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SUMMARY

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. In this research work, effect and temporal
variations in position of the IGS (International Global Navigational Satellite Systems [GNSS]
Service) station at Hyderabad and some of the other Indian stations due to solid earth tide, has
been carried out. Mean daily coordinates of the station has been computed using static precise
point positioning (PPP) method for a month. Results show that the station undergoes temporal
displacements and its coordinates varies continuously within a day and all the days in the month.
It has been found that the tidal oscillations follow some periodicity, and thus need to be studied
independently for all stations.

By Precise Point Positioning the variation in the position at a particular station is observed for a
month of November 2013. Baseline distance is computed between the four Indian stations.
Variation along baseline is observed by computing six baselines between four stations and when
the effect is studied simultaneously for all baselines it follows a definite pattern. This shows that
the effect on the coordinates of any nearby stations at a particular time is almost similar due to
Solid Earth Tides. By studying the simultaneous effect between two stations with known
baseline distance and the time taken by the tide (either high or low) to reach from one station to
another, the propagation velocity of the Solid Earth tides can be computed. The propagation
velocity helps in identifying the effect at any station if the effect at a known station for a
particular time is known.
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1. INTRODUCTION

Solid Earth Tides is a temporal deformation in the position of the point due to the tidal force. The
tidal force is because of the presence of the heavenly bodies around the Earth. Solid Earth tide is
the effect of the tidal force on the solid body of Earth. The tidal force arises because of the
gravitational force between the Earth, Moon and the Sun and the centrifugal forces of the
rotation system. Therefore it completely depends upon the position of the point with respect to
the Sun and the moon. Due to the continuous gravitational force, the point faces continuous
displacement which affects the coordinates on the daily basis. Due to the variation in the position
of the stations it also affects the distances between the two stations and their baseline distances.
Therefore due to the continuous variation, there is a high need to study the effect of Solid Earth
Tides on any position and how this effect affects the base line.

The regular deformations on the solid earth can be calculated by knowing its elastic behavior.
Love numbers are introduced to define the elasticity of earth (by 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 | 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 (e.g., Richter and Warburton,
1998). There have been many theoretical studies of the Earth’s structure and tidal response after
Love (1909). Tidal deformations were studied for a spherically symmetric, perfectly elastic and
isotropic Earth (e.g., Longman, 1963; Saito, 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 (e.g., 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 various different frequencies (Penna and Stewart, 2003; Stewart et
al.2005 and Penna et al., GPS height time series: short period origins of spurious long period
signals, submitted to J.Geophys. Res., hereafter referred to as Penna et al., submitted
manuscript).It is well known that the position of a point on the Earth's surface varies over a range
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of temporal scales due to the elastic response of the crust to the external tide generating
potential(TGP) (e.g., 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 semidiurnal and diurnal constituents using 3 years of observations and found
large-scale systematic observation-versus-model differences.

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 semidiurnal and diurnal constituents (except K1 and K2) are less
than 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.

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.

Diana Haritonova [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.

Therefore there is a need of calculating the tidal deformations and its effect on India. The study
is to calculate the earth tide variation at position and the baselines between Indian stations.
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2. BACKGROUND 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
D.C.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 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 than 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 = 1/23000.

Therefore for second degree, the magnitude of Vg is proportional to GM/D®.By normalizing this
quantity to make value for the moon equal to 1, then the value for sun is 0.46, for Venus is
5x10> and for Jupiter is 6x10~°. Hence the moon and sun contributes effectively and can be
visible in the actual measurements.

In the other method the distances is defined by geographical coordinates D.C.Agnew[2007]. In
this the tidal potential is depend upon the latitude and longitude of the tide generating body as
well as 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 as
given by (McCarthy and Petit, 2004, Chapter 4).
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The Love and Shida numbers are the dimension less 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., 1995; Dehant et al., 1999). For attaining better
accuracy of less than 1mm in modeling of site displacements, the 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 is predictable by harmonic functions of the periodic variations of
their respective elliptical orbits with high accuracy. Instead of two love numbers h and | used for
a spherical Earth, (Mathews et al., 1995) the seven love numbers (h®,h® h>) and (19,141 1)
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 as (Mathews et al., 1995; Dehant et al., 1999). The
components of the tidal displacements of degree-2 can be explained as

For a diurnal cycle of frequency f:
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Where,

