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Executive summary

Since 1997, Defra and the Environment Agency (EA) have been funding

research to measure long term changes in land and sea levels around the coast

of Great Britain and along the Thames Estuary and River Thames:

e to monitor current changes in land level due to ‘land tilt' and regional/local
geological effects;

e to improve estimates of climate driven changes in sea level based on tide
gauges;

e to help in predicting future sea level rise;

e to carry out more refined regional studies to support planning for flood risk
management for the Thames Estuary and River Thames.

The aims of these measurements are to obtain direct estimates of current
changes in land level on the scale of millimetres per year, in a stable reference
frame, both at tide gauges and at other specific locations, and to use these to
obtain estimates of changes in sea level (decoupled from changes in land
level). Such measurements represent a major challenge and the research
carried out has essentially included three complementary monitoring
techniques: the Global Positioning System (GPS); Absolute Gravimetry (AG);
and Persistent Scatterer Interferometry (PSI).

The objectives of the research work reported in this Technical Report were to
investigate how best to combine the information from these three
complementary monitoring techniques to meet these aims.

From 2003 to 2006, the research work was carried out as a national study,
funded by the Joint Defra/EA Flood and Coastal Erosion Risk Management
R&D Programme as FD2319, and a regional study, funded by the Environment
Agency Thames Estuary 2100 project. The national study was carried out
jointly by the Proudman Oceanographic Laboratory (POL) and the University of
Nottingham’s Institute of Engineering Surveying and Space Geodesy (IESSG).
The regional study was led by IESSG and carried out jointly by IESSG, POL,
Nigel Press Associates Ltd. (NPA) and British Geological Survey (BGS). For
the national study, continuous GPS (CGPS) stations have been established at
ten tide gauges around the coast of Great Britain and AG measurements have
been made at three of these. For the regional study, episodic GPS (EGPS)
data from a network of stations in the Thames Region and PSI data for
hundreds of thousands of persistent scatterer (PS) points in the Thames Region
have been analysed and the changes in land level interpreted using various
geoscience data sets.

The report presents the results from all three monitoring techniques, including
the estimates and uncertainties obtained for the changing land and sea levels.
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The results for the national study demonstrate how:
e the combined CGPS and AG estimates of changes in land level

o correlate with long term geological and geophysical evidence for the ‘tilt’
of Great Britain, which have Scotland rising by 1 to 2mm/yr and the
South of England subsiding by up to 1.2mm/yr.

o are in general agreement with long term geological and geophysical
evidence, in terms of whether there is subsidence or uplift at individual
stations, although in some cases there are differences which are of the
same order as the changes in land level themselves and are, therefore,
significant in relation to any assumptions made regarding future changes
in land level.

¢ when the combined AG and CGPS results are considered along with tide
gauge estimates of changes in sea level, our ‘best’ current estimate for the
average change in sea level (decoupled from changes in land level) around
the coast of Great Britain over the past few decades/past century suggests
that sea level has risen by 0.9 to 1.2mm/yr.

e the direct estimates of changes in land level at specific tide gauges can be
combined with predictions of future changes in sea level to provide an
assessment of future changes in sea level around the coast of Great Britain.

The results for the regional study demonstrate how:

e when the CGPS and AG estimates of changes in land level from the national
study are combined with the EGPS and PSI estimates of changes in land
level from the regional study, the estimates of changes in land level for the
Thames Region, which range from approximately 0.3mm/yr uplift to
2.1mml/yr subsidence, correlate with certain aspects of the geoscience data
sets to explain the pattern of land movements observed on a regional scale.

e when the CGPS and AG estimates of changes in land level from the national
study are combined with the EGPS and PSI estimates of changes in land
level from the regional study and considered along with the results of a new
analysis of the tide gauge data for the Thames Estuary and River Thames
o the estimates for the changes in sea level (decoupled from changes in

land level) along the Thames Estuary and River Thames are consistent
with those obtained around the coast of Great Britain.

0 our ‘best current estimate for the combined effect of changes in land and
sea levels is a 1.8 to 3.3mml/yr rise in sea level with respect to the land
along the Thames Estuary and River Thames over the past few
decades/past century.

The report concludes that the national and regional studies were extremely
successful and have greatly improved our knowledge of changes in land and
sea levels around the coast of Great Britain and along the Thames Estuary and
River Thames well beyond what was known at the start of the studies in 2003.
They have provided new estimates of changes in land level due to ‘land tilt' and
regional/local geological effects, new estimates of climate driven changes in sea
level based on tide gauges and a new assessment of future sea level rise. The
results are, therefore, of direct relevance to the Joint Defra/EA Flood and
Coastal Erosion Risk Management R&D Programme Modelling and Risk (MAR)
Theme, in providing information and knowledge to support decision making in
terms of coastal flood risk management and climate change, as part of the
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cross cutting risk based knowledge and methods sub-theme. The results are
also a direct input to the Environment Agency Thames Estuary 2100 project.

A number of recommendations are then given, both for improving the
confidence we can place on the current results, and for further long term
monitoring. Together, these will enable the validation of climate change model
predictions of sea level rise around Great Britain, particularly as the various
IPCC scenario predictions are likely to remain uncertain. This will lead to a
better assessment of risk and more informed decisions on planning and
managing flood risk at the coast and in our estuaries.

The recommendations for long term monitoring on a national scale are
particularly important in the context of policy needs from the sciences over the
next 10 years (Defra 2004). These include the need for key long-term evidence
relating to climate change and the specific requirements for monitoring, reliable
regional predictions and a comprehensive understanding of the range of climate
change impacts, including sea level rise.

The recommendations for long term monitoring on a regional scale aim to
provide a monitoring solution for the Thames Estuary and River Thames. This
would be part of an adaptive strategy for the long term planning of flood and
coastal defences in that region, established as a result of the Environment
Agency Thames Estuary 2100 project.
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Absolute Gravimetry

Area Of Interest

GIS employing the ESRI software system ArcMap 9.1, used by
BGS in the regional study

British Geological Survey

NERC British Isles GPS archive Facility

NERC British Oceanographic Data Centre

Berntsen Survey Monument

Bernese GPS Software (version 5.0); developed by the
Astronomic Institute, University of Berne and used by IESSG in
the national study

Create and Analyse Time Series software; developed by POL and
used by IESSG in the national study
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Continuous GPS at Tide Gauge

Coordinate Time Series Analysis tools for CATS; developed by
IESSG and used by IESSG in the national study
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Department for Environment, Food and Rural Affairs
Differential Synthetic Aperture Radar Interferometry

Digital Elevation Model

Digital Terrain Model

Environment Agency

EA BenchMark

The principal program within TEVA

Episodic GPS

Episodic GPS at Tide Gauge

Environmental Satellite

European Remote Sensing

European Space Agency
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The European equivalent GNSS to GPS

GPS Analysis Software (version 2.4); developed by IESSG and
used by IESSG in the national and regional study

Generalised Extreme Value
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Geographic Information System

The Russian GNSS equivalent to GPS
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Generic Mapping Tools, used by IESSG in the national study
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Global Positioning System; the American GNSS
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Frequently used terms

Absolute gravity time series: Values of absolute gravity, computed from AG data
on an epochal basis, and the epoch to which they refer.

