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Abstract

The diurnal variation of the magnetic field cannot be predicted or modeled and for that reason, it is monitored during the
magnetic surveys, usually by a stationary magnetometer. However, marine surveys have a practical issue with diurnal moni-
toring, owing to the distance between the survey, stationary magnetometers, and magnetic observatories. This work aims to
verify the use of nearby magnetic observatories to estimate the diurnal variation correction in different marine surveys and
evaluate its effectiveness. In this study, we selected surveys at the continental shelf near Santos city (Survey 1), continental
slope next to the first survey location (Survey 2), continental shelf near Ubatuba city (Survey 3), and Mamangua ria in the
Paraty city (Survey 4), all southeast to the Brazilian coast. The crossing points were implemented to compare the magnetic
field values at different times and days at the same measurement point, before and after the correction. Afterwards, we
measure the Pearson’s Correlation of the raw data and the diurnal corrected data in all crossing points of each survey which
showed an improvement after correction by the value approximating to 1, which indicates a very well correlation. The
Ubatuba and Mamangua surveys allowed comparing the observatory correction results with the base magnetometer results
that were rather similar. Our analyses indicate a satisfactory diurnal correction using the observatory data and the crossing
points approach, which can be used for every marine magnetometric survey worldwide placed near the coast (<280 km)
that do not have a stationary magnetometer available.
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Introduction radiation and the ionosphere layers (Reeves 2005). Among
one of the processes that generate those changes, there is the
diurnal variation, which is originated from a current pro-

duced by electrically charged particles that move through

The Earth’s magnetic field is formed from the movement
of convection currents of the conductive metal fluid in the

outer core, which is made up of a Fe—Ni alloy and some
lighter elements (Zhang et al. 2016). On the Earth’s surface,
it resembles a dipole field, and it is continually modified by
the external magnetic field that results from the interaction
with the solar wind, forming the so-called magnetosphere
(Lowrie 2007; Telford et al. 1990).

Some of the changes in magnetic field values occur due
to the rotation of the Earth and the interaction between solar
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the Earth’s magnetic field. The diurnal variation or mag-
netic daily variation is an oscillation of the magnetic field
on the Earth’s surface with a daily period, whose intensity is
greater around noon (Lowrie 2007; Reeves 2005). Usually,
the diurnal variation has a small amplitude and a smooth pat-
tern, except when the Sun irradiates a more intense flux of
ions, producing a phenomenon called magnetic storm. This
is characterized by high intensities and frequencies, and it
changes the structure of the magnetosphere, being able to
last from a few hours to a few days (Panasyuk et al. 2004).
During a marine magnetic survey, magnetic storms cannot
be corrected from data and usually require the interruption
of the data acquisition, because their chaotic behavior do
not allow the use of a base magnetometer, since there is no
guarantee that the oscillation of the magnetic field is the
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same for its location and the mobile magnetometer (Lowrie
2007; Panasyuk et al. 2004).

The diurnal variation cannot be predicted or modeled so
it is measured during magnetic surveys. The data is acquired
by a magnetometer (base station or base magnetometer
called BASEMAG) in the survey area recording the mag-
netic field during the entire day. Another possibility is to
reoccupy various stations during the day and use this dupli-
cate data to correct the daily data. In some marine surveys,
neither of these procedures is applicable. It is too expen-
sive for the ship to redo the magnetometric acquired line.
Leaving a base magnetometer in the middle of the ocean is
also not practical and the base station is only used when the
survey area is close to the coast and it is possible to leave
the base in a safe location avoiding noise and disturbances
(Melo et al. 2019).

In the literature, there are a few discussions about the
diurnal variation correction in marine areas. An experiment
conducted by Hill and Mason (1962) showed that the daily
variations were greater at sea than at the shore by a factor
of about 2. They used a proton precession magnetometer
in buoys anchored in 4 positions in the continental slope
about 190 km to the southwest of Land’s End, and basically
the buoy observations were recorded digitally by heat-sen-
sitive paper since it worked with transistorized block units.
The magnetometer worked every 5 min for almost 7 days.
Therefore, these authors suggested that the magnetic field
is affected by the tidal motion of the water which induces
electrical currents in the sea and generates additional mag-
netometric noise to the daily variation.

