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Abstract

The local K-index is an important proxy to monitor geomagnetic disturbances due to the solar wind in space weather study. The diur-
nal variation of geomagnetic fields observed in the magnetic equatorial region is dominated by the equatorial electrojet (EEJ), and the
variation of EEJ is directly related to the local ionospheric dynamics; therefore, in this work, the local K-index is generated by based on
the geomagnetic field measurement at an equatorial geomagnetic station in Phuket, Thailand and the effects of EEJ on the computed
local K-indices are analyzed. At each station, an L9 (the lower limit for K = 9) value is set to develop a conversion table between
the magnetic range scales and K-indices, and that L9 value must be assigned based on the characterization of the geomagnetic variations
at that station. In this work, suitable L9 values are determined by analyzing the distributions of the local K-index and the planetary
geomagnetic index, Kp-index. According to the results in the present study, the L9 value of 500 nT can provide local K-indices that
can classify the geomagnetic disturbances more correctly. The results show that 40% of the local K-index is consistent with the Kp-
index, and about 45% of the local K indices are ±1 deviated from Kp-indices. It is found that using the suitable L9 value can partially
control the EEJ’s dominance on K-index. Moreover, we investigated the seasonal and day-to-day variability of the diurnal variation of
the geomagnetic fields from the Phuket station. Upon reviewing the data, the equatorial geomagnetic field variations were consistent with
the planetary geomagnetic activity levels, and the day-to-day changes of the daytime field amplitudes were relatively high in the high
solar activity year and moderate in the low solar activity year.
� 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Monitoring geomagnetic disturbances is vital in space
weather studies because severe disturbances or geomag-
netic storms can result in service degradation of technolo-
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gies, for example, satellite communication and
navigation, electric power grid systems and high-
frequency radio communications (Astafyeva et al., 2014;
Baker et al., 2004; Lanzerotti, 2001; Lakhina and
Tsurutani, 2016). The effects of geomagnetic irregular dis-
turbances are usually observed on the Earth when the solar
wind high-energy particles penetrate the Earth’s magnetic
field, also known as the geomagnetic field, extending from
Earth’s interior to outside the atmosphere (Love, 2008;
Reeve, 2015; Yamazaki and Maute, 2017). These geomag-
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netic disturbances can typically last from a few hours to
days, and the fluctuations range from a few to hundreds
of nano Tesla (nT) (Love, 2008). In the space weather com-
munity, the geomagnetic disturbances have been continu-
ously monitored by assessing geomagnetic indices, for
example, the K-index, Kp-index, Dst (disturbance storm
time) and auroral electrojet (AE) (Bartels, 1949; Du
et al., 2010; Matzka et al., 2021). The K-index is an indica-
tor of the intensity of the geomagnetic disturbances for
many decades (Bartels et al., 1939; Menvielle et al.,
1995). It is a quasi-logarithmic scale index, in the range
of 0–9, derived from the maximum variations of the geo-
magnetic field data measured by a ground-based magne-
tometer. To monitor geomagnetic storms on a planetary
scale, Bartels (1949) also introduced a Planetary K-index
(Kp-index), which is the average standardized index
derived from the K-indices of a global network of 13 geo-
magnetic observatories. Even though the Kp-index has
been widely used as a critical indicator for global space
weather monitoring, the network of observatories does
not uniformly cover all continents or low latitude regions,
and it does not provide information on small-scale distur-
bances (Stankov et al., 2011; Yi and Kim, 2018). Moreover,
the local disturbances depend on the ionospheric current
system and local times. Therefore, the local K-index from
an individual geomagnetic station has become a key proxy
for local disturbance monitoring and prediction (Hwang
et al., 2013; Stankov et al., 2011; Valach et al., 2016).

