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Abstract 
Satellite-based surface deformation monitoring across London reveals fascinating patterns of mainly 

anthropogenic origin, associated with various civil engineering projects. Geological anomalies—e.g. 

faults, buried hollows, etc.—affect groundwater flow and so become visible in the surface 

deformation patterns associated with dewatering. The unique ability of Permanent Scatterer 

Interferometry (PSI) to detect these millimetre-scale movements over a wide area opens up the 

possibility for construction monitoring and safer aquifer management, while also providing a tool for 

detecting subsurface anomalies. This research explores the capabilities of InSAR data, from several 

sensors, processed using the SqueeSAR® algorithm, and explores how these data can be utilised and 

interpreted for an urban environment. The comparison between high-resolution TerraSAR-X data and 

medium-resolution Sentinel-1 data shows that regional phenomena are detected in both datasets but 

local deformation is significantly better resolved in TerraSAR-X data. Crossrail Ltd terrestrial 

monitoring data are used to validate the ground deformations observed in TerraSAR-X data, and show 

very good agreement. The observed Crossrail settlement trough is highly variable in extent, mainly 

resulting from the size and different tunnelling techniques used for stations and crossovers, but not 

all the variability is explicable. Further investigation of anomalous deformation patterns reveals a 

seasonal pattern of rise and fall of the roof of Blackfriars Bridge, superimposed on long-term 

settlement, and differential settlement across the O2 Arena caused by dewatering north of the 

Thames. Subsurface piezometer readings taken in London’s Chalk and Thanet Sands aquifer are 

strongly correlated with PSI surface displacement, confirming that dewatering is detected in TerraSAR-

X data, and anomalies in the deformation patterns reveal the locations of groundwater-sealing faults. 

Surface deformation associated with dewatering for the Northern Line Extension in South London 

show distinctive patterns related to buried hollows. These observations all demonstrate the unique 

capability for PSI data for ground monitoring and its potential value to geoscientists and civil 

engineers. 
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1 Introduction 

London (UK) is, from a geological point of view, a quiet place where large-scale ground deformation is 

unlikely to occur. Yet there are anthropogenic processes happening in London that are known or 

expected to cause very small, millimetre-scale deformation of the surface. These include, for example, 

various tunnelling projects taking place across London, such as Crossrail, and changes in the level of 

London’s deep aquifer, which is managed by the Environment Agency (Environment Agency 2018). In 

the past, ground-based methods such as levelling have been used to detect and monitor this 

millimetre-scale deformation but now a satellite-based monitoring method, Permanent Scatterer 

Interferometry (PSI), is available that allows for a significantly greater number of measurement points, 

over a wider area, at a lower cost and for millimetre-scale displacements. This research investigates 

how traditional ground-based monitoring and PSI compare and complement each other, explores 

potential applications of PSI in an urban environment and examines what the regional, millimetre-

scale measurements reveal about London’s subsurface. 

1.1 The importance of London’s subsurface 

London’s population is forecast to reach 10.11 million by 2036 and hence there is a growing need to 

incorporate sustainable development into city planning (Greater London Authority 2016). If managed 

in the right way, London can increase efficiency in the use of all its resources and decrease the per 

capita use of natural resources (Allenby 2012). 

London’s subsurface has great potential to contribute to this goal, because physical space is already a 

scarce resource in London. So far, the response to this shortage has been to build upwards, via 

skyscrapers, while London’s subsurface has mainly been used to bury infrastructure and utilities. The 

possibility of using London’s subsurface for whole buildings, such as shopping malls or car parks, has 

been neglected until relatively recently; the few exceptions include Canary Wharf shopping mall 

(Royse et al. 2013). To fully and efficiently utilise the ‘resource’ that the ground underneath London 

represents, its use needs to be managed centrally (Royse et al. 2013). As an integral part of this 

management, the geology and the potential ground deformation caused by subsurface construction 

need to be understood, and ultimately managed, as well as possible (Royse et al. 2013). 

1.2 Suitability of London as a study area  

London is ideal to study the potential applications of PSI monitoring in urban areas for several reasons. 

Most importantly, there is a large archive of regular radar acquisitions from several sensors, starting 

in 1992 and continuing through the present day. Because of this, comparable datasets from sensors 

with different radar bands exist that enable an assessment of the different sensors’ suitability for 

monitoring various scales and types of deformation. Furthermore, London’s built-up nature (see 
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Figure 1.1) ensures an abundance of permanent scatterers, which allows for a high density of reliable 

measurement points. The remotely sensed measurements can be validated using the large amount of 

monitoring data recorded in London with ground-based methods. These nearly ideal conditions reveal 

the lower limits of deformation detection that are achievable with PSI. 

 

Figure 1.1 Map showing the urban fabric of London in blue. The red line is the M25 motorway. 

Due to these favourable circumstances (large archive of radar acquisitions, abundant permanent 

scatterers), the PSI ground deformation measurements also deliver practical and valuable information 

for civil engineering projects in London. In turn, these projects provide data from a wealth of 

conventional ground-based monitoring, such as precise levelling, which validate the PSI 

measurements. While London’s urban fabric is ideal for PSI, it restricts conventional geological 

surveying techniques. Therefore, PSI data offer the only feasible way to detect millimetre-scale 

regional ground movements originating from anomalies in London’s geology. Identifying and 

constraining these anomalies is a promising approach to an improved understanding of London’s 

aquifer behaviour and to add detail to the geological model of London. 

1.3 The potential of PSI application in London 

Numerous major construction projects took place in London over the past 25 years, many of which 

induced ground deformation, providing an opportunity to explore how PSI data complement existing, 
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ground-based systems that are used to monitor ground deformation during construction. 

Furthermore, information on how the ground moved both before and after construction is crucial. 

Detailed knowledge of pre-construction ground movement serves as a warning for detrimental ground 

conditions and thereby reduces potential delays and extra costs during the construction phase. It also 

establishes a benchmark of the deformation occurring in an area, which can help in the design phase 

and determine liability for damage related to ground deformation. After the construction phase, 

monitoring ground movement with PSI is a feasible way for long term monitoring. 

In fact, London’s subsurface is already crowded with infrastructure, as illustrated in Figure 1.2. 

Although London’s shallow sub-surface is one of the most closely investigated in the world, there is a 

lack of consistency in data recording methods and schemes, as described by Royse et al.(2013). In 

addition, a reluctance to share data has, in the past, meant that subsurface construction projects 

persistently encounter unexpected ground conditions and existing infrastructure, as for example at 

Crossrail’s Bond Street Station (Gakis et al. 2016; Perkins et al. 2016), and therefore, any additional 

information on London’s subsurface is valuable. PSI deformation measurements by themselves do 

not, of course, reveal the geology of an area, but PSI data are uniquely suitable to highlight millimetric 

differences in ground deformation trends over a wide area, which can help constrain likely locations 

of geological discontinuities and anomalies.  

 

Figure 1.2 Illustration of some of London’s dense and complex tunneling network, covering a wide 
area and crossing geological strata down to the Chalk at ca. 70 m depth. 
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Other benefits of regional millimetre-scale surface deformation include a safer and more efficient 

allocation of licenses to withdraw ground water. Efficient management of London’s Chalk aquifer has 

recently been highlighted as a crucial part of London’s sustainable development (Bricker et al. 2017). 

Regional ground-water models, as used by Thames Water to manage abstraction licences (Jones et al. 

2012), could be improved by regional surface deformation monitoring using PSI (Bonì et al. 2016). 

However, rather than studying large scale aquifer changes, this research focuses on the surface impact 

of tunnelling-related dewatering of London’s deep Chalk aquifer. Crossrail caused regional ground 

deformation over a significant area of several km2 but the majority of studies published on the impact 

of Crossrail dewatering are based on readings from a relatively sparse grid of piezometers (Lawrence 

et al. 2016, 2018a); PSI can reveal the impact of dewatering at the ground surface in unprecedented 

detail. 