Absolute gravity time series analysis strategy: A procedure for using absolute
gravity time series in a particular software, in order to compute AG vertical
station velocities and their uncertainties.

Accuracy: A measure of the closeness to the true value of an estimated
parameter.

AG data: Time-tagged, absolute gravity observations from AG measurements
made at an AG station.

AG data processing strategy: A procedure for using AG data in a particular
software, along with specific models and/or methods for mitigating systematic
errors that affect AG, in order to compute absolute gravity values on an epochal
basis.

AG measurements: The process of temporarily setting up an absolute
gravimeter instrument over a permanent survey marker and recording AG data
for a certain period of time, whilst the absolute gravimeter instrument is
maintained at a fixed height above the survey marker.

AG station: A permanent survey marker, over which an absolute gravimeter
instrument can be positioned for AG measurements.

AG-aligned CGPS estimates of vertical station velocity: Values for the vertical
velocity of a CGPS station based on a combination of CGPS and AG.

AG-aligned EGPS estimates of vertical station velocity: Values for the vertical
velocity of an EGPS station based on a combination of CGPS/EGPS and AG.

AGGPS-aligned PSI estimates of vertical velocity: Values for the vertical
velocity of a PS point based on a combination of CGPS/EGPS, AG, and PSI.

CGPS coordinate time series: Values of the change in latitude, longitude and
height, computed from CGPS data on a daily basis, and the epoch to which
they refer.

CGPS coordinate time series analysis strategy: A procedure for using CGPS
coordinate time series in a particular software, along with specific methods for
noise analysis and the mitigation of periodic signals, in order to compute CGPS
estimates of station velocities and their uncertainties.

CGPS data: Time-tagged, pseudo-range and carrier phase observations made
continuously at a CGPS station.
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CGPS data processing strategy: A procedure for using CGPS data in a
particular software, along with specific models and/or methods for mitigating
systematic errors that affect GPS positioning, in order to compute CGPS station
coordinates, in a particular terrestrial reference frame, on a daily basis.

CGPS estimates of vertical station velocity: Values for the vertical velocity of a
CGPS station based purely on GPS.

CGPS height time series: Values of the change in height, computed from CGPS
data on a daily basis, and the epoch to which they refer.

CGPS station: A GPS antenna, mounted on a permanent monument which is
positioned at a fixed height over a permanent survey marker, and connected to
a GPS receiver which observes and records the CGPS data and has some form
of communications to transfer the CGPS data from the remote site.

CGPS@TG station: A CGPS station located at or close to a tide gauge.

Changes in land level: Estimated parameters based on a GIA model, geological
studies or measurements using GPS, AG and/or PSI, e.g. CGPS estimates of
changes in land level.

Changes in sea level: Estimated parameters based on measurements using
tide gauges, i.e. tide gauge estimates of changes in sea level.

Changes in sea level (decoupled from changes in land level): Estimated
parameters based on a combination of tide gauge measurements and either a
GIA model, geological studies or measurement using GPS, AG and/or PSI.

EGPS campaign: The process of making simultaneous EGPS measurements
at several EGPS stations.

EGPS coordinate time series: Values of the change in latitude, longitude and
height, computed from EGPS data on an epochal basis, and the epoch to which
they refer.

EGPS coordinate time series analysis strategy: A procedure for using EGPS
coordinate time series in a particular software, in order to compute EGPS
estimates of station velocities and their uncertainties.

EGPS data: Time-tagged, pseudo-range and carrier phase observations from
EGPS measurements made at an EGPS station.
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EGPS data processing strategy: A procedure for using EGPS data in a
particular software, along with specific models and/or methods for mitigating
systematic errors that affect GPS positioning, in order to compute EGPS station
coordinates, in a particular terrestrial reference frame, on an epochal basis.

EGPS estimates of vertical station velocity: Values for the vertical velocity of a
EGPS station based purely on GPS.

EGPS height time series: Values of the change in height, computed from EGPS
data on a daily basis, and the epoch to which they refer.

EGPS measurements: The process of temporarily setting up a GPS receiver-
antenna over a permanent survey marker and recording EGPS data for a
certain period of time, whilst the GPS receiver-antenna is maintained at a fixed
height above the survey marker.

EGPS station: A permanent survey marker, over which a GPS receiver-antenna
can be positioned for EGPS measurements.

EGPS@TG station: An EGPS station located at or close to a tide gauge.

IGS data processing strategy: The procedure adopted by the IGS for using
CGPS data in a particular software, along with specific models and/or methods
for mitigating systematic errors that affect GPS signals, in order to compute
CGPS station coordinates for the global network of IGS stations on a daily
basis.

National study: The part of the research work detailed in this Technical Report
which was funded by the Joint Defra/EA Flood and Coastal Erosion Risk
Management R&D Programme as FD2319, and focussed on changes in land
and sea levels around the coast of Great Britain.

Net sea level change: An estimate of the change in sea level relative to the land
over a specified time period.

Precision: A statistical measure indicating the spread or uncertainty of an
estimated parameter.

PSI processing strategy: A procedure for using SAR data in a particular
software, along with specific models and/or methods for mitigating systematic
errors that affect PSI, in order to compute satellite-point ranges for PS points,
on an epochal basis.

PS point time series: Values of the change in satellite-point range for a PS
point, computed on an epochal basis, and the epoch to which they refer.
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PS point time series analysis: A procedure for using PS point time series in a
particular software, in order to compute the velocities of PS points, both along
the line-of-sight to the satellite and in the vertical (with some assumptions).

Regional study: The part of the research work detailed in this Technical Report
which was funded by the funded by the Environment Agency Thames Estuary
2100 project, and focussed on changes in land and sea levels for the Thames
Region.

Systematic bias: The difference between the value for an estimated parameter
and the true value for that parameter.