Parkinson and Jones (1979) discussed an issue for the
use of base magnetometers at the coast, the geomagnetic
coast effect, which is caused by a considerable difference
between the sea’s electrical conductivity at the sea and at
the continent. In this review, the authors tried to evaluate the
observations relevance of the relative influence of the elec-
tric currents flowing in shallow seawater against the deeper
currents, and they used some models to explain the coast
effect. Between a few minutes and a few days, they indicated
the diurnal variation as the most tenacious phenomena pro-
ducing a well-defined 24-h period line spectrum.

Buchanan et al. (1996) conducted a study on marine data
corrections at equatorial latitudes. In that work, they pursue
a simple model of diurnal variation, based on magnetic field
measurements, through averaging all measures by day and
then averaging again through hours. Moreover, they adjusted
their crossing points differences to a supposed variation pat-
tern to construct an experimental curve for the daily varia-
tion. Besides that, they also checked their results using mag-
netic data from two observatories, Addis Ababa (9.03° N,
38.77° E) and Bangui (4.44° N, 18.57° E). Accordingly, we
used a procedure similar to the one proposed by the authors
(cit. refer.) to evaluate our data.
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This work aims to perform a qualitative analysis after cor-
rection of diurnal variation in different marine surveys, using
a nearby magnetic observatory. The results were checked by
comparing crossing points values doing a Pearson’s Cor-
relation analysis before and after correction. Furthermore,
we were able to compare the diurnal variation correction
results given by the observatory with the results given by
a base magnetometer correction, since two marine surveys
had it available. In this study, we use data acquired at the
southeast Brazilian coast at continental shelf near to Santos
coast (Sao Paulo State, Brazil) (Survey 1), continental slope
also along Santos Margin (Survey 2), continental shelf near
to Ubatuba coast (Sao Paulo State, Brazil) (Survey 3), and
Mamangua Bay in Ilha Grande (Rio de Janeiro State, Brazil)
(Survey 4) (Fig. 1). All these marine surveys had acquired
data on different years with the same marine magnetometer
and were carried out in more than one day time. Those data-
sets allowed us to observe the influence of diurnal variation
on marine data.

Magnetometric data and survey areas

The magnetometer used in all surveys of this work is the
SeaSPY?2 by Marine Magnetics, an Overhauser marine
magnetometer with a resolution of approximately 0.1 nT. It
measures the intensity of the magnetic field with a sample
range between 4 and 0.1 Hz. The data rate for the surveys is
1 Hz, which corresponds to 5-10 m between data samples
along with the profiles.

The BASEMAG was a GSM-19 Overhauser magnetom-
eter with a resolution of 0.01 nT and +0.1 nT of accuracy
(Melo 2019), with sampling data every 3 min. On the Uba-
tuba survey (Survey 3 in Fig. 1a), the BASEMAG was
located in the Oceanographic Institute research base of the
University of Sdo Paulo (I0-USP) in Ubatuba city. On the
Mamangua survey (Survey 4 in Fig. 1a), the BASEMAG
was placed on the Mamangua Hostel.

Continental shelf near Santos (SP): January 21st
and January 24th, 2018

The data of Surveys 1 and 2 were acquired during a cam-
paign, onboard the research ship R/V Alpha Crucis from IO-
USP. The magnetometer was towed at approximately 270 m
to avoid magnetic noise generated by the ship itself through
the operation of motors and hull of metallic material. The
data were acquired continuously during the survey and was
only discontinued when the vessel stopped for collecting
cores.

The Survey 1 is located at the continental shelf south-
east to the coast of Santos (Sdo Paulo State, SP), extend-
ing for approximately 200 km between the coast and the
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Fig. 1 Topobathymetric maps obtained by Shuttle Radar Topographic
Mission (SRTM) version 7, with 30 arc-sec of resolution (~900 m). a
Are the magnetometric surveys location used to analyze the diurnal
variation, all in the southeast Brazilian coast. The continental shelf
southeast Santos coast (SP) survey is Survey 1, with lines L1 and L2
representing the one way to the slope and the return to Santos coast,
respectively (details in Fig. 2). The continental slope survey follow-
ing this first one is Survey 2, with lines acquisition details in b. The

upper portion of the slope, where the depth rises until almost
400 m (Survey 1 in Fig. 1a). The profile L1 was acquired on
January 21st from 02:09 a.m. until 04:09 p.m., from coast
to slope (Fig. 2a) and the L2 was measured on January 24th,
from 01:00 a.m. until 10:45 a.m., 2018, from slope to coast
(Fig. 2b). These two profiles are located in the Santos Basin,
and it is suggested that this basement’s portion at Santos
shelf is composed of NE-SW structures (Pereira and Macedo
1990; Mohriak 2003). Both profiles are presented in Fig. 2.

