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Abstract. For the azimuth observation to be made at its mag-
netic observatories routinely, Japan Meteorological Agency
(JMA) has adopted a traditional method based on Polaris
sighting. Due to its difficulty to implement under over-
cast weather conditions and to its demand on observers,
for overtime work into the evening, we are motivated to
seek for an alternative method based on the Global Navi-
gation Satellite Systems (GNSS) observation that might po-
tentially relieve those two disadvantages. An experiment is
made at Kakioka to assess the eligibility and effectiveness
of the GNSS method for JMA’s unmanned observatories,
Memambetsu and Kanoya. The GNSS observations them-
selves achieve as high a precision as approximately 1 arcsec,
as far as they are analyzed with Static mode. Derived from
the results of GNSS observation and some supplementary
horizontal angle measurements, the azimuth of the azimuth
mark for the absolute measurement is determined with a
precision of a few arcsecond, which is comparable to the
azimuth precision achieved by the Polaris sighting. How-
ever, we end up with their significant difference by about
10 arcsec. We discuss this discrepancy to be possibly due to a
local geoid gradient. The Polaris observation is made with a
theodolite tilted in the gravitational direction, also known as
the vertical line deviation, whereas the GNSS observations
are based on the azimuth of the compliant ellipsoid plane.

1 Introduction

The geomagnetic vector field consists of components such as
“total magnetic force”, “declination angle”, “inclination an-
gle”, “horizontal partial force”, and “vertical partial force”.
The declination represents the deflection of the magnetic

north (north pointed to by a magnetic compass) from the
true north (the geographic north on a map). Although the true
north is more relevant in everyday life, it is usually difficult
to sense straightforwardly. As the magnetic north can easily
be determined using a compass, the magnetic north is rather
useful for indirectly pointing the true north by referring to a
given value of the location’s declination.

In the case of geomagnetic observations, the azimuth – de-
fined hereafter as the horizontal angle (clockwise positive) of
a direction of interest with respect to the true north – must be
determined by an independent method. One is the traditional
astronomical method using a celestial body at night. In this
method, which has been revitalized because of its high ac-
curacy (see Barazzetti, 2025), the horizontal angle between
an azimuth mark and a reference star, such as Polaris, is mea-
sured. Horizontal and elevation angles of the reference star in
the equatorial coordinate system are provided by a celestial
orbit calculation software. The predicted angle can then be
combined with the observed angles to calculate the azimuth
of the azimuth mark. The same method has also been applied
to the sun in many observatories (Jankowski and Sucksdorff,
1996), although it is difficult to achieve a comparable accu-
racy due to the difficulty of centering of the sun with its much
larger appearance and quicker motion.

Alternatively, Global Navigation Satellite Systems
(GNSS) can be used to determine the azimuth. By measuring
positions at two points by GNSS precisely, the azimuth of
one point with respect to the other can be calculated. The
positioning accuracy is generally known to be a few mil-
limeters (Static mode), less than 1 m (Differential GPS), and
more than a few meters (Single mode). Static mode provides
the most accurate positioning accuracy; however, it requires
extended observation times and two sets of equipment,
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which increases costs. Single mode is economical since it
requires only one piece of instrument, but it has the disad-
vantage of lower accuracy because systematic errors such as
atmospheric delay are typically not corrected. Differential
GPS achieves higher accuracy than single mode by obtaining
correction data for systematic errors based on Continuously
Operating Reference Station data. However, the accuracy of
the correction data degrades depending on the distance from
the reference station, and in any case, its accuracy is inferior
to static mode. In terms of the azimuth, the reported accuracy
is about a few arcseconds (e.g. Lalanne et al., 2013). The
INTERMAGNET technical reference manual (Bracke,
2025) recently updated suggests to apply Differential GPS,
or otherwise the traditional astronomical observation, when
redetermination is necessary.

