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The stability of baseline is the most important criterion for evaluating the data quality of a ground mag-
netic observatory. Theoretically, a baseline should be a straight line, provided, there are no error factors
affecting the absolute instruments, the variometer and the observational procedure. But in practice, we
observe that the baselines are affected by some errors in the form of random errors and long term base-
line drifts. It is known that temperature, pier tilts, aging of electronic components, etc. can affect the long
term stability of baselines, but in this paper we discuss a new type of error which affects the baseline in
the form of long term drifts due to the variation in the gradient field between the absolute room and the
variometer room. Even though, a site is selected with the least magnetic gradient for the establishment of
an observatory, in many cases, it is found that the magnetic gradient patterns are not permanent and
changes over the time. This slow gradient changes can distort the actual temporal magnetic variations
and thus affecting the purity of data recorded at a geomagnetic observatory. We have analytically shown
that an ideal baseline has to be a horizontal straight line and the RHS of the fundamental equation of an
observatory should be a constant. We have further shown that baseline instabilities are caused by vari-
ation in gradient field between the absolute and variometer pillars in addition to the measurement errors
from absolute observations and variometer recording. This variation in the gradient field causes long
term drifts in baselines. We have derived the correction factor which can filter out the signals arising
out of variation in the gradient field. Finally we present how far the data quality can be improved by
applying this correction.

� 2017 Elsevier Ltd. All rights reserved.
1. Background

The primary function of a ground magnetic observatory is to
record the temporal variation of the geomagnetic field, whereas
the main purpose of a ground magnetic survey is to find the spatial
variations of the magnetic field. The temporal variation during the
time duration of a magnetic survey has to be corrected to get a
clear picture of the spatial variations. In other words the temporal
variation distorts the actual picture of the spatial variation of the
magnetic component over the surveyed area. Vice versa, in the case
of a ground magnetic observatory, the spatial variation component
of the magnetic parameter will affect the quality of temporal vari-
ation data recorded in a magnetic observatory. In this paper we
discuss a new type of error which affects the baseline in the form
of long term drifts due to the variation in the gradient field
between the absolute room and the variometer room. Even though,
a site is selected with the least magnetic gradient for the establish-
ment of an observatory [1], in many cases, it is found that the mag-
netic gradient between the absolute room and variometer room is
not a constant and varies over the time. These spurious variation
gets added into the magnetic field recorded and can disguise itself
as genuine signals thus affecting the purity of the data recorded.
We have derived the correction factor which can filter the signals
arising out of gradient change between the variometer room and
absolute room.

Before explaining the question how the spatial variation can
come into play in the working of a magnetic observatory, it may
not be out of place to discuss some basics of the working of an
observatory. Gauss and Weber in 1830s, introduced the absolute
instruments and the variometer as the basis for the functioning
of a magnetic observatory [2]. Even though magnetic observatories
have made quantum leaps in technology and sophistication of the
instruments [3–5], the practice of having separate housing for var-
iometer and absolute instruments, continues till date in almost all
the observatories. This is because of the fact that we are yet to
develop a magnetometer which can measure continuously all the
vector components of the magnetic field in absolute terms. The
vector magnetometers in the variation room continuously monitor
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the variations in the components of the geomagnetic field; they do
not measure the absolute magnitudes of the components. Absolute
measurements of the field are made once in a day/week in a differ-
ent room called absolute room. D and I are determined using a
fluxgate sensor mounted on a theodolite and F is measured using
a proton precession/Overhauser magnetometer. The absolute
observations are used in conjunction with the variometer mea-
surements to derive baselines and produce a continuous record
of the absolute values of the geomagnetic field elements as if they
had been measured at the observatory reference pillar [5,6].

2. Baselines

For every absolute measurement from the absolute room there
is a corresponding delta value from the variometer during the time
period of the absolute measurement. Since we are measuring the
same magnetic component with two different types of instru-
ments, i.e., the absolute and the variometer, any increase or
decrease shown in the absolute value from one absolute observa-
tion to the other, the variometer will also register an exactly equal
increase or decrease in the magnetic component. This is only nat-
ural because at any instance, the measured component cannot give
different rate of changes just because of the fact that the mode of
measurements is different. Thus for a sequence of n number of
observations, we get n number of ordered pairs
ðAbs1;D1Þ; ðAbs2;D2Þ; ðAbs3;D3Þ; . . . . . . ; ðAbsn;DnÞ, where Absi is the
measured value from the absolute observations and Di is the corre-
sponding delta value. The two terms Absi and Di are linked mutu-
ally in such a fashion that both the quantities vary together in
perfect unison. It follows that if we take the difference of the first
element to that of the second element of each n ordered pairs, we
get a sequence of constant values. i.e., k; k; k; . . . :: . . . k,

