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Solar quiet variation (Sq) generated from ionospheric currents are among the

most important type of geomagnetic variations. In this paper, the correlation

between the geomagnetic Z component solar quiet variation (SqZ) component

and the ionospheric total electron content (TEC) is discussed. For the analysis,

20 stations at middle and low latitudes are chosen, and the correlation between

geomagnetic SqZ and ionospheric TEC at these stations from 2008 to 2015 is

analyzed. The time delays are estimated by detecting peaks in the cross-

correlation function, which shows that there is a stable correlation between

SqZ and TEC. The time delay between them is largest in summer and smallest in

winter, which is consistent with the Sq field intensity. With increasing latitude,

the time delay decreases gradually from positive to negative, i.e., SqZ goes from

being ahead of the TEC to behind it. The turning point of this change is at ca.

28°N, exactly where the Sq current vortex is located.
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1 Introduction

The geomagnetic field and ionosphere have relatively regular diurnal variations in

the quiet period. The geomagnetic disturbance is often accompanied by ionospheric

disturbance. When the geomagnetic field and ionosphere deviate from the normal

condition seriously, it has an important influence on communication, navigation and

disastrous weather prediction. The mechanism of geomagnetic disturbance and

ionospheric disturbance is complex. Both the morphological analysis of small

samples and the statistical analysis of large samples cannot be separated from the

judgment of the sign of the beginning time and amplitude of disturbance, so the study

of the relationship between geomagnetic field and ionosphere in quiet period is a basic

and essential work.

Long before the existence of the ionosphere was proved, electric currents flowing

in the conducting region of the upper atmosphere were predicted through

observations of regular geomagnetic variations on the ground. The geomagnetic

field intensity observed on the Earth’s surface is up to tens of thousands of nanoteslas,
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including the main contribution from the geomagnetic main

field, which varies on timescales of months to billions of years

(Biggin et al., 2013) and appears as the geomagnetic secular

and slow variation. Other sources of the geomagnetic

field—such as ionospheric currents, magnetospheric

currents, etc.—contribute only a small fraction (ca. a few

percent) to the total field. They are rich in frequency,

varying on frequency scale of tens of hertz (geomagnetic

pulsation) to 11 years (solar cycle variation). Among them,

the smooth daily variations on the order of a few tens of

nanoteslas on geomagnetic calm days—commonly known as

solar quiet (Sq)—are generated primarily by ionospheric

currents.

As the intensity and shape of the overhead current system

change, the amplitude and phase of Sq change over time

(Briggs, 1984; Vasyliunas, 2012). However, it is impossible to

determine the pure ionospheric current system by analyzing

only Sq data on the Earth’s surface. Although the Sq variation

is essentially caused by ionospheric currents, secondary

currents induced in the upper mantle of the Earth also

contribute to it (Campbell, 1987). Besides, some

researchers have found that Sq signals measured on the

ground can be contaminated by the effects of

magnetospheric tail currents (Olson, 1970; Xu, 1992;

Olsen, 1996), the induction electric field driven by field-

aligned currents of magnetospheric origin (Takeda, 2008),

and conduction oceans (Kuvshinov et al., 1999; Kuvshinov

and Utada, 2010). To understand Sq variation more

conveniently, the equivalent Sq current system was

introduced. It assumes that a two-dimensional current

system flowing in a spherical thin shell (usually say at

110 km) is responsible for the Sq variations that are

actually caused by three-dimensional current systems with

various configurations. The equivalent Sq current system can

be obtained from Sq data on the ground using a spherical-

harmonic analysis technique (Yamazaki et al., 2009; Stening

and Winch, 2013; Ou et al., 2017; Fujita et al., 2018). It is

generally considered that the equivalent current system is

horizontal and symmetric, but in some areas it may be tilted

and asymmetric (Stening, 2008; Jia et al., 2017). Thus, the

current-sheet assumption of Sq currents is valid only to a

limited extent, and the reliability of the method for

constructing the equivalent current system based on

harmonic components remains to be verified by

experimental data (Yamazaki and Maute, 2017; He et al.,

2020). Therefore, how the ionosphere affects Sq variations is

still worth studying, and a deeper understanding of

geomagnetic daily variations in quiet periods is conducive

to studying the ionospheric dynamo and its coupling with the

atmosphere and magnetosphere. Moreover, the geomagnetic

disturbance indices will be calculated more accurately, given

that the quiet-day variation pattern must be removed from

the magnetogram before judging the disturbance levels.

