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Abstract 

Solar activity dominates the temporal variability of ionospheric properties, which makes it difficult to 

identify and isolate the effects of geomagnetic activity on the ionosphere. Therefore, the latter effects 

on the ionosphere are still unclear. Here, we use the spectral whitening method (SWM)—a proven 

approach to extract ionospheric perturbations caused by geomagnetic activity—to directly obtain, in 

isolation, the effects of geomagnetic activity. We study its contribution to the ionosphere for different 

phases of the solar cycle. The time lag between the solar and geomagnetic activities provides an 

opportunity to understand the contribution of geomagnetic activity to the perturbation of the 

ionosphere. The results suggest that this contribution to the ionosphere is significant when geomagnetic 

activity is at its maximum level, which usually happens in the declining phase of the solar cycle, but the 

contribution is very weak at the solar minimum and during the ascending phase. Then, by analyzing 

the contributions in different months, we find that the role of geomagnetic activity is larger around 

winter but smaller around summer. 

 

Keywords: ionospheric properties; spectral whitening method; geomagnetic activity; phase of solar 

cycle 

1. Introduction 

Ionospheric time variation has been studied for many years. It is driven by many mechanisms, such as 

neutral wind, solar, and geomagnetic activities, and particle precipitation driven by wave–particle 

interactions.Many researchers have studied the effects of solar activity on the ionospheric trend 
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variation []. Some studies have used particular observations to analyze the ionospheric trend 

variations, including the upper ionospheric electron density the ionospheric temperature, and even 

differential GPS code biases. In addition, a range of observations have been used to study ionospheric 

cooling, which can be summarized in several ways, including by analyzing the decrease in the peak 

height of the ionospheric F2 layer and the upper ionospheric density]. It is well known that solar 

activity strongly affects the ionosphere and dominates ionospheric variability with local time (LT), so 

its effect on ionospheric trend variation is highly significant. These well-known solar-activity-induced 

variations make it difficult to detect and extract trend variations caused by other drivers, among which 

geomagnetic activity is also a very important driver]. As reported by Mikhailov and Marin], studies on 

trend variations in the critical frequency of the ionospheric F2 layer (foF2) should not neglect the 

effects of geomagnetic activity. 

 

Thus, it is important to develop an effective approach to characterize the effects of geomagnetic 

activity on the ionosphere. In fact, application of different methods usually leads to interesting but 

puzzling results. Therefore, finding a suitable approach is a focus in this field of research. Some 

authors have suggested that the effects of geomagnetic activity on the ionospheric trend cannot be 

extracted effectively using traditional methods, such as based on conventional monthly or annual 

mean measurements, or analysis of geomagnetic activity indices] 

 

This implies that different authors use different approaches to extract trend variations from the 

ionospheric observations and that the conclusions of analysis greatly depend on the adopted methods. 

Researchers have used various novel mathematic methods to explore new geophysical mechanisms, 

such as the numerical differentiation method and spectral analysis method. In general, the useful 

extracted “signal” (such as the effect of geomagnetic activity) is very small and the “background” 

is very noisy, so special methods are required to reveal the perturbation driven by the “signal” in the 

observed foF2 trend variations. The spectral whitening method (SWM), first introduced by Wang et 

al., may be an accurate and effective method for characterizing the effects of geomagnetic activity on 

ionospheric foF2 observations. As a mathematical method, it does not depend on input parameters such as 

geomagnetic indices (e.g., Ap). Ionospheric perturbations derived from the SWM are not affected by 

residual effects owing to solar activity during geomagnetically quiet periods. This approach can, 

therefore, remove the effects of solar activity more effectively than the conventional method. 

 

In this paper, the SWM is used to study the contributions of geomagnetic activity to the ionospheric trends. 

The plausible causes of the contributions will be discussed at various phases of the solar cycle. Our 

research shows that the effects of geomagnetic activity on the ionosphere greatly vary during different 
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phases of the solar cycle. The foF2 ionospheric is most notably affected by geomagnetic activity 

during the declining phase of the solar activity, especially around winter. 

2. Data and Methods 

2.1. Data 

Our analysis covers high to low latitudes in both hemispheres. Twenty-seven ionosonde stations (see 

Table) located between geographical latitudes +67.4◦ N and −67.6◦ S were selected because 

(1) they were as widely distributed as possible and (2) the foF2 observations cover at least 30 years. 

The common period covered by the data for all stations ranges from 1959 to 1990, with a time resolution of 

1 h. 