Absi � Di ¼ k; i ¼ 1;2;3; . . . ::;n ð1Þ
the plot of which gives a row of points all of which fits exactly on a
horizontal line parallel to the x-axis. This line is called a baseline in
the observatory parlance. The purpose of the explanations above in
this section was to show that, in theory, a baseline has to be a hor-
izontal straight line [7].

2.1. Baseline instability

The above statement holds well as long as there are no instru-
mental, procedural or any other type of errors involved at the abso-
lute end or on the variometer side [5]. These utopian conditions
cannot be realized in practice because of the fact that there are
many errors involved in the measurement of the variation part
as well as on the absolute part. Let us say that eAbsðtÞ is the mea-
surement error from the absolute part and eDðtÞ the measurement
error from the variometer part. The terms eAbsðtÞ and eDðtÞ are
defined as a function of time t because in addition to the random
spreading, there are smooth variations in the baseline which can
be approximated with nth degree polynomial with time as an inde-
pendent variable. So any point in the baseline, say for baseline of H
component, can be defined as

HObsVal
Abs � eAbsðtÞ

� �
� DHObsVal þ eDHðtÞ
� �

¼ HTruVal
Baseline ð2Þ

where ObsVal and TruVal denotes the observed and true value of
the quantity respectively.

or in other words,

HObsVal
Abs � DHObsVal ¼ HTruVal

Baseline þ eAbsðtÞ þ eDHðtÞ ð3Þ
Hence the baseline defined by the constant value k (Eq. (1)) gets

transformed into a ‘‘base curve” defined by kþ eAbsðtÞ þ eDHðtÞ and
this eðtÞ factor, ðeðtÞ ¼ eAbsðtÞ þ eDHðtÞÞ, is the source of baseline
instabilities which manifests itself in many forms such as jumps,
spikes, outliers, spreading and long term drifts. It is worth noting
that, in ideal case situation, the right hand side of the equality in
Eq. (3), becomes a constant with eAbsðtÞ ¼ 0 and eDHðtÞ ¼ 0. When
measurement errors are involved,

HAbs � HD ¼ kþ eðtÞ; ð4Þ

where eðtÞ – 0 the right hand side of the equality ceases to be a con-
stant and becomes a variable by virtue of the error term eðtÞ
involved. From the above discussions we see that all the measure-
ment errors involved in the process of recording temporal variation
of magnetic components in an observatory gets reflected in the
baseline of that observatory. Fig. 1 shows the baseline of H compo-
nent at Pondicherry magnetic observatory for a period of 5 years.
Pondicherry observatory data was chosen for the study because
the baseline drift was large compared to other observatories.

The baseline plot between the two arrows shown in Fig. 1 above
is enlarged in Fig. 2. If we fit a 5th degree polynomial to the base-
line in Fig. 2, we can resolve the baseline into two components.
That is, the actual fit (Fig. 2) and the spreading part which we
get as residuals of the best fit (Fig. 3).

Here we see that the spreading follows a Gaussian distribution
centered at the straight line shown in the figure which is actually a
5th degree polynomial fit of the residuals. That means, if there was
no drift, the mean value of the spread will give us a straight base-
line as shown in Fig. 3 as stipulated by the theory. But when the
drift factor also is involved, the running mean will give us a ‘‘base
curve” as depicted in Fig. 2. That means the straight line we got in
Fig. 3 has deformed into a curve because of this drift factor. The
drift error defined as the amount of deviation of the ‘‘base curve”
from the straight line, creeps into the definitive data and will dis-
guise itself as natural geomagnetic variations. Whether we approx-
imate these drifting by step functions or smooth spline fitting or
polynomial fits, ultimately these errors are going to distort the
actual temporal magnetic variations at a station. The purpose of
the above discussion was to show that the drift is the major cause
of concern since it affects the purity of the data especially in long
term magnetic variation studies.
3. Baseline drift

The drift of modern day magnetometers is comparatively lower
than those of the classical age, but even then it still remains large
than the desired accuracy for analysis for which absolute accuracy
of the magnetic data plays a crucial role [8]. There are certain fields
of study which require only relative accuracy of the magnetic data
as detailed in [5]: studies of magnetic storms, sub-storms, pulsa-
tions. Spatial surveys over a small area carried out for mineral
exploration may often need only relative accuracy. But absolute
accuracy is required for a wide variety of scientific investigations:
studies of secular variation, main field morphology, fluid flow in
the core; long-term external field variations, from Sq to solar cycle,
to name a few. Hence the baseline error noise has to be at least one
order less than the long period weak signals or else aliasing can
occur and will lead to spurious information and results.

