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1. INTRODUCTION

The F2 layer is the upper sector of the ionospheric F region. It is ~250 km above sea level and plays
an important role in shortwave communications because it has the highest electron density in the ionosphere.
The variations in the critical frequency (foF2) of the F2 layer indicate the events occurring there. lonospheric
variations can be divided into four types: diurnal, seasonal, latitudinal, and solar-cyclic. The foF2 above the
Korean Peninsula is the maximum at dawn and minimum at dusk, and the times for the peak and lowest point
are subject to seasonal variation and solar-activity cycles [1], [2]. Research is conducted across the world to
better understand such foF2 variations.

In this paper, seasonal and annual variations in the foF2 and height of the peak density (hmF2) are
examined at two locations in Korea (Rep.)—Jeju-do and Icheon-si—during different solar-activity periods
using the mean and standard deviation (SD). In addition to the mean and SD, the median and quartiles are
used to explain the variations in the foF2. In previous studies, the mean and SD were useful to indicate the
probability, but there were limitations in developing the SD. In the present study, by using the median and
quartiles, which facilitate SD calculation, the range of variations in the foF2 due to solar activities is
demonstrated in greater detail [3].
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2. DATA AND METHOD OF ANALYSIS

The data used in this study are the hourly peaks of foF2 and hmF2 in Korea at two locations: Jeju-do
(lat.: 33.43° N; lon.: 126.3° E; elev.: 68.0 m) and Icheon-si (lat.: 37.14° N; lon.: 127.54° E; elev.: 68.0 m).
Raw data provided by the Korea Space Weather Center (http://www.spaceweather.go.kr/) were used, and the
analysis results were verified using the International Reference lonospheric model (IRI-2012). The
ionospheric variations have turning points during the summer and winter solstices and spring and fall
equinoxes [4], [5]. Therefore, we divided the raw data into four analysis datasets according to Korea’s
seasonal characteristics: spring (March—-May), summer (June-August), fall (September—-November), and
winter (December—February). Additionally, the data were arranged in line with the solar-activity cycles in
order to analyze the ionospheric variations according to the solar activity. Thus, we generated different
datasets for solar activity: the low-solar-activity (LSA) dataset using the 2009 and 2010 data, medium-solar-
activity (MSA) dataset using the 2011-2013 data, and high-solar-activity (HSA) dataset using the 2014 data.
Figure 1 illustrates the solar-activity cycles, and Table 1 presents the frequency of solar flares for each year
in the period of our investigation.

Cycle 24 Sunspot Number Prediction (2014/03)

. .7
1995 2000 2005 2010 2015
Hathaway/NASA/MSFC

Figure 1. Solar-activity cycle

Table 1. Solar flares 2010-2014
2010 3 step : 2 times
3 step : 10 times

2011 4 step : 2 times

2012 3 step : 11 times
2013 3 step : 14 times
2014 3 step : 17 times

Although the mean is useful as a numerical representative of an entire dataset, its major limitation is
that it loses its representative value if extreme values of the dataset are included in its calculation. In such
cases, to identify the data distribution pattern, it is essential to generate a scatter diagram in which the middle
position can be identified as a representative value, whereby other information, such as the degree of
dispersion of the values scattered around the representative value, can be acquired. There are many methods
for measuring the degree of dispersion, such as the deviation and SD. In this paper, the mean and SD, relative
SD, and median and quartiles are used in an integrated manner for analyzing the ionosphere. The SD is
mathematically expressed as [6]:

o= Z?:l(’;\i]_ 1)? (1)
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where (u) is the arithmetic mean taken as the data average, x; is an individual data point, N is the
number of data points, and (x; — ) is the deviation of each data point from the average [4], [7]. The relative
SD (RSD) is the absolute value of the coefficient of variation (CV). It is obtained by dividing the SD by the
mean and multiplying the quotient by 100. The RSD is referred to as the CV. Thus, a large RSD, which
implies that the SD is relatively large compared with the mean, indicates a large degree of dispersion, and
vice versa. Because the RSD has no units, it is a convenient means to compare the dispersion between
datasets with different units. The RSD of the foF2 used in this paper is denoted as V [8]:

Ve = (%) £100 @

As previously mentioned, in cases where extreme values are included in its calculation, the mean
loses its usefulness as a representative value, and a scatter diagram should thus be used to estimate the degree
of dispersion. In particular, the analysis of a dataset having a symmetrical structure with outliers, such as
foF2, is greatly influenced by extremely small or large values. In such cases, because of the mean’s low
representativeness of the entire sample, order statistics are often used.

