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Abstract. A previous approach to the ionospheric long-term 1  Introduction
trend analysis has been applied tofihiel observations from
Slough and Rome in order to investigate a possible relationDuring the last few decades, long-term trends of ionospheric
ship between théoF1 and the long-term variation of geo- parameters have been widely discussed due to general inter-
magnetic activity. A 40-year period, starting in 1962, has est to the anthropogenic impact on the ecological system and
been used for the analysis. According to the results obtainedn the Earth’s upper atmosphere as a part of it. The interest
earlier for F2 and E-region trends, geomagnetic control ofto the problem has been greatly stimulated by the model cal-
the long-term variation has also been revealed forfoRd. culations by Roble and Dickinson (1989), Rishbeth (1990),
Thus, it is now possible to speak about the geomagnetic conRishbeth and Roble (1992) who predicted the ionospheric
trol of the ionospheric trends in the whole ionosphere. Thiseffects of the atmosphere greenhouse gas concentrations in-
is not surprising as the Earth’s ionosphere is a single entitycrease. Although these trends are very small and have no
that is strongly controlled, either directly or indirectly, by practical importance, they may serve as an indicator of long-
the magnetic field. As with the F2-region, this geomagneticterm changes in the Earth’s upper atmosphere, and their in-
control is provided via neutral composition and temperaturevestigation may be interesting and important from this point
changes. A very long-term (centennial) increase in geomagef view.
netic activity in the 20th century is seen in the long-téoffil The majority of analyses have been devoted to long-term
variations as well. After its removal, the residfiaifl trends  trends in the ionospheric F2 and E-layer parameters since
are very small and insignificant. In principal, this means thatthese observations are the most abundant and consistent,
the observedoF1 long-term variations have a natural origin while trends in the F1-layer have been considered, as far as it
and can be attributed to solar and geomagnetic activity longis known, only in some papers (Bremer, 1998, 2001; Sharma
term variations. However, the situation in the thermosphereet al., 1999; Xu et al., 2004). In these papers it is stressed:
has been changing since 1997 and availdbf® observa- a) a positive trend in théoF1 long-term variation, b) a re-
tions at the two stations reveal information about the “breaklationship with the global cooling of the thermosphere due
down” of the geomagnetic control in the F2-region. Possibleto the greenhouse effect (Bremer, 1998, 2001; Sharma et al.,
reasons of these changes are discussed. 1999), c) the insignificance of the geomagnetic activity (Xu
et al., 2004).

Keywords. Atmospheric composition and structure (Ther- 1t should be noted that despite obvious and well-
mosphere — composition and chemistry) — Ionosphereknown contradictions with the ionospheric trend observa-

(lonosphere-atmosphere interactions; Mid-latitude iono-tions (Mikhailov, 2006a), the origin of the greenhouse hy-
sphere) pothesis of the trends remains very popularr. However, apart

from the ionospheric trends, it should be stressed that the
greenhouse hypothesis has received serious support from
Keating et al. (2000), Emmert et al. (2004) and Marcos et
al. (2005) who's results revealed a steady decrease of the
thermospheric density over the period of 2—3 solar cycles.
Correspondence tdA. V. Mikhailov The leading role of geomagnetic activity in the ionospheric
(avm71@orc.ru) F2 and E layer parameter long-term variations has been
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proposed and shown by Danilov and Mikhailov (1999, 2001,
2002); Mikhailov and Marin (2000, 2001); Mikhailov and
de la Morena (2003). This is the so-called geomagnetic con-
trol concept which explains the main morphological features

of the ionospheric trends in the F2 and E-regions by natural 2.

variations of solar and geomagnetic activity in the framework
of contemporary ionospheric storm mechanisms. It should
be noted thus far, that the the geomagnetic control concept is
the only hypothesis which can explain the ionospheric trends
morphology in a consistent way (Mikhailov, 2002, 2006a).
The ionospheric F1-layer is tightly related, via the neutral
composition, to the F2-layer, therefore one should expect the
geomagnetic control in thleF1 long-term variations as well.
The aim of the paper is to check if such a control re-
ally takes place. Firstly, a priori, it is not obvious as F1-
layer exhibits a small sensitivity to geomagnetic activity (Bu-
resova and L&tovicka, 2001; Buresova et al., 2002) result-
ing from its formation mechanism (Mikhailov and Schlegel,
2003). Secondly, problems with tli@~1 identification from
the ground-based ionosonde observations (Shchepkin and
Vinitzky, 1981) and a poor quality of routifleF1 data may
turn out to be an additional obstacle on this way.

2 Method description

A general approach to the trends analysis in the F2-layer was
described by Mikhailov et al. (2002) and in the E-region —
by Mikhailov and de la Morena (2003). This method, which
turned out to be successful and allowed us to reveal the role
of geomagnetic activity in ionospheric trends, was used with
some modifications in the present study. The mid-latitude
daytime ionosphere at F1-layer heights is controlled by the
scheme of photo-chemical processes which is basically the
same as in the F2-region. Therefore, as earlier in the case
of foF2 andfoE analyses, we proceed from an assumption
thatfoF1 long-term variations are due to solar and long-term
geomagnetic activity variations which may be presented by
R17 and 11-year running mea, indices, whereRy; is 12-
month running mean sunspot numbers. The method includes
the following steps.

