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The ionosphere exhibits the variability over different time scales. In the present paper we present the long term solar
activity variations of mid latitude ionosphere. To accomplish this study we have considered a famous Australian station
namely Hobart (42.88°S , 147.32°E), which falls in the mid latitudinal region. The variability has been examined over the
previous three solar cyclesi.e, 21, 22 and 23 solar cycles. To characterize the long term variability of the solar activity we
have used four indices namely sunspot number (Rz), solar radio flux (F 10.7cm), Mg |l core to wing ratio and solar flare
index. Similarly, for ionospheric variahility we have the critical frequency of F2 layer (foF2). From our study, we found that
the long term changes in the solar activity indices which are closely and synchronously reflected in the ionospheric foF2. To
quantify the magnitude of association between the long term solar activity variations and the ionsopehric variations we have
performed the single regression analysis and computed the correlation coefficients between the two types of indicies, and
found that there exists an extremely strong correlation between the two types of indices for all the three solar cycles. Hence,
it has been concluded that the ionospheric foF2 is strongly influenced by solar activity with an 11-year variability.
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1 Introduction

lonospheric variability changes from hour to hour,
day to day, month to month, year to year as well as
from one cycle (11 years) to other'. Each type of the
ionospheric variability has its own sources and own
characteristic features. Although, short time variations
are caused by the transient changes like solar flares
and coronal mass gjections the long term variation are
thought to be caused by the long term cyclic
variability of the solar activity. The short term
variations are sudden and intense and last only for
shorter period of time while the long term variations
are smooth and follow a particular trend. The solar
cycle variations of the ionosphere have been studied
since past, which are thought to be caused by the
cycle variation of solar irradiance - a primary source
of ionization in the ionosphere®®. The studies
devoted to study the long term or solar activity
variations of the ionosphere have been realized by
using various ionospheric parameters like critical
frequency and peak electron density of F2 layer,
Total Electron Content (TEC) etc™ and various
indices like smoothed sunspot number (Rz), solar
radio flux (F10.7cm ), solar EUV and UV flux
etc for representing the solar activity. Moreover,
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different studies have wused the vaues of
ionospheric parameters; while some have used daily
median values®, some have noon time values'®’
while some others have used monthly median
values™™® to investigate how the ionospheric
variability changes with long term variations in
the solar activity.

It has been found association that of long term
variability of ionosphere with solar activity is very
complex. In some earlier studies, before the EUV
observations were made available, people used
sunspot number and solar radio flux as solar indices to
investigate the long term behavior of ionosphere using
foF2 or NmF2*3'°  However, it was found that
monthly values of foF2 or TEC exhibits a linear
relationship with sunspot number particularly for
lower values of sunspot number, but saturates for
higher values of sunspot number. This feature was
known as saturation effect. Several explanations were
proposed for the cause of the saturation effect®®
which was resolved by agreeing that neither sunspot
number nor radio flux are appropriate proxies for
investigating the solar activity variations of
ionospheric foF2 or NmF2 and it was suggested that
solar extreme ultraviolet (EUV) flux can serve as an
apt and good proxy for studies concerning long term
solar activity variations of ionosphere since these
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radiations follow the definitive solar cycle variations
and major contributors of ionospheric ionization.
However, later®® observed the saturation effect of
foF2 with the EUV as well and suggested the
dynamics of ionosphere among its major causes. Later
another interesting feature, known as hysteresis, that
for the same level of solar activity the values of the
foF2 are not the same, was discovered”?*?, It was
found that this hysteresis effect degrades the
correlation between the sunspot number and monthly
median values of ionospheric parameter. The nature
and association of monthly median values of
ionospheric parameters with EUV have been studied
thoroughly, however, only limited studies have
utilized the daly values of the ionospheric
parameters. The reason for this is that daily changes
in the ionosphere are not necessarily due to solar
variability, and in case when they are not due to solar
variability they are expected to degrade the
correlation™®*, Hence, it needs to be clearly
examined how much the daily values depend on the
solar activity.

Some studies conducted recently have also used the
X-ray flux to investigate the solar cycle variations of
ionospehric parameters'?*?. However solar XUV
observations are generally conducted over short®®
hence, direct measurements of the solar XUV
spectrum and its unpredictability are not available for
most times.