Continental slope near Santos (SP): January 21st
to January 23rd, 2018

The Survey 2 is located at the continental slope south-
east of Santos (SP) (Survey 2 in Fig. 1a). The data were
acquired during the same cruise as Survey 1. Approxi-
mately 325 linear km of data were collected, with lines
almost perpendicular to the continental slope (Fig. 1b).
The distance between lines was 1500 m with some infill
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continental shelf near to Ubatuba coast (SP) survey is Survey 3. And
the continental shelf near to Mamangua ria survey, between Ubatuba
city (S@o Paulo State, SP) and Ilha Grande (Rio de Janeiro State, RJ)
is Survey 4, with acquisition lines details in ¢. The Vassouras Mag-
netic Observatory localization (VSS/RJ) is indicated by the yellow
triangle, and the approximate location of the base magnetometer
(BASEMAG) of the Surveys 3 and 4 is showed by the yellow star.
The main cities cited in this work are marked by a red circle

lines (750 m apart) in the north part of the grid. In Fig. 3,
we show one raw profile acquired at this survey on Janu-
ary 23rd, 2018.

Continental shelf near Ubatuba (SP): March 2nd
to 5th and May 9th to 11th, 2017

The Survey 3 is located between Sdo Sebastido Island and
Ubatuba coast, north coast of SP, southeast of Brazil (Sur-
vey 3 in Fig. 1a). Two surveys were taken with Veliger II
wooden boat for collecting data between March 2nd and
5th, and May 9th and 11th, 2017, acquiring approximately
750 km of data. The magnetometer towfish used a payout
cable of 50 m. The survey lines were preferably in NW-SE
directions, to cross perpendicularly the known geologi-
cal structures. Figure 4 shows one raw magnetic profile
acquired at this survey on March 3rd, 2017.
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Fig.2 Magnetic anomaly of (a

profiles of Survey 1—Conti-
nental shelf near Santos coast
survey, where a is the Profile
L1, acquired on January 21st,
2018, and b is the Profile L2,
acquired on January 24th, 2018,
both with the measurement
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Fig. 3 Magnetic profile of Sur- 23180
vey 2—Continental slope near
Santos coast survey, acquired on

January 23rd, 2018
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Fig.4 Magnetic profile of Sur-
vey 3—Continental shelf near
to Ubatuba coast (SP), acquired
on March 3rd, 2017
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(nT

Continental shelf near Mamangua (RJ): October 6th
to 7th, 2017

The magnetic data from Survey 4 was collected with
Veliger II wooden boat between October 6th and 7th,
2017 (Survey 4 in Fig. la). The magnetometer towfish
had a 40 m payout cable. The survey lines had an irregular
geometry to cover the Mamangua ria in the best possible
way (Fig. 1c). The average line spacing may vary from
300 to 400 m, and the profiles covered approximately 145
linear km of magnetic data sampled at 2 m spacing. One
raw magnetic profile acquired on October 7th, 2017, is
presented in Fig. 5.
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Methods of diurnal variation correction
and its validation

Diurnal variation correction

The most common procedures to correct the diurnal varia-
tion are: (A) the use of a base magnetometer that registers
the variation in the magnetic field, and (B) the use of reoc-
cupation survey points obtained every few hours on the
same day during the survey. Neither of these techniques
is easily applied to marine data because of high ship costs
and logistic, hence some adjustments are usually made to
obtain this correction. Commonly, the base magnetometer
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is located near the survey area, not as far as 80-100 km
from data point collection (Breiner 1999; Reeves 2005;
Telford et al. 1990; and many other authors). However,
these are not a practical situation for marine survey and
some alternatives are necessary to be pursued.

An alternative to the BASEMAG stations is the use of
magnetic observatory data. In the studied cases presented
here, we followed the method described by Buchanan et al.
(1996) and used data from the Vassouras Magnetic Obser-
vatory (VSS/RJ) during survey days. Despite the VSS/RJ is
located approximately 130 km from the Survey 4, 180 km
from the Survey 3, 280 km from the Survey 1, and 250 km
from the Survey 2 (Fig. 1a), we used the nearest observatory
possible to assess this correction. In order to compare how
the observatory data can be effective to correct the diurnal
variation, we used the crossing points of these surveys to
perform the data quality control analysis, and also use base
magnetometer data when available.