With the advent of magnetic satellite observatories, the ground
magnetic observatories may be at risk of losing some of their per-
ceived relevance [9], Peltier and Chulliat [10] has pointed out that,
it is important that they provide data with similar quality and
timeliness as satellites. The observatory data and satellite data
are complementary to each other and there are many research
papers which compare ground and satellite magnetic data to study
many aspects of geomagnetism [11,12]. Hence it is very essential
that we should be able to address the issues of the errors like drifts
which contaminate the data quality of ground magnetic observato-



Fig. 1. 5 Years observed H baseline of Pondicherry observatory from June 2009 to June 2014.

Fig. 2. The polynomial fit for the portion of the baseline between the two arrows in
Fig. 1.

Fig. 3. The residuals of the polynomial fit shown in Fig. 2 and the 5th degree
polynomial fit of the residuals.

A. Iype et al. /Measurement 102 (2017) 33–41 35
ries [13]. This is the reason why many authors have studied and
analyzed the drift problem in baselines from different perspectives
[14,15]. The intermagnet specifies a maximum limit of 5 nT/yr for
long term drift in baseline for the participating observatories. The
baseline drift can happen due to many factors and in the following
section we will discuss the different causes of baseline drifting.

3.1. Instrumental drift

The classical magnetometers were wrought with drifting
mainly due to pillar tilts and temperature variation and the classi-
cal magnetometers before the Bobrov quartz type, had the addi-
tional cause for drifting because of the slow drift in the constants
of the variometer, such as the moment of the magnet, scaling factor
and the fiber constant [16]. With the advent of the digital era, the
variation magnetometers became compact to the extent that it
could be suspended to circumvent the problem of pillar tilts
[17,18]. The suspended magnetometers solved the problem of
drifting due to pillar tilts but the drifting due to the rotation of
the sensor due to the twisting of pillar still pose a problem in some
observatories [5].
To overcome drifting of those classical age instruments due to
temperature effect, a temperature coefficient of the variometer
was used to reduce the baseline to a standard temperature. An
incorrect temperature coefficient will cause a seasonal drift in
the baseline value, but this drift due to temperature can easily be
detected and corrected unlike the other drifts which are not regu-
lar in time and therefore unpredictable. In the modern day digital
magnetometers, the temperature may affect the coil characteris-
tics, temperature differences may cause strain on the mechanical
system and may also affect electronic components. The drift due
to temperature was largely contained by using superior materials
such as Macor and ceramic glass for the compensating coil and
with temperature stabilization of the variometer room, but we still
find some drifting because of the aging of sensor windings and the
electronics involved in the magnetometers [21,19].

Variation measurements of geomagnetic field at an observatory
are mostly carried out by triaxial vector fluxgate magnetometer
(for measuring the variations of three orthogonal components of
the geomagnetic field); a scalar magnetometer for measuring the
absolute total field intensity, a theodolite mounted with a single-
axis fluxgate vector magnetometer for measuring the absolute
angles of Declination and Inclination [20].

Suspended type Triaxial fluxgate magnetometers are the stan-
dard instrument for measuring the variation field at an observatory
worldwide. It gives a very good long term drift stability (<3 nT per
year) compared to the earlier unsuspended ones. The recent devel-
opment of small Overhauser sensors (<250 mm diameter) made it
possible for it to be used in dIdD (delta Inclination and delta Decli-
nation) and dIdD is increasingly being used in observatories by
replacing the fluxgate magnetometers. The suspended type dIdD
gives better stability in long term drift with absolute accuracy of
0.2 nT and a resolution of 0.01 nT.