1. Observed mid-latitude monthly mediéoF1 values for
10:00, 11:00, 12:00, 13:00, 14:00LT are reduced to
12:00 LT moment to give an average nofoi1 value.
The dependenct®F1 oo (cosy,)” wherey , — solar
zenith angle ang=0.2 (Rishbeth and Garriott, 1969)

is used for this reduction. The use of an averfgfel 3.

increases the reliability of the analyzed ndof&1 val-

ues. The same procedure was applied to reduce these
averagefoF1 obtained for each month to solar zenith
angle of 15 June as the method works with annual mean
values. In factfoF1 is regularly registered only in sum-
mer, this takes place especially under solar maximum
conditions. During medium and low solar activigF1

are also observed in equinoxes. Therefore, annual mean
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values were calculated oves months (April-August).
In the case ofoF2 analysis, all 12 months are used to
find annual mean values.

A regression of this noofoF1 with R12

foFleg = a0 + a1RY, (1)
is used to define monthly relative deviations
8foF1 = (foF1gps — foF lreg) /fOF 1gbs (2)

Initially it was proposed by Danilov and Mikhailov
(1998, 1999), we analyze the relative rather than ab-
solute AfoF1 deviations considered in the ionospheric
trend analyses by most of the authors. Relative devia-
tions §foF1 allow us to combine different months and
get annual measfoF1 which are used in the analysis,
the final method being based on the 11-year running
meansfoF1 values. Universally a simple arithmetic run-
ning mean smoothing with an 11-year gate is applied.

The optimal 5 (for April-August) different values of

a are specified to provide the least standard deviation
(SD) after a regression (see later) of 11-year smoothed
sfoF1 values with4 13, (11-year running meas , in-
dices). The 11-yeatfoF1 smoothing requires all 5 val-
ues ofa to be available simultaneously at each step of
the SD minimization. This implies an application of
special multi-regression methods (Press et al., 1992).

The expression (1) is of a general type and depending
onc it can describe both the linear and non-linear rela-
tionship offoF1 with R12. The regression coefficients

a; are specified by the least squares method for each
month and a give value. It should be stressed that
the expression (1) does not provide the best approxima-
tion of the observeébF1 versuski2> dependence (other
dependencies may give less of a sum of residuals), but it
should be considered in terms of the followisfgF1132
regression with 13> to find the minimal SD (see later).
Therefore, the regression (1) is not a “model”, in the
usual sense of the word, as it is accepted in other ap-
proaches. This regression is used to remove the solar ac-
tivity part from the observetbF1 variations. A “pure”
foF1 dependence on solar activity (presented byRhe
index) a priori is not known for each month.

One-hour gaps ifioF1 within the 10:00-14:00LT in-
terval are filled by interpolation, but the large gaps in
observations are not filled, so some years are marked
as “zero”. During the 11-yeasfoF1 smoothing the
arithmetic mean is calculated over the non-zero years
only. Due to this 11-year smoothing 10 years with ob-
servations (5 years in the beginning and 5 years in the
end) are lost in the analysis, therefore only stations with
long enough observational periods could be used. In the
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present study, only the results for Slough/Chilton and 20
Rome are given, as both the duration of observations

and the quality of data are acceptable on these two sta- “ 1. .
tions. Some other stations (Juliusruh, Tomsk, Irkutsk, 2716 “«, 1 10 a0t 0
Ashkhabad) were also checked, but the quality of data | *. = . | AAA o
is not good enough to obtain meaningful results. The S S T B JU
two selected stations, Slough and Rome, presenta spe- 2+ i« i i 4 i1
cial interest as Rome is a low-latitude station with a dif- ~ ** W lSougnlobsene | 1 1o,

ferent type ofoF2 long-term variations (Mikhailovand o Swhfung AT

Marin, 2000). oo P femened T

D,

reg

4. The geomagnetic activity effect is removed from the 11-
year running meaidfoF1 variation using a regression
with Api32

o

o

S
1

- foF1_)/foF1

obs

(foF1

-0.01

8foF 113 = bo + b1 A p132(t + 1) + b2A12,132(t +n) (3) | | | 1 1 1 1 1
-0.02 i i i i ‘ i i i

where 5foF 1132 and A 13 are 11-year running mean 15 1909 B s O 1998 2008

values,r denotes the years amd(varies from 0 to—5)

is a time shift in years ofl ,13, with respect tédfoF 113, Fig. 1. 11-year running meam, index, Ap132 (top panel)

variations which is selected to give the least SD for theand foFli3> (bottom panel) long-term variations at noon for

residuals after Eq. (3). The regression coefficidp@re  Slough/Chilton and Rome stations. Polynomial approximations of
found by the least squares method. the observedfoF1; 3, variations are given for the obviousness as

well as linear trends obtained over the whole period.
5. Our previous analysis (Mikhailov et al., 2002) has
shown that the best results (the least SD) can be ob-
tained if an additional smoothing is appliedsioF1; 3, are seen to correspond to the positive trendfolifl with a
and A ,13» variations. Such a smoothing is made by a 4-5 year time shift with respect to th,3 variation. The

5-order polynomial approximation of these parameterinverse situation takes place for the period of increasing geo-
variations. magnetic activity (1968—-1986) with the negatfe€ 1 trends.

