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Abstract — This work develops a high resolution computational
platform for visualization and analysis of spatio-temporal profiles
of Solar quiet (Sq) daily variation of Earth’s magnetic field
components. Geomagnetic field data sampled on per minute basis
for the year 1996 (a year of solar minimum and beginning of solar
cycle # 23 (Rz = 8.6)) was obtained from sixty-four observatory
stations of INTERMAGNET global network. Developed
computing algorithm and architecture are deployed on high
performance computing facility available at the Nigerian Space
Agency. Minute by minute Sq values at individual station are
evaluated and combined to generate per-minute worldwide maps of
Sq daily variation. These maps were sequenced to construct
moving images of global daily Sq evolution on a per-minute time
scale as demonstrated for the year 1996. Consistent with
ionospheric physics; Sq was found steadily maximal at local noon
for most locations across the globe. In addition, month-to-month
and seasonal variability patterns were observed in Solar quiet along
the magnetic North Sq (H). The foci of Sq (H) at different locations
on the globe exhibit very high temporal variability. Thus, the
developed platform improved time resolution for processing
geomagnetic field variations to the scale of sixty seconds. Hence,
the developed computational platform supports close monitoring of
rapid variations and impulsive changes in Earth’s geomagnetic
field.

Keywords — Geomagnetic field, Geostatistical interpolation,
lonosphere, Solar quiet daily variations, Solar cycle.

I. INTRODUCTION

The Earth's magnetic (or geomagnetic) field (B) is a
vector quantity that varies in strength and direction with
respect to space and time. Campbell [1], used Figure 1 to
illustrate how geomagnetic field can be described using
combination of three distinct components selected from
seven parameters as shown below;

1. Three orthogonal strength components along the
East (X), true North (Y) and vertical (Z) directions.

2. The total field (F) strength and two anglesof
declination (D) and inclination (1); or

3. Two strength components and an angle, viz,

Horizontal (H), veritcal (Z), declination (D)
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Fig. 1: Geomagnetic field components
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Geomagnetic field varies on a wide scale of time scales
ranging from milliseconds to millions of years at different
location and time. Virginia and co-workers [2] deduced
that pattern of geomagnetic field variations also evolves
with time. These changes include, slow secular variation
that occurs over relatively small time scale of a few to
thousands of years. They are due to dynamo processes
acting in the Earth's upper atmosphere. Thus, short-term
variations are primarily of external origin. They are induced
by currents flowing in the ionosphere and magnetosphere
[3] [4] [5]. Further studies have established that ionospheric
and magnetospheric current systems are jointly responsible
for the magnetic field changes on a daily basis. In addition,
the ionospheric current in the Earth upper atmosphere is
known to be as an outcome of the differential flow of
charges caused by solar high energetic particles. According
to Ampere’s law, this differential flow generates associated
magnetic field. Pertubation of the generated field on the
main Earth's magnetic field is responsible for the short term
variations and can be recorded by ground-based
magnetometers.

In effect, currents from solar charged particles flowing in
the magnetosphere initiate irregular geomagnetic field
variations leading to geomagnetic storms and substorms.
Similarly, currents flowing in the ionosphere result into a
more or less regular daily variations of the geomagnetic
field at both quiet and disturbed conditions.This variation is
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known as solar quiet daily variation (Sqg). Thus, Sq
variations is an index of the ionospheric current system
flowing in the dynamo E-region between the altitude of 90
and 130 km which can be demonstrated in 2-D and 3-D
forms. The ionospheric current is a charge current which is
released by the expansion and contraction of the atmosphere
due to worldwide solar winds and tidal forces resulting from
diurnal rising and falling of the Sun [6]. The Sq current flow
system varies with respect to longitude, latitude and local
time of specific geospatial station during quiet and disturbed
days [7] [8] .

Technical literature shows that computational analyses of
geomagnetic field variations during quiet and disturbed time
implemented on regional basis at large time intervals typical
of seasons, years, months and days. Hitherto, algorithm
development and processing power of computing devices
constrained the time step of monitoring solar quiet daily
variation to large time-steps; covering a small spatial region
of the earth per run [9]. Although, analyses of geomagnetic
field variations using conventional large time scales are
useful in the study of some geophysical phenomena that
may occur over a long time range; obviously, it is
inadequate for detailed analyses and investigation of
geophysical events that are precipitated in less than an hour.
This work therefore presents illustrative computational
algorithm and architecture for obtaining Sq daily variation
across the globe for solar cycle number 23; using
geomagnetic dataset obtained at 1-minute sampling rate.

