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Abstract

Diurnal variation correction is essential for obtaining reliable total-field magnetic

anomalies in regional marine and airborne magnetic surveys. Conventional correction

methods directly subtract the total-field variation recorded at a reference geomagnetic

observatory from the survey data. However, total-field variations represent projections

of vector magnetic-field variations onto the local geomagnetic-field direction.

Differences in declination and inclination between the reference observatory and survey

area can therefore leave residual external-field variations, referred to as the “DI effect”.

In this study, we systematically compared three methods for correcting diurnal

variations in regional moving-platform total-field magnetic surveys: conventional

diurnal variation correction (CDV correction), least-squares DI correction originally

developed for stationary observations (LS-DI correction), and IGRF-based DI

correction (IGRF-DI correction). The IGRF-DI correction projects vector magnetic-

field variations recorded at a reference observatory onto the local direction of the

International Geomagnetic Reference Field at each survey location and observation

time, without requiring empirical estimation of correction coefficients from the survey
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data. The three methods were evaluated using total-field magnetic data acquired during

two marine surveys and vector magnetic-field data from four geomagnetic observatories

distributed over a wide latitudinal range. Correction performance was quantified using

the root mean square (RMS) of crossover differences. For both surveys and all four

reference observatories, the IGRF-DI correction produced lower crossover RMS values

than the conventional correction, with greater improvements generally observed for

larger angular differences in main-field direction, where the DI effect is expected to be

more pronounced. The performance of the LS-DI correction varied substantially among

reference observatories. Although it occasionally produced low crossover RMS values,

its estimated coefficients differed markedly from those predicted from the IGRF. These

results suggest that least-squares estimation is fundamentally unsuitable for moving-

platform surveys because spatial variation of crustal magnetic anomalies can be

misinterpreted as temporal external-field variations. Overall, the comparison

demonstrates that accounting for the DI effect improves diurnal variation correction in

regional moving-platform surveys, whereas empirical least-squares estimation may

produce physically unreliable corrections. We therefore recommend applying the IGRF-
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DI correction using vector magnetic-field data from the nearest suitable geomagnetic

observatory as a practical default strategy for regional total-field magnetic surveys.

Keywords

Diurnal variation correction, Total-field magnetic survey, DI effect, Crossover

difference

1 Introduction

Geomagnetic surveys provide important information on crustal structure and tectonic

processes and are widely conducted on the ground, at sea, and from the air. Total-field

magnetic measurements contain contributions not only from crustal magnetic anomalies

but also from the geomagnetic main field and external magnetic fields generated by

ionospheric and magnetospheric current systems. Appropriate correction of these non-

crustal components is therefore essential for reliable geological and geophysical

interpretation.
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One of the most fundamental processing steps in magnetic surveys is diurnal variation

correction. This correction is commonly performed by subtracting temporal variations

recorded at a reference geomagnetic observatory from survey observations (e.g.,

Sergipe et al., 2021). Such an approach implicitly assumes that total-field magnetic

variations recorded at the observatory are identical to those observed within the survey

area. However, total-field magnetic variations represent projections of vector magnetic-

field variations onto the local geomagnetic field direction. Consequently, when the

direction of the geomagnetic field differs between the reference observatory and the

survey area, direct subtraction leaves residual external-field signals in the corrected

data. This phenomenon has been referred to as the “orientation effect” (Davis and

Johnston, 1983) or “DI effect” (e.g., Takahashi et al., 2018); hereafter, we use the term

“DI effect”. The DI effect becomes increasingly important as the angular difference in

geomagnetic field direction increases.

To account for the DI effect, several studies have proposed correction methods that

explicitly consider vector magnetic-field variations and differences in geomagnetic field

direction (Sasai and Ishikawa, 1976; Tanaka et al., 1978; Davis et al., 1979). These
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methods estimate correction coefficients from magnetic observations using a least-

squares framework and have been successfully applied to stationary observations such

as volcano-monitoring studies. In such applications, the observation site remains

stationary and temporal magnetic-field variations can be separated relatively easily from

local crustal magnetic anomalies. The applicability of these approaches to regional

moving-platform surveys, however, has not been investigated. In shipborne, airborne,

and other regional magnetic surveys, observation platforms move through areas where

crustal magnetic anomalies vary spatially.

In this study, we compare and evaluate three different methods using total-field

magnetic data acquired during two marine surveys together with vector magnetic-field

data from four geomagnetic observatories distributed over a wide range in Japan.