Japan Meteorological Agency has adopted the method us-
ing Polaris at its magnetic observatories, Kakioka, Memam-
betsu and Kanoya, that are registered as the INTERMAG-
NET observatories (Love and Chulliat, 2013). It has been
aware, however, that there are difficulties with this method.
First of all, it is subject to weather conditions, with the Po-
laris sighting being easily precluded by clouds. Particularly,
rain clouds make the observation totally infeasible. Further-
more, for an even more accurate observation of Polaris, the
optimal season is restricted to late Autumn, when the star
migrates vertically rather than horizontally during the typ-
ical observation hours in the early evening. These timing
limitations make the opportunities of the observation fewer.
While this is actually not a major problem at Kakioka which
has permanent staff, it significantly matters for Memambetsu
and Kanoya, which are unmanned observatories visited by
observers only once every two weeks for maintenance work
and the absolute measurement. Table 1 presents the number
of azimuth observations made at each observatory during the
recent observation period from 2022 to 2024. As indicated in
the table, while Kakioka conducts approximately 10 obser-
vations annually, Memambetsu and Kanoya conduct only a
few observations each year. Under the current methodology,
increasing these to a level equivalent to Kakioka is difficult.
Another difficulty is the extra labor inevitable for the staff to
make the azimuth observation with Polaris, for which they
have to work overtime after their normal office hours when
the sky is sufficiently dark. This requirement is especially
burdensome for the staff visiting Memambetsu and Kanoya.
There is only one observer for each, travelling all the way
there by car accompanied by a supporting member. Obvi-
ously, it would be preferable if they had much more chance
for the azimuth observations during the daytime.

The Sun-based azimuth method, which is applied by many
observatories, can address daytime operation but remains
weather-dependent like the Polaris method and is typically
less accurate. While methods for improving accuracy have
been developed (e.g., Rasson et al., 2017), achieving the re-
quired accuracy of a few arcseconds remains challenging.
Practical constraints also arise because observation pillars

Table 1. The number of azimuth observations using Polaris from
2022 to 2024.

Observatory 2024 2023 2022

Kakioka 7 8 8
Memambetsu 3 3 3
Kanoya 1 1 1

are typically located indoors and lack windows that enable
constant viewing of the sun; our site can view Polaris but not
the Sun, so the Sun-based method may be infeasible for such
observatories.

Given the circumstances above, we investigate the azimuth
observations by GNSS in view of its potential to alleviate
the difficulties of our conventional observation. We compare
the accuracy of the azimuth observations by GNSS and the
Polaris sighting, in order to assess if our conventional ob-
servations can eventually be replaced by the GNSS observa-
tions, especially at Memambetsu and Kanoya. To this end,
we conducted an experiment at Kakioka to investigate gen-
eral performance of the GNSS approach with reference to
our requirement in the precision for the absolute measure-
ment. This paper is organized as follows. In Sect. 2, starting
with an overview of the GNSS observation method, we give
detailed description of individual observations and the data
processing method. Also, the precision of the azimuth result-
ing from the GNSS observations is presented. In Sect. 3, the
difference between the azimuth obtained by GNSS and Po-
laris sighting is discussed. Section 4 summarizes the entire
report.

2 The azimuth derived by the GNSS observations

2.1 Overview of the whole observation

The entire observation area inside the premise of Kakioka
is shown in Fig. 1, in which the points of observation and
as well as the azimuth mark are also indicated. The obser-
vatory’s principal absolute pillar, marked as Point C in the
figure, is indoors, a precise GNSS observation is hardly pos-
sible right at that location and at the azimuth mark. There-
fore, it is necessary to have at least two “eccentric points”,
which are indicated as Points A and B in Fig. 1. It should
be noted that the GSI tiles cited in the figure caption refer
to map data disseminated by the Geospatial Information Au-
thority of Japan. The baseline length in between is approxi-
mately 150 m. The whole observation consists of the GNSS
observations and supplementary measurements of horizontal
angles (as schematically illustrated in Fig. 2). First, a GNSS
observation is performed simultaneously at Points A and B
to obtain the azimuth angle θGNSS (Sect. 2.2). Subsequently,
horizontal angle observations are made at Points B and C to
obtain β1 and β2, respectively (Sect. 2.3). The azimuth an-
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Figure 1. The area of the observations at Kakioka (posted with data
of points appended to the GSI Tiles).

gle of the azimuth mark, as represented by θ2 in Fig. 2, can
generally be derived as (Sect. 2.4)