This is the geomagnetic control of tifie-1 long-term varia-

6. The residual linear trend with the slofig (in 10~* per  tions which were revealed earlier for the F2- and E-region
year) may be estimated over the residuals after the retong-term trends (Mikhailov and Marin, 2000; Mikhailov
gression (3). and de la Morena, 2003). This result tells us that one should

be careful with the selection of time periods for trend anal-

ysis and should not put together years belonging to different

(rising/falling) periods of geomagnetic activity, however, this

is not taken into account in other publications devoted to the

ionospheric trend analyses.
Although the two stations qualitatively demonstrate sim-

wherer is the correlation coefficient and is the num- ilgr reaction to the.geo.ma.gnetic activity varigtion, the mag-
ber of pairs considered. Keeping in mind that we work nltude_of_ this reaction is different (cf. the per|od after 1992)
with smoothed variations, we put the number of degreesand this is another aspect of the. geomagnetic control. Rome,
of freedom (V—2)=4 (the 5th order polynomial is de- 25 @ low-latitude station, .eXthItS a more prp'nounfm?:il '
fined by 6 coefficients). increase after 1992. Th|_s results in a po_smve tren_d es_tl-
mated over the whole period (dash line in Fig. 1), while this
trend is negative for Slough (solid line), the time period being
3 Geomagnetic control practically the same for the two stations. Again, this result
tells us about the necessity to separate different phases (ris-
Figure 1 shows the aspect of geomagnetic activity variationing/falling) of geomagnetic activity during long-term trends
onésfoF1 for the two stations with the longest available period analysis. It should be stressed that such an obvious geomag-
of observations — Slough/Chilton (1959-2007) and Romenetic control takes place when the geomagnetic activity ef-
(1957-2007). fects are not removed from thidoF1 variations using the
The 11-year running meatioF1 at 12:00 LT are given in  expression (3). The final trends are considered later.
comparison with thed 13, index variation. Periods of de-
creasing geomagnetic activity (1956-1967 and 1987-2007)

7. The test of significance for the linear trend paramé&ter
(the slope) is made with FisherE criterion (Pollard,
1977)

F=r3N-2)/1-r%
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Fig. 2. Relationship of polynomial approximatétbF1; 3o andsfoF2; 3o with A 132 for Slough and Rome at 12:00 LT.

Figure 2 (top panels) shows thdoF1 dependence on 4 ResidualfoF1 trends
Ap132. Two peculiarities should be noted in relation with

these results. At first, thé&foF1 increase is about two times e may try to remove the geomagnetic activity effect from
larger at Rome compared to Slough over the last 10 yearsye sfoF1 trend and to obtain the residual trend as it was
And secondly, the type of dependence has strongly changeone in the F2-region (Mikhailov et al., 2002). At first,
after 1992 — it became much steeper compared to the wholgye opvious dependence on the phase of geomagnetic ac-
previous _perlod. This is a new feature telling us ‘i‘bOUttiVity (Fig. 1) is removed using the Eq. (3). The results
changes in the Earth’s_ thermosphere. As the Fl-la_lyer IS COMfor the two stations are shown in Fig. 3 (top panels). Un-
trolled by photo-chemical processes (see later), this new typge the F2-region (Mikhailov et al., 2002, their Fig. 3),
of dependence tells us that after 1992 neutral compositiong quality of fitting, in this case, is not that good. Al-
exhibits stronger variations than for the previous period. Thethough the residual trends are clearly seen — a negative trend
causes of this change are not known, but in the frameworkg—_ 5 53,104 per year on Slough and a positive trend
of our approach, it is possiple to propose the following. The g —42 oo« 104 per year on Rome — they are insignificant
state of the thermosphere is mainly controlled by solar andys the confidence level is90% according to Fisher's F cri-
geomagnetic activity — at least all modern empirical thermo-erion, These residual trends may be also removed by adding
s'p'herlc models are based on this |dea.. P_resumably, solar ag complementary trend &foF 1,3, variations as it was pro-
tivity effects are removed fronfoF1 variations by eXpres-  posed by Mikhailov et al. (2002). A complementary (lin-
sion (1), so we have only the geomagnetic activity EﬁECtSear) trend is applied, starting from the first year of the period
left. The new type o8foF1 dependence a3z after 1992 iy guestion and it should provide the minimal SD between
(Fig. 2, top panels) implies that the same changes in geomagpe gpserved and calculatéébF1. The results are shown
netic activity measured il 132 now correspond to stronger i, rig. 3 (bottom panels). After this step the residual trends
variations of neutral composition. It should be stressed thayecome very small K,=—1.95x10-° per year on Slough
actual causes of these changes are not known yet and they,q g =_ 934107 per year on Rome and they are abso-
may not be directly related to changes in the geomagnetigtely insignificant. Taking the averageF1=5MHz, these
activity efficiency. It is only possible to state the change in 0 trends may be rewritten as9.7x 10~ MHz per year on

this dependence after 1992. Slough and-3.5x 106 MHz per year on Rome.