Systematic error: An error source within an estimation procedure which has the
potential to cause a systematic bias in an estimated parameter.

Systematic offset: The difference between two alternative values for the same
estimated parameter.

Tide gauge: A device for measuring sea level at the coast or on tidal estuaries,
with some form of communications to transfer the tide gauge data from a
remote site.

Tide gauge annual MSL time series: Values of MSL, computed from quality
controlled tide gauge data as annual means, and the epoch to which they refer.

Tide gauge data: Values of the height of instantaneous sea level and the time at
which they were recorded.

Tide gauge data analysis: A procedure for using tide gauge data in a particular
software in order to compute estimates of tidal parameters and their
uncertainties.

Tide gauge monthly MSL time series: Values of MSL, computed from quality
controlled tide gauge data as monthly means, and the epoch to which they
refer.

Tide gauge quality control and validation: A procedure for inspecting and editing
‘raw tide gauge data’ to account for unphysical values and instrumental faults.
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1. Introduction

Since 1997, Defra and the Environment Agency (EA) have been funding

research to measure long term changes in land and sea levels around the coast

of Great Britain and along the Thames Estuary and River Thames:

e to monitor current changes in land level due to ‘land tilt' and regional/local
geological effects;

e to improve estimates of climate driven changes in sea level based on tide
gauges;

e to help in predicting future sea level rise;

e to carry out more refined regional studies to support planning for flood risk
management for the Thames Estuary and River Thames.

The aims of these measurements are to obtain direct estimates of current
changes in land level on the scale of millimetres per year, in a stable reference
frame, both at tide gauges and at other specific locations, and to use these to
obtain estimates of changes in sea level (decoupled from changes in land
level). Such measurements represent a major challenge and the research
carried out has essentially included three complementary monitoring
techniques:

e The Global Positioning System (GPS), which enables the measurement of
vertical land movement at a specific station, in a GPS reference frame
(essentially a geometrical model of the Earth), and can be used in
continuous or episodic modes.

e Absolute Gravimetry (AG), which enables the measurement of absolute
gravity, as an independent measurement of vertical land movement at a
specific station, with reference to the centre of the Earth; but a highly
sensitive instrument is needed and can only be deployed by specialists, in
short, episodic campaigns.

e Persistent Scatterer Interferometry (PSI) analysis, which can provide good
spatial coverage and refinement over a regional scale, but gives relative
rather than absolute movements and is limited to periods for which suitable
satellite images exist for the study area.

The objectives of the research work reported in this Technical Report were to
investigate how best to combine the information from these three
complementary monitoring to meet these aims.

From 2003 to 2006, the research work was carried out as a national study,
funded by the Joint Defra/EA Flood and Coastal Erosion Risk Management
R&D Programme as FD2319, and a regional study, funded by the Environment
Agency Thames Estuary 2100 project. The national study was carried out
jointly by the Proudman Oceanographic Laboratory (POL) and the University of
Nottingham’s Institute of Engineering Surveying and Space Geodesy (IESSG).
The regional study was led by IESSG and carried out jointly by IESSG, POL,
Nigel Press Associates Ltd. (NPA) and British Geological Survey (BGS).

The report presents the results from all three monitoring techniques, including
the estimates and uncertainties obtained for the changing land and sea levels.
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The report starts by providing brief details of the technology behind the
measurements made at tide gauges and the use of GPS, AG and PSI for
monitoring long term changes in land level, which are given in Chapter 2. The
report then focuses on the national and regional studies separately in Chapters
3, 4, 5 and 6, before providing conclusions in Chapter 7 and recommendations
in Chapter 8. References cited in the text are listed in Chapter 9 and a series of
Appendices are provided to show the results from all parts of the studies.

1.1 The national study

For the national study, continuous GPS (CGPS) stations have been established
at ten tide gauges around the coast of Great Britain and AG measurements
have been made at three of these. A background to the national study is given
in Chapter 3, including details on published changes in sea level from British
tide gauges, published changes in the land level of Great Britain, and the GPS
and AG data sets used. The results of the national study are then presented in
Chapter 5, firstly as the independent results from CGPS and AG, then as the
results from combining the two techniques and lastly as the estimates of
changes in land and sea levels computed for Great Britain.

1.2 Theregional study

For the regional study, CGPS and episodic GPS (EGPS) data from a network of
stations in the Thames Region and SAR data for hundreds of thousands of
persistent scatterer (PS) points in the Thames Region have been analysed and
the changes in land level interpreted using various geoscience data sets. A
background to the regional study is given in Chapter 4, including details on
published changes in sea level from Thames tide gauges, the geological setting
of the Thames Region and the tide gauge, GPS, PSI and geoscience data sets
used. The results of the regional study are then presented in Chapter 6, firstly
as the independent results from PSI and GPS, then as the results from
combining the two techniques in the framework of the national study. Chapter 6
also provides geological interpretations based on the geoscience data sets,
then goes on to consider the new analysis of the tide gauge data for the
Thames Estuary and River Thames carried out as part of the regional study,
and finally presents the estimates of changes in land and sea levels for the
Thames Region.
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2. The monitoring techniques used

In this chapter, brief details of the technology behind the measurements made
by tide gauges and the use of GPS, AG and PSI for monitoring long term
changes in land level are given. Where appropriate, references to more
detailed information on each technique are given as sources of further technical
information.

2.1 Tide gauges

A tide gauge is a device for measuring sea level at the coast or on tidal
estuaries. At their most basic level tide gauges can be used to facilitate
navigation within coastal and estuarine environments but on a more advanced
level they can also be used for oceanographic and hydraulic/hydrological
applications ranging from real-time, such as storm tide or storm surge warning,
to longer term studies of mean sea level (MSL) and other tidal parameters.

This section focuses on the use of tide gauges for longer term studies. The
section begins with a subsection on tide gauge basics, which is followed by
subsections on tide gauge data, tide gauge data quality control and validation,
and tide gauge data analysis.

2.1.1 Tide gauge basics

Up to the 1980s, most tide gauges were ‘float gauges’ consisting of a stilling
well, designed to remove high frequency effects such as waves, containing a
float which is mechanically connected to a pen and rotating chart, so that as the
float rises and falls due to the combined effect of various tidal constituents, the
height of instantaneous sea level with respect to a ‘measuring point’ is recorded
on the chart. A photograph of the pen and chart arrangement for a Munro float
gauge is given as Figure 2.1.

