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In many geodetic analyses, it is important to consider the eﬀect of earth tide on the instantaneous
position of a station and its subsequent inﬂuence on the computation and interpretation of time series
of coordinates as well as related data products. The tidal eﬀect and temporal variations in the position
of the IGS (International Global Navigational Satellite Systems [GNSS] Service) stations at Hyderabad
(India), Ankara (Turkey) and Beijing Fangshan (China), due to solid earth tides has been studied. Surface
tidal displacement of the station has been computed on daily basis for a month, based on the concept
of gravity. Further, mean daily coordinates of the station been computed using static precise point
positioning (PPP) method for a month. Results show that the station undergoes temporal displacements
and its coordinates vary continuously within a day and all the days in the month. The maximum range in
vertical displacement of the station has been found to be about 48 cm in a day over a period of a month
and that along the north and east directions is respectively 8 cm and 14 cm. This is the maximum range
but the mean value in the vertical displacement is 6 cm and along north and east is 1.7 cm and 0.09 cm,
respectively. The ranges in variation in the mean value of geodetic latitude, longitude, and height of the
station have been found to be 1.23, 2.73, and 3.52 cm, respectively. Further, it has been found that the
tidal oscillations follow some periodicity, and thus need to be studied independently for all stations.

1. Introduction
Earth tide is a temporal deformation in the earth’s
shape and size due to the presence of the heavenly
bodies around the Earth. Deformation is temporal
in nature and it rebounds back after the removal of
the eﬀect. The earth tide occurs as a result of gravitational forces between the Earth, Moon, Sun, and
the centrifugal forces of the rotation system. Therefore the tidal forces depend upon the location of
the point on the Earth and mutual position of the
Moon and the Sun with respect to that point. The
Sun exerts high gravitational force with respect to
Moon, but due to proximity of the Moon, Moon
contributes around 60–70% of the tidal force. The
temporal deformations of the solid earth can be

calculated by knowing its elastic behaviour. Love
numbers are introduced to deﬁne the elasticity of
Earth (Love 1944), further described in Munk and
MacDonald (1975). This technique expresses the
radial and transverse displacement of a point on
the Earth’s crust in terms of Love and Shida numbers (h and l respectively), in addition to the perturbation in the geopotential ﬁeld using the Love
number k (Mathews et al. 1997).
Great eﬀorts have been made to accurately
measure the earth tides (Richter and Warburton
1998). There have been many theoretical studies of
the Earth’s structure and tidal response after the
study done by Love in 1909. Tidal deformations
were studied for a spherically symmetric, perfectly
elastic, and isotropic Earth (Longman 1963; Saito
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1967; Farrell 1972). The response of the Earth
to luni-solar attraction is expressed by amplitudes
and phases of tidal constituents, together with the
ocean tide loading (OTL) eﬀects (Lambert et al.
1998).
The tidal response is mainly related to the
Earth’s elastic properties and local variations in
elastic structure (Mantovani et al. 2005; Fu and
Sun 2007). Thus, the Earth’s tidal response can
be used to investigate the inner structure. Recent
studies have shown theoretically and through the
use of simulated data how unmodelled periodic
signals (such as ocean tide loading and errors in
solid earth tide models) propagate into GPS coordinate time series at diﬀerent frequencies (Penna
and Stewart 2003; Stewart et al. 2005; Penna et al.
2015). It is well known that the position of a point
on the Earth’s surface varies over a range of temporal scales due to the elastic response of the crust
to the external tide generating potential (TGP)
(Melchoir 1983). The resultant response is called
the solid earth tide (also termed the earth body
tide), and can account for displacements up to
∼0.4 m at predominantly semi-diurnal and diurnal
frequencies (Lambeck 1988).
On the global scale, GPS network observations
have been conducted by Schenewerk et al. (2001),
who estimated the vertical tidal displacements of
353 globally distributed GPS stations for eight
major semi-diurnal and diurnal constituents using
3 years of observations and found large-scale systematic observation vs. model diﬀerences.
The study done by Yuan et al. (2009) used GPS
data from a dense, continuous (albeit local) network in Hong Kong to evaluate the internal precision of GPS tidal displacement estimates. The
results then showed that the misﬁts for the major
semi-diurnal and diurnal constituents (except K1
and K2) are <0.5 and 1.0 mm, respectively, for the
horizontal and vertical components, implying that
the GPS measurement error may not be a limiting factor to scrutinize body tide and OTL models. The study done by Yuan and Chao (2012) succeeded in demonstrating the precision of GPS tidal
displacement estimates down to the level of ∼0.1
mm (horizontal) and ∼0.3 mm (vertical). Tidal
oscillation has a strictly deﬁnite periodicity, therefore, there is need to study solid earth tides so that
the corrections can be applied on both the GPS
data and ‘g’ value to calculate it for a particular place and time. In any geodetic analysis, it is
important to consider how this process may aﬀect
the instantaneous site position, and hence inﬂuence
the computation and interpretation of coordinate
time series and related data products.
Further, Haritonova Diana (2012) uses the special program to describe the vertical tide displacements in the territory of Latvia. Tidal deformations