Recently, numerous space weather centers have started
to generate local K-indices using data from locally installed
magnetometers for local or regional space weather fore-
casting (Corona-Romero et al., 2017; Denardini et al.,
2015; Hwang et al., 2013) and disaster prevention
(Stankov et al., 2011). The K-index is calculated from the
maximum fluctuation of the horizontal components of
the magnetic field, within every UT three-hour interval,
after subtracting the Solar regular variation (SR) curve,
that represents daily regular geomagnetic variation
(Bartels et al., 1939). The International Association of
Geomagnetism and Aeronomy (IAGA) has adopted four
computer-based K-index generating algorithms that can
be used in any geomagnetic observatory around the world,
without significant discrepancy (Hopgood, 1986; Menvielle
et al., 1995): these algorithms use different SR curve estima-
tion techniques. Among them, the Finnish Meteorological
Institute (FMI) or Finnish method proposed by Sucksdorff
et al. (1991) provides the most acceptable results compared
to the hand-scaling process, according to Menvielle et al.
(1995), thus, it is widely used for K-index generation at
many observatories (Bernard et al., 2012; Nevanlinna,
1999) and as a baseline method to evaluate other methods,
for example, the nowcast method in space weather (Jian-
Jun et al., 2017; Regi et al., 2020; Stankov et al., 2011).
The FMI method employs a linear elimination method
on the magnetic field data from three consecutive days to
estimate the SR curve of one day.
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After the SR curve is estimated and removed from the
measured magnetic field in K-index computation, the max-
imum fluctuation of the residual field (K-variation) within
a three-hour interval is converted into the respective K-
index value using a table of the geomagnetic range lower
limits for K-indices (a conversion table between the geo-
magnetic range scales and K-indices) of the observatory.
Each observatory needs to develop its own table based
on the characterization of the geomagnetic variations
because the regular variation normally increases from the
magnetic equator towards the aurora zone in each hemi-
sphere (Bartels et al., 1939; Love, 2008). Therefore, the
lower limits in the table for any specific observatory or sta-
tion are calculated proportional to those in the table from
the Niemegk Observatory, Germany (geographic coordi-
nates: 52.07�N, 12.68�E, magnetic latitude (MLAT):
47.82�N) as a reference, after the lower limit K9 (L9) is
determined (Bartels et al., 1939). Conventionally, a provi-
sional value of L9 was initially assigned by the Interna-
tional Service of Geomagnetic Indices (ISGI), based on
the observatory’s magnetic latitude, but it can be calibrated
by the statistical analysis of the geomagnetic indices at the
given observatory and a historically recognized observa-
tory (Regi et al., 2020). These statistical analysis methods
were also used in validating the local K-indices from new
local magnetometer stations (Corona-Romero et al.,
2017; Hwang et al., 2013; Yi and Kim, 2018). Typically,
the low L9 values were assigned to the stations at the low
latitudes, but the stations at the magnetic equator need
higher L9 values due to the local ionospheric current sys-
tems (Bartels et al., 1939). In Denardini et al. (2015), the
L9 values for the low latitude regions were obtained by
applying a least-squares polynomial fit equation, that was
derived from the table of the latitudes and the L9 values
of the existing stations.

In the magnetic equatorial region, it is well-known that
the geomagnetic field variation during the daytime is dom-
inated by the equatorial electrojet (EEJ) (Jose et al., 2011;
Uemoto et al., (2010)). The EEJ is a strong eastward iono-
spheric current flowing along the magnetic equator in the
E-layer of the ionosphere on the dayside. The cause of this
strong zonal current is the effective zonal ionospheric con-
ductivity, Cowling conductivity. During the daytime, in the
vicinity of the magnetic equator, the high enhanced ampli-
tudes of the horizontal components due to the EEJ current
are observed in the geomagnetic field data measured
(Abdul Hamid et al., 2013). The longitudinal and seasonal
characteristics of EEJ have been intensively studied using
the longitudinal and historical geomagnetic data (Abdul
Hamid et al., 2014; Doumouya et al., 1998; Ismail et al.,
2017; Yamazaki and Maute, 2017). According to Abdul
Hamid et al. (2014), the day-to-day variability in the daily
solar quiet (Sq) current and the EEJ current is mainly
uncorrelated, and the characteristics of EEJ in the South-
east Asian sector differ from those in other regions, e.g.,
the Indian and South American. In Xiong et al. (2016),
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the solar wind effects on the EEJ, the vertical plasma drift,
and the thermospheric zonal wind were investigated based
on observations from the satellites, and the study also
showed that EEJ patterns depended on longitude.

Conventionally, the variations in magnetic field mea-
surements, caused by EEJ, are considered non-K varia-
tions, which are a part of the SR curve. However, the
day-to-day variation of the EEJ amplitudes is unpre-
dictable, highly inconsistent, and longitudinally dependent;
as a result, it is challenging to determine the L9 value and
estimate the SR curve in generating the local K-index.
Moreover, it is worth investigating whether this is represen-
tative of the local K-index generated from the equatorial
geomagnetic field under the influences of the various EEJ
variations and how to alleviate the EEJ’s regular variation
in the equatorial K-index. Considering that the irregular
variation of the geomagnetic fields in the equatorial region
reflects the disturbances from the solar winds and various
local features, this local K-index can help to predict local
ionospheric irregularities and estimate ionospheric delays
or total electron content (TEC).