Quantitative analysis and statistical analysis of

geomagnetic field and ionospheric TEC are mainly aimed

at geomagnetic disturbance index and ionospheric

disturbance index. In this paper, the correlation analysis is

made directly by using the measured values of diurnal

variation of geomagnetic field and ionospheric TEC. The

study on the relationship between the variation of

geomagnetic field Sq and the diurnal variation of

ionospheric TEC is the breakthrough point to explore the

coupling relationship between geomagnetic field and

ionosphere. The geomagnetic H component is often

affected by the ring current and the polar current produced

by the geomagnetic disturbance, while the Z component is less

affected by the geomagnetic disturbance and the solar activity,

so we choose the geomagnetic Z component as the proxy of the

Sq field, given that it is less sensitive to disturbances in the

geomagnetic field but susceptible to changes in observation

location (Takeda, 2013a). As for the ionospheric data, we use

the total electron content (TEC) for analysis. First, we subject

the data to some simple processing so that the cross-

correlation analysis method can work. Then, the SqZ

component and TEC are cross-correlated, and the

spatiotemporal variation characteristics of the correlation

coefficient and time delay are analyzed. Finally, we

compare the present results with those of some previous

studies and provide a new method for determining the

position of the Sq current vortex.

The study of the correlation between the SqZ and the

ionospheric TEC has important theoretical significance and

practical value for accurately estimating the daily variation of

the geomagnetic field Z component and the ionospheric TEC,

recognizing their variation regularity and monitoring their

irregular variation and violent disturbance.

2 Data selection and processing

2.1 Data selection

The geomagnetic data were acquired from the China

National Geomagnetic Network Center. We selected 10 low-

latitude stations (labeled L1–L10, from 15°N to 30°N) and

10 mid-latitude stations (labeled M1–M10, from 30°N to

45°N). From L1 to L10 and from M1 to M10, their latitudes

increase successively. Figure 1 shows the positions of all

20 stations, and Table 1 gives the specific time spans of the

data that we used.

The ionospheric data were derived from TEC maps from the

Center for Ionospheric Analysis of the Chinese Academy of
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Sciences, which provides global ionosphere map (GIM) data with

15-min temporal resolution, 5° longitudinal resolution, and 2.5°

latitudinal resolution.

We chose 10 International Geomagnetic Quiet Days per

month from the German Geological Research Centre (GFZ

Potsdam). The years 2008 and 2009 were in a solar minimum,

2010 and 2011 were in a rising phase of the solar cycle,

2012–2014 were in a solar maximum, and solar activity began

to decline in 2015.

2.2 Data processing

We aimed to analyze the relationship between the Z

components of the geomagnetic field and the ionospheric

TEC during geomagnetic quiet periods. Therefore, we pre-

processed the data as follows.

1) We used cubic-spline interpolation to give the GIMdata a spatial

resolution of 0.5°, and then we found the grid point closest to

each station. We used the TEC value of the selected grid point as

the ionospheric datum of the corresponding station.

2) The 15-min mean data were obtained by averaging the

geomagnetic Z component, so that the geomagnetic data

could have the same temporal resolution as that of the

ionospheric TEC values.

3) To reduce the impact of long-term changes and daily changes,

we used the first value at local time for each day as the basic

value, and subtracted it from the diurnal data. Therefore, the

daily time series started from zero. The geomagnetic and

ionospheric data are denoted as dqZ and dqTEC, respectively,

where “d” denotes diurnal and “q” denotes quiet.

4) From these data of 10 quiet days in each month, we obtained

the average Sq variation of the Z component of the

geomagnetic field for each month (denoted as SqZ) and

the average daily ionospheric TEC (denoted as SqTEC).

Here, SqTEC refers to the TEC time series corresponding

to the change of the geomagnetic Sq field.

3 Methodology

We applied cross-correlation analysis to SqZ and SqTEC and

estimated the time delay between them. For two time series X �
{X1, X2,/, XN} and Y � {Y1, Y2,/, YN} of length N, their

cross-covariance is expressed as

FIGURE 1
Positions of all 20 stations.

TABLE 1 Time spans of data.

