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Abstract. A study of ionospheric data recorded at 1 Introduction

Slough/Chilton, UK, from 1935 to 2012, has revealed long-

term changes in the relative strength of the annual and semi-

annual variability in the ionospheric F2 layer critical fre- The UK ionospheric monitoring group has made continu-
quencies. Comparing these results with data from the southous measurements of the ionosphere from Slough {34,.5
ern hemisphere station at Stanley in the Falkland Island®.6° W) and Chilton (51.7N, 1.3° W) in the UK since 1931
between 1945 and 2012 reveals a trend that appears to #1d Stanley in the Falkland Islands (519 57.8 W) since
anti-correlated with that at Chilton. The behaviourfof2 ~ 1945. These data were instrumental in studying the be-
is a function of thermospheric composition and so we arguehaviour of the ionosphere, which is now largely understood.
that the observed |Ong_term Changes are driven by CompoAt mid-latitudes, the dominant cause of ionisation in the
sition change. The ionospheric trends share some of thei#pper atmosphere is the absorption of solar X-ray and Ex-
|arger features with the trend in the Variabi“ty of the aa ge- treme Ultra Violet radiation. This behaviour is modulated
omagnetic index. Changes to the semi-annual/annual ratio iRy changes to the thermospheric composition either as a re-
the Slough/Chilton and Stanley data may therefore be atsult of seasonal changes to thermospheric circulation pat-
tributable to the variability in geomagnetic activity which terns (Rishbeth, 1998) or in response to auroral heating,
controls the average latitudinal extent of the auroral ovals€-g. Davis et al. (1997). More recently these long sequences
and subsequent thermospheric circulation patterns. Changd¥ve proved invaluable in identifying long-term changes in
in ionospheric composition or thermospheric wind patternsthe height of the ionospheric F2 layer predicted as a conse-
are known to influence the height of the F2 layer at a givenduence of climate change (Bremer, 1992; Jarvis et al., 1998).
location. Long-term changes to the height of the F2 layerChanges to the long-term occurrence of other ionospheric pa-
have been used to infer an ionospheric response to greefiameters are less well studied, since such statistics are depen-
house warming. We suggest that our observations may indent on good data coverage and consistency in both equip-
fluence such measurements and since the results appear f@ent and data scaling.

be dependent on geomagnetic longitude, this could explain Data from the Slough/Chilton and Stanley sequences

why the long-term drifts observed in F2 layer height differ have been manually scaled following the URSI conventions
between locations. (Piggott and Rawer, 1961). Equipment has inevitably been

K ds. At heri iti d fruct changed throughout the sequences and such occasions are
eywords. Atmospheric ~ composition — an SUCIUIe o corded. While automatic scaling of ionospheric data is be-

(thermosphere composition and chemistry) — IorIOSpher%oming more widespread, it is still necessary to scale the pa-

(!onosphere—atmosphe_re interactions) —  radio SCeNCEameters manually if a consistent scientific archive of the data
(instruments and techniques)

is to be maintained. An advantage of the same person scal-
ing the data over an extended time is that unexpected trends

Published by Copernicus Publications on behalf of the European Geosciences Union.



114 C. J. Scott et al.: Long-term changes in thermospheric composition

in some of the parameters become apparent. Routine manu
scaling of the Chilton and Stanley data ceased in 2006 bu 5

monthly noon median values are still calculated from man-
ual inspection of the data. L M\W ‘ i
Lol i

2 Annual and semi-annual variability in the ionosphere
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lonospheric densities at all heights show a strong solar cy: ~ ®@  ss0 10 10 o0 1e0  fee0 2000 2010

cle variation due to the resulting modulation of solar irra-

diance and geomagnetic activity. For mid-latitude locations ;¢ w w

in longitude sectors that are near to the geomagnetic pol m V

(such as Slough/Chilton) there is an annual variation in ioni- L ,“ l\L}U 4‘ W i

sation with ionospheric densities being greatest in the winter w |

This is due to seasonal composition changes in the thermc ~ sr Wﬁ

sphere at F-region altitudes as originally suggested by Rish

beth and Setty (1961) and later modelled by Zou etal. (2000)  f0 w0  1es0  1se0 70 dse0  feso 2000 200