Therefore, this work aims two objectives: (1) to generate
local K-index from the equatorial magnetic field measured
at Phuket geomagnetic station using a proper L9 value for
local space weather monitoring and (2) to investigate the
effects of EEJ on the local K-index. The Phuket’s fluxgate
magnetometer was installed at Phuket, Thailand as part
of the Southeast Asia Low-latitude Ionospheric Network
(SEALION) (Maruyama et al., 2007) under the National
Institute of Information and Communications Technology
(NICT), Japan. The location of the Phuket geomagnetic
station (geographic coordinates: 8.100�N, 98.300�E,
MLAT: 1.070�N) and local time (LT) = universal time
(UT) + 7) is described in Fig. 1. The magnetic latitude
was calculated using the IGRF-13 model with an epoch
time of 2020.5. The magnetometer generates the raw geo-
magnetic fields data with a resolution of 0.01 nT and
Fig. 1. Location of Phuket geomagnetic station (blue triangle) in
Thailand. The magnetic equator is shown with a red line. [MLAT is
computed by the IGRF-13 model].
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1 Hz sampling rate. In this work, we computed the local
K-indices using the conventional FMI method using the
geomagnetic fields data with one-minute resolution mea-
sured from 2014 to 2019. The effects of EEJ on the esti-
mated local K-indices were investigated, and appropriate
L9 values were determined using statistical analysis with
the values of the correlation coefficients and the root mean
squared errors (RMSE) against the Kp-index. The monthly
mean and the standard deviation as well as the diurnal
variations of the magnetic field measurements in 2015 (high
solar activity year) and 2019 (low solar activity year) were
also examined.

2. Methodology

In the space weather monitoring community, the K-
index is a quasi-logarithmic scale index, ranging from 0
to 9, derived from the variations of the geomagnetic field
data measured from the ground-based magnetometer.
There are two components of variations of the geomagnetic
field measured from the ground magnetometer: long-term
(secular) and short-term variations. The long-term varia-
tion is mainly related to the Earth’s interior. On the other
hand, short-term variation is mainly caused by solar activ-
ity: it can be further classified into daily regular variation
and irregular variations (Reeve, 2015; Love, 2008). The
daily regular variation or non-K-variation caused by the
ionospheric current systems depending on the solar (local)
time is also known as the daily solar regular (SR) variation
(Yamazaki and Maute, 2017). The causes of short-time
irregular variations or K-variation are due to the powerful
solar activities, e.g., solar flares, coronal mass ejections,
high-speed solar wind and solar energetic particles. These
types of variation include geomagnetic pulsations, magne-
tospheric substorms, geomagnetic storms, and other distur-
bances from rapid changes in the currents and fields in the
magnetosphere (Matzka et al., 2021).

In K-index calculation, one of the most challenging
tasks is systematic classification and removal of the non-
K variation (or SR curve) from the observed geomagnetic
fields (Hopgood, 1986). Still, there is no straightforward
guideline for estimation of the SR curve for computer-
based K-index derivation. Several computer-based SR
curve estimation methods were proposed and examined
against the hand-scaling process by IAGA. The SR curve
can be estimated numerically by smoothing out the high
frequency variations from a set of hourly mean values
(HMV), based on daily data with adaptable window sizes
(Hopgood, 1986; Sucksdorff et al., 1991; Nowozyński
et al., 1991) or derived from the field data of the neighbor-
ing quiet days within a 27-day solar cycle (Takahashi et al.,
2001; Stankov et al., 2011).

To generate the local K-index, we used the FMI method
from Sucksdorff et al. (1991), because the derived K-indices
are comparable to those generated by hand-scaling
(Menvielle et al., 1995). In this method, the K-indices in
any given day are computed from available three consecu-
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tive days of geomagnetic field data with one-minute or bet-
ter resolution (Stankov et al., 2011). Firstly, the 24 values
of UT hourly mean value (HMV) for each horizontal com-
ponent for one day are calculated with the three-day data
(the previous day, the day itself and the next day). The
MHV of the kth hour is computed by averaging the
60 min data of magnetic field within that hour, plus (mk +-
nk) minutes more on both sides of that hour. For example,
the HMV of the geomagnetic field X component at the kth

hour is calculated as,

X
�
k ¼ 1

N

Xsk
i¼�sk

X i; where k 2 0; 1; . . . ; 23f g ð1Þ

where Xi is the X component of the magnetic field data
measured at minute i, N is the number of the one-minute
field data points or the window size, and sk ¼ 30 + mk + nk
is the number of the minutes on each side of that hour k.
Here, mk is considered based on a three-hour interval in
LT (i.e., 0 during the day, 60 min during dawn from 3 to
6 LT and dusk from 18 to 21 LT, and 120 min during
nighttime from 21 to 3 LT) and nk depends on the geomag-
netic activity at hour k (nk = K3.3), where K values are the
preliminary K-values or the K-index values from the previ-
ous step. After that, the SR curve of the X component is
estimated by fitting a 5th-degree harmonic to the HMV
of each k. Similarly, the SR curve for the Y component is
also estimated simultaneously. The whole K-index calcula-
tion using the FMI method (Sucksdorff et al., 1991) is:

1. Determine the eight preliminary K-values of two hori-
zontal components from the difference between the max-
imum and minimum of the respective field component at
every three UT hours interval according to the table of
the field range limit.