 

F10.7 is the solar radio flux at a wavelength of 10.7 cm measured for the earth’s orbit, which is most 

widely used as an index of solar activity. This index is generated daily at the National Center for 

Environmental Information (NOAA). The Ap index is obtained from the geomagnetic field 

measurements at a number of stations. It is usually used as a criterion of the general level of 

geomagnetic activity over the globe for a given day. In the research, in order to analyze the relationship 

between the foF2 and F10.7/Ap indices, both the original F10.7 and Ap index data are processed by 

nearest neighbor interpolation to obtain the data with 1-h time resolution. 

 

The aa index, expressed in units of 1 nT, is a global geomagnetic activity index with a time resolution 

of 1 day. The advantage of the aa index is that its time series reaches further back to 1868 and covers 

a longer period than any of the other geomagnetic activity index time series. It is derived from the K 

indices obtained from two approximately antipodal observatories. Because it is based on data 

obtained from only two observatories, it is the simplest of all the 3 hourly planetary indices. The index 

strongly correlates with the ap and am indices. In addition, in this study the solar activity level is 

represented by the monthly averages of the daily sunspot number. 

 

Table 1. List of ionosonde stations. 

 

                   Number         Station           Period  Latitude (◦ N)                 Longitude (◦ E) 

0 Mawson 1958–2000 67.6 62.9 

1 Port Stanley 1957–1990 51.7 57.8 

2 Hobart 1950–2007 42.9 147.3 
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– − 

− 

− 

− 3 Canberra 1950–2007 35.3 149.0 

4 Mundaring 1959–2007 32.0 116.2 

5 Townsville 1951–2007 19.6 146.9 

6 Huancayo 1957–1990 12.1 75.2 

7 Maui 1957–1990 +20.8 156.3 

8 Chungli 1959–1990 +24.9 121.4 

9 Yamagawa 1957–1990 +31.2 130.6 

10 Kokubunji 1957–1990 +35.7 139.5 

11 Akita 1957–1990 +39.7 140.1 

12 Boulder 1958–1990 +40.0 105.3 

13 Alma Ata 1957–1990 +43.2 76.9 

14 Wakkanai 1957–1990 +45.4 141.7 

15 Dourbes 1957–1990 +50.1 4.6 

16 Irkutsk 1957–1992 +52.5 104.0 

17 Juliusruh-Ruegen 1957–2012 +54.6 13.4 

18 Moscow 1957–1995 +55.5 37.3 

19 Gorky 1958–1990 +56.1 44.3 

20 Tomsk 1957–1994 +56.5 84.9 

21 Sverdlovsk 1957–1995 +56.4 58.6 

22 Churchill 1957–1996 +58.8 94.2 

23 Uppsala 1957–1990 +59.8 17.6 

24 Yakutsk 1957–1991 +62.0 129.6 

25 Lycksele 1957–1990 +64.7 18.8 

26 Sodankyla 1957–1990 +67.4 26.6 

2.2. Spectral Whitening Method 

The SWM is one kind of signal processing technique used for statistical estimation and detection, which 

is adopted to detect and remove the periodic disturbances from the background signal or data. 

Additionally, the detected disturbances by SWM are characterized by a Gaussian-type probability 

density distribution over all timescales. This process further simplifies statistical analysis and means 
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that the disturbances derived by SWM may have occurred regardless of the underlying physical 

processes. As a result, the SWM is suitable for both decorrelating a data sequence or controlling the 

spectral shape. Comparing to some traditional methods, such as the monthly median method (MMM), the 

SWM has been proven to much more successfully identify and extract the aperiodic disturbance in the 

background ionosphere. Wang et al. suggested that the SWM-derived disturbance in the 

ionosphere is more sensitive to external geophysical perturbations and geomagnetic storms. Chen et 

al.  

proved that the SWM is very effective for extracting the effects of geomagnetic activity from 

ionospheric observations. In this study, the SWM is adopted to remove the periodicities in foF2 

variations by flattening the Fourier spectrum, and therefore to identify the aperiodic disturbances 

driven by the geomagnetic activity. The SWM is a filtering method that is used to identify ionospheric 

perturbations caused by geomagnetic activity. For a time series, g(t), the SWM algorithm reads: 

 

 

 

 Where Penv(ξ) is the upper envelope of the power spectrum of g(t). The Penv(ξ) can be calculated 

using the complicated envelope function which can give a good approximation by using the 

maximum value in a given data window. P0 is the value that appears most often in the dataset of 

Penv(ξ), i.e., the mode of Penv(ξ). The transformation above actually consists of four steps: (i) A Fourier 

transform, shown as the bracketed part in Equation (1), is applied to the original data. (ii) The Fourier 

power spectrum is divided by its upper envelope Penv(ξ) and the maximum intensity is now unified, so 

the spectrum is flattened and displays the spectral form of white noise. Actually, the aperiodic 

components are not discernible in the spectrum; thus, they are merely affected by the whitening process. 