θ1 = θGNSS+β1± 180°, (1)
θ2 = θ1+β2± 180°. (2)

2.2 GNSS observation and its data processing

GNSS is basically a technique that determines ground-based
positions using radio waves from satellites. However, the rel-
ative positioning method in GNSS determines the positional
relationship between two points (referred to as the baseline
vector). The RTKLIB software (Takasu et al., 2007) used for
the analysis in this study enables the selection of this baseline
vector as an output. Subsequently, the azimuth is calculated
from the north-south and east-west components of this vec-
tor. The azimuth deviation relative to position is expressed
as δθ = arctan(δy/d), where δy and d correspond to the de-
viation of the position perpendicular to the line of the points
and the distance between points, respectively. As indicated in
this equation, the effect on azimuth becomes smaller as the
distance between points increases.

Figure 2. A schematic diagram of the whole observation.

The observation equipment consists of two GNSS re-
ceivers (Trimble Alloy and Trimble R750) and two antennas
(both are Zephyr3 Rover) (Fig. 3). The measurement is made
for an hour at a sampling rate of 1 Hz. The obtained data
are then analysed by using RTKLIB ver. 2.4.2 with a set-
ting as summarized in Table 2. In this experiment, the results
with Static mode are employed for the assessment of the az-
imuth observation by GNSS, because it is widely considered
the most accurate (see also our experiment in Appendix A).
The L1, L2 and L5 signals are used for the satellite types
GPS, GLONASS and QZSS. Because of the short baseline
length, neither the atmospheric delay correction nor the iono-
spheric delay correction is made. The range and standard de-
viation σθGNSS of the azimuth θGNSS thus calculated (Fig. 4)
are found to be less than 10 arcsec and about 0.4 arcsec, re-
spectively. As seen in Fig. 4, there are several outliers of a
few arcseconds. For instance, at 03:50 and 04:10 UTC. These
outliers occur primarily when the number of satellites receiv-
ing signals changes. Such outliers are excluded during the
calculation process.

2.3 Supplementary measurement of horizontal angles
and its processing

For the observations of β1 and β2, either a theodolite Zeiss
(THEO-010B) or a Trimble M3 total station is used (Fig. 5).
The observations are undertaken basically in compliance
with Japanese standard regulations for surveying. To qualify
results of those observations, we take 15 and 8 arcsec respec-
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Figure 3. A photo the GNSS equipment mounted on a tripod.

Table 2. The settings of GNSS analysis.

Item Contents

Software RTKLIB ver2.4.2
Positioning Mode Static
Types of satellite GPS, GLONASS, QZSS
Frequencies L1, L2, L5
Satellite Ephemeris Broadcast
Ionosphere Correction None
Troposphere Correction None

tively as thresholds in terms of the double angle difference
and the observation difference. After having acceptable re-
sults, extra observations are made repeatedly to verify their
accuracy, i.e. 5 times and 6 times for β1 and β2 (Fig. 6), their
standard deviations, σβ1 and σβ2, being 2.3 and 2.1 arcsec,
respectively.

2.4 Calculation of the azimuth to azimuth mark

The results of individual observations are summarized in Ta-
ble 3. From these values and Eqs. (1) and (2), the azimuth
θ2 to the azimuth mark at the absolute pillar, or Point C in
Fig. 1, is calculated to be 0°32′44.6′′. Its standard deviation
σθ2 is estimated to be 3.1 arcsec by applying the propagation
law to those of the individual observations while assuming
non-correlation among them:

σθ2 =

√
σ 2
θGNSS+ σ

2
β1+ σ

2
β2.

Figure 4. Observed azimuth θGNSS at Point A as a function of time.

Table 3. The observed results of θGNSS, β1, β2 and the azimuth θ2
calculated from them.