2. Compute the HMV of each component for the whole
day from the geomagnetic fields of three consecutive
days using Eq. (1).

3. Calculate the SR curve of each component by fitting a
5th-degree harmonic to the HMV of the respective
component.

4. Obtain the K-variation or the residual field of each com-
ponent by subtracting the respective SR curve from each
component to remove the solar regular variation.

5. Determine the K-index for every 3-h interval from the
difference between the maximum and minimum of the
residual field from step 4.

6. Repeat steps 2 to 5 twice before generating the final K-
indices for the target day.

In the FMI method, the conversion from the geomag-
netic field range to a specific K-index value needs to be per-
formed three times: two SR curve estimation steps and the
final K-index calculation step. At each time, the maximum
fluctuation range of the geomagnetic field components is
converted to its respective K-index according to the table
of the limits of the geomagnetic field range classes. The
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range limits table for each observatory or station can be
developed proportionally to the range limits of a reference
Niemegk observatory with the L9 value from the target sta-
tion. The field range lower limit, Li, of the i

th K-index class
for a station is.

Li ¼ L9 � LNGK
i

LNGK
9

; where i 2 0; 1; :::; 9f g ð2Þ

where L9 is the L9 value of the station, and LNGK
i is the

lower limit for the ith K-index from the Niemegk observa-
tory. It is worth mentioning the ISGI typically provides the
initial L9 value for any geomagnetic station. Regi et al.
(2020) calibrated the L9 values for two Italian stations by
correlation analysis between the K indices for various L9
values from the observatories in the mid-latitude region
and the closest historical observatory as a reference. The
L9 values usually increase from low latitudes to the aurora
zone in each hemisphere (Love, 2008); however, the values
at the equatorial station needs to be higher than in the low
latitude region because of the EEJ effects (Mayaud, 1980).
Denardini et al. (2015) calculated L9 values of the magne-
tometer stations in the South American, including the
equatorial region, from a least-squares polynomial fit of
the plot of the relationship between the geomagnetic lati-
tudes (k) and the L9 values of the existing magnetic obser-
vatories, i.e.,

L9 kð Þ ¼ 0:48k2 � 23:79kþ 572:04: ð3Þ

Therefore, the L9 value for any magnetometer station
can be roughly calculated using (3). However, according
to Abdul Hamid et al. (2014) and Yamazaki and Maute,
(2017), day-to-day variations of EEJ are inconsistent and
unpredictable in longitudinally different regions, thus the
suitable L9 value for the equatorial station needs to be
determined carefully. Moreover, it can alleviate the EEJ
effect and not fail to detect the geomagnetic disturbances.
Therefore, following Hwang et al. (2013) and Regi et al.
(2020), we examined the correlation coefficients between
the local K-indices with various L9 values and the Kp-
indices to obtain the proper L9 value for the magnetometer
station at Phuket. The Pearson correlation coefficient, r,
between the values of the local K-index from Phuket sta-
tion and the Kp-index over many years was calculated
from,

r ¼
PN

i¼1 Ki � K
�� �

Kpi � K
�
p

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 Ki � K
�� �2PN

i¼1 Kpi � K
�
p

� �2
r ; ð4Þ

where N is the total number of data points, Ki and Kpi are

the values of local K-index and Kp-index at time i, and K
�

and K
�
p are the averages of the indices. Moreover, we inves-

tigated the root mean square error, RMSE, between the
local K-indices with different L9 values and Kp-indices
over long periods computed as,
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RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

Ki � Kpið Þ2

N

vuuut
: ð5Þ

Finally, the distributions of the local K-indices gener-
ated with the appropriate L9 values compared to the Kp-
indices were analyzed.
3. Analysis of geomagnetic fields at equatorial Phuket

station

We first investigated equatorial geomagnetic field data
with one-minute resolution from the fluxgate magnetome-
ter installed at Phuket geomagnetic station under SEA-
LION project by NICT, Japan. We examined two
components, X and Y, of the magnetic fields in this study
even though component Y’s variation was considerably
lower than that of component X in the low latitude region.
Since we wanted to focus on the short-term geomagnetic
variation, the secular variation was removed from each
component of the original magnetic field data by subtract-
ing the daily medians of the respective component follow-
ing (Stankov et al., 2011). The X and Y components of
the magnetic field, after removing the secular variation,
are denoted by the relative geomagnetic fields, DX and
DY. This section examined the monthly mean and diurnal
variations of the equatorial geomagnetic fields based on
data collected in 2015 (high solar activity) and 2019 (low
solar activity). Moreover, the diurnal variation of geomag-
netic fields in the equinoctial month (March) and a solsti-
tial month (June) of 2015 and 2019 were studied against
the Ap-index, a daily index of planetary geomagnetic activ-
ity to investigate EEJ variations.
3.1. Monthly variation of the geomagnetic field