It is interesting to note that the complementary trekds
have a different sign — positive for a mid-latitude station
Slough and negative for a low-latitude station Rome. Similar
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Fig. 3. Observed, calculatetfoF1; 3> and their difference resulting in a residdiaf 1 trend with the slop&, for Slough and Rome 12:00 LT.
The bottom panels show the results with complementary tré&dsAn addition of K. practically removes the geomagnetic activity effect
resulting in very small and insignificant residual trends.

analysis for F2-layer trends gavé.=+4.4x10~% per year is a change in the dependence exactly for these last years,
and K,=—2.32x 1076 per year at Slough, at Rome we have although it is less pronounced and started later compared to
K.=—8.5x10~% per year and&k,=—1.55x 10~° per year, the  the F1 layer case. Obviously both effects in the F1 and F2-
residual trends being insignificant. The meaning of theseregions are related.

complementary trends is considered in the Discussion sec- Physical interpretation of the F1 layer results may be given
tion. from an analysis of a simple scheme of photochemical pro-
cesses controlling the daytime ionosphere at F1 layer heights
(Mikhailov and Schlegel, 2003). The main processes are
photo-ionization of neutral [O], [€], [N2] by solar EUV ra-
diation, the conversion of primary ions to molecular ones via
ion-molecule reactions followed by the dissociative recom-
bination of molecular ions with electrons. This scheme of

5 Interpretation

Similar to F2-region, the revealddF1 trends demonstrate
the dependence on geomagnetic activity (Fig. 1). And this .
is not surprising as both ionospheric regions are stronglyprocesses may be written as
Controlled (at least during dayt_ime) l_ay neutral compo_sitic_m q(OH)=[0"] {11[N2] + 12[02]}
which depends on geomagnetic {ictlvny. Th_erefore, |t_ will q(N-{)Zys[O][N-Z'_]
bg useful to consider the trends_ in the twp |ono.spher|c re-q(op + yz[Oz][O+]=a2[O§L]Ne 4)
gions smultane_oqsly. Figure 4 S|m|lr?1r to Fig. 1 gives:32 IN2J[OF] + yg[O][N;]:al[NOJF]Ne
andsfoF2;3 variations for Slough/Chilton and Rome for the ', _ [OF] + [OF] + [NO*]

. . . . e 2
whole available period of observations. The geomagnetic
control infoF2 long-term variations with a 5-year shift with whereg; — primary ion production rates; — ion-molecule
respect tod 5132 is seen on both stations over the whole pe- reaction rate coefficients, anrgd — dissociative recombina-
riod, with the exception of the last 5 years after 1997. Con-tion rate coefficients. Equilibrium concentration 03 Nbns
trary to the expected increase #fioF2 due to a continu- is negligible compared to the main ions.
ous decrease in the geomagnetic activity we have a sudden For the sake of a simple analysis, in accordance with
change in théfoF2 dependence taking place at the two sta-lvanov-Kholodny and Nikoljsky (1969), let us consider the
tions simultaneously. Thé&foF2 vs.A 13> dependences are ionosphere at F1-region heights consisting of atomica@d
shown in Fig. 2 (bottom panels). Similar to F1-region, there molecular MF:NOJF+O§r ions. From Eq. (4) we have forO

www.ann-geophys.net/26/3793/2008/ Ann. Geophys., 26, 3F&R-2008
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20 S e O A is taken into account, has shown that a simplified approach
o] I A (Eg. 7) may be used for physical interpretation.
1ot i Atomic O and molecular M ion concentrations change
%816 1 , 4 4 S W S 1 in opposite directions under varying geomagnetic activ-
N | S N I N . i ity. Usually [O"] variations dominate over [M] ones and
4ot TN U B B W this determines the sign of NmF1 changes (Mikhailov and
e T TS A Schlegel, 2003). Roughly [ is proportional to [O]/[N]
e i and well-established changes of this ratio (e.@l$; 1995)
USRS IS T T R e et under varying geomagnetic activity explain both #feF1
5 TS0 T N T T SN O S O B vs. A 132 dependence (Fig. 2, top panels) and the geomag-
i? 00| M X SRS T S Y R B S T R netic control of thdoF1 long-term variations (Fig. 1). In the
& T S Y Y R framework of this mechanism a steepéoF1 vs.A ;13> de-
IR E T R S A S HONITS B N W pendence for the last decade (Fig. 2, top panels) simply tells
) N N R L A e us about a sharper increase of the [O}Xatio compared
0047 1 e N T T T R R to the whole previous period. This is a new and interest-
006 - ‘ ‘ | - ing result obtained indirectly via analysis of the ionospheric
0024 L ! . long-term trends.
8000 Roma (24 | [ TN T I O B M A Different magnitudes of théoF1 increase in Rome and
;i 002 | o E R D Il A Slough qbserved after 1992 (Fig. 1) may be related to dif-
E?_O_M | | § * ** ** *ox | ferent latitudes of the stations &,,=37.5 for Rome gnd
£ TN T T o U T T T o B ®iny=49.8 for Slough. The F1 layer trend results (Fig. 1)
éé"""s 2 A A T T T S N B B were obtained mostly on summer months (April-August).
R I A TS I L A A I There is always a summer/winter latitudinal gradient of [O]
o0 L1 *i* A T A A R with lower atomic oxygen concentrations towards the sum-
012 NN SN U N S S SN S S S B mer pole (e.g. Picone et al., 2002), that is, the [O}][Mtio
19 1045 105 1065 1075 1085 1085 2005 is smaller and the compensating role of libns in Eq. (7) is
“r larger.