Quartiles are obtained by dividing a dataset into quarters containing equal or quasi-equal numbers of
data points, whereby the entire dataset (100%) is cut at 25%, 50%, and 75% (100% = entire distribution). If a
dataset is arranged in ascending order, the first (Q1), second (Q2), and third (Q3) quartiles correspond to the
data points at 25%, 50% (median), and 75%, respectively. The range of the quartiles (IQR) is expressed as
follows:

IQR = Q3-Q1 3
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Figure 2. Average foF2 observed in Jeju-do according to solar-aactivity cycles

3. RESULTS AND DISCUSSIONS

3.1. lonospheric foF2 Observations

Figure 2 depicts the average variations in the foF2 in Jeju-do throughout the observation period
(2009-2014), divided into low-, medium-, and high-solar-activity periods: the LSA (2009 and 2010), MSA
(2011-2013), and HSA (2014) periods, respectively. Figure 3 depicts the average variations in the foF2
observed in Icheon-si during the LSA (2010), MSA (2011-2013), and HSA (2014) periods.

In summer, foF2 falls to a trough at 04:00-04:00 LT (local time), gradually rises to a peak at 15:00—
16:00, and gradually falls from 19:00-20:00 onwards. This reflects the seasonal nature of summer, when
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daylight lasts longer than in other seasons [9]-[11]. In winter, the foF2 falls to a trough at 06:00, gradually
rises to a peak at 11:00-12:00, and rapidly falls afterwards. The foF2 is most markedly influenced by solar
activity in winter: it exhibits decreased variations at ~18:00 under low solar activity and at ~22:00 under high
solar activity. The variation range becomes large under high solar activity (3.34-11 MHz), as exhibited by
the HSA period (2014), increasing by 4.1 MHz compared with the variations during the LSA period (3.6
MHz) [12]. This discrepancy is attributed to the location of Korea, which is located near the middle of the
northern hemisphere and is susceptible to the influence of solar activity. Comparing the foF2 variation during
the LSA (2009) and HSA (2014) periods clearly reveals the reason for the larger foF2 variation according to
solar activity in winter. In LSA winter, the foF2 exhibits summer-like variation, whereby the duration in
summer is longer than in winter, as a seasonal factor. However, during HSA winter nights (22:00-06:00), the
foF2 decreases substantially compared with that in summer, because less solar radiation reaches the Earth,
which is tilted against the Sun.
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Figure 3. Average foF2 observed in Icheon-si according to solar-activity cycles

During winter days, the foF2 increases to a level far higher than that in summer because of increased
solar flares and the lowest meridian altitude, which increases the solar radiation received for the same length
of time. This tendency was more remarkable in Icheon-si than in Jeju-do. Such a difference is assumed to
become more noticeable at a frequency exceeding 100 sunspot eruptions.

3.2. Variation of Relative Standard Deviation

Figures 4 and 5 show the RSDs for the average foF2 values observed in Jeju-do and Icheon-si,
respectively, which are shown in Figures 2 and 3.

Figure 4 shows that the RSDs for the average foF2 values in Juju-do were 11-28% in summer, 9—
24% in winter, and 9-33% in the equinoxes in the LSA period (2009 and 2010). In the MSA period (2011-
2013), they were 13-21%, 9-27%, and 12-30%, respectively, and in the HSA period (2014), they were 12—
20%, 14-26%, and 15-29%, respectively. Figure 5 shows the same values for Icheon-si. The RSDs in
summer, winter, and the equinoxes were 11-18%, 9-22%, and 9-33%, respectively, in the LSA period
(2010). In the MSA period (2011-2013), they were 9-25%, 11-28%, and 11-29%, respectively, and in the
HSA period (2014), they were 16—-25%, 15-27%, and 17-32%, respectively.