(iii) The whitened spectrum is multiplied by P0 to ensure the most common values of the spectrum 

intensity before and after the whitening are the same. (iv) A new time series, g∗
d(t), is derived by using 



 
 

268 | P a g e  

 

an inverse Fourier transform in the whitened spectrum from step (iii). However, the whitening process 

causes extra random dithers. Therefore, in order to reduce the enhanced noise, a three-point running 

average is applied to smooth gd
∗ (t) and the final result of SWM is gs(tm). 

In this study, for a given ionospheric station, g(t) denotes the time variation of foF2. The SWM 

has been shown to be more effective than the monthly median method (MMM) in the identification of 

ionospheric perturbations related to geomagnetic activity a strong geomagnetic storm occurred in 

March 1982. The ionospheric index Dr is defined as the mean of the absolute perturbation values of the 

global RfoF2 (relative value of the foF2) based on the SWM or MMM at the same time; it represents the 

overall level of global ionospheric perturbations. It suggests that the Dr (SWM) index is very effective 

in responding to global ionospheric perturbations before and after a geomagnetic storm. Regards the Dr 

(MMM) index, its response to geomagnetic storms can also be observed (shaded periods A and B in 

Figure but many more strong and significant perturbations appear in shaded period C. This disturbance 

shows significant diurnal variation, which can be observed during the period ranging from 27 February to 

9 March. Those disturbances should be the residuals of the diurnal variation, which is caused by the 

drawback of MMM. The dotted lines in Figure represent the smoothed Dr. Since MMM is one kind of 

low-pass filtering method and as it is hard to filter the diurnal variation and 27-day quasi-periodicity, 

the Dr (MMM) values significantly fluctuate around the smoothed Dr (MMM) over a 27-day cycle. 

 

Figure 1. From top to bottom: Dst geomagnetic index, ionospheric index Dr (MMM), and ionospheric 

index Dr (SWM) indices. The dotted lines represent smoothed Dr trends. The scale values in the x-

axis mean the 00:00 UT (universal time) in one day. The shade of (A) and (B) represent the period of 

geomagnetic disturbance; the shade of (C) denotes geomagnetic quiet time. 
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2.3. Traditional Approach to Isolating Solar Activity 

To study ionospheric trends without interference from the effects of solar activity, a traditional method 

was adopted. Firstly, a linear regression between the original foF2 and the F10.7 was calculated. This step 

estimated the effect of solar activity on the ionosphere. Then, the foF2 residuals were 

obtained between the original foF2 and the regression, which meant removing the effect of solar activity 

from the ionospheric observation. Many researchers have attempted to use different solar activity 

indices, such as Rz (solar sunspot number) and the daily F10.7, as proxies for extreme ultraviolet 

radiation (EUV) In general, estimation using F10.7 yields better results than that from Rz 

Therefore, in this study the effect of solar activity was isolated by estimating the foF2 residuals from a 

linear regression between foF2 and the solar activity measured by the F10.7 index: 

 

Where a and b are obtained from the regression between foF2 and F10.7 using least-squares minimization. 

The linear foF2 trend α was then obtained from Equation (3). 

The SWM can directly isolate the effects of geomagnetic activity from ionospheric observations:         

  

Where SWM (foF2) refers to SWM use in extracting the effects of geomagnetic activity from 

foF2 following Equation (1). Here, α and αJ are expressed in units of MHz year−1; α represents the 

residuals after removal of the effects of solar activity and αJ is the effect of geomagnetic activity on the 

ionosphere. 

3. Analysis and Discussion 

3.1. Validating the Effects of Solar and Geomagnetic Activity 

Figure presents the relationships between the ionospheric foF2 and the solar activity index F10.7 (or the 

geomagnetic activity Ap index) at different LT (local time). The ionospheric foF2 observations were 

obtained from 27 global ionosondes (station numbers are indicated along the y axis) over a period of 

more than 30 years. The correlation coefficient between foF2 and F10.7 (Ap) is shown in Figure a,d. 

