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Abstract 

Hourly mean values obtained from analog magnetometers in what can be considered the “classical” period constitute 
the largest quantity of data we have on the evolution of the Earth’s magnetic field. They are used for a wide variety 
of applications such as estimating long-term solar–terrestrial interactions, the production of magnetic indices, or 
studying geomagnetic secular variation originated in the Earth’s core. However, these data do not have an associated 
uncertainty that would allow us to quantify the final uncertainty of the results of these models. Hence, our study tries 
to assess the degree of uncertainty that these data actually have. In this paper, using Ebro Observatory classical instru-
mentation, we work out these uncertainties by estimating the particular uncertainties of each significant variable 
involved in the measuring procedure. Although the study is implemented for Ebro, the method can be applied to any 
other observatory. We found that, in general, uncertainties vary from one magnetic component to another, depend-
ing on the nature of the instruments that were used. In each component, we identified the weakest points where the 
biggest part of the error resides. With our results we can state that total uncertainties ranged from 1 to 4 nT.
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Introduction
The advent of magnetic observatories during the nine-
tieth century as a way to observe the geomagnetic field 
daily led to the creation of a database of terrestrial mag-
netism which is stored in the World Data Centers. What 
this database has given us are the hourly mean values of 
the three main magnetic components (D, H, Z). These 
historical data, collected using magnets and photographic 
paper records during decades, make up the largest body of 
data on the evolution of the geomagnetic field, with more 
data and information than the set of digital data collected 
from the 1980s onward. These historical data are of great 
value for modelers due to this uniqueness. They are used 
for a wide variety of applications, including estimating 
long-term solar–terrestrial interactions, the production 
of magnetic indices for monitoring the Earth’s magneto-
sphere and ionosphere, mapping electric currents in the 

Earth’s ionosphere, exploring the electrical conductivity 
of the Earth’s mantle, or for studying geomagnetic secu-
lar variation originating in the Earth’s core (Hrvoic and 
Newitt 2011). However, we do not have an associated 
uncertainty for these data that would allow us to quantify 
the final uncertainty of the results of the models. For this 
reason, our study tries to assess the degree of uncertainty 
that these data have. Having said that, uncertainties in 
hourly means due to the lack of some minute data because 
of instrument failure, calibrations, or manmade magnetic 
noise (spikes, the occasional presence of iron in the neigh-
borhood, etc.) have already been dealt with by Marsal and 
Curto (2009) and will not be considered in this paper.

Instruments to measure the Earth’s magnetic field at 
magnetic observatories have been placed into two cat-
egories over the years: those that measured the temporal 
changes in the field on a continual basis without taking 
into account the absolute accuracy of the observation 
(variometers), and those instruments that measured the 
absolute value of the magnetic field at a specific instant 
in time (absolute magnetometers). For almost a century, 
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photographic variometers were the primary instruments 
for recording temporal fluctuations in the magnetic field 
and a wide variety of instruments have been used to 
measure the absolute value of the magnetic field like for 
example induction magnetometers, QHM (Quartz hori-
zontal magnetometer), BMZ (Balance magnétométrique 
zéro) and declinometers. Towards the end of the twen-
tieth century, a plethora of new magnetometers incor-
porating electronic technology with greater thermal and 
mechanical stability gradually replaced the classical ones. 
Thus, nowadays, in modern magnetic observatories, the 
most widely used instruments for recording magnetic 
field variations include the tri-axial fluxgate magnetom-
eter, while for absolute observations, the declination–
inclination magnetometer, in conjunction with a proton 
precession or an Overhauser magnetometer, are the most 
common instruments (Matzka et al. 2010).

The Observatori de l’Ebre (Ebro Observatory, OE) is 
a research institute with over a 100  years of history. It 
was founded by the religious order, the Society of Jesus, 
in 1904 to study Sun–Earth relationships. The Observa-
tory has collected geomagnetic records for more than 
100 years (Merveille 1908). Gathering these data began in 
1910, and has continued ever since except for the period 
from April 1938 to December 1941. The data were col-
lected in an analog format until 2000 and have been gath-
ered digitally since then. However, many of the twentieth 
century records of the three magnetic field elements have 
now also been digitized using a system developed at the 
Ebro Observatory itself (Curto et al. 1996).

In the following sections we will give a brief description 
of the basic functioning of the classical magnetometers 
(absolute and variometers) used at the Ebro Observa-
tory as an example of what the majority of the magnetic 
observatories had available in the twentieth century to 
measure the Earth’s magnetic field. Afterwards, we will 
explain the processes used to calculate the hourly means 
with each instrument and finally we will carry out the 
aforementioned uncertainty computations.