The monthly averages of the relative geomagnetic com-
ponents, DX and DY, in each month of 2015 and 2019 were
investigated to observe the trend of the magnetic equatorial
geomagnetic field under the influence of EEJ effects. Fig. 2
(a) and (b) show the monthly average DX and DY in 2015
(solid red line) and 2019 (blue dashed line) at each hour
(LT = UT + 7). The shaded area around each curve repre-
sents the standard deviations from the mean and the local
noon time (12 LT) is indicated by a dash dot line in each
month. According to Fig. 2 (a), the monthly average of
DX during daytime was relatively higher than during night-
time, due to the EEJ variations. The daytime peaks of DX
in 2015 (high solar activity year) were noticeably higher
than those in 2019 (low solar activity year), because the
magnitude of EEJ was generally higher during solar maxi-
mum, due to increased ionization in the ionosphere, as
explained by (Ismail et al., 2017). The DX field was much
lower and close to zero during the night when the EEJ
and Sq currents disappeared. Its day-to-day standard devi-
ations in each month were also higher in 2015. The highest
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means and standard deviations of DX were observed in the
March equinox 2015. In both years, the daytime peaks of
DX in March, April, September, and October were higher
than in other months, indicating the seasonal dependence.
Yamazaki and Maute (2017) attributed this to the
enhanced Sq amplitude, during equinoctial months at low
and equatorial latitudes.

Fig. 2 (b), similarly, illustrates the monthly DY means in
both years. There was no significant difference in the field
variations between the two years, except that in February
2015, the highest daytime magnetic field DY was reached
a few hours earlier than 2019. In addition, the changes in
DY were significant and fast during daytime, but small
and slow changes were found at night. The standard devi-
ations in most of the months were similar except for the
first three months. It is also worth noting that the trends
of DY variations from May to September were similar,
and the trends in January-March and November-
December were also similar. However, the patterns of the
DY variation in the equinoctial months, March and Octo-
ber, in both years were unique, and the DY field fluctua-
tions in those two months were small, compared to those
in other months; thus, the characteristics of DX and DY
are contrary.
3.2. Diurnal variability of geomagnetic field

In Fig. 3, we compared the diurnal variations of the rel-
ative geomagnetic field X component, DX with the Ap-
index in March and June of 2015 and 2019. The Ap-
index of each day is printed inside the boxes at the bottom
of the graph. The colors in the text of Ap-index and the
field curve encode levels of planetary geomagnetic distur-
bances, i.e., black for ‘no or low disturbance levels’, yellow
for the ‘active disturbances’ and red for the ‘geomagnetic
storm levels.’ The Ap-indices were from the website of
the Helmholtz Centre Potsdam-GFZ German Research

Centre for Geosciences (https://www-app3.gfz-potsdam.

de/kp_index/Kp_ap_Ap_SN_F107_since_1932.txt), and
we also marked five international quietest days in each
month with the data downloaded from (ftp://ftp.gfz-pots-
dam.de/pub/home/obs/kp-ap/quietdst/). The horizontal
axis indicates the day of year (DoY).

Fig. 3 (a) and (b) show that the daily peaks of DX due to
EEJ in the daytime in general varied between 100 nT and
240 nT in March 2015, and between 80 nT and 150 nT in
June 2015. The peaks in these two months were
mostly � 150 nT for March and 100 nT for June. However,
on some days, large Ap-indices (affected by the geomag-
netic storms) were evident, particularly eight DoYs 60,
61, 76, 77, 78, 79, 81, and 82 in March 2015, and four
DoYs 159, 173, 174 and 176, in June 2015. Extreme dis-
torted short-term geomagnetic variations were identified
on two consecutive days on two occasions, DoYs 76 and
77, and 173 and 174. During the two-day storms, the fluc-
tuations of the magnetic fields on the first day were signif-

https://www-app3.gfz-potsdam.de/kp_index/Kp_ap_Ap_SN_F107_since_1932.txt
https://www-app3.gfz-potsdam.de/kp_index/Kp_ap_Ap_SN_F107_since_1932.txt
http://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/quietdst/
http://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/quietdst/