Throughout the period of observation, the highest RSDs occurred at dawn (04:00-07:00 LT). This
implies that the electron density in the F2 layer varies greatly around dawn because of the increased
variations in the ionization due to solar radiation, solar wind, geomagnetic activity, neutral atmosphere, and
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electrodynamics. The low RSD (11-12% on average at 13:00-15:00 LT) in
that high solar activity and a long duration yield a small variation in the foF2.
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Figure 4. Relative standard deviation of foF2 according to solar-activity cycles in Jeju-do
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Figure 5. Relative standard deviation of foF2 according to solar-activity cycles in Icheon-si

3.3. Analysis of foF2 Variations according to Solar-Flare Frequency by Median and Quartiles
The solar-flare frequencies displayed in Table 1 are closely associated with the solar-activity cycle.
Under low solar activity, less than 10 solar flares occurred. The frequency of flares increased with the solar
activity. The ionospheric electron density increased in proportion to the frequency of solar flares.
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Figure 6. Variations of foF2 in Jeju-do according to solar-flare frequency
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Figure 7. Variations of foF2 in Icheon-si according to solar-flare frequency
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Figures 6 and 7 illustrate the ionospheric electron density according to the solar-flare frequency. The
electron-density distributions in the ionosphere were estimated using the median and quartiles. In the graphs
of Figures 5 and 6, the thick transverse lines within the boxes represent the median, and the 25" and 75"
percentiles are the parts below and above the median line, respectively. That is, the upper 25% (Q3) and
lower 25% (Q1) from the median comprise the middle 50%. The vertical dotted lines are referred to as
whiskers. For the upper whisker, one of the two values is taken. In the presence of the maximum value or
outliers, the largest value is taken from the values larger than the 75" percentile or smaller than the 1.5
interquartile ranges (1.5 x IQR). The value of 1.5 x IQR approximates the SD. The IQR is defined as the
difference between Q1 and Q3. An outlier is defined as a value falling outside, either the upper or lower 1.5 x
IQR boundaries and is expressed as an individual value on the graph. Therefore, in the absence of outliers,
whiskers indicate only the highest and lowest values. Moreover, outliers are values that deviate
disproportionally from the distribution and are expressed as points on the graph. Outliers include values that
are overly extreme, invalid for the dataset, or unrealistic.

Analyses of the ionospheric data for Jeju-do yielded the following findings. In the LSA period (2009
and 2010) with fewer than ten solar flares, a distribution pattern of densely clustered electrons around the
median was observed. Since the data for 2009 are incomplete—missing data for the first half of the year—a
larger number of outliers were compared with the results of an analysis performed on a complete annual
dataset for 2010. Moreover, at 18:00-20:00 LT in 2009 with missing data and in 2010—an LSA year with
fewer than 10 solar flares—the quartiles were found to be widely dispersed around the mean, with outliers
rarely occurring. If this result is substituted into the results presented under Section 3.2, it can be assumed
that 18:00-20:00 LT is a time slot in which variations in the electron density occur with more intensity than
in other time slots throughout the solar-activity cycle.

Analyses of ionospheric data for 2011-2014, in which over 10 solar flares occurred, resulted in the
following findings. A large number of outliers were found among the 2012 and 2013 data points, but when
the outliers were elevated, similar ionospheric electron-density distribution patterns were confirmed for
2011-2013. In 2014, when solar flares occurred most frequently, outliers occurred less frequently, and the
interquartile range was broader than that in other years. This signifies that the ionospheric variations become
more intense in cases where solar flares occur over 15 times, owing to the broader distribution of the F2
layer. Icheon-si exhibited similar ionospheric variations, but outliers occurred more frequently. This allows
the assumption that the ionospheric variations are predicted more easily in Jeju-do and with more difficulties
in Icheon-si owing to frequent outlier occurrences.

ICH 2010

e
e

s-s83. [0 e e e,
EE s oo ©lpeadiod
ToefsTm. TR

T T T T T T T T T T T T
0 2 4 6 8 10 12 U 1® 18 0 B 0 2 4 6 8 10 12 M 16 18 2N 2 0 2 4 6 B 10 12 14 16 18 20 2
Time: Time Time

Winter Summer Equinox
Jeju 2010

e
e

i o Bge sl SE g
82957 Yey Boglt tBIlel i il T Ll TR
listalif Sefisl TITIeT :

o 2 4 6 8 10 12 14 16 18 20 2 0 2 4 6 8 10 12 14 16 18 20 2 0 2 4 8 8 10 12 14 16 18 20 2
Winter Summer Equinox

Figure 8. Variations of foF2 in ionosphere above Korea under low solar activity
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3.4. Analysis of Seasonal foF2 Variations according to Solar Activity by Median and Quartiles

In order to analyze seasonal foF2 variations according to the solar activity, we derived the median,
quartiles, whiskers, and outliers for 2010 (LSA), 2012 (MSA), and 2014 (HSA).