Absolute measurements
Absolute measurements are made using absolute or 
semi-absolute instruments to achieve the required abso-
lute accuracy. In the “classical” era (until the end of the 
twentieth century), several instruments were used to 
measure the absolute value of the magnetic field. Fig-
ure 1 presents those used at the Ebro Observatory. In the 
middle of the twentieth century, La Cour designed mag-
netometers came into being and rapidly became the most 
commonly used ones because of their reliability and easy 
handling. Most of the magnetic observatories, includ-
ing Ebro, opted for them. They became the standard 

instruments for the second half of the century, a period 
that can be considered as the “golden age” of classical 
magnetometers.

First of all, we will describe the bases and the opera-
tional procedures of the main instruments used at Ebro.

Declinometer
A classical declinometer was used to measure declina-
tion, D (Lauridsen 1981) (Fig. 2).

A magnet was hung from a very thin and long fiber for 
a low torque and a mirror was stuck parallel to the mag-
net axis. A torque, τ, in the static case when the magnetic 
field was unchanging, aligned the magnet (with magnetic 
moment M) with the Earth’s magnetic field, B, and so

The suspended magnet was placed on top of a non-
magnetic theodolite making it possible to observe the 
magnet’s mirror through a telescope joined to the theod-
olite. The theodolite was then turned until the telescope 
was aligned perpendicular to the mirror. The direction of 

(1)τ = M × B.

Fig. 1 Chronogram of the absolute instruments used at Ebro 
Observatory during the twentieth century
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the magnetic meridian, A, was then read from the theod-
olite’s base (Fig. 3). Next, the reference mark was sighted 
and the angle, B, was read from the theodolite’s base. 
Knowing the true bearing of the reference mark (Az), the 
magnetic declination could be calculated:

In fact, the A and B angles were measured several times 
and a mean was taken (Fig. 4).

Declinometers were also used to measure horizontal 
intensity using the classical method of oscillations and 
deflections developed by Gauss (Wienert 1970). How-
ever, this method was long and tedious and was soon 
replaced by more direct measurements using a QHM.

Quartz horizontal magnetometer QHM
Soon after its appearance, the Quartz horizontal mag-
netometer (QHM) became the most commonly used 
instrument for measuring the horizontal intensity of the 
magnetic field. The QHM was a compact tube-like instru-
ment consisting of a small magnet with a mirror, sus-
pended on a quartz fiber, and mounted on a non-magnetic 

(2)Dabs = A−(B− Az).

theodolite (La Cour 1936). Unlike the declinometers, this 
quartz fiber had to have an appreciable torque. A tele-
scope was fitted onto an opening in the tube (Fig. 5).

To take a measurement, the theodolite was turned a 
complete number of half-turns, such that the magnet was 
moved away from the magnetic meridian position, Ao, by 
an angle of at least 45°, A+. The angle was recorded and 
then the theodolite was rotated in the opposite direction, 
A− (Fig. 6). Habs was then calculated from the following 
formula (Jankowski and Sucksdorff 1996):

where ϕ = (A+ − A−)/2 and C = 2πτ/M . τ is the tor-
sion constant of the quartz fiber and M is the magnetic 
moment of the magnet. C was determined experimentally 
by comparison observations. The temperature depend-
ence of C was given by the first term in the denominator; 
k1 is the temperature coefficient and tabs is the tempera-
ture when making the absolute measurement. The other 
term gives the effect of induction on the magnet. Here H 
refers to an approximate value of the horizontal magnetic 
field component, so the annual mean was used. This was 
a recommended practice because units (and tens) of nT 

(3)Habs =
C

(1− k1tabs)
∗ (1+ k2H cosϕ) ∗ sin ϕ,

Fig. 2 Declinometer RUSKA at Ebro Observatory

Fig. 3 A presentation of the principle of the measurement of 
magnetic declination Dabs with a declinometer. A is the circle read in 
the direction of the magnet; N is the direction to geographic north; 
and B is the circle reading to the azimuth mark, whose azimuth Az is 
known
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in this variable did not affect the value of the term due to 
the small value of k2. This is because a high level of accu-
racy was not necessary since k2 was very small. Both k1 
and k2 were determined experimentally. The influence of 
α angles is waived by taking the two measurements  A+ 
and  A− (they cancel each other out). In addition, the α 
angle is made small by the manufacturer of the instru-
ment so the simplified formula 3 can be used.