Fig. 2. Monthly means of the relative geomagnetic field components (solid line) and the standard deviations from the mean (shaded area): (a) DX and (b)
DY in 2015 and 2019 [the vertical dash dot lines represent noon 12 LT].
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icantly higher than on other normal days, but the EEJ
amplitude during the daytime was depressed on the second
day. The reduction in the geomagnetic fields was due to a
developing westward ring current in the magnetosphere
(Yamazaki and Maute, 2017). In general, the nighttime
DX variations varied every day, and short-duration fluctu-
ations were often detected in both months of the high solar
activity year. On the disturbed days, DX values dropped
significantly at night. The frequent instances of counter
electrojet (CEJ) or reversed flow of the equatorial electrojet
were also seen in both months, significantly in DoYs 70, 72,
81, 165–168. Among the five quietest days, the patterns of
DX during the daytime were similar, with different EEJ
peaks, and were rather flat during the night, except on
DoY 64. Yamazaki and Maute (2017) suggested that neu-
tral winds were the reason for the day-to-day variability
due to Sq and EEJ for days without solar and geomagnetic
activity.

Fig. 3 (c) and (d) show peaks of DX were lower for each
day in 2019 (low solar activity year) than in 2015. The plan-
etary geomagnetic activity was primarily low except for a
few days. The peaks of the variations ranged from 60 nT
to 150 nT in the equinoctial month, March, and between
50 nT and 100 nT in the solstitial month, June. In 2019,
rapid DX fluctuations during the night were also observed
on the day with high Ap-indices, where the EEJ variation
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during the daytime were superimposed on them, so they
were not observable. The DX variations on quiet days were
very similar except on DoY 77 in March when the daytime
DX peak was relatively low compared to other quiet days,
attributed to high geomagnetic activity on the previous
days. Even though the values of the Ap-index are not as
high as in 2015, a few active geomagnetic disturbances with
the Ap-index above 10 occurred in March, but they were
rare in June.

Based on the Ap-index values, the above analyses show
that the geomagnetic field DX variations were consistent
with the planetary geomagnetic activity levels. During the
daytime, the effects of the EEJ current mostly dominated
the geomagnetic variation. Consequently, different charac-
teristics of the equatorial geomagnetic field were perceived
during daytime and night independently. The daily vari-
ances of the EEJ amplitudes were high and unpredictable,
even on quiet days; as a result, it was challenging to deter-
mine the L9 value and estimate the SR curve at a geomag-
netic station in the equatorial region. During the night, the
fields were generally stable for quiet days. When the geo-
magnetic activity was high, irregular variations were
detected during both daytime and night. The variability
of the daytime field amplitudes from day-to-day was rela-
tively high in 2015 (high solar activity) but moderate in
2019 (low solar activity).



Fig. 3. Diurnal variations of DX components versus daily Ap index in March and June of 2015 and 2019. [black for ‘no or low disturbance levels’, yellow
for the ‘active disturbances’ and red for the ‘geomagnetic storm levels’ based on Ap index].
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4. Local K-index generation from Phuket magnetometer

station

4.1. L9 value for Phuket magnetometer station

To estimate the local K-index from the magnetic field
data, the proper L9 value needs to be determined first,
because it depends on the station’s geomagnetic latitude
as well as the impacts of local features. As the EEJ impacts
the local K-index in the equatorial region, the equatorial
station’s L9 value was higher than that for mid-latitude sta-
tions (Bartels et al., 1939). According to Eq. (3) from
(Denardini et al., 2015), the L9 value for the Phuket’s mag-
netic latitude was calculated to 547 nT. Since the character-
istics of EEJ also differ longitudinally, this L9 still needs to
be adjusted based on the statistical analyses. Hwang et al.
(2013) and Regi et al. (2020) studied the local K-indices
with various L9 values statistically, by comparing with
the global geomagnetic index or Kp-index values (as a ref-
erence index) to find a proper L9 value. For this purpose,
we computed local K-indices from Phuket equatorial geo-
magnetic field data for 1667 days measured from 2014 to
2019 with the FMI method, where the L9 value was used
in both SR curve estimation and K-index calculation; hence
we used the L9 value as a control parameter to alleviate the
prominent effect of the daily EEJ variation in the local K-
index computed from the equatorial region. Then, to
obtain a suitable L9 value, we used statistics from local
K-indices computed with different L9 values and the Kp-
indices.