1.4 Aim and objectives 

This research aims to demonstrate the unique advantages that PSI data has for civil engineering 

applications in an urban environment, as a complementary technique to existing ground-based 

monitoring methods. Reasons why PSI has not been more widely adopted yet include the fact that 

measurements are not ‘real-time’; that single geometry measurements are 1D along the Line of Sight 

of the satellite sensor; and that most, especially high-resolution, SAR image datasets have a cost 

associated. Nevertheless, the following reasons, as discussed in subsequent chapters, demonstrate 

that PSI data provide valuable and unique information and why the technique should be used more 

widely. 

• PSI can reveal the historic and existing deformation patterns over a wide area, such as 

seasonal trends, and is ideally suited to long-term monitoring after the construction phase. 

• If high-resolution SAR images are used, the displacement measurement precision is 

comparable to that of ground-based methods, such as levelling, and the high measurement 

point density allows the monitoring of single structures.  

• The high density and wide spatial coverage of PSI measurement points allows subtle but large-

scale surface displacements to be detected, such as those caused by construction related 

dewatering, which is not achievable with any other monitoring technique. 

In the following Chapter 2, the aspects of London’s geology that are important to interpret the PSI 

data are discussed. Chapter 2 also gives a brief background on SAR Interferometry and the PSI 

technique. Chapter 3 describes why the PSI method, in particular data processed with TRE ALTAMIRA’s 

SqueeSAR® algorithm, is most suitable for this research compared to other InSAR techniques. Chapter 

4 describes the results of a comparison between PSI data from satellite sensors with different 
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resolutions and operating frequencies (C-band Sentinel-1 and X-band TerraSAR-X). Chapter 5 shows a 

comparison between ground-based monitoring data and TerraSAR-X PSI data, and investigates the 

‘local’ observed surface deformation related to various infrastructure projects in London. Chapter 6 

explores the ‘regional’ impact of deep aquifer dewatering, which was necessary during the 

construction of Crossrail in east London, as well as the impact of dewatering around the Northern Line 

Extension in south London. Chapter 6 also discusses the geological anomalies that are revealed by the 

dewatering. In Chapter 7, the main findings of this research are summarised and the implications for 

the use of PSI in civil engineering are discussed. 
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2 Literature review 

The first part of this chapter reviews the characteristics of the ground that is observed, i.e. its geology, 

while the second part of the chapter describes the technique used for observation, i.e. Permanent 

Scatterer Interferometry (PSI) and its application in an urban environment like London. 

2.1 Regional geological setting 

The following sections describe the known geology in the London area, including stratigraphy, 

structural geology, buried hollows and hydrogeology. Key information related to the three largest 

tunnelling projects is summarised and their relation to geology and ground deformation is briefly 

discussed. 

2.1.1 Litho-stratigraphy 

London is located on a relatively strong and thick Palaeozoic basement compared to the Weald and 

Hampshire basins further to the south (Royse et al. 2012). The basement is overlaid by a comparatively 

thin (ca 100 m) layer of Chalk, followed by ca 50 m of Palaeogene and Quarternary sediments, mainly 

made up of London Clay (Aldiss 2014). A summary of the stratigraphy found under Central London and 

adjacent areas can be found in Royse et al. (2012) and a detailed guide is provided by Ellison et al. 

(2004).  

The thickness and extent of most strata is highly variable across Greater London, which is caused by 

the complex tectonic history of the area (Royse et al. 2012). Most Palaeogene strata are laterally 

discontinuous, for example the Reading and Woolwich formations thin rapidly westwards (Toms 

2015), reflecting a highly variable palaeo-depositional environment, including marine, deltaic, 

estuarine, terrestrial and fluvio-glacial, and prolonged periods of erosion (Aldiss 2014).  

Recent efforts to build databases for local areas of London using the BGS’s extensive borehole records 

have resulted in a growing model for London with unprecedented accuracy and detail (e.g. Toms 2015, 

Paul 2016). 

2.1.2 Structural framework 

The structural geology of London is complex and its understanding is still very much evolving. Three 

major tectonic events have impacted the area: the Variscan and Caledonian orogenies which formed 

Pangea (Devonian-Carboniferous); the break-up of Pangea (Jurassic – Cretaceous); and the Alpine 

orogeny (Cretaceous – current). These major events need to be considered as contributing to the 

structural framework of SE England, and thus the way the ground responds in London, on both 

regional and local scales (Royse et al. 2012). 
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The largest part of Greater London is located on the London Platform, which is part of a stable 

Proterozoic block called the Midlands Microcraton. Immediately to the south is the fold-thrust belt 

bounded by the Variscan front, while the north eastern edge of the Greater London platform is 

underlain by part of the Caledonide fold belt (Ellison et al. 2004). The Caledonian orogeny caused deep 

NE-SW trending fractures of Silurian age, however the Variscan structures are likely to be the 

dominant structural control in the area (Royse et al. 2012). Although complicated by several 

reactivations, the Variscan structures comprise of two sets of faults – roughly E-W trending thrust 

faults related to the building of the orogen and later NW-SE trending wrench faults (near vertical 

strike-slip faults) associated with the change of the principal stress as the orogen collapsed. The early 

Paleozoic basement under London is therefore divided into uneven blocks, which has important 

implications for the deposition of the chalk as well as today’s ground movement (Royse et al. 2012; 

Ghail et al. 2015). Figure 2.1 shows the present-day relative motion vectors, as defined by GPS 

measurements, of the major structural, fault-bound, blocks of the UK. 

 

Figure 2.1‘Kinematic model, after Chadwick et al. (1996). Red lines: significant faults defining 
major structural blocks; black arrows: motion vectors (relative); blue shading: area of high strain 
rate.’ From Musson & Sargeant (2007) 

Figure 2.2 shows the difference in mapped fault density between the east and the west of Southern 

Britain. The large discrepancy is a further indicator that deeper, as of yet unrecognised faults in the 

east are a possibility that ought to be investigated. 
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Figure 2.2 A map showing the major recognised faults in the current BGS maps. Mapped fault 
density is very high in the west, whereas in the east fewer faults are mapped, which may in part 
be due to the data availability and when an area was last mapped. (British Geological Survey 
(BGS), 2013) 

Although there is still much debate, recent publications agree that the structural map of the London 

platform needs updating in light of the number of faults now recognised (Aldiss 2013). Whether faults 

across the London Platform are active is unclear; there may be a degree of reactivation caused by the 

Alpine orogeny (Peacock 2009; Royse et al. 2012; Newell 2014; Ghail et al. 2015). Below is a brief 

summary of the evidence for fault movement and related features in London. 

The river Thames has existed through most of the Cenozoic and therefore provides invaluable insights 

to the paleogeography of Southern Britain (Gibbard & Lewin 2003). The orientation of paleo-channels 

of the Thames and its current tributaries is consistent with at least partial control by active tectonics 

(de Freitas 2009; Newell 2014). In Central London, the almost 90° angle between tributaries and the 

Thames, as well as the lack of regular meanders, implies that the area was and possibly is still 

controlled by faulting (de Freitas 2009; Ghail et al. 2015). This hypothesis is also supported by the 

rectangular draw-down pattern arising from water abstraction in London’s chalk aquifer, rather than 

a cone-shaped pattern, indicating that the geological basement is divided into blocks bounded by 

faults (de Freitas 2009). Another anomaly which appears to be associated with faults across London 

are buried hollows – pingo-like features that present a dangerous challenge to subsurface 
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construction in London, although their origin is still debated (Newell 2014; Banks et al. 2015; Ghail et 

al. 2015). 

There is clear evidence of basin inversion on faults in the Weald Basin, which is just south of the 

London Basin, due to the compression (and shear) of the UK caused by the opposed stresses of mid-

Atlantic spreading and the Alpine collision (Ghail et al. 2015). Stresses caused by the Alpine orogeny 

correlate closely with basin tectonics in Southern Britain (Ziegler 1987; Peacock 2009). Blundell (2002) 

calculated that only 50-70% of the uplift of the British Isles, Norway and France in the last 2.5 Ma can 

be explained by glacier retreat and denudational offloading. The elevation of Thames river terraces, 

which indicate a down-cutting river, also indicate uplift in Southern England rather than subsidence in 

the last 2.6 Ma. According to Blundell (2002), the rate of uplift was 0.07 mm a⁻¹ in the last 2 Ma years. 