Figure 2.1 Photograph of the pen and chart arrangement for a Munro float
gauge: taken from http://www.pol.ac.uk/ntslf/tgi/gauges.html#MR
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With developments in electronics, the mechanical pen and chart were replaced
by encoders which translate the analogue signal to a digital value for the height
of instantaneous sea level, but the float and stilling well remained as the main
part of the tide gauge.

More recently, float gauges have been replaced by alternative devices which
use pressure, acoustic or radar sensors to effectively achieve the same
measurements of the height of instantaneous sea level. In the British Isles, the
44 ‘Class A’ tide gauges which form the national tide gauge network as part of
the National Tidal and Sea Level Facility (NTSLF) were originally float devices
but have now been replaced by a particular type of pressure sensor, referred to
as a ‘bubbler gauge’, with each tide gauge having a number of sensors for
redundancy. Some of these are housed in the stilling wells originally installed
for the operation of the float gauges, but these stilling wells are not essential to
the operation of the bubbler gauge and others are simply placed in the open.
Photographs of a ‘full bubbler gauge’ and a ‘mid tide bubbler gauge’ are given
as Figure 2.2.

Figure 2.2 Photographs of a full tide bubbler gauge (left) and a mid tide
bubbler gauge (right): taken from
http://www.pol.ac.uk/ntslf/tgi/bubbler.html#FT and
http://www.pol.ac.uk/ntslf/tgi/bubbler.htmI#MT

With respect to the two types of tide gauge shown in Figure 2.2, NTSLF (2006)
states that:
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“The full tide bubbler system normally consists of two independent measuring
points ... The pressure points which you can see mounted underwater in the
photograph are similar in appearance to an inverted bucket with a copper
nozzle mounted on the side. This nozzle is the actual ‘measuring point’. A low
flow of dry air (normally 7cm per min) is fed down an air tube to the top of the
pressure point. When the air pressure in the air line equals the pressure
exerted by the column of water above it, then the excess air is released as
bubbles through the copper nozzle. This means that the pressure in the air line
is proportional to the weight of the water column.

The operation of the mid tide bubbler is similar to that of the full tide system,
except that the measuring point is mounted at the mid tide height. That means
that the pressure point is only immersed for half of the tidal cycle. The reason
for this is that when the measuring point is exposed ... it can be accurately
levelled into the [national] geodetic network. Once this is accomplished the full
tide pressure points can be fitted to match the tidal curve produced by the mid
tide pressure point, thereby connecting them to the geodetic network.”

When considering the use of tide gauges for longer term studies the use of a
tide gauge benchmark (TGBM) becomes the final essential component in a tide
gauge set up. Through a spirit levelling connection between the TGBM and the
measuring point, it is possible to calculate the height of instantaneous sea level
with respect to the national geodetic datum or a chart datum or both. Clearly
this is useful in terms of representation; however, it also enables modifications
to or upgrading of the tide gauge sensor to be controlled through a re-
connection to the TGBM, thus ensuring the continuity of long term time series.

Information on the historical and current set ups for the 44 tide gauges in the
British Isles, which form the national tide gauge network as part of the NTSLF,
can be found at NTSLF (2006).

2.1.2 Tide gauge data

Modern tide gauges typically output a value of the height of instantaneous sea
level at a pre-defined interval (typically anything from 1 to 15 minutes). Itis
these values, along with the time at which they were recorded, which then
constitute ‘raw tide gauge data’. For longer term studies, raw tide gauge data at
15 minute intervals is usually archived; although it is important to note that
historical tide gauge data has not always been archived at such high data rates
and may only be archived as hourly values, for example, especially if it was
subject to digitisation from paper charts.

Clearly, the operators of a tide gauge have the initial responsibility for the
archival of raw tide gauge data. In the case of the regional study detailed in this
Technical Report, raw tide gauge data archived by EA and the Port of London
Authority (PLA), for a number of tide gauges on the Thames Estuary and River
Thames, have been used, as detailed in Section 4.3.
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2.1.3 Tide gauge data quality control and validation

Before any analysis for longer term studies, it is essential to carry out quality
control and validation of the raw tide gauge data. The basis of quality control is
the inspection of raw tide gauge data and residuals, computed through tidal
analysis. This enables the detection of unphysical values and instrumental
faults such as timing errors, spikes, gaps, etc.. Tide gauge data that has been
subject to different levels of quality control levels are typically defined as ‘Level
0’, ‘Level 1" and ‘Level 2’ (Rickards and Kilonsky 1997). Level O data are raw
tide gauge data. Level 1 data have undergone basic quality control and are
provided with flags (e.g. missing, suspect, interpolated values, datum changes,
etc.), but no raw tide gauge data is changed and the original sampling interval is
preserved. Level 2 data are fully quality controlled and written in a standard
format; included in a Level 2 data set would be hourly values of instantaneous
sea level that form a continuous time series and are given with respect to a
TGBM, and computed data, such as daily and monthly mean sea levels,
together with a full documentation.

In the British Isles, the 44 tide gauges which form the national tide gauge
network as part of the NTSLF are subject to quality control and validation by the
British Oceanographic Data Centre (BODC), which is also responsible for the
archival of the ‘quality controlled tide gauge data’. In addition to this, the
Permanent Service for Mean Sea Level (PSMSL) archives historical and current
guality controlled tide gauge data made available for any high quality tide
gauges around the world; which includes all data for the 44 tide gauges
mentioned above and a number of others, notably Southend, Tilbury and Tower
Pier tide gauges on the Thames Estuary and River Thames for the period from
1929 to 1982/3.

In the case of the national study detailed in this Technical Report, quality
controlled tide gauge data archived by PSMSL for a selection of the 44 tide
gauges which form the national tide gauge network as part of the NTSLF was
considered, as detailed in Sections 3.1 and 5.4. In the case of the regional
study detailed in this Technical Report, quality controlled tide gauge data
archived by BODC for a number of tide gauges on the Thames Estuary and
River Thames was considered, as detailed in Section 4.3. In addition to this,
quality control and validation was also carried out on raw tide gauge data
supplied by the EA and PLA for a number of tide gauges on the Thames
Estuary and River Thames, as also detailed in Section 4.3.