The diurnal corrections imply subtracting the daily vari-
ation from the observed data. The daily variation comes
from the magnetograms for the total magnetic field (Figs. 6
and 7), where it was used a value of 23,280 nT for the year
2017 and 23,290 nT for the year 2018, as average values
for VSS/RJ. These average values were established visu-
ally using the point when the magnetic field curve starts to
rise showing the diurnal perturbation, and they represent
the total magnetic field at the station without the pertur-
bation of the diurnal variation. The difference between the
years may be related to the secular variation of the magnetic
field, and even it is not the best mean value for the station,
it would not imply some uncertainty for our analysis. The
observed marine data was previously corrected with spikes
removal and very high amplitude noise smoothing before
diurnal variation correction. The procedure is the same for
diurnal variation obtained from a BASEMAG or a magnetic
observatory. At the end of this process, we have two data-
sets: (1) observatory corrected data for Surveys 1 to 4, (2)
BASEMAG corrected data for Surveys 3 and 4.

For the reoccupation stations, it was selected all cross-
ing points in the four survey areas. We calculated the
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Fig.6 Diurnal variation of the Vassouras Magnetic Observatory
(VSS/RJ) with the measurement hour (UTC), on a March 3rd, 2017,
during Survey 3, and b October 7th, 2017, during Survey 4. The
diurnal variation was calculated by assuming 23,280 nT as the mean
value of the magnetic total field and reduced from the VSS/RJ mag-
netogram. Notice that the graphics shows a general common behav-
ior, despite the high frequency noise that contaminated graphic a

difference at the crossing points of the raw data and after
the diurnal variation from VSS/RJ was applied, then, we
compared the differences between them. Although the
reoccupation was not used for diurnal variation correction,
it served as a measure of the validation of the correction
using VSS/RJ.
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Fig.7 Diurnal variation, observed on January a 21st and b 24th,
2018, at Vassouras Magnetic Observatory (RJ) with the measure-
ment hour (UTC). The diurnal variation was calculated by assuming
23,290 nT as the mean value of the magnetic total field in VSS/RJ for
the year of 2018 and reduced from the VSS/RJ magnetogram. Notice
that the magnetometers present similar features of the observed in
Fig. 6b, including the signal amplitude

Statistical evaluation

The Pearson’s Correlation (r, Eq. 1) shows the linear rela-
tionship between two variables and how well a straight line
adjusts through a data set (Figueiredo Filho and Silva Jinior
2009). Furthermore, it was performed to evaluate and vali-
date the quality of the data by estimating the correlation
between each of the magnetic survey data. This calculation
was made on the statistical program Past 4.02.

1 X=X\ (yi—y
=52 ()(50) 0

y

where n is the total number of samples; x; and y; are respec-
tively the values of variables x and y at the point i; X and y
are variable means; and S, and Sy are the related standard
deviation.
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Results
Calm and storm days in the data

The diurnal variation values at VSS/RJ for the days of Sur-
veys 3 and 4 assumes 23,280 nT as the mean value of the
magnetic total field in the year of 2017 (Fig. 6). This value
was considered as an average magnetic field, and it was
removed from the others to obtain the diurnal anomaly of
that day. According to SpaceWeatherLive.com, a magnetic
storm occurred on March 1Ist, 2017, and maybe that is why
the observatory magnetic signal was so chaotic, having
so many high frequencies anomalies on March 3rd, 2017
(Fig. 6a). In the meantime, the observatory data behaved
more like a Gaussian on the other dates, which is nor-
mally expected for diurnal variation, showing a maximum
between 10 and 17 h (Figs. 6b and 7).

The magnetic storm interference observed on the
magnetogram of March 3rd is characterized by the non-
smoothness curve and this may prevent us to use this
particular survey day because it cannot express the real
magnetic behavior generated by magnetic sources, and
possibly showing non-existing anomalies. Nevertheless,
we used this data to apply the diurnal correction even if it
has worsened the signal in a few points comparing to the
majority of survey data.

As observed in Figs. 6 and 7, VSS/RJ presents a diur-
nal variation of circa 50 nT, varying from — 18 to 38 nT
around the assumed value for the observatory. In general,
the magnetic field has a higher amplitude from 11:00 to
18:00, with a rapid fall after it. The increase in the daily
variation between 6:00 and 12:00 is smooth.

The comparison between BASEMAG data of Surveys
3 and 4 with the VSS/RJ shows that the variation in the
magnetic field was quite similar presenting differences less
than 4.5 nT for both survey dates (Fig. 8). Hence, the use
of VSS/RIJ data for correct diurnal variation along the Bra-
zilian coast at a distance of around 450 km could be done
with no harm for magnetic calm days.