Given that adverse condition in the ionosphere can
initiate disruption of the operations of space- and ground-
based technological systems. Some of such systems include
satellites, communications signal and networks. Others are
GSM/GPS navigations systems, electric power distribution
grids, pipelines, ground based control stations. Thus, causal
effects of ionospheric disturbances is a basis for scientific
research in Space weather monitoring and prediction. In this
regard, computational techniques are advancing detailed
study of solar quiet daily variations as a means to further
understand space weather phenomena [10] [11] [12].

Geomagnetic field data sampled at one-minute rate is
useful for a detailed study of rapid impulses, perturbations
and variations due to solar radiation. It also facilitates close
study of space weather and tracking of geomagnetic
phenomena with time scale less an hours. According to [13]
, such phenomena include travelling ionospheric
disturbance, sky-waves as well as ultra-low frequency
waves (ULF) among others. For example, the signature of
ULF waves as evident in geomagnetic field variations has
been identified as a possible precursor to earthquakes
occurrence. Hence, there is need for early and effective
warning system that predicts anomalous geophysical
phenomena that may have adverse consequences on human
and other critical technological systems.

The next section gives a brief description of the
techniques employed for computation in this work. Section
3 present the procedure for correcting secular and non-cyclic
variations of geomagnetic field and baseline function for
each observatory station. Results obtained are presented and
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discussed in Section 4. A brief summary is presented in
Section 5.

Il. MATERIALS AND METHOD OF DATA ANALYSIS

Data acquired and the computational methods deployed
for its analysis are presented in this section.

A. The Geomagnetic Field Dataset

Geomagnetic field data was obtained from International
Real-Time Magnetic Network (INTERMAGNET). As at
1996, the network consists of sixty four widely distributed
observatory stations that were operated by different
institutes in twenty countries. Figure 2 shows the spatial
distributions of the observatory stations whose data are used
in this study.

INTERMAGNET observatory network was selected due
to its wide geospatial spread and homogeneous distribution
of the measurements on the Earth’s surface. The network
obtains and collate geomagnetic field data using ground-
based digital fluxgate magnetometers which sampled the
components of the field vector in X, Y, Z, H, DZ
orientations.

For in-depth analysis, the observatory stations were
categorized into low, middle and high latittudes as shown in
Table 1. The study of geomagnetic field variation was
carried out at quiet condition using the international quiet
days (IQD) dataset as well as the geographical coordinate
(longitude and latitude) of the observatory stations. The
IQDs which are by definition the sets of quiet days per
month based on disturbance Kp index were selected and the
one-minute values of the components were sampled and
quantized to generate the solar quiet daily variation (Sq).
According to Australia Geoscience Institute (2016) on solar
observatory, 1QD are the days when solar activities are
relatively quiet while IDD (International Disturbed Days)
are disturbed days with very active solar activities. The five

Magnetic Observatories

INTERMAGNET observatores and Gitis (2005)

-

Source: www.intermagnet.org

quietest days of each month were used to compute solar
quiet daily variations from the geomagnetic field data for the
year 1996.
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B. Post-acquisition process

Geomagetic field dataset in IAGA format from 64
ground-based observatories worldwide were sampled on per
minute basis and pre-processed using Java script. The
dataset was organized in geographic (X,Y,Z,F) and
magnetic (H,D,Z,F) planes according to the installed
fluxgate sensors orientation. The dataset was pre-processed
and compiled in standard format syntactically acceptable for
Matlab m-files, scripts, functions and codes.

Table 1: Classification of Observatories
According to Latitudes

Low Middle High
Latitude Latitude Latitude
(0-30°) (31-60°) (60-90°)
AMS HER ABK
BNG BDV KAK ALE
BSC BEL LER BLC
DLR BFE LOV BRW
GUA BOU MEA CBB
HON CLF MMB CMO
KOU CNB NCK DRV
MBO czT NEW IQA
PHU ESK NGK MBC
PPT EYR NUR NAQ
SIG FCC oTT RES
TAM FRD PAF SBA
TAN FRN PBQ SOD
FUR SIT THL
A GDH STJ YKC
= GLN THY
S GNA TuC
z HAD VIC
WNG

Source: www.intermagnet.org

C. Computational Algorithm for Geomagnetic field Data
Analysis

For detailed analysis of daily spatio-temporal variations
of the geomagnetic field, the acquired dataset was analyzed
and converted from geographic to magnetic coordinates
using the orthogonal geometric relationship stated in (1) to

(4).
From Figure 1, it is clear that
F?=H?+17? (1)

Where H is given by

H=vVX2+Y? ()
X = Hx* Cos(D); Y = H = Sin(D) (3)
and
Y
D= arctan(i) 4

Solar quiet daily variations along H, D and Z components
of geomagnetic field were computed simultaneously. This
involves, correction and adjustment of baseline values, mid-
night departures and non-cyclic variations using formulae in
equations (5) to (11).
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According to [14] and [15], these procedures sufficiently
filter other sources of geomagnetic field variations that are
due to the Earth core and other extraneous magnetic
materials on the Earth crust.