In the summer, the thermosphere has a greater concentratio: e

of molecular species that increase the ionospheric l0ss ratgjg 1. Long-term variations in monthly median nodaF2 for

through charge exchange with atomic ions followed by dis- sjough/Chilton in the UK (top panel) and Stanley in the Falkland

sociative recombination of the molecular ions. This results inislands (lower panel). The ionosphere above both stations is modu-

lower F-region ionospheric densities in the summer monthdated by the eleven-year solar activity cycle. Superposed with this is

where the proportion of molecular species is relatively high.a dominant annual variation at Chilton and a semi-annual variation

In the winter months, downwelling of the meridional ther- at Stanley.

mospheric circulation maintains a thermospheric composi-

tion that is dominated by atomic species which have a lower3 Long-term changes in the annual and semi-annual

loss rate. This seasonal change in composition exceeds the components offoF2

decrease in ion production due to the seasonal change in so-

lar zenith angle over the same period. The electron concentration of an ionospheric layer can be
Modelling work (Millward et al., 1996) demonstrated that determined by probing the ionosphere with short-wave ra-

the semi-annual effect can also be explained by composidio pulses. The parametéf2 represents the highest radio

tion and zenith angle changes between the seasons. A senfrequency returned from the peak of the F2 layer and is re-

annual variation results when a station is far enough from thdated to the peak electron concentratidbm2, by the for-

magnetic pole that compositional changes between equinorulafoF2=8.98,/NmF2. Noon monthly mediafoF2 val-

and winter months are relatively small compared with theues for Slough/Chilton and Stanley (Fig. 1) were used to in-

associated change in solar zenith angle. This is the case forestigate long-term changes in the relative magnitude of the

the ionosphere above Stanley in the Falkland Islands wherannual and semi-annual components. In order to do this, a

ionospheric densities peak at the equinoxes. Lomb-Scargle spectral analysis was carried out on the data
While these are the dominant trends at each location, theising an eleven-year sliding window to select data. Each win-

relative strength of each does vary. For example, the semidow of data was detrended by fitting and subtracting a cubic

annual variation was prominent at Slough during the so-function before carrying out the spectral analysis. This was

lar minimum year 1933-1934 when the first complete yeardone to remove any influence of the background trend in the

of ionospheric observations was made (Appleton and Nai+esulting power spectra. A Lomb—Scargle spectral analysis

smith, 1935; Rishbeth, 1998). Since both the annual anckffectively yields a vector of powers attributed to each fre-

semi-annual variations can be explained by the relative in-quency for the eleven-year window of data considered. Slid-

fluence of changes in composition and zenith angle, a studyng the window in time results in a series of spectral analyses,

into how the relative magnitude of these effects varies witheach tagged with the central time in the time window. The se-

time at a given location should provide a useful insight into ries of spectra is shorter than the original time series by the

long-term compositional changes. Such a study has been uwindow length since only complete eleven-year data sets can

dertaken for 37 yr of ionospheric data recorded at Concepcirbe used in this analysis. Figures 2 and 3 show the resulting

(Bravo et al., 2011) who recorded long-term changes in theperiodograms for local noon at Slough/Chilton and Stanley,

relative strength of annual and semi-annual variations in theespectively. It can be seen that the spectra at both stations

ionosphere and suggested that these could be explained mpntain both annual and semi-annual components with, as

changes in composition or thermospheric circulation. Weexpected, the semi-annual component being more significant

present a similar analysis for the long-term ionospheric dateat Stanley while the annual component dominates the spectra

sequences at Slough/Chilton and Stanley. at Slough.