The three constants (C, k1, and k2) changed slowly with 
time, so the QHM could not be considered per se a true 
absolute instrument. However, in fact, k1 and k2 could be 
considered as constants for about 10  years; and C had 
to be re-determined only after about 2 or 3 years (Wie-
nert 1970). A set of calibrated QHM were air freighted 
in order to obtain comparisons between observatories. 
Effects from aging of the fibers could be approximated 
by linear inter- and extrapolation of the calibration con-
stants (Lauridsen 1977). Figure 7 shows the evolution of 
the differences between the H values computed with the 
original constants and those after the respective inter-
national comparisons. The best fit indicates a variation 
greater than 1 nT per year.

The arrival of the DIflux magnetometer in the 1990s 
allowed us to check the performance of classical 

magnetometers against this new absolute standard. In 
particular, the QHM corrected with international com-
parisons matched very well with the values produced by 
DIflux.

Measurement of Z with the field balance
The measurement of the Z component was usually car-
ried out with a field balance, BMZ (Fig.  8).This instru-
ment was designed by La Cour (1942) and used as a 
relative instrument for the measurement of the vertical 
component. It consisted of a horizontal magnet rest-
ing on knife edges, k (Fig. 9). This magnet (B) moved in 
the magnetic prime vertical (in the magnetic meridional 
plane). Therefore, the horizontal intensity had no influ-
ence on the scale values. It had a zero indicator (freely 
moving horizontal magnet), and three magnets which 
compensated the vertical component of the field (Fig. 8). 
Two of these magnets (C and S) were vertical and fixed 
while the other one (T), called the turn magnet, could be 
rotated and was mounted on a graduated disc. The BMZ 
is a null instrument. The measurement is achieved when 
magnet B is completely horizontal so the sum of the mag-
netic field produced by magnets C, T and S compensates 
the vertical component of the natural field. The moment 

Fig. 4 Copy of a fragment of a notebook with annotated measures from the declinometer at Ebro Observatory
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Fig. 5 QHM at Ebro Observatory

Fig. 6 Representation of the principle of measurement of horizontal 
intensity H with QHM. The thick red arrows show the positions of the 
magnet. The angles β between the directions of the magnet and the 
theodolite directions, A readings, were caused by collimation. The 
small angle, , was caused by the torsion of the suspending fiber

Fig. 7 Temporal evolution of the differences between H values at 
Ebro computed with the original coefficients and those corrected 
after the international comparisons. Black dots point out the 
moments when the calibrated QHM visited Ebro. The blue line is the 
best fit

Fig. 8 BMZ at Ebro Observatory
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of magnet B is not relevant. Magnets C and S are fixed 
while the fine adjustment is performed by rotating mag-
net T. Maximum intensity is achieved when the longi-
tudinal axis of T is vertical and the minimum intensity 
occurs when it is horizontal.

The vertical magnetic component could be estimated as:

where Zabs is the vertical intensity of the Earth’s magnetic 
field at the moment of the measurement; Zc is the field of 
the compensating magnet, C, at the center of the balance 
magnet, B, at 0  °C; Zs is the field of the supplementary 
magnet, S, at the center of the balance magnet at 0 °C; ZT 
is the field of the turn magnet, T, at the center of the bal-
ance magnet at 0 °C

The magnetic moment of the magnets counteracting 
the natural field vary this temperature and therefore their 
contribution to the additional magnetic field. The manu-
facturer assessed this variation and gave the value of this 
temperature coefficient (α) proposing to compute the 
variation in two specific terms related to temperature tabs 
(in degrees centigrade) and the change of temperature 
during the whole process of measurement, Δtabs. This last 
term was of second order and was usually disregarded. 
The manufacturer also gave the value of ZC + ZS and the 
ZT for disc readings.

Unlike the QHM, the BMZ required careful leveling. 
The field balance had a poor long-term stability.

Variometers
Variometers are magnetometers which are used to record 
continuously the time variations of the magnetic field. 
For more than 10  years, torsional magnetometers with 
suspended or balanced magnets were used at nearly all 

(4)Zabs = Zc + Zs + ZT−atabs−2a�t,

the magnetic observatories in the world for continuous 
recordings of the field variations. Figure  10 presents a 
representation of those used at the Ebro Observatory.