H: = amplitude (m) of the tidal term of frequency f,

0 = geocentric latitude of station,

® = east longitude of station,

¢r = tide argument for tidal constituent with frequency f,
é, = unit vector in radial direction,

€4 = unit vector in the east direction,

€ = unit vector at right angles to é, in the northward direction.
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3. METHODOLOGY

3.1 Precise Point Positioning:

It is used to observe the effect of continuous displacements on the coordinates of the station. It
gives the mean daily variation of the coordinates and it is computed by Precise Point Positioning
method. It gives the daily mean positional coordinates. Precise Point Positioning (PPP) is a
method that started in the 1990’s and involves the use of measurements from a single GNSS
receiver to obtain accurate position without the use of measurements from reference stations.
Such improvement is accomplished through the use of state space representation of the
corrections to the observations, such as precise satellite ephemerides and satellite clock
corrections produced from a network of worldwide monitoring stations. This method is
implemented by GPS software Bernese 5.0. The raw data of the GPS for the IGS station is
processed by using the Bernese 5.0. The software gives the mean value of the coordinates for a
particular day. The Solid Earth tide corrections are already applied to the coordinates obtained by
the Bernese 5.0. Therefore the variation in the coordinates obtained by Bernese 5.0 is not due to
the Solid Earth tides. To study the effect of Solid Earth tides on the coordinates of the station, the
coordinates are computed for the same station but without the Solid Earth tide corrections and
the difference in the readings will give the affect on the position of the station due to the Solid
Earth tides. Same technique is also applied for the Pune station.

To calculate the effect of positional variation due to the surface displacements on the distance
between the two stations the Base line processing is done. For calculating the affect of Solid
Earth tides on the Base line the two stations Hyderabad and Pune is chosen. One station is the
IGS Hyderabad and the other station is taken in Pune to observe the effect of Solid Earth tides on
the Base line processing. Firstly the baseline is calculated between the two stations with Solid
Earth tide corrections. Second baseline is calculated between the same two stations but without
Solid Earth tide correction. The difference in the baseline gives the effect of Solid Earth tides on
the baseline between any two stations.
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4. RESULTS

4.1 Variation in Baselines:

To study the effect along a baseline distance between any two stations is observed by doing the
baseline processing of the data of the two stations. The two baseline processing is done with two
types of coordinates. First baseline processing is done between coordinates of both the stations
when the Solid Earth Tide correction is applied. The second baseline processing is done when
between the stations without applying the Solid Earth Tide correction on the coordinates of the
stations. The difference between the baselines obtained by above two processes is the effect on
the slope distances between two particular stations due to Solid Earth Tides.

4.2 Variation in baseline b/w Hyderabad and Pune

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.1. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. As it is
expected, large variation is observed in the slope distance calculated between the stations when
the coordinates are obtained without Solid Earth Tide corrections as shown in figure 4.1. The
difference in the baselines obtained with and without Solid Earth Tide correction is the effect on
the slope distance due to the Solid Earth Tides.

x 10°
5.1027
""" with S.E. T
5.1027 without S.E.T A
5.1027 A

5.1027 I \
A
\

J\ar
ke A LA

5.1027 I
N

5.1027 ,J \ A
/'-7‘_ """" ~ \. ')[3\‘-~"’

J
N

SLope Distance (m)

e IVAV=E VAR AP
5.1027 / V ' V v v V V
5:1027 \l £ r r r F

Figure 4.1: Variation in the baseline distance b/w Hyderabad and Pune with and without Solid
Earth Tide corrections.
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The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.2. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.2 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be 1:39251622.
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Figure 4.2: Variation in the baseline distance (Al) b/w Hyderabad and Pune due to Solid Earth
Tides.
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4.3 Variation in baseline b/w Hyderabad and Dehradun

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.3. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. Large variation
is observed when the baseline is obtained between Hyderabad and Dehradun station without
Solid Earth Tide corrections.
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Figure 4.3: Variation in the baseline distance b/w Hyderabad and Dehradun with and without
Solid Earth Tide corrections.
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The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.4. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.4 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be -2.45169E-09.
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Figure 4.4: Variation in the baseline distance(Al) b/w Hyderabad and dehradun due to Solid

Earth Tides.
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Slope Distance (m)

4.4 Variation in baseline b/w Pune and Dehradun

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.5. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. Large variation
is observed when the baseline is obtained between Pune and Dehradun station without Solid