Fig. 4. 11-year running mean , index, 4,13 (top panel) and Both_F2- and Fl—reg_|ons exhibit the geomagnetlc c_ontrql
observedifoF2; 35 long-term variations at noon for Slough/Chilton ™ that is, Fhe decrea_slmg.phase Of_geomagnet'c "’.‘Ct'v'ty IS
and Rome stations. Note the geomagnetic control until 1997 and &ccompanied by positive ionospheric trends and vice versa
“break down” of this control for the last available 5 years. (Figs. 1 and 4). The similarity ifioF1 andfoF2 long-term
variations is provided by neutral composition (Oz,M>)

variations which are closely related in the F1 and F2-regions
ionsg(O™)=B[O"] whereB=y1[N2]+y2[O2] and for molec-  due to a process of molecular diffusion which is very efficient
ular ions MF=NOT+0Oj produced both by direct photo- at these heights. A very good correlation betwé#p at F1-

ionization and via ion-molecule reactions we may write layer heights andNnF2 has been shown by Mikhailov and
Schlegel (2003, their Table 3) for disturbed conditions using
q(0") + ¢(M")=g=aaydM*IN, (5) ISR observations.

But this coherence breaks down after 1997 (cf. Figs. 1 and

N
whereaave=a1 [P,'\g]] +ar [[,a'i]] is the average-weighted dis- 4). While thefoF1 increase continues as a result of the de-
sociative recombination rate coefficient. creasing geomagnetic activity, in the F2-region we have a
Keeping in mind that M=N,—[O"] and [O"]=¢(0™)/B decrease at least for the last available 5 years. At present,
we get from Eq. (5) the equation the theory of the mid-latitude daytime F2-region is well-
" developed. According to this theory, under increasing of the
N2 - NE‘I(O ) _ 4 _ 6)  [OlIN2] ratio, the only way to decreasdrrF2 is to enhance
B Qave the poleward thermospheric wind Vnx, which produces the

downward plasma drift decreasitggmF2. It is interesting to
note the difference in the reaction of the F1- and F2-regions
q(0O™h) q to this presumably enhanced Vnx. While in the F1-region
= B + daveNs () the new type of théfoF1 vs. A 13> dependence appeared
approximately 10 years ago, in the F2-region the deviation
The first term in Eq. (7) presents the"Gon concentration  from the normal type of this dependence has been observed
and the second term — the concentration of Mns. A  for only the last 4-5 years (Fig. 2). The F1-region, being
comparison (Mikhailov and Schlegel, 2003) with the model in photo-chemical equilibrium, is totally controlled by neu-
calculations, when the complete set of pertinent processesal composition variations, while in the daytime F2-region,

which may be rewritten as

Ne
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the poleward Vnx compensates to some extent the posi- 60 11 | | |

tive effect of the [O]/[N] ratio increase. The bend in the Millstone Hill ISR observations
5foF2 vs.A ,132dependence (Fig. 2, bottom panel) obviously ~ 55 | 2 !70-175km U ok
tells about the increasing Vnx in time which overpowers the **"‘* *ﬁ*
[O]/[N 2] effect. It should be stressed that the conclusion on 50 | o <
the Vnx increase is based on the knowledge of the daytime < " ‘ N
. . . . E 45 - . P
middle latitude F1 and F2 layer formation mechanisms only, . N a
no direct experimental support for such Vnx long-term vari- %n 40 4 . . f;: 4 |
ations at the thermospheric heights is available at present as= -?&3. *e: SN A‘ii‘;&:f;
far as it is known (see also Discussion section). 35 I ’f’;&‘; Lot i
IS W . A Jan 07, 1997
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6 Rishbeth and Roble results analysis
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A classical paper by Rishbeth and Roble (1992) is referred 0 3 6 9 - iz 15 18 21 24

, hours

to by every publication devoted to ionospheric trends, and

thet.presentdpatp((ajr .IS t?]Ot E;(CIUZIOIEH' Wh”e ?/erz madest gle_Fig. 5. Observed with the Millstone Hill ISR diurnal variations of

viations predicte .m € and t-regions 100 reasona ®Ne in the F1-region (170-175 km) for winter and summer magneti-

although we are still very far from the doubled g€&renario cally quiet days under solar minimum conditions.

considered in their paper, the results on the F1-region with

enon . : .