2.1.4 Tide gauge data analysis

Following quality control and validation, the quality-controlled tide gauge data
can then be used to calculate tidal parameters such as MSL, mean high water
(MHW), mean low water (MLW), mean tide level (MTL) and mean tide
amplitude (MTA) or mean amplitude (MA). Such tidal parameters are typically
calculated as either monthly or annual means which can be used to form time
series, an example of which is given in Figure 2.3.
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Figure 2.3 Example tide gauge monthly MSL time series for Newlyn: taken
from http://www.pol.ac.uk/ntslf/trends.php

Using the monthly or annual tidal parameter time series it is then possible to
carry out a regression analysis in order to obtain estimates of changes in the
tidal parameters. For annual data, it is normal to carry out the regression
analysis by solving for a linear trend and accounting for coefficients related to
the nodal (approximately 18.6 years) cycle and semi-nodal (approximately 9.3
years) cycle. For monthly data, it is normal to carry out the regression in the
same manner as for the annual data but to also include annual and semi-annual
terms to account for seasonal variations. For tide gauges in river and estuarine
environments an additional term to account for mean freshwater flow can also
be included in the analysis.

In this respect, it should be noted that it is generally accepted that a high quality
tide gauge record can enable the secular change of MSL to be estimated with
an acceptable level of uncertainty if 30 to 50 years or more of data are used
(Woodworth et. al. 1999). Considering this further, a similar statement can also
be applied to MHW, MLW, MTL, MA and other tidal parameters.

MSL estimation

For MSL estimation, the standard POL method employed is to rate reduce the
equal interval quality controlled tide gauge data to hourly values and then apply
the Doodson XO filter to obtain daily MSL values; with any missing data
resulting in a missing daily MSL value. Daily MSL values are then averaged to
monthly and annual MSL values; with monthly and annual MSL values levels
only included if there are at least 80% of days in the month or year available.

MHW, MLW, MTL and MA estimation

For MHW, MLW, MTL and MA, the method employed is to compute the high
and low water times and heights from the quality controlled tide gauge data.
For this, equal interval heights of instantaneous sea level are interpolated, e.g.
using a cubic spline fitted to four consecutive interval heights as interpolation
function, in order to provide the heights and times of high and low waters.
Turning point values are subsequently added together and averaged to
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estimate monthly or annual MHW, MLW, MTL and MA with the proviso that an
acceptable mean has to include data from at least 80% of the days in the month
or year, in order to avoid distortion to the mean from missing data and the
seasonal cycle of these levels. Based on the above estimates it is also possible
to then compute Mean High Water Interval (MHWI), Mean Low Water Interval
(MLWI), Mean Interval (MIl) and Mean Duration (MD).

Other tidal parameters estimation

Considering the estimates of MHW, MLW, MTL and MA, other parameters can
be estimated, including Mean High Water Springs (MHWS), Mean High Water
Neaps (MHWN), Mean Low Water Neaps (MLWN), Mean Low Water Springs
(MLWS), Mean Tidal Level Spring (MTLS), Mean Tidal Level Neaps (MTLN),
Mean Amplitude Springs (MAS) and Mean Amplitude Neaps (MAN). These
require a consideration of the dates and times of the moon’s meridian passage
and are only calculated based on annual values.

To obtain mean tidal curves in stages of the moon’s transit the method for
processing each year’'s data entails preparing 12 tables listing the dates and
times of the moon’s meridian passage — the times between 00 and 01 hrs and
12 and 13 hrs for the first table, between 01 and 02 hrs and 13 and 14 hrs for
the second and so on. Each tide is then listed in the appropriate table, first the
high water nearest to the time of the moon’s transit followed by the succeeding
low water. At the end of the year each table is totalled and the mean times and
levels obtained; the group of tides with the highest and lowest levels are taken
as MHWS and MLWS, and the group with the smallest range as MHWN and
MLWN.

To obtain Lunitidal intervals in stages of the moon’s transit, the mean time of
transit in each of the moon’s 12 transit time bands e.g. 00 to 01 hrs and 12 to 13
hrs, is subtracted from the mean high or low water time in the corresponding
transit time band for each tide gauge in order to estimate the time of high or low
water related to the time of lunar transit and the corresponding intervals.

The mean high or low water time in the corresponding transit time band for one
tide gauge can then be subtracted from the corresponding value for the next
nearest tide gauge to estimate the high or low water time difference between
tide gauges related to the time of lunar transit. The time and height differences
between the observed and predicted times and heights of high and low water
can also be computed.

Summary
More details on the specific tide gauge data analysis for the national and

regional studies detailed in this Technical Report are given in Sections 3.1 and
6.5.
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2.2 The Global Positioning System

GPS, or ‘the Global Positioning System’, is the American Global Navigation
Satellite System (GNSS) primarily designed to meet the metric and decimetric
positioning accuracy requirements of military and transport applications.
However, at its most advanced level it can be used for high accuracy
positioning to millimetric accuracies and has revolutionised surveying and
geodesy.

In this section, the use of GPS for monitoring long term changes in station
heights and land level is described. The section begins with a subsection on
GPS and GNSS basics, which is followed by a subsection on high accuracy
positioning using GPS, including details on the mitigation of systematic errors
associated with GPS, a subsection on GPS data processing, and a subsection
on GPS coordinate time series analysis.

2.2.1 GPS and GNSS bhasics

GPS has been operational since the 1980s and is one of three GNSSs that will

be available for such applications in the future; the other two being GLONASS,

the Russian equivalent to GPS which has been operational for about the same

amount of time as GPS but has always had a limited satellite constellation, and
GALILEO, the European equivalent to GPS which is due to become operational
some time after 2008.

A GNSS comprises a space segment, a ground segment and a user segment.
For GPS, the space segment consists of a constellation of (currently) 30 mid-
Earth orbiting satellites organised in six orbital planes with each satellite at an
approximate altitude of 20,200km, as shown schematically in Figure 2.4. The
basic design of the constellation is such that at least four satellites are visible in
an open environment at all locations on the Earth for 24 hours a day.

Figure 2.4 Schematic of the GPS satellite constellation
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The ground segment consists of the infrastructure which monitors the GPS
satellites and uploads information on the satellite positions and the state of their
satellite clocks (as the broadcast ephemeris which is part of the navigation
message) as well as information on their health (as another part of the
navigation message). The user segment consists of an unlimited number of
users equipped with a GPS antenna and GPS receiver; unlimited by the fact
that GPS is a passive system whereby a user receives all of the information
required to accurately position themselves without the need to transmit any
information. An example of a GPS antenna and monument set up at the Dover
tide gauge is shown in Figure 2.5.

Figure 2.5 Photograph of a GPS antenna and monument: the photograph
shows the equipment installed at the Dover tide gauge.

