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Abstract 
This work presents the geomagnetic characterization of the municipality of 
Macaé, Brazil. Data from IGRF12 (twelfth edition of International Geomag-
netic Reference Field) were used. Through the data collected in a regular grid 
of 0.1 degrees of the components, north, east and vertical were generated maps 
of components, inclination, declination, horizontal component and geomag-
netic total field. The results showed important relative variations of these 
magnitudes, such as the magnetic declination that varied around 0.2 degrees 
along the area of the municipality, which is a considerable value and capable 
of causing significant changes in directions by compass in the studied region. 
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1. Introduction 

Magnetism is the name given to studies of the phenomena associated with mag-
nets. The first record on magnetic phenomena happened in the city of Magnesia, 
from which originated the word “magnetic” in ancient Greece. The earliest stu-
dies in this area were made in the sixth century BC by Tales of Miletus, who ob-
served that certain stones, now called as magnetite, were characterized by their 
natural ability to be attracted to other stones and iron. In the sixth century, the 
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Chinese already made magnets and applied them to the compass, but only in the 
thirteenth century that studies about magnetism were resumed with observa-
tions and experiments guided by Europeans [1] [2]. 

Pierre Pelerin as early as 1269 discovered through various experiments some 
basic features concerning the magnets, such as its extremities, which he called 
north and south, and that the compass needle pointed approximately to the geo-
graphic north of the Earth. However, magnetism really benefited human devel-
opment when Shen Kua added the magnetic needle to navigation by taking it as 
an astronomical guide [3]. 

Thus, the study of magnetism over the centuries has enabled the invention 
and improvement of instruments such as the electric motor, loudspeakers, mag-
netic cards, telecommunication apparatus and others, besides that, these forces 
act on generators and transformers in hydroelectric plants, providing electricity 
to home and industries [4]. 

The International Geomagnetic Reference Field (IGRF) is a standard mathe-
matical description for the whole world of the large-scale structure of Earth’s 
main magnetic field and its secular variation. Because the IGRF model covers a 
significant amount of time, it is very useful for interpreting historical data. The 
model is updated at 5-year intervals, reflecting the most accurate measurements 
available at that time [5]. The current 12th edition of the IGRF model was 
launched in 2015 and is valid from 1900 to 2020. 

Macaé is a Brazilian city in the state of Rio de Janeiro, Brazil, located 180 ki-
lometers northeast of the state capital. The city is known as the national capital 
of oil and is nicknamed “Little Princess of the Atlantic”, with a total area of 1216 
square kilometers, corresponding to 12.5% of the area of the northern region of 
Rio de Janeiro [6]. 

The city is divided into six districts—Headquarters, Cachoeiros de Macaé, 
Córrego do Ouro, Glicério, Frade and Sana. The population was 251,631 inhabi-
tants in 2018 [7]. The Macaé city is currently located in a planet region that has 
the lowest values of magnetic field intensity, being this region called South At-
lantic Anomaly (SAA). In addition, the region is bathed by the Atlantic Ocean 
and has navigable rivers such as the Macaé, Sana and São Pedro rivers, thus be-
ing an interesting region for a geomagnetic study due to the navigation and the 
presence of the SAA. 

The research scheme was developed from the following steps: data collection 
of the components of field IGRF-12; calculation of the magnetic inclination and 
declination; calculation of the magnetic total field and horizontal component; 
data interpolation and mapping; analysis of results. Thus, Section 2 of this paper 
describes the general characteristics of Macaé as location, topography and land 
use. Section 3 addresses the characteristics of the Earth’s magnetic field. Section 
4 discusses the geomagnetic field model used in this work. Section 5 describes 
the data processing and discusses the results. Finally, Section 6 brings together 
the main final considerations. 
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2. Macaé Characteristics 

The municipality of Macaé is part of the North Fluminense region, which com-
prises the following municipalities: Campos dos Goytacazes, Carapebus, Cardo-
so Moreira, Conceição de Macabu, Macaé, Quissamã, São Fidelis, São Francisco 
de Itabapoana and São João da Barra. They are neighboring municipalities: Rio 
das Ostras, Nova Friburgo, Conceição de Macabu, Carapebus, Trajano de Mo-
raes and Casimiro de Abreu. The following districts stand out: Sana, Bicuda 
Grande, Bicuda Pequena, Cachoeiros de Macaé, Glicério, Areia Branca, Córrego 
do Ouro and Barra de Macaé (Figure 1) [8]. 

