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Abstract: The increase of anthropogenic greenhouse gas emissions in the
atmosphere is expected to cause an increase of the global temperature in the
lower atmosphere and the oceans while a decrease is expected in the mid-
dle atmosphere and ionosphere (Ulich et al., 2007). For instance, Brasseur
and Hitchman (1988) anticipate a cooling of the stratosphere by 8 - 15 K,
whereas Roble and Dickinson (1989) predict the mesosphere and thermo-
sphere to cool by 10 and 50 K, respectively, for double concentrations of car-
bon dioxide and methane. These changes are much larger than the changes
in the upper atmosphere, and possibly some of its consequences, should be
easier to detect. Among others, changes in the electron concentration distri-
bution are expected (Rishbeth, 1990) that can be parameterized by the values
of maximum plasma frequency in the E and F regions (foE and foF2) and
the height of foF2, hmF2. Earlier work on this topic is reviewed. The pos-
sibilities, and others, are assessed as to what and how EISCAT 3D can con-
tribute to studies on Global Change by exploiting its capabilities to measure
ionospheric parameters that are expected to change employing the existing
EISCAT database expanding the available long time series results of WP 10
to the subject of Global Change.

An important issue in the context of the signatures of Global Change in
the ionosphere is the understanding of the coupling between the different
layers in the Earth’s atmosphere leading to a transfer of energy.

Dr. Vasyl Belyey at the University of Tromsg has developed a database
containing all 'raw’ data as obtained from the Madrigal database up to Jan-
uary 1, 2007. In order to gain easier access, the data has been integrated
during three hours per day for three months, e.g., four seasons. Using this
routine, data from the EISCAT Svalbard Radar (ESR) is presented. It is
concluded that EISCAT_3D can play an important role for improving our
understanding of long-term ionospheric change in context of Global Climate
Change.

1 Introduction

Temperature changes influence both heights and critical frequencies of ionospheric layers,
however for different reasons. The E and F1 layers can be described as 'photochemical’



layers which are produced by ionizing radiations in locations where these radiations
reach unit optical depth. This depends on solar zenith angle, absorption cross-sections
for these radiations as well as atmospheric pressure. The F2 peak, which normally is the
level of highest electron density, is dependent on a balance between photochemical and
transport processes which is present at some give pressure level (Rishbeth and Edwards,
1989). According to the hydrostatic equation, the variation of air pressure with height
p(h) depends on how the scale height H varies with height:

s=n2 = ﬂ (1)

p (h)

As greenhouse gas concentrations increase, the thermosphere cools whereas the lower
atmosphere warms. An ’isopycnic’ level exist in the middle atmosphere where the pres-
sure stays constant. As the E layer is situated only a few scale heights above that level,
its height will not decrease much as greenhouse gas concentrations rise. In contrast, the
F2 layer is placed many scales heights above the isopycnic level. Thus, its peak height
hmF2 should decrease due to the cumulative effects of the decreases of H below it.

The flux of ionozing photons and the chemical composition of the atmosphere (on
which the radiation acts) determines the total number of electrons and ions produced
along a slant path from the Sun through the ionosphere. Then the thickness of any layer
dependes on the local scale height which in its turn is dependent on the temperature.
Thus, the peak electron density should be related to the temperature such as Nm o 1/7.
Additional changes due to ’greenhouse cooling’ relate to how the rate coefficients of
the chemical and transport processes vary with temperature. Global Change could
also influence the chemical composition of the thermosphere, e.g., by altering the level
of turbulence in the turbopause region, affecting both layer height and peak electron
density.

2 Selected previous studies

This section gives an overview of selected previous work highligthning the different and
partly conflicting results in connection with different trend analysis procedures. Studies
often include the F2-peak height and the F2- and E-layer critical frequencies (foF2
and foE). In addition, studies of radio path reflection and ionospheric absorption have
also been performed. Lastovicka et al. (2008) presented a review of observations in the
context of global change.

2.1 Trends in F2-layer peak height (AmF2)
Shimazaki (1955) showed that hmF2 can be approximated by the equation
B
A+ ——— 2
+ M (3000)F2 @)

containing the maximum usable frequency factor M (3000)F2 for a 3000-km radio path
and the numerical constants A and B. This equation has subsequently been empirically
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Figure 1: Trends in the Earth’s atmosphere. Atmospheric layers are defined by the
temperature profile. Ionospheric layers are defined by the electron density
profile. The direction of change for the respective layers are indicated by
arrows: red - warming, blue - cooling, green - no change of temperature, black
- changes in electron density (horizontal) and heights of ionospheric layers
(vertical). Adapted from Lastovicka et al. (2008).

modified mostly by adding a correction term AM to M (3000)F2. This allows for ioni-
sation effects below F2 (Dudeney, 1983). Jarvis (2002) reported that the choice of some
formulae may even reverse the sign of the observed trend which shows the necessity to
validate the equation for any given ionosonde (Ulich, 2000).

