conclusions 54, 1505-1511, 1992.
Bremer, J., Trends in the ionospheric E and F regions over Europe,
The main results of this analysis may be listed as follows: Ann. Geophys., 16, 986-996, 1998.

1. The new approach proposed by Danilov and Mikhailov CCIR, Documents CCIR Study Group, Period 1986-1990, Geneva,
(1998, 1999) and Mikhailov and Marin (2000) has been 27 April—10 May, Rec. 371-5, p. 47, 1988.
used to reveatmF2 linear trends at 27 European and Asian Danilov, A. D., Long-term changes of the mesosphere and lower
ionosonde stations. Although the choice of a simple formula
by Shimazaki (1955) for thngZ derivation has n% princi- (11), 2137-2147, 1997. ,

. . . - - Danilov, A. D., Review of long-term trends in the upper meso-
ple influence on the trendg obtained _durlng nighttime hours, sphere, thermosphere and ionosphere, Adv. Space Res., 22 (6),
the trends turn out to be slightly less if the effect of underly-  9p7_915 1908,
ing ionisation is taken into account by applying more accu-panilov, A. D. and Mikhailov, A. V., Long-term trends of the F2-
rate formulas during daytime hours. layer critical frequencies: a new approach, Proceedings of the

2. The majority of the stations show significant posi- 2nd COST 251 Workshop “Algorithms and models for COST
tive trends for the period of increasing geomagnetic activ- 251 Final Product”, 30-31 March, 1998, Side, Turkey, Ruther-
ity 1965-1991, without any dependence on latitude (neither ford Appleton Lab., UK, 114-121, 1998.
magnetic nor geographic). This result can be explained in thdanilov, A. D. and Mikhailov, A. V., Spatial and seasonal variations
framework of the long-term increase in geomagnetic activity igége foF2 long-term trends, Ann. Geophys., 17, 1239-1243,
icr)]ﬂergtai(t)?]d Olzzt;%)é%r ;g)t\r/vme:rcl:tlt\r/:;y.aI:]]gliilqgl:r;ﬂ;?]gi\szjmve Danilov, A. D. and Mikhailov, A. V., F2-layer parameters long-term

| fi his cl |ati hip b 5 d trends on the Argentine Islands and Port Stanley vertical sound-
values confirms this close relationship betwaert2 trends ing data, (submitted to Ann. Geophys.) 2001.

and geomagnetic activity. However, some stations located irbeminov, M. G., A. V. Garbatsevich, and R.G. Deminov, Climatic
the western part of Europe demonstrate significant negative changes of the ionospheric F2-layer, Doklady RAN, 372 (3),
trends. This longitudinal effect (earlier revealed by Bremer) 383-385, (in Russian) 2000.

needs further analysis as significant negative trends observedudeney, J. R., Brit. Antarct. Surv. Sci. Rept 88, 1974.

at some western European stations are not explained withiPudeney, J. R., An improved model of the variation of the elec-
the geomagnetic control concept. tron concentration with height in the ionosphere, J. Atmos. Terr.

3. Unlike the case witlioF2 trends, a selection of years _ Phys., 40, 95-203, 1978. _
around solar cycle minimum and maximum does not help toFoPPiano, A. J., Cid, L., and Jara, V., lonospheric long-term trends
revealhmF2 trends and using of all years with available ob- f6°1r ?clngt_r;zA;wirglgzn mid-latitudes, J. Atmos. Solar-Terr. Phys.,
servations may be recommended for #weF2 trends analy- ’ ! '

. his | h o d th fid f IGivishvili,G.V. and Leshchenko, L. N., Possible proofs of presence
sis. This increases the statistics and the confidence of results of technogenic impact on the midlatitude ionosphere, Doklady

obtained. RAN, 334 (2), 213-214, 1994 (in Russian).

4. Positive significammF2 trends obtained for the major- - Givishvili, G. V. and Leshchenko, L. N., Dynamics of the climatic
ity of the stations considered (regardless of the model used) trends in the midlatitude in the midlatitude ionospheric E region,
contradict the suggestion that thermospheric cooling due to Geomag. Aeronom., 35 (3), 166-173, (in Russian) 1995.
the greenhouse effect might be the cause of the F2-layeGivishvili, G. V., Leshchenko, L. N., Shmeleva, O. P., and Ivanidze,
parameter trends. However, they can be explained in the T. G., Climatic trends of the mid-latitude upper atmosphere and

framework of the geomagnetic control hypothesis proposed ionosphere, J. Atmos. Terr. Phys., 57, 871-874, 1995.
by Mikhailov and Marin (2000). Hierl, P. M., Dotan, I., Seeley, J. V., Van Doran, J. M., Morris, R.

