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Appendix A – DIF observations 

Most observatories use three-component fluxgate magnetometers as the main observatory variometer. 

Therefore, in this appendix, the absolute measurement protocol (the null method) and derivation of 

base values will be demonstrated through data processing template for the LON supplement 

variometer LEMI-035. 

Every DI-flux measurement begins with levelling of the theodolite. At the start and end of each set, 

the circle readings of the azimuth mark when the fluxgate sensor is above or under the telescope are 

taken (Fig. A1, table “Myra readings”). In LON, the azimuth mark is located north-east from the 

reference pillar at the distance of 512 m. True bearing of the azimuth mark with respect to the 

reference pillar is AZ = 64°58’08’’.   

Measurement of declination: Before each reading we need to set the telescope exactly horizontal (the 

vertical scale reads exactly 90° or 270°). By turning the theodolite until the sensor measures almost no 

magnetic field, the sensor is then brought almost perpendicular to the horizontal component of the 

field. At this moment, we need to check if the sensor is exactly horizontal. A small deviation from 

horizontal can occur due to imperfect levelling of the theodolite. If this is the case, the telescope must 

be adjusted so that vertical scale shows exactly 90° or 270°. Next, the theodolite is finely adjusted 

until the sensor measures no magnetic field, i.e. the electronic unit displays 0 nT. The exact time and 

angle at which this occurred are noted. In LON, we initiate the sequence of measurement with position 

EUP, indicating that the theodolite telescope has been turned toward the east with the fluxgate sensor 

on the upper side of the telescope.  In the given example (Fig. A1), zero-field reading was taken at 09 

hours, 13 minutes and 20 seconds according to UTC time and associated angle is 311°30’50’’. The 

next position WUP (telescope toward the west and the sensor is on the top) is obtained after turning the 

theodolite by approximately 180° around its vertical axis. Again, we need to check and adjust the 

telescope if necessary so that vertical scale shows 90° or 270°. After fine tuning, we read the exact 

time and angle of zero-field position. The third horizontal reading EDN is taken after turning the 

telescope around its horizontal axis by 180° and finding (after fine tuning) the position giving a zero 

reading on the magnetometer. The last declination reading, WDN, is found by turning the theodolite 

approximately 180° around its vertical axis to the opposite null position. This way, we obtain four 
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observations (Fig. A1, green cells in table “D”) that compensate misalignment between the magnetic 

axis of the sensor and the optical axis of the telescope, and for zero-field offset of the fluxgate 

magnetometer. The observations can be taken in any order, but it is advisable to always use the same 

order.  

Measurement of inclination: Immediately after the measurement of declination four circle readings 

(Fig. A1, green cells in table “D”) are used to calculate the position of magnetic meridian. The 

magnetic meridian is the mean of the four declination readings and is used to orientate the theodolite 

telescope in the vertical plane of the magnetic meridian. In our example, this means that the sensor and 

telescope lie in the vertical plane that corresponds to the horizontal circle reading of 221°32’11’’. The 

null readings in in the inclination observation are found by rotating the telescope around its horizontal 

axis and vertical circle readings are noted. The first reading, NDN, indicates that the theodolite 

telescope has been turned toward the north with the fluxgate sensor under the telescope. In this and all 

other positions in the inclination observation, the null reading is achieved when the sensor axis is 

perpendicular to the total field vector. The second position, SUP, is obtained by turning the telescope 

around the horizontal axis by approximately 180°. This brings the telescope toward the south with the 

fluxgate sensor on the upper side of the telescope. After this reading, we need to rotate the theodolite 

around its vertical axis by exactly 180°. In this position, the sensor and telescope lie in the same plane 

of the magnetic meridian, but now the horizontal circle reading corresponds to 41°32’11’’. The 

remaining two readings NUP and SDN are done in analogue way as NUP and SDN.  

Measurement of the total field: Ideally, we would like to measure F simultaneously at the same place 

as D and I measurements. This is not possible because F is measured with a different instrument, 

which is far enough from the absolute pillar so it does not disturb the DI-flux measurements. The F 

difference between the absolute pillar and the remote site of the scalar sensor is easy to determine by 

measuring F at both places many times so the difference is known to 0.1 nT. This difference has to be 

checked at least once a year, but more frequently is recommended. This, of course, depends on the 

magnetic homogeneity of the observatory location. In general, this difference changes very slowly or 

can be considered as constant for a long time (except during intensive magnetic storms). In the ideal 

case, simultaneous measurements of F should be done after each DI-flux measurement. At LON, this 

difference in 2016 was -3.4 ± 0.1 nT, which means that the difference is practically constant, and F at 

the main pillar was 3.4 nT lower than at the scalar magnetometer site. Complementary F for LEMI 

magnetometer is provided by dIdD magnetometer. The dIdD F recording is most complete, with the 

smallest number of data gaps and is closest to the LEMI sensor. The table on Fig. A4 contains the 

variation and F recordings during the observational times.  