Ann. Geophys., 32, 113%19 2014 www.ann-geophys.net/32/113/2014/
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For comparison with the work of Bravo et al. (2011), who
found that the annual variation of tHeF2 layer varied be-
tween day and night, the analysis was repeated for local mid-
night at both stations. The resulting semi-annual/annual log
15 power ratios are shown in Fig. 5. It can be seen that the an-
nual component dominates at both stations during the night
{20 (the magnitude of the ratio decreases dramatically) and the
variability at the two stations no longer anti-correlates.

Frequency per year

4 Discussion and conclusions

If an ionospheric parameter changes over time, and this is
. not due to instrumental changes, there must have been some
1900 970 A0 %0 2000 change in ionospheric physics or chemistry. Modulation of
entre of 11 year window L.
the F2 peak could be the result of changes in ion produc-

Fig. 3. Lomb—Scargle periodogram for the local noon ionospheric fion and loss or thermospheric temperature, composition and

F2 layer above Stanley. The relative power between frequencies i!"ind?- Compositiongl changes cannot be dU? to thermal ex-
displayed in the colour axis showing a dominant semi-annual vari-Pansion or contraction caused by changes in temperature,
ation (frequency per year of 2). which does not affect the relative abundances of the gases

at a given pressure level (Garriott and Rishbeth, 1963) (pro-

To investigate further, the total power in the range vided all gases are diffusively separated with their own scale
+0.05 Hz either side of the annual and semi-annual compoheights). Some other change must be occurring, therefore,
nents was calculated, and the ratio of these powers plottetb increase the molecular abundances, probably composition
for each station as a function of time. Since the semi-annuathanges at the lower boundary of the diffusively separated
component is not always present, this was used as the numeregion around 100 km. This may provide evidence of a more
ator when calculating the ratios. dynamic thermosphere at the turbopause level, above which

These semi-annual/annual power ratios for the stations arthe composition is controlled gravitationally.
shown in Fig. 4 as a function of time. While changes in  As described in Sect. 2, peak electron concentration and
the semi-annual/annual power ratio are much larger in thehe related critical frequendpF2 are largely controlled by
Stanley data sequence than at Slough/Chilton, the trends seéine neutral composition of the ambient thermosphere, e.g.
at the two stations contain prominent anti-correlated featuresZou et al. (2000), so the spectral changes described in Sect. 2

www.ann-geophys.net/32/113/2014/ Ann. Geophys., 32, 1139 2014
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may well indicate changes in thermospheric composition.
The modelling described in Zou et al. (2000) shows that the
composition at mid-latitudes varies predominately season: . ‘ . . ‘ . ‘
ally (summer/winter) in longitudes near the magnetic pole Y30 1940 1950 1960 1970 1980 1990 2000 2010
(“near-pole sectors”), including Slough/Chilton, and semi- eI
annually at longitudes remote from the magnetic poles (far-gig 6. Time series of annual mean values (top panel) and annual
from-pole” sectors), including Stanley, as illustrated from standard deviation (lower panel) of the geomagnetic aa index. For
worldwide ionosonde data by Torr and Torr (1973). both these parameters, annual values were calculated from daily
A clue as to the source of the atmospheric forcing whichdata and then smoothed with an eleven-year running window for
may contribute to the changes seen in the spectral analysgmparison with Figs. 4 and 5.
of foF2 may come from the more striking features in semi-
annual/annual ratio trends. Slough/Chilton data (Fig. 4) show
a large decrease prior to 1960 followed by a rise and subsemodulation in the size of the auroral oval would be expected
quent fall (with the opposite occurring for the largest featuresto be mirrored in the conjugate hemisphere. As the iono-
at Stanley). The semi-annual/annual power ratio observed aphere above Stanley exhibits the opposite trend to that above
Stanley (and the inverse of the same parameter observed &ough/Chilton, the cause of the changes must be more com-
Slough/Chilton) bears a striking resemblance to the variatiorplex.
in geomagnetic activity as determined from the aa index. The Changes in the semi-annual/annual power ratio are far
aa index along with annual standard deviations in aa are plotsmaller at Slough/Chilton but their anti-correlation with the
ted in Fig. 6. These have been smoothed with an eleven-yeaneasurements at Stanley are striking. One possible argu-
running mean for comparison with the semi-annual/annuaiment to explain the observed variations at Chilton could
power ratios presented in Figs. 4 and 5. be as follows: Around 1955 the aa index and its variability
Variation in geomagnetic activity modulates the mean ex-were relatively high, with enhanced upwelling in the sum-
tent of the auroral oval, which in turn influences the thermo-mer hemisphere and the auroral oval more often expanding
spheric circulation that largely controls the chemical com-equatorward towards this “near-pole” location. Enhanced up-
position (Rishbeth, 1998). The UK is likely to be sensitive welling in the summer hemisphere along with closer prox-
to such changes, as it is located on the boundary betweeimity to the sub-auroral downwelling region in the winter
different regimes of thermospheric convection, as shown bymonths would enhance the annual variation in composition,
modelling (Zou et al., 2000), while Stanley, in a “far-from- reducing the relative influence of seasonal changes in solar
pole” longitude, would be closer to the sub-auroral down- zenith angle thereby weakening any semi-annual component
welling region as a result of increased auroral activity. Any of ionospheric variability. As geomagnetic activity declined