The realized baseline values on per minute time basis
were used to adjust and correct non-random error in the H,
D and Z values so as to enhance their confidence limit. The
daily baseline value (Mg) on 1-minute basis is defined as the
average for 240 minutes flanking the local midnight at each
stations, that is:

M + X%, M,
M, = 240 Q)

Where M, = baseline values att= 1, 2... 1440 (local time)
and M, represents Ht, D, or Z,.

At local mid-night, ionospheric current is expected to be
minimal due to low solar impact. Thus, minute-by-minute
departures of (AM,) from midnight baseline were obtained
by subtracting the midnight baseline values of a particular
day from all 1-minute values for that same day as shown in
equation 6.

AM= M- Mg (6)

Reference [16] and [15] defined non-cyclic variation as a
phenomenon in which the value of (H;) at 01 local time is
different from the value at 1440 local time. Non-cyclic
variation due to geomagnetic storm was removed by making
linear adjustment in the daily minute values of AM;.as
follows:

AMl - A1”14—40
Ae = ( 1439 ) 2
Where Ac are mean values of the magnetic elements for
two intervals of time in minute. The linear adjustment
generates the Sq field as follows:

Sq = AM, + (t —1)Ac (8)
Specifically, we have:

Sqy = AH + (t — 1)Ac 9)

Sqp = AD + (t — 1)Ac (10)

Sq; = AZ+ (t —1)Ac (11)

The sixty-four stations have three components each in the
year 1996 with three hundred and sixty-six days. The
diurnal (24-hour) data for H, D, Z-component is equivalent
to 1440 minutes. This results to data-intensive computation
of 101,191,680 matrix cases (i.e. 3*64*366, 1440). Thus
the desired computational visualization and analysis of
Sq(H), Sq(D) and Sq(Z) in up to 3-Dimensions require
computer hardware with high processing power to generate
overall results in a reasonable time.

D. Spatial Data Prediction Using Kriging Algorithm

To proceed, geomagnetic field dataset was approximated
evenly over the Earth surface by using Kriging algorithm.
The scheme is an efficient geo-statistical interpolation tool
suitable for spatial or regionalized variables such as
geomagnetic field data, [17] and [18]. The scheme uses
enhanced best fit values and corresponding variogram to
estimate unobserved values at some grid points using
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measured values at other nodes. Processing the geomagnetic
field time series data for solar quiet daily variations by
Kriging interpolation algorithm was implemented on Matlab
m-files with the Matlab parallel computing toolbox. This
was implemented on multi-cores systems for effective
parallel computations. The framework was in the manner of
[19] and [20].

The computation of Sq field used (long-lat, 1QD)
data, including a field of observed data, the estimated range
(time series magnetic data), the resolution of the estimated
range (minute (time) resolution data), variogram model. The
output is the estimated Sq and error variance. Whereas it is
difficult to obtain exhaustive values of geomagnetic field
data at every longitude and latitude across the globe due to
sparsely located observatories. The kriging spatial
interpolation technique was used on observed data to
facilitate the analysis of the solar daily quiet variation in
dynamic two and three dimensional contour map. The
interpolated method used enhanced best fitting values as
demonstrated by the variogram estimated 3D contours. The
data gridding was carried out using kriging algorithm
implemented on Suffer Grid-data in Matlab environment.

Although, geomagnetic field components exhibit spatial
continuity, it is not always possible to sample every location
of the longitude and latitude. So, unobserved values must be
estimated from available observatories data. Sampling and
estimation of global variables were done such that the
profile of solar quiet daily variation could be mapped and
visualized on contour frames from one location to the other
across the earth.

E. Procedures for Implementation of Kriging Algorithm

The spatial mean of the geomagnetic data in a stationary
condition (U) and distance between observatories locations
were computed using the approach of [18] and [21].
Consequently, data pair P(i, j) of the covariance terms were
generated by

P, j) = (U; - 0) (U]- -0) (12)

where i =1,2,...,n;and j = 1,2, ...,7.

The data pairs were ordered from lower to higher
separation distance and grouped. For pairs within a
separation rings of distance (r), the covariances of the data is
obtained as shown in equation (13);

Cov[UX),UX+1)] =

nr

1 — —
— Z (U, - 0)(U; - D)

@ip=1

nris number of data pairs within the ring.

Equation (13) generates a covariance matrix with each
data pair P(i, j) assigned a value of covariance:

Ci; = Cov(U; - U)) (14)

If the covariance of the data is plotted against the
separation distance, then we have for each data point (i), the
distance between location (i) and the desired Kriging
location (o) is obtained. With this distance (i, 0), the
covariance C; , of each data pair is evaluated using the
Kriging equation;

(13)
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(15)
(16)

where i =1,2,...,n. and X\ is the Lagrange multiplier.