Correction performance is quantitatively evaluated using crossover root mean square

(RMS) differences. We additionally investigate the physical validity of the least-squares

coefficients and examine the relationship between correction performance and angular

differences in geomagnetic field direction between the survey area and the reference

observatory. Based on these results, we propose the most suitable way for diurnal
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variation correction in regional total-field magnetic surveys. Our method will be

standard diurnal variation correction method, leading to more precise geological

interpretation.

2 Theory
2.1 Formulation of Total-Field Magnetic Anomalies and Variations

The total magnetic intensity T,,¢(t,X) observed at position X and time t is assumed

to consist of the geomagnetic main field, crustal magnetic field, and external magnetic

field diurnal variations:

Tops(t,X) = ”Bm(t' X) + Bc(x) + de(t)”

where By, (¢,X) is the geomagnetic main field vector, B (x) is the crustal magnetic

field vector, and Bg, (t) is the external magnetic field variation vector. B.(X) is

assumed to be time independent, while Bgy(t) is assumed to be spatially uniform. |-

|| denotes the vector norm.

The total-field magnetic anomaly T,,,,,(t,X) is defined as

Tanm(t: X) = Tobs(t' X) - ”Bm(t' X)”

Assuming
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IBe(x) + Bay (D)l < [IBm (¢, x)l
and performing a Taylor expansion, with second- and higher-order terms neglected,
Tanm (t,X) = B (t,X) + Bc(X) + Bay (D) [| = [IBm (£, Xl
~ B (t,X) - (Be(%) + Bgy (1)) (1)
where B,,(t,x) denotes the unit vector of Bp,(t,x) and the dot represents the inner
product. Eq. (1) shows that total-field magnetic anomalies correspond to the projection
of vector magnetic anomaly onto the local geomagnetic main field direction.

At a reference geomagnetic observatory, crustal magnetic anomalies can be regarded
as constant and are removed when calculating magnetic field variations. Therefore, the
total magnetic intensity observed at a reference station at time t, Ty..r(t), is expressed
as

Tref(t) = |[Bpase + Bay (D)l
where By,se 15 the constant background magnetic field vector at the reference station.
The total magnetic field variation observed at the reference station, denoted by Ty, (t),

can be derived by assuming

”de(t)” K ”Bbase”,

and performing a Taylor expansion, with second- and higher-order terms neglected:
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Ty (t) = Tref(t) — Thase
= ”Bbase + de(t)” - ”Bbase”
~ ﬁbase ’ de(t) (2)

where Bpase denotes the unit vector of By age.

2.2 Conventional Diurnal Variation Correction (CDV Correction)

Conventional diurnal variation correction (hereafter referred to as “CDV correction”)
simply subtracts the total magnetic field variation observed at a reference station from
the magnetic field data measured at the survey location (e.g., Sergipe et al., 2021) and
this is very common correction method for regional survey. By subtracting Eq. (2) from
Eq. (1), the following expression is obtained:

Tanm(t,%) = Tap(t) = By(t,%) - Be(X) + (B(t,X) — Bpase) - Bay(t) (3)
However, as evident from Eq. (1), accurate correction for diurnal variations in total-
field magnetic anomalies requires the removal of the term By, (t,X) - B4y (). In
practice, most studies instead subtract the total magnetic field variation observed at the

reference station, i.e., Ty, (t). Consequently, the apparent difference caused by called
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“DI effect” remains in the corrected data. The discrepancy arising from the DI effect
can be expressed as

(Bm(t,X) — Bpase) - Bay(t)
where the discrepancy is proportional to the difference between the unit direction
vectors at the survey location and the reference station. Therefore, the effect becomes
more significant when the survey area is located far from the reference station,
particularly in the north-south direction where the geomagnetic field direction changes

appreciably with latitude.

2.3 DI Correction Using a Least-Squares Method (LS-DI Correction)

Previous studies involving stationary magnetic observations at volcanoes, such as Sasai
and Ishikawa (1976), Tanaka et al. (1978), and Davis et al. (1979), estimated correction
coefficients using a least-squares approach to account for the DI effect. However, this
method has not been applied to regional magnetic surveys. Therefore, we extend the
approach to regional total-field magnetic surveys (hereafter referred to as “LS-DI

correction”). From Eq. (3), the corrected magnetic anomaly can be written as
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Tanm(t,X) — Tgyp(t) = K- Bgy(¢) + C (4)
where the unknown parameters K and C are constant and estimated using the least-
squares method:

K, C = argmin
K, C

> Tanm (&%) = Tap(6) = K- Bay(6) = €2,
t
Once the optimal coefficients have been determined, the corrected total-field magnetic

anomaly can be obtained from Eq. (4) as

Tanm(t,X) — Ty (t) — K- Bgy (0).