The variations were recorded on photographic paper 
(Wienert 1970; Laursen and Olsen 1971). In a classi-
cal variometer system, like the one designed by La Cour 
(1930) (Fig. 11), a light beam went from a lamp through 
a diaphragm to the variometer mirror, and reflected 
back from there focusing on the rotating drum where it 
formed a clear spot.

Photographic paper was wrapped around the drum. 
The spot of light drew the magnetogram on the moving 
photographic paper. Another light beam reflected from 
a fixed mirror drew a straight line on the photographic 
paper, and produced the base-line of the magnetogram 
(Fig. 12). All three components were usually recorded on 
the same magnetogram. The drum was driven uniformly 
by a clockwork mechanism, doing one revolution per day. 
So, each day the band containing the daily record of the 
magnetic field of the preceding day was removed from 
the drum (and replaced by a new one), developed and 
measured. The time stamp was produced by a relay sys-
tem that turned off the beam light producing the traces 
for a while. The main clock driving this signal was cor-
rected daily by radio signals from an atomic clock. We 

Fig. 9 Diagram of the principle of measurement of vertical intensity 
Z with BMZ. Three magnets (S, C, and T) compensate the natural 
magnetic field at the position of the horizontal magnet B 

Fig. 10 Chronogram of the main variometers used at Ebro 
Observatory during the twentieth century
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estimate the delay in the commutation to be tenths of 
seconds, so we consider there is no incidence in the min-
ute values.

The initial position of each trace of the components on 
the paper was rather arbitrary and operators attempted 
to keep them closer to their fixed base-line and to leave 
them far enough apart to prevent them crossing each 
other. Figure 13 shows a copy of a real analog recording. 
There were some problems in the measurement due to 
the partial loss of traces or the different thickness of them 
as can be appreciated (Curto et al. 1996).

The traces of the three components were spaced to 
leave room for the diurnal variation (Sq) as well as for 
disturbed times (SD). In Table 1, we provide the annual 

mean values of these variations for the Ebro Observa-
tory. These data are relevant because they condition the 
position of the traces on the magnetogram and, at the 
same time, condition the desirable scale values of the 
observatory.

In some observatories, the temperature trace was also 
included in the magnetogram as another component.

Routine observations: base‑line values and scale value 
determinations
Base‑line values
The base-line value is the value which has to be added to 
the data produced by the variometer to obtain the final 
absolute values of the magnetic field component. They 
were obtained by smoothing the results of the absolute 
measurements over a period of several weeks. Spikes and 
other artificial effects had to be removed. And special 
care was taken in detecting jumps from the normal trend 
which were tested to see if they were real changes in the 
base-line. The desired situation was for magnetometers 
to be stable enough so the base-line values would change 
slowly.

Absolute observations for the determination of the 
base line values (Do, Ho, and Zo) were usually made once 
every 1 or 2  weeks. Normally these observations were 
made on the same day of each week, unless a magnetic 
storm was in progress. In this case, the observations 
were postponed until the disturbance had abated. At 
the same time as each absolute measurement was being 
taken, tabs, the ordinates on the magnetogram were deter-
mined (nDabs, nHabs, nZabs) . The ordinates were the result 
of the measurement of the distance between the position 
of the fixed light spot (base-line) and the variable light 
spot (magnetic component) on the magnetogram at that 
moment.

The sensitivity of the variometers to the magnetic field 
was measured by the scale values. They were essential to 
compute the base lines, and represented the amount of 
displacement in the magnetograms when a unitary vari-
ation of the magnetic field was applied. They depended 
on the angular movement of the mirrors stuck on the 
magnets and also on the distance between the sensors 
and the recording case. They were adjusted in such a way 
that even big excursions of the light spot still fitted on the 
magnetogram during episodes of agitation in the course 
of magnetic storms.

Scale-value determinations (SD, SH, and SZ) were carried 
out at the same rate as the absolute measurements. To do 
this, an additional magnetic field was created using Helm-
holtz–Gaugin coils while a precision milli-ammeter con-
nected in series with the coils controlled the current of the 
coils. By measuring the deflection on the traces as a conse-
quence of the applied field, scale values were calculated.