Earth Tide corrections.
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Figure 4.5: Variation in the baseline distance b/w Pune and Dehradun with and without Solid

Earth Tide corrections.
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Slope Distance (m)

The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.6. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.6 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be 1.53571E-09.
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Figure 4.6: Variation in the baseline distance (Al) b/w Pune and Dehradun due to Solid Earth
Tides.
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4.5 Variation in baseline b/w Hyderabad and Bhubaneswar

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.7. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. Large variation
is observed when the baseline is obtained between Hyderabad and Bhubaneswar station without
Solid Earth Tide corrections.
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Figure 4.7: Variation in the baseline distance b/w Hyderabad and Bhubaneswar with and without
Solid Earth Tide corrections.
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The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.8. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.8 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be -2.54565E-09.
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Figure 4.8: Variation in the baseline distance(Al) b/w Hyderabad and Bhubaneswar due to Solid
Earth Tides.
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4.6 Variation in baseline b/w Pune and Bhubaneswar

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.9. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. Large variation
is observed when the baseline is obtained between Pune and Bhubaneswar station without Solid
Earth Tide corrections.
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Figure 4.9: Variation in the baseline distance b/w Pune and Bhubaneswar with and without Solid
Earth Tide corrections.
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The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.10. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.10 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be 1.66295E-08.
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Figure 4.10: Variation in the baseline distance(Al) b/w Pune and Bhubaneswar due to Solid Earth
Tides.
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4.7 Variation in baseline b/w Dehradun and Bhubaneswar

The difference in the baseline distance between the two stations with and without Solid Earth
Tide corrections is represent by the graphical representation as shown in figure 4.11. The blue
curve represents the slope distance between both the stations when coordinates are obtained
without Solid Earth Tide corrections. The red curve represents the slope distance between both
the stations when the coordinates are obtained with Solid Earth Tide corrections. Large variation
is observed when the baseline is obtained between Dehradun and Bhubaneswar station without
Solid Earth Tide corrections.
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Figure 4.11: Variation in the baseline distance b/w Dehradun and Bhubaneswar with and without
Solid Earth Tide corrections.
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The difference in the slope distance calculated with and without Solid Earth Tide corrections is
shown in the figure 4.12. The large variation is observed during the time of New and Full Moon.
The variation in the slope distances as shown in figure 4.12 for a month is because of the Solid
Earth Tides. Now Al is the difference in the baseline obtained with Solid Earth Tide correction
and without Solid Earth Tide correction. The daily variation is shown in figure. L is the baseline
distance between the two stations which is the averaged mean value and is constant. The monthly
variation of the change in baseline distance divided by the baseline distance is the ratio of the
averaged mean value of the Al to L. The monthly mean value comes out to be 9.58402E-09.
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Figure 4.12: Variation in the baseline distance(Al) b/w Dehradun and Bhubaneswar due to Solid
Earth Tides.
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4.8 Variation in the baselines between the stations due to Solid Earth Tides.

The effect of the Solid Earth Tides on the baseline distances between any two stations is
calculated by subtracting the baseline distance obtained by the coordinates with Solid Earth Tide
corrections with the baseline distance obtained by the coordinates without Solid Earth Tide
corrections. Therefore the variation in the baseline between any two stations is only due to the
Solid Earth Tides. Coordinates with and without Solid Earth tide corrections are computed at
four Indian stations i.e IGS Hyderabad, Pune, Dehradun and Bhubaneswar. The six baselines are
computed between these stations and the effect is studied for the month of November 2013. The
effect on these six baselines is studied and the variation due to Solid Earth tides is observed
simultaneously. The variation in the baselines between all the four stations seems to be follows a
definite pattern. The variation in all the six baselines is due to the Solid Earth tides and thus it
concludes that the position of any station varies continuously with time.
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Figure 4.13: Variation in the baseline distances b/w stations due to Solid Earth Tides.
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5. DISCUSSION

Further the baseline processing is done by taking the GPS data of four Indian stations and the six
baselines is computed between these stations. The slope distance is calculated between the
stations and the variation occurs in the baseline for the month which is due to the Solid Earth
Tides. The effect on all the six baselines is observed simultaneously and the curve shows almost
the similar pattern. This shows that the effect on the coordinates of the station is almost similar
due to the Solid Earth Tides.

Therefore there is a high need to know the exact behavior 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. Therefore 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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