2.4 DI Correction Using the IGRF (IGRF-DI Correction)
In the LS-DI correction described in section 2.3, the coefficients K and C are estimated
as constant values using least squares. However, for regional surveys, it is necessary to
account for the fact that B.(X) varies spatially and that B,,(t,x) varies both spatially
and temporally.

To address this issue, we propose an “IGRF-DI correction” method, which assumes
that the direction of the main geomagnetic field can be approximated by the

International Geomagnetic Reference Field (IGRF) direction at a given location and
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time. Specifically, using the IGRF-derived unit direction vector Bjgrp(t,X)

corresponding to each observation location and time, and assuming that

B (t,X) = Bigre(t,X),

the diurnal variation term Byggg(t, X) - Bgy(t) can be directly calculated by projecting

the observatory-derived vector variation onto the local IGRF direction. Substituting this

term into Eq. (2), the corrected total-field magnetic anomaly is obtained as

Tanm(t' X) - §IGRF(t' X) ' de(t)'

Because the direction of the main geomagnetic field is strongly influenced by latitudinal

variations in magnetic inclination, the proposed method is expected to be particularly

effective when survey areas are distributed over a wide north-south extent relative to the

reference station.

3 Data Processing

This section describes the data processing workflow, which is summarized in the

flowchart shown in Fig. 1. In this study, we used total magnetic intensity data acquired

during the GS24 cruise (Sato et al., 2026) and the GB25 cruise (Ono et al., submitted).
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The survey areas are outlined by blue rectangles in Fig. 2. Total magnetic intensity data

were collected using a towed cesium magnetometer. The raw data were first resampled

at 1-min intervals and corrected for sensor tow distance. Total-field magnetic anomalies

were then calculated by subtracting the International Geomagnetic Reference Field

(IGRF14; International Association of Geomagnetism and Aeronomy, 2024), which

was used as the reference main field: ||By, (¢, X)|| = Tigrr(t, X).

Next, geomagnetic observatory data from Okinawa, Kanoya, Kakioka, and

Memambetsu, arranged from south to north, were used to derive the diurnal variation

correction (Geospatial Information Authority of Japan, 2026; Kakioka Magnetic

Observatory, 2013 a, b, ¢). Because these observatories span a wide latitudinal range

(Fig. 2), the correction was performed using data from each observatory separately to

evaluate the influence of magnetic inclination on the correction results. The diurnal

variations recorded at each observatory are shown in Fig. 3 (Geospatial Information

Authority of Japan, 2026; Kakioka Magnetic Observatory, 2013a,b,c).

As evident from Fig. 3, geomagnetic activity was relatively high during both the GS24

and GB25 cruises. In particular, the GS24 survey period included a geomagnetic storm,
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producing large-amplitude magnetic-field variations and making these datasets well

suited for evaluating the performance of diurnal variation correction methods. The

diurnal variation at each observatory was calculated by subtracting the annual mean

magnetic field value for the corresponding survey year. The annual mean

constants, Tpase and Bpase used for each observatory are listed in Table 1.

Using the geomagnetic observatory data described above, three diurnal variation

correction methods, namely the conventional diurnal variation correction (CDV

correction), least-squares DI correction (LS-DI correction), and IGRF-based DI

correction (IGRF-DI correction), were applied to the magnetic data from both cruises.

To evaluate the performance of each correction method, the root mean square (RMS)

crossover error was calculated for the datasets corrected using data from each

geomagnetic observatory. Ideally, the RMS crossover error approaches zero as the

correction becomes more effective. Crossover errors were extracted using the x2sys

program (Wessel, 2010).

In addition, the predicted coefficient

Kicre(to, Xo) = Bigrr(to, X0) — Bpase (5)
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was calculated, where Bygrp(to, Xo) is IGRF direction vector at a representative time
to and location X, within each survey area. The representative X, and t, are
126°30'E, 26°00'N, at sea level (0 m altitude) on 11 November 2025 for the GB25
cruise and 129°30'E, 32°30'N, at sea level (0 m altitude) on 6 October 2024 for the
GS24 cruise, respectively (Fig. 2). The resulting predicted coefficients, Kigrp(to, Xo)
are listed in Table 1. These predicted values were then compared with the estimated
coefficients, K.