Value Standard
deviation

Azimuth θGNSS at Point A 13°55′52.0′′ 0.4′′

Horizontal angle β1 at Point B 350°25′3.3′′ 2.3′′

Horizontal angle β2 at Point C 356°11′49.3′′ 2.1′′

Azimuth θ2 at Point C 0°32′44.6′′ 3.1′′

3 Comparison with the azimuth obtained from Polaris
observations

To compare the accuracy and precision of the azimuth obser-
vations by GNSS and Polaris sighting, let us first introduce
our conventional observations at Kakioka. Annually around
October, the observations are performed independently by as
many observers as ten, where a single observer sights Polaris
eight times. Figure 7 shows the azimuth values derived from
the Polaris observations at the Kakioka since 1997. The true
azimuth obtained from Polaris observation is defined as fol-
lows, based on the average of the annual observation results.
First, the results for each year are averaged after excluding
obvious outliers. Subsequently, a comparison is made be-
tween this average value and the previous year’s average to
ascertain whether a substantial change has occurred. If the
value has not changed significantly, we determine that the
true azimuth has remained constant from the previous year.
The mean value for the year 2024 is estimated to be approx-
imately 0°32′53′′. Furthermore, we define the true azimuth
from 2011 to 2024 as 0°32′55′′. While there are apparently
variances in the results among the observers, the standard de-
viation of the azimuth by Polaris sighting is usually less than
3 arcsec.

The current experiment reveals that the azimuth by GNSS
(θ2 in Table 2) is smaller by about 10 arcsec than that by Po-
laris sighting. The difference is unlikely attributable to the
observation error, considering the high precision of each ob-
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Figure 5. A set of instruments for the horizontal angle observation. THEO-010B theodolite on the left and a survey prism on the right.

Figure 6. The adopted results of the horizontal angles, β1 at point B
and β2 at point C, and the results of additional observations.

servation indicated by their standard deviations as small as a
few arcseconds.

What is the cause of this significant difference? Here we
will consider Deflection of the Vertical (DoV), which is well
known in the field of geodetic surveying (see Vittuari et
al., 2016; and the references therein). DoV is defined as a
deviation angle between the direction of gravity and the ge-
ometric normal to the reference ellipsoid’s surface at a given
location. The measurement of an angle with the traditional
instruments, such as total stations and theodolites, is based
on local direction of the gravity, while GNSS observations
are based on the ellipsoidal normal. As illustrated in Fig. 7,
azimuths obtained from the Polaris and GNSS observations

can differ if the plumb line differs from the ellipsoidal nor-
mal.

Atumi (1933) first reported DoV in Japan. According to
his investigation at Tsukubasan which is roughly 10 km west
of Kakioka (Table 1 of Atumi, 1933), the astronomical lat-
itude and longitude are 36°13′22.0′′ N and 140°5′55.0′′ E,
respectively, while the geodetic latitude and longitude are
36°13′22.3′′ N and 140°5′67.2′′ E, respectively. The east-
west component of DoV η can be estimated by

η =
(
λa− λg

)
cosϕg,

where λa is the astronomical longitude and ϕg and λg are
the geodetic latitude and longitude, respectively. Using the
values reported by Atumi (1933), the η turns out to be
−9.8 arcsec. The effect of the DoV η on the difference δ be-
tween the azimuth by the GNSS and Polaris observations can
be estimated by applying the level correction equation (cf.
Kakioka Magnetic Observatory, 1987)

δ = b tan h,

where b is the tilt of the instrument and h is the altitude an-
gle of Polaris (as illustrated in Fig. 8b). Assuming that b is
represented by η (Fig. 8a) at Tsukubasan, δ is about 7 arcsec,
which roughly explains the observed difference between the
azimuth by the Polaris and GNSS observations. For a more
rigorous verification, observation or calculation of the very
local DoV at Kakioka would be necessary, as the instru-
ment tilt b can still be somewhat different from the DoV at
Tsukubasan η.

Another potential source of systematic error is position-
ing deviation during the installation of the GNSS receiver.
However, this deviation is typically within a few millimeters,
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Figure 7. Record of the azimuth by Polaris observation at Kakioka since 1997.

Figure 8. (a) An image of DOV in an east-west inclined geoid. (b) The deviation δ in the azimuth, as observed by sighting Polaris at an
elevation angle η in the presence of DoV by η.

which is too small to account for the errors obtained in this
study. In addition, although not documented in this paper, a
separate observation conducted in the previous year yielded
nearly identical systematic errors. Consequently, it is more
natural to consider an underlying cause.