Fig. 11 LaCour magnetograph: in the background, the Z (left), 
D (center) and H (right) sensors, and in the foreground, the case 
with the photographic drum for making the recording. Notice the 
clockwork motor on the left-hand side

Fig. 12 Diagram of the principle setup of a classical variometer 
system



Page 8 of 14Curto  Earth, Planets and Space          (2019) 71:139 

Data processing: base lines and hourly means
Preparation of the base‑line values graph
The amount of labor involved in data processing was 
lower when the temperature of the variometer room was 
constant, with little or no daily variation or only slow day-
by-day changes (as at the Ebro Observatory where variom-
eters were confined in a cave). Base-line values could be 
obtained as:

where 0, sub-index stands for base-line values and abs, 
for absolute measurements. S are the scale values and, n, 

(5)D0 = Dabs − SDnDabs,

(6)H0 = Habs − SHnHabs,

(7)Z0 = Zabs − SZnZabs,

the ordinates. In this case, the base line values showed 
only a small variation over the course of the year. If the 
intensity variometers had small temperature coefficients, 
the temperature correction could be done by drawing 
them on a single sheet of graph paper together with the 
scale values. The base-line values were usually scattered 
because of errors in absolute observations and instability 
in the variometers. It was common to draw a smooth line 
through the cloud of points representing the base-line 
values, which was then approximated by a step function 
using small steps (Fig.  14). In cases when the base line 
values of any of the components changed abruptly, the 
change was evenly distributed over the interval between 
the two measurements. The base line values obtained by 
stepping the smooth line were called ‘adopted base-line 
values’ and were used for working out the hourly means.

Hourly means
The production of hourly data was labor-intensive work, 
with direct measurements taken on the magnetograms. 
Each magnetogram had to be measured under conditions 
of approximately the same relative humidity and tempera-
ture as they had been recorded so as to ensure the stability 
of the dimensions of the photographic paper. A glass plate 
with an engraved scale was used for scaling instantaneous 
ordinates (nDabs, nHabs, nZabs) (Fig. 15a). Grid lines on the 

Fig. 13 Copy of a fragment of a magnetogram from the Ebro Observatory corresponding to the end of 6 May, 1987, and the beginning of the next 
day (7 May, 1987)

Table 1 Amplitude of  the  diurnal variation for  quiet (Sq) 
and  disturbed (SD) days at  Ebro Observatory and  their 
equivalence in displacement on the magnetograms

Sq (nT) Sq (mm) SD (nT) SD (mm)

Delta X (nT) 10 2.22 35 7.77

Delta Y (nT) 45 6.25 45 6.25

Delta Z (nT) 20 2.29 20 2.29
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glass scale were 0.1  mm thick. The same plate was used 
for scaling the ordinates of hourly means (nDm, nHm, nZm) 
(Fig. 15b). In this case, the vertical scale was located paral-
lel to the time axis while a horizontal line was set for the 
average ordinate of the trace between two adjacent hour 
marks. The objective was to have the same number of 
squares above (red) and below (green) the horizontal line.

Since the traces of the components and the base lines 
had a certain width, the centers of the lines were used.

At the Ebro Observatory a “high” temporal develop-
ment was used and so 1  h was displayed as 30  mm in 
the magnetogram. Counting squares of 1  mm2 with the 
scaled glass was equivalent to taking 1 measurement 
every 2 min = 30 samples per hour.

The scaled hourly means of the ordinates were converted 
from millimeters into minutes of arc (D component) or 
nanoTeslas (H and Z component) by means of the respec-
tive scale values (Fig.  16). The computation of hourly 
means can be obtained with the following equations:

(8)Dm = Do + SD · nDm,

where Do, Ho and Zo were the determined base-line val-
ues for that hour, SD, SH and SZ were the scale values, 
nDm, nHm and nZm the mean of the ordinates at that hour 
in millimeters, qH and qZ the temperature coefficients of 
the intensity variometers, and with Tm being the actual 
temperature and Ts the standard temperature when the 
variometer was calibrated.

D was not temperature dependent because, even though 
the magnetic moment changed with temperature, the mag-
net always pointed north. In most cases, the temperature of 
the variometer room changed slowly. As pointed out previ-
ously, at the Ebro Observatory, variometers were kept in a 
thermally isolated cave to reduce daily humidity and temper-
ature changes. The day to day variation was less than 0.1 °C. 
The residual temperature coefficients of the intensity vari-
ometers were small and so a common practice was to add 
the temperature corrections to the base line values instead of 
correcting the ordinates, which saved time and labor:

Most of these data were computed manually or with 
the help of a simple calculator. Double checking was a 
common practice to ensure monthly tables in bulletins 
were free from errors (Fig. 17).

(9)Hm = Ho + SH · nHm− qH (Tm−Ts),

(10)Zm = Zo + SZ · nZm−qZ(Tm−Ts),

(11)Hm = H ′
o + SH · nHm,

(12)Zm = Z′
o + SZ · nZm.