To further quantify the difference in geomagnetic field direction between the survey
area and each reference observatory, the angular
difference A8 between Bigrp(to,Xo) and Bpase Was calculated as

AB(ty, Xo) = Cos_l(EIGRF(tO'XO) : Ebase)-

Because of eq. (5), the angular difference can alternatively be expressed as

(6)

IKicrr (Lo, Xo)")

AB(ty, Xo) = Zsin‘l( 5

The resulting values of A8(t,, X,) are listed in Table 1 and compared with the
reduction in crossover RMS achieved by the IGRF-DI correction relative to the

conventional CDV correction.
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4 Results

4.1 GS24 Cruise

The results for the GS24 cruise are shown in Figs. 4 and 5. Because magnetic

observations were conducted continuously throughout the day during the GS24 cruise,

the amplitude of the diurnal variation was large, resulting in a high pre-correction

crossover RMS of 58.74 nT. In addition, stripe-like artifacts elongated along the survey

lines are visible in many parts of the anomaly map. Among the corrected results shown

in Fig. 5(b)—(m), the KNY IGRF-DI correction (Fig. 5j) yielded the lowest crossover

RMS of 7.36 nT. Compared with the uncorrected data, the magnetic anomaly contours

became noticeably smoother after correction.

Figure 6 shows histograms of crossover differences before and after correction. The

KNY IGRF-DI result (Fig. 6j) exhibits the narrowest distribution and the smallest

crossover errors, confirming its superior correction performance.

When the three correction methods are compared for each observatory, the correction

performance generally improves as the reference observatory becomes closer to the
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survey area, following the order MMB, KAK, OKI, and KNY (Fig. 6). Furthermore, the

IGRF-DI correction consistently outperforms the conventional diurnal variation

correction (CDV correction) for all four observatories. In contrast, the performance of

the LS-DI correction varies substantially among observatories. For the distant MMB

and KAK observatories, the LS-DI correction produced the lowest crossover RMS

among the three methods (Figs. 5c,f and 6c¢,f). However, for the nearby KNY

observatory, the LS-DI correction yielded the largest crossover RMS, corresponding to

the poorest performance (Figs 51 and 61). For the OKI observatory, the LS-DI and

IGRF-DI corrections resulted in nearly identical crossover RMS values (Figs. 51,m and

61,m).

Comparison of the coefficients estimated by the least-squares DI correction, K, with the

values predicted from the representative IGRF field direction of the survey

area, Kigrr(to, Xo), reveals substantial discrepancies. In all cases, K are considerably

larger than Kjgre(to, Xo) (Table 1). Moreover, the standard deviation of the residuals

used in the estimation of K is approximately 122 nT, indicating a large degree of

unexplained variability (Table 1).
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4.2 GB25 Cruise

The survey tracks and correction results for the GB25 cruise are shown in Figs. 7 and 8.

During the GB25 cruise, magnetic observations were conducted primarily at night,

resulting in a relatively small crossover RMS of 22.52 nT before diurnal variation

correction (Figs. 8a and 9a). Nevertheless, the magnetic anomaly map contains

numerous areas where the contours appear irregular and discontinuous (Fig. 8a).

Among the corrected results shown in Fig. 8(b)—(m), the OKI IGRF-DI correction

yielded the lowest crossover RMS of 4.81 nT (Figs. 8m and 9m) and the anomaly

contours became noticeably smoother compared with the uncorrected data.

For almost all correction methods, the correction performance generally improves as the

reference observatory becomes closer to the survey area, following the order MMB,

KAK, KNY, and OKI. The only exception is the LS-DI correction, for which the KNY

result is slightly better than the OKI result (Figs. 81,1 and 91,1). Comparisons between the

CDYV and IGRF-DI corrections, as well as between the LS-DI and IGRF-DI corrections,

show that the IGRF-DI correction consistently yields lower crossover RMS values in all
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cases. In particular, for the nearby KNY and OKI observatories, the LS-DI correction

produces the largest crossover RMS among the three methods, indicating the poorest

correction performance.

Comparison of the coefficients estimated by LS-DI correction, K, with the coefficients

predicted from the representative IGRF field direction of the survey

area, Kigrr(to, Xo), reveals substantial discrepancies as well as GS24 cruise. The

estimated K values are consistently much larger than the corresponding

Kigrr(to, Xo)- In particular, coefficients for the MMB observatory exceed the

theoretical upper bound:

IK]| < 2

derived from Eq. (6), suggesting that the least-squares estimation is influenced by

factors other than the DI effect. Furthermore, the MMB LS-DI result (Fig. 8d) contains

a substantially larger positive anomaly region than the other corrected datasets,

suggesting that the recovered anomaly amplitudes may not be physically and

theoretically realistic despite the reduced crossover RMS.



300 In addition, the standard deviation of the residuals used in the coefficient estimation is
301  approximately 52 nT, indicating considerable unexplained variability in the least-

302  squares fitting process (Table 1).

