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This paper portrays the method of UAV magnetometry survey data interpolation. The method
accommodates the fact that this kind of data has a spatial distribution of the samples along a series of
straight lines (similar to maritime tacks), which is a prominent characteristic of many kinds of UAV
surveys. The interpolation relies on the very basic nearest neighbourss algorithm, although augmented
with a Machine Learning approach. Such an approach enables the error of less than 5 percent by
intelligently adjusting the nearest neighbours algorithm parameters. The method was pilot tested on
geomagnetic data with Borok Geomagnetic Observatory UAV aeromagnetic survey data.
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1 Introduction

The advent of UAVs for aerial magnetometry
allowed for better area coverage and faster sur-
veys over the traditional foot-borne magnetome-
try [Aleshin et al., 2020]. However, the data set
obtained by geomagnetic survey using unmanned
aerial vehicles (UAVs) is characterized by a high
degree of spatial heterogeneity and anisotropy. It
is due to the nature of the way the measurements
are performed. We used a multirotor UAV with a
quantum rubidium magnetometer suspended be-
neath. The ground speed of the UAV was ap-
proximately 3–5 m/s (6–10 kt) and the magnetic
field was sampled at 10 Hz. The suspended mag-
netometer’s position was recorded with a GNSS
receiver at the same rate. Therefore, the field
sampling points were recorded at spans of about
ten-to-twenty centimeters (4–8 inches) from each
other. Usually, the magnetometer survey consists
of a series of straight lines. The distance between
these lines is based on the characteristic spatial
∗Corresponding author: keir@ifz.ru (K. Kholodkov)

size of the field anomalies of interest and imple-
mented in a flight plan for the UAV. In this work,
this distance was approximately 50 meters (160 ft)
which is two times more than the distance between
neighboring points along the line. Such spatial dis-
tribution of data aggravates the direct application
of general data processing methods. The purpose
of this research is to form a methodology for or-
ganizing aerial geomagnetic surveys, taking into
account the widespread use of multirotor UAVs,
and develop the procedures for processing the data
obtained through such surveys. Be it noted that
the equivalent situation occurs during the cross-
borehole electromagnetic imaging. In our paper
[Aleshin and Malygin, 2019] it was shown that the
problem can be solved with a scale transformation
of one of the axis. Similarly, we used the method
for processing geomagnetic survey results in this
paper. As a test range, we used UAV geomagnetic
measurements in the vicinity of the Borok Geo-
magnetic Observatory. The first section provides
a brief description of the measurement site, the
equipment used, and the survey arrangement.
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2 Survey

The measurements were carried out above the
land directly adjacent to the Borok Geomagnetic
Observatory [Chulliat and Anisimov, 2008] (Fig-
ure 1), which participates in the international IN-
TERMAGNET [Gvishiani and Soloviev, 2020; Kho-
mutov, 2018] network. The location of the ob-
servatory is characterized by the absence of sig-
nificant sources of electromagnetic disturbances.
However, this does not limit the presence of mag-
netic anomalies caused by nearby residential and
commercial buildings. This circumstance makes
the place perfect for practicing the technique of
aeromagnetic survey with UAVs. In the future, the
obtained results can be partially compared with
ground-based measurements, as well as used for
a complete assessment of the magnetic situation
around the observatory. Due to the small area
of possible anomalies, it is convenient to change
geodetic latitude ϕ and longitude λ to local carte-
sian coordinates centered in the middle of the re-
gion (φC , λC)

ϕC = (ϕmin +ϕmax)/2,

λC = (λmin +λmax)/2,

where ϕmin, ϕmax, λmin, λmax – minimum and max-
imum values of latitude and longitude, appropri-
ately. To do this, we will perform an orthographic
projection of the points. Due to the small size of
the section, we can use approximate formulas:

x =(πRE/180)(λ−λC)cosϕC ,

y =(πRE/180)(ϕ −ϕC),

|ϕ −ϕC |<< 1,

|λ−λC |<< 1.