are the earth crust vertical movements with maximum amplitude of up to 30 cm.
However, there is a need to calculate the tidal
deformations and their eﬀect on India. The study is
to calculate the earth tide variation of the International GNSS Service (IGS) Station at Hyderabad
(India), Ankara (Turkey), and Beijing Fangshan
(China). The daily and monthly variations are calculated for the month of November, 2013 at IGS stations.
2. Theory
The tidal force arises because of the gravitational
attraction of the heavenly bodies around the Earth
which causes tidal acceleration. The tidal acceleration at any point on the surface of the Earth
is the diﬀerence between the acceleration caused
by the attraction of the external body and the
orbital acceleration, i.e., acceleration which the
Earth undergoes as whole, explained by Agnew
(2007). Theoretically earth tide phenomenon is
explained by tidal phenomenon by applying Newton’s laws of motion. The gravitational potential
is inversely proportional to the square of the distance between the body and the tide generating
body whereas the tidal potential is inversely proportional to the cube of the distance between them.
The tidal force is expressed by the more preferred
scalar quantity, i.e., tidal potential. Tidal potential is calculated in two ways: either with the use
of angular distance or geographical coordinates to
deﬁne the position on the Earth. The expression
for the tidal potential is described by Munk and
Cartwright (1966) and the position is deﬁned by
the angular distance. The distance between the two
masses (Earth and tide generating body) and the
angular distance between the center of the tide generating body and the point on the surface of Earth
is taken as the function of time. Thus it implements
that the tidal potential is also a function of time.
If the tide generating body is Moon, and the
point is on the surface of Earth where the tidal
potential is to be calculated then, R/D = 1/60,
where R is the radius of Earth and D is the distance between the two masses. In the case of Sun,
R/D = 1/23,000.
Therefore for second degree, the magnitude of
Vtid is proportional to GM/D3 . By normalizing this
quantity to make value for the Moon equal to 1,
then the value for Sun is 0.46, for Venus is 5× 10−5
and for Jupiter is 6×10−6 . Hence, the Moon and
Sun contribute eﬀectively and can be visible in the
actual measurements.
In the other method, the distance is deﬁned
by geographical coordinates (Agnew 2007). In this
the tidal potential depends upon the latitude and
longitude of the tide generating body as well as
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the point where the tidal potential is to be calculated. The tidal potential when divided by the
acceleration due to gravity gives the units of potential. From this the tidal potential can be computed directly. The location of the Moon and the
Sun from the celestial coordinates is converted into
the geographical coordinates and the distance is
converted by using the standard transformations
(McCarthy and Petit 2004, Chapter 4).
The Love and Shida numbers are the dimensionless parameters used to deﬁne the elasticity of
the Earth. For the real Earth, the eﬀective Love
numbers are dependent on the site latitude and
tidal frequency (Wahr 1981; Mathews et al. 1997;
Dehant et al. 1999). For attaining better accuracy
of less than 1 mm in modelling of site displacements, various eﬀects have to be considered on
the Love numbers. The motions of the Moon and
the Sun as observed in the geocentric coordinate
system are predictable by harmonic functions of
the periodic variations of their respective elliptical orbits with high accuracy. Instead of two Love
numbers h and l used for a spherical Earth (Mathews
et al. 1997), the seven Love numbers (h(0) , h(2) ,
h ) and (l(0) , l(1) , l(2) , l ) are used to describe the
surface tidal displacement of an ellipsoidal Earth.
The surface displacement u because of the tidal
term of frequency f is expressed in terms of frequency and latitude-dependent Love numbers
(Mathews et al. 1997; Dehant et al. 1999). The
components of the tidal displacements of degree-2
can be explained as:
For a diurnal cycle of frequency f :