The present paper aso describes the long term
variability of ionospehric foF2 at mid latitudes by
using several solar parameters and the monthly
median values of the foF2.

2 Data Setsand Analysis

The critical frequency of F2 (foF2) layer is one of
the most important and most widely used ionospheric
parameters in studies concerning the solar activity
variations of ionosphere. For this study, we have
considered the Australian mid latitude ionosonde
station, Hobart (42.88°S, 147.32°E). The National
Geophysical Data Center (NGDC) maintains a huge
data base of about 256 ionosonde station spread over
the entire globe. The free access to the data is
provided at http://spidr.ngdc.noaa.gov/spidr/. For our
study we have downloaded the data from the website
for the last three solar cycles (1976-2008). The data
sets for solar activity indices sunspot number (Rz)
and solar radio flux (F10.7 cm) were obtained
from the Space Physics Data Facility, OMNI
(http://omniweb.gsfc.nasa.gov/).

The solar flare index (FI) is one of the most
interesting index constructed to quantify the daily
flare activity and was first introduced by Kleczek?'. It
isusually denoted by Q and is defined as:

Q=ixt (D)
Where ‘i’ represents intensity class of flare and ‘t’
the duration in minutes of the flare. The daily flare
index for the three solar cyclesviz 21, 22 and 23 were
obtained by using the final grouped solar flares which
are compiled by the NGDC. The Mg Il 280 nmis also
another important solar activity indicator. The Mg 11
index is derived from daily solar observations of the
core-to-wing ratio of the Mg |1 doublet at 279.9 nm. It
provides a good measure of the solar UV variability
and can be used as a reliable proxy to model Extreme
Ultra Violet (EUV) variability during the solar cycle.
The data collected for the index from satellite
observations are provided by the National Oceanic
and Atmospheric Agency (NOAA) accessed at
http://www.ngdc.noaa.gov/stp/ GOESY.

The raw data obtained from different sources were
processed and fina data sheets were prepared which
were then converted into graphical representation
which is discussed in the next section (Results).

3 Results

We have first examined the variability of foF2 with
the four solar activity indices individually during the
each solar cycle. The variability of the two types of
parameters have been compared during the different
months of the each year of the solar cycle. Then the
magnitude of association has been shown by
performing the single regression anaysis and
computing the correlation coefficients which have
been inserted in each panel for a particular pair of
parameters.

3.1 Solar cycle21

The monthly averaged values of foF2 and the
monthly averaged values of sunspot number, flare
index, Mg Il and F10.7 are plotted against the months
of the cycle in the four panels of Fig. 1. From the
Fig. 1 we notice that there is a synchronous variation
between foF2 and al the solar activity indices.
As the solar activity starts increasing from 1976, the
values of foF2 aso start increasing and achieve
the peak during 1979-1981 which is aso the
maximum phase of solar cycle 21 and after that
solar indices starts decreasing hence the foF2 also
starts decreasing.
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Similarly, the yearly averaged values of foF2 and
solar activity indices are plotted in Fig. 2. The similar
features are also noticed in the Fig. 2. We can easily
see that the two curves representing yearly pattern of
foF2 and solar activity indices amost overlap,
depicting very good association between the two
types of variabilities.
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Figure 3 shows the variations of monthly averaged
values of sunspot number (Rz), flare index, solar
radio flux (F10.7 cm) and Mg Il core to wing ratio
and ionospheric foF2 for the different years of solar
cycle 21. From the figure we find that all the solar
indices show a monotonic increase from the
beginning of the solar cycle to their maxima. The
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Fig. 1 — Monthly variation of foF2 with solar indices during the solar cycle 21.
sﬁ v T L L L 20 '_l\ L L LS
—de—tur . }- 240
7.54 —@— Flare Index 73 ——n [ f220
b 200
7.04 L1s 7.0 -
L 1s0 &
= 651 . — 557 160 3
= 3 -1
E 6.0 ‘g 2 6.04 b= 140 E
";’ Ll0— = Li20 2
2 ssd g o ssd z
e =8 L100 &
5.0 5.04 | s0 2.
454 ps 454 Leo 3
b 40
4.04 204
|20
Phase Phase Phase Phase
15 T T T T T T T T T v 0 s L v L v T T T T 0
1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986
8.0 T T T T T 8.0 T T 0.29
—fe—tof2 | [-240 e 1oF2
7.54 —i=F 10.7 220 7.54 —— g
7.04 / @ L 200 7.04 /* .
y—-‘"‘
6.54 L 180 6.54 Lo.28
£ TE
k- 160
2 6.0 3 z 6.0 -
- 140 . oy L]
o 554 o o 554 =
K- 120 = O
5.04 L 5.04 0.27
b 100
4.54 6 454
4.0+ / Lso 4.04
= F ding Phase | D ding Phase e - F Ascending Phase | Descending Phase alnte
'1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986