2.2.2 High accuracy positioning using GPS

For high accuracy positioning using GPS, a station is established with a user
receiver programmed to observe GPS data (time-tagged, pseudo-ranges and
carrier phase) for a certain period of time whilst a user receiver-antenna is
maintained at a fixed height above a survey marker. The data recorded by the
user receiver is then combined with concurrent data from a number of other
receivers (at least one, but usually many more) and GPS products (information
on satellite positions, satellite clocks and Earth orientation parameters) and
post-processed using software which attempts to mitigate the various
systematic errors that affect GPS positioning. For discussion purposes, the
systematic errors can be separated into satellite-related, atmospheric-related
and station-related.
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Satellite-related systematic errors

Satellite-related systematic errors include those in the satellite positions and the
satellite clocks. As stated previously, information on these is provided as part of
the broadcast ephemeris; however, due to their method of computation and
prediction forward in time by the ground segment, the information in the
broadcast ephemeris is generally considered to be unacceptable for high
accuracy GPS positioning when using station separations (or baseline lengths)
of greater than a few kilometres. To overcome this limitation the international
scientific community (primarily led by NASA centres) provide a series of post-
processed GPS products of varying latency and quality (where quality is
generally a trade-off against latency). The current products provided by the
International GNSS Service (IGS) include ultra-rapid, rapid and final. The first
two are generally used for high latency applications such as space weather,
meteorology, earthquakes and other seismological studies; whereas the final
products (which are the most accurate, with satellite positions computed to an
accuracy of less than 5¢cm and satellite clocks to an accuracy of less than 0.1ns,
but are not available until 11 days after observation) are used for low latency
applications and long-term studies, including, but not limited to, climate-related
changes in the atmosphere, plate tectonics and the monitoring of changes in
land level. It is, therefore, these IGS final products which have been used in the
GPS data processing for both the national and regional studies detailed in this
Technical Report.

Atmospheric-related systematic errors

Atmospheric-related systematic errors include effects on the satellite signals as
they pass through the Earth’s atmosphere. In terms of GPS, the signals are
considered to be unaffected as they travel through space (considered to be a
vacuum) from the satellite some 20,000+ kilometres away until they reach about
100km from the Earth’s surface. At this point, for GPS the Earth’s atmosphere
is considered to comprise of two general layers, referred to as the ionosphere
(from approximately 100km above the Earth’s surface to approximately 10 to
20km above the Earth’s surface) and the troposphere (from approximately 10 to
20km above, down to, the Earth’s surface).

The ionosphere effectively consists of a series of charged particles which
behave in ways that depend on the solar activity, so are less active at night and
at times of solar minima, e.g. 1998 and 2008, and conversely more active at
local mid-day and at times of solar maxima, e.g. 2003 and 2014. However, for
the frequencies of the two GPS signals (L1 = 1575MHz; L2=1240MHz) the
effect of the ionosphere on the signals is frequency dependent, such that if
these two frequencies are combined in a certain way, first-order ionospheric
effects, which account for about 98% of the total effect, are completely
mitigated. Such a combination of observables has, therefore, been used in the
GPS data processing for both the national and regional studies detailed in this
Technical Report.

Unfortunately, the troposphere does not behave in this way and causes delays
to the signals which mainly depend on pressure and relative humidity and are,

Section 2: The monitoring techniques used 11



therefore, more difficult to mitigate as these parameters vary both spatially and
temporally, just as our weather does. For GPS data processing, the effects of
the troposphere are generally considered to be a combination of a hydrostatic
component, which is related to pressure and, hence, station altitude, and a ‘wet;
component, which is related to relative humidity or, more precisely, the amount
of water vapour in the atmosphere above the station; in this respect it is
important to note that GPS is not affected by rain or snow, as it is the amount of
water vapour, i.e. prior to precipitation, that is stored in the atmosphere which
does not necessarily vary in a predictable manner on a daily or seasonal basis.
For the hydrostatic component, physical models of the atmosphere have been
developed which, based on the difference in station altitude between two
stations (which form a baseline) and an assumption about the change in
pressure with altitude, can be used to compute the tropospheric zenith
hydrostatic delay (ZHD); this is then mapped down to the elevation angle
between a satellite and a station using an appropriate tropospheric mapping
function (MF) and effectively removes about 80 to 90% of the total tropospheric
delay. For high accuracy GPS positioning, the remaining 10 to 20% of the
tropospheric total delay is then estimated (along with the station coordinates
and carrier phase ambiguities) by the GPS data processing software as part of
the solution; this effectively results in an estimate of the zenith wet delay (ZWD),
which includes both the delay due to the actual wet component of the
atmosphere and any errors in the calculation of the delay due to the hydrostatic
component, and can also be mapped down to the elevation angle between a
satellite and a station using an appropriate tropospheric MF. Using this
approach most of the tropospheric delay is mitigated during processing, but all
of it can never be mitigated as the estimation process described above
integrates the delays over a large portion of atmosphere above the station, due
to satellites being at varying zenith or elevation angles to create the geometry of
the GPS satellite constellation required for positioning itself; however,
comparisons of the ZWD with meteorological estimates based on radiosondes
does suggest that the estimation process is accurate to an equivalent of less
than 10mm systematic bias in height for GPS data processed on a daily basis.
Such a mitigation strategy has, therefore, been used in the GPS data
processing for both the national and regional studies detailed in this Technical
Report.

Station-related systematic errors

Station-related systematic errors include effects on the GPS signals either just
before or as they arrive at the GPS antenna, notably interference and multipath
and receiver-antenna phase centre variations (PCVs), and effects on the
instantaneous station location which appear as permanent and periodic
‘loading’ of the Earth’s crust, due to solid Earth tides, ocean tides, atmospheric
pressure and hydrological factors.

Interference and multipath are site-specific and depend, respectively, on the
presence of any interfering radio sources and any reflecting sources (such as
buildings) close to the GPS antenna. When establishing CGPS or EGPS
stations a thorough reconnaissance is always carried out in order to select a
location for the station which is free from interference and multipath; however,
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the need to site the station as close as possible to the tide gauge, in order to
decouple the changes in land and sea level, sometimes means that there has to
be a trade-off between an ideal location for the station that is free from
interference and multipath and this need. Later in this Technical Report, the
influence of interference at the tide gauge sites of Aberdeen, in East Scotland,
and Tilbury on the Thames Estuary, and multipath at the tide gauge site of
North Shields, in North-East England, will be discussed.