Fig. 14 Graph of base line values at Ebro (January–February 1938)

Fig. 15 Measurement of ordinates by means of a glass scale. a Scale adjusted for measuring the ordinate at a discrete time (21 h 19 min, 7.9 mm). b 
Scale adjusted for measuring the hourly mean (18–19 h, 8.1 mm)
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Uncertainties calculation
For the D component, and summarizing the basic formulas 
displayed in the previous chapter

Thus, we can express the hourly mean as:

So, uncertainties can be computed deriving the whole 
expression as regards each variable involved in the 
relationship:

(13)Dabs = A− (B− AZ),

(14)D0 = Dabs − SDnDabs.

(15)
Dm = D0 + SDnDm = A− (B− AZ)+ SD(nDm − nDabs).

(16)

δD2
m =

(

∂Dm

∂A
δA

)2

+
(

∂Dm

∂B
δB

)2

+
(

∂Dm

∂AZ
δAZ

)2

+
(

∂Dm

∂SD
δSD

)2

+
(

∂Dm

∂nDm
δnDm

)2

+
(

∂Dm

∂nDabs
δnDabs

)2

= (δA)2 + (δB)2 + (δAZ)
2 + ((nDm − nDabs)δSD)

2

+ (SDδnDm)
2 + (SDδnDabs)

2.

Table 2 presents the values of each variable and each 
term of the previous formula. The uncertainty of a vari-
able is mainly related to the resolution it is measured 
with (Hogan 2017). The total uncertainty for D compo-
nent is about 0.6 min of arc which could be translated 
directly into 4 nT (in Ebro ΔY ≈ ΔD*7 nT/min). The first 
three rows account for uncertainties due to the abso-
lute measurements while the last three rows account 
for uncertainties due to the variometer. The term with 
biggest weight was the one related to the scale value.

In the notebooks, A, B, and Az were given in degrees 
and minutes. In our table, we only used minutes so as 
to work with a single set of units.

Moving the sensor (with the reflecting mirror) back 
and forth, observers managed to have a separation 
between the mirror and the band such that  SD = 1.0 
which made the conversion of mm into minutes of arc 
easier and avoided tedious computations.

It was complex to determine A in practice because there 
were some sources of error. First, it is nearly impossible to 
attach a mirror at exactly 90° to the magnetic axis of the 
magnet, and secondly, a truly torsion-less fiber does not 
exist. Thus, to minimize these errors, carrying out a real 
observation with the declinometer involved taking several 

Fig. 16 Copy of the table sheet with the conversion from mm into minutes of arc for Ebro D component in April 1946
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angular observations with the magnet in both upward, 
Gup, and downward positions, Gdown. The measurements 
were repeated with another magnet so additional G′up and 
G′down angles complemented the data set:

(17)A = (Gup + Gdown + G′
up + G′

down)/4,

(18)

δA =

√

(

δGup

4

)2

+
(

δGdown

4

)2

+
(

δG′
up

4

)2

+
(

δG′
down

4

)2

=
δG
√
4
=

δG

2
,

Fig. 17 Copy of the table sheet with the final values of H component for Ebro D component in January 1938

Table 2 Uncertainties for D component

The dominant term is emphasized in italics

Variable Value of the variable Uncertainty ( δ ) 
of the variable

Term Uncertainty 
of the term

A (′) 8737.1 0.05 (δA)2 0.0025

B (′) 13,342.8 0.1 (δB)2 0.01

Az (′) 4347.7 0.1 (δAZ )
2 0.01

SD (′/mm) 1.0 0.1 ((nDm − nDabs)δSD)
2 0.390625

nDabs (mm) 18.5 0.1 (SDδnDm)
2 0.01

nDm (mm) 24.75 0.12 (SDδnDabs)
2 0.0144

Total uncertainty  Dm (′) 0.6
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where we assume the four individual determinations have 
the same amount of error, G. These errors are in quadra-
ture (ISO 1993; Taylor 1982).

On the other hand, with the procedure used to obtain 
the hourly mean that has been explained before, we 
assumed, in practice, 2  mm2 as the maximum error in 
squares counting for an hour (30 temporal steps). Thus, 

we estimated δnDm as 
√

0.12 +
(

2
30

)2
= 0.12, where 0.1 

is the error in the measurement of the base-line and 

Again, uncertainties can be computed deriving the 
whole expression as regards each variable involved in the 
relationship:

(21)

Hm = H
′

0 + SHnHm = C/(1− k1tabs) ∗ (1+ k2H cosϕ)

∗ sin ϕ + SH (nHm − nHabs)

≈ C ∗ (1+ k1tabs) ∗ (1+ k2H cosϕ) ∗ sin ϕ
+ SH (nHm − nHabs).