The magnetic profiles with the raw and corrected data
either by BASEMAG and/or VSS/RJ of the Surveys 2, 3,
and 4 are shown in Fig. 9. Then, we notice a good perfor-
mance of the correction done mainly in Survey 2, where
the profile data tends to reduce its values at the beginning
of the solar influence after 8§ am (Fig. 9a). The raw data
in the profile of Survey 3 is similar to the corrected by
VSS/RJ data, so it is not possible to identify the red line
in Fig. 9b. Besides, the corrected data by the BASEMAG
assumes slightly higher values for the magnetic field com-
paring to the VSS/RIJ correction, during the night, when
the solar influence on the data tends to zero (Fig. 9b). This
difference may be related to the average value chosen for
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Fig. 8 Magnetic field difference between Vassouras Magnetic Obser-
vatory (RJ) and BASEMAG data on a March 3rd, and b October
7th, 2017, correspondingly to Surveys 3 and 4, respectively, with the
measurement hour (UTC)

the location and day of the observatory station, although
we kept the same value for another survey realized in
2017, since it was the survey that happened at the end
of a magnetic storm. Finally, the profile of the Survey 4
(Fig. 9¢) did not seem to change much in general by both
corrections.

Crossing points technique

All the crossing points acquired in the studied surveys are
presented in Fig. 10. The Surveys 2, 3, and 4 have a consid-
erable number of crossing points which collaborates with
this analysis, since they were done in a small area with the
objective of delimitating the anomalies (Fig. 10). However,
the Survey 1 has only 2 crossing points since it is a survey
formed by two long profiles (Fig. 10), from coast to slope
and the return to Santos coast, while the ship was navigating
to the slope survey area (Survey 2 in Fig. 1a).

We should emphasize here that Surveys 3 and 4 had a
base magnetometer (Fig. 1a). For Surveys 1 and 2 it was
not established a BASEMAG because of the long distance
between the port and the survey areas, and the difficulty to
leave a magnetometer in a region without magnetic distur-
bances, since the only area was available for use was the port
of Santos. In the Survey 4, the crossing points were the result
of the navigation of a small boat in a small area (Fig. 10).
The crossing points for Survey 2 resulted from interesting
signal observed in the sonar data during the cruise, while

for the profiles the ship tried to do exactly the same profile
azimuth and location in both ways, with some parts coinci-
dent and others slightly out of place (Fig. 10). In neither of
the cruises studied here, there was a priori any expectation
or will on getting crossing points, and they all resulted from
random positions driven by the logistics at the sea.

When comparing the values of the magnetic field in these
crossing points, with and without diurnal correction, the
average difference of the corrected data varies from 1.6 to
0.05 nT, while the average of the uncorrected data varies
from 4.4 to 0.36 nT (Fig. 11). The average standard deviation
for the corrected data is less than half of the value compared
with the raw data. Comparing the surveys that had diur-
nal correction using VSS/RJ and BASEMAG, regarding to
Survey 4, we notice that BASEMAG correction is slightly
superior, with the standard deviation (Std dev.) correspond-
ing to a reduction of 59% of the Std dev. of the raw data,
while for the VSS/RJ, the reduction was 37% (Fig. 11). For
Survey 3, the reductions in the Std dev. were 57% and 61%
for BASEMAG and VSS/RJ, respectively, almost the same
reduction but inverse of the one observed in Survey 4 case
(Fig. 11). Then, we can observe an improvement of the data
after correction by both BASEMAG and observatory VSS/
RJ in all surveys. This is less clear in Fig. 11 for Survey 1
where there are only two crossing points, but even this data-
set showed some improvement.

Pearson’s correlation between uncorrected
and corrected data

The Pearson’s correlation (Eq. 1) applied on each survey
allowed the comparison of the values acquired at a different
time from the same location, as known the crossing points.
Table 1 shows the Pearson’s Correlation results of the uncor-
rected data and corrected data both by the observatory VSS/
RJ and the BASEMAG in the surveys that had it. The r value
is highly greater than 0.9, but it is slightly higher for the cor-
rected data, with the exception of Survey 1, but in this case
the numbers of crossing data points are very small. This cor-
roborates the idea of the crossing points have closer values
after the diurnal variation correction, made with BASEMAG
or magnetic observatory data.