303

304 5 Discussion

305 5.1 Limitations of LS-DI Correction in Regional Total-Field Magnetic Surveys
306  Inthe LS-DI correction described in section 2.3, a single coefficient is estimated using
307 all magnetic data acquired during a cruise. However, because crustal magnetic

308 anomalies vary spatially, the coefficient K should, in principle, be estimated for each
309 location. To address this issue, we also investigated a moving-window approach in
310  which K is estimated independently within each window. Furthermore, to improve the
311  stability and convergence of the estimation, a weighting constraint based on the

312 coefficient predicted from the IGRF was introduced. The formulation is given below:
t+L
313 K(tx,),C(6,x,) = argmin [ D Tanm(@,%) = Tay () = K- Bay(D) = €32 + AlIK — Kire (&, x|
,C

i=t-L

314 where L is the half-window lengths, A is the weighting parameter, and X; and X, are

315  locations at time i and ¢, respectively. This formulation becomes equivalent to the
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original LS-DI correction when A = 0 and the window length 2L spans the entire

observation period. The coefficient estimation was performed using this moving-

window approach in which the analysis window was shifted at 1-min intervals along the

time series.

Figure 10 shows an example of the moving-window LS-DI correction applied to the

GS24 cruise using data from the MMB observatory, for which the original LS-DI

correction substantially reduced the crossover RMS. In all three tested configurations,

the estimated coefficient K exhibits pronounced spatial variations that closely

correspond to variations in the crustal magnetic field (Fig. 10b,c,d,g). This result

suggests that the temporal variation associated with diurnal magnetic fields and the

apparent temporal variation caused by spatial changes in crustal magnetic anomalies

along the survey track are not sufficiently separated during the coefficient estimation

process. Consequently, the estimated K values are influenced by crustal magnetic

anomalies as well as external-field variations. As a result, the residual standard

deviation increases in regions where the crustal magnetic field exhibits large spatial

variations (Fig. 10f). Although the moving-window approach and IGRF-based
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regularization improve the locality and stability of the estimation, they do not fully

eliminate this ambiguity, indicating an inherent difficulty in obtaining physically

meaningful coefficients solely through least-squares estimation in regional moving-

platform surveys.

5.2 Which Method Is Most Appropriate for Diurnal Variation Correction?

In this section, we discuss which diurnal variation correction method is most

appropriate for regional total-field magnetic surveys. Section 5.1 demonstrated a

fundamental limitation of applying LS-DI correction to regional surveys, namely that

least-squares estimation cannot reliably separate external-field variations from spatial

variations in crustal magnetic anomalies. Therefore, the following discussion focuses on

a comparison between the CDV correction and the IGRF-DI correction.

Figure 11 shows the relationship between the representative angular difference,

AB(ty, Xo), and the difference in crossover RMS between the CDV and IGRF-DI

corrections. In all cases examined in this study, the IGRF-DI correction yielded lower

crossover RMS values than the conventional CDV correction. Furthermore, for both
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cruises, the difference in correction performance generally increased with increasing

AB(ty, Xo). These results indicate that correction of the DI effect is important not only

for stationary magnetic observations but also for regional moving-platform magnetic

surveys.

In this study, we assume that the external-field variation vector, Bgy(t), is identical at

the reference observatory and the survey location. However, Fig. 3 shows that the

amplitudes and timings of the component variations differ substantially among

observatories. These spatial differences in Bgy(t) are one of the factors responsible for

the increase in crossover RMS when more distant observatories are used as reference

stations in both cruises. Ideally, the reference observatory should be located at the

survey area itself. In marine magnetic surveys, however, establishing a nearby reference

station is usually impractical, and therefore data from land-based geomagnetic

observatories are commonly used. Under such circumstances, the use of data from the

nearest available geomagnetic observatory is expected to provide the most reliable

correction as previous studies have suggested (e.g., Sergipe et al., 2021).
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Based on these results, we recommend that diurnal variation correction for regional

total-field magnetic surveys should, in general, be performed using the IGRF-DI

correction together with vector magnetic-field data from the nearest available

geomagnetic observatory. Because the method requires no empirical coefficient

estimation and can be implemented directly from observatory and IGRF data, it

provides a practical and physically based approach to diurnal variation correction. This

approach can therefore be regarded as the default strategy for regional magnetic

surveys.

5.3 Implications for General Regional Total-Field Magnetic Surveys

In this study, we focused on DI correction for regional marine magnetic surveys.