Firstly, the correlation coefficients, r, between the K-
indices at Phuket station and the Kp-indices using Eq. (4)
were plotted as a function of L9 values as shown in
Fig. 4. To observe the effects of EEJ on the K-index, we
examined the three correlation coefficients between the
two indices for (a) the whole day (0–24-hour UT or 7–next
day’s 7-hour LT), (b) during daytime (0–12-hour UT or 7–
19-hour LT) and (c) nighttime (12–24-hour UT or 19–next
day’s 7-hour LT). Of all L9 values, Phuket’s K-indices dur-
ing the night were better correlated to the Kp-indices than
the daytime ones, due to the lack of local EEJ at night. The
Fig. 4. Correlation coefficients, r, between values of local K-indices from
Phuket and Kp-indices versus L9 (x-axis) from 2014 to 2019.
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correlations from the nighttime were similar for all L9 val-
ues, especially from 300 nT to 700 nT. It is important to
note that the proportion of high Kp-index values in the
dataset was considerably less than the proportion of low
index values, because the geomagnetic activity usually is
low, and severe disturbances were rare. As a result, we
observed that the correlations between two indices for both
the whole day and night periods increased with L9. K-
index calculations with high L9 values produced fewer high
K-indices than low L9 values, so the local K-index dataset
generated with the higher L9 values was closer to the Kp-
index dataset. However, we need to be aware that a high L9
value can lead to inaccurate classification of severity of
geomagnetic disturbances and local disturbances.

Since the cross correlation does not provide a definitive
L9 value, we computed root mean square errors (RMSE)
between Phuket local K-indices with various L9 values
and Kp-indices (from 2014 to 2019) using Eq. (5). The plots
of RMSE from the whole day, daytime and nighttime are
shown in Fig. 5. The errors from the daytime data dropped
rapidly with increasing L9 and then do not change notice-
ably for L9 > 650. However, the errors during nighttime
reached a minimum at 400 nT, and after that, became
worse with higher L9 values. Due to the different error
behaviors between the day and night data, a minimum
error for the whole day data was found at 600 nT. Since
the minimum RMSE values were achieved at 400 nT for
nighttime and 600 nT for daytime and the wholeday
respectively, we considered the L9 values from 400 nT to
600 nT with a step size of 100 nT for further study. We
did not consider the L9 > 600 nT, even though the daytime
error further decreased, because a higher L9 might fail to
detect severe solar disturbances, particularly during the
night. Similarly, we did not consider the L9 < 400 nT
because of rapidly increment in errors for the K-indices
in the whole day and the daytime.

4.2. Results and discussions

In the literature, the difference between two K-indices
(or the K-index and Kp index), DK, was usually used to
Fig. 5. Root mean square errors (RMSEs) between the local K-indices
from Phuket and Kp-indices versus L9 (x-axis) from 2014 to 2019.



Fig. 6. Distributions of DK = (Phuket’s local K-index - Kp-index) with three L9 values: (a) 400 nT, (b) 500 nT, and (c) 600 nT for the whole day, daytime
and nighttime.
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validate the K-index from a new station or a new method
(Menvielle et al., 1995; Nowozyński et al., 1991;
Sucksdorff et al., 1991; ; Stankov et al., 2011; Regi et al.,
2020). If the local K-index from the target station agreed
with the reference K-index (or the Kp-index), the differ-
ences between the two K-indices were minor. In this study,
we analyzed the relative frequency distributions of DK,
which is the difference between the time series data (from
2014 to 2019) of the Phuket local K-indices computed with
three L9 values � 400 nT, 500 nT and 600 nT -and the Kp
index as described in Fig. 6. To observe the EEJ influence,
DK values for the whole day, day and night times were
computed and plotted. Since the Kp-index is indicated in
28 classes for separated by thirds of a unit, and labelled
as x-, x and x+, for example 6- is 5 2/3, 6 is 6 and 6+ is
6 1/3, we adjusted all Kp-index values, by rounding to
the nearest integer to be at the same scale levels as the K-
index. Histograms of values of DK with the L9 = 400 nT
from the whole day, day and night times, are plotted
together in Fig. 6 (a). The proportion of DK = 0 on the
entire day was over 35 %, but most of Phuket’s local K-
indices (about 50%) were still higher the Kp–indices. The
distribution of DK for the daytime data was symmetric
about DK = 1, implying that the local K-index during day-
time was mostly higher than the Kp-index. In contrast,
�50% of the K-indices during nighttime matched the
Kp–indices.

When the L9 value was increased to 500 nT in Fig. 6 (b),
40% of the DK distribution from the whole day was seen at
DK = 0 and the proportion of both ± 1 index errors was
more than 45%. However, the local K-indices during the
Fig. 7. Distributions of Phuket local K-indices against Kp-indices for th
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daytime were still higher than Kp-indices as the highest
proportion of the daytime data was seen at DK = 1. Com-
pared to the low L9 value, its proportion of DK = 0 was
higher. On the other hand, the highest distribution of the
nighttime data was still at DK = 0, but the second largest
(30%) was at DK = -1. When the DK values with
L9 = 600 nT were examined in Fig. 6 (c), the highest distri-
butions of all three data were obtained at DK = 0. The pro-
portion of the negative DK from the whole day was 33%
and for nighttime 50%, implying that the local K-index
underestimated some significant solar nighttime distur-
bances. In contrast, K-indices from the daytime seemed
to be slightly better than other lower L9 values.