5
u = −
Hf 3h(θ) sin θ cos θ sin(ϕf +φ)êr
24π



24π 
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(1)
l sin(ϕf +φ)êθ
+ 3l(θ) cos 2θ−3l sin θ+
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24π 
l sin θ − 3l(1) sin θ cos 2θ
+
3l(θ) −
5

× cos (ϕf + φ) êφ
where Hf is the amplitude (m) of the tidal term of
frequency f , θ is the geocentric latitude of station,
Φ is the east longitude of station, ϕf is the tide
argument for tidal constituent with frequency f , êr
is the unit vector in radial direction, êφ is the unit
vector in the east direction, and êθ is the unit vector
at right angles to êr in the northward direction.
2.1 Earth tide variation
As the earth tide is, because of the Moon and
the Sun, depends upon their position and the
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distance from the point where the eﬀect of the tide
is to be calculated. To calculate the earth tides
we require the latitude and longitude of both the
tide generating body and the point where the earth
tide is to be calculated. If we observe the earth tide
at a particular point/position, we can say that for
a diurnal cycle it can be expected that each point
faces two high and low tides. High tide is that when
the point on the Earth experiences maximum tidal
force and low tide is that when it experiences minimum tidal force. Though the high and low tides
occur twice in a day and are diﬀerent in magnitudes, it is expected to occur in approximately 12
hours. Therefore in approximately 6 hours, each
point faces high and low tides.
With the variation in the position of the point
on the Earth and the tide generating bodies, the
Earth experiences two types of tides: Spring tide
and Neap tide. Spring tide is that in which the Sun,
Earth, and Moon all are aligned in the same line,
due to which they form constructive interface and
the Earth experiences the maximum tidal force. In
spring tide, the phase of the Moon is either new
moon or full moon. Neap tide is that when the Sun,
Earth, and Moon are aligned in perpendicular line,
due to which they form destructive interface and
the Earth experiences the minimum tidal force. In
neap tide, the phase of the Moon is either in ﬁrst
quarter or third quarter. While ocean tides can be
easily measured relative to the solid Earth, solid
earth tides are easily measured only with satellite
systems or sensitive gravimeters. Also, the solid
earth tide is a very smooth function around the
Earth. For this reason, diﬀerential positioning systems, such as diﬀerential carrier phase GPS, can
frequently ignore solid earth tide eﬀects. Global
geodetic networks and GPS carrier phase precise
point positioning must include the eﬀect of solid
earth tide.
3. Methodology
The solid earth tide is calculated at the IGS
station, Hyderabad (India), Ankara (Turkey) and
Beijing Fangshan (China) for the month of November 2013. For observing the variation at a station
for a particular day, the gravity method is used.
This method is implemented through the program
‘Solid’. The displacements in all the three directions, that is along the north, east and vertical
directions are calculated on a daily basis at a 1-min
interval. The program ‘Solid’ is oﬀered by Dennis
Milbert (2011). This code is an implementation of
the solid earth tide computation found in section
7.1.2 of the IERS Conventions (2003), IERS Technical Note No. 32. The program asks for the date
and geodetic location and gives the tidal amplitude
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as an output of that location. It gives the amount
of displacements in all the three directions with
reference to the input values of the geodetic
location.