The discovery of Overhauser effect and the subsequent applica-
tion of the same in magnetometer helped in fabrication of scalar
magnetometers which are smaller in size and with lesser power
consumption. Taking advantage of the transfer of nuclear spin
polarization of unpaired electrons to the hydrogen atom with the
help of radio frequency magnetic field, the system generates a
strong precession signal. Using of RF has the advantage of consum-
ing minimum power and high sampling rate. The latest addition of
magnetometers for geophysical applications are the optically
pumped magnetometers. Potassium and Cesium magnetometers
are commercially available and are rugged enough for field use.
The advantage over overhausser magnetometer is the high resolu-
tion of 0.0001 nT and absolute accuracy �0.05 nT with a maximum
sampling rate of 20 Hz. The instruments we use at Pondicherry
observatory are FGE-FGM Triaxial fluxgate magnetometer with
0.1 nT resolution, DI-Flux single axis fluxgate magnetometer
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Mag-01H (produced by Bartington Instruments) with a resolution
of 0.1 nT. Scalar magnetometer GSM-90 overhausser magnetome-
ter of GEM systems.

3.2. Gradient drift

The discussions in the previous section were on the drift due to
measurement and instrumental errors. In this section we will dis-
cuss about a drift mechanism which is different from the above.
While selecting a site for the establishment of an observatory, it
is a normal practice to choose a site with minimum magnetic gra-
dients, preferably with less than 1 nT/m gradient [22]. But in the
case of many observatories, this criterion could not be satisfied
because of many constraints and other factors and the gradients
at these observatories can be higher than the desirable limit. The
gradients in the magnetic field between the pillars can be due to
many reasons such as crustal field contributions, inhomogeneous
electrical conductivity distribution in the ground and from local
magnetized rocks and soil. That means the F value at the absolute
pillar need not be the same as at that of the variation pillar and
when we take the difference of these two Fs, we expect to see a
constant offset. But we have increasing body of evidence from
many observatories that this difference need not be a constant.
This can contribute a gradient drift in the baseline. This type of
error due to spatial variation can be avoided if we have a magne-
tometer which can measure continuously all the vector compo-
nents of the magnetic field in absolute terms. Since no such
instruments exist, we continue the tradition of having two sepa-
rate rooms for absolute magnetometer and for the variation mag-
netometer. To derive baselines and produce a continuous record
of the absolute values of the geomagnetic field elements, as if they
had been measured at the observatory reference pillar (absolute
pillar), we use the following, the fundamental magnetic observa-
tory relationships between absolute ðD; I; FÞ and variometric mea-
surements ðDD;DH;DZÞ as given in JL Rasson [23] 2005

HAR
Abs ¼ HAR

BL þ HVR
D ð5Þ

The superscripts indicates the room at which the component is
measured ie., AR and VR represents absolute room and variometer
respectively. The subscripts denotes the mode of measurement. ie.,
D, Abs and BL denotes variation measurement, absolute measure-
ment and baseline respectively. To overcome the problem of gradi-
ent drift error, let us assume that both variometer and absolute
magnetometer are fixed on the same pillar in the variometer room.

In such an ideal condition

HVR
Abs ¼ HVR

BL þ HVR
D ð6Þ

The H in the above equation can be rewritten in the form of
FCosðIÞ,
FVR
AbsCosðIÞ ¼ FVR

BL CosðIÞ þ HVR
D ð7Þ

The above equation may be valid theoretically but practically
the triaxial fluxgate variation magnetometer, absolute DIflux and
the Proton magnetometer cannot be kept on a single pillar because
of cross talk and mutual interference [21]. But when we keep these
instruments at a safe distance from each other, the spatial variation
in F value come into play.

3.3. Drift correction factor

Let the difference between F at absolute pillar and that of vari-
ation pillar be dF.

FAR
Abs � FVR

Abs ¼ dF
ie:; FVR
Abs ¼ FAR

Abs � dF ð8Þ
Substituting the above relation of dF in Eq. (7) will give us,

FAR
Abs � dF

h i
CosðIÞ ¼ FVR

BL CosðIÞ þ HVR
D ð9Þ

In Eq. (9), interchanging the second terms on both sides of the
equality,

FAR
AbsCosðIÞ � HVR

D ¼ FVR
BL CosðIÞ þ dFCosðIÞ ð10Þ

Taking out the common term CosðIÞ in RHS,

FAR
AbsCosðIÞ � HVR

D ¼ FVR
BL þ dF

� �
CosðIÞ ð11Þ

Since we have already defined that the difference in F between
variometer room and absolute room is dF, the following statement

