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Summary: We analyse solar extreme ultraviolet (EUV) irradiance observed by the 
Solar EUV Experiment (SEE) onboard the Thermosphere Ionosphere Mesosphere 
Energetics and Dynamics (TIMED) satellite, and solar proxies (the F10.7 index, and 
Mg-II index), and compare their variability with the one of the global mean Total 
Electron Content (GTEC). Cross-wavelet analysis confirms the joint 27 days 
periodicity in GTEC and solar proxies. We focus on a comparison for solar minimum 
(2007-2009) and maximum (2013-2015) and find significant differences in the 
correlation during low and high solar activity years. GTEC is delayed by 
approximately 1-2 days in comparison to solar proxies during both low and high solar 
activity at the 27 days solar rotation period. To investigate the dynamics of the delay 
process, Coupled Thermosphere Ionosphere Plasmasphere electrodynamics model 
simulations have been performed for low and high solar activity conditions. 
Preliminary results using cross correlation analysis show an ionospheric delay of 1 day 
in GTEC with respect to the F10.7 index during low and high solar activity. 

Zusammenfassung: Wir analysieren vom Solar Extreme Ultraviolet Experiment 
(SEE) an Bord des Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics 
(TIMED) Satelliten gemessene solare EUV-Irradianzen, solare Proxies (den F10.7-
Index und denMg-II-Index), und vergleichen deren Variabilität mit derjenigen des glo-
bal gemittelten Gesamtelektronengehalts (GTEC). Kreuzwaveletanalysen bestätigen 
eine gemeinsame Variabilität im Periodenbereich der solaren Rotation (27 Tage). Wir 
vergleichen insbesondere den Zusammenhang während des solaren Minimums (2007-
2009) und Maximums (2013-2015), wobei signifikante Unterschiede der Korrelation 
zwischen solaren und ionosphärischen Parametern auftreten. Es tritt eine Verzögerung 
der Maxima und Minima von GTEC gegenüber denjenigen der solaren Proxies von 
einem Tag sowohl im solaren Minimum als auch im solaren Maximum auf. 

1. Introduction 

The existence of the ionized layer in the atmosphere is due to the incoming solar radia-
tion ranging from X-rays to the extreme ultraviolet (EUV, 0-105 nm). Solar input 
significantly changes the behavior of the thermosphere/ionosphere system during low 
and high solar activity, modulated at different time scales including the 11 years solar 
cycle and the 27 days solar rotation period, as has been shown using various solar 
proxies (e.g., Jakowski et al., 1991; Liu et al., 2003; Afraimovich et al., 2008; Liu and 
Chen 2009; Astafyeva et al., 2008; Chen et al., 2015; Patel et al., 2017). Solar EUV 
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modulations are stronger during high solar activity as compared to low solar activity. 
The ionosphere region (80-500 km) may be characterized by the total electron content 
(TEC, given in TEC units (TECU), 1 TECU = 1016 electrons/m2) (e.g., Kane, 1992; 
Liu et al., 2006). TEC is one of the most important ionospheric parameters, which is 
frequently used to represent the behavior of the ionosphere. It varies temporally and 
spatially due to the complex interaction with the solar radiations (e.g., Mukhtarov et 
al., 2013). 
Many researchers have explored possible relations between the solar radiation and the 
ionosphere (e.g. Jakowski et al., 1991; Afraimovich et al., 2008; Min et al., 2009; Lee 
et al., 2012; Jacobi et al., 2016). To establish possible relations of solar input and TEC, 
solar proxies are used as a representative of solar EUV with ionospheric TEC. Solar 
proxies are not always capable to sufficiently reproduce the EUV variability (Dudok 
de Wit et al., 2009), but they are often used due to unavailability of the direct EUV 
measurements. Most commonly used solar proxies are the solar radio flux at 10.7 cm 
(F10.7 index, given in solar flux units (sfu), 1 sfu = 10-22Wm-2 Hz-1) (Tapping, 2013), 
the Mg-II index (core to wing ratio of MG-II line at 280 nm) (Maruyama, 2010), or the 
sunspot number (number of active formations) (Wolf, 1856). Direct continuous 
measurements of EUV from space are available since 2002 from the Solar EUV 
Experiment (SEE) onboard the Thermosphere-Ionosphere-Mesosphere Energetics and 
Dynamics (TIMED) satellite (Woods et al., 2000, 2005). However, due to degradation 
of EUV measuring instruments, solar proxies may be more suitable (BenMoussa et al., 
2013), or repeated calibration is necessary. 
Several authors have reported an approximately 1-day delay in TEC in comparison to 
solar indices (Jakowski et al., 1991; Su et al., 1999; Forbes et al., 2000; Liu et al., 
2006; Afraimovich et al., 2008; Lee et al., 2012; Jacobi et al., 2016; see also references 
therein). The dynamics behind the delay observed in the ionospheric TEC with respect 
to the solar proxies is still an open question. Jakowski et al. (1991) suggested that it 
might be due to slow diffusion of atomic oxygen, which has a longer lifetime at 180 
km altitude, and which is produced via photodissociation of molecular oxygen in the 
lower thermosphere.  
The availability of general circulation models (GCM) gives us the opportunity to ex-
plore different atmospheric processes which may play an important role in the modula-
tion of the ionosphere. Some frequently used GCMs are the Thermosphere Ionosphere 
Electrodynamics General Circulation Model (TIEGCM, Richmond et al., 1992), the 
Coupled Thermosphere Ionosphere Plasmasphere Electrodynamics (CTIPe, Fuller-Ro-
well and Rees, 1983; Codrescu et al., 2012), and the Global Ionosphere Ther-
mosphere Model (GITM, Ridley et al., 2006). Most of the upper atmospheric models 
use the F10.7 index, the Mg-II index, or a modified F10.7 index to prescribe the solar 
variability and initialize the EUV parameterization routine.  
It is essential to understand the fundamental behavior of the ionosphere during both 
low and high solar activity. Therefore, this study is focused on finding the correlation 
and time delay between global mean TEC (GTEC) and solar proxies during a low solar 
activity (January 2007 - December 2009) and a high solar activity (January 2013 - 
December 2015) period. To derive the periodicities in the GTEC and solar parameters, 
the cross-wavelet method will be utilized. Preliminary results of the CTIPe model to 
estimate the delay during low and high solar activity will also be presented. 
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2. Data and model description 