Receiver-antenna PCVs are an electrical phenomenon whereby the signals
from GPS satellites appear to arrive at a different point (over a range of
millimetres) within the receiver-antenna, depending on the elevation angle
between the station and the satellite. Such effects have been understood since
the early 1990s and models of the receiver-antenna PCVs with respect to
elevation angle are available for all different GPS receiver-antenna types,
notably from the United States National Geodetic Survey (NGS) and the United
States National Oceanographic and Atmospheric Administration (NOAA). The
critical point here is that although such PCVs have an absolute nature, i.e. all
antennas have electrical variations with respect to a physical antenna ‘patch’,
as the IGS had started their generation of GPS products in 1992 without using
receiver-antenna PCVs a decision was made in 1995 that the IGS GPS data
processing strategy would continue in a way that assumed the Dorne-Margolin
‘choke ring’ receiver-antenna used at all IGS CGPS stations to be a ‘standard’
and to have zero PCVs. As such all GPS data processing softwares that allow
the use of other types of receiver-antennas have used models for relative
receiver-antenna PCVs, i.e. the difference between the absolute PCVs for a
particular receiver-antenna and the absolute PCVs for a Dorne-margolin choke
ring receiver-antenna. In the case of the GPS data processing for the national
and regional studies detailed in this report, all observations carried out since
1997 have been made using Dorne-margolin choke ring receiver-antennas to
avoid the use of such relative receiver-antenna PCV models. Quite recently,
however, the IGS have assessed the changes in the quality of their products
from the last 15 years or so, due to improvements in the GPS satellite
constellation and their GPS data processing strategy, and concluded that the
use of the relative antenna PCV models has effectively degraded the quality of
their products and IGS station coordinates and velocities. The outcome being
that the new IGS GPS data processing strategy (with effect from 26 November
2006) includes the use of absolute antenna PCV models for both receiver-
antennas and satellite-antennas. Later in this Technical Report, the impact of
these different antenna PCV models will be discussed.

In terms of loading processes, the effects of solid Earth tides and ocean tide
loading are relatively easy to mitigate as they are tidal in nature and models to
provide station-specific corrections for these effects have been produced and
are made available through the International Earth Rotation Service (IERS).
Such models have, therefore, been used in the GPS data processing for both
the national and regional studies detailed in this Technical Report. Here it
should be noted that the current (prior to 26 November 2006) IGS GPS data
processing strategy only used models for solid Earth tides, based on the
assumption that as they process daily (24-hour) data from the global network
the dominant diurnal and semi-diurnal ocean tide loading effects are mitigated
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through averaging. Although not incorporated in the current IGS GPS data
processing strategy, models for ocean tide loading were used in the national
and regional studies because, firstly, we do not have daily data at all stations,
notably in the regional study, and, secondly, the effects of ocean tide loading in
the South-West of England are quite large. As a point of note, the new IGS
GPS data processing strategy (with effect from 26 November 2006) also
includes the use of models for ocean tide loading.

The other two loading processes mentioned previously were atmospheric
loading and hydrological loading. In comparison to the tidal loading effects
these are relatively ‘new’ and were effectively ‘discovered’ from the processing
and analysis of data from global GPS networks. They have a long wavelength
nature, effectively exhibiting variations in loading between the Northern and
Southern hemispheres of the Earth, and both require external data sets of either
global atmospheric pressure or global water storage in their modelling. As
such, neither of these is modelled in the current or new IGS GPS data
processing strategies and, therefore, they have not been modelled in the GPS
data processing for either the national or regional studies detailed in this
Technical Report. They are, however, considered as part of the reason for the
periodic signals which are apparent in all current CGPS height time series and
are, therefore, effectively mitigated at the GPS coordinate time series analysis
stage.

Summary

More details on the specific mitigation of systematic errors in the GPS data
processing for the national and regional studies detailed in this Technical
Report are given in Sections 5.1 and 6.2.

2.2.3 GPS data processing

As stated at the start of Subsection 2.2.2, “for high accuracy positioning using
GPS, a station is established with a user receiver programmed to observe GPS
data (pseudo-ranges and carrier phase) for a certain period of time whilst a user
receiver-antenna is maintained at a fixed height above a survey marker. The
data recorded by the user receiver is then combined with concurrent data from
a number of other receivers (at least one, but usually many more) and GPS
products (information on satellite positions, satellite clocks and Earth orientation
parameters) and post-processed using software which attempts to mitigate the
various systematic errors that affect GPS positioning.”

A discussion of the systematic errors was given in Subsection 2.2.2, along with
some information on the mitigation strategies employed in the GPS data
processing for both the IGS products and for the national and regional studies
detailed in this Technical Report. The other aspect of GPS data processing is
to compute the coordinates of stations in a particular datum or, more strictly
speaking, particular terrestrial reference frame (TRF). In this respect, GPS is
unlike any other survey technique as, with appropriate GPS data processing
software, it is possible to compute coordinates in a global TRF. This is
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particularly important for the national and regional studies detailed in this
Technical Report as it enables the computation of changes in sea level
(decoupled from changes in land level) to be effectively referred to the origin of
the TRF and have an absolute nature, rather than being relative to any
benchmarks or points on land that are then assumed to be ‘stable’.

In the GPS data processing for the national and regional studies detailed in this
Technical Report, the TRF used was the International Terrestrial Reference
Frame (ITRF) 2000 (ITRF2000). ITRF2000 is a global TRF realised using
space geodetic observations and data from various techniques, notably Satellite
Laser Ranging (SLR), which defines the origin of the TRF and contributes to the
definition of the orientation and scale of the TRF, Very Long Baseline
Interferometry (VLBI), which contributes to the definition of the scale of the TRF,
and GPS itself, based on the weekly solutions of station coordinates computed
by the IGS for their global network of CGPS stations (as shown in Figure 2.6),
which contributes to the definition of the orientation of the TRF.
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Figure 2.6 The IGS global network of CGPS stations

Through GPS data processing, the data recorded by receivers at stations with
‘unknown’ coordinates are combined with concurrent data from a number of
other receivers at reference stations with ‘known’ coordinates and the IGS final
products, with the primary output from the processing being the coordinates of
stations in a particular TRF. In this respect there are two distinctly different
approaches available when forming the ‘observation equations’:

e the first approach is to use double-differencing (DD) whereby the
observations from two receivers (that form a baseline) and a pair of satellites
are differenced in order to eliminate the satellite clock and receiver clock
terms and solve for the vector (difference in latitude, longitude and
ellipsoidal height between the stations) along with the double-difference
carrier phase ambiguities and any additional unknowns included to account
for the un-modelled tropospheric delay. For a network of m stations and n
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satellites, observation equations for m-1 baselines and n-1 satellite pairs can
be formed with loose constraints applied to the known coordinates of a
number of reference stations. The resultant vectors can then be adjusted by
constraining the known coordinates of the reference stations and solving for
a four-parameter (three translations and a scale) transformation and the
coordinates of the unconstrained stations in the same TRF as the reference
stations. Depending on the scale of the network of reference stations used
in this process, the solution is either termed a global network solution (GNS)
or a regional network solution (RNS).