As the main driver, the effect of solar activity dominates the trend of ionospheric foF2; the correlation 

between the original foF2 values and the F10.7 index is very high, which are up to 0.7 in most 

ionospheric stations, especially during the daytime (Figure a). Due to the original foF2 and Ap 

including the data in the geomagnetic quiet period, which covers most of the data range, the correlation 
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coefficients between foF2 and Ap are small. Therefore, the effects of geomagnetic activity are 

difficult to identify in the original observations (Figure d) and the correlation coefficient between foF2 

and Ap does not exceed 0.1 for most stations. After processing the original data through the 

traditional method (Equations (2) and (3)), as shown in Figure b, the effect of solar activity on ∆foF2 is 

weakened, but the correlation coefficients between ∆foF2 and the F10.7 index are still very high (more 

than 0.7 for some stations). The effects of geomagnetic activity on ∆foF2 are weak (Figure e). This 

implies that the traditional method hardly extracts the geomagnetic activity effects. Using the SWM 

process (Equations (4) and (5)), the correlation coefficient between ∆foF2J and F10.7 (Ap) indices is 

presented in Figure e,f. Compared with traditional method, this suggests that the SWM can reject the 

effect of solar activity (the correlation coefficient is less than 0.3) and better extract the effect of 

geomagnetic activity from the ionosphere. The SWM may be suitable in studying the geomagnetic 

activity on the ionosphere. In fact, solar activity not only affects the ionosphere’s behavior, it also 

significantly modifies the variability in geomagnetic activity, so explorations of the effects of 

geomagnetic activity on the ionosphere should not completely neglect the variation of solar activity in 

different solar cycles. 

 

 

 Figure 2. (left panels) Correlation coefficient (CC) between solar activity index F10.7 and 

ionospheric observation f oF2 (panel a) or the residual of foF2 (∆foF2 (panel b) and ∆foF2J (panel c)) at 

different local times. (right panels) CC between geomagnetic index Ap and f oF2 (panel d) or residual 

foF2 (∆foF2 (panel e) and ∆foF2J (panel f)) 
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As presented above, since SWM may be a useful method for analyzing the effects of geomagnetic 

activity, the SWM will be further used to study the contribution of geomagnetic activity on the 

ionosphere at different phases of the solar cycle. In this study, solar maxima and minima were 

calculated based on the 13-month mean of the International Sunspot Number  The middle of the period 

between a given cycle’s minimum and maximum was identified as an ascending year, and the 

equivalent middle of the period between a given cycle’s maximum and the minimum was defined as 

a declining year. Next, the full effect of geomagnetic activity at different phases of the solar cycle was 

calculated using the absolute values of the ionospheric perturbations over the course of one year in each 

phase (maxima, minima, ascending, and declining periods). Finally, the trend of the overall effect of 

geomagnetic activity was calculated using a linear equation. The specific algorithm was implemented:  

 

as follows  

where g (t) represents the ionospheric observations; SWM (g(t)) refers to extraction of the effects of 

geomagnetic activity from ionospheric observations using the SWM; TS represents the different phases 

throughout the solar cycle (S = 0, 1, 2, and 3 represent the solar maximum, solar minimum, the ascending 

phase, and the declining phase, respectively); T is the time period covered by a given ionosonde station for 

one year; Ge is the mean level of the effect of geomagnetic activity on the ionosphere during one year 

of TS; and αs represents the ionospheric trend caused by geomagnetic activity at different phases of the 

solar cycle. The resulting Ge levels at different phases of the solar cycle are presented in Figure  The 

positive trend means that ionospheric variation caused by geomagnetic activity is rising with time during 

the period. On the other hand, the negative trend means that the effect of geomagnetic activity on the 

ionosphere is declining with time during the period. At the solar minimum and during the ascending 

phase, the trends are characterized by very small values (−0.005 to 0.005 MHz year−1) and the positive 

trends are essentially equal to the negative trends. The effects of geomagnetic activity on ionospheric 

variations for the 27 stations are more dynamic and intense (−0.03 to 0.03 MHz year−1) during solar 

maximum, although the positive (50.7%) and negative (49.3%) trends are almost the same. During the 

solar maximum, the effects obviously show positive trends at higher latitudes; however, the effects 

show negative trends at lower latitudes (form 15◦ S to 40◦ N). During the declining phase, it seems that the 

effects of geomagnetic activity on the ionospheric variations are most notable. The negative trends 

(11.3%) occur significantly less frequently than positive trends (88.7%), with an overall trend of close 
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to 0.02 MHz year−1. The negative trends only occur at lower latitudes in the afternoon region. For 

other regions, the closer the time is to noon, the stronger the positive trend is expected to be, as seen 

in the original data (Figure f), where geomagnetic activity had its greatest impact on the ionospheric 

trend.  