2.1. Data sources 

We have computed daily GTEC values using global ionospheric maps available from 
the International GNSS Service (IGS, Hernandez-Pajares et al., 2009) provided by 
NASA’s data archive service (CDDIS, 2017). IGS-TEC maps are available in a 
latitude/longitude resolution of 2.5°/ 5° with a time resolution of 2 hours. To represent 
the solar variability, numerous solar proxies are available. We use daily values of 
F10.7 and the Bremen composite Mg-II index (Snow et al., 2014). The F10.7 index 
and the TIMED/SEE integrated EUV flux datasets are taken from the LISIRD 
(DeWolfe et al., 2010) database. Direct EUV measurements are available from the 
TIMED satellite. The NASA TIMED satellite was launched in 2001 and carries four 
instruments (GUVI, SABER, SEE and TIDI), orbiting at an altitude of 625 km (Woods 
et al., 2005). TIMED measures atmospheric density, temperatures, winds, and solar 
ultraviolet radiation. TIMED/SEE provides solar EUV irradiance measurements since 
January 22, 2002. The instrument is designed to measure the soft X-rays and EUV/UV 
radiation from 0.1 to 193 nm with a spectral resolution of 0.1nm. SEE includes two 
instruments, the EUV grating spectrograph and the XUV (soft x-rays) photometer 
system (Woods et al., 2000). We have used the daily integrated value of solar 
irradiance from 5.5 to 105.5 nm.  

2.2. CTIPe model description 

The CTIPe model is a global, 3-D, time-dependent, nonlinear, physics-based numeri-
cal model. It consists of four components, namely (a) a neutral thermosphere model 
(Fuller-Rowell and Rees, 1980), (b) a mid- and high-latitude ionosphere convection 
model (Quegan et al., 1982), (c) a plasmasphere and low latitude ionosphere (Millward 
et al., 1996), and (d) a self-consistent electrodynamics model (Richmond et al., 1992), 
which run simultaneously and are fully coupled. The thermosphere model solves the 
equations of momentum, continuity, and energy to calculate global temperature, den-
sity, wind components, and atmospheric neutral composition. The numerical solution 
of the composition equation with the energy and momentum equations describe the 
transport, turbulence, and diffusion of atomic oxygen, molecular oxygen and nitrogen 
(Fuller-Rowell and Rees, 1983). The latitude/longitude resolution is 2°/18°.  
In the vertical direction, the atmosphere is divided into 15 levels in logarithmic pres-
sure from 1 Pa to 8.73 10-7 Pa with a step of one scale height. The corresponding 
geometric heights are variable depending on temperature. External inputs like solar 
UV and EUV, Weimer electric field, TIROS/NOAA auroral precipitation, and tidal 
forcing are required to drive the model. The F10.7 index is used as input proxy to drive 
the ionization, photodissociation and heating rates. The lower boundary is 
characterised by output of the Whole Atmospheric model (WAM, Akmaev, 2011). The 
F10.7 index is used in an artificial manner as input solar proxy to calculate ionization, 
heating, and oxygen dissociation processes in the ionosphere. For the simulation, a 
reference solar spectrum based on the EUV flux model for Aeronomic Calculations 
(EUVAC) (Richards et al., 1994), driven by variations of input F10.7 is used in the 
model. More description of CTIPe is available in Codrescu et al. (2008, 2012). 
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3. Results and discussion 