Solving this set of (n+l1) equations (15) and (16)
simultaneously generate the Kriging estimate expressed as:
n
0, = ) w, (17)
i=1

i=
The estimation error due to the Kriging algorithm is
expressed as;

n n

B0 -u,)| =)

i=1j=
n

-2 Z w;Cov(U;,U,)
i=1

w;w; Cov(U;, Up) + 02U
1

(18)

Equation (18) can also take the form;

n n
E [(170 - U,,)Z] =o%U + ZZWinCij

i=1j=1
n
-2 Z w; CiD (19)
i=1
Substituting equation (16) in equation (19) we have;

n
E|(@, - 0)| =00+ D w@ + Gy
n i=1
- ZZWL'CL'O
i=1

aw =1 and

(20)

Since E [((70 - U,,)z] = o’k

i.e. Kriging variance.

Therefore

2D

Here the Kriging variance is the approximation error due
to inconsistent measurement of the geomagnetic field data,
uncertainty of A, and imprecision of spatial data correlation.

I11. RESULTS AND DISCUSSION

This work applied the Kriging method to analyze
worldwide spatio-temporal variations of geomagnetic field
and diurnal solar variability at quiet condition. The
algorithm was implemented on high performance computers
using parallel programming technique. Results are presented
as 3-dimensional computational visualization of day-to-day
Sq (H), Sq(D) and Sq(Z2) variability maps replicating
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ionospheric current variations for the year 1996. The 3-
dimensional scale include time and locations in terms of
longitude and latitude. Figure 3 shows some selected
snapshots of Sq(H) variations at different local time across
longitudinal and latitudinal zones. On  magnetically quiet
days, the diurnal geomagnetc field variations occur in
smooth and regular form but at the different degrees of
latitudes across longitudinal locations and time. These maps
revealed that Sq in H and D is greater at daytime than night
time and SqH maximizes in daytime at about local noon
when the Sun is vertically overhead. In general, at about
local noon, Sq in D has strongest focus at latitude below 0°.
Unlike Sq(H), Sq(D) does not maintain a consistent
maximum along the local noon across the latitudes. Rather,
there is variability in the period of maxima with latitudes. It
is also apparent that maxima values of Sq(D) drift along
latitudes and attain maximum values at the following
latitudes with respective solar periods.

In addition, 3D visualization in Figure 3 further shows
that Polar Regions exhibits high Sq(H) at local night. The
Polar Regions often have high Sq due to consistent solar
intensity, even at the night time. This is mainly due to the
shape of the Earth and other unknown geophysical activities
at the Northern and Southern hemispheres during various
seasons of the year. This pattern confirms the contributions
of [22] [23] and [24] about additional current system from
interplanetary space and specific occurrence of geomagnetic
storms in the Polar Regions. Thus, these results further
establish the occurrence of seasonal variations of solar
activities across the northern and southern hemispheres.

In scope, spatial analysis of geomagnetic field variations
is successfully extended from regional to global scale and
Sq in three directions (i.e. Sq(H), Sq(D), and Sq(Z)) with
one-minute time step for all regions. The amplitude of
Sq(H) was higher at the northern pole than the southern
pole. This confirms existing results on thermal stability of
the southern hemisphere. Sharp geomagnetic spikes are
recorded more often in the northern hemisphere to confirm
high geophysical activities in the polar region. Generally,
Sq(H), Sq(D) and Sq(Z) exhibit significant variability with
Sq(H) exhibiting its highest gradient along the equatorial
region. This is an index of intense solar activity and
ionospheric impact that is consistent with atmospheric
dynamo theory.

IVV. CONCLUSION

A high resolution analysis of spatio-temporal variations of
geomagnetic field using Kriging method on high
performance computing platform has been presented.
Implicitly, the study provides a basis for one-minute time
scale visualization of the ionospheric current field across the
globe. When applied on real time data, this solution can
serve as a monitoring system that helps avoid harmful effect
of ionospheric current surge on space-borne and other
related technological systems. It can also help predict the
advent of some natural disasters. The developed
computational platform for Sq daily variation can support
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further research on early detection of travelling ionospheric
disturbance (such as typhoon, tsunami etc.) and other related
geophysical phenomena.
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Fig.3: 3-D \éisualization of Sq Variations

Longit'ude



	I. Introduction
	II. Materials and Method of Data Analysis 
	A. The Geomagnetic Field  Dataset
	B.  Post-acquisition process
	D. Spatial Data Prediction Using Kriging Algorithm 
	E. Procedures for Implementation of Kriging Algorithm

	III. Results and Discussion 
	IV. Conclusion
	V. Acknowledgment