 

Figure 3. (left panels) Ge (the index reflects the effect of geomagnetic activity on ionosphere at mean 

level) as a function of LT (local time) at different phases of solar activity (a–d represent solar max, solar 

min, rising phase, and declining phase, respectively). The x and y axes show LT and station number, 

respectively. (right panels) Means of Ge over all LT values for the different stations. As far as we 

know, the response of the ionospheric F2-layer (foF2) to geomagnetic activity depends on the season and 

LT; thus, studying the dependence of ionospheric trends on the local time and season is necessary (as 

shown in Figure). This effect shows that the global ionosphere varies greatly with the seasonal trends at 

different phases of solar activity. In total, the global ionospheric trend varies hugely with different 

seasons, solar maxima, and declining years, but very weakly with solar minima and rising years. In 

general, the responses of the ionosphere to geomagnetic activity are larger around winter and smaller 
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around summer. 

 

Figure 4. The effects of geomagnetic activity on global ionospheric trends depend on the local time and 

season. Each small graph represents the variations of the ionospheric trends caused by geomagnetic 

activity as a function of the month in fixed local time and solar cycle phases. 

  

3.2. Discussion 

Using the SWM, we study the contribution of geomagnetic activity to the ionosphere. The result from 

the SWM is compared with the results from the MMM and a traditional method (as shown in Figures, 

respectively). As presented in Figure the disturbances derived from the MMM have an obvious 

residual of diurnal variation and 27-day quasi-periodicity. However, the results from SWM can avoid 
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these phenomena. Moreover, in the range of the global scale, as shown in Figure, the correlation 

coefficient between the ∆foF2J (the geomagnetic effect on foF2 using the SWM) and Ap is much 

higher than that between ∆foF2 (the geomagnetic effect on foF2 using a traditional method) and Ap. 

This suggests that the SWM can more effectively weaken the effects of solar activity and better 

extract the effects of geomagnetic activity. Both of the above comparisons may confirm that the 

SWM is a suitable method for extracting the effect of geomagnetic activity on foF2. Our previous 

research has also proved that the SWM is an effective method to reflect the ionospheric response to 

strong geomagnetic activity in special or global regions.  

The goal of this paper is to further use this method to study the contribution of geomagnetic activity to 

the ionosphere in different phases of solar cycle. 

As is well known, variations of ionospheric responses to geomagnetic activity significantly depend on 

location (longitude, latitude) and season; thus, studying global ionospheric variation responses to 

geomagnetic activity at different locations or in different seasons is challenging. Some related research 

studies have been performed previously. However, it seems that different approaches and methods can 

produce different results. Bremer found that the effects of geomagnetic activity on the F2-layer are not 

latitudinally dependent, but obvious longitudinal dependence can be found. However, using an improved 

method based on regression and the running mean, Mikhailov and Marin] obtained contradictory 

results. They suggested that the variation in the F2 layer is mainly dependent on latitude. Furthermore, 

Yue et al. used an artificial neural net (ANN) method to explore the trends of foF2 in the Asia–Pacific 

sector. Their resulted showed no pronounced diurnal or latitudinal variations. However, for most 

stations there was a pronounced seasonal effect. 

Wang et al firstly introduced the SWM, which is a mathematical method. The disturbances detected by 

the SWM have a Gaussian-type probability density function (PDF), further simplifying the statistical 

analysis and suggesting that the identified absolute disturbances can be compared regardless of the time 

and scales. In this study, the analysis based on this filter method covers regions ranging from high to 

low latitudes in both hemispheres to assess the perturbation of the ionosphere in different phases of the 

solar cycle. Based on the SWM process, diurnal variation can be found during the solar declining 

phase of the solar cycle; the significant effect of geomagnetic activity on the ionosphere exhibits an 

obvious solar cycle phase dependence (Figure).  

This result is similar to that produced by Mikhailov and Marin]. However, no significant latitudinal or 

longitudinal dependence is shown at any phase of solar cycle, similar to the results of Yue et al.  