Table 3 Uncertainties for H component

The dominant term is emphasized in italics

Variable Value of the variable Uncertainty (δ) 
of the variable

Term Uncertainty 
of the term

C (nT) 9023.2 0.1 ((1+ k1tabs) ∗ (1+ k2H cosϕ) ∗ sinϕ)δC)2 0.07432742

k1 (°C−1) 0.000476 1.00E−06 (C ∗ (tabs) ∗ (1+ k2H cosϕ) ∗ sinϕ)δk1)2 0.00892709

tabs (°C) 17.46 0.1 (C ∗ (k1) ∗ (1+ k2H cosϕ) ∗ sinϕ)δtabs)2 0.06630145

k2  (nT−1) 1.18E−08 1.00E−10 (C ∗ (1+ k1tabs) ∗ (H cosϕ) ∗ sinϕ)δk2)2 0.00011531

H (nT) 24,600 25 (C ∗ (1+ k1tabs) ∗ (k2 cosϕ) ∗ sinϕ)δH)2 1.6582E−06

ϕ (°) 36.8246 1.93925E−06
(

C ∗ (1+ k1tabs) ∗ (cosϕ(1+ k2 cosϕ)− k2H sin
2 ϕ

)

δϕ)2 0.00019951

SH (nT/mm) 4.5 0.1 ((nHm − nHabs)δSH)
2 0.603729

nHabs (mm) 12.7 0.1 (SHδnHm)
2 0.2025

nHm (mm) 20.47 0.12 (SHδnHabs)
2 0.2916

Total uncertainty  Hm (nT) 1.1

(2/30) is the error for the mean itself. Again, both errors 
are in quadrature.

For the H component, the basic formulas were

which allow us to compute the hourly mean as:

(19)Habs =
C

(1− k1tabs)
∗ (1+ k2H cosϕ) ∗ sin ϕ,

(20)H
′

0 = Habs − SHnHabs,

(22)

δH2
m =

(

∂Hm

∂C
δC

)2

+
(

∂Hm

∂k1
δk1

)2

+
(

∂Hm

∂tabs
δtabs

)2

+
(

∂Hm

∂k2
δk2

)2

+
(

∂Hm

∂H
δH

)2

+
(

∂Hm

∂ϕ
δϕ

)2

+
(

∂Hm

∂SH
δSH

)2

+
(

∂Hm

∂nHm
δnHm

)2

+
(

∂Hm

∂nHabs

δnHabs

)2

= ((1+ k1tabs) ∗ (1+ k2H cosϕ) ∗ sin ϕ)δC)2 + (C ∗ (tabs) ∗ (1+ k2H cosϕ) ∗ sin ϕ)δk1)2

+ (C ∗ (k1) ∗ (1+ k2H cosϕ) ∗ sin ϕ)δtabs)
2 + (C ∗ (1+ k1tabs) ∗ (H cosϕ) ∗ sin ϕ)δk2)2

+ (C ∗ (1+ k1tabs) ∗ (k2 cosϕ) ∗ sin ϕ)δH)2 +
(

C ∗ (1+ k1tabs) ∗ (cosϕ(1+ k2 cosϕ)− k2H sin
2 ϕ

)

δϕ)2

+ ((nHm − nHabs)δSH )
2 + (SHδnHm)

2 + (SHδnHabs)
2
.

Table  3 presents the values of each variable and each 
term of the previous formula. The total uncertainty for 
this component is about 1 nT. The main term produc-
ing uncertainty is the one which refers to the variometer, 
especially regarding scale value which, in turn, depends 
on the relative variations of the magnetic field between 
the two times tabs and tm.

At Ebro Observatory, a real observation with QHM 
involved taking up to four different observations with the 
theodolite, firstly turned left and then turned right
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and δϕ is expressed in radians.

For the Z component, the basic formulas were

so the hourly mean computation can be:

The uncertainties can be computed deriving the whole 
expression as regards each variable involved in the 
relationship:

Table  4 presents the values of each variable and each 
term of the previous formula. In the Z component, the 
total uncertainty is about 3 nT. The main term producing 
uncertainty here is the one referring to absolute measure-
ment, especially due to the high dependence of the mag-
netic moment of the magnet on temperature.