The city is well known for its beaches and for having a large amount of oil in 
its waters. Because its economy is based on oil exploration, Macaé is known as 
the “National Capital of Oil”. The name of the municipality is a reference to the 
Macaé River that crosses good extension of the municipality. The climate is hot 
and humid for most of the year, with temperatures varying between 23˚C and 
38˚C. This large amplitude is caused by the exchange of winds between the coast 
and the mountain that are relatively close [6]. 

The relief of the municipality is considered as undulating with narrow valleys. 
The altitude varies from the sea level up to a little over 1 km in altitude accord-
ing to the map made using data from the V19.1 TOPEX topography model de-
veloped by the Oceanography Institute of the San Diego University (Figure 2) 
[10]. 

The plain sector of Macaé is dominated by pastures and also by the monocul-
ture of sugar cane. In the vicinity of the sea and in the lagoons, it can still be found 
some bushes and underwoods. In the mountainous region to the west of the 
municipality, the Atlantic Forest can be found in some sectors (Figure 3) [11]. 

Due to its oil resources, Macaé has grown in population and economy in re-
cent years, making it a good place for routes of ships and other transportation. 
Thus, geomagnetic mapping can aid in navigation and transport systems like 
these. 
 

 
Figure 1. Municipality of Macaé [9]. 
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Figure 2. Topographic map of Macaé made from TOPEX V19.1 model data [9]. 
 

 

Figure 3. Satellite view of the municipality of Macaé [11]. 

3. Earth’s Magnetic Field 

The first modern scientific work on the Earth’s magnetic field was published in 
1600 by William Gilbert, where he argues that planet Earth is like a great mag-
net. Over the years this idea was improved, it was proven in 1690 that the earth’s 
magnetic field changes over time, and in 1835 a method was created to measure 
the magnetic field strength [12]. 

In addition, it was concluded that the Earth’s magnetic field manifested a var-
iation in amplitude and direction over the years, which was termed “secular var-
iation” and faster variations of this field were related to atmospheric phenomena 
such as auroras [13]. 

The magnetic field can be represented by lines of magnetic field, which 
emerge from the magnetic north (near the geographical south) and converge 
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towards the magnetic south (near the geographic north). This describes the pat-
tern of directions of the magnetic field, where in the closest lines the intensity of 
the magnetic field is greater, and in the lines more spaced the intensity of the 
magnetic field is smaller. Thus, the magnetic field is stronger at the poles than at 
any other location on Earth (Figure 4) [14]. 

Our planet is surrounded by a magnetic field and this phenomenon is re-
vealed, for example, by a needle of a compass that points approximately to the 
north. According to modern ideas, when at a given point a measurement of the 
Earth’s magnetic field is carried out, the measured value is the result of superpo-
sition of contributions having different origins such as fluid nucleus, crust and 
interaction of the Earth with the Sun (Figure 5) [5] [14].  

Secular variation is a progressive temporal change in all geomagnetic ele-
ments, being a consequence of the patterns of circulation within the nucleus,  
 

 
Figure 4. Idealized view of the Earth’s magnetic field lines. N and S 
are the ideal location of the two magnetic poles [14]. 

 

 
Figure 5. A possible configuration for the fluid flow and the field 
inside the nucleus [5]. 
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because they are not fixed and change slowly with time. Such a variation is pre-
dictable, a well-known example is the gradual rotation of the magnetic pole 
around the geographic north pole [13]. 