Ann. Geophys., 32, 113%19 2014 www.ann-geophys.net/32/113/2014/
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to a mimimum around 1966, the auroral oval would have The above descriptions are extremely qualitative since a
contracted polewards on average, reducing Slough/Chilton’sigorous investigation into the observed long-term changes
proximity to the auroral downwelling region in the winter infoF2 behaviour would involve detailed modelling not only
months. The difference in thermospheric composition be-of the thermospheric composition but also of the associated
tween summer and winter months would likely be reducedchanges to thermospheric wind fields. Meridional thermo-
under such a scenario, increasing the relative effect of seaspheric winds are known to modulate both the height and
sonal changes in solar zenith angle resulting in an enhancedensity of the F2 peak by moving ionisation along inclined
semi-annual component of ionospheric variability. During magnetic field lines. Altering the altitude of the ionisation in
the most recent solar cycle the reduced variation in aa hathis way in turn affects the loss rate, modulating the F2 peak
once again resulted in the semi-annual component increasdensity (Rishbeth, 1998).
ing in strength relative to the annual variation. The drift of the magnetic poles during the period of these

Conversely, the ionosphere above Stanley has followedbservations is another potential factor that could contribute
the opposite trend. With reference to Fig. 4, around 1955o the difference between the two stations in the annual/semi-
aa values were high and very variable, which would en-annual behaviour ofoF2. The seasonal variation 66F2
hance thermospheric upwelling in the summer hemispherelepends on geomagnetic location. According to the Inter-
and move the auroral oval equatorward on average, towardsational Geomagnetic Reference Field Geomagnetic Field
Stanley. While this would bring the sub-auroral downwelling Model, between 1930 and 2010, Slough/Chilton became fur-
region closer to Stanley, it would remain further from the ther from the north magnetic pole (the corrected geomag-
sub-auroral downwelling region than Slough/Chilton due netic, CGM, latitude changed from 501N to 48.F N) and
to its location on a “far-from-pole” longitude. If the in- Stanley became closer to the south magnetic pole (the CGM
creased molecular composition resulting from an enhancedhtitude changed from 34.920 39.2F S). In both cases the
upwelling in the summer hemisphere dominated over thedrift was smooth and in itself does not explain the variations
composition changes resulting from the modulation in prox-seen infoF2 behaviour. In principle, the drift of the poles
imity of the sub-auroral downwelling region, a molecular- may modulate geomagnetic activity, but that effect is mini-
rich environment would be enhanced throughout the yearmal at the longitudes of the UK and Australian stations used
thereby increasing the relative influence of seasonal change® compile the aa index (Clilverd et al., 1998). At Stanley the
in solar zenith angle and subsequently the amplitude of theeffect may be more significant, and could contribute to the
semi-annual effect in ionospheric variability. behavioural changes seenfof-2. If a difference in sensitiv-