A., and Viggiano, A. A., Rate coefficients for the reactions of

AcknowledgementsThis work was in part supported by the Rus- ~ OF With N2 :and O2 as a function of temperature (300-188 K), J.
sian foundation for Fundamental Research under Grant 00-05— Chem. Phys., 106 (9), 3540-3544, 1997. o
64189, and it has also been possible thanks to financial suppofv@nov-Kholodny, G. S. and Mikhailov, A. V., The prediction of
granted by the National Institute of Aerospace Technology (INTA—  ionospheric conditions, D. Reidel Publ. Co., Dordrecht, The
Spain). Netherlands, 1986.
Topical Editor M. Lester thanks L. Cander and J. Lastovicka for Jarvis, M. J., Jenkins, B., and Rodgers, G. A., Southern Hemisphere
their help in evaluating this paper. observations of a long-term decrease in F region altitude and
thermospheric wind providing possible evidence for global ther-
mospheric cooling, J. Geophys. Res., 103, 20774-20787, 1998.
References Keating, G. M., Tolson, R. H., and Bradford, M. S., Evidence of
long term global decline in the Earth’s thermospheric densities
Bilitza, D., Sheikh, N. M., and Eyrig, R., A global model for the ~ apparently related to anthropogenic effects, Geophys. Res. Lett.,
height of the F2-peak using M3000 values from the CCIR nu- 27, 1523-1526, 2000.
merical map, Telecom J., 46, 549-553, 1979. Mikhailov, A. V., Skoblin, M. G., and Brster, M., Daytime F2-

thermosphere temperature and composition, Adv. Space Res., 20



772 D. Marin et al.: Long-termkmF2 trends

layer positive storm effect at middle and lower latitudes, Ann. Rishbeth, H., A greenhouse effect in the ionosphere?, Planet. Space

Geophys., 13, 532-540, 1995. Sci., 38, 945-948, 1990.

Mikhailov, A. V., Mikhailov, V. V., and Skoblin, M. G., Monthly Rishbeth, H. and Roble, R. G., Cooling of the upper atmosphere by
medianfoF2 and M (3000F2 ionospheric model over Europe, enhanced greenhouse gases — modelling of thermospheric and
Ann. Geophys., 39, 791-805, 1996. ionospheric effects, Planet. Space Sci., 40, 1011-1026, 1992.

Mikhailov, A. V. and Forster, M., Day-to-day thermosphere param- Rishbeth, H., Long-term changes in the ionosphere, Adv. Space
eter variation as deduced from Millstone Hill incoherent scatter Res., 20 (11) 2149-2155, 1997.
radar observations during 16—-22 March, 1990 magnetic stormRoble, R. G. and Dickinson, R. E., How will changes in carbon
period, Ann. Geophys., 15, 1429-1438, 1997. dioxide and methane modify the mean structure of the meso-
Mikhailov, A. V. and Forster, M., Some F2-layer effects during the sphere and thermosphere, Geophys. Res. Lett. 16, 1441-1444,
6-11 January , 1997 CEDAR storm period as observed with the 1989.
Millstone Hill incoherent scatter facility, J. Atmos. Solar-Terr. Sharma, S. S., Chandra, H. and Vyas, G. D., Long-term ionospheric

Phys., 61, 249-261, 1999. trends over Ahmedabad, Geophys. Res. Lett., 26, 433—436, 1999.
Mikhailov, A. V. and Marin, D., Geomagnetic control of thaF2 Shimazaki, T., World-wide variations in the height of the maximum

trends, Ann. Geophys., 18, 653-665, 2000. electron density of the ionospheric F2 layer, J. Radio Res. Labs.
Mikhailov, A. V. and Marin, D., An interpretation of thieF2 and Japan, 2 (7), 85-97, 1955.

hmF2 long-term trends in the framework of the geomagnetic Ulich, T., How do long-term trends in F2 layer peak height depend

control concept, Ann. Geophys., 19, 733-748, 2001. on the underlying ionospheric model?, Paper presented at Ses-
Pollard, J. H., A handbook of numerical and statistical techniques, sion ST3 of the 25th EGS General Assembly, Nice, April, 2000.

Camb. Univ. Press, 1977. Ulich, T. and Turunen, E., Evidence for long-term cooling of the

Prolss, G. W., lonospheric F region storms, in Handbook of Atmo-  upper atmosphere in ionospheric data, Geophys. Res. Lett., 24,
spheric Electrodynamics, 2, edited by H. Volland, pp. 195-248, 1103-1106, 1997.
CRC Press, Boca Raton, Fla., 1995. Upadhyay, H. O. and Mahajan, K. K., Atmospheric greenhouse ef-
Rao, M. S. V. G,, and Rao, R. S., The hysteresis variation in F2- fect and ionospheric trends, Geophys. Res. Lett., 25, 3375-3378,
layer parameters, J.Atmos. Terr. Phys., 31, 1119-1125, 1969. 1998.