tidal displacements are computed for other IGS
stations, i.e., Ankara (Turkey), and Beijing Fangshan
(China).
4.1.2 For IGS Ankara station

4. Observations
4.1 By gravity method
4.1.1 For IGS Hyderabad station
The program ‘Solid’ is the implementation of the
gravity method. The program asks for the date and
geodetic latitude and longitude. This software gives
the solid earth tide components in all the three
directions, i.e., north, east, and vertical. The time
is given in GPS time and the values are given at an
interval of 1 min. The program gives the amount
of displacements occuring in all directions with
respect to the input geodetic coordinates. It gives
1440 values of displacements in all the three directions at 1 min intervals for one day. The value of
displacements for the whole month along the vertical direction is shown in ﬁgure 1. The y-axis shows
the amount of displacement occuring along the
height of the position in meters. The ﬁgure shows
the variation in the displacement in the height of
the station for the whole month. The maximum
range of a day for the whole month comes to 48 cm.
The ﬁgure also shows that the two high and low
tides occur in a single particular day, though they
are not of same magnitude. This is because of the
diurnal cycle of the Earth that a point faces two
high and low tides for a particular day but not of
same magnitude. The maximum vertical displacement is about 30 cm and minimum is about −18
cm for that particular day.
Figure 2 shows the displacement of the station
along the north direction with respect to the input
value of the latitude entered into the program. The
expansion force along the north side is less as compared to the compressive force. The range of the
displacement is about 8 cm with maximum displacement along north side is 1 cm and minimum
displacement is –7 cm.
Figure 3 shows the displacement of the station
along the east direction with respect to the input
value of the longitude entered in the program. The
ﬁgure shows the variation in the displacements
along the east direction. The range of the displacements is about 14 cm, the maximum displacement
along the east side is about 7 cm and minimum
displacement is −7 cm.
Figures 1, 2, and 3 clearly show the displacements
of the position in all the three directions for the month
of November. This shows that due to the solid
earth tides, the displacement occurs in all the three
directions at 1 min intervals. To compare the same,

The displacements are computed along all the three
directions per minute for a month. The maximum
displacement along the upward vertical direction
comes to 26 cm and maximum downward displacement is 17 cm. Thus the maximum range of displacement per day for a month comes to 43 cm. The
value of displacements for the whole month along
the vertical direction is shown in ﬁgure 4. The yaxis shows the amount of displacement occuring
along the height of the position in meters. The ﬁgure shows the variation in the displacement in the
height of the station for the whole month.
Similarly, the displacements along the other
directions are also computed and the ranges in
other directions are observed. The maximum positive displacement along the north direction comes
to 0.7 cm and negative displacement is 7 cm, thus
the maximum range of a day for a month comes to
7.7 cm (ﬁgure 5).
The maximum positive displacement along the
east direction comes to 7 cm and negative displacement is also 7 cm. Thus the maximum range of the
day for the month is 14 cm (ﬁgure 6).
4.1.3 For IGS Beijing Fangshan station
The displacements are computed along all the three
directions per minute for a month. The maximum
positive displacement along the vertical direction
comes to 25 cm and maximum negative displacement is 17 cm. Thus the maximum range of displacement per day for a month comes to 42 cm.
The value of displacements for the whole month
along the vertical direction is shown in ﬁgure 7. The
y-axis shows the amount of displacement occuring along the height of the position in meters.
The ﬁgure shows the variation in the displacement in the height of the station for the whole
month.
Similarly, the displacements along the other
directions are also computed and the ranges in
other directions are observed. The maximum positive displacement along the north direction comes
to 0.8 cm and negative displacement is 7 cm, thus
the maximum range of a day for a month comes to
7.8 cm (ﬁgure 8).
The maximum positive displacement along the
east direction comes to 7 cm and negative displacement is also 7 cm. Thus the maximum range of the
day for the month along east direction is 14 cm
(ﬁgure 9).
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Figure 1. Tidal displacement along vertical direction at IGS Hyderabad.
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Figure 2. Tidal displacement along north direction at IGS Hyderabad.
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Figure 3. Tidal displacement along east direction at IGS Hyderabad.