Years of solar cycle 21

Fig. 2— Annual variation of foF2 with solar indices during the solar cycle 21.
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Fig. 3— Behavior of critical frequency foF2 and solar indices during the solar cycle 21.

different solar activity indices starts increasing from
year 1977 and achieve their peak during 1980 and
1981 after that all the solar indices starts decreasing
describing the cyclic variation of solar activity, the
similar behavior is reflected in foF2 variability.

Figure 4 depicts the dsngle regresson andyss
performed to access the magnitude of correlation
between foF2 and solar activity indices. To construct the
scatter plot we have used the yearly averaged values of
foF2 and solar indices. It can easily seen that a straight
line fits very well on the data points, hence showing a
linear variation between the two. All the points either lie
on the gtraight line or lie very close to it. The correlation

coefficients of foF2 with flare index, sunspot number,
F10.7 cm and Mg Il core to wing ratio are 0.94, 0.97,
0.98, and 0.97, regpectively, during the solar cycle 21.
The values of correlation coefficients clearly indicate
that foF2 variahility is strongly correlated with the long
term variability of the solar activity.

3.2 Solar cycle22

The monthly averaged values and the yearly
averaged values of foF2 are plotted, together with
monthly averaged and yearly averaged values of solar
activity indicesin Fig. 5 and Fig. 6, respectively, during
the solar cycle 22. From both these figures, we can
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Fig. 4 — Scatter and correlation of foF2 with flare index, sunspot number, F10.7 Cm and Mg |1 core to wing ratio during the solar cycle 21.
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Fig. 5— Monthly variation of foF2 with solar indices during the solar cycle 22.

clearly observe the two curves, representing variability Figure 7 depicts the variations of monthly averaged

of foF2 and solar indices, amost overlap. This is the
similar feature observed for the solar cycle 21. The two
curves achieve the minimum and maximum values in
the same month or year. Any change in the solar
activity curves is synchronousdly reflected in the
foF2 curve.

values of sunspot number (Rz), flare index, solar radio
flux (F10.7 cm) and Mg Il core to wing ratio and
ionospheric foF2 for the different years of solar cycle
22. All the solar indices show a monotonic increase
from the beginning of the solar cycle to their maxima.
The different solar activity indices starts increasing
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Fig. 7— Behavior of critical frequency foF2 and solar indices during the solar cycle 22.
from year 1987 and achieve two peak during 1989 and Figure 8 shows the magnitude of correlation of

1992 and after 1992 the indices darts decreasing  foF2 with flare index, sunspot number (Rz), F10.7 cm
describing the cyclic variation of solar activity, the  and Mg |l core to wing ratio during the solar cycle 22.
similar behavior isreflected by foF2. From the figure we find that foF2 exhibits a linear
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relationship with al the four solar activity indices.
The correlation coefficients of foF2 with flare index,
sunspot number, F10.7 cm and Mg Il core to wing
ratio are 0.92, 0.97, 0.97 and 0.97 respectively.

3.3 Solar cycle23

The monthly and yearly averaged values of foF2
and solar activity indices during the solar cycle 23 are
plotted in Fig. 9 and Fig. 10 respectively. Again we
notice that, the long term variability of two types of
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activities go hand in hand. Any small changes in the
solar activity are clearly reflected in the ionospheric
variability, indicating a strong control of long term
variability of solar activity on the long term
variability of ionosphere.