Station Time span

L1 2008 2009 2010 2011 2012 2013

L2 2014 2015

L3 2008 2012 2013 2014 2015

L4 2010 2011 2012 2013 2014 2015

L5 2010 2011 2012 2013 2014 2015

L6 2008 2009 2010 2011 2012

L7 2010 2011 2012 2013 2014 2015

L8 2008 2010 2011 2012 2013 2014 2015

L9 2008 2009 2010 2015

L10 2011 2014 2015

M1 2008 2009 2010 2011 2012 2013 2014 2015

M2 2011 2012 2013 2014 2015

M3 2010 2011 2012 2013 2014 2015

M4 2010 2011 2012 2013 2014 2015

M5 2010 2011 2012 2013 2014 2015

M6 2009 2010 2011 2012 2013 2014 2015

M7 2010 2011 2012 2013 2014 2015

M8 2010 2011 2012 2013 2014 2015

M9 2009 2010 2011 2012 2013 2014 2015

M10 2008 2009 2010 2011 2012 2013 2014 2015
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CXY(k) �

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
N

∑N−k
n�1 (Xn − �X)(Yn+k − �Y); k � 0, 1, 2,/

1
N

∑N+k
n�1 (Xn−k − �X)(Yn − �Y); k � 0,−1,−2,/

(1)
where �X and �Y are the means of the sequences, and k is the

delay (lag) between the two time series. When k is positive, the

change of X is ahead of that of Y, and when k is negative, the

change of Y is ahead of that of X. In other words, the sign and

value of k can depict the phase relationship between the two

time series. The cross-correlation coefficient of the two time

series is expressed as

rXY(k) � CXY(k)												
CXY(0)CXY(0)

√ ; k � 0,± 1,± 2, . . . (2)

whose absolute value can be used to characterize the degree of

relevance betweenX and Y. We can obtain the function for the

cross-correlation degree of the two random sequences

changing with time delay, i.e., the cross-correlation

function. For each cross-correlation function, we record the

peak position where the absolute value of the coefficient is

maximum, then we use the coefficient and time delay at the

peak position for analysis.

Taking station L3, for example, in Figures 2A,C the dash-

dotted lines show the daily variation of the geomagnetic Z

component (dqZ) and the ionospheric TEC (dqTEC) during

the geomagnetic quiet days in January 2008 and January 2014,

respectively; meanwhile, the solid lines show the averaging

variations, i.e., SqZ and SqTEC. As can be seen, the variations

of SqZ and SqTEC can represent those of dqZ and dqTEC well.

The variations of SqZ and SqTEC are almost opposite to each

other, but SqZ is slightly ahead of SqTEC. Figures 2B,D show

the sample cross-correlation maps of SqZ and SqTEC, where

the blue dot marks the peak position with maximum absolute

value of the correlation coefficient and the blue vertical line

corresponds to the time delay.

4 Results and discussion

In the vast majority of cases, the coefficient at the peak

position was negative, so we reasoned a priori that the

geomagnetic Z component is correlated negatively with the

ionospheric TEC, then we recorded the peak position where

FIGURE 2
Examples of cross-correlation.
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the coefficient is negative and minimum. We applied the

analytical method to SqZ and SqTEC as well as dqZ and

dqTEC. Figure 3 shows the minimum correlation coefficients

of dqZ and dqTEC (indicated by red dots) and SqZ and SqTEC

(indicated by blue dotted lines) for all stations. This shows

that the geomagnetic Z component has a strong negative

correlation with TEC, with most of the coefficients being

ca. −0.8. Furthermore, Figure 4 shows that the time delays

are very large in summer and very small in winter, except for

stations M6–M10, and this annual change law is similar in

different years at most stations. Therefore, we focus on the

seasonal and spatial variations of the time delays.

FIGURE 3
Minimum correlation coefficients of dqZ and dqTEC (indicated by red dots) and SqZ and SqTEC (indicated by blue dotted lines).
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4.1 Seasonal variation of time delays

As shown in Figure 4, the differences among the time

delays in different years are relatively small, and the monthly

variation is much larger than the yearly one. Therefore, we do

not consider the yearly difference in the following analysis.

Figure 5 shows the averaging time delays of every station in

each month. The maximum time delays in Figure 5 appear

mainly in August, and the minimum ones appear mainly in

January.

FIGURE 4
Time delays of dqZ and dqTEC (indicated by red dots) and SqZ and SqTEC (indicated by blue dotted lines).
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We use Lloyd’s season division method: May, June, July,

and August are summer seasons; January, February,

November, and December are winter seasons; and March,

April, September, and October are equinox seasons. Figure 6

shows the averaging time delay of every station in each

season. This shows that the time delay of every station

increases successively in winter, equinox, and summer,

and the growth amplitude exceeds 1 h at most stations.