Based on river incision into Thames terrace deposits, it is calculated that the London area was uplifted 

by 70 m in the last 0.87 Ma (Westaway 2001). This is clearly contradictory to the out-dated model of 

Southern England subsiding due to ‘tilting’ of Britain caused by denudational offloading and glacial 

rebound in the north. 

Faults are under-represented in the current geological maps of London (Aldiss 2013, see also Figure 

2.2). The reasons for that include the thick cover of Palaeogene sediments and the densely built up 

area of greater London but a major factor are the outdated guidelines of the British Geological Survey, 

which require strictly specified evidence for a fault to be accepted and appear on a map. Furthermore, 

there are currently no published seismic surveys of the geological basement under London. In addition 

to its built-up nature, the detection of faults in London is further exacerbated by the comparatively 

weak Palaeogene sediments, especially London clay, which can disguise deeper faults in the chalk 

(Ghail et al. 2015). 

2.1.3 Buried hollows 

Buried hollows are geological features that pose a direct hazard to infrastructure development and 

groundwater management in London (Collins et al. 2015). The nomenclature has changed over the 

past years, and currently a ‘buried hollow’ refers to a depression in the upper boundary of the London 

Clay, which is filled with a bedrock mélange (Banks et al. 2015). The geometry of buried hollows is 

variable: they can be 90-475 m wide, are steep sided (slopes > 20°), have an asymmetric, funnel-

shaped form and are typically 15-25 m deep (although sometimes up to 33 m deep in Battersea and 

up to 60 m in Blackwall) (Berry 1979; Banks et al. 2015; Collins et al. 2015). A sketch of a buried (drift-

filled) hollow is shown in Figure 2.3. 
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The infill of a buried hollow can be a mélange of River Terrace Deposits, London Clay, the Lambeth 

Group, Thanet Sand and sometimes the Chalk Group, meaning that blocks and fragments of the 

underlying strata have sometimes been uplifted by 20 m (Banks et al. 2015). If the bottom of a buried 

hollow breaks the London Clay and reaches the Lambeth Group, it may be connected to London’s deep 

aquifer and the boreholes from some buried hollows in Battersea have shown that there is drainage 

from the bottom of the buried hollow (Wakeling & Jennings 1976; Bricker et al. 2013). 

The origin of buried hollows is still debated and several processes that could have formed buried 

hollows have been suggested, such as scouring, karst subsidence, pingo formation or consolidation 

settlement (Banks et al. 2015; Collins et al. 2015; Toms et al. 2016). Known buried hollows are more 

likely to occur in areas where the London Clay is less than 35 m thick, areas with artesian groundwater 

conditions and in areas where the Kempton Park Gravel Member (Late Quaternary Deposit) occurs 

(Hutchinson 1991). 

2.1.4 Groundwater and aquifers 

London’s water supply relies on groundwater from its ‘deep’ Chalk-Basal Sands aquifer – in 2012, ca. 

35% of the 2600 million litres per day were groundwater, with the other 65% being river water (Jones 

et al. 2012). The level of London’s Chalk-Basal Sands aquifer has been strongly altered by human 

activity since the industrial revolution, with peak abstraction reached in the 1960s, when the 

groundwater level was −88 m below sea level (Environment Agency 2018). Since then ground water 

levels have been rising, because industrial activity and hence water abstraction in London decreased. 

 

Figure 2.3 Sketch of a typical buried (drift-filled) hollows. From Edmonds (2018) 
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The rise in groundwater levels eventually threatened subsurface infrastructure in London, and levels 

have been managed since 1992 by the General Aquifer Research, Development and Investigation 

Team (GARDIT). Between 1992-2000, significant additional abstraction volumes were allowed, which 

successfully slowed the rise in the groundwater level and since 2000 the groundwater levels have 

stabilised (Environment Agency 2018). 

In the west of London a dual aquifer system exists, with a distinct upper aquifer in the superficial River 

Terrace Gravels and the lower (deep) aquifer in the Chalk Group, Thanet Sands and Upnor Formation, 

which is confined by the London Clay (Environment Agency 2018; Lawrence et al. 2018b). East of 

Liverpool Street, an intermediate aquifer contained in the Lambeth Group sand channels and 

Woolwich Formation exists with limited hydraulic connection to the deep aquifer, creating a multiple 

aquifer system. Further towards the east of London, the multiple aquifer system transitions to a single 

aquifer system, which becomes unconfined east of Connaught tunnel (Lawrence et al. 2018b). 

Recharge of the Chalk-Basal Sands aquifer is via the Chalk outcrops north and south of London 

(Roberts et al. 2015). At the Chalk outcrop between Woolwich and Greenwich, the low groundwater 

level means that there is a risk of saline intrusion from the tidal river water of the Thames 

(Environment Agency 2018). 

According to the Environment Agency Status Report, the deep Chalk-Basal Sands aquifer is a low 

storage, high transmissivity aquifer with dual porosity, where flow and storage occurs in both the 

fractures and in the matrix. The flow is concentrated in the fractures whereas water storage is mostly 

in the matrix, which is released when groundwater levels fall. The transmissivity of the Chalk is 

dependent on its burial depth, and transmissivity is higher in the valleys of the river Thames and Lee, 

where Chalk is at a shallow depth or at surface (Environment Agency 2018). 

The level of the Chalk-Basal Sands aquifer is still monitored and kept at a level that is safely avoiding 

the following two situations: if the groundwater level is too high, the re-pressurisation of the London 

Clay and potential rapid groundwater ingress through fissures risks affecting the stability of 

foundations and deep basements; if the groundwater level is too low, the sandy deposits of the Lower 

Palaeogene Formation may be re-aerated, which could lead to pyrite oxidation creating acidic 

groundwater and potentially corrosion of tunnel linings (Environment Agency 2018). 

2.1.5 Tunnelling in London 

The majority of London’s subsurface structures are situated within London Clay, which is generally 

considered to be well suited to tunnelling (Black 2017). However, the stratigraphy in London contains 

several units that present a variety of challenges to geotechnical engineers. Davis (2016) published a 

practical review of London’s geology from a geotechnical engineer’s perspective and points out a 
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number of potential problems for tunnelling within the different stratigraphic layers. Arguably most 

challenging is the Lambeth Group, because its properties are highly variable, both laterally and 

vertically. For example, sand channels in the Lambeth Group (see Figure 2.4), which are commonly 

associated with faulting, can lead to abruptly changing ground water pressure. 

 

Figure 2.4 Sand Channel in the Lambeth Group exposed during tunnelling for the Crossrail 
Farringdon Station. From Gakis et al. (2016) 

Several major and well-documented tunnel construction projects have taken place in London in the 

time covered by the PSInSAR data available to this research (1992-2017). Discussed in this thesis are 

the Jubilee Line Extension (tunnels constructed 1993-1996), Crossrail (tunnels constructed 2012-

2015), and the Northern Line Extension, which began in Summer 2016 (Transport for London 2018). 

The Channel Tunnel Rail Link (Woods et al. 2007) was not included because its construction period is 

not covered by high resolution data and there was no access to ground monitoring data. The Lee 

Tunnel, which is part of the Thames Tideway project, is not discussed in detail because no clearly 

related surface deformation was detected, presumably due to the Lee Tunnel's depth of over 65 m 

(Costes et al. 2018). Tunnelling took place across a large part of central London as shown in Figure 2.5, 

crossing all geological strata down to the chalk. Tunnelling and the related ground movement in 

London has been studied extensively, for example by Burland et al. (2001) for the Jubilee Line 

Extension project and a wealth of studies were published as part of the Crossrail Learning Legacy 

(Crossrail Ltd 2018). For the scope of this project, the three most interesting tunnelling-related 

deformation types are settlement troughs, grouting and dewatering. 