4.1.4 Comparative study between IGS stations
at 1-min interval for a day
The tidal displacements along all the three directions for a month are computed and shown individually for all IGS stations. Now to study the eﬀect
for a day, the displacements are computed for a day
at IGS stations along all three directions as shown
in ﬁgures 10, 11 and 12. This shows that how the

earth surface is experiencing the eﬀect and how
tides are propagating from one station to another
and with what speed. Tidal displacement is computed for 1 November, 2013 along all the three
directions of all IGS stations.
It is clearly seen in ﬁgure 10 that along the vertical direction ﬁrst the high tide reaches at IGS
Beijing Fangshan station then IGS Hyderabad station and at last it reaches at IGS Ankara station.
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Figure 4. Tidal displacement along vertical direction at IGS Ankara.
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Figure 5. Tidal displacement along north direction at IGS Ankara.
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Figure 6. Tidal displacement along east direction at IGS Ankara.

The time lag between the stations is calculated.
It comes to 187 min between IGS Hyderabad and
IGS Ankara stations, 342 min between IGS Ankara
and IGS Beijing Fangshan stations and 155 min
between IGS Hyderabad and IGS Beijing Fangshan
stations. We can easily compute the baseline
distance between the stations through baseline
processing. By this we can ﬁnd out/calculate the
propagation speed and direction of the solid earth
tides on the surface of Earth.

Similarly, along the north direction ﬁrst the low
tide reaches IGS Beijing Fangshan station then IGS
Hyderabad station and reaches the IGS Ankara
station last (ﬁgure 11). The time lag of low tides
between IGS Hyderabad and IGS Ankara comes
to 187 min, between IGS Ankara and IGS Beijing
Fangshan is 342 min and between IGS Hyderabad
and IGS Beijing Fangshan is 155 min. Through
these values we can easily compute the propagation
velocity of tides on solid earth.
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Figure 7. Tidal displacement along vertical direction at IGS Beijing Fangshan.
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Figure 8. Tidal displacement along north direction at IGS Beijing Fangshan.
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Figure 9. Tidal displacement along east direction at IGS Beijing Fangshan.

Similarly, along the east direction ﬁrst the low
tide reaches IGS Beijing Fangshan station then IGS
Hyderabad station and reaches the IGS Ankara
station last (ﬁgure 12). The time lag of high tides
along east direction between IGS stations is the
same as in the case of vertical and north directions.
5. Discussion and results
The study shows the variation in the position of
the IGS station for the month of November. The
results shown by the program ‘Solid’ indicate the

displacements of the station for the particular day.
For IGS Hyderabad station, the range of the station for a particular day along the vertical direction is about 48 cm with the maximum vertical
displacement about 30 cm and minimum vertical displacement is about –18 cm. This maximum
range occurs in approximately 6 hours. Along the
north direction the displacement is 8 cm, maximum
displacement is 1 cm, and minimum displacement
is –7 cm. The displacement along the east direction is 14 cm, with maximum 7 cm and minimum
–7 cm. Similarly for IGS Ankara station, the maximum range displacement along vertical direction
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Figure 10. Tidal displacements of IGS stations along vertical direction in a day.
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Figure 11. Tidal displacements of IGS stations along north direction in a day.
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Figure 12. Tidal displacements of IGS stations along east direction in a day.

per day for a month comes to 43 cm with positive
23 cm and negative 17 cm. Along north direction,
the range comes to 7.7 cm with positive 0.7 cm
and negative 7 cm. Along east direction, the range
comes to 14 cm with positive 7 cm and negative 7
cm. Similarly, for IGS Beijing Fangshan, the maximum range displacement along vertical direction
per day for a month comes to 42 cm with positive
25 cm and negative 17 cm. Along north direction,
the range comes to 7.8 cm with positive 0.8 cm

and negative 7 cm. Along east direction, the range
comes to 14 cm with positive 7 cm and negative
7 cm. Thus the position of the particular point is
being aﬀected continuously due to the solid earth
tide. The variation at 1 min interval is calculated
and it shows that there is a large variation in the
position of the point due to the solid earth tides.
The one day comparison is done between IGS
stations at 1 min intervals along all the three directions to observe the diﬀerence in time between
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Figure 13. Positional variation of the coordinates due to solid earth tides where indicates the positions (30 days) of the
station for the month of November and indicate the mean value of the coordinates for the month of November at IGS
Hyderabad.