Bremer (1992) was the first to report on trends obtained from ionosonde data from
Juliusruh, Germany, yielding a trend of -0.24 km/yr. Rishbeth and Roble (1992) showed



that in most places hmF2 drops by 10 - 20 km if atmospheric CO, and CHy are doubled.
Observations performed by Ulich and Turunen (1997) revealed a trend of -0.39 km /yr for
Sodankylad. Jarvis et al. (1998) presented data from the southern hemisphere (Argentine
Island, Antarctica, and Port Stanley, Falkland Islands) indicating that the - mostly
negative (between (-0.1 km/yr) and (-0.4 km/yr) - trends depend on season and time of
day. Measurements by Bremer (1998) yielded negative trends west and positive trends
east of 30° E. Upadhyay and Mahajan (1998) were the first to present global results which
were, however, inconclusive (seven positive and seven negative trends) with some being
in contrast with Bremer’s results. Negative trends have also been reported by Ortiz de
Adler et al. (2002) and Clilverd et al. (2003). Several trend models were tested against
data from Kokubunji, Japan, by Xu et al. (2004) yielding negative trends. Ulich (2000)
presented observations from 66 stations worldwide providing both negative and positive
trends without any geographic consistency. A review was presented by LaStovicka et al.
(2006a).

2.2 Trends in F2-layer critical frequency (foF2)

Little changes in foF2 should be expected from a cooling thermosphere as calculations
by Rishbeth and Roble (1992) showed (mainly decreases of no more than 0.5 MHz for
doubled CO3). No significant changes could be reported from observations at Julius-
ruh (Bremer, 1992). Upadhyay and Mahajan (1998) suggested that a global trend could
not be derived from ionospheric observations - they found 17 negative and 14 positive
trends. As for trends in hmF2, Bremer (1998) found negative trends west and positive
trends east of 30° E. A strong negative trend (-40 kHz/yr) obtained from measurements
at Ahmedabad, India, was reported by Sharma et al. (1999) Danilov and Mikhailov
(1999) presented results from 22 stations all of them showing negative trends. Mikhailov
and Marin (2000) proposed a ’geomagnetic control concept’ after showing that mea-
surements at 30 stations in the northern hemisphere depend on geomagnetic latitude.
Alfonsi et al. (2001) showed that their observations from high latitude stations in the
Southern Hemisphere were in accordance with model calculations. Alfonsi et al. (2002)
reported on observations from two high-latitude stations (Lycksele and Mawson) result-
ing in negative trends. Ulich et al. (2007) use 48 years of F2-layer critical frequency data
from Sodéankyla, Finland, in order to demonstrate how the sign and amplitude of the
detected trends depend upon choice of model which is fitted to the data. A comparison
of various methods in determining long-term trends in foF2 was presented by Lastovicka
et al. (2006b). These authors find all trends to be either negative or insignificant. In
addition, it is noted that data correction with sunspot number R, F10.7 adjusted to 1
AU, observed F10.7, adjusted E10.7 and observed E10.7 result in different trends. The
observed F10.7 and E10.7 are reported to represent the best correcting factors. Fur-
thermore, the observed trends are small, of the order of (-10 kHz/yr), which is much
smaller than the solar cycle effect. This shows that accurate solar activity corrections
are of great necessity. In addition, Lastovicka et al. (2006b) point out a number of issues
which should be addressed by future studies.



2.3 Trends in E-layer critical frequency (foE)

Rishbeth (1990) suggested that trends in the E layer are practically non-detectable.
However, Bremer (1998) attempted to measure trends at 25 stations yielding only 11
trends to be significant at 90% confidence level. Typical trend levels were around a few
kHz/yr. Mikhailov and de La Morena (2003) reported that the geomagnetic control
concept is valid for (foE), too. They also report on an anti-correlation of long-term
changes of geomagnetic activity (Ap index) with (foE) long-term trends, however only
before the early 1970s. Later this relation is not valid anymore which is suggested to be
caused by anthropogenic effects, e.g., chemical pollution.