32 
 

 

Figure 2.5 Location of three large tunnelling construction projects in London in the past 25 years: 
the Jubilee Line Extension constructed 1993-1996 (pink), Crossrail constructed 2012-2015 (red), 
and the Northern Line Extension where construction started in summer 2016 (blue) 

The ground response to tunnelling is a localised trough (10s metres wide) called a settlement trough, 

the short-term behaviour of which is well understood (Jurečič et al. 2013; Farrell 2015; Hill & Stärk 

2015). The shape of the cross section of a settlement trough is frequently modelled by an inverted 

normal probability distribution curve, defined by any two of the following parameters – trough width 

i, maximum settlement, Smax, or Volume Loss VS, as shown in Figure 2.6 (Hill & Stärk 2015). To predict 

trough width i in relation to tunnel depth z, their ratio K is commonly used; for London Clay, K ≈ 0.5. 

 

Figure 2.6 Sketch showing typical model of a settlement trough cross section. From Jones & 
Clayton (2013) 
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Volume Loss is an important parameter commonly used to assess the ground deformation related to 

a tunnel’s settlement trough. This parameter is defined as the fraction of the cross-sectional area of 

the settlement trough to the cross-sectional area of the tunnel and expressed as a percentage, as 

illustrated in Figure 2.7 (Lazarus & Jung 2018). 

 

Figure 2.7 Definition of Volume Loss. From Lazarus & Jung (2018) 

The settlement trough of a tunnel is impacted by many factors – for example local geology, 

hydrogeology and tunnel construction method. In London, two different tunnel construction methods 

have been used frequently: Sprayed Concrete Lining (SCL) excavation also referred to as ground 

mining and construction using a Tunnel Boring Machine (TBM); for a concise explanation of the two 

techniques refer to Lazarus & Jung (2018). The volume loss from a TBM constructed tunnel is predicted 

to be smaller than that of a tunnel constructed using SCL excavation and in London Clay, the volume 

loss over TBM constructed passages of the Crossrail tunnels was generally <0.5% whereas the volume 

losses related to SCL tunnels is assumed to be 1.5% (Lazarus & Jung 2018). 

The theoretical modelling of settlement troughs has failed to predict the actual settlement in some 

cases in London, for example in the Westminster area, the Jubilee Line Extension (JLE) tunnel caused 

unexpected volume losses of >3% rather than a conservatively estimated 2% (Standing & Burland 

2006). A Crossrail case study at Kempton Court, Whitechapel, showed that the short-term settlement 

trough conformed to the predicted form, whereas the long-term settlement trough is wider than 

expected (Hill & Stärk 2016). Evidently, the empirical methods currently used to predict long-term 

settlement troughs, especially towards the edges of the trough, are imperfect (Wongsaroj et al. 2007, 

2013; Hill & Stärk 2015; Hover et al. 2015). 

A further source of ground deformation is compensation grouting, which has been applied in London 

at several locations to mitigate the impact of a tunnel’s settlement trough. Ground motion caused by 

compensation grouting is intentional, and in the ideal case, is adjusted to counteract movement 

caused by tunnel construction. If successful, the technique avoids damage to surrounding structures. 

During compensation grouting, a liquid grout is injected through narrow tubes (Tubes à Manchette or 
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TAMs) before, during and after tunnel construction, which ideally compensates for the settlement 

caused by volume loss during tunnelling (Wisser et al. 2005; Francis & Hayman-Joyce 2015).  

The surface expression of this mitigation measure is complex and case dependent. Commonly, the 

initial TAM installation causes settlement often exceeding 10 mm, which is then followed by heave 

caused by grout injections during ‘pre-conditioning’ (i.e. before excavation) and then either 

stabilisation or reduced settlement during and after excavation (Farrell 2015). The first published 

application of compensation grouting in London was in 1994, at Waterloo Station, when the Jubilee 

Line was extended (Wisser et al. 2005). The technique has since been applied at several other sites 

during the construction of both Crossrail and the Jubilee Line Extension tunnels, with prominent 

examples being at the Big Ben clock tower and the area around Bond Street Station (Harris et al. 2000; 

Farrell 2015). For a more detailed overview of the compensation grouting at locations in the western 

part of the Crossrail tunnels refer to Francis & Hayman-Joyce (2015).  

Especially for the Crossrail project, the ground movement caused by excavation and grouting was 

closely monitored with a variety of ground-based measurement instruments, for example published 

in Abbah et al. (2016); Perkins et al. (2016). The Crossrail excavation period is also covered by the 

TerraSAR-X data stack. This presents an ideal opportunity to explore how ground-based and remote 

monitoring can be integrated. 
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2.2 Interferometric SAR for ground deformation detection 

Even though the first civilian Synthetic Aperture Radar (SAR) sensor was launched in 1978 on board of 

SEASAT, radar interferometry is still seen as a relatively ‘new technology’ (Ferretti 2014). This is 

surprising considering its potential for investigating current surface deformation; allowing to monitor 

km2-scale areas with millimetre or even submillimetre accuracy in a cost-effective way (Ferretti et al. 

2007; Rucci et al. 2012). 

2.2.1 Synthetic Aperture Radar 

SAR images have made a crucial contribution to a variety of fields, ranging from climate science 

research to planetary exploration and military applications (Moreira et al. 2013). SAR sensors can 

provide high resolution images independent of weather conditions and daylight, because they actively 

emit pulses of electromagnetic waves in the microwave domain (see Figure 2.8). To date most SAR 

sensors acquire images in the X- and C-bands; atmospheric moisture has a significant negative effect 

above ~10 GHz (Ouchi 2013). 

 

Figure 2.8 Sketch showing names and corresponding wavelength and frequency regions of radar 
bands. Adapted from Ouchi (2013) 

In a real aperture radar (RAR), image resolution is improved by increasing the antenna length, because 

the antenna footprint is inversely proportional to antenna length (Engdahl 2013), i.e., a smaller 

antenna footprint improves resolution but the smaller the antenna footprint, the longer the physical 

antenna needs to be. For an acceptable resolution from a radar sensor in space, a RAR antenna would 

need to be hundreds of metres long. SAR achieves the same resolution from a much smaller antenna 

by using the information from many consecutive microwave pulses. 

These consecutive pulses are emitted as the satellite moves along its orbit, emulating a much longer 

real antenna – hence the term synthetic (Engdahl 2013). The information in the received microwave 

pulses is combined in the correct order based on the timing and Doppler shift of the returning signal. 
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2.2.2 Imaging geometry 

Spaceborne SAR sensors must be side-looking, i.e., the antenna’s main lobe is pointed at an angle (the 

look angle) in ground range direction, along a plane perpendicular to the orbit (Figure 2.9, (Moreira et 

al. 2013)). The azimuth direction is along the line of flight of the platform, and the slant-range is 

equivalent to the line-of-sight (LOS) (see Figure 2.9) and is the distance of a particular point on the 

surface to the SAR sensor (Bamler & Hartl 1998). Most spaceborne SAR sensors orbit between 600 km 

to 800 km altitude (European Space Agency 2018b). Swath width is the diameter of the antenna 

footprint in range direction, bounded by near range and far range, whereas ground range describes 

the distance along the surface from the nadir point to the far range (see Figure 2.9). A radar scene’s 

extent in the ground range direction is given by the swath width, whereas the scene’s length in 

azimuth direction depends on the pulse length, i.e. how long the antenna transmits for (Moreira et al. 

2013). 

 

Figure 2.9 ‘Imaging geometry of side-looking imaging radars flying over flat terrain in a straight 
line.’ (Engdahl 2013) 

A further important characteristic of a SAR image is the orbit direction in which it was acquired. If 

the satellite is orbiting south to north, a right-looking sensor is looking to the east – this is called 

ascending geometry; conversely a satellite orbiting north to south has a right-looking sensor looking 

to the west, in a descending geometry (Figure 7). 
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Figure 2.10 Illustration of ascending (left) and descending (right) acquisition geometries. From 
(TRE ALTAMIRA 2018). 

The image acquisition mode varies depending on the SAR sensor. ESA’s Satellite Mission Directory 

contains more detailed information on the various acquisition modes and implications (European 

Space Agency 2018b); the data used in this thesis were acquired either in Stripmap Mode (from 

TerraSAR-X, ERS, Envisat satellite missions, Figure 2.11) or for Sentinel-1, in a special ScanSAR mode 

called TOPs (Figure 2.12).  