The Ionospheric Dynamo is produced by currents induced by both the outer 
core and the solar and lunar activity. These variations are due mainly to the ac-
tivities of the solar wind on the planet. They are relatively inferior, compared to 
the main field, and can be periodic (daily) or irregular [15]. 

Other magnetic effects of external origin make the magnetic field vary daily, 
these variations are called diurnal variations. Under normal conditions, diurnal 
variations have an amplitude of about 20 to 80 nT, having greater amplitude in 
the polar regions. This variation is a result of the magnetic field induced by the 
flow of charged particles that settle from the ionosphere towards the magnetic 
poles, circulation patterns and diurnal variations vary according to the effects of 
the tide, the sun and the moon [13]. 

Thus, according Lanza and Meloni (2006) [14], the geomagnetic field has 
three main sources: 
• The main field, generated in the Earth’s fluid nucleus by a mechanism called 

the “dynamo theory” produced by the circulation of charged particles in 
convective cells coupled to the fluid outside of the Earth’s core; 

• The crustal field, generated by magnetized rocks in the crust of the Earth (li-
thosphere); 

• The external field, produced by electric currents flowing in the ionosphere 
and magnetosphere (layers of the Earth’s atmosphere), due to the interaction 
of the Earth’s magnetic field with electromagnetic radiation and solar winds. 

At any point on the Earth’s surface, a freely suspended magnetic needle will 
recognize a position in space toward the geomagnetic field, making an angle to 
the vertical and geographic north. To describe the magnetic field vector, de-
scriptors known as geomagnetic components are used. The total field vector (B) 
has a vertical component (Z) and a horizontal component (H) in the magnetic 
north direction. The dip of B is the inclination (I) of the field, and the horizontal 
angle between the geographic and magnetic north is the declination (D) (Figure 
6) [16]. 

According Blakely (1995) [16], the total field vector (B) alternates in intensity 
from about 25,000 nT in the equatorial regions to about 70,000 nT at the poles. 
If the magnetic field is represented in Figure 6, the equations below show the 
relationship between the components of the magnetic field: 
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Figure 6. Representation of the magnetic field and its 
projected components [16]. 

 
At where: 

• Magnetic inclination (I), 
• Magnetic declination (D), 
• X Component (Bx), 
• Y Component (By), 
• Z Component (Bz), 
• Horizontal Component (H), 
• Total field (B). 

If the compass needle is allowed to swing freely, it will be parallel to the 
Earth’s surface in areas near the Equator but will be positioned vertically at 
points near the North and South poles. In the northern hemisphere, the mag-
netic field generally points downward and becomes vertical at the magnetic 
north pole, which represents the inclination of 90˚, on the other hand, in the 
southern hemisphere, the pointing is generally upward, and the south magnetic 
pole has inclination of −90˚. The zero inclination line approaches the geographic 
equator. This location is known as the magnetic equator [2] [13]. 

It is estimated that about 90% of the Earth’s field can be represented by the 
field of a theoretical magnetic dipole in the center of the Earth, inclined about 
11.50˚ to the axis of rotation. Thus, the magnetic inclination can be calculated as 
the vertical angle between vector B and the horizontal plane [13]. 

The North shown by the compass is the Magnetic North, not the Geographic 
North. The difference is usually not large enough to change our daily lives, but 
anyone who works with field research, cartography, aerial photography, and to-
pography needs to know the difference between the two values. The angle be-
tween the directions of Geographic North and Magnetic North is called magnet-
ic declination. It varies from place to place on Earth and varies also over time. 
The magnetic declination is defined as the azimuth of the magnetic meridian, 
positive for East and negative for West [13] [17]. 

4. International Geomagnetic Reference Field (IGRF) 

The IGRF is a spherical model used internationally to the Geomagnetic Field 
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whose sources are in the Earth’s core. It is updated every five years, according to 
the International Association of Geomagnetism and Aeronomy (IAGA). The 
IGRF emerged after discussions by the World Magnetic Survey (WMS). The 
WMS was a set of researches on the Magnetic Field by the earth, the seas, the 
skies and other means, between the years of 1957 and 1969 [5]. 