Discussion

Analysis of the diurnal variation correction

The comparison at the crossing points shows that the cor-
rected data got closer from each other, approaching to zero,
mainly in the Surveys 2, 3, and 4 (Fig. 11). This corrobo-

rates with Pearson’s Correlation results (Table 1), which
presents an improvement in the correlation of the data after
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the diurnal variation correction, seen by the value approxi-
mating to 1.

It is important to emphasize the comparison in the cor-
rection of data using a BASEMAG and the magnetic obser-
vatory (VSS/RIJ in that case). This approach was done in
the Surveys 3 and 4, where there was a BASEMAG work-
ing. As expected, the correction performed by BASEMAG
works better than the correction with VSS/RJ, since the
BASEMAG is located closer to surveys. Despite that, the
results of correction done by VSS/RJ were satisfactory,
except for a few points where the difference between the
crossing points got bigger. However, the VSS/RJ correc-
tion was similar to the BASEMAG correction in most of
the crossing points (Fig. 11). Therefore, in surveys near
the coast, where a BASEMAG is not available, we can use
observatory data to perform the diurnal correction.

The Pearson’s Correlation was done comparing the cross-
ing points of the uncorrected data and the corrected data by
the use of VSS/RJ and BASEMAG data (Table 1). In Sur-
veys 2 to 4, we saw an improvement of this correlation after

@ Springer

diurnal correction, either by VSS/RJ or BASEMAG data. In
the Survey 3, the VSS/RJ and BASEMAG data correction
does not seem to change much on the correlation results,
and the values are almost the same. About the Survey 4, the
BASEMAG correction has the best results, because of the
great number of crossing points used to perform the com-
parison between values, but the correlation resulted after
both corrections was very good.

In the Survey 1, Pearson’s Correlation also does not
seem to change, probably due to a small number of cross-
ing points used for checking the method (Table 1; Fig. 10).
However, we observed an improvement in the data at some
of these points, mainly at 425 km (Fig. 11). Owing to
that result, we performed a more detailed analysis of data
from this survey. The raw profiles L1 and L2 were plotted
together with their respective diurnal variation corrected
profiles (Fig. 12a and b), and it was made a comparison
between them to evaluate the correction (Fig. 12c and d).
Regarding Profile L1, the correction caused a major influ-
ence on data, mainly between 445 and 515 km (Fig. 12a
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Fig. 10 Survey areas with all the crossing points marked in blue. Sur-
vey 1 is the continental shelf survey near Santos coast (SP) with 2
crossing points, Survey 2 is the continental slope survey near this last

and c). Besides that, the difference between raw and cor-
rected data in other regions are not greater than 10 nT,
which seems to suggest that the diurnal variation did
not influenced much on data given the time of acquisi-
tion (Fig. 2a) and the minimum of diurnal influence
(Fig. 7a). Concerning to profile L2, the correction acts
mainly between km 410 and 445 (Fig. 12b and d), where
the diurnal effect starts to influence the data given the time
of acquisition (Figs. 2b and 7b). Furthermore, the diurnal

WGS 84 / UTM zone 23S

one with 40 crossing points, Survey 3 is the Ubatuba survey with 39
crossing points, and Survey 4 is the Mamangua survey totaling 171
points crossing points

variation loses its influence along with the profile once
most of it was acquired during the night.

The South Atlantic Magnetic Anomaly
and the diurnal variation

An important feature of the Earth Magnetic Field present in
the southeast Brazilian coast is the South Atlantic Magnetic
Anomaly (SAMA). The origin of SAMA is still a debate
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Fig. 11 Difference of magnetic field in the raw data (red) and the cor-
rected data (blue), with the mean and standard deviation values, at all
of the crossing points found in the designated survey areas. Survey 1
is the continental shelf survey near Santos coast (SP) with the cor-
rected data done by Vassouras Observatory (VSS/RJ). Survey 2 is

topic, but one of the most accepted hypotheses for its origin
is that it can be related to reverse fluxes in the external core
under the South Atlantic Ocean (Hartmann and Pacca 2009).
The SAMA is nowadays located between South America and
South Africa (Fig. 13; Hartmann and Pacca 2009), and is
characterized by a particularly low total field intensity, with
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the continental slope survey near this last one with the corrected data
also done by VSS/RJ. Survey 3 is the Ubatuba survey with the cor-
rected data done by base magnetometer (BASEMAG) and by VSS/
RJ. Survey 4 is the Mamangua survey with corrected data done by
BASEMAG and by VSS/RJ

a minimum value of about 23,000 nT in circa 700 km inland
from the coast of Southern Brazil (Heirtzler 2002).