3.1. Variation in TEC and solar EUV proxies 

Here we have filtered the datasets using a low pass filter with a cut off period of three 
months. The filtered datasets have been normalized by subtracting the average value of 
the respective study period and dividing by the standard deviation. Figure 1 shows the 
normalized time series of GTEC, daily integrated SEE-EUV flux, F10.7 index, and 
MG-II index, while the curves are offset by 2 each. Figure 1(a) shows the data during 
the extended part of solar cycle 23 from 2007 to 2009. During this period solar activity 
was extremely low, which is also the case for the 27-day amplitudes. In comparison to 
the low solar activity years, Figure 1(b) shows stronger activity at the 27 days solar 
rotation period for the years of higher solar activity (2013-2015).  

 

Fig. 1. Temporal variations of normalized datasets of GTEC (blue), SEE-EUV flux 
(black), F10.7 index (red), and Mg-II index (magenta) during (a) low (2007-2009) and 
(b) high (2013-2015) solar activity years. The curves are vertically offset by 2 each. 

 

As shown in Figure 2(a), weaker correlation is observed during the low solar activity 
years between TEC and both the solar proxies in comparison to high solar activity 
years. During low solar activity years, the F10.7 index shows weaker correlation with 
the GTEC (Chen et al., 2011). In the correlation analysis during low (high) solar 
activity cycle, a correlation coefficient of 0.59 (0.77), 0.48 (0.64), and 0.50 (0.70) has 
been observed between normalized TEC and integrated EUV flux (black), F10.7 index 
(red), and MG-II index (figure not shown) respectively. The possible reason for the 
weaker correlation during low solar activity is the tidal forcing from the lower 
atmosphere, resulting in variability of GTEC (Lee et al., 2012). A strong correlation 
has been observed during high solar activity years. Mg-II index and SEE EUV flux 
shows stronger correlation with TEC than the F10.7 index. Jacobi et al. (2016) 
analyzed GTEC and Solar Dynamic Observatory/Extreme Ultraviolet Variability 
Experiment (SDO/EVE) integrated EUV flux data from 2011 to 2014 and they found a 
correlation of about 0.89. In comparison to the F10.7 index and sunspot number, solar 
EUV flux shows stronger correlation with GPS-TEC during the years 2010 to 2014 
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(Patel et al., 2017). Furthermore, to estimate the delay in GTEC with respect to solar 
proxies, the cross-correlation method has been used. In comparison to GTEC, all the 
solar proxies show a delay of 1-2 days. This means that solar radiation variations take 
about 1-2 days to influence the ionosphere. Various authors reported a similar 
ionospheric delay using solar proxies and GTEC (Jakoswki et al., 1991; Lee et al., 
2012; Jacobi et al., 2016). According to Jakowski et al. (1991) this is possibly due to 
slow diffusion of atomic oxygen at 180 km or vertical transport processes. 

 

Fig. 2. Cross-correlation of GTEC with the SEE-EUV flux (black) and the F10.7 index 
(red) during (a) low (2007- 2009) and (b) high (2013-2015) solar activity years. Posi-
tive values denote GTEC lagging SEE-EUV or F10.7. 

 