a 40-50% increase in electron concentration (the|r_ Fig. 9)tions used by Rishbeth and Roble (1992). The magnitude

look absolutely unreal. The mechanism of such Ne increase . L

is not seen from the point of view of the present dav theor of the Ne observed diurnal variations are seen to be larger
P P y Yihan two orders of magnitude. Hardly the ionospheric effects

of the F1 layer formation. Model calculations analogues to : .

o . of CO;, cooling are comparable with such large background
M|khalloy qnd Schlegel (2.003) were made to e;pmate POSNerF1 variations. Therefore\Ne/Ne may be very large dur-
sible variations oNeF1 using geophysical conditions, tem-

= . ing the nighttime hours when Ne is low. The ionosphere is
perature and neutral composition changes as they are given

by Rishbeth and Roble (1992). TINSF1 variations were _not sunlitin December most of'Fhe time especially at h|g_h lat-
. . ._itudes, where the authors obtained the largdse/Ne (their
estimated at a constant pressure level and at a fixed heig

175km for the Millstone Hill ISR location. According to 1. 9). On the contrary, in the summer hemisphere the iono-

. . . here is sunlit most of the time at high latitudes and the
the_ lso_barlc concept by Rlshbeth and Edwards (.1989’ 1990igntribution of nighttime hours, with re?atively low Ne, is
which is a more appropriate F1 layer, where vertical plasma | Millstone Hill witho=42.6 N is not a high-latitude
transfer is inefficient unlike F2 layer, one should not expectnOt _arge.l houah thi d P~ learl g his latitud
any changes of Ne at a constant pressure level. The calcus—tatlon’ although this tendency Is clearly seen at this fatitude
lations have exactly confirmed the prediction, while at theas well (Fig. 5). Summer conditions result in small (5-10%)

. . i N ANe/Ne deviations (their Fig. 9), which may be considered
fixed height 175 km we have a 13% increase in Ne. The Iat-as areal effect of COcooling in the F1-region
ter is explainable as under a 40K decrease in Tn theo,O/N '
ratio increases at a fixed height (see Discussion). Thus, dur-
ing daytime (and F1-layer is a daytime formation) under the7 Discussion
CO; cooling effects in the thermosphere predicted by Rish-
beth and Roble (1992) one may expect a 13% increase iThe undertaken analysis of tHeF1 long-term variations
NeF1 at a fixed height, which is much less than in the citedhas confirmed the expected result — these variations are also
paper. Therefore, what is the origin of the 40-50% increasesubjected to the geomagnetic control, which was earlier re-
in NeF1? vealed in F2 and E-layer trends. The mechanism of this
The results by Rishbeth and Roble (1992) are givencontrol is different in dissimilar ionospheric regions. In the
for 00:00UT as the zonally averaged relative differencesmid-latitude daytime E-region, the geomagnetic control is
ANe/Ne (%) (their Fig. 9). This means that different local provided via nitric oxide NO variations (Mikhailov and de
times were put together. Such an approach may be acceptable Morena, 2003; Mikhailov, 2006b). In the F1- and F2-
for thermospheric parameters whose diurnal variations argegions, this control is mainly provided by neutral compo-
not that large, but not for the ionospheric F1-region with thesition (O, &, N») variations, the meridional thermospheric
Ne diurnal variations up to 100 times. Figure 5 givés=1 wind being also important in the F2-region. Neutral com-
diurnal variations at 170-175 km observed by Millstone Hill position variations are practically the same in the F1- and
ISR on magnetically quiet days 7 January 1997 and 10 July=2-regions due to a very efficient molecular diffusion pro-
1986 during solar minima with4g72~70. The selected days cess inthe thermosphere. Therefore, the geomagnetic control
are close to December solstice under solar minimum condi€oncept initially developed for the F2 layer long-term trends
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(Mikhailov, 2002, and references therein) is valid for the F1 of negative in Slough and positive in Rome trends initially
layer trends as well. This concept is based on the contempresented in the observétbF1;3, values. These trends pre-
porary theory of the F-layer storms (Rishbeth, 1991; Fuller-sumably have the same geomagnetic activity origin and are
Rowell et al., 1994, 1996; Blss, 1995; Rishbeth and Field, due to a very long-term increase in the geomagnetic activity
1997; Rishbeth and Mler-Wodarg, 1999). The interaction in the 20th century. This increase in geomagnetic activity is
of the background solar-driven and storm-induced thermo-widely discussed in recent publications (e.g. Clilverd et al.,
spheric circulations is the basic process in this storm mecha1998, 2005; Mursula and Martini, 2006). But the effect of
nism resulting in neutral composition variations. this very long-term increase in the geomagnetic activity can-