FVR
BL þ dF ¼ FAR

BL ð12Þ
holds and so, Eq. (11) becomes

FAR
AbsCosðIÞ � HVR

D ¼ FAR
BL CosðIÞ ð13Þ

i.e.,

HAR
Abs � HVR

D ¼ HAR
BL ð14Þ

This is the equation which we use to obtain baselines in obser-
vatories. We started with an ideal situation (Eq. (6)) and ended up
with the traditional equation (Eq. (14)) but in the process we have
shown that the RHS, HAR

BL in Eq. (14) is actually the sum of two

terms. i.e., FVR
BL CosðIÞ and dFCosðIÞ. So we can rewrite Eq. (14) as

HAR
Abs � HVR

D ¼ FVR
BL CosðIÞ þ dFCosðIÞ ð15Þ

We have seen earlier that the theory stipulates that the RHS of
Eq. (15) should be a constant. That means each of the constituting
terms on RHS of Eq. (15) has to be a constant. Since the dFCosðIÞ
term is the one which represents the gradient error factor, in the
light of the preceding statement, to check for the role of gradient
error in the baseline instability, we only need to check whether this
term remains a constant over time or not. The following figure
shows the plot of dF of Pondicherry Observatory.

We observe in Fig. 4 that the term dF is not a constant. The pat-
tern of H baseline instability in Fig. 1 shows a striking resemblance
with that of the pattern of dF variation. The scatter plot between
the H Baseline and dF in Fig. 5 below shows a linear correlation
between the two.

From the above plot it is very clear that dF between the absolute
Pillar and the variation pillar is varying over time and this error
plays a dominating role in the H baseline inconsistency. The above
discussions and figures point to the fact that there is one more
source of error for the baseline instability in addition to those
errors described in Eq. (3). So the equation of baseline instability
Eq. (3) gets modified into

HObsVal
Abs � DHObsVal ¼ HTruVal

BL þ eAbsHðtÞ þ eDHðtÞ þ edFDrift ðtÞ ð16Þ
or in general, for the magnetic component B,

BObsVal
Abs � DBObsVal ¼ BTruVal

BL þ eAbsBðtÞ þ eDBðtÞ þ edFDrift ðtÞ ð17Þ
where edFDrift ðtÞ represent the gradient drift error. Now we will see
how to correct this problem of gradient drift affecting the baseline
consistency. We again invoke the ideal condition theory which
insists that the right hand side of the RHS in Eq. (15) has to be a con-
stant. As we see that the dF in Fig. 4 has a constant part and a vari-
ation part. The constant part can be taken as the mean value and the
variation part is the deviations from this constant mean value, we
can rewrite dF as



Fig. 4. The plot of dF.

Fig. 5. The scatter plot between H baseline and dF.
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dF ¼ dFCons þ dFVar ð18Þ
In the case of Pondicherry observatory, this becomes,

dF ¼ 3:1nT þ ðdF � 3:1nTÞ ð19Þ
The splitting of dF into variation part and constant part needs

some explanation. Since we are adding a constant value and sub-
tracting the same in Eq. (19), we are not disturbing the system.
So we have the choice to use any arbitrary value, but we are bound
by the constraint that it should not introduce a large constant off-
set in the baseline. So we should go for the value which will give
zero offset or at least for a minimum possible baseline offset. In
our case we used the mean of dF for a period of five years and
arrived at the value of 3.1 nT. So let us substitute Eq. (19) in Eq.
(15),

HAR
Abs � HVR

D ¼ HVR
BL þ dFCons þ dFVarð ÞCosðIÞ ð20Þ

Taking the variation part in RHS to the LHS and retaining only
the constant part on the RHS, we get

HAR
Abs � HVR

D � dFVarCosðIÞ ¼ HVR
BL þ dFConsCosðIÞ ð21Þ

Here dFConsCosðIÞ is nothing but dHConstant . That is the difference
of H component between the absolute and variometer pillar.

HAR
Abs � HVR

D � dFVarCosðIÞ ¼ HVR
BL þ dHCons ð22Þ

This dHCons added with HVR
BL will give HAR

BL ie.,

HAR
Abs � HVR

D � dFVarCosðIÞ ¼ HAR
BL : ð23Þ
Here we see that �dFVarCosðIÞ is the correction factor for H for
gradient drifts. When the difference in F between variometer and
absolute room does not vary, ie., dFVar becomes zero, we get back
the original equation.