At a meeting in late 1960, an IAGA committee recommended that a spherical 
harmonic analysis must be done using the WMS results, and this proposal was 
accepted. After eight years of discussion the IGRF was built, and the following 
year, 1969, the IGRF began to be used as an international model [5]. 

The IGRF comes from an international collaboration based on the coopera-
tion of institutes responsible for the collection and publication of magnetic field 
data. The model incorporates data from the permanent observatories and is 
based on the expansion of spherical harmonics. The magnetic moment of this 
fictitious geocentric dipole can be calculated from the observed field. If this di-
pole field is subtracted from the observed magnetic field, the residual field can 
then be approximated by the effects of a smaller, second dipole. The method can 
be redone, with a decreasing adjustment until the observed geomagnetic field is 
emulated according to the degree of precision required [13]. 

Thus, the effects of each dummy dipole contribute to a function known as a 
harmonic, and the technique of successive approximations of the observed field 
is termed as spherical harmonic analysis, the equivalent of Fourier analysis in 
spherical polar coordinates. This method was used to calculate the International 
Geomagnetic Field Reference (IGRF) formula, which determines the undis-
turbed theoretical magnetic field at any point on the Earth’s surface [13]. 

The geomagnetic field changes over time, however, the IGRF is a mathemati-
cal equation. As international agreements are not easily established in short time 
intervals, new IGRF models are adapted to 5 year intervals, with the intention of 
representing the geomagnetic field within that time interval. The IGRF model 
currently in use is the 12th [16]. 

According Thébault et al. (2015) [18], the IGRF is a series of mathematical 
models of the internal geomagnetic field ( ), , ,r tθ ϕB  and its rate of change 
(secular variation). On and above the Earth’s surface, the magnetic field B  is 
defined in terms of a magnetic scalar potential V by V= −∇B  and where in 
spherical polar co-ordinates V is approximated by the finite series 

( )

( ) ( ) ( ) ( ) ( )
1

  1 1

, , ,

cos sin cos
n

N n m m m
n n nn m

V r t

a g t m H t m P
r

θ ϕ
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+

= =

   = × +    
∑ ∑

  (5) 

With r denoting the radial distance from the center of the Earth, a = 6371.2 
km being the Earth’s mean reference spherical radius, θ denoting geocentric 
co-latitude, and φ denoting east longitude. The functions ( )cosm

nP θ  are the 
Schmidt quasi-normalized associated Legendre functions of degree n and order 
m. The Gauss coefficients m

ng , m
nh  are functions of time and are conventional-

ly given in units of nanotesla (nT) [18]. 
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5. Processing and Results 

The data used in this work were collected from the IGRF-12 model for the date 
of February 26, 2019. Data were collected in a rectangle between −42.3 degrees 
and −41.6 degrees of longitude and −22.5 degrees and −22.1 degrees of latitude. 
The resolution of the collected data was 0.1 degree in a regular mesh. Data were 
processed using Oasis Montaj software from Geosoft (Figure 7). 

The data of components (X, Y, Z), angles (inclination and declination) and 
resulting (horizontal and total) were interpolated using the Minimum Curvature 
Method with 1/4 cells of data resolution, that is, 0.25 degrees. 

The interpolation result of the components (X, Y, Z) is presented by Figures 
8-10, respectively. 

The X component aligned with the magnetic north in the studied region had 
its values varying between 16,131 nT and 16,323 nT, the values being increased 
in the direction of southeast to northwest of the municipality. Thus, there was an 
environmental variation of 192 nT throughout the studied region, which is 
equivalent to approximately 1.2%. 

The Y component aligned with the magnetic east in the studied region had its 
values ranging from −7033 nT to −6969 nT, with magnitudes increasing from 
southwest to northeast of the municipality. Thus, there was an environment 
variation of 64 nT throughout the studied region, which is equivalent to ap-
proximately 0.9%. 