The relationship between the geomagnetic and solar activity is complex, as coronal mass ejections, high-

speed streamers, and slow solar winds can affect temporal variations in geomagnetic activity over a solar 
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cycle In fact, solar activity is an important driver of geomagnetic activity. As shown in Figure the 

geomagnetic activity maximum always lags behind the solar activity maximum, which often appears 

during the declining phase of the solar activity cycle. However, the geomagnetic and solar activity 

minimum years occur close to each other in most solar cycles. During the solar maximum year, the annual 

average of the geomagnetic activity is often relatively low. Richardson et al. found that this 

phenomenon is present from cycles 19 to 22 (hatching in Figure b). Such decreases in the 

geomagnetic activity are thought to be a manifestation of the so-called “Gnevyshev gap”  

which suggests that strong solar activity modulates strong geomagnetic activity in a complicated 

fashion. The delay of geomagnetic activity with respect to the 11-year solar cycle has been known for 

many years  However, as shown in Figure, the time scale of the delay is complex and dynamic; the 

delay time intervals appear to be different for different solar cycles. 

 

Figure 5. (a) Time variations for the sunspot number (SSN; black line) and geomagnetic index (aa; 

red line) from 1868 to 2017. (b) SSN and aa from 1959 to 1990. Filled circles: maxima for solar 

activity. Filled diamonds: minima for solar activity. Open circles: maxima for geomagnetic activity. 

This suggests that the trends for solar and geomagnetic activities are not synchronized and that the lag 

between the two can offer an opportunity to understand the contribution of geomagnetic activity to 

ionospheric trend variations. The geomagnetic activity affects the ionosphere differently under solar 

maximum and minimum periods. For solar maxima, more and stronger geomagnetic activities will 

mean that the effects of these activities on the ionosphere are easily identifiable. Their effects on 



 
 

276 | P a g e  

 

ionospheric trends vary greatly with different stations, resulting from different regional ionosphere 

with different responses to geomagnetic storms However, during solar activity minimum years, the 

lower level of geomagnetic activity will contribute weakly to the long-term ionospheric trend, which 

will consequently have a very small value. During ascending years, the geomagnetic activity is also 

very weak, so its effect is the same as minimum years (Figure c). During a declining year, solar 

activity will drop to a mean level, which will have a relatively weak effect on the ionosphere, but 

geomagnetic activity will reach its maximum level. Thus, geomagnetic activity will play a more 

important role than other solar cycle phases in the ionosphere. As shown in Figure d, most regional 

variations are positive, and during daytime the trend is more significant. This is similar to the trend 

seen in the original data (Figure a).  

This suggests that the contribution of geomagnetic activity to the ionosphere is significant and is 

comparable to that of solar activity when geomagnetic activity is strong. 

4. Conclusions 

As is well known to all, the response of the ionospheric F2-layer to geomagnetic activity is very 

complicated. For example, with some increased geomagnetic activities, an increase in the molecular 

nitrogen concentration and a simultaneous decrease in the atomic oxygen concentration will result in 

ionospheric disturbance of the negative phase. On the other hand, the ionospheric disturbance of the 

positive phase includes uplifting due to vertical drifts (caused by enhanced equatorward neutral winds 

or increases of electric fields from the magnetosphere), plasma fluxes from the plasmasphere, and 

neutral composition changes. These two opposite physical processes compete with each other at large 

scales, which could result in diverse consequences for the ionosphere. For the above reasons, 

 in order to statically demonstrate the contribution of geomagnetic activity to the ionospheric foF2, 

special algorithms or methods are required. In this paper, the SWM is adapted to extract the effects 

of geomagnetic activity on the ionosphere. Compared to traditional methods, the SWM can more 

effectively weaken the contributions of solar activity and better extract the effects of geomagnetic activity.  

Using the SWM, the global effect of geomagnetic activity on the ionospheric foF2 in different 

phases (maximum, minimum, declining phase, and ascending phase) of solar activity are studied. 

The results suggest that this contribution to the ionosphere is significant when geomagnetic activity is 

at its maximum level, which usually happens in the declining phase of the solar cycle. This may be 

because the geomagnetic activity maximum generally lags behind the solar activity maximum, 

which often appears during the declining phase of the solar activity cycle. Furthermore, the time scale of 

the lag is complex and dynamic. On the other hand, the contribution is very weak in the solar 
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minimum period and during the ascending phase. This suggests a complex relationship between solar 

activity and geomagnetic activity, with effects on the ionosphere. The results also reveal the obvious 

seasonal dependence of the ionospheric response; the responses of the ionosphere to geomagnetic 

activity are larger around winter and smaller around summer. 
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