4 Summary

While the azimuth observation – the measurement of deflec-
tion angle of an azimuth mark with respect to the true north –
is essential for the absolute measurement at magnetic obser-
vatories, the method with star sighting is associated with dif-
ficulties due to weather-dependent observation conditions, as
well as demands for overtime work into the evening. A way
to mitigate these hardships would be introducing an alterna-
tive method with GNSS observation. To examine the appli-
cability of the GNSS technique to the azimuth observations
especially at our unmanned observatories, Memambetsu and
Kanoya, an experiment is conducted using the GNSS tech-
nique at Kakioka in 2024. Under the setting of observation
necessarily including horizontal angle measurements at ec-
centric points (Sect. 2), the precision of the azimuth of the
azimuth mark is found to be a few arcseconds, which is com-
parable to that derived from previous Polaris observations. A
significant difference of about 10 arcsec is revealed between
the two methods. This is due most likely to the DoV, accord-

ing to the azimuth deviation predicted by using a report of
measurement plumb line direction acquired at a distance of
roughly 10 km to the west. It indicates a necessity of fur-
ther investigation, such as an in-situ observation of the DoV.
Determining whether the azimuth by GNSS or the one by
Polaris is absolutely accurate is difficult. This is because it
depends on assumptions about the shape of the Earth. Is it an
irregular geoid shape or an ellipsoid? However, when consid-
ering geomagnetic modelling, maintaining continuity with
past observational results is likely more important. There-
fore, when transitioning to the GNSS method, we believe that
by determining the DoV at each observatory and adding it to
the GNSS results, we can connect to the past Polaris results.

Our transition to GNSS has only recently begun to be con-
sidered. In transitioning to the method with GNSS, it will
also be necessary to consider even more efficient procedure
for these tasks; in this experiment the series of work con-
sisted of an hour of GNSS observations, 30 min horizon-
tal angle observations, calculations, and preparation of the
equipment. In the future, surveys are planned for Kanoya
and Memanbetsu, where efficient azimuth observations are
of the utmost importance. It is anticipated that the transition
to GNSS will commence with these two observatories.
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Appendix A: Comparison of azimuths among different
positioning modes

Figure A1. Distribution of the positions by different positioning modes.

We introduce some results of the GNSS analysis by choos-
ing different positioning modes. In Fig. A1 the positions for
different modes are plotted with colored dots on a horizontal
plane. Those for Single and Differential GPS (DGPS) modes
are relatively largely dispersed, whose ranges are 3 to 5 m
and about 1 m, respectively. Figure A2 shows a zoomed-in
view for Static and Kinematic modes. Their ranges are about
2 cm and below 1 cm for Kinematic and Static modes, re-
spectively. Figure A3 shows histograms of the azimuth an-
gles θGNSS at the main absolute pillar at Kakioka (Point C in
Fig. 1) converted from Eqs. (1) and (2). Here the horizontal
angles, β1 and β2, are fixed so that the histogram distribu-
tions concern only the GNSS observations. The solid black

curves illustrate normal distributions representing the mean
and standard deviations of the azimuth derived from the Po-
laris observations in 2024. Obviously, the azimuth derived
with Static mode is determined much more precisely than
that with the Polaris observation (see also Table 2). The pre-
cision provided by Kinematic mode is comparable to the Po-
laris observation, whereas DGPS and Single modes are much
inferior in the precision, and are not suitable as an alternative
to the Polaris observation.
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Figure A2. Zoom-in distribution on the positions for Static and Kinematic modes in the Fig. A1.

Figure A3. The histograms of the azimuth by GNSS and the normal distribution of the azimuth by Polaris observation (black line).

Geosci. Instrum. Method. Data Syst., 15, 7–15, 2026 https://doi.org/10.5194/gi-15-7-2026



H. Matsushita et al.: Azimuth observation by GNSS at Kakioka 15

Code availability. We used the software RTKLIB available from
https://www.rtklib.com/ (Takasu, 2013).

Data availability. The GNSS data associated with this research can
be obtained upon request from corresponding author.

