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Abstract 18 

Diurnal variation correction is essential for obtaining reliable total-field magnetic 19 

anomalies in regional marine and airborne magnetic surveys. Conventional correction 20 

methods directly subtract the total-field variation recorded at a reference geomagnetic 21 

observatory from the survey data. However, total-field variations represent projections 22 

of vector magnetic-field variations onto the local geomagnetic-field direction. 23 

Differences in declination and inclination between the reference observatory and survey 24 

area can therefore leave residual external-field variations, referred to as the “DI effect”. 25 

In this study, we systematically compared three methods for correcting diurnal 26 

variations in regional moving-platform total-field magnetic surveys: conventional 27 

diurnal variation correction (CDV correction), least-squares DI correction originally 28 

developed for stationary observations (LS-DI correction), and IGRF-based DI 29 

correction (IGRF-DI correction). The IGRF-DI correction projects vector magnetic-30 

field variations recorded at a reference observatory onto the local direction of the 31 

International Geomagnetic Reference Field at each survey location and observation 32 

time, without requiring empirical estimation of correction coefficients from the survey 33 



data. The three methods were evaluated using total-field magnetic data acquired during 34 

two marine surveys and vector magnetic-field data from four geomagnetic observatories 35 

distributed over a wide latitudinal range. Correction performance was quantified using 36 

the root mean square (RMS) of crossover differences. For both surveys and all four 37 

reference observatories, the IGRF-DI correction produced lower crossover RMS values 38 

than the conventional correction, with greater improvements generally observed for 39 

larger angular differences in main-field direction, where the DI effect is expected to be 40 

more pronounced. The performance of the LS-DI correction varied substantially among 41 

reference observatories. Although it occasionally produced low crossover RMS values, 42 

its estimated coefficients differed markedly from those predicted from the IGRF. These 43 

results suggest that least-squares estimation is fundamentally unsuitable for moving-44 

platform surveys because spatial variation of crustal magnetic anomalies can be 45 

misinterpreted as temporal external-field variations. Overall, the comparison 46 

demonstrates that accounting for the DI effect improves diurnal variation correction in 47 

regional moving-platform surveys, whereas empirical least-squares estimation may 48 

produce physically unreliable corrections. We therefore recommend applying the IGRF-49 



DI correction using vector magnetic-field data from the nearest suitable geomagnetic 50 

observatory as a practical default strategy for regional total-field magnetic surveys. 51 

 52 
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 56 

1 Introduction 57 

Geomagnetic surveys provide important information on crustal structure and tectonic 58 

processes and are widely conducted on the ground, at sea, and from the air. Total-field 59 

magnetic measurements contain contributions not only from crustal magnetic anomalies 60 

but also from the geomagnetic main field and external magnetic fields generated by 61 

ionospheric and magnetospheric current systems. Appropriate correction of these non-62 

crustal components is therefore essential for reliable geological and geophysical 63 

interpretation.   64 



One of the most fundamental processing steps in magnetic surveys is diurnal variation 65 

correction. This correction is commonly performed by subtracting temporal variations 66 

recorded at a reference geomagnetic observatory from survey observations (e.g., 67 

Sergipe et al., 2021). Such an approach implicitly assumes that total-field magnetic 68 

variations recorded at the observatory are identical to those observed within the survey 69 

area. However, total-field magnetic variations represent projections of vector magnetic-70 

field variations onto the local geomagnetic field direction. Consequently, when the 71 

direction of the geomagnetic field differs between the reference observatory and the 72 

survey area, direct subtraction leaves residual external-field signals in the corrected 73 

data. This phenomenon has been referred to as the “orientation effect” (Davis and 74 

Johnston, 1983) or “DI effect” (e.g., Takahashi et al., 2018); hereafter, we use the term 75 

“DI effect”. The DI effect becomes increasingly important as the angular difference in 76 

geomagnetic field direction increases. 77 

To account for the DI effect, several studies have proposed correction methods that 78 

explicitly consider vector magnetic-field variations and differences in geomagnetic field 79 

direction (Sasai and Ishikawa, 1976; Tanaka et al., 1978; Davis et al., 1979). These 80 



methods estimate correction coefficients from magnetic observations using a least-81 

squares framework and have been successfully applied to stationary observations such 82 

as volcano-monitoring studies. In such applications, the observation site remains 83 

stationary and temporal magnetic-field variations can be separated relatively easily from 84 

local crustal magnetic anomalies. The applicability of these approaches to regional 85 

moving-platform surveys, however, has not been investigated. In shipborne, airborne, 86 

and other regional magnetic surveys, observation platforms move through areas where 87 

crustal magnetic anomalies vary spatially.  88 

In this study, we compare and evaluate three different methods using total-field 89 

magnetic data acquired during two marine surveys together with vector magnetic-field 90 

data from four geomagnetic observatories distributed over a wide range in Japan. 91 

Correction performance is quantitatively evaluated using crossover root mean square 92 

(RMS) differences. We additionally investigate the physical validity of the least-squares 93 

coefficients and examine the relationship between correction performance and angular 94 

differences in geomagnetic field direction between the survey area and the reference 95 

observatory. Based on these results, we propose the most suitable way for diurnal 96 



variation correction in regional total-field magnetic surveys. Our method will be 97 

standard diurnal variation correction method, leading to more precise geological 98 

interpretation. 99 

 100 

2 Theory 101 

2.1 Formulation of Total-Field Magnetic Anomalies and Variations 102 

The total magnetic intensity 𝑇௢௕௦(ݐ,  is assumed 103 ݐ and time ܠ observed at position (ܠ

to consist of the geomagnetic main field, crustal magnetic field, and external magnetic 104 

field diurnal variations: 105 

𝑇௢௕௦(ݐ, (ܠ = ,ݐ)ܕ۰‖ (ܠ + (ܠ)܋۰ +  106 ‖(ݐ)ܞ܌۰

where ۰ݐ)ܕ,  is the crustal magnetic 107 (ܠ)܋is the geomagnetic main field vector, ۰ (ܠ

field vector, and ۰(ݐ)ܞ܌ is the external magnetic field variation vector. ۰(ܠ)܋ is 108 

assumed to be time independent, while ۰(ݐ)ܞ܌ is assumed to be spatially uniform. ∥⋅109 