Figure 8 shows the seasonal foF2 variations in 2010 (LSA) observed in Icheon-si and Jeju-do. At
both locations, no intense ionospheric variations were observed around the median. Particularly in summer,
increased foF2 variations were verified in Icheon-si. This is ascribed to the frequent occurrence of outliers
compared with Jeju-do, where less intense foF2 variations were observed owing to the low frequency of
outliers. This supports the result derived in Section 3.3 that ionospheric variations can be predicted more
easily in Jeju-do than in Icheon-si.
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Figure 9. Variations of foF2 in ionosphere above Korea under medium solar activity
(median, quartiles, outliers, and whiskers)

Figure 9 shows the seasonal foF2 variations in 2012 (MSA). The summer graphs show that the foF2
slightly increased with similar variability to 2010. Similarly, the graphs for the equinoxes and winter show
that the overall foF2 increased slightly, with a stronger tendency in winter and equinoxes at 08:00-18:00 and
06:00-20:00, respectively, under low solar activity. The foF2 variations become far more intense at
equinoxes compared with the LSA (2010). As in the LSA period (Figure 8), outliers occurred frequently in
Isheon-si in the MSA period (Figure 9).

Figure 10 shows the seasonal foF2 variations in 2014 (HSA). Here, compared with the LSA and
MSA periods, outliers occurred with a higher frequency. The interquartile ranges were also larger. The
distinct feature of analyzing the ionospheric variations using median and quartiles is the identification of the
distribution. In summer, while height variations occur over the entire ionosphere, the ionospheric variations
have a more consistent distribution compared with those in other seasons. During the analysis of the critical
frequencies of the entire ionosphere, gradually increasing tendencies are observed as the solar activity
increases, and vice versa. The bar graph in Figure 11 shows the correlations between the critical frequencies
at hourly intervals using this feature. The graph shows the 2014 output results for Jeju-do, indicating that
very strong time-series correlations exist between the residual series, with decreasing tendency as the time
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interval increases. The analysis of this distinct feature reveals similarities between foF2, and foF2,_, and
using this finding, an unmeasured data point foF2, can be included using Eq. (3). If Eg. (3) is employed for
predicting ionospheric variations and obtaining missing data for past ionospheric variations using the data-
assimilation technique, more reliable analysis results may be derived.

foF2(MHzZ)

foF 2{M-z)
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foF2y = (foF2,_, + foF2,)/2 (t-2<N<t) (3)

4. CONCLUSION

The F2 layer is the upper sector of the ionospheric F region, and it is ~250 km above sea level. It has
a high electron density and thus plays an important role in shortwave communications. lonospheric variations
can be divided into four types: diurnal, seasonal, latitudinal, and solar-cyclic. The critical-frequency (foF2)
variations above the Korean Peninsula reach a peak at dawn and fall to a trough at dusk, and the timing for
the peak and trough differ according to seasonal variability and solar-activity cycle. We analyzed seasonal
and annual foF2 variations and reactions of the F2 layer height at two locations in Korea (Rep.), Jeju-do and
Icheon-si by employing the mean and SD, which were used in previous data analyses. Additionally, the
median and quartiles were used to describe the variability of the foF2 in the ionospheric analysis. The mean
and SD used in previous studies have the advantage of easy analysis of probability but exhibit limitations in
developing the SD. The median and quartiles used in the present study can indicate the relative SD and thus
describe the range of variations in the foF2 due to solar activity in greater detail. Additionally, measures to
enhance the reliability of ionospheric data based on the distinct feature of the range of variations were
presented. In a follow-up study, the present study will be extended by using the equation for ensuring the
reliability of ionospheric data and comparing the analysis results with the IRI1-2012 model.
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