Author contributions. HM and SA wrote this paper. HM, DM and
FI conducted GNSS observation. Data processing has been defined
by HM and performed by HM and DM. HM, FI and JO designed
the figures. All authors discussed the results and commented on the
manuscripts.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibil-
ity lies with the authors. Views expressed in the text are those of the
authors and do not necessarily reflect the views of the publisher.

Special issue statement. This article is part of the special issue
“Geomagnetic observatories, their data, and the application of their
data”. It is a result of the XXth IAGA Workshop on Geomagnetic
Observatory Instruments, Data Acquisition, and Processing , Vas-
souras, Brazil, 30 October–6 November 2024.

Acknowledgements. The authors would like to thank the colleagues
for their useful discussions.

Review statement. This paper was edited by Emmanuel Nahayo
and reviewed by Jan Wittke and one anonymous referee.

References

Atumi, K.: La deviation de la vertical au Japan, Japanese Journal
of Astronomy Geophysics, 10, 305–312, 1932JaJAG..10..307A,
1933.

Barazzetti, L.: Revitalizing Astronomical Azimuth Determination:
Integrating Modern Computing with Traditional Techniques,
Sensors, 25, 1871, https://doi.org/10.3390/s25061871, 2025.

Bracke, S. (Ed.): INTERMAGNET Operations Committee and Ex-
ecutive Council, INTERMAGNET Technical Reference Manual,
Version 5.2.0, https://tech-man.intermagnet.org/_/downloads/en/
stable/pdf/ (last access: 24 May 2025), 2025.

Jankowski, J. and Sucksdorff, C.: Guide for Magnetic Mea-
surements and Observatory Practice, International Association
of Geomagnetism and Aeronomy, Warsaw, 118–124, ISBN 0-
96506862-5, 1996.

Kakioka Magnetic Observatory: Kansoku Sishin, Gijutsu Hokoku,
26, 1987 (in Japanese).

Lalanne, X., Peltier, A., Chulliat, A., Telali, A., and Heumez, B.: A
new measurement method for magnetic repeat stations, in: Pro-
ceedings of the XVth IAGA Workshop on geomagnetic observa-
tory instruments, Data acquisition and processing, Cadiz, Spain,
138–141, 2013.

Love, J. and Chulliat, A.: INTERMAGNET: Data for research and
operations, Eos T. AGU, 94, 373–374, 2013.

Rasson, J. L., Hendrickx, O., and Marin, J.-L.: Semiautomatic sun
shots with the WIDIF DIflux, Geosci. Instrum. Method. Data
Syst., 6, 257–261, https://doi.org/10.5194/gi-6-257-2017, 2017.

Takasu, T.: RTKLIB, software version 2.4.2, https://www.rtklib.
com/ (last access: 23 December 2025), 2013.

Takasu, T., Kubo, N., and Yasuda, A.: Development, Evaluation
and Application of RTKLIB: A program library for RTK-GPS,
GPS/GNSS Symposium 2007, Tokyo, Japan, 20–22 November
2007, 2007 (in Japanese).

Vittuari, L., Tini, M.A., Sarti, P., Serantoni, E., Borghi, A.,
Negusini, M., and Guillaume, S.: A Comparative Study of
the Applied Methods for Estimating Deflection of the Ver-
tical in Terrestrial Geodetic Measurements. Sensor, 16, 565,
https://doi.org/10.3390/s16040565, 2016.

https://doi.org/10.5194/gi-15-7-2026 Geosci. Instrum. Method. Data Syst., 15, 7–15, 2026

https://www.rtklib.com/
https://doi.org/10.3390/s25061871
https://tech-man.intermagnet.org/_/downloads/en/stable/pdf/
https://tech-man.intermagnet.org/_/downloads/en/stable/pdf/
https://doi.org/10.5194/gi-6-257-2017
https://www.rtklib.com/
https://www.rtklib.com/
https://doi.org/10.3390/s16040565

	Abstract
	Introduction
	The azimuth derived by the GNSS observations
	Overview of the whole observation
	GNSS observation and its data processing
	Supplementary measurement of horizontal angles and its processing
	Calculation of the azimuth to azimuth mark

	Comparison with the azimuth obtained from Polaris observations
	Summary
	Appendix A: Comparison of azimuths among different positioning modes
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Review statement
	References