∥ denotes the vector norm. 110 

The total-field magnetic anomaly 𝑇௔௡௠(ݐ,  is defined as 111 (ܠ

𝑇௔௡௠(ݐ, (ܠ =  𝑇௢௕௦(ݐ, (ܠ − ,ݐ)ܕ۰‖  112 .‖(ܠ

Assuming 113 



(ܠ)܋۰‖ + ‖(ݐ)ܞ܌۰ ≪ ,ݐ)ܕ۰‖  114 ‖(ܠ

and performing a Taylor expansion, with second- and higher-order terms neglected, 115 

𝑇௔௡௠(ݐ, (ܠ = ,ݐ)ܕ۰‖ (ܠ + (ܠ)܋۰ + ‖(ݐ)ܞ܌۰ − ,ݐ)ܕ۰‖  116 ‖(ܠ

 ≈ ,ݐ)ܕ۰̂ (ܠ ∙ (ܠ)܋۰) +  (1) ((ݐ)ܞ܌۰

where ۰̂ݐ)ܕ, ,ݐ)ܕdenotes the unit vector of ۰ (ܠ  and the dot represents the inner 117 (ܠ

product. Eq. (1) shows that total-field magnetic anomalies correspond to the projection 118 

of vector magnetic anomaly onto the local geomagnetic main field direction.  119 

At a reference geomagnetic observatory, crustal magnetic anomalies can be regarded 120 

as constant and are removed when calculating magnetic field variations. Therefore, the 121 

total magnetic intensity observed at a reference station at time ݐ, 𝑇௥௘௙(ݐ), is expressed 122 

as 123 

𝑇௥௘௙(ݐ) = ܍ܛ܉܊۰‖ +  124 ‖(ݐ)ܞ܌۰

where ۰܍ܛ܉܊ is the constant background magnetic field vector at the reference station. 125 

The total magnetic field variation observed at the reference station, denoted by 𝑇ௗ௩(ݐ), 126 

can be derived by assuming 127 

‖(ݐ)ܞ܌۰‖ ≪  128 ,‖܍ܛ܉܊۰‖

 and performing a Taylor expansion, with second- and higher-order terms neglected: 129 



𝑇ௗ௩(ݐ) = 𝑇௥௘௙(ݐ) − 𝑇௕௔௦௘ 130 

= ܍ܛ܉܊۰‖ + ‖(ݐ)ܞ܌۰ −  131 ‖܍ܛ܉܊۰‖

 ≈ ܍ܛ܉܊۰̂ ∙  (2)  (ݐ)ܞ܌۰

where ۰̂܍ܛ܉܊ denotes the unit vector of ۰132 .܍ܛ܉܊ 

 133 

2.2 Conventional Diurnal Variation Correction (CDV Correction) 134 

Conventional diurnal variation correction (hereafter referred to as “CDV correction”) 135 

simply subtracts the total magnetic field variation observed at a reference station from 136 

the magnetic field data measured at the survey location (e.g., Sergipe et al., 2021) and 137 

this is very common correction method for regional survey. By subtracting Eq. (2) from 138 

Eq. (1), the following expression is obtained: 139 

 𝑇௔௡௠(ݐ, (ܠ − 𝑇ௗ௩(ݐ) ≈ ,ݐ)ܕ۰̂ (ܠ ∙ (ܠ)܋۰ + ,ݐ)ܕ۰̂) (ܠ − (܍ܛ܉܊۰̂ ∙  (3) (ݐ)ܞ܌۰

However, as evident from Eq. (1), accurate correction for diurnal variations in total-140 

field magnetic anomalies requires the removal of the term ۰̂ݐ)ܕ, (ܠ ⋅  In 141 .(ݐ)ܞ܌۰

practice, most studies instead subtract the total magnetic field variation observed at the 142 

reference station, i.e., 𝑇ௗ௩(ݐ). Consequently, the apparent difference caused by called 143 



“DI effect” remains in the corrected data. The discrepancy arising from the DI effect 144 

can be expressed as 145 

,ݐ)ܕ۰̂) (ܠ − (܍ܛ܉܊۰̂ ∙  146 (ݐ)ܞ܌۰

where the discrepancy is proportional to the difference between the unit direction 147 

vectors at the survey location and the reference station. Therefore, the effect becomes 148 

more significant when the survey area is located far from the reference station, 149 

particularly in the north-south direction where the geomagnetic field direction changes 150 

appreciably with latitude. 151 

 152 

2.3 DI Correction Using a Least-Squares Method (LS-DI Correction) 153 

Previous studies involving stationary magnetic observations at volcanoes, such as Sasai 154 

and Ishikawa (1976), Tanaka et al. (1978), and Davis et al. (1979), estimated correction 155 

coefficients using a least-squares approach to account for the DI effect. However, this 156 

method has not been applied to regional magnetic surveys. Therefore, we extend the 157 

approach to regional total-field magnetic surveys (hereafter referred to as “LS-DI 158 

correction”). From Eq. (3), the corrected magnetic anomaly can be written as 159 



 𝑇௔௡௠(ݐ, (ܠ − 𝑇ௗ௩(ݐ) = ۹ ∙ (ݐ)ܞ܌۰ +  (4) ܥ

where the unknown parameters ۹ and ܥ are constant and estimated using the least-160 

squares method: 161 

۹, ܥ = argmin۹, ஼ [∑{𝑇௔௡௠(ݐ, (ܠ − 𝑇ௗ௩(ݐ) − ۹ ⋅ (ݐ)ܞ܌۰ − 2௧{ܥ ]. 162 

Once the optimal coefficients have been determined, the corrected total-field magnetic 163 

anomaly can be obtained from Eq. (4) as 164 

𝑇௔௡௠(ݐ, (ܠ − 𝑇ௗ௩(ݐ) − ۹ ∙  165 .(ݐ)ܞ܌۰

 166 

2.4 DI Correction Using the IGRF (IGRF-DI Correction) 167 

In the LS-DI correction described in section 2.3, the coefficients ۹ and ܥ are estimated 168 

as constant values using least squares. However, for regional surveys, it is necessary to 169 