The Sq field is strong in local summers and very weak in

local winters (Takeda, 2002, 2013a; Vichare et al., 2017),

consistent with the seasonal variations of the time delays of

SqZ and TEC.

Whether monthly or seasonal variation, the time delay

decreases from L1 to M10 and decreases gradually from

positive to negative. Therefore, this indicates that the

change of Z component is ahead of TEC at low latitudes,

but they tend to synchronize with increasing latitude. Also,

when the latitude reaches a certain level (ca. 28°N), the change

of Z component lags behind TEC (at stations M6–M10).

Around 30°N is the latitude at which the center of the Sq

current vortex passes with high probability. Therefore, we

reason that where the time delay is zero is probably related

to the focal location of the Sq current vortex.

4.2 Spatial variation of time delays

Because the difference in time delays between different

stations is very small and comparable to the yearly variation,

we should account for the effects of different years when

analyzing the spatial variation of the time delay. We choose

2011 and 2014 to represent years with different solar activity

levels. To analyze the latitudinal dependence of the time delay,

we select L1, M1, M4, and M7 because these stations are at

similar longitudes but different latitudes and have data in the

same year. As shown in Figure 7, the time delay decreases

gradually with increasing latitude, and it changes gradually

from positive to negative. This is consistent with the

aforementioned characteristics. To analyze the longitudinal

dependence of the time delay, selecting L10, M2, M1, and M3,

FIGURE 5
Comparison of average time delay in different months.
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and the results are shown in Figure 8. Unlike the latitudinal

characteristics, the time delays at different longitudes are

similar, indicating that the time delay is influenced mainly

by the latitudinal change in spatial distribution. This is

because the geomagnetic field and the ionosphere are

affected mainly by changes in latitude.

FIGURE 6
Comparison of average time delay in each Lloyd season.

FIGURE 7
Comparison between stations at similar longitudes but different latitudes.
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5 Conclusion

The variation of Sq in the geomagnetic field is mainly caused by

the generator current in the ionospheric E layer and its induced

current inside the Earth, while the variation of TEC in the

ionosphere during the daytime is mainly affected by the

photochemical ionization process caused by solar radiation. The

variation of the geomagnetic field and the variation of TEC in the

ionosphere both originate from solar activity, but they interact with

each other through electromagnetic interaction during the variation

process. Although there is no causal relationship between

ionospheric TEC and the variation of geomagnetic field Sq, the

statistical analysis results of SqZ and TEC in this paper show that

there is a certain correlation between them in the variation trend.

We analyzed the relationship between the geomagnetic Z

component and the ionospheric TEC by investigating their

correlation coefficients and time delay, especially the temporal

and spatial variations of the time delay. From doing so, we draw

the following conclusion.

1) During the geomagnetic quiet days, there is a strong negative

correlation between the geomagnetic Z component and the

diurnal variation of the ionospheric TEC. Because a negative

value of the Z component represents only that its direction is

vertically upward, the smaller the value of the Z component, the

larger the absolute value, i.e., the strength of the geomagnetic

vertical field is larger. Therefore, the strength of the geomagnetic

vertical field is related positively to the ionospheric TEC.

2) The time delay between the geomagnetic Z component and the

ionospheric TEChas small annual changes but prominent seasonal

variations, manifested specifically as being highest in summer,

smaller in equinox, and minimum in winter, just like the Sq field

strength. The variation of the Z component is ahead of TEC at low

latitudes, tends to keep pace with TEC when the latitude increases,

and lags behind TEC when the latitude reaches a certain level (ca.

28°N). This suggests that the time delay between SqZ and TEC has

some connection to the Sq current vortex position.

The Sq field and ionosphere are both strongly controlled by solar

activity. However, in the present study, the relationship between SqZ

and ionospheric TEC is similar in both solar-minimum and solar-

maximum years. This suggests that their relationship depends not on

the Sun but on local position, especially latitude. Also, it emphasizes

further the positional sensitivity of the geomagnetic Z component.

Therefore, these results indicate that it is reasonable to use the Z

component for geomagnetic modeling in geomagnetically assisted

navigation, and they provide a theoretical basis for data assimilation

or prediction of ionospheric TEC and the Earth’s magnetic field.
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FIGURE 8
Comparison between stations at similar latitudes but different longitudes.
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