Around 1966-1970, the aa decreased in value and beity to the changing position of the magnetic poles and auroral
came less variable, reducing thermospheric upwelling in theovals does exist, it may contribute to the anti-correlation in
summer hemisphere and causing the auroral ovals to corleng-term trends between the two stations.
tract polewards. If the annual variation in composition caused To test if proximity to the magnetic pole is indeed influ-
by the reduction in thermospheric upwelling in the summerencing the relative magnitude of the annual and semi-annual
hemisphere were to dominate over the reduced compositionalariability, the analysis was repeated for the (much shorter)
change caused by the poleward retreat of the sub-auroralata sequence from the ionospheric station located on the Ar-
downwelling region in the winter hemisphere then the annualgentine Islands between 1957 and 1988. These results (not
variation in composition would be enhanced relative to sea-shown) correlate well with the Stanley noon data trend but
sonal changes in solar zenith angle, decreasing the relativerith much larger values (stronger semi-annual component),
power of the semi-annual ionospheric variation. As geomag-the log ratio increasing from around 1.2 in the mid-1960s to
netic activity increased throughout the period from 1966—a peak of around 3.4 in the mid-1970s. At night the ratios are
1990 the semi-annual effect increased in amplitude. In theonce again dominated by the annual component with signif-
most recent and unusually quiet solar cycle, the magnitudécantly reduced log ratios ranging in value frop#.5 in the
and variability of geomagnetic activity has once again de-mid-1960s to a peak of aroune3.6 in the mid-1970s. Since
clined, thermospheric upwelling will have reduced and thethe Argentine Islands are at a similar geomagnetic longitude
auroral ovals have, on average, retreated polewards, causirig Stanley (longitude 9°9East) and are closer to the mag-
the semi-annual effect to become less prominent at Stanley.netic pole (latitude 509South) this variability agrees with

At local midnight thermospheric wind fields will differ the hypothesis that the long-term variability is being modu-
from daytime circulation patterns and it is to be expected thatated by geomagnetic activity.
any solar zenith angle effect would be significantly reduced. Roble and Dickinson (1989) investigated the influence on
While the long-term variations at the two stations are domi-the upper atmosphere of increased tropospherig Cah-
nated by the annual component at night, these sequences alsentrations. Through modelling work they concluded that
contain variations that are seen in the aa data, in particular ththe thermosphere would cool by around 50K as a result.
prominent dip in the mid-1960s. Rishbeth (1990) further speculated that the height of the

ionospheric F2 regionhmF2, would be reduced by sev-
eral kilometres in such a scenario, a conclusion verified

www.ann-geophys.net/32/113/2014/ Ann. Geophys., 32, 1139 2014
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by subsequent modelling work (Rishbeth and Roble, 1992). Assessing the composition and circulation changes nec-
Since then there has been much interest in determiningssary to account for the observed changes in annual/semi-
whether it is possible to detect any long-term decrease irannual behaviour dbF2 will involve detailed modelling but
the height of the ionosphere, a challenging measurement tdetermining the impact of such changes at a variety of ge-
make given the sensitivity of the ionosphere to solar and ge-ographic locations will enable the subsequent impact on the
omagnetic activity. Bremer (1992, 1998) studied the long-height of the F2 layer to be estimated. Only then will it be
term variability of ionospheric stations across Europe with possible to model how these inferred compositional changes
stations demonstrating a variety of trends. Jarvis et al. (1998vill influence the long-term behaviour of the height of the
presented a significant decrease in F2 layer height (aroun@nospheric F2 layer.

20 km) over Stanley and concluded that while this was con-

sistent with the anticipated response to greenhouse warming,

it could also result from changes to the thermospheric windAcknowledgementsThe authors thank M. Lockwood and M. Jarvis
pattern. Bremer (2001) also inferred thermospheric Changeg)r their time and useful suggestions and Natalia Papitashvili of
from ionospheric data recorded at various locations and conNASA/GSSF for providing the CGM coordinates program via

cluded that the scatter of trends observed in the |Ong_tempttp://omniweb.gsfc.nasa.gov/vitmo/cgm_vitmo.htrﬁhe authors
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