This feature is relevant for this work since it presents the
lowest value for the magnetic total field, which could indi-
cate a region of high-intensity cosmic radiation of space
near Earth with the entrance of high-energy particles in the
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Table 1 Pearson’s Correlation of raw data and diurnal corrected data,
using VSS/RJ and BASEMAG data at the crossing points in each sur-
vey

Survey location  Uncorrected data  Corrected Corrected data
data by VSS/ by BASEMAG
RJ

Survey 1 0.9818 0.9809 -

Survey 2 0.9643 0.9975 -

Survey 3 0.9899 0.9984 0.9981

Survey 4 0.9829 0.9911 0.9971

The value of r=1 corresponds to a maximum correlation. The Survey
1 is the continental shelf near Santos coast (SP). The Survey 2 is the
continental slope near to the Survey 1 location. The Survey 3 is the
continental shelf near Ubatuba coast (SP). The Survey 4 is the conti-
nental shelf near Mamangué coast (RJ)

magnetosphere (Heirtzler 2002). These particles are directly
related to the diurnal variation origin process and can influ-
ence more easily on the magnetic data acquired.

Thus, we decide to compare VSS/RJ (22.4° S, 43.65° W)
variation with other observatories outside the SAMA to ver-
ify its influence (Table 2). We use data from King Edward
Point Magnetic Observatory (KEP, 54.282° S, 36.49° W)
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Fig. 12 Variation of the magnetic field as a function of distance
(UTM X in kilometers), where a is the comparison between the raw
L1 profile in red and diurnal variation corrected L1 profile in blue,
b is the comparison between the raw L2 profile in red and diurnal
variation corrected L2 profile in blue, c is the difference between raw

located north of the British Antarctic Survey/South Geor-
gia government base, at the foot of Mount Duse; the Port
Stanley Magnetic Observatory (PST, 51.704° S, 57.93° W)
at Sapper Hill, Falkland Islands; and Akademik Vernadsk
Base Observatory (AIA, 65.25° S, 64.25° W) at Argentine
Islands. KEP and PST are at the skirts of the SAMA, and
AIA is south of SAMA (Fig. 13).

The maximum and minimum values of the base mag-
netometer and VSS/RJ data were almost close to each other
(Table 2) and also these curves are very similar (Fig. 14)
due to the proximity between them, located at almost the
same latitude. Comparing the difference between the maxi-
mum and minimum values with other magnetic observa-
tories (Table 2; Fig. 14), it is clear that VSS/RJ shows a
medium difference of 4.59 +23.30 nT. When data from
AIA on March 3rd, 2017, is excluded the average differ-
ence decreases to —0.73 + 18 nT. Hence, the influence of the
SAMA does not increase the diurnal variation in the area, at
least compared with stations near the pole. This can also be
seen in Fig. 14 for October 7th, 2017, in which we can notice
that variations in amplitude is almost the same for all obser-
vatories but is circa 10 nT higher at AIA at the peak of activ-
ity compared with the others, and that it is expected since it
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and corrected (cor) data of profile L1 in black, and d is the difference
between raw and corrected (cor) data of profile L2 in black. The Pro-
file L1 was acquired on January 21st and the Profile L2 on January
24th
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Fig. 13 Total intensity of the internal magnetic field in 2020, derived
from the 13th generation of the IGRF (International Geomagnetic
Reference Field). This dataset was obtained by National Geophysi-
cal Data Center (NGDC) site (https://www.ngdc.noaa.gov/geomag/
calculators/magcalc.shtml?useFullSite=true#igrfgrid) and the map
was made through The Generic Mapping Tools (GMT) software. The
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SAMA (South Atlantic Magnetic Anomaly) influence is indicated by
the dark blue color and the magnetic observatories are indicated by
your initials, KEP the King Edward Point observatory, PST the Port
Stanley Observatory, AIA the Akademik Vernadsk Base Observatory,
and VSS the Vassouras Observatory. The base magnetometer location
is approximately indicated by the word ‘base’

Table 2 Maximum (MAX),

BASEMAG (nT) VSS/RJ (nT) AIA (nT) KEP (nT) PST (nT)

o Date MAX/MIN/
minimum (MIN) and the DIFF values
difference between MIN and (1T)

MAX (DIFF) values of the

magnetic field (in nanotesla) March 3rd, 2017 MAX

at the base magnetometer MIN

(BASEMAG), Vassouras

(VSS/RJ), Argentine Islands/ DIFF

Akademik Vernadsky base October 7th, 2017 MAX

(AIA), King Eduard Point MIN

(KEP) and Port Stanley (PST)