e the second approach is to use precise point positioning (PPP) whereby the
observations from one receiver to each satellite are processed in order to
estimate the station coordinates along with the receiver clock term, the
carrier phase ambiguities and any additional unknowns included to account
for the un-modelled tropospheric delay. A comparison of the resultant
coordinates and the known coordinates for a number of reference stations
are then used to solve for a four-parameter (three translations and a scale)
or seven-parameter (three translations, three rotations and a scale)
transformation, which is applied to the coordinates of the other stations to
transform them into the same TRF as the reference stations. Depending on
the scale of the network of reference stations used to compute the
transformation parameters, the solution is either termed a regionally
transformed solution (RTS) or a globally transformed solution (GTS).

More details on the specific reference frame definition in the GPS data
processing for the national and regional studies detailed in this Technical
Report are given in Sections 5.1 and 6.2.

2.2.4 GPS coordinate time series analysis

In the GPS data processing for the national and regional studies detailed in this
Technical Report, the coordinates (latitude, longitude and ellipsoidal height) for
our stations are either daily coordinates for the CGPS stations or epochal
coordinates for the EGPS stations. Both of these can be represented as time
series, i.e. a data set of changes in coordinates with respect to time. Example
height time series from these different types of station are illustrated in Figure
2.7.

Such time series are then subject to an analysis through which either a ‘best fit’
linear plus periodic trend or best fit linear trend are obtained, with the linear
component being an estimate of the station velocity in a particular coordinate
component. At this stage it is also possible to account for any ‘jumps’ in the
time series or coordinate offsets, which are due to changes in equipment
(usually the antenna) at the specific station or at one of the IGS stations used to
define the reference frame, as illustrated by the dashed vertical lines
corresponding to jumps in the CGPS height time series in 1998 and 1999.
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Figure 2.7 Example CGPS/EGPS height time series

In Figure 2.7, the CGPS estimates of the changes in height for one station are
shown as green dots, on a daily basis; EGPS estimates of the change in height
for another station are shown as red dots, at intervals of 1 to 3 months for two
separate monitoring periods; the best fit linear plus periodic trend in the CGPS
estimates is shown by the blue line, from which estimates of vertical station
velocity can be inferred; the best fit linear trend in the EGPS estimates is shown
by the black line, from which vertical station velocity can be inferred.

As part of the coordinate time series analysis a measure of the uncertainty in
any station velocity estimate is also obtained.

For EGPS estimates this is a relatively straightforward procedure as a white
noise (random error) only model can be used in which the uncertainty in a
velocity estimate o, (mm/yr) is a function of the uncertainty in the input data o,

(mm), the time interval between data points At (years) and the total time span
of the time series T (years). A formula for this was presented by Dixon (1991),
and is given as Equation 2.1 where, in the case of EGPS estimates, the
standard deviation of the epochal coordinate estimates can be used as a
measure of the uncertainty in the input data.

[Equation 2.1]
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For CGPS estimates this is not as straightforward as such daily coordinate
estimates have been shown to contain temporal correlations, meaning that the
time series contain both white noise and coloured noise (temporally correlated
errors), which must be taken into account in order to obtain a realistic estimate
of the velocity uncertainty.

For CGPS estimates, daily coordinate time series have also been shown to

contain spatial correlations, meaning that the time series from all stations in a
region contain common periodic signals, due to systematic errors arising from
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such things as loading processes that are not modelled in the CGPS data
processing. Itis common practice, therefore, for the ‘raw coordinate time
series’ to be subjected to a regional filtering, which attempts to remove such
periodic signals before coordinate time series analysis is carried out, resulting in
two estimates of vertical station velocities and their uncertainties: one based on
the raw or unfiltered coordinate time series and one based on the filtered
coordinate time series, which will typically have vertical station velocities with a
reduced uncertainty.

More details on the specific coordinate time series analysis applied to obtain
vertical station velocities and changes in land level for the national and regional
studies detailed in this Technical Report are given in Sections 5.1 and 6.2.

2.3 Absolute Gravimetry

The measurement of absolute gravity can be traced back to the Dutch
astronomer Huygens (1629-1695), who used a pendulum, and Captain Henry
Kater (1817), who used a reversible pendulum. More recently, due to advances
in geometrical optics and interferometry, it has become possible to use ‘free fall
methods’ to obtain measurements of absolute gravity to an unsurpassed level of
precision and accuracy. In this context, AG, or ‘Absolute Gravimetry’, is the
measurement of the acceleration due to gravity (“g”) from distance and time
measurements. In this respect, an absolute gravimeter instrument must have a
unique feature in that the quantities it measures (distance and time) must
directly define gravity, so that the calibration of the instrument comes only
through the metrological control of these measured quantities.

In this section, the use of AG for monitoring long term changes in absolute
gravity and land level is described. The section begins with a subsection on AG
basics, which is followed by a subsection on the FG5 absolute gravimeter
instrument, a subsection on AG data processing, including details on the
mitigation of systematic errors associated with AG, and a subsection on
absolute gravity time series analysis.

2.3.1 AG basics

Absolute gravity is measured in units of pgal, where 1ugal = 1x10°m/s?. To put
this into context, if two objects were allowed to fall with a 1pgal difference in
gravity between them, one object would be ahead of the other by the thickness
of a sheet of paper after traveling a distance of 248km!

In the case of the Earth, based on Newton’s law, the acceleration due to g is
given by

GM
=752

e ~9.8ms™ [Equation 2.2]
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where G is the gravitational constant and M. and R, are the mass and radius of
the Earth respectively.

Free fall methods involve the measurement of time-distance pairs. Considering
that if X = gthen integrating this equation with respect to time, gives the

following equation of motion
X=X, + Vot +1gt? [Equation 2.3]

where Xy and v are the initial height and velocity respectively (at the top of the
drop), and x is the new height after time t. Therefore, by accurately measuring t
and the distance fallen from x, to x, a value of g can be obtained.

However, if measurements of absolute gravity at the sub-milligal level or less
are required, it is also necessary to consider the variation of gravity with height.
The variation of gravi