HAR
Abs � HVR

D ¼ HAR
BL ð24Þ

The purpose of all these mathematical jugglery was to show
that, when we use the equation Eq. (24) given above, we assume
that the gradient between the variometer and absolute room is a
constant as given by (JL Rasson) [23] ie., dF is a constant. But we
do not have any guarantee that this F gradient remains a constant
in all the observatories. As already shown in Eq. (16), any variabil-
ity in this gradient will get reflected in the baseline and makes it
unstable. So we measure the variation in dF and use the extra error
correction term involving dF for arriving at consistent baseline val-
ues using the modified equation. ie.,

HAR
Abs � HVR

D � dFVarCosðIÞ ¼ HAR
BL ð25Þ

Following the same steps above, we can derive for the error cor-
rection term for Z component also and we get

ZAR
Abs � ZVR

D � dFVarSinðIÞ ¼ ZAR
BL ð26Þ

We would like to emphasize the fact that, in deriving the equa-
tions above, we have not deleted or added or approximated any
terms in the equations to arrive at the modified equation which
means that the error correction term has evolved naturally without
any artificial manipulations.
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Because of the involvement of I term in both the above equa-
tions, it is only natural that the gradient drift error will manifest
more in H baseline and the least in Z baseline in magnetic observa-
tories nearer to the dip equator. Likewise the gradient drift error
will be more pronounced in Z baseline and less in H baseline in
high latitudes.

In the above derivation, we have taken into consideration only
the drifting in F and we deliberately did not take the spatial varia-
tion of I into consideration. This was done intentionally to keep the
derivation simple. But we know that every magnetic component
has its own pattern of spatial variation. This is true for inclination
also. So let us take into consideration the spatial variation of I also
and retrace the above derivation.

3.4. Drift correction factor with dI included

HVR
Abs � HVR

D ¼ HVR
BL ð27Þ

FVR
AbsCos IVRAbs

� �
� FVR

D Cos IVRAbs
� �

¼ FVR
BL Cos IVRAbs

� �
ð28Þ

As earlier, let us say dF and dI are the difference in F and I
between the variometer pillar and the absolute pillar, i.e.,

FAR
Abs � dF ¼ FVR

Abs and IARAbs � dI ¼ IVRAbs ð29Þ
Substituting this in Eq. (28), we get

FAR
Abs � dF

h i
Cos IARAbs � dI

� �
� FVR

D Cos IARAbs � dI
� �

¼ FVR
BL Cos IARAbs � dI

� �
ð30Þ

FAR
AbsCos IARAbs � dI

� �
� FVR

D Cos IARAbs � dI
� �

¼ FVR
BL Cos IARAbs � dI

� �
þ dFCos IARAbs � dI

� �
ð31Þ

Expanding each terms in the above equation, the first term
becomes,

FAR
AbsCosðIARAbs � dIÞ ¼ FAR

Abs CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

¼ HAR
AbsCosðdIÞ þ ZAR

AbsSinðdIÞ ð32Þ
the second term,

FVR
D CosðIARAbs � dIÞ ¼ FVR

D CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

¼ HVR
D CosðdIÞ þ ZVR

D SinðdIÞ ð33Þ
the third term

FVR
BL CosðIARAbs � dIÞ ¼ FVR

BL CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

¼ HVR
BL CosðdIÞ þ ZVR

BL SinðdIÞ ð34Þ
and the fourth term,

dFCosðIARAbs � dIÞ ¼ dF CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

ð35Þ

The reduction

FVR
D CosðIARAbsÞ ¼ HVR

D ð36Þ
and

FVR
BL CosðIARAbsÞ ¼ HVR

BL ð37Þ
in Eqs. (33) and (34) is justified considering the fact

HAR
Abs ¼ FAR

AbsCos IARAbs
� �

ð38Þ
can be expanded as

FVR
D þ FVR

BL

� �
Cos IARAbs

� �
ð39Þ

which gets reduced to

HVR
D þ HVR

BL ð40Þ
Now substituting Eqs. (32)–(35) in Eq. (31), we get,

HAR
AbsCosðdIÞ þ ZAR

AbsSinðdIÞ � HVR
D CosðdIÞ � ZVR

D SinðdIÞ
¼ HVR

BL CosðdIÞ þ ZVR
BL SinðdIÞ

þ dF CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

ð41Þ

splitting dF into dFconstant and dFvariation,

¼ HVR
BL CosðdIÞ þ ZVR

BL SinðdIÞ
þ dFCons þ dFVarð Þ CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ

� �
ð42Þ

¼ HVR
BL CosðdIÞ þ ZVR

BL SinðdIÞ
þ dFConst CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ

� �

þ dFVar CosðIARAbsÞCosðdIÞ þ SinðIARAbsÞSinðdIÞ
� �

ð43Þ

Dividing throughout with CosðdIÞ and moving second and fourth
term in LHS to RHS,

HAR
Abs � HVR

D ¼ HVR
BL þ ZVR

BL tanðdIÞ
þ dFConst CosðIARAbsÞ þ SinðIARAbsÞtanðdIÞ

� �

þ dFVar CosðIARAbsÞ þ SinðIARAbsÞ tanðdIÞ
� �

� ZAR
AbstanðdIÞ þ ZVR

D tanðdIÞ ð44Þ
since

dFConstCosðIARAbsÞ ¼ dHConst and HVR
BL þ dHConst ¼ HAR

BL ð45Þ
likewise for Z,

dFConstSinðIARAbsÞ ¼ dZConst and ZVR
BL þ dZConst ¼ ZAR

BL ð46Þ
Using the above relation in Eq. (44), we get

HAR
Abs � HVR

D ¼ HAR
BL þ ZAR

BL tanðdIÞ
þ dFVar CosðIARAbsÞ þ SinðIARAbsÞ tanðdIÞ

� �

� ZAR
AbstanðdIÞ � ZVR

D tanðdIÞ
� �

ð47Þ

Since ZAR
AbstanðdIÞ � ZVR

D tanðdIÞ ¼ ZAR
BL tanðdIÞ the second, fifth and

sixth terms on RHS cancels and we are left with

HAR
Abs � HVR

D � dFVar CosðIARAbsÞ þ SinðIARAbsÞ tanðdIÞ
� �

¼ HAR
BL ð48Þ

So the drift correction term �dFVarCosðIÞ for H component, with
the inclusion of dI term gets modified into

�dFVarCosðIÞ 1þ tanðIÞ tanðdIÞð Þ ð49Þ
with 1þ tanðIÞ tanðdIÞð Þ as the extra term.

In the same manner the drift correction term �dFVarSinðIÞ for Z
component, with the inclusion of dI term gets modified into

�dFVarSinðIÞ 1þ CotðIÞ tanðdIÞð Þ ð50Þ
So Eq. (25) gets modified into

HAR
Abs � HVR

D � dFVarCosðIÞ 1þ tanðIÞ tanðdIÞð Þ ¼ HAR
BL ð51Þ

and following the same steps above, we can derive the error correc-
tion term for Z component also and Eq. (26) gets modified into
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ZAR
Abs � ZVR

D � dFVarSinðIÞ 1þ CotðIÞ tanðdIÞð Þ ¼ ZAR
BL ð52Þ
3.5. Experimental evidence of gradient drift

The main focus of discussion in this paper is about the error
component involved in magnetic observatory data due to the vari-
ation in the difference between absolute room F and variometer
room F. It was felt an experiment should be conducted to check
and ascertain whether there was a gradient change in the F value
recorded at variometer room and the absolute room. For a short
period of time, an Overhausser GSM-90 was available for installa-
tion in the absolute room of Alibag observatory for conducting the
experiment. The two overhausser PPM GSM 90 was run simultane-
ously at Absolute room and variometer from 17th October 2014 to
31st October. By operating the same model and make instrument
at the variometer and Absolute room, we could ensure that there
was no error involved in using two magnetometers of different
make. Alibag observatory was chosen for conducting the experi-
ment because of its magnetically clean environment without any
artificial disturbances, where all types of magnetic calibration
and compass corrections are carried out. The plot of dF (F Absolute
room minus F variometer room) is shown in Fig. 6(a) for the period
mentioned above. The plot clearly shows a drift of around 1.5 nT
for a period of two weeks and shows smooth diurnal variations
for certain days. There was a data gap from 24th October to 25th
October due to instrument failure. The magnetic variation compo-
nents delta D, delta Z and delta H are also shown in Fig. 6(a–c) for
the corresponding period. The variation in dF does not correlate
with the magnetic field component H, D and Z as inferred from
Fig. 6. The variation in magnetic field of D, Z and H respectively

Fig. 7. Pondicherry H Baseline for a period of 5 years before applying the gradien
Fig. 6. Possible reasons for this variations are detailed in the next
section.

4. Results and discussions

We have applied these corrections to the Pondicherry H baseli-
nes and the results are shown in Fig. 7. Here we see a remarkable
increase in the quality of the baseline. The total baseline drift for
the period of 5 years is less than 2 nT.