 

Figure 2.11 Illustration of the stripmap SAR acquisition mode. Adapted from Moreira et al. (2013). 
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Figure 2.12 ‘TOPS Scan pattern for S-1 [Sentinel-1] IW mode, composed of three subswaths. The 
acquisition starts with the first burst of the first subswath (blue) at top left with the beam steered 
along azimuth in the same direction as the platform moves (as depicted by the red arrows). Once 
this burst has been acquired, the antenna is switched in elevation, and the first burst of the 
second subswath (green) is acquired. Once the first of the third subswath (orange) is acquired, the 
beam is switched back to the first subswath, and the process is cyclically repeated.’ (Yague-
Martinez et al. 2016). 

2.2.3 Beam properties 

Radar is a coherent and ‘almost monochromatic’ sensor, which can record both the amplitude and 

phase information of images. The ‘almost monochromatic’ beam constitutes of a superposed set of 

sinusoidal waves with similar amplitude and frequency that constitute a bandwidth centred on the 

operating frequency (f0). The beam’s bandwidth BW (i.e. the difference between its highest and lowest 

frequency) is very small compared to its operating frequency, usually a ratio of 1/1000 to 1/50, and 

hence the beam is ‘almost monochromatic’ (Ferretti 2014). 

The beam is ‘coherent’, which means that the sensor ‘can generate an electromagnetic (e.m.) field 

exhibiting a fixed (deterministic, non-random) phase relationship between the electric field values at 

different locations and at different times’ (p. 14, Ferretti 2014), a requirement for SAR image 

formation and which is exploited to obtain the phase information for interferograms. 

2.2.4 Resolution 
A typical SAR system resolves targets in the range direction by measuring the duration of the travel 

time of a pulse, while the location in azimuth direction is dependent on the Doppler frequency shift 

of the target, which results from the satellite moving along its flight path (Rosen et al. 2000). The 

scanning in the range direction (across-track) is instantaneous, although there is a time delay 
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between the signal return from the near range compared to the far range due to the different travel 

paths. The scanning speed in the azimuth direction (along-track) is that of the antenna footprint, 

close to the speed of the satellite. Since there are several orders of magnitude difference in the 

speed of these scanning mechanisms, they are treated as independent, an assumption also referred 

to as the start-stop approximation (Bamler & Hartl 1998). The resolution of images in stripmap mode 

in the azimuth direction therefore depends on the antenna length and is usually different to its 

resolution in range direction, which depends on the pulse length and is a function of the signal 

bandwidth (Bamler 2000). 

2.2.4.1 Resolution in the range direction 

Resolution in range direction is not directly dependent on the wavelength of the signal or the slant 

range (Mccandless & Jackson 2004). Instead range resolution 𝛿𝑟  is proportional to the pulse width 𝜏 

(i.e. the shorter the pulse, the smaller the minimum distance between two resolvable objects 

becomes) and is inversely proportional to the range bandwidth (provided it is a simple rectangular 

pulse) (Engdahl 2013): 

 

𝛿𝑟 =
𝑐𝜏

2
=

𝑐

2 𝐵𝑊𝑟
 

(1) 

where 𝐵𝑊𝑟 =
1

𝜏
 and 𝑐 is the speed of light. 

The factor of two arises from the two-way travel of the signal and the bandwidth 𝐵𝑊𝑟  represents the 

range of frequencies contained within one pulse (Ferretti 2014).  

However, a shorter pulse must also have a higher amplitude and peak power (energy content divided 

by duration) to receive good return signals, which in practice are limited (Ferretti 2014). To circumvent 

this problem, the pulse is linearly frequency modulated to turn it into a so-called chirp (Hanssen 2001). 

The chirp has the advantage that in the frequency domain, its bandwidth looks like that of a very short 

high energy pulse – however in the time domain it has a much longer duration (Cheney 2001). 

To obtain a ‘narrow spike’ in the recorded spectrum, a matched filter is used on the return signal, 

which means cross-correlating it with a replica of the original chirp (Ferretti 2014). This ‘focuses’ the 

signal, because the autocorrelation function of the original chirp is a narrow spike (a sinc function, 

i.e. 𝑠𝑖𝑛𝑐(𝑥) =
sin 𝑥

𝑥
 ), meaning a much shorter effective pulse duration). This is called range 

compression, and the filtering shortens the effective duration of the return signal to a few 

nanoseconds, rather than the duration of the original chirp, which is a few microseconds. A 
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simplified description of the concept of range compression and signal convolution is given by 

O’Donnell (2010) and widely covered in more detail by, for example, Curlander & McDonough 

(1991); Cheney (2001); Chan & Koo (2008). 

2.2.4.2 Resolution in the azimuth direction 

Improving the resolution in the azimuth direction was a key reason for developing SAR in the 1950s. 

Unlike resolution in the range direction, the resolution of a Real Aperture Radar (RAR) in azimuth 

direction (𝛿𝑎) is directly dependent on wavelength (𝜆), physical antenna length (𝐿𝑝) and range 

distance (𝑅0) (Moreira et al. 2013). For RAR, two imaged ground targets in the parallel axis to the 

satellite orbit (slant range) can only be separated if they are not in the radar beam at the same time 

(Chan & Koo 2008). Hence the RAR azimuth resolution is approximated by the following equation: 

 

𝛿𝑎,𝑅𝐴𝑅 =
𝜆

𝐿𝑝
∙ 𝑅0 

(2) 

This relationship is illustrated in Figure 2.13, showing that  
𝜆

𝐿𝑝
  is the angular azimuth resolution 

defined by the 3-dB or half-power beamwidth (Tomiyasu 1978). 

 

Figure 2.13 Real aperture radar resolution in azimuth direction 

Especially for spaceborne sensors, this would imply an unacceptably low resolution since 𝑅0 increases 

with sensor height. Synthetic Aperture Radar was developed (O’Donnell 2010) to overcome this 

limitation. 
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Equation 2 shows that the illuminated ground area (antenna footprint) is inversely proportional to the 

physical dimensions of the antenna (Agram 2010). Since a longer antenna creates a narrower beam, a 

very long antenna would be needed to achieve a fine azimuth resolution (Moreira et al. 2013). The 

solution to this problem is to combine the signals reflected by a target from consecutive pulses, which 

in effect creates a much longer ‘synthetic’ aperture than the physical length of the antenna (see Figure 

2.14).  

This is possible because the pulse travels at the speed of light, which is much faster than the sensor’s 

velocity (≥ 7000 𝑚𝑠−1) (O’Donnell 2010). Therefore consecutive pulses have a large overlap of their 

individual beam footprints (since there are typically 2000-4000 pulses per second), and a single target 

will be illuminated by many successive pulses as shown in Figure 2.14 (Engdahl 2013). The duration 

that the target is within the antenna’s footprint as the satellite passes over is referred to as dwell or 

integration time. The dwell time determines the azimuth resolution of the final SAR image (Bamler & 

Hartl 1998). 

 

 

Figure 2.14 A sketch showing the synthetic aperture length (LSA) and the azimuth extent of the SAR 
beam footprint, which is half the RAR beam’s footprint. Adapted from Engdahl (2013) 

The maximum length of a SAR (LSA) is equivalent to the azimuth extent of the antenna footprint 

(produced by the physical antenna (LP)), as can intuitively be seen from Figure 2.14; it is the 

maximum distance the satellite can move while the target is still within the radar beam (Bamler 

2000). Therefore: 
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𝐿𝑆𝐴 =  𝛽𝑅𝐴𝑅 ∙ 𝑅0 =
𝜆

𝐿𝑃
∙ 𝑅0 = 𝑇𝐷 ∙ 𝑣 

(3) 

where TD is the illumination time of a target and v is the platform’s speed (Tomiyasu 1978). The 

virtual beam width (SAR) of a SAR is therefore  

𝛽𝑆𝐴𝑅 =
𝜆

𝐿𝑆𝐴
=

𝜆

𝛽𝑅𝐴𝑅 ∙ 𝑅0
 

(4) 

and the SAR azimuth resolution (a, SAR) is approximately 

𝛿𝑎,𝑆𝐴𝑅 =
𝑅0

2
∙ 𝛽𝑆𝐴𝑅 =

𝜆

𝛽𝑅𝐴𝑅 ∙ 𝑅0
∙

𝑅

2
=

𝐿𝑃

2
 

(5) 

The factor of two in equation (5) is again due to the two-way travel path of the signal (Curlander & 

McDonough 1991). This is a remarkable result, since it shows that azimuth resolution is independent 

of range and wavelength, and primarily dependent only on the length of the physical antenna 

(Ferretti 2014). 