However, deep-sea total-field magnetic surveys conducted using manned submersibles

and autonomous underwater vehicles (AUVs), as well as regional airborne magnetic

surveys, employ fundamentally the same principles for diurnal variation correction as

marine magnetic surveys. In these applications, corrections are also commonly based on

total-field magnetic variations recorded at geomagnetic observatories. To our
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knowledge, DI correction methods have not previously been applied to these types of

surveys. Although no case study is presented here, the IGRF-DI correction is expected

to provide similar benefits when the reference observatory is located far from the

observation area. The method proposed in this study therefore has the potential to

improve the accuracy of diurnal variation correction for general regional total-field

magnetic surveys.

6 Conclusion

We systematically compared three methods for correcting diurnal variations in regional

moving-platform total-field magnetic surveys: conventional diurnal variation correction

(CDV correction), least-squares DI correction (LS-DI correction), and IGRF-based DI

correction (IGRF-DI correction). The three methods were applied to two marine

magnetic surveys using vector magnetic-field data from four geomagnetic observatories

distributed over a wide latitudinal range, and their performance was evaluated primarily

on the basis of crossover RMS differences.
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The comparison showed that the IGRF-DI correction consistently produced lower

crossover RMS values than the CDV correction for both surveys and all four reference

observatories. The improvement generally increased with the angular difference in

main-field direction between the survey area and reference observatory. These results

demonstrate that differences in geomagnetic-field direction can leave appreciable

residual external-field variations after conventional correction and that the DI effect

should be considered in regional moving-platform total-field magnetic surveys.

The performance of the LS-DI correction varied substantially among reference

observatories. Although the method occasionally produced considerable reductions in

crossover RMS, the estimated coefficients differed markedly from the corresponding

values predicted from the IGRF. Moving-window analyses further showed that the

least-squares coefficients were influenced by spatial variations in crustal magnetic

anomalies. Therefore, a reduction in crossover RMS alone does not necessarily indicate

a physically valid correction, because least-squares regression may remove part of the

crustal magnetic signal together with the external-field variation. These findings
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indicate a fundamental limitation of empirically estimating DI correction coefficients

from regional moving-platform survey data.

Among the three methods examined, the IGRF-DI correction provides the most

physically based and robust approach because it accounts for the local geomagnetic-

field direction at each survey location and observation time without estimating

empirical coefficients from the survey data. Spatial differences in external-field

variations between the reference observatory and survey area nevertheless remain a

source of uncertainty that cannot be eliminated solely by correcting for differences in

main-field direction. We therefore recommend applying the IGRF-DI correction using

vector magnetic-field data from the nearest suitable geomagnetic observatory as a

practical default strategy for regional total-field magnetic surveys. Although further

validation is required for airborne and deep-sea applications, the formulation is

transferable in principle to a broad range of moving-platform total-field magnetic

surveys.
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Fig. 1. Overview of workflow for diurnal variation correction. Abbreviations are

explained in the Method and Data processing sections.

Fig. 2. Location map of the survey areas and observatory stations. Blue rectangles show

the survey area during the GS24 and GB25 cruise. Red stars indicate the reference

observation stations: Okinawa (OKI), Kanoya (KNY), Kakioka (KAK), and

Memambetsu (MMB). Red circles indicate the representative points of each cruise.

Gray areas represent regions above sea level.

Fig. 3. Diurnal variations during the GS24 (left) and GB25 (right) cruises at Okinawa

(red lines), Kanoya (orange lines), Kakioka (green lines), and Memambetsu (blue lines)
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observatories. From top to bottom, the panels show the diurnal variations of the X

(North), Y (East), Z (Down) components and the total magnetic intensity [(nT]). The

constant values (T} 45, and Byase) Were subtracted to derive the diurnal variations for

each cruise and observatory; these values are listed in Table 1.

Fig. 4. Comparison of magnetic anomaly data before and after diurnal variation and DI

corrections during the GS24 cruise from 06:00 UTC on 10 October to 06:00 UTC on 11

October 2024. From top to bottom, the panels show results obtained using data from the

(a) Memambetsu (MMB), (b) Kakioka (KAK), (¢) Kanoya (KNY)), and (d) Okinawa

(OKI) geomagnetic observatories, respectively. Black curves show the data before

diurnal variation correction, green curves show the data after CDV-correction, red

curves show the results after the LS-DI correction, and blue curves show the results

after IGRF-DI correction.

Fig. 5. Total magnetic anomaly maps and ship track lines during the GS24 cruise. Color

palette for bathymetry is same to Fig.1. (a) Total magnetic anomaly before diurnal
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variation correction. Panels (b)—(d) show the total magnetic anomaly after (b) CDV, (c)

LS-DI, and (d) IGRF-DI correction using Memambetsu (MMB) observatory data.