account for the fact that ۰(ܠ)܋ varies spatially and that ۰ݐ)ܕ,  varies both spatially 170 (ܠ

and temporally. 171 

To address this issue, we propose an “IGRF-DI correction” method, which assumes 172 

that the direction of the main geomagnetic field can be approximated by the 173 

International Geomagnetic Reference Field (IGRF) direction at a given location and 174 



time. Specifically, using the IGRF-derived unit direction vector ۰̂۷۵ݐ)۴܀,  175 (ܠ

corresponding to each observation location and time, and assuming that  176 

,ݐ)ܕ۰̂ (ܠ ≈ ,ݐ)۴܀۰̂۷۵  177 ,(ܠ

the diurnal variation term ۰̂۷۵ݐ)۴܀, (ܠ ∙  can be directly calculated by projecting 178 (ݐ)ܞ܌۰

the observatory-derived vector variation onto the local IGRF direction. Substituting this 179 

term into Eq. (2), the corrected total-field magnetic anomaly is obtained as 180 

𝑇௔௡௠(ݐ, (ܠ − ,ݐ)۴܀۰̂۷۵ (ܠ ∙  181 .(ݐ)ܞ܌۰

Because the direction of the main geomagnetic field is strongly influenced by latitudinal 182 

variations in magnetic inclination, the proposed method is expected to be particularly 183 

effective when survey areas are distributed over a wide north-south extent relative to the 184 

reference station. 185 

 186 

3 Data Processing 187 

This section describes the data processing workflow, which is summarized in the 188 

flowchart shown in Fig. 1. In this study, we used total magnetic intensity data acquired 189 

during the GS24 cruise (Sato et al., 2026) and the GB25 cruise (Ono et al., submitted). 190 



The survey areas are outlined by blue rectangles in Fig. 2. Total magnetic intensity data 191 

were collected using a towed cesium magnetometer. The raw data were first resampled 192 

at 1-min intervals and corrected for sensor tow distance. Total-field magnetic anomalies 193 

were then calculated by subtracting the International Geomagnetic Reference Field 194 

(IGRF14; International Association of Geomagnetism and Aeronomy, 2024), which 195 

was used as the reference main field: ‖۰ݐ)ܕ, ‖(ܠ = 𝑇ூீோி(ݐ,  196 .(ܠ

Next, geomagnetic observatory data from Okinawa, Kanoya, Kakioka, and 197 

Memambetsu, arranged from south to north, were used to derive the diurnal variation 198 

correction (Geospatial Information Authority of Japan, 2026; Kakioka Magnetic 199 

Observatory, 2013 a, b, c). Because these observatories span a wide latitudinal range 200 

(Fig. 2), the correction was performed using data from each observatory separately to 201 

evaluate the influence of magnetic inclination on the correction results. The diurnal 202 

variations recorded at each observatory are shown in Fig. 3 (Geospatial Information 203 

Authority of Japan, 2026; Kakioka Magnetic Observatory, 2013a,b,c). 204 

As evident from Fig. 3, geomagnetic activity was relatively high during both the GS24 205 

and GB25 cruises. In particular, the GS24 survey period included a geomagnetic storm, 206 



producing large-amplitude magnetic-field variations and making these datasets well 207 

suited for evaluating the performance of diurnal variation correction methods. The 208 

diurnal variation at each observatory was calculated by subtracting the annual mean 209 

magnetic field value for the corresponding survey year. The annual mean 210 

constants, 𝑇௕௔௦௘ and ۰܍ܛ܉܊ used for each observatory are listed in Table 1. 211 

Using the geomagnetic observatory data described above, three diurnal variation 212 

correction methods, namely the conventional diurnal variation correction (CDV 213 

correction), least-squares DI correction (LS-DI correction), and IGRF-based DI 214 

correction (IGRF-DI correction), were applied to the magnetic data from both cruises. 215 

To evaluate the performance of each correction method, the root mean square (RMS) 216 

crossover error was calculated for the datasets corrected using data from each 217 

geomagnetic observatory. Ideally, the RMS crossover error approaches zero as the 218 

correction becomes more effective. Crossover errors were extracted using the x2sys 219 

program (Wessel, 2010).  220 

In addition, the predicted coefficient  221 

,0ݐ)۴܀۹۷۵  (0ܠ  = ,0ݐ)۴܀۰̂۷۵ (0ܠ  −  (5) ܍ܛ܉܊۰̂



was calculated, where ۰̂۷۵0ݐ)۴܀,  is IGRF direction vector at a representative time 222 (0ܠ 

 are 223 0ݐ and 0ܠ within each survey area. The representative 0ܠ and location 0ݐ

126°30′E, 26°00′N, at sea level (0 m altitude) on 11 November 2025 for the GB25 224 

cruise and 129°30′E, 32°30′N, at sea level (0 m altitude) on 6 October 2024 for the 225 

GS24 cruise, respectively (Fig. 2). The resulting predicted coefficients, ۹۷۵0ݐ)۴܀,  226 (0ܠ 

are listed in Table 1. These predicted values were then compared with the estimated 227 

coefficients, ۹. 228 

To further quantify the difference in geomagnetic field direction between the survey 229 

area and each reference observatory, the angular 230 

difference Δߠ between ۰̂۷۵0ݐ)۴܀,  was calculated as 231 ܍ܛ܉܊and ۰̂ (0ܠ

Δ0ݐ)ߠ, (0ܠ  = cos−1(۰̂۷۵0ݐ)۴܀, (0ܠ ⋅  232 .(܍ܛ܉܊۰̂

Because of eq. (5), the angular difference can alternatively be expressed as 233 

 Δ0ݐ)ߠ, (0ܠ  = 2sin−1 ,0ݐ)۴܀۹۷۵∥∥) 2∥∥(0ܠ  ). (6) 

The resulting values of Δ0ݐ)ߠ,  are listed in Table 1 and compared with the 234 (0ܠ 

reduction in crossover RMS achieved by the IGRF-DI correction relative to the 235 

conventional CDV correction. 236 



 237 

4 Results 238 

4.1 GS24 Cruise 239 

The results for the GS24 cruise are shown in Figs. 4 and 5. Because magnetic 240 

observations were conducted continuously throughout the day during the GS24 cruise, 241 

the amplitude of the diurnal variation was large, resulting in a high pre-correction 242 

crossover RMS of 58.74 nT. In addition, stripe-like artifacts elongated along the survey 243 

lines are visible in many parts of the anomaly map. Among the corrected results shown 244 

in Fig. 5(b)–(m), the KNY IGRF-DI correction (Fig. 5j) yielded the lowest crossover 245 