To focus the image in the azimuth direction, the different pulses’ signal contributions are added 

coherently (in-phase), requiring the phase values of the radar echo from each pulse to be 

compensated for their travel path (Ferretti 2014). The travel path of the radar echoes changes with 

slant range as the satellite passes over the target and this will cause a unique Doppler-history for 

each echoed pulse (Engdahl 2013). Using the Doppler frequency/ phase change effectively provides 

a second coordinate system to distinguish targets in azimuth direction (Curlander & McDonough 

1991). 

2.2.5 Image characteristics 

The signal returning to the satellite is a stream of complex numbers, forming ‘lines’ in the range 

direction, with each pulse effectively being columns in the raw data matrix (Ferretti 2014). The width 

of the raw data matrix (i.e. the number of pulses/columns) is determined by the antenna footprint 

and the return signal of an isolated point scatterer and forms a hyperbolic trace in the raw data matrix 

(Figure 2.15, Ferretti (2014)). The quality of the return signal is influenced by various factors, including 

the radar cross section (RCS) of a scatterer and its distance from the imaging platform, with near-range 

targets having a better signal-to-noise (SNR) ratio and appearing brighter, for example (Hanssen 2001). 
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Figure 2.15 A simplified diagram to show the signal return of a point scatterer in the raw data 
matrix. The range coordinate of the scatterer varies with azimuth (as does travel path and hence 
phase), so the data needs to be focused by coherently adding all contributions relative to the 
scatterer (Ferretti 2014). 

However, the amplitude and phase information contained in the pixels of a single SAR image are of 

relatively little use: Figure 2.16 shows that the SAR scene looks grainy for amplitude values and 

completely unrecognisable, like a broken TV, for phase values (Ferretti 2014). The primary cause for 

this is the speckle effect (Rosen et al. 2000).  

 
Figure 2.16 Phase (a) and amplitude (b) of a SAR scene imaging London before data processing. 

Phase values of a single SAR image are nearly useless as they are modulo-2 that cannot be 
unwrapped while the unprocessed amplitude information is strongly affected by artefacts such as 
speckle (Ferretti 2014). 

The speckle effect arises because each pixel in a SAR image is made up of the contributions from many 

point scatterers that are smaller than the image’s resolution cell, as shown in Figure 2.17 (Engdahl 

2013). 
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Figure 2.17 Addition of backscatter from a collection of scatterers produces random constructive 
interference (increase from the mean intensity-bright pixel) or destructive interference (decrease 
from the mean intensity-dark pixel) (Eineder & Bamler 2014). 

Unlike an optical image, which is non-coherent, meaning that the contributions of scatterers can be 

added in power, the scatterers’ returns in a SAR image are coherent and interfere with each other. 

The return signal recorded in a SAR image is therefore the vector sum of many ‘elementary’ scatterers 

within a resolution cell (see Figure 2.17). The probability density function (PDF) of the amplitude is a 

Rayleigh distribution, while the phase values are random, with a constant PDF between + and −  

(Ferretti 2014). 

Common strategies to reduce the speckle effect include temporal multi-looking and averaging the 

intensity values (intensity is the square of the amplitude) (Moreira et al. 2013), which is described in 

more detail by Rosen et al. 2000 and Hanssen 2001. A more detailed review of statistical modelling 

and filtering algorithms to improve SAR image quality is given by Gao (2010). 

It is essential to be aware of geometrical distortions affecting SAR images when interpreting 

interferograms, such as foreshortening, layover, shadowing (see Figure 2.18) and the interaction of 

incidence angle and steep slopes when applying the flat-earth correction. A concise review is given by 

Engdahl 2013, whereas Curlander & McDonough (1991) and Hanssen (2001) cover the topic of 

geometric distortions in more depth. 
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Figure 2.18 Sketch showing three common distortions in SAR images caused by the combination 
of terrain and incidence angle. 

2.2.6 Differential Interferometry 

Differential SAR Interferometry (referred to as DInSAR) is used to monitor sub-wavelength ground 

movement by comparing the phase information of all overlapping pixels of two SAR images, on a pixel-

by-pixel basis (Rosen et al. 2000). The image pair requires a small spatial baseline, while the temporal 

separation of the two images usually ranges from days to months. Ground movement occurring 

between the two acquisitions is detectable because it changes the travel path of the returning signal 

and hence its phase (Moreira et al. 2013). 

2.2.6.1 Interferogram formation 

Recording amplitude and phase of the echoed signal (backscatter) gives accurate information about 

the distance between the target and the sensor, which is not only essential for image resolution, but 

also allows interferograms to be formed (Ferretti 2014). The signal received (sr) by the radar will be 

𝑠𝑟(t) =  A cos 2𝜋𝑓0𝑡 −  𝜙 

(6) 

where ϕ is the phase shift and A is the amplitude of the returning signal, which is much reduced 

compared to the transmitted signal’s amplitude (~10-6) (Ferretti 2014). This also shows that there is a 

simple linear relation between phase (ϕ) and range (x) values (distance between satellite and target 

values), which is: 

ϕ =  
2x

λ
2π 

(7) 

where λ  is the signal’s wavelength (Ferretti 2014). Hence the distance between sensor and target can 

always be expressed as an integer number of wavelengths plus a fraction of λ. In principle, the 

difference between the phase values of the master image and those of the slave image shows the 
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change in position of a scatterer in the line-of-sight of the satellite on a millimetre scale, (which is 

assumed to be equivalent to relative ground movement) provided that the ground deformation 

between the two acquisitions is smaller than half a wavelength (half because of the two-way travel 

path) (Ferretti 2014). 

An interferogram is essentially a representation of the pixel-by-pixel phase difference between two 

SAR images. Interferometry is the process of multiplying a master SAR image with the complex 

conjugate of a second so-called slave image (Ferretti 2014): 

𝐼 = 𝑧𝑀 ∙ 𝑧𝑆
∗ = 𝐴𝑀 ∙ 𝐴𝑆 ∙ 𝑒𝑗(𝜙𝑀−𝜙𝑆) 

(8) 

Depending on the processing, the resulting interferogram can either show topography (using an image 

pair with small temporal baseline and relatively large normal baseline) or ground deformation (using 

an image pair with a larger temporal baseline and a small normal baseline) (Rosen et al. 2000). Several 

factors contribute to the phase difference, summarised below.  

2.2.6.2 Interferogram Coherence 

Complex interferometric coherence (|�̅�|) is an important measure of the quality of an interferogram 

that represents the phase noise in an interferogram (Engdahl 2013). It varies between 0 (incoherence) 

and 1 (perfect coherence) and the higher the coherence, the more similar the interaction of a 

particular scatterer with the radar signal in both images, leading to a similar speckle pattern in both 

images (Zebker & Villasenor 1992). The coherence of a pixel is based on the expected phase value for 

that pixel, which is found by using a sliding estimator window, usually between 5-100 pixels in size 

(Eineder & Bamler 2014). Hence a coherence map always has a lower spatial resolution than the 

interferogram itself and there is a trade-off between coherence resolution and accuracy – the bigger 

the window size, the better the accuracy but the lower the resolution (Eineder & Bamler 2014). 

Coherence is directly related to the Signal to Noise Ratio (SNR): 

𝑆𝑁𝑅 =  
|�̅�|

1 − |�̅�|
 

(9) 

Where |�̅�| is the interferometric coherence (Engdahl 2013).  