Figure 11 shows the variations of monthly averaged
values of sunspot number (Rz), flare index, solar
radio flux (F10.7 cm) and Mg Il core to wing ratio
and ionospheric foF2 for the different years of solar
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Fig. 9— Monthly variation of foF2 with solar indices during the solar cycle 23.
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Fig. 10 — Annual variation of foF2 with solar indices during the solar cycle 23.
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Fig. 11 — Behavior of critical frequency foF2 and solar indices during the solar cycle 23.

cycle 23. From the figure we find that al the solar
indices show a monotonic increase from the
beginning of the solar cycle to their maxima. The
different solar activity indices starts increasing from

year 1996 and achieve the peak between 2001 and
2002 and then start decreasing to the minimum in
2007, describing the cyclic variation of solar activity,
the similar behavior is reflected in foF2.
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Figure 12 shows the nature and magnitude of
correlation of foF2 with flare index, sunspot number,
F10.7 cm and Mg Il core to wing ratio during the
solar cycle 23. From the figure we find that foF2
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different during the three cycles. This clearly shows
that the ionospheric foF2 exhibits an eleven year
variability like the solar activity.

Solar Cycle 21

Solar Cycle 22  Solar Cycle 23

exhibits a linear relationship with all the solar activity 0.29
indices. The correlation coefficients of foF2 with flare _ 028
index, sunspot number, F10.7 cm and Mg Il core to & S
wing ratio are 0.85, 0.92, 0.93 and 0.88 respectively.
Correlation coefficient of foF2 with solar indices E";‘%ﬁ
during solar cycle 21, 22 and 23 are given in Table 1. =200
The monthly averaged values of solar activity - 108
indices and foF2 during al the three solar cycles are % sl
plotted together in Fig. 13, to know how the two types 2 e
of activity vary from cycle. From the figure we find 2
that both solar activity indices and the foF2 follow & %
similar variability during al the three cycles. g
However, the peak and minimum values are slightly £20
Tablel — Correlation of foF2 with solar indices during solar & iz
cycle21, 22 and 23. = 8
Parameters Correlation Coefficient % :
During Solar  During Solar  During Solar S 2 R SN < | i Tl GO
Cycle21 Cycle 22 Cycle 23 0 SN S SR [ N S —
Flare Index - foF2 0.94 0.92 0.85 0 40 80 120 160 200 240 280 320 360 400
Rz — foF2 0.97 0.97 0.92 Months of solar cycle 21 to 23
F10.7 cm - foF2 0.98 0.97 0.93 Fig. 13 — Cycle to cycle variation of foF2 with solar indices
Mg Il c/w - foF2 0.97 0.97 0.88 during solar cycle 21, 23 and 23.
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Fig. 12 — Scatter and Correlation of foF2 with flare index, sunspot number, F10.7 Cm and Mg Il core to wing ratio during the solar cycle 23.
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4 Discussion

It iswell known that the solar irradiance which is
the primary source of ionization for ionosphere
follows an eleven year periodicity. Consequently,
the ionosphere is also expected to reflect or follow
the similar variability with the solar activity.
However, the main task is to find the accurate or
exact proxies for representing periodic variability
of the solar activity which best suited for long term
variability of the ionosphere. Although, some
proxies like sunspot number and solar radio flux
have been used in earlier studies, but later it was
found that these are not the best proxies for
studying the solar activity variability of the
ionosphere. More recently, some other proxies like
solar ultra violet, extreme ultraviolet and x-ray
fluxes have also been identified. In our study we
have attempted to explore some more parameters,
which have potential to be used as proxies but it
need more detailed and comprehensive study. In
addition to the solar proxies, the average values of
ionospheric parameters are equally important. It is
to be explored whether monthly values, daily
values, noontime values, day or night values are to
be used concerning the long term solar activity
influences of the ionosphere. Since majority of the
studies favour the use of monthly median values, so
we have aso used the monthly values of
the ionospheric parameters. However, to get
make conclusive and decisive statements, more
comprehensive and deep investigations are needed.

5 Conclusions

We have investigated the long term solar activity
variability of the ionospheric foF2 during the last
three solar cycle. From the study we found that foF2
follows the long term eleven year variability with the
corresponding variability of the solar activity. The
convincing evidences of this variability are reflected
both in the monthly averaged as well as in yearly
averaged values. The relative peak values of foF2 in
various solar cycles was found to depend on the
strength of the solar activity. The highest peak
values of foF2 were recorded in the stronger solar
cycles (21 and 22). The correlation coefficients of
foF2 with different solar activity indicies during
three cycles were found to exist between 0.85 to 0.98
(1 representing the perfect correlation) clearly
guantifying a strong association of solar activity
variations with the foF2 changes.
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