3.2. Wavelet analysis 

To further investigate the nature of the relation between oscillations in the solar prox-
ies and GTEC, the cross-wavelet technique has been used (Grinsted et al., 2004). This 
method indicates common high energy and relative phase between two-time series. 
Two continuous wavelet transforms using Morlet wavelet as mother function have 
been constructed. 
Figure 3(a-b) shows the cross-wavelet spectra between GTEC with SEE–EUV flux 
(upper panel) and F10.7 (lower panel) index are during low solar activity years (left) 
and 3(c-d) during high solar activity years (right). All datasets have been normalized 
as described in section 3.1. From the figure, it is visible that during low solar activity 
the cross-wavelet spectra show weak power at the 27 days periodicity. In contrast to 
low solar activity years, a high energy region is observed at the 27 days periodicity 
during 2013-2015. All the arrows in the significant region show that GTEC is in phase 
with SEE and F10.7 index at 27 days periodicity. Thus, from this Figure it can be 
concluded that solar proxies influence GTEC mainly at the 27 days solar rotation 
period, which indicates that the solar forcing is strongly affecting the ionospheric 
activity. Guo et al. (2015) used the cross-wavelet and wavelet coherence methods to 
estimate the relation between TEC and sunspot numbers during the years 1999 to 
2013. They found strong coherence at the solar rotation period, except for the extended 
solar minima years 2008-2009. 
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Fig. 3. Upper row: cross-wavelet transform of GTEC with (upper row) SEE-EUV flux 
and (lower row) F10.7 index during (a-b) low (2007- 2009) and (c-d) high (2013-
2015) solar activity years. The cone of influence is shown by a black line. The arrow 
shows the phase relationship: in-phase pointing right, anti-phase pointing left and 
down-ward direction means that TEC is leading.  

 

3.3. CTIPe simulated 27 days variation in TEC 

The CTIPe model has been used to understand the role of solar EUV radiation in the 
ionospheric TEC variations. The F10.7 index is used as a model input. During the 
experiments, the model was run for 30 days by keeping all input parameters constant 
to attain the diurnally reproducible state and after this spin-up, the input was modified. 
We have used constant atmospheric conditions for 15 March 2013, and run the model 
by varying the F10.7 index for the 27 days solar rotation period.  
The behavior of the ionosphere varies with solar activity. To understand this concept, 
we ran the CTIPe model for both low and high solar activity conditions. The F10.7 
index was selected for low (70-75 sfu) and high (100-140 sfu) solar activity as shown 
in Figure 4(a, b), respectively, as a line plot. The simulated zonal mean TEC is shown 
in Figure 4 as background contour plot. The figure shows the variation in the output 
TEC with respect to the solar activity. Solar activity controls the ionization process in 
the ionosphere, which results in increase or decrease of the electron density. The 
model is capable to simulate the TEC distribution according to input solar activity. The 
electron density enhancement at low latitudes is due to the fountain effect (Appleton 
1946).  

As with the data analysis in section 3.1, we utilize the cross-correlation method to esti-
mate the time delay between CTIPe simulated GTEC data and input F10.7 index for 
low and high solar activity, as shown in Figure 4(c,d). An ionospheric delay of about 1 
day in GTEC with respect to the F10.7 index during low and high solar activity years 
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is observed. Note that in comparison to low solar activity, weaker correlation is ob-
served during high solar activity conditions, which is not supported by the observa-
tions. A possible reason is that during solar maximum, EUV varies at different time 
scales, leading to considerable variability not necessarily directly correlated with TEC, 
which is not reproduced in our model experiment, where the F10.7 variability was 
chosen as purely sinusoidal. 

 
Fig. 4. Upper panel: simulated zonal mean TEC (background contour plot) and input 
F10.7 index (line plot) for (a) low and (b) high solar activity conditions. Lower panel: 
corresponding cross-correlation plots between the F10.7 index and modeled GTEC. 

4. Summary and Conclusion  

We analyzed GTEC and solar proxies datasets to investigate the ionospheric behavior 
during low (2007-2009) and high (2013-2015) solar activity years. The correlation 
between GTEC and SEE integrated EUV flux was stronger during high solar activity 
years than during low solar activity years. Whereas, the F10.7 index results in weaker 
correlation. An ionospheric delay of about 1 day in GTEC against solar parameters 
during both low and high solar activity years is observed. As shown by cross-wavelet 
analysis, EUV flux and F10.7 index show similar characteristics of correlation with 
GTEC during low and high solar activity years. From this analysis, it is clearly visible 
that solar radiation is strongly influencing the GTEC at the 27 days solar rotation 
period.  
We have used the CTIPe model to simulate GTEC during low and high solar activity 
conditions. The experiment was performed using the F10.7 index for low (70-75 sfu) 
and high (100-140 sfu) solar activity for 15 March 2013 conditions. Preliminary re-
sults using cross-correlation analysis show an ionospheric delay of 1 day in GTEC 
with respect to the F10.7 index during both low and high solar activity. In comparison 
to low solar activity, a weaker correlation has been observed during high solar activity. 
In this first approach, we have found that the CTIPe model is able to reproduce the 

Wiss. Mitteil. Inst. f. Meteorol. Univ. Leipzig Band 56 (2018)

7



observed ionospheric delay. In further studies, we will also analyze photodissociation 
and ionization processes of atomic oxygen, molecular oxygen, and molecular nitrogen 
to check the validity of the results by Jakowski et al. (1991).  
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