RMS of 7.36 nT. Compared with the uncorrected data, the magnetic anomaly contours 246 

became noticeably smoother after correction. 247 

Figure 6 shows histograms of crossover differences before and after correction. The 248 

KNY IGRF-DI result (Fig. 6j) exhibits the narrowest distribution and the smallest 249 

crossover errors, confirming its superior correction performance. 250 

When the three correction methods are compared for each observatory, the correction 251 

performance generally improves as the reference observatory becomes closer to the 252 



survey area, following the order MMB, KAK, OKI, and KNY (Fig. 6). Furthermore, the 253 

IGRF-DI correction consistently outperforms the conventional diurnal variation 254 

correction (CDV correction) for all four observatories. In contrast, the performance of 255 

the LS-DI correction varies substantially among observatories. For the distant MMB 256 

and KAK observatories, the LS-DI correction produced the lowest crossover RMS 257 

among the three methods (Figs. 5c,f and 6c,f). However, for the nearby KNY 258 

observatory, the LS-DI correction yielded the largest crossover RMS, corresponding to 259 

the poorest performance (Figs 5i and 6i). For the OKI observatory, the LS-DI and 260 

IGRF-DI corrections resulted in nearly identical crossover RMS values (Figs. 5i,m and 261 

6i,m). 262 

Comparison of the coefficients estimated by the least-squares DI correction, ۹, with the 263 

values predicted from the representative IGRF field direction of the survey 264 

area, ۹۷۵0ݐ)۴܀,  reveals substantial discrepancies. In all cases, ۹ are considerably 265 ,(0ܠ 

larger than ۹۷۵0ݐ)۴܀,  Moreover, the standard deviation of the residuals 266 .(Table 1) (0ܠ 

used in the estimation of ۹ is approximately 122 nT, indicating a large degree of 267 

unexplained variability (Table 1). 268 



 269 

4.2 GB25 Cruise 270 

The survey tracks and correction results for the GB25 cruise are shown in Figs. 7 and 8. 271 

During the GB25 cruise, magnetic observations were conducted primarily at night, 272 

resulting in a relatively small crossover RMS of 22.52 nT before diurnal variation 273 

correction (Figs. 8a and 9a). Nevertheless, the magnetic anomaly map contains 274 

numerous areas where the contours appear irregular and discontinuous (Fig. 8a). 275 

Among the corrected results shown in Fig. 8(b)–(m), the OKI IGRF-DI correction 276 

yielded the lowest crossover RMS of 4.81 nT (Figs. 8m and 9m) and the anomaly 277 

contours became noticeably smoother compared with the uncorrected data. 278 

For almost all correction methods, the correction performance generally improves as the 279 

reference observatory becomes closer to the survey area, following the order MMB, 280 

KAK, KNY, and OKI. The only exception is the LS-DI correction, for which the KNY 281 

result is slightly better than the OKI result (Figs. 8i,l and 9i,l). Comparisons between the 282 

CDV and IGRF-DI corrections, as well as between the LS-DI and IGRF-DI corrections, 283 

show that the IGRF-DI correction consistently yields lower crossover RMS values in all 284 



cases. In particular, for the nearby KNY and OKI observatories, the LS-DI correction 285 

produces the largest crossover RMS among the three methods, indicating the poorest 286 

correction performance. 287 

Comparison of the coefficients estimated by LS-DI correction, ۹, with the coefficients 288 

predicted from the representative IGRF field direction of the survey 289 

area, ۹۷۵0ݐ)۴܀,  reveals substantial discrepancies as well as GS24 cruise. The 290 ,(0ܠ 

estimated ۹ values are consistently much larger than the corresponding 291 

,0ݐ)۴܀۹۷۵  In particular, coefficients for the MMB observatory exceed the 292 .(0ܠ 

theoretical upper bound: 293 

‖۹‖ ≤ 2 294 

derived from Eq. (6), suggesting that the least-squares estimation is influenced by 295 

factors other than the DI effect. Furthermore, the MMB LS-DI result (Fig. 8d) contains 296 

a substantially larger positive anomaly region than the other corrected datasets, 297 

suggesting that the recovered anomaly amplitudes may not be physically and 298 

theoretically realistic despite the reduced crossover RMS. 299 



In addition, the standard deviation of the residuals used in the coefficient estimation is 300 

approximately 52 nT, indicating considerable unexplained variability in the least-301 

squares fitting process (Table 1). 302 

 303 

5 Discussion 304 

5.1 Limitations of LS-DI Correction in Regional Total-Field Magnetic Surveys 305 

In the LS-DI correction described in section 2.3, a single coefficient is estimated using 306 

all magnetic data acquired during a cruise. However, because crustal magnetic 307 

anomalies vary spatially, the coefficient ۹ should, in principle, be estimated for each 308 

location. To address this issue, we also investigated a moving-window approach in 309 

which ۹ is estimated independently within each window. Furthermore, to improve the 310 

stability and convergence of the estimation, a weighting constraint based on the 311 

coefficient predicted from the IGRF was introduced. The formulation is given below: 312 

,ݐ)۹ ,(௧ܠ ,ݐ)ܥ (௧ܠ = argmin۹, ஼ [ ∑ {𝑇௔௡௠(݅, (௜ܠ − 𝑇ௗ௩(݅) − ۹ ⋅ (݅)ܞ܌۰ − 2௧+௅{ܥ
௜=௧−௅ + ۹‖ߣ − ,ݐ)۴܀۹۷۵  ௧)‖2], 313ܠ

where ܮ is the half-window lengths, ߣ is the weighting parameter, and ܠ௜ and ܠ௧ are 314 

locations at time ݅ and ݐ, respectively. This formulation becomes equivalent to the 315 



original LS-DI correction when ߣ = 0 and the window length 2ܮ spans the entire 316 

observation period. The coefficient estimation was performed using this moving-317 

window approach in which the analysis window was shifted at 1-min intervals along the 318 

time series. 319 

Figure 10 shows an example of the moving-window LS-DI correction applied to the 320 