Magnetic Observatories in study DIFF

survey days January 21st, 2018 MAX
MIN
DIFF

January 24th, 2018 MAX

MIN
DIFF

23,138 23,299 38,090.5 27,811 28,308
23,119 23,279 38,018 27,783 28,257
19 20 72.5 28 51
23,141 23,313 38,042 27,798 28,271
23,110 23,280 37,988 27,756 28,239
31 33 54 42 32
- 23,314 - 27,784 28,261
- 23,280 - 27,736 28,238
- 34 - 48 23
- 23,329 - 27,778 28,255
- 23,275 - 27,749.6 28,235
- 54 - 28.4 20

is closer to the pole, where the field intensity is higher. All
curves of Fig. 14 show some resemblance, although this is
not a rule, as can be seen in the literature (Hikkinen et al.
2003; Oblekesle et al. 2013), since it depends on the obser-
vatory position regarding the magnetic field and season of
the year (Cnossen et al. 2012; Lyatsky and Hamza 2001).

@ Springer

The Base (darker blue) and VSS/RJ (orange) shows a very
similar curve, with some small difference, less than 10 nT,
between 10:00 to 15:00. PST (light blue) AIA (gray) and
KEP (yellow) shows a similar behavior from 11:30 to almost
14:30 when KEP starts a smooth decline in amplitude earlier
than the other curves. We do not know why this happens, but



Marine Geophysical Research (2021) 42:28

Page 130f 14 28

40
30
20
10

0

-10

Magnetic Daily Variation (nT)

-20
11:31 13:26 15:21 17:16 19:12 21:07

Time (hrs)

—base VSS AlA KEP ——PST

Fig. 14 Diurnal variation at magnetic observatories for October 7th,
2017, with the measurement hour (UTC). KEP the King Edward
Point observatory, PST the Port Stanley Observatory, AIA the Aka-
demik Vernadsk Base Observatory, VSS the Vassouras Observatory,
and base is the base magnetometer. Notice that variations amplitude
is almost the same in all observatories

we can speculate that it can be related to its longitude loca-
tion (Oblekesle et al. 2013), compared with AIA and PST
observatories that are closer in longitude (Fig. 13).

The diurnal variation may be affected by the tidal motion,
causing changes in the magnetic field acquired in marine
surveys (Hill and Mason 1962). Thus, the geomagnetic coast
effect (Parkinson and Jones 1979) proposes the use of mag-
netic observatories around the world to correct the data of
surveys near to them (Buchanan et al. 1996; Vacquier 1972).
Moreover, it is possible to generate a diurnal curve from
acquired data in low magnetic anomaly regions (Buchanan
et al. 1996). Although we have not seen these effects in our
data, this study ensures the effectiveness of this diurnal cor-
rection method that can be used worldwide with some cau-
tions, using crossing points analysis in all near-coast study
surveys, and comparing this result with the base magnetom-
eter correction in two of them.

Conclusion

Considering the difficulty of removing the diurnal variation
in marine magnetometric data, the use of magnetic observa-
tories data can be helpful to improve the quality of data. The
crossing points technique applied in this study was important
to validate the correction and check the effectiveness of this
process by comparing results after and before correction.
Regarding the crossing points analysis, the Pearson’s Cor-
relation values were greater than 0.9 after diurnal variation
correction, showing a significant correlation and the effec-
tiveness of this process.

As mentioned before, one of the first effects that we must
be careful about is the possibility of a magnetic storm event
during the days of the survey, as it can severely influence the

magnetic data. Despite the occurrence of this phenomenon
close to the Ubatuba survey date (Survey 3), which may have
had influenced the magnetic data acquired, the correction
done on them was satisfactory.

In the continental shelf survey near Santos coast (SP)
(Survey 1), where there are only a few crossing points, a
complementary analysis was made to ensure the correc-
tion of the diurnal effects in the data. The residuals show an
improvement in data after this correction.

The methods applied to perform the diurnal variation cor-
rection were successful, even when the magnetic observa-
tory used for diurnal correction was located far from survey
areas (less than 280 km). Although we cannot calculate this
correction by a BASEMAG in some of the study surveys,
the use of nearby magnetic observatory data and an analysis
of crossing points (applied in this study) were substantially
important to perform the diurnal correction. Therefore, this
work expects to help future near-coast marine surveys world-
wide that do not have a stationary magnetometer to calculate
the diurnal correction using observatory magnetic data.
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