The geomagnetic control concept of the ionospheric trendsiot be removed even by using very smoothed indices, such as
proceeds from the assumption that the storm mechanismd ,13,, and perhaps other long-term indices of geomagnetic
controlling the F-region on the short time scales (hours andactivity are needed (Mursula and Martini, 2006).
days) are the same on the long time scales compared to a The required complementary trends are positive at Slough,
solar cycle length. The concept has emerged from the analboth in F1- and F2-regions, and negative in Rome (see ear-
ysis of the F2 layer parameter long-term trends and turnedier). This difference in the sign of the complementary trends
out to be efficient in the interpretation of the ionospheric is in line with general F-layer storm morphology and physics.
trend’s global morphology. Unlike a very popular green- Normally, under increased geomagnetic activity, the distur-
house hypothesis of the ionospheric trends, which encounbances are negative at high and middle latitudes and positive
ters many unsolved problems (Mikhailov, 2002, 2006a), theat lower latitudes, so the compensating trends should have
geomagnetic control concept explains, in a consistent wayppposite signs as we obtained in our calculations.
the observed long-term variations in the E-, F1-, and F2- In relation to the geomagnetic control of the ionospheric
regions. A fairly sophisticated method (Mikhailov et al., trends and the dependence of trends on the phase (ris-
2002) has been developed to extract long-term trends froning/falling) of the geomagnetic activity, it was stressed re-
routine ionospheric observations, but namely this method hapeatedly the importance of the periods selection. When the
allowed us to explain the observed long-term variations ofeffects of geomagnetic activity are not removed, Fig. 1 shows
the ionospheric parameters by natural long-term variationghat one may get positive or negative trends with different
of solar and geomagnetic activity. It is important to stressmagnitudes when different phases of geomagnetic activity
that we mainly use the same method for the trends analysiare put together. The statement of Xu et al. (2004) that “the
in the F2-, F1- and E-regions which is applied to the whole effect of geomagnetic activity was not significant” is just a
period of available observations. Therefore, any peculiaritiesresult of a rude method application, as the geomagnetic ac-
revealed in the ionosphere long-term variations, for instancetivity effects are strong and cannot be missed. Further, rough
unusual variations during the last decade (Figs. 2, 4) cannatethods applied for trend analyses may result in different
be attributed to the method, but should have their origin insign offoF1 andfoF2 trends (Bremer, 1998; Xu et al., 2004).
the Earth’s atmosphere itself. As it was mentioned earlier, basically F1 and F2 iono-

As an attempt to interpret such revealed peculiarities wespheric regions are closely related via the scheme of photo-
consider, for instance, a sharper reaction of the thermoehemical processes. Although the meridional neutral wind
spheric neutral composition to the geomagnetic activity vari-strongly affects the mid-latitude F2-region, its contribution to
ations (Fig. 2), or an increase of the northward Vnx (Fig. 4). NmF2 variations is relatively small during daytime hours as
Such explanations should be considered only as plausibldaytime Vnx and corresponding vertical drifts are relatively
ones which follow from the formation mechanisms of the F1- small (Buonsanto and Witasse, 1999). This idea is also used
and F2-regions as there are no direct observations of sucim the isobaric F2-layer concept by Rishbeth and Edwards
long term trends in the thermospheric parameters thus far1989, 1990) where the effects of the vertical plasma drift
But these proposed explanations are not the key point of thare ignored. Therefore, during the daytime hours in question
paper. The main result of our analysis is the geomagneticariations of neutral composition play the leading role and
control of thefoF1 long-term variations similar ttoF2 ones  normally F1 and F2 ionospheric regions should exhibit the
and this control practically takes place for the whole periodsame sign of trends — the period after 1997 (Figs. 1 and 4) is
of available observations (Figs. 1, 4). considered later.

Another aspect of the geomagnetic activity impact on the An interesting result is a change of thi®F 13, vs. A 5132
ionosphere long-term variations, is a complementary trenddependence after 1992, in the F2-layer this happened later
proposed by Mikhailov et al. (2002) for the interpretation of (Fig. 2). The formation mechanism of the F1-region is rel-
the F2 layer long-term trends. A similar approach has beeratively simple — photo-chemical equilibrium. As far as it is
applied to the F1 layer trends (Fig. 3). An addition of a lin- known, there are no indications on any systematic increase
ear complementary trenkl. to the observedfoF1;3, prac- in solar EUV radiation for the last 15 years. However, some
tically completely removes the geomagnetic activity effect notes should be made in relation to this. A decrease of neu-
resulting in very small and insignificant residual trends. Thetral temperature should result via a decrease of neutral scale
complementary trend may be considered as a compensatidmeight in an increase of the ion production rate. This seems
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to be in line with the expected Grooling of the thermo-  mospheric winds essentially contribute to tRe¥2 varia-
sphere. However, under a 15% increase in {C&er a 30-  tions. Under increasing of the OfNatio an enhanced pole-
year period (Keeling et al., 2002) one may expect the thermoward thermospheric wind Vnx is the only way to decrease
spheric temperature decrease by 10—-20K at best (RishbethmF2 in the daytime mid-latitude F2-region.