Panels (e)—(g) show the total magnetic anomaly after (e) CDV, (f) LS-DI, and (g)

IGRF-DI correction using Kakioka (KAK) observatory data. Panels (h)—(j) show the

total magnetic anomaly after (h) CDV, (i) LS-DI, and (j) IGRF-DI correction using

Kanoya (KNY) observatory data. Panels (k)—(m) show the total magnetic anomaly after

(k) CDV, (1) LS-DI, and (m) IGRF-DI correction using Okinawa (OKI) observatory

data. Panels (a’)—(m’) show the enlarged shaded map of panels (a)—(m), respectively.

Enlarged area is shown as red rectangle in ship track map. [llumination is from the

North-East.

Fig. 6. Histograms of cross-over differences (CODs) during the GS24 cruise. (a)

Histograms of CODs before correction. (b—d) Histograms of CODs after (b) CDV, (c)

LS-DI, and (d) IGRF-DI correction using data of MMB stations, respectively. (e—g)

Histograms of CODs after (e) CDV, (f) LS-DI, and (g) IGRF-DI correction using data

of KAK stations, respectively. (h—j) Histograms of CODs after (h) CDV, (i) LS-DI, and
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(j) IGRF-DI correction using data of KNY stations, respectively. (k—m) Histograms of

CODs after (k) CDV, (1) LS-DI, and (m) IGRF-DI correction using data of OKI

stations, respectively. The RMS of CODs is indicated in each panel.

Fig. 7. Comparison of magnetic anomaly data before and after CDV, LS-DI, and IGRF-

DI corrections during the GB25 cruise from 12:00 UTC on 4 November to 12:00 UTC

on 5 November 2025. The other details are the same as in Fig. 4.

Fig. 8. Total magnetic anomaly maps and ship track lines during the GB25 cruise. The

other details are the same as in Fig. 5.

Fig. 9. Histograms of cross-over differences (CODs) during the GB25 cruise. The other

details are the same as in Fig. 6.

Fig. 10. Example of moving-window LS-DI correction with different regularization

parameters A and half-window lengths L [min]. For data sampled at 1-min intervals, a
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half-window length of L corresponds to a maximum window size of 2L + 1 data

points. The results were obtained by applying the correction to data from the

Memambetsu (MMB) observatory during the GS24 cruise. (a) Observed variations in

the three magnetic-field components (X4, Y41, Z4») and total magnetic intensity (Ty,,).

(b—d) Estimated coefficients K,, K,,and K, respectively. The black dashed lines

indicate the corresponding reference values derived from the IGRF. Blue, red, and green

curves in Fig (b-g) indicate (1,L) = (10%,10), (10°,30), and (10°,10), respectively.

(e) Estimated intercept C. (f) Standard deviation of the regression residuals within each

sliding window. (g) Magnetic anomalies after CDV correction, after DI correction using

only the IGRF-derived coefficients, and after DI correction using the locally estimated

coefficients.

Fig. 11. Relationship between angular difference and RMS difference between CDV

correction and IGRF-DI correction. Orange and blue symbols represent the GS24 and

GB25 cruises, respectively. Circles, squares, triangles, and diamonds represent data
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corrected using observatory data from Okinawa (OKI), Kanoya (KNY)), Kakioka

(KAK), and Memambetsu (MMB), respectively.

Table 1. Summary of base magnetic field values and parameters for the GS24 and GB25

cruises using reference data from the Okinawa (OKI), Kanoya (KNY), Kakioka (KAK),

and Memambetsu (MMB) observatories. The definitions of each parameter are

described in the Methods and Data Processing Sections. Vector components are listed in

the order X (North), Y (East), and Z (Down) from top to bottom.



GS24, GB25 OKI, KNY, KAK, MMB
Tops(t, X) Tay(t) = Tref (t) — Tyase

de(t) = Bref(t) — Bpase

Kigre(to, Xo) = Bigrr(fo,X0) — Bpase

Tanm (t: X) = Tobs(t: X) — TIGRF (t: X) Tanm(tj X) - Tdv(t) =K- de(t) +C

IGRF CDV correction | Typm (t,X) — Tgp ()
Tyerr (%) LS-DI correction | Tppm (t,X) — Ty (t) — K- Bgy(t)
Bigrr(t,X) || IGRF-DI correction | Ty, (t,X) — Bigre(t, X) - Bgy (t)

Least Square method
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577 Fig. 1. Overview of workflow for diurnal variation correction. Abbreviations are explained in the Method

578  and Data processing sections.
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Fig. 2. Location map of the survey areas and observatory stations. Blue rectangles show the survey area

during the GS24 and GB25 cruise. Red stars indicate the reference observation stations: Okinawa (OKI),
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Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB). Red circles indicate the representative

points of each cruise. Gray areas represent regions above sea level.
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Fig. 3. Diurnal variations during the GS24 (left) and GB25 (right) cruises at Okinawa (red lines), Kanoya