GS24 cruise using data from the MMB observatory, for which the original LS-DI 321 

correction substantially reduced the crossover RMS. In all three tested configurations, 322 

the estimated coefficient ۹ exhibits pronounced spatial variations that closely 323 

correspond to variations in the crustal magnetic field (Fig. 10b,c,d,g). This result 324 

suggests that the temporal variation associated with diurnal magnetic fields and the 325 

apparent temporal variation caused by spatial changes in crustal magnetic anomalies 326 

along the survey track are not sufficiently separated during the coefficient estimation 327 

process. Consequently, the estimated ۹ values are influenced by crustal magnetic 328 

anomalies as well as external-field variations. As a result, the residual standard 329 

deviation increases in regions where the crustal magnetic field exhibits large spatial 330 

variations (Fig. 10f). Although the moving-window approach and IGRF-based 331 



regularization improve the locality and stability of the estimation, they do not fully 332 

eliminate this ambiguity, indicating an inherent difficulty in obtaining physically 333 

meaningful coefficients solely through least-squares estimation in regional moving-334 

platform surveys. 335 

 336 

5.2 Which Method Is Most Appropriate for Diurnal Variation Correction? 337 

In this section, we discuss which diurnal variation correction method is most 338 

appropriate for regional total-field magnetic surveys. Section 5.1 demonstrated a 339 

fundamental limitation of applying LS-DI correction to regional surveys, namely that 340 

least-squares estimation cannot reliably separate external-field variations from spatial 341 

variations in crustal magnetic anomalies. Therefore, the following discussion focuses on 342 

a comparison between the CDV correction and the IGRF-DI correction. 343 

Figure 11 shows the relationship between the representative angular difference, 344 

Δ0ݐ)ߠ,  and the difference in crossover RMS between the CDV and IGRF-DI 345 ,(0ܠ 

corrections. In all cases examined in this study, the IGRF-DI correction yielded lower 346 

crossover RMS values than the conventional CDV correction. Furthermore, for both 347 



cruises, the difference in correction performance generally increased with increasing 348 

Δ0ݐ)ߠ,  These results indicate that correction of the DI effect is important not only 349 .(0ܠ 

for stationary magnetic observations but also for regional moving-platform magnetic 350 

surveys. 351 

In this study, we assume that the external-field variation vector, ۰(ݐ)ܞ܌, is identical at 352 

the reference observatory and the survey location. However, Fig. 3 shows that the 353 

amplitudes and timings of the component variations differ substantially among 354 

observatories. These spatial differences in ۰(ݐ)ܞ܌ are one of the factors responsible for 355 

the increase in crossover RMS when more distant observatories are used as reference 356 

stations in both cruises. Ideally, the reference observatory should be located at the 357 

survey area itself. In marine magnetic surveys, however, establishing a nearby reference 358 

station is usually impractical, and therefore data from land-based geomagnetic 359 

observatories are commonly used. Under such circumstances, the use of data from the 360 

nearest available geomagnetic observatory is expected to provide the most reliable 361 

correction as previous studies have suggested (e.g., Sergipe et al., 2021). 362 



Based on these results, we recommend that diurnal variation correction for regional 363 

total-field magnetic surveys should, in general, be performed using the IGRF-DI 364 

correction together with vector magnetic-field data from the nearest available 365 

geomagnetic observatory. Because the method requires no empirical coefficient 366 

estimation and can be implemented directly from observatory and IGRF data, it 367 

provides a practical and physically based approach to diurnal variation correction. This 368 

approach can therefore be regarded as the default strategy for regional magnetic 369 

surveys. 370 

 371 

5.3 Implications for General Regional Total-Field Magnetic Surveys 372 

In this study, we focused on DI correction for regional marine magnetic surveys. 373 

However, deep-sea total-field magnetic surveys conducted using manned submersibles 374 

and autonomous underwater vehicles (AUVs), as well as regional airborne magnetic 375 

surveys, employ fundamentally the same principles for diurnal variation correction as 376 

marine magnetic surveys. In these applications, corrections are also commonly based on 377 

total-field magnetic variations recorded at geomagnetic observatories. To our 378 



knowledge, DI correction methods have not previously been applied to these types of 379 

surveys. Although no case study is presented here, the IGRF-DI correction is expected 380 

to provide similar benefits when the reference observatory is located far from the 381 

observation area. The method proposed in this study therefore has the potential to 382 

improve the accuracy of diurnal variation correction for general regional total-field 383 

magnetic surveys. 384 

 385 

6 Conclusion 386 

We systematically compared three methods for correcting diurnal variations in regional 387 

moving-platform total-field magnetic surveys: conventional diurnal variation correction 388 

(CDV correction), least-squares DI correction (LS-DI correction), and IGRF-based DI 389 

correction (IGRF-DI correction). The three methods were applied to two marine 390 

magnetic surveys using vector magnetic-field data from four geomagnetic observatories 391 

distributed over a wide latitudinal range, and their performance was evaluated primarily 392 

on the basis of crossover RMS differences. 393 



The comparison showed that the IGRF-DI correction consistently produced lower 394 

crossover RMS values than the CDV correction for both surveys and all four reference 395 

observatories. The improvement generally increased with the angular difference in 396 

main-field direction between the survey area and reference observatory. These results 397 

demonstrate that differences in geomagnetic-field direction can leave appreciable 398 

residual external-field variations after conventional correction and that the DI effect 399 

should be considered in regional moving-platform total-field magnetic surveys. 400 