2.4 Additional work

The International Space Science Institute (ISSI) in Bern, Switzerland, coordinates the
work of international teams of experts. The two active or recently finished teams at ISSI
are as follows: Team (1): ’Towards more effective physics-based and statistical models of
the polar ionosphere’ (team leader: Prof. Tony van Eyken). Team (2): ’Bridging the gap
between middle and upper atmosphere: coupling processes due to winds and waves over
an extended altitude range’ (team leader: Dr. Peter Hoffmann). Information concerning
each team can be found under (1) http://www.issibern.ch/teams/effective-physics and
(2) http://www.issibern.ch/teams/middleupperatmosphere, respectively.

3 Problems of trend determination

General problems which are faced when addressing long-term trends include the follow-
ing:

1. resolution of the data,

2. use of smoothing filters,

3. quality and consistency of time series (change of hardware, location or personnel),
4. if and how known variations have been removed from the time series.

In addition, operational accuracy of the instruments is often greater than the observed
trends. Thus, an evaluation of the significance of the trends and error bars should be
included in the plots. See Ulich et al. (2003) or Ulich et al. (2007) for principal problems
with trend studies.

4 Additional factors that may influence trend signals

4.1 Choice of the model

In order to reveal the unknown components which make up the variation of the residual,
known components have to be removed from the time series. In addition to 'natural’



variations such as the atmospheric chemical composition, the geomagnetic field, thermo-
spheric winds or atmospheric dynamics in general, the residuals also include measure-
ment errors and possibly elements which thus far have not been paid attention to at
all.

A variety of models have been used in literature. Some authors chose to remove known
variabilities in separate steps. This procedure makes it difficult to estimate an error for
the resulting trend. In contrast, a linear combination of base functions fx(¢) to model the
data, replicates models that have been used in published trend analyses. These models
contain a constant x; and a linear trend zst. The parameters x; can then be fitted to
the data set, e.g., foF2 for Ulich et al. (2007), in the least-square sense by means of
singular value decomposition. The advantage of this procedure is that it fits all model
components in a single step. This gives the most probable solution for the unknown xy,
and their standard error Any of these models is given by

N

M(t;) = o1 + @at; + Z T fr(ti), 3)
P

where ¢; are the sampling times and N is the number of functions included. Note also
that the inclusion of the samling times yields another advantage of this method, since
it removes the need for interpolating gaps. Interpolation is connected with the risk of
introducing pseudo data into the time series. Furthermore, a basic version of the model
would only contain the two first terms.

4.2 Long-term changes in solar activity

Firstly, the strong impact of solar variations on ionospheric data should be noted. It
has been shown in the literature that it is essential to remove solar activity variations
from the data prior to trend determination (Jarvis, 2002; Clilverd et al., 2003). The
trend depends on the phase of the solar cycle at the beginning and end of the data
set, e.g., if the data set begins at solar maximum and ends at solar minimum, then a
strongly negative trends is likely in foF2 and ~AmF2 which correlate positively with solar
activity. In that context it should be noted that most ionosondes were started during the
International Geophysical Year (IGY) in 1957, which stood for the highest solar activity
in the 20th century. Thus, every time series that is strongly modulated by solar activity
and started during that period will show a negative trend.

Secondly, a variety of ways can be used to express solar activity. In the simplest
approach, a sinusoidal wave with a period of 11 years would be utilized as a proxy.
However, solar cycles are not symmetrical, thus this would be a too crude approxima-
tion. A more appropriate description of solar cycles can be obtained by making use of,
e.g., Ziirich sunspot numbers or Royal Greenwich Observatory (RGO) sunspot group
numbers. However, sunspot numbers are often considered 'unphysical’ measurements.
In contrast, observations of solar 10.7-cm radio fluxes are available in the form of ’ad-
justed’ values normalised to the distance between Earth and Sun of 1 AU (Astronomical
Unit) and as 'observed’ values containing the 3.3 % distance variation. Ulich et al. (2007)



uses for example monthly means of fluxes and Ziirich sunspot numbers. It should also be
mentioned, that other proxies, e.g., the E10.7 index, are possible, since the ionosphere
is mainly created by UV and X solar radiation.

Lastovicka (2005) showed that the role of solar activity for retrieving long-term trends
decreases with decreasing altitude from the F-region down to the troposphere and de-
creases from the beginning of the 20th century during its end. Concerning the response
of the lower ionosphere to external solar forcing, Lastovicka (2009) presented a review.

4.3 Change of the atmosphere’s chemical composition

This point is only mentioned, but due to simplicity reasons no further information is
given here. See, e.g., Roble and Dickinson (1989) for ionospheric behaviour resulting
from changes in chemical composition.