and Roble, 1992; Akmaev, 2003) and this is only around 2% It is necessary to remind us that during tbE2 long-term

of the neutral temperature at F1-region heights. Thereforetrend analysis we work with all 12 months to obtain annual
the analyzed effect can hardly be related to such small demeansfoF2 (Mikhailov et al., 2002). In this case, daytime
crease in the neutral temperature. Moreover, sinfi&il annual mean Vnx is poleward at middle latitudes (Hedin et
increase took place during the decreasing phase of the ge@l., 1991; Buonsanto and Witasse, 1999). A negditiFe®
magnetic activity before 1965 (Fig. 1) when no £€bol- trend after 1997 implies Vnx enhancement which overpow-
ing effects are expected. Therefore, the revedtéd in- ers the O/N increase. At present, there are no direct ob-
crease after 1992 (Fig. 1) should be attributed to the neutraservations of such Vnx long-term increase. It is possible to
composition variations. According to the scheme of photo-mention the results by Danilov (2008) who has analyzed the
chemical processes (Egs. 4—7, also Mikhailov and Schlegelgorrelation coefficient between daytime and nighttinfie-2
2003) such an increase foF1 may be related only to the values (which normally is negative) and found an increase
O/Ng3 ratio increase. It should be stressed that real causes fasf abs¢) after 1980, which he has related to an increase in
such changes of neutral composition, which follow from our the poleward Vnx. Such an increase of Vnx does not look
trend analysis, are not known. But as the method of the analunreasonable as under decreasing geomagnetic activity (cor-
ysis, applied for the whole period in question, is the same andesponding to a decrease of the auroral heating) the solar
the type of thesfoF1;3, vs. A 132 dependence is different  driven circulation (poleward during daytime) should enhance
after 1992, formally one can speak about a new reaction ofe.g. Fejer et al.,, 2000; Balan et al., 2004). In principle,
the thermosphere on geomagnetic activity (Fig. 2, top panel)such Vnx increase should have been seen irhthe2 long-

The other possibility to explain the steeping of #ieF1;3» term variations. Indeed, such analysis for Slough has shown
vs. A 132 dependence, may be based on a correction of th¢Mikhailov, 2006a; Fig. 1) strongly dampéuirF2 variations
conventional magnetic indices (Mursula and Martini, 2006). compared to the previous (1950-1975) period. BuE2 is
Anyway, this result is a good illustration of the use of iono- strongly controlled by neutral temperature and the effect of
spheric trends analyses for monitoring the long-term changethe greenhouse cooling of the thermosphere can hardly be
in the Earth’s upper atmosphere. separated from the discussed Vnx effect as they work in one

A large 4-5 year lag between long-term geomagnetic acdirection.
tivity and long-term F2-layer parameter variations have been In the end, some words about possible effect of the CO
revealed earlier during our analysis of tfe=2 andhmF2 cooling. Just a decrease of neutral temperature should result
long-term variations (Mikhailov et al., 2002; Mikhailov, in [OT] increase at fixed heights in the F1-region. This can
2002). The same time shift takes place intbiel variations  be shown from simple arguments (Mikhailov and Schlegel,
(Fig. 1). No explanation to this time delay can be proposed2003). For the sake of simplicity, we may suppose that
at present. As a working hypothesis, one may think thatthe thermosphere is isothermal and neutral species [O] and
the whole Earth’s atmosphere is involved with the processe$M] ~[N2] are distributed in accordance with the barometric
provoked by long-term variations of geomagnetic activity. law: [O]=[O]oexp(~z/H) and [M]=[M]oexp(1.7%/H),
Long-term changes in the global atmospheric circulation andvhere H=kTn/mg is the atomic oxygen scale height. The
related variations in the thermospheric neutral compositionO™ production rate may be written g$0")=j,[Olexp(-a
and temperature is the most probable mechanism. Speci&hy) wherej, is the ionization efficiency depending on the
investigations with 3-D first principle models are needed toincident solar EUV flux and ionization cross-sectionsxCh
answer this question. is the Chapman function for solar zenith angleanda in-

An unexpected effect in thi®F2 long-term variations has cludes the column density of neutrals multiplied by absorp-
appeared after 1997 on both stations (Fig. 4). Despite theion cross-sections. The linear loss coefficigmhay be writ-
steady decrease in the geomagnetic activity since 1987 antkn as8=y [M]. In this case [0 ]=¢(O")/Bxexp(0.75/H).
an expected positive trend foF2, which really took place Therefore, [J] will increase at a fixed height providing Tn
for some years, we have a negative tréol2 for the last decreases. NormallA[O*] controls the sign ofANe in
5 years. This contradicts the geomagnetic control concepEg. (7), therefore one should expect an increase of Ne in the
of the ionospheric trends, which is seen to be valid for theF1-region under decreasing Tn. But it should be keptin mind
whole previous period. Moreover, in the F1-region we havethat all these arguments are valid only if concentrationg [O]

a pronounced positive trend for the same period exactly inand [M]p are unchanged at the basic legg! In reality, this
accordance with the concept. Positiig&2 trend also im-  hardly takes place under varying geomagnetic activity and
plies an O/N increase under decreasing geomagnetic acchanging global circulation. Therefore, it is a problem to
tivity (Mikhailov and Marin, 2001). But unlike the F1- separate and demonstrate the pure effects of the greenhouse
region totally controlled by photo-chemical processes, ther-cooling.
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8 Conclusions observations during geomagnetic storms, J. Geophys. Res., 109,
A04308, doi:10.1029/2003JA009982, 2004.
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