Interferogram coherence can be reduced by several types of decorrelation, as described in detail by 

Engdahl (2013) and briefly summarised here. Baseline and volume decorrelation arise from the 

differing imaging geometry of the two initial SAR images, because they will have been acquired from 

slightly different look angles. The ground range frequency spectra are shifted between the images, 
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and only the overlapping parts contain useable information. While the baseline decorrelation can be 

removed with a common-band filter, the decorrelation due to volume scattering cannot be 

eliminated. Volume scattering arises from a ‘cloud’ of elementary scatterers and the return is highly 

dependent on the look angle; it occurs in areas of randomly distributed elementary scatterers (e.g. 

branches in the canopy or small rocks in dry sand). 

Azimuth decorrelation is similar to baseline decorrelation in that it reflects the spectral shift in ground 

azimuth frequencies and can be compensated for using a common-band filter. Possibly most relevant 

for continuous ground movement monitoring is temporal decorrelation. It is caused by the changes in 

the ground’s radar reflectivity over time that affect their scattering properties and is more problematic 

in rural than urban areas (since vegetation changes more rapidly than buildings). There is no reliable 

model for these changes and hence most methods rely on empirical evidence to remedy this type of 

decorrelation (Eineder & Bamler 2014). However, using a stack of interferograms rather than just one 

can significantly improve the limits created by temporal decorrelation (Ferretti 2014). 

Errors that cannot be recognised from the coherence estimation are often more troublesome when 

assessing the interferogram’s quality (Eineder & Bamler 2014). One source of such errors can be 

induced by the propagation medium – i.e. the atmosphere (Moreira et al. 2013). This effect is referred 

to as the Atmospheric Phase Screen and is dependent on various factors including the temperature, 

the partial pressure of water vapour, the pressure of dry air, liquid water (i.e. droplets), electron 

density and the radar wavelength itself (Eineder & Bamler 2014). 

It is distinguished between the influence of the ionosphere (75-1000 km) and the troposphere (0-

10 km). The ionosphere causes slowly varying large-scale distortions which are less relevant for lower 

geographical latitudes and have only a minor impact at C and X band. The troposphere has a larger, 

frequency dependent effect which varies more rapidly both temporally and spatially (Eineder & 

Bamler 2014). Generally, a high pass filter is used to remove APS in time, and a low-pass filter to 

remove it in the spatial dimension (Moreira et al. 2013). APS removal is a constantly developing 

research field, more recent approaches include Jolivet et al. (2011) and Jung et al. (2014). 

2.2.7 Permanent Scatterer Interferometry (PSI) 

PSI is a multi-interferogram technique that was developed in the early 2000s as an advancement on 

traditional DInSAR and is designed to reduce the impact of APS and allow for larger interferogram 

stacks by increasing the allowable critical baseline (Ferretti et al. 2001). The technique requires the 

selection of permanent or persistent scatterers (PS) in a SAR image data stack, which provide a stable 

signal return throughout the images in the data stack (Ferretti et al. 2006). Since man-made structures 

such as buildings are often permanent scatterers, this technique is especially useful in urban areas. 
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Once identified, PS are used as a grid ‘natural tie-points’ and for each of these points, a displacement 

time series with millimetre accuracy can be retrieved, where each image in the data stack provides a 

displacement measurement, as illustrated in the sketch in Figure 2.19 (Ferretti et al. 2001, 2007). 

 

Figure 2.19 Sketch to illustrate the concept of multi-interferogram, PSI techniques. The motion of 
a permanent scatterer (in this case the house) can be tracked through a stack of SAR images 
(minimum 20), which results in a displacement time series with values for each image acquisition. 
Adapted from (TRE ALTAMIRA 2016). 

The following gives a brief description of the concept of PSI, following the steps shown in the diagram 

in Figure 2.20. A more detailed discussion that requires little SAR background knowledge is given in 

the book Satellite InSAR Data – Reservoir Monitoring from Space (Ferretti 2014), and reviews of the 

PSI technique are also found in (Moreira et al. 2013; Crosetto et al. 2016). 

 

Figure 2.20 Basic steps required in PSI processing, adapted from Ferretti (2014). 
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The PS are chosen by initially selecting those pixels in a stack of interferograms with stable amplitude 

and phase (Ferretti et al. 2001, 2011). In conventional PSI, the interferograms in the stack are each 

showing the phase difference of each image to a single ‘master’ image, as shown in the baseline plot 

in Figure 2.21. 

 

Figure 2.21 Example of a typical basline plot for a PSI interferogram stack. Each dot represents an 
image, with the y-axis showing the normal baseline of the image and the master image, and the x-
axis representing the time of the image acquisition. From Ferretti (2014), p. 75 

The initially selected PS are referred to as PS Candidates and provide a sparse grid from which the APS 

can be estimated for each SAR scene (Ferretti et al. 2001). The PS Candidates are chosen based on 

their amplitude stability index or consistently high coherence, or often a combination of those two 

parameters (Ferretti 2014). The sparse grid of PS candidates is then used to unwrap the interferograms 

(Ferretti et al. 2001). Each PS Candidate (in fact each pixel) in the dataset has a time series of wrapped 

phase values 𝜙 (k being the image acquisition): 

𝜙𝑘 =  [𝐶𝐵 ⋅ 𝐵𝑛
(𝑘)

⋅ 휀 +
4𝜋

𝜆
⋅ 𝑑(𝑘)] + 𝛼(𝑘) + 𝑛 

(10) 

where 𝐵𝑛
(𝑘)

 is the phase component caused by the normal baseline, 휀 is a potential elevation error in 

the DEM, 𝑑(𝑘) is the displacement, 𝛼(𝑘) is the APS and 𝑛 is noise. 

As with any unwrapping for differential interferometry, the challenge lies in separating the part of the 

phase difference that is caused by deformation from the parts of the phase difference that are related 

to other factors, e.g. atmospheric effects and geometrical decorrelation. Ideally variations in phase 

reflectivity and noise should be negligible for PS candidates. The part of the phase difference caused 

by the normal baseline (geometrical decorrelation) can be calculated for each interferogram, as in 
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normal DInSAR, and the elevation error 휀 can be minimised with an accurate DEM (external or from 

an interferogram) (Ferretti 2014).  

The challenge is to separate the atmospheric effect on the phase difference from the component of 

the phase difference that is caused by deformation. Accurate APS removal is a main advantage of the 

PSI technique that results in millimetre accuracy rather than centimetre accuracy achieved by single 

interferograms. The key to the more accurate APS removal lies in the fact that phase artefacts caused 

by the atmosphere are usually strongly correlated in space across a SAR acquisition but uncorrelated 

in time, while the phase term caused by deformation is correlated in time (and to varying degree 

correlated in space, depending on the deformation phenomena), as illustrated in the sketch in Figure 

2.22 (Rucci et al. 2012).  

 

Figure 2.22 Atmospheric effects on the phase are highly correlated in space and uncorrelated in 
time, whereas deformation phenomena are usually correlated in time and to a varying degree in 
space. Adapted from (TRE ALTAMIRA 2016). 

An APS can be estimated for each SAR acquisition after unwrapping the interferograms based on the 

sparse grid of PS candidates (Ferretti et al. 2001). The unwrapping process analyses the phase 

difference of neighbouring PS Candidates, which are likely to be affected by the same amount of 

atmospheric noise (since atmospheric noise is correlated in space) (TRE ALTAMIRA 2016). The links 

between the PS Candidates create a ‘web’ (see Figure 2.23), where each link represents a phase 

difference that can be modelled, usually with a constant velocity model (although this is not a strict 

constraint, non-uniform motion can be taken into account given sufficiently high temporal coherence) 

(Ferretti 2014). In order to retrieve the velocity and the DEM error 휀, which is also part of every link, 

the relative velocity values and DEM errors are integrated starting from a reference point, for which 
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휀=velocity=0. Since any errors in the velocity and DEM error integration are additive, velocity standard 

deviation is likely to increase with distance from the reference point (TRE ALTAMIRA 2016). 

 

Figure 2.23 Map showing the ‘web’ points (in red) and links between them (in green), which are 
used to unwrap the interferograms. From (TRE ALTAMIRA 2016). 