These results showed that L9 values of 500 nT and
600 nT were acceptable for the local K-index calculation
with Phuket magnetic data because about 40% of K-
indices for the whole day matched Kp-indices, even though
the local K-indices during the daytime were higher than the
Kp-indices because of the effects of EEJ and other local
features. Therefore, the different characteristics of the diur-
nal geomagnetic variations between the daytime and the
nighttime at the equator region made it challenging to
determine a suitable L9 for the Phuket station.

We also examined the distribution of K-indices com-
pared to Kp-indices on the entire day from 2014 to 2019
for the L9 values � 400 nT, 500 nT, and 600 nT – in
Fig. 7. High discrepancies between the local K-indices
and the Kp-indices were found, particularly at low index
values from 0 to 3 at L9 = 400 nT, as illustrated in
Fig. 7 (a). These discrepancies at the low index values
became smaller at L9 = 500 nT as seen in Fig. 7 (b); how-
e whole day for L9 values: (a) 400 nT, (b) 500 nT, and (c) 600 nT.



Fig. 8. Phuket’s local K-index computed with L9 = 500 nT and Kp-index in vs time (UTC) fro (a) March 2015 (high solar activity) and (b) June 2019 (low
solar activity).
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ever, occurrences of high local K-indices, i.e., 4, 5 and 6,
were slightly less than those of the Kp-index. According
to Fig. 7 (c), the local K-index mostly failed to indicate
accurately the high and severe geomagnetic storms at
L9 = 600 nT. Therefore, these results confirmed again that
500 nT was suitable for the L9 value used in the local K-
index calculation with the geomagnetic field measured from
the equatorial Phuket station.

In addition, we compared Phuket’s local K-index com-
puted with L9 = 500 nT and Kp-index for March 2015
(high solar activity) and June 2019 (low solar activity), as
shown in Fig. 8. In both months, the values of the two
indices were generally close. However, in the daytime per-
iod of March 2015 in Fig. 8 (a), local K-indices were
slightly higher than Kp-indices due to the active EEJ vari-
ation on those days, see Fig. 3 (a). Fig. 8 (b) shows that the
discrepancy between the two indices was less in June 2019.
Therefore, the effects of EEJ on local the K-indices can be
partially controlled by considering an appropriate L9
value. We expect these local K-index values to be helpful
for local space weather study and disturbance assessment.

5. Conclusion

This study first investigated the geomagnetic field com-
ponents DX and DY measured by the equatorial Phuket
magnetometer station in 2015 (high solar activity year)
1438
and 2019 (low solar activity year). As expected, the varia-
tion of the DX component in the daytime was dominated
by the EEJ current besides the Sq current. From the
monthly mean variation study, seasonal variations of the
geomagnetic field components were observed. The contrary
features of those two field components were also seen in
March and October. The inconsistent day-to-day changes
of the EEJ variations, even on the quietest day, were
observed from studying the diurnal variations. It is well
known that the characteristics of EEJ vary longitudinally
and seasonally (Ismail et al., 2017; Venkatesh et al.,
2015). However, the geomagnetic field variations, DX, at
Phuket were mostly consistent with the planetary geomag-
netic activity level.

Due to the highly inconsistent day-to-day changes of
EEJ, local K-index computation is a challenging task for
an equatorial geomagnetic station to achieve high accuracy
classification of geomagnetic disturbances. Therefore, we
investigated the effect of EEJ on the local K-indices com-
puted by the FMI method with the geomagnetic field data
measured at the Phuket magnetometer for various L9 val-
ues. We found that the daytime EEJ degraded the perfor-
mance of the K-index calculation, when the L9 value was
set too low or high. After analyzing the distributions of
Phuket local K-indices and the Kp-indices, the EEJ effect
can be partially controlled in the local K-index calculation,
if the L9 value was set appropriately. From the results, the
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L9 value of 500 nT could produce the K-indices, classifying
the geomagnetic disturbances more accurately. Since Phu-
ket’s local K-index represents local features, for example
EEJ, it can be applied to the local ionospheric disturbance
prediction model that is helpful for satellite communication
and navigation applications. Therefore, we will further
analyze the local K-index with other local space weather
parameters, for example the critical frequency of iono-
spheric F2 lay (foF2), the F layer height (h’F), the F2-
layer peak electron density (NmF2), TEC, etc.
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