The performance of the LS-DI correction varied substantially among reference 401 

observatories. Although the method occasionally produced considerable reductions in 402 

crossover RMS, the estimated coefficients differed markedly from the corresponding 403 

values predicted from the IGRF. Moving-window analyses further showed that the 404 

least-squares coefficients were influenced by spatial variations in crustal magnetic 405 

anomalies. Therefore, a reduction in crossover RMS alone does not necessarily indicate 406 

a physically valid correction, because least-squares regression may remove part of the 407 

crustal magnetic signal together with the external-field variation. These findings 408 



indicate a fundamental limitation of empirically estimating DI correction coefficients 409 

from regional moving-platform survey data. 410 

Among the three methods examined, the IGRF-DI correction provides the most 411 

physically based and robust approach because it accounts for the local geomagnetic-412 

field direction at each survey location and observation time without estimating 413 

empirical coefficients from the survey data. Spatial differences in external-field 414 

variations between the reference observatory and survey area nevertheless remain a 415 

source of uncertainty that cannot be eliminated solely by correcting for differences in 416 

main-field direction. We therefore recommend applying the IGRF-DI correction using 417 

vector magnetic-field data from the nearest suitable geomagnetic observatory as a 418 

practical default strategy for regional total-field magnetic surveys. Although further 419 

validation is required for airborne and deep-sea applications, the formulation is 420 

transferable in principle to a broad range of moving-platform total-field magnetic 421 

surveys. 422 
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 488 

Fig. 1. Overview of workflow for diurnal variation correction. Abbreviations are 489 

explained in the Method and Data processing sections. 490 

 491 

Fig. 2. Location map of the survey areas and observatory stations. Blue rectangles show 492 

the survey area during the GS24 and GB25 cruise. Red stars indicate the reference 493 

observation stations: Okinawa (OKI), Kanoya (KNY), Kakioka (KAK), and 494 

Memambetsu (MMB). Red circles indicate the representative points of each cruise. 495 

Gray areas represent regions above sea level. 496 

 497 

Fig. 3. Diurnal variations during the GS24 (left) and GB25 (right) cruises at Okinawa 498 

(red lines), Kanoya (orange lines), Kakioka (green lines), and Memambetsu (blue lines) 499 



observatories. From top to bottom, the panels show the diurnal variations of the X 500 

(North), Y (East), Z (Down) components and the total magnetic intensity [(nT]). The 501 

constant values (𝑇௕௔௦௘ and ۰܍ܛ܉܊) were subtracted to derive the diurnal variations for 502 

each cruise and observatory; these values are listed in Table 1. 503 

 504 

Fig. 4. Comparison of magnetic anomaly data before and after diurnal variation and DI 505 

corrections during the GS24 cruise from 06:00 UTC on 10 October to 06:00 UTC on 11 506 

October 2024. From top to bottom, the panels show results obtained using data from the 507 

(a) Memambetsu (MMB), (b) Kakioka (KAK), (c) Kanoya (KNY), and (d) Okinawa 508 

(OKI) geomagnetic observatories, respectively. Black curves show the data before 509 

diurnal variation correction, green curves show the data after CDV-correction, red 510 

curves show the results after the LS-DI correction, and blue curves show the results 511 

after IGRF-DI correction. 512 

 513 

Fig. 5. Total magnetic anomaly maps and ship track lines during the GS24 cruise. Color 514 

palette for bathymetry is same to Fig.1. (a) Total magnetic anomaly before diurnal 515 



variation correction. Panels (b)–(d) show the total magnetic anomaly after (b) CDV, (c) 516 

LS-DI, and (d) IGRF-DI correction using Memambetsu (MMB) observatory data. 517 

Panels (e)–(g) show the total magnetic anomaly after (e) CDV, (f) LS-DI, and (g) 518 

IGRF-DI correction using Kakioka (KAK) observatory data. Panels (h)–(j) show the 519 

total magnetic anomaly after (h) CDV, (i) LS-DI, and (j) IGRF-DI correction using 520 

Kanoya (KNY) observatory data. Panels (k)–(m) show the total magnetic anomaly after 521 

(k) CDV, (l) LS-DI, and (m) IGRF-DI correction using Okinawa (OKI) observatory 522 

data. Panels (a’)–(m’) show the enlarged shaded map of panels (a)–(m), respectively. 523 

Enlarged area is shown as red rectangle in ship track map. Illumination is from the 524 

North-East. 525 

 526 

Fig. 6. Histograms of cross-over differences (CODs) during the GS24 cruise. (a) 527 

Histograms of CODs before correction. (b–d) Histograms of CODs after (b) CDV, (c) 528 

LS-DI, and (d) IGRF-DI correction using data of MMB stations, respectively. (e–g) 529 

Histograms of CODs after (e) CDV, (f) LS-DI, and (g) IGRF-DI correction using data 530 

of KAK stations, respectively. (h–j) Histograms of CODs after (h) CDV, (i) LS-DI, and 531 



(j) IGRF-DI correction using data of KNY stations, respectively. (k–m) Histograms of 532 

CODs after (k) CDV, (l) LS-DI, and (m) IGRF-DI correction using data of OKI 533 

stations, respectively. The RMS of CODs is indicated in each panel. 534 

 535 

Fig. 7. Comparison of magnetic anomaly data before and after CDV, LS-DI, and IGRF-536 

DI corrections during the GB25 cruise from 12:00 UTC on 4 November to 12:00 UTC 537 

on 5 November 2025. The other details are the same as in Fig. 4. 538 

 539 

Fig. 8. Total magnetic anomaly maps and ship track lines during the GB25 cruise. The 540 

other details are the same as in Fig. 5. 541 

 542 

Fig. 9. Histograms of cross-over differences (CODs) during the GB25 cruise. The other 543 

details are the same as in Fig. 6. 544 

 545 

Fig. 10. Example of moving-window LS-DI correction with different regularization 546 

parameters ߣ and half-window lengths ܮ [min]. For data sampled at 1-min intervals, a 547 



half-window length of ܮ corresponds to a maximum window size of 2ܮ + 1 data 548 

points. The results were obtained by applying the correction to data from the 549 

Memambetsu (MMB) observatory during the GS24 cruise. (a) Observed variations in 550 

the three magnetic-field components (ܺௗ௩, ௗܻ௩, ܼௗ௩) and total magnetic intensity (𝑇ௗ௩). 551 

(b–d) Estimated coefficients ܭ௫, ܭ௬, and ܭ௭, respectively. The black dashed lines 552 

indicate the corresponding reference values derived from the IGRF. Blue, red, and green 553 

curves in Fig (b-g) indicate (ߣ, (ܮ = (105, 10), (106, 30), and (106, 10), respectively. 554 