Conclusions
We performed the calculation of uncertainties in the 
hourly mean data collected from classical magnetometers 
using the Ebro Observatory as a benchmark in order to 

(23)δϕ = δA/
√
8

(24)Zabs = ZC + ZS + ZT− ∝ tabs,

(25)Z
′

0 = Zabs − SZnZabs,

(26)
Zm = Z

′

0 + SZnZm = ZC + ZS + ZT

− ∝ tabs + SZ(nZm − nZabs).

(27)

δZ2
m =

(

∂Zm

∂ZC
δZC

)2

+
(

∂Zm

∂ZS
δZS

)2

+
(

∂Zm

∂ZT
δZT

)2

+
(

∂Zm

∂ ∝
δ ∝

)2

+
(

∂Zm

∂t
δt

)2

+
(

∂Zm

∂SZ
∂δ

)2

+
(

∂Zm

∂nZm
δnZm

)2

+
(

∂Zm

∂nZabs
δnZabs

)2

= (δZC)
2 + (δZS)

2 + (δZT )
2 + (tδ ∝)2 + (∝ δt)2

+ ((nZm − nZabs)δSZ)
2 + (SZδnZm)

2 + (SZδnZabs)
2.

evaluate which parts of the instruments and which prac-
tices in an observatory’s routine were the main contribu-
tors to the final uncertainty in the data. We focused on 
the period 1950–1990 when instruments developed and 
constructed by LaCour were used. At that time, these 
magnetometers became a standard and most of the 
observatories around the world used them. In fact, they 
became one of the longest-used and most successful 
instruments in the history of the geomagnetism.

Our main conclusion is that the uncertainty in the final 
mean hourly values obtained with classical magnetom-
eters varies from one magnetic component to another. 
It depends not only on the nature of the absolute meas-
urements, but also on the type of variometer. The uncer-
tainty in the H component had the lowest value. The 
dominant term there was that of scale value, but it was 
not constant because it depended on the amplitude of the 
diurnal magnetic oscillation regarding the time of the last 

calibration.
As regards the D component, although the measure-

ment was very straight forward and had no dependence 
on the temperature or on the momentum of the magnet, 
the uncertainty was relatively high because of its poor 
resolution. Minutes of arc were used as the basic unit 
but, at Ebro, 1 min of arc was equivalent to 7 nT. Thus, 
the dominant term was scale value once again.

Finally, the uncertainty in the Z component was mod-
erate. Unlike the other components, here the dominant 
term was found in the absolute measurement, especially 

Table 4 Uncertainties for Z component

Dominant term is emphasized in italics

Variable Value of the variable Uncertainty (δ) 
of the variable

Term Uncertainty term

ZC + ZS (nT) 36,782 1 (δZC )
2 + (δZS)

2 1

ZT (nT) 199 1 (δZT )
2 1

∝ (nT/ °C) 8.3 0.1 (tδ ∝)2 3.3124

t (°C) 18.2 0.1 (∝ δt)2 0.6889

SZ (nT/mm) 8.7 0.1 ((nZm − nZabs)δSZ )
2 0.052441

nZabs (mm) 12.1 0.1 (SZδnZm)
2 0.7569

nZm (mm) 14.39 0.12 (SZδnZabs)
2 1.089936

Total uncertainty  Zm (nT) 2.8



Page 14 of 14Curto  Earth, Planets and Space          (2019) 71:139 

due to the high dependence of the magnet momentum 
on temperature.

In any case, these values were the optimistic ones. 
Probably, degradation of the instruments (magnet aging 
together with a lack of regular calibrations, etc.) or a lack 
of consistency and rigor in the praxis of the observers 
could have degraded the accuracy of the results.

To conclude, we can state that total uncertainties 
rank from 1 to 4 nT. These values confirm the intuition 
expressed in the guide for magnetic observatories by 
Jankowski and Sucksdorff (1996) although we think their 
claim that at the best observatories absolute accuracy 
could be better than 1  nT seems, at the least, too opti-
mistic. However, in the same work they admit that at an 
average observatory with classical equipment, the error 
could be somewhere between two and three nanoTeslas 
for an hourly mean. Along these lines, the INTERMAG-
NET Technical Manual (St. Louis 2011) gave a more real-
istic figure of 5 nT as a goal for definitive data accuracy, 
even for a modern observatory.

Without claiming to be exhaustive, the values given 
here can help to provide an estimate (an order of magni-
tude) of uncertainties in the output of the modern mod-
els that use data from classical magnetometers.
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