Processing of the D absolute measurements: Since the theodolite circle has a scale from 0° to 360° (or 

0-400 in grad-scale), two D readings are rewritten as follows: 
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EUP → EUP – 180° 

WDN → WDN – 180° 

To obtain correct absolute and base values, the next step is to reduce every reading to the reference 

time, i.e. reading. The reference time can be arbitrary, and in the LON case, this is the time of the first 

D reading. Because geomagnetic field is continuously changing between individual readings, the 

purpose of temporal reduction is to obtain readings as if they are all taken at the same moment. For 

this, we also need simultaneous vector and scalar recordings. To explain this let us look at “D” table 

(Fig. A1). The column denoted with (2) presents the previous column in decimal degrees. Raw 

variation values of D (VarD) in nT are in column (3). Conversion of VarD in nT to VarD in decimal 

degrees (colum (4)) is done according to formula  

VarD° = VarD
nT/( HnT sin(1°)) = VarD

nT/( FnT cos(I°)0.0175).                      (1.A) 

Relative variations, i.e. variations with the respect to the first variation value are given in column (5). 

By subtracting the values in column (2) with corresponding values in column (5), we obtain readings 

reduced to the reference time (denoted with [1] in some tables) in column (6). The average D reading 

reduced to the reference time is AD and the magnetic declination is 

MZD AAAD  90 .                                                       (2.A) 

In the formula above the subtraction by 90° comes because, in fact, we measure the position 

perpendicular to D. To convert (AD – 90°), i.e. the D value in the theodolite system into D in the 

geographical system, we need to know the average direction of azimuth mark reading (AM) and true 

bearing of the mark (AZ). 

Processing of the I absolute measurements: Again, since the theodolite circle has scale from 0° to 

360°, some of I readings are rewritten as follows: 

NDN → 360° – NDN 

SUP → 180° – SUP 

SDN → SDN – 180° 

Temporal reduction of I readings is performed using VarH
nT and VarZ

nT variometer outputs. Firstly, we 

compute I variations in nT according to formula 

VarI
nT = cos(Ip

°) VarZ
nT – sin(Ip

°) VarH
nT,                                        (3.A) 
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where Ip stands for preliminary uncorrected inclination, the average of column (8) (Fig. A2, table “I”). 

To convert VarI to degrees using expression  

VarI° = VarI
nT/( FnT sin(1°)),     (4.A) 

the raw dIdD F recordings during the I observations are used (Fig. A3, table “F”, column (15)). VarI° 

obtained in this manner is presented in column (11) (Fig. A3). Relative variations with respect to the 

reference time (the first D reading) are in column (12), while in column (13), we have reduced 

inclination readings. The magnetic inclination is the average of column (13).  

Processing of the F measurements: In Fig. A3, table “F”, column (15), contain the raw dIdD F 

recordings at the time of the first D reading and during the I readings. Firstly, we reduce F to the main 

pillar by -3.4 nT. Using VarH
nT and VarZ

nT variometer outputs and Ip, we can calculate VarF
nT, i.e. the 

variometer F output using formula 

VarF
nT = cos(Ip

°) VarH
nT + sin(Ip

°) VarZ
nT.    (5.A) 

Values obtained according to the above expression are presented in column (18), Fig A3. These values 

are equivalent to the F variometer output if the sensor orientation was in the spherical DIF frame. 

Relative variations with respect to the reference time are in column (19), and column (20) is obtained 

by subtracting column (15) and (19). This means we have used F variations at the variometer site to 

reduce F measurements at the main pillar. Finally, the total field at the main pillar is the average of 

column (20). 

Base values: When we know the direction (D, I) and intensity of the field (F), it is trivial to find other 

intensive elements. Observed geomagnetic elements referred to the main pillar at the reference time 

09:34:30 UTC [1] are shown in Fig. A3, table “Absolute values”. D and I are expressed in degrees and 

decimal minutes, while intensive elements are in nT. Now, variometer base values are simply 
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Recordings of F from an independent scalar magnetometer should also be reduced to the main pillar 

for the absolute verification of the final vector data. Scalar base values (S) are defined as a difference 

between F at the main pillar minus raw scalar FGSM at the reference time. Variometer and scalar 

baselines are shown in Fig. A3, table “Base values”. Later, during the preparation of the definitive 

data, a full year of the observed base values is used to calculate continuous baselines and calibrate 

scalar and vector data. 
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Calculation of the offset of the fluxgate electronics and misalignment of the fluxgate sensor 

Parallel with computing the absolute D and I values from the observations described above it is 

recommended that one should also calculate two angles (δ, ε) between the direction of the fluxgate 

sensor and the optical axis of the theodolite, and the offset of the fluxgate electronics (S0). δ is the 

angle between the direction of the fluxgate sensor and optical axis of the theodolite in the horizontal 

plane when the telescope is horizontal and ε is the corresponding vertical angle. Both ε and S0 can be 

found from the D and I observations according to formulas:  
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where εD and S0D correspond to the D observations while εI and S0I correspond to the I observations. Ai 

(i = 1,…4) are values in column (6) in table “D” (Fig. A1). Similarly, Vi are values in column (13) in 

table “I” (Fig. A2). As demonstrated in Fig. 3A, quantities δ, ε and S0 should be calculated in 

connection with every absolute measurement, because they provide a good check of the fluxgate 

theodolite and are good indicators of the observation quality.                                    
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Figure A1. Template for processing the D measurements. 
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Figure A1. Template for processing the I measurements. 
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Figure A3. Final absolute and base values obtained from absolute observations in conjunction with 

scalar and variometer recordings (Fig A4). 
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Figure A4. Variometer and scalar recordings during the DI-flux zero-field positions. The first reading 

presents the reference time. 
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