(e) Estimated intercept ܥ. (f) Standard deviation of the regression residuals within each 555 

sliding window. (g) Magnetic anomalies after CDV correction, after DI correction using 556 

only the IGRF-derived coefficients, and after DI correction using the locally estimated 557 

coefficients.  558 

 559 

Fig. 11. Relationship between angular difference and RMS difference between CDV 560 

correction and IGRF-DI correction. Orange and blue symbols represent the GS24 and 561 

GB25 cruises, respectively. Circles, squares, triangles, and diamonds represent data 562 



corrected using observatory data from Okinawa (OKI), Kanoya (KNY), Kakioka 563 

(KAK), and Memambetsu (MMB), respectively. 564 

 565 

Table 1. Summary of base magnetic field values and parameters for the GS24 and GB25 566 

cruises using reference data from the Okinawa (OKI), Kanoya (KNY), Kakioka (KAK), 567 

and Memambetsu (MMB) observatories. The definitions of each parameter are 568 

described in the Methods and Data Processing Sections. Vector components are listed in 569 

the order X (North), Y (East), and Z (Down) from top to bottom. 570 

 571 

 572 

 573 

 574 

 575 



 576 

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

and Data processing sections. 578 

 579 



 580 

Fig. 2. Location map of the survey areas and observatory stations. Blue rectangles show the survey area 581 

during the GS24 and GB25 cruise. Red stars indicate the reference observation stations: Okinawa (OKI), 582 



Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB). Red circles indicate the representative 583 

points of each cruise. Gray areas represent regions above sea level.  584 

 585 

 586 

Fig. 3. Diurnal variations during the GS24 (left) and GB25 (right) cruises at Okinawa (red lines), Kanoya 587 

(orange lines), Kakioka (green lines), and Memambetsu (blue lines) observatories. From top to bottom, 588 

the panels show the diurnal variations of the X (North), Y (East), Z (Down) components and the total 589 

magnetic intensity [nT]. The constant values (𝑇௕௔௦௘  and ࢋ࢙ࢇ࢈࡮) were subtracted to derive the diurnal 590 

variations for each cruise and observatory; these values are listed in Table 1. 591 

 592 



 593 

Fig. 4. Comparison of magnetic anomaly data before and after diurnal variation and DI corrections during 594 

the GS24 cruise from 06:00 UTC on 10 October to 06:00 UTC on 11 October 2024. From top to bottom, 595 

the panels show results obtained using data from the (a) Memambetsu (MMB), (b) Kakioka (KAK), (c) 596 

Kanoya (KNY), and (d) Okinawa (OKI) geomagnetic observatories, respectively. Black curves show the 597 

data before diurnal variation correction, green curves show the data after CDV-correction, red curves 598 

show the results after the LS-DI correction, and blue curves show the results after IGRF-DI correction. 599 



 600 

Fig. 5. Total magnetic anomaly maps and ship track lines during the GS24 cruise. Color palette for 601 

bathymetry is same to Fig.1. (a) Total magnetic anomaly before diurnal variation correction. Panels (b)–602 

(d) show the total magnetic anomaly after (b) CDV, (c) LS-DI, and (d) IGRF-DI correction using 603 

Memambetsu (MMB) observatory data. Panels (e)–(g) show the total magnetic anomaly after (e) CDV, 604 

(f) LS-DI, and (g) IGRF-DI correction using Kakioka (KAK) observatory data. Panels (h)–(j) show the 605 

total magnetic anomaly after (h) CDV, (i) LS-DI, and (j) IGRF-DI correction using Kanoya (KNY) 606 

observatory data. Panels (k)–(m) show the total magnetic anomaly after (k) CDV, (l) LS-DI, and (m) 607 



IGRF-DI correction using Okinawa (OKI) observatory data. Panels (a’)–(m’) show the enlarged shaded 608 

map of panels (a)–(m), respectively. Enlarged area is shown as red rectangle in ship track map. 609 

Illumination is from the North-East. 610 

 611 

 612 

Fig. 6. Histograms of cross-over differences (CODs) during the GS24 cruise. (a) Histograms of CODs 613 

before correction. (b–d) Histograms of CODs after (b) CDV, (c) LS-DI, and (d) IGRF-DI correction using 614 

data of MMB stations, respectively. (e–g) Histograms of CODs after (e) CDV, (f) LS-DI, and (g) IGRF-615 

DI correction using data of KAK stations, respectively. (h–j) Histograms of CODs after (h) CDV, (i) LS-616 

DI, and (j) IGRF-DI correction using data of KNY stations, respectively. (k–m) Histograms of CODs 617 



after (k) CDV, (l) LS-DI, and (m) IGRF-DI correction using data of OKI stations, respectively. The RMS 618 

of CODs is indicated in each panel. 619 

 620 

 621 

Fig. 7. Comparison of magnetic anomaly data before and after CDV, LS-DI, and IGRF-DI corrections 622 

during the GB25 cruise from 12:00 UTC on 4 November to 12:00 UTC on 5 November 2025. The other 623 

details are the same as in Fig. 4. 624 

 625 



 626 

Fig. 8. Total magnetic anomaly maps and ship track lines during the GB25 cruise. The other details are 627 

the same as in Fig. 5. 628 

 629 



 630 

Fig. 9. Histograms of cross-over differences (CODs) during the GB25 cruise. The other details are the 631 

same as in Fig. 6. 632 

 633 



 634 

Fig. 10. Example of moving-window LS-DI correction with different regularization parameters ߣ and 635 

half-window lengths ܮ [min]. For data sampled at 1-min intervals, a half-window length of 636 ܮ 

corresponds to a maximum window size of 2ܮ + 1 data points. The results were obtained by applying 637 

the correction to data from the Memambetsu (MMB) observatory during the GS24 cruise. (a) Observed 638 

variations in the three magnetic-field components (ܺௗ௩ , ௗܻ௩ , ܼௗ௩) and total magnetic intensity (𝑇ௗ௩). (b–d) 639 

Estimated coefficients ܭ௫, ܭ௬, and ܭ௭, respectively. The black dashed lines indicate the corresponding 640 



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

(105, 10), (106, 30), and (106, 10), respectively. (e) Estimated intercept ܥ. (f) Standard deviation of 642 