high tides of the IGS stations. The time lag
between IGS Hyderabad and IGS Ankara stations
comes to 187 min, between IGS Ankara and IGS
Beijing Fangshan is 342 min and between IGS
Hyderabad and IGS Beijing Fangshan station is
155 min. From this knowledge and by doing the
baseline processing between these stations the
propagation velocity of tides on solid earth can
easily be computed.
But to study the eﬀect of these continuous displacements on the coordinates of the point on daily
basis, the static Precise Point Positioning (PPP)
method is used. This method is implemented by
GPS software Bernese 5.0. This software gives very
accurate GPS coordinates and gives only a single
mean value of the coordinates for a particular day
(ﬁgure 13).

5.1 By Precise Point Positioning (PPP)
The GPS data of IGS Hyderabad is taken for
the month of November 2013. It is processed by
Bernese 5.0 and the coordinates are calculated
daily. The graphic representation of the coordinates shows that how the regular displacements
of the point are aﬀecting the coordinates of the
station on daily basis (ﬁgure 13).
The variation in the vertical ellipsoidal height
within a month is discussed by the graphic representation. The variation in height (meter) is due
to the regular displacements occuring due to solid
earth tides. The value of geodetic undulation (N)
varies regularly but with very less quantity. Thus
for all practical purposes, the value is assumed to
be constant. Therefore the variation in the geodetic
height and ellipsoidal height will be same. The data
shows that 3rd November has the lowest height.
The new moon (spring tide) is also on November

3. It means that due to the spring tide the tidal
force is maximum, due to the maximum pull, the
Earth’s surface gets compressed due to which the
height gets reduced to the lowest. Rotation period
of the Moon around Earth is approximately 24
days. Therefore in approx. 12 days each maximum
high and low tide will occur. After 3rd November, the next high tide is around 14 November.
Same is observed for the 9th and 21st November. The range of the displacement along the vertical height comes to 3.52 cm for the month of
November.
The latitude and longitude for any station is calculated in degree minutes and seconds. For studying the variation along the north and east direction the seconds value is taken. The range in the
variation of the latitude, i.e., along the north side
is very less. The variation of the latitude for the
month is 0.0004 seconds. It is about 1.23 cm. For
one degree change in latitude near the equator
the distance is about 110.567 km. Therefore, the
displacement along the north direction is about
1.23 cm.
The variation in the magnitude along the east
side is also very less. The range in the variation
of the longitude for the month is 0.0009 seconds.
This is about 2.73 cm. For one degree change in
longitude near the equator the distance is about
111.321 km. Therefore, the displacement along the
east direction for the month is about 2.73 cm. The
minimum value of the longitude on November 3 is
also because of the spring tide.
The positional variation of the IGS station for
the month of November is shown in ﬁgure 13. This
ﬁgure shows that how the position of the station is
varying continuously due to the solid earth tides.
This ﬁgure shows that how the position of the
station varies continuously due to the solid earth
tides. Therefore there is a high need to know the

612

Jayanta Kumar Ghosh and Shray Pathak

exact behaviour of the solid earth tides so that the
corrections can be applied to the GPS readings for
ﬁnding the exact value of the GPS coordinates for
a speciﬁed place and time.
6. Conclusion
The Earth station displacement caused by the solid
body tides, is the correction which must be observed
for determining the Earth station’s position.
Tidal oscillation has a strictly deﬁnite periodicity,
therefore, the desired corrections can be applied
for any instant of time. The study of the earth tides
helps us in understanding the response of the
Earth’s body to the internal and external forces.
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