4.4 Long-term changes in the geomagnetic field and seasonal variations

Clilverd et al. (1998) concluded that long-term changes in the geomagnetic field affect
the ionosphere which can be described by a variety of geomagnetic indices. Ulich et al.
(2007) states that the logarithmic Kp index is not suitable. In contrast, the linear
Ap index can directly be used for trend studies. In addition, local Ak indices from
an ionosondes could be used. Ulich et al. (2007) used monthly means of both Ap and
Sodankyla Ak indices. Note that also secular changes in the geomagnetic field may also
have a great impact on ionospheric features. At middle and high latitudes, the daily
variations of the F2-layer are partly controlled by thermospheric winds which depends
on the orientation of the terrestrial magnetic field (King et al., 1968).

Furthermore, Rishbeth et al. (2000) reported that ionospheric foF2 is modulated by
annual and semi-annual variations. Alfonsi et al. (2002) could not find a dependence of
their observed trends on the long-term behaviour of geomagnetic behaviour. Lastovicka
(2005) showed that the role of geomagnetic activity for retrieving long-term trends de-
creases with decreasing altitude from the F-region down to the troposphere and decreases
from the beginning of the 20th century during its end.

Mikhailov (2006) considered long-term trends in the F2-layer in the light of geomag-
netic control and the greenhouse hypotheses and concluded the necessity to remove
geomagnetic effects from the observations in order to retrieve a trend.

4.5 Other causes of long-term change

Ozone depletion might lead to changes in tidal forcing in the middle atmosphere and
subsequently to dynamical changes in the thermosphere (Ross and Walterscheid, 1991).
These effects would be especially prominent in the equatorial region. Serafimov and
Serafimova (1992) suggested that temperature changes in the lower ionosphere might be
detectable by their effect on radio-wave absorption.

In addition, volcanic explosions can contaminate the upper atmosphere. However,
their atmospheric effects may average out in the long term, since they have occurred
throughout geological time. In terms of man-made contamination, rocket launches could
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Figure 2: Density profiles over ESR showing variations during the day during the period
1997 - 2007. The panels (from above) show the results for UT 00-03, 03-06,
06-09, 09-12, 12-15, 15-18, 18-21 and 21-24.

change the chemistry of the upper atmosphere. On a speculative basis, this could lead
to an increasing occurrence of sporadic E layers and noctilucent clouds.

5 EISCAT observations

Dr. Vasyl Belyey at the University of Tromsg has developed a database containing all
raw’ data as obtained from the Madrigal database up to January 1, 2007. In order to
gain easier access, the data has been integrated during three hours per day for three
months, e.g., four seasons. Figures 2 and 3 show the output of the routine plotted in
different ways emphasizing daily and seasonal variations, respectively.

These two figures show that it is feasible to analyse and present long-term EISCAT
data. However, some of the problems mentioned in Section 3 have to be addressed, e.g.,
resolution of the data and quality and consistency of the time series. See Section 6 for
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Figure 3: Density profiles over ESR integrated over 3 hours in a day for 3 months for
the period 1997-2006. The panels (from above) show the seasonal variations
within a year (January - March, April - June, July - September, October-
December).

suggestions concerning future data analysis for EISCAT and comments on the feasibility
for EISCAT _3D.

6 Summary, discussion and outlook

An overview of earlier work concerning determination of long-term trends in the iono-
sphere has been given. In addition, examples of long-term data obtained by the EISCAT
Svalbard Radar (ESR) has been presented. Thus it is feasible to study long-term changes
with incoherent scatter radars.

However, one should pay attention to a few important issues. Firstly, to ensure data
quality, one needs to ensure that changes in equipment, codes etc. should be kept to
a minimum. The data for ESR presented in Section 5 comprises a variety of different
codes (Rishbeth and van Eyken, 1993). In addition, the instrumental setup has changed
as well data analysis software. A long-term planning would minimize the impact of
changes in the hardware or software on retrieved trends. Secondly, the resolution is also



affected by the use of different codes.

A possible scenario for continous future studies could be cross-calibration of electron
densities obtained by incoherent scatter radar measurements with TEC estimates from
GPS-based or GPS radio occultation measurements. The feasibility of these procedures
has been shown by Lilensten and Cander (2003) and Stolle et al. (2004). In this con-
text, the review paper on observations of the high latitude ionosphere during the IPY
by Alfonsi et al. (2008) should be mentioned.

With these comments in minds, we can suggest that EISCAT_3D can contribute to
solve outstanding problems in the context of long-term changes in the ionosphere, thus
providing a better understanding of the coupling between different layers in the atmo-
sphere.
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