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

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

estimated coefficients.  645 

 646 

 647 

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

IGRF-DI correction. Orange and blue symbols represent the GS24 and GB25 cruises, respectively. 649 



Circles, squares, triangles, and diamonds represent data corrected using observatory data from Okinawa 650 

(OKI), Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB), respectively. 651 

 652 

Table 1. Summary of base magnetic field values and parameters for the GS24 and GB25 cruises using 653 

reference data from the Okinawa (OKI), Kanoya (KNY), Kakioka (KAK), and Memambetsu (MMB) 654 

observatories. The definitions of each parameter are described in the Methods and Data Processing 655 

Sections. Vector components are listed in the order X (North), Y (East), and Z (Down) from top to 656 

bottom. 657 

 GS24 cruise GB25 cruise 

Station OKI KNY KAK MMB OKI KNY KAK MMB 𝑇௕௔௦௘  [nT] 45028.0 46848.0 46903.0 50137.0 45059.0 46878.7 46933.8 50174.5 
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    T  a n m ( t ,   𝐱 ) −   T  d v ( t ) ≈     𝐁 ^  𝐦 ( t ,   𝐱 ) ∙   𝐁  𝐜  ( 𝐱 ) +  (     𝐁 ^  𝐦 ( t ,   𝐱 ) −     𝐁 ^  𝐛 𝐚 𝐬 𝐞 ) ∙   𝐁  𝐝 𝐯 ( t )


  ( 3 )


      𝐁 ^  𝐦  (  t ,  𝐱 ) ⋅   𝐁  𝐝 𝐯  ( t )


    T  d v ( t )


   (     𝐁 ^  𝐦 ( t ,   𝐱 ) −     𝐁 ^  𝐛 𝐚 𝐬 𝐞 ) ∙   𝐁  𝐝 𝐯 ( t )


    T  a n m ( t ,   𝐱 ) −   T  d v ( t ) = 𝐊 ∙   𝐁  𝐝 𝐯 ( t ) + C


  ( 4 )


    T  o b s ( t ,   𝐱 ) =  ‖   𝐁  𝐦 ( t ,   𝐱 ) +   𝐁  𝐜 ( 𝐱 ) +   𝐁  𝐝 𝐯 ( t ) ‖


  𝐊


  C


  𝐊 , C =  argmin  𝐊 ,   C  [   ∑  t     {   T  a n m ( t ,   𝐱 ) −   T  d v ( t ) − 𝐊 ⋅   𝐁  𝐝 𝐯 ( t ) − C } 2 ] .


    T  a n m ( t ,   𝐱 ) −   T  d v ( t ) − 𝐊 ∙   𝐁  𝐝 𝐯 ( t ) .


  𝐊


  C


    𝐁  𝐜 ( 𝐱 )


    𝐁  𝐦 ( t , 𝐱 )


      𝐁 ^  𝐈 𝐆 𝐑 𝐅  (  t ,  𝐱 )


      𝐁 ^  𝐦 ( t ,   𝐱 ) ≈     𝐁 ^  𝐈 𝐆 𝐑 𝐅 ( t ,   𝐱 ) ,


    𝐁  𝐦 ( t ,   𝐱 )


      𝐁 ^  𝐈 𝐆 𝐑 𝐅 ( t ,   𝐱 ) ∙   𝐁  𝐝 𝐯 ( t )


    T  a n m ( t ,   𝐱 ) −     𝐁 ^  𝐈 𝐆 𝐑 𝐅 ( t ,   𝐱 ) ∙   𝐁  𝐝 𝐯 ( t ) .


   ‖   𝐁  𝐦 ( t ,   𝐱 ) ‖ =   T  I G R F ( t , 𝐱 )


    T  b a s e


    𝐁  𝐛 𝐚 𝐬 𝐞


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 ) =     𝐁 ^  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 ) −     𝐁 ^  𝐛 𝐚 𝐬 𝐞


  ( 5 )


      𝐁 ^  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


    t 0


    𝐱 0


    𝐁  𝐜  ( 𝐱 )


    𝐱 0


    t 0


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


  𝐊


  Δ 𝜃


      𝐁 ^  𝐈 𝐆 𝐑 𝐅  (    t 0 ,    𝐱 0 )


      𝐁 ^  𝐛 𝐚 𝐬 𝐞


  Δ 𝜃 (   t 0 ,     𝐱 0 ) =  cos  − 1  (     𝐁 ^  𝐈 𝐆 𝐑 𝐅  (    t 0 ,    𝐱 0 ) ⋅     𝐁 ^  𝐛 𝐚 𝐬 𝐞 ) .


  Δ 𝜃 (   t 0 ,     𝐱 0 ) = 2  sin  − 1  (    ∥   𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 ) ∥ 2 ) .


  ( 6 )


    𝐁  𝐝 𝐯  ( t )


  Δ 𝜃 (   t 0 ,     𝐱 0 )


  𝐊


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


  𝐊


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


  𝐊


  𝐊


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


  𝐊


    𝐊  𝐈 𝐆 𝐑 𝐅 (   t 0 ,     𝐱 0 )


    𝐁  𝐜  ( 𝐱 )


   ‖ 𝐊 ‖ ≤ 2


  𝐊


  𝐊


     𝐊  ( t ,   𝐱  t ) , C  ( t ,   𝐱  t ) =  argmin  𝐊 ,   C  [   ∑  i = t − L  t + L     {   T  a n m  ( i ,   𝐱  i ) −   T  d v  ( i ) − 𝐊 ⋅   𝐁  𝐝 𝐯  ( i ) − C } 2 + 𝜆    ‖ 𝐊 −   𝐊  𝐈 𝐆 𝐑 𝐅  ( t ,   𝐱  t ) ‖ 2 ] ,


  L


  𝜆


    𝐱  i


    𝐱  t


  i


  t


    𝐁  𝐝 𝐯  ( t )


  𝜆 = 0


  2 L


  𝐊


  𝐊


  Δ 𝜃 (   t 0 ,     𝐱 0 )


  Δ 𝜃 (   t 0 ,     𝐱 0 )


    𝐁  𝐝 𝐯 ( t )


    𝐁  𝐝 𝐯 ( t )


    T  b a s e   and     𝐁  𝐛 𝐚 𝐬 𝐞


  𝜆