(orange lines), Kakioka (green lines), and Memambetsu (blue lines) observatories. From top to bottom,

the panels show the diurnal variations of the X (North), Y (East), Z (Down) components and the total

magnetic intensity [nT]. The constant values (Tpq5e and Bpage) Were subtracted to derive the diurnal

variations for each cruise and observatory; these values are listed in Table 1.
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Fig. 4. Comparison of magnetic anomaly data before and after diurnal variation and DI corrections during
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the panels show results obtained using data from the (a) Memambetsu (MMB), (b) Kakioka (KAK), (c)
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data before diurnal variation correction, green curves show the data after CDV-correction, red curves

show the results after the LS-DI correction, and blue curves show the results after IGRF-DI correction.
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observatory data. Panels (k)—(m) show the total magnetic anomaly after (k) CDV, (1) LS-DI, and (m)
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Fig. 6. Histograms of cross-over differences (CODs) during the GS24 cruise. (a) Histograms of CODs

before correction. (b—d) Histograms of CODs after (b) CDV, (c) LS-DI, and (d) IGRF-DI correction using
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Fig. 10. Example of moving-window LS-DI correction with different regularization parameters A and

half-window lengths L [min]. For data sampled at 1-min intervals, a half-window length of L

corresponds to a maximum window size of 2L + 1 data points. The results were obtained by applying

the correction to data from the Memambetsu (MMB) observatory during the GS24 cruise. (a) Observed

variations in the three magnetic-field components (X, Y41, Z4,) and total magnetic intensity (T, ). (b—d)

Estimated coefficients K,, K,,and K, respectively. The black dashed lines indicate the corresponding




641 reference values derived from the IGRF. Blue, red, and green curves in Fig (b-g) indicate (4,L) =

642  (10510), (10%,30), and (10°,10), respectively. (e) Estimated intercept C. (f) Standard deviation of

643 the regression residuals within each sliding window. (g) Magnetic anomalies after CDV correction, after

644 DI correction using only the IGRF-derived coefficients, and after DI correction using the locally

645 estimated coefficients.
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648  Fig. 11. Relationship between angular difference and RMS difference between CDV correction and

649 IGRF-DI correction. Orange and blue symbols represent the GS24 and GB25 cruises, respectively.
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Circles, squares, triangles, and diamonds represent data corrected using observatory data from Okinawa

(OKI), Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB), respectively.

Table 1. Summary of base magnetic field values and parameters for the GS24 and GB25 cruises using

reference data from the Okinawa (OKI), Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB)

observatories. The definitions of each parameter are described in the Methods and Data Processing

Sections. Vector components are listed in the order X (North), Y (East), and Z (Down) from top to

bottom.
GS24 cruise GB25 cruise

Station OKI KNY KAK MMB OKI KNY KAK MMB
Tpase [nT] 45028.0 | 46848.0 | 46903.0 | 50137.0 | 45059.0 | 46878.7 | 46933.8 | 50174.5
34887.4 | 32521.0 | 29826.0 | 25879.0 | 34882.8 | 32512.0 | 29826.0 | 25876.0

Bpase [1T] -3478.3 -4107.0 -4156.0 -4245.0 | -3506.6 -4137.0 -4186.0 -4264.0
28257.2 | 33470.0 | 35958.0 | 42731.0 | 28308.8 | 33516.2 | 35996.4 | 42775.4

-0.0253 0.0447 0.1271 0.2556 -0.0012 0.1378 0.2569 0.3125

K 0.1531 0.0763 0.2794 0.2458 -0.4634 -0.4647 -0.7411 -0.8104
0.3709 -0.1127 -0.4237 -1.0763 -0.5895 -0.7753 -0.9085 -2.1889
C [nT] -34.2207 | -28.1544 | -23.7764 | -17.3404 | -9.7058 -8.3382 -8.9081 12.3059
SD [nT] 122.9364 | 122.5817 | 122.3616 | 122.3327 | 53.0234 | 52.9225 | 52.7902 | 52.4698
-0.1045 -0.0239 0.0344 0.1541 0.0072 0.0878 0.1459 0.2656

Kigrr(to, Xo) | -0.0121 -0.0017 -0.0008 -0.0047 -0.0004 0.0101 0.0110 0.0068
0.1092 0.0223 -0.0300 -0.1156 -0.0090 -0.0958 -0.1478 -0.2333

A6 (ty, Xo) [°] 8.70 1.88 2.62 11.06 0.66 7.47 11.94 20.37
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