In Figure 2 depicts the points where the geo-
magnetic field induction modulus was sampled.
The initial values obtained by the quantum mag-
netometer were adjusted to take into account the
rapid temporal variations of the main magnetic
field. In addition, to improve the accuracy of
measurements during post-processing, the spa-
tial position of the magnetometer was refined.
These augmentations were made possible by addi-
tional equipment on-site: the proton magnetome-
ter GEM GSM-19 and the Javad Positioning Sys-
tems Alpha 2 GNSS receiver with a MarAnt an-
tenna. The takeoff, landing, and magnetometer
tethering position of the UAV was located near the

Figure 1: Magnetic anomaly map superposed over the Microsoft Bing satellite imagery. The
Geomagnetic Observatory “Borok” is marked with the label BOX (which is the IAGA code of the site).
The car symbol shows the position of the motor vehicle with UAV control equipment. Cross depicts the
place where take-off, landing, and tethering procedures were performed.
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Figure 2: The color-coded map of samples of the geomagnetic field. The detached map shows the
detailed sampling of near the car position and where take-off, landing, and tethering procedures were
performed. Positions marked with stars are used for an error estimation.

center of the region of this research. Also, right
next was a motor vehicle with UAV flight control
equipment that introduces significant distortions
into the measured field. In Figure 3, upper panel
(A), the motor vehicle introduces distortion in the
nearby area seen on the magnetic field modulus
as peaks of the order of magnitude higher than
average values. This particular area incorporates
a big part of the low-quality garbled various alti-
tude sample points because taking-off, tethering,
and landing are time-consuming and the timing of
these procedures is on par with the timing of the
whole survey. Due to this, the points located in the
vicinity were exempted from further processing.

The removal of noisy records led to an al-
most threefold reduction in the number of source
points, from 32,063 to 8683. The average
measured value of the magnetic field modu-
lus essentially coincides with the median id est
B0 ≈ 53,120 nT. Finally, we factored out the mag-
netic field variations with data from the variome-
ter, located in the same area.

In practice, the magnetometric survey accuracy
assessment is usually done by estimating errors

of multiple measurements as the same location
known as control points. The count of control
points often lies around 5% of total samples taken.
However, with UAV magnetometry, is too hard to
remeasure exactly the same location or flight path.
Instead the intersecting control paths are added to
the flight plan. For this case, accuracy assessment
was performed with 10 control points located at
intersections of flight paths (Figure 2). Due to the
fact that the exact spacial position is mostly im-
possible to remeasure we have picked pair of non-
control and control points that are closest in plane.
Points of intersections located in the western cor-
ners of the survey area are discarded intentionally
because they were sampled too soon with the cor-
responding points of the non-control path. Dif-
ference between the samples at the corresponding
control and non-control points were below 1 nT
in every case, but for one isolated point where it
was around 6 nT. Accuracy was calculated with for-
mula [Nikitinskiy and Glebovskiy, 1990]:

ε = ±

 1
2N − 1

N∑
i=1

(
Bi − B̃i

)2


1/2

,
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Figure 3: Panel A shows the original absolute magnetic field value. Panel B shows the magnetic field
with anomalies cause by take-off, landing, and tethering procedures and the car with control
equipment excluded. C shows the histogram of the measured magnetic field.

where Bi is an non-control sample and B̃i is a con-
trol sample. The computed accuracy is also used
to define contour levels for the map, often the con-
tours are picked at values with step of 2 to 3 ε. In
this case, the accuracy equaled 1.2 nT, that pro-
vided for minimum step for contour levels of the
map at 2.5–3 nT.

3 Geomagnetic Field Anomaly Map

As previously mentioned in the Introduction,
the distribution of the resulting data set bi(xi , yi)
is strongly inhomogeneous and anisotropic. Simi-
larly to the case of earlier research [Aleshin andMa-
lygin, 2019], we will use the approach described
there. To do this, we will switch to a coordinate
system where the the ordinate axis is parallel to
the long lines of the flight path (Figure 4).

To calculate the B(x,y)-value at an arbitrary
point (x,y) with the original sparse dataset bi(xi , yi)
we will use the nearest neighbors algorithm.