The scatter plot Fig. 8 shows the dependency of the H baseline
on dF before (grey) and after the correction (black). It is clear from
the plot that after applying the correction, the dependency of the
baseline on dF has reduced to zero.

In the earlier sections we have found that baseline drift can be
caused by variation in F gradient and we derived an error correc-
tion factor which depends on dF and thus laid to rest the causative
factor for one of the baseline instability. That is the term edFDrift ðtÞ in

HAbs � DH ¼ HBL þ eAbsHðtÞ þ eDHðtÞ þ edFDrift ðtÞ ð53Þ
But the other two terms can still contribute to instabilities aris-

ing from measurement errors.
But it can be noted from Fig. 7, the correction term has elimi-

nated not only the smooth drifting in the baseline but also the
spreading. This is because of the fact when we measure dFVar and
apply the correction term, it does not differentiate whether the
error variation in dFVar is caused due to natural origin as described
in the following section or due to the measurement errors. Because
we have seen earlier that variometer itself has its own share of
drifting error in addition to the spreading error. So the term
is shown in (a), (b) and (c). Variation in dF is shown in (d).

t drift correction (grey dots) and after applying the correction (black dots).



Fig. 8. Scatter plot shows the dependency of the H baseline on dF before (grey dots) and after the correction (black dots).
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dFVarCosðIÞ or the finer version of it dFVarCosðIÞ 1þ tanðIÞ tanðdIÞð Þ
takes into consideration the gradient drift as well as measurement
errors and absorbs all the errors defined by eAbsHðtÞ and eDHðtÞ to
give a ideal H baseline. The same is true in the case of Z component
also.
4.1. Reasons for gradient drift

The variation in gradient can happen due to many reasons
depending upon the crustal structure of the locality, the soil chem-
istry of the observatory premises and even by the flow of ground
water. Daniel Hellman [24] discusses about the current generated
by the electrokinetic effect produced by the flow of groundwater.
Toshiaki Mishima et al. [25] has found a correlation between the
annual variations in the baselines caused by changes in soil magne-
tization in response to temperature changes. They found from their
data the error in the baseline can go up to 7 nT/yr due to the
changes in soil magnetization.

Andras Csontos [26] have found that baseline variation of
Tihany observatory shows a good correlation with the water level
of the nearby lake Kulso. They have found the presence of mag-
netite in the water of lake Kulso and the lake Belso. From these
observations, they have concluded that the naturally magnetised
water is able to modify the susceptibility of the area especially in
the case of old variation house. Gawali et al. [27] discusses about
the long term variations in the magnetic field generated due to
peizomagnetic affects due to the stress build up in rocks.
5. Conclusions

We have shown earlier that theoretically a baseline has to be a
straight line and the RHS of the fundamental equation Eq. (17) of
an observatory should be a constant in the ideal case [7]. In theory,
a baseline has to be a horizontal straight line.

We have further shown that baseline instabilities are caused by
three factors. They are (i) measurement errors from absolute
observations, (ii) measurement errors from variometer recording
and from (iii) variation in gradient field between the absolute
and variometer pillars. This variation in the gradient field causes
long term drifts in baselines. As we have seen that drifting is the
main factor which contaminates the purity of the data of an obser-
vatory, we have derived a drift correction factor. In the first
attempt we derived the correction factor which takes into account
only the variation in the difference between FAbsolute and FVariometer

and the drift correction factor is �dFVarCosðIÞ for H component
and �dFVarSinðIÞ for Z component.
We included the spatial difference in I component also in the
derivation and got a finer drift correction factor

�dFVarCosðIÞ 1þ tanðIÞ tanðdIÞð Þ ð54Þ
for H component and

�dFVarSinðIÞ 1þ CotðIÞ tanðdIÞð Þ ð55Þ
for Z component. These correction factor was applied in Pondi-
cherry baseline and we found that there was a remarkable increase
in the baseline quality.

The analysis of long term geomagnetic data series of a geomag-
netic observatory is the only way to investigate secular variation in
detail and can throw more light on the deep interiors of earth and
for modelling the electrically conducting fluid motions in the
earths core [28]. As the stability of baseline is the most important
criterion for evaluating the data quality of a ground magnetic
observatory, any increase in baseline stability have a direct bearing
on the quality of the magnetic data recorded and thus helps us in
better modelling of geodynamo and other long term phenomena.
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