 

 
Figure 7. Oasis Montaj software working screen. 
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Figure 8. Component X of the magnetic field. 
 

 
Figure 9. Component Y of the magnetic field. 
 

The Z component aligned with the vertical in the studied region had its values 
ranging from −15,428 nT to −15,156 nT, with magnitudes increasing from the 
northwest to the southeast of the municipality. Thus, there was an environment 
variation of 272 nT throughout the studied region, which is equivalent to ap-
proximately 1.8%. 

Through the values of the components (X, Y, Z) and of Equations (1) and (2), 
the values of magnetic inclination and magnetic declination can be calculated. 
The result of the interpolation of the angles (inclination and declination) is  
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Figure 10. Z component of the magnetic field. 
 
presented by Figure 11 and Figure 12, respectively. 

As the region studied is in the southern hemisphere, negative values are ex-
pected for magnetic inclination. Thus, inclination values ranged from −41.271 
degrees to −40.467 degrees, decreasing in module from southeast to northwest 
and varying 0.804 degrees in the region studied, which is equivalent to a varia-
tion of approximately 2%. 

The magnetic declination map of the region presents the greatest practical 
utility of this work, as it provides the difference between true north and magnet-
ic north read in the compasses, so it can aid orientation and navigation in the 
region studied. Thus, declination values varied from −23.443 degrees to −23.232 
degrees, decreasing in module from southwest to northeast and varying 0.211 
degrees in the region studied, which is equivalent to a variation of approximately 
0.9%. 

Through the values of the components (X, Y, Z) and Equations (3) and (4), 
the values of the horizontal field (H) and total field (B) can be calculated. The 
result of field interpolation (horizontal and total) is shown by Figure 13 and 
Figure 14, respectively. 

By means of the north (X) and east (Y) components, the H component is cal-
culated in the XY plane. The H component in the studied region had its values 
varying between 17,578 nT and 17,768 nT, the values being increased from the 
southeast to the northwest of the municipality. Thus, there was an environmen-
tal variation of 190 nT throughout the studied region, which is equivalent to ap-
proximately 1.1%. 

The Macaé city is currently located in a planet region that has the lowest val-
ues of magnetic field intensity, being this region called South Atlantic Anomaly  
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Figure 11. Magnetic inclination. 
 

 
Figure 12. Magnetic declination. 
 
(SAA). By means of the components north (X), east (Y) and vertical (Z), the to-
tal field B is calculated. Finally, the total field B in the studied region had its val-
ues varying between 23,332 nT and 23,410 nT, the values being increased from 
the southwest to the northeast of the municipality. Thus, a 78 nT environment 
variation occurred throughout the studied region, which is equivalent to ap-
proximately 0.3%. 
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Figure 13. Horizontal component calculated from data of the X and Y components of the 
IGRF-12 model. 
 

 
Figure 14. Magnetic Total Field calculated from data of the X, Y and Z components of 
the IGRF-12 model. 

6. Conclusions 

This work presents the characterization of the geomagnetic field in the munici-
pality of Macaé using data from the IGRF-12 model for the date of February 26, 
2019. Throughout the work, the characteristics of the studied area, geomagnetic 
field and IGRF model were described. 

Component maps (X, Y, Z), angles (inclination and declination) and resulting 
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(horizontal and total) were made by interpolation by minimum curvature with 
1/4 cells of the resolution of the data, that is, 0.25 degrees. Thus, the maps made 
bring as a main novelty, the detailed characterization of the geomagnetic field, 
showing the small variations of the magnitudes along with the municipality. 

It was verified that the geomagnetic quantities had small, however, important 
relative variations always smaller than 2% throughout the studied area. We high-
light the case of magnetic declination that varied around 0.2 degrees along the 
area of the municipality, which is a considerable value and capable of causing 
significant changes in directions by compass in the region studied. 

In future studies, it is suggested the study of the temporal variation of the 
geomagnetic magnitudes and the study of the magnetic field of the crust of the 
same region should be studied, so the results can be complementary to this work. 
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