B(x,y;K,s) = 1/w
K∑
k=1

wk(x,y|xi , yi ;K,s), (1)

wk(x,y|xi , yi ;K,s)

∼
√

(x − xi)2/s2 − (y − yi)2, w =
K∑
k=1

wk , (2)

Figure 4: The magnetic field on-site with extrinsic
anomalies removed. A rightward panel shows the
same data rotated by α ≈ 72deg around the
coordinate origin.

where K – the number of nearest neighbors cal-
culated by distance wk . Scale parameters and the
number of nearest neighbors K can be determined
using the cross-validation technique. The initial
data is split into M groups, each is used to calcu-
late the quality functional one at a time. We used
the coefficient of determination as quality func-
tional. The coefficient of determination is the pro-
portion of the variance of the variable explained by
the model. It is defined by these formulae:

R2(K,s) = (1/M)
M∑
m=1

η(m)(K,s),
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η(m)(K,s)

= 1−
N/M∑
i=1

(b(m)
i (xi , yi)−B(xi , yi ;K,s)2

/
N/M∑
i=1

(b(m)
i (xi , yi)− b̄(m)(K,s))2,

b̄(m)(K,s) = (M/N )
N/M∑
i=1

bmi (xi , yi).

To determine the optimal values of hyperparam-
eters, the quality functional values R2(K,s) were
calculated for all combinations of integer values
1 ≤ K ≤ 100 and 1 ≤ s ≤ 50. The result is shown
in Figure 5. It shows that the nearest neighbor
model (1) with modified distance (2) accounts for
the data very well. If R2(K,s) ∼ 1 the interpolation
error is minimal and nears zero, such values can-
not be used for real. Instead, in this work, we used
R2(K,s) = 0.95. In Figure 5 this value corresponds
to the blue contour. Every point of this contour
determines the matching K and s. In our case, we
utilized the multiparametric optimization (like in
[Chiu et al., 2009]) and picked a point closest to the
coordinate origin K = s = 9. Generally, any other
point of the contour provides the visually same re-
sult.

Figure 5: Quality functional R2 computed with
cross-validation. The blue contour corresponds to
R2 = 0.9. Picked hyperparameter values are
denoted with label A.

Figure 6 left shows a map of the magnetic induc-
tion deviation from its average constructed with
the data and method displayed above. Through-
out most of the territory, there are no fields close
to the average value B0. For comparison on Fig-
ure 6 right we constructed the same map but with
kriging. The two methods appear to show similar
results. However, the differences could be found in
anomalous areas. Insets show, that the augmented
k-NN method performs better at avoiding of peak
splitting caused by a linear layout of the samples.

Figure 6: Magnetic field variances δB(x,y) – the
difference between the measured magnetic field
and the in situ stationary variometer. The map
leftward is constructed with augmented k-NN
from this work. A rightward map was constructed
with kriging. A thick contour denotes zero
deviation.

There are two noticeable anomalies in the north-
ern and southern parts of the site with amplitudes
of 50 nT and 150 nT, respectively.

To explain their nature, we superimposed the re-
sulting map on satellite imagery of the site (Fig-
ure 1). The figure shows that the source of
both inhomogeneities are artificial structures. The
anomaly to the north is caused by reinforced con-
crete structures of sewage treatment plants. The
cause of the anomaly in the southern part is a
heavy rock testing equipment installed in one of
the buildings. It is important to note that despite
the proximity of both sources of the anomalous
field to the observatory buildings, the geomagnetic
field in their vicinity remains undisturbed.

4 Conclusion

The research has confirmed once again that an
aeromagnetic survey using UAVs supplemented by
modern data processing methods is an effective
tool for studying the geomagnetic field. In particu-
lar, the aforesaid method makes it possible to iden-
tify the main anomalies of the geomagnetic de-
spite the significant heterogeneity and anisotropy
of the distribution of the measured values. Note
that the degree of heterogeneity and anisotropy of
the data can be reduced by changing the flight pat-
tern. To fight this, one needs to perform an addi-
tional series of flyovers perpendicular to the orig-
inal ones. Perhaps such a scheme will be rele-
vant for a complex configuration of geomagnetic
anomalies. However, this will at least double the
amount of fieldwork, even though the simplified
scheme in principle allows you to identify the ba-
sic structure of the geomagnetic field. Finally, the
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above analysis once again demonstrates the advan-
tages of the aerial survey compared to ground mea-
surements: in addition to increasing productivity,
the use of UAVs allows you to measure the magni-
tude of the magnetic induction vector directly over
large artificial objects, access to which is difficult.
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