Once the phase values of the sparse grid of PS Candidates are unwrapped, the motion (through time) 

of each PS Candidate is estimated using a low-order polynomial model (Ferretti 2014). It is important 

to keep in mind that the velocity of each PS Candidate is relative to the reference point, for which 

DEM error and velocity are still assumed to be zero. The remaining phase residuals, assumed to be 

predominantly introduced by atmospheric effect, are then filtered (low-pass in space and high pass in 

time) and interpolated in space to create an APS for each interferogram. After the APS has been 

subtracted from each interferogram, the algorithm searches all pixels for additional PS, which can be 

identified by a low phase dispersion with respect to the appropriate displacement model (Ferretti 

2014). 

The quality of a PSI dataset is highly dependent on the specific parameters of the SAR image data stack 

that was analysed. Certain minimum requirements for using the technique exist, for example a 

minimum of 20 SAR images is required, which must be taken with the same acquisition geometry over 

the same area (TRE ALTAMIRA 2016). Generally, the more images in the processed data stack and the 

longer the time period covered, the better the results. However, too long a time span risks the loss of 

permanent scatterers, since the likelihood of surface changes increases with time. Furthermore, the 

temporal distribution of the SAR images is important: the more evenly the images are distributed, the 

better the PS deformation can be modelled. The time between the image acquisitions (repeat cycle) 
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should not be too long, since this also risks decorrelation. The characteristics of the area under 

investigation are important: a dense network of reliable PS, e.g. in urban areas, benefits PSI 

processing. The type of motion observed is also relevant, for example highly non-linear motion or 

movement that is too rapid, can be challenging to detect with PSI. A shorter wavelength, e.g. X-Band, 

usually results in a higher number and density of PS. Finally, it is important to consider that the quality 

of individual measurement points varies within a PSI dataset. 

2.3 PSI applications in urban environments 

Nearly 20 years after its invention, DInSAR and PSI are becoming standard monitoring techniques in 

many applications from civil engineering to reservoir monitoring (Ferretti 2014; Schneider et al. 2015). 

PSI data have been validated by several studies, for example Colesanti et al. (2003), Ferretti et al. 

(2007b), Hooper et al. (2006). Validation was a significant part of the Terrafirma project, supported by 

ESA’s Copernicus programme (Bateson et al. 2009). The validation included a comparison between PSI 

results from four InSAR service providers, and validation of those results against levelling 

measurements from the Alkmaar Region (Netherlands) (Bateson et al. 2009). The comparison 

between PSI and levelling measurements showed that the average RMS between velocity 

measurements of the two techniques was in the range of 1.0-1.8 mm a-1 (Bateson et al. 2009). Other 

studies have demonstrated the validity of PSI measurements against other ground-based monitoring, 

such as GPS (Bock et al. 2012). 

Applications of DInSAR and PSI are wide ranging: the Terrafirma Atlas presented 53 case studies 

covering a wide range from geohazards to civil engineering applications focused on Europe (Capes & 

Marsh 2009), but PSI has been used around the world for monitoring applications in the mining sector 

(Colombo & Macdonald 2015), oil reservoir monitoring (Rucci et al. 2013) and groundwater 

management (Van Leijen & Hanssen 2008). In civil engineering, applications have included detecting 

and monitoring tunnelling induced ground movement (Barla et al. 2016), structural damage 

assessment (Giannico et al. 2012) and bridge deformation monitoring (Lazecky et al. 2015). Indices to 

classify the information from PSI to rate the structural health of engineering structures (Pratesi et al. 

2015) have been proposed. 

Since London is in the fortunate position to be covered by an extensive archive of SAR images acquired 

by various SAR sensors (e.g. ERS, Envisat, ALOS, TerraSAR-X, COSMO-SkyMed, Sentinel-1), and is ideal 

for multi-interferogram monitoring due to its urban nature, several studies on the area have been 

published. In 2009, a case study with ERS and Envisat PSI data was published as part of the Terrafirma 

Atlas, showing the subsidence related to the Jubilee Line Extension (Capes & Marsh 2009). Aldiss et 

al. published a study in 2014 investigating subsidence in the Lower Thames Estuary, also using ERS and 
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Envisat PSI data acquired between 1997 and 2005, and found subsidence rates of up to 2.5 mm a-1, 

concluding that the subsidence is in part caused by deep-seated geological structures (Aldiss et al. 

2014). Bonì et al. (2016) related groundwater changes in London to displacements in ERS PSI data 

(1992-2000) and Envisat PSI data (2002-2010) and found good agreement between deformation 

predicted by hydrological models and measured by the PSI data. Also using ERS and Envisat images 

from the same period, Cigna et al. (2015) investigated natural and anthropogenic geohazards in 

London using the standardised PanGeo methodology (Bateson et al. 2012), which were found to fall 

in the categories underground construction, made ground, groundwater abstraction and unknown 

(Cigna et al. 2015). The construction of Crossrail led to the first high-resolution (X-Band) PSI monitoring 

over London. Publications on various related topics include a new methodology for detecting the 

strongly non-linear motion created by Crossrail’s subsidence trough (Garcia-Robles et al. 2015); 

comparison between ground-based monitoring (levelling) and PSI derived from 38 COSMO-SkyMed 

images (2011-2013), which found that non-linear motion is detected by both techniques; and an 

attempt to assess structural damage related to Crossrail using a PSI datastack derived from 72 COSMO-

SkyMed images (2011-2015) (Milillo et al. 2018). In 2018, Bonì et al. published a paper that used 

Sentinel-1 PSI data covering the time period from 2015-2017, which concluded that the uplift 

occurring between 2015-2017 around the Limmo Peninsula is predominantly related to volume 

change of clayey soils, failing to take into account the considerable impact of dewatering of the deep 

aquifer necessary for the construction of Crossrail (see Chapter 6). 

Despite the wealth of published case studies using either or both C-Band and X-Band data, no direct 

and fair comparison between PSI data derived from C-Band and X-Band images has been published 

yet. The choice of satellite sensor and wavelength has important implications for the final PSI results 

and the SAR image archive over London allowed for such a fair comparison between C-Band (Sentinel-

1) and X-Band (TerraSAR-X) PSI data. The results of this comparison are discussed in Chapter 4. 

Several validation studies between ground-based monitoring and PSI have been published, but the 

construction of Crossrail offers the opportunity to compare a particularly large set of precise levelling 

data covering a wide area with high-resolution PSI measurements before, during and after the 

construction phase. This is possible due to the ‘Learning Legacy’ policy of the Crossrail project, which 

made large amounts of monitoring data freely available. These data also include piezometer readings, 

which are compared to ground settlement measured with PSI. The surface deformation pattern visible 

in the PSI data, caused by the Crossrail-related dewatering of the deep aquifer in the east of London, 

demonstrates the unique information gained from PSI data. The uneven patterns of dewatering-

related surface deformation furthermore reveal geological anomalies in London that have not been 

detected before.  
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3 Methodology 

The purpose of this research is to better understand the potential applications and limitations of the 

use of InSAR and specifically PSI data over an urban area (London in this case). It is therefore vital to 

understand the sources of error in InSAR measurements and the nature of deformation that can be 

detected. During the early stages of the research, different approaches were evaluated in attempt to 

identify the optimum tools and methodology for achieving these objectives, and these are detailed in 

the following sections. 

3.1 Differential interferograms using the SNAP Toolbox and Sentinel-1a images 

At the beginning of this research (2015), the Sentinel-1a satellite had only recently started acquiring 

SAR images over London. The Sentinel-1a data, being distributed freely by ESA via the Copernicus 

SciHub online platform (ESA 2014), were, to begin with, the only SAR images available for the project. 

ESA’s freely available SNAP Toolbox was initially used to produce wrapped interferograms for London 

with the Sentinel-1a images, and the research began with an exploration of individual interferograms 

to assess whether ground movements could be resolved over short time frames in this way. This 

processing was performed at Imperial College London. The interpretation of these interferograms 

proved not to be straightforward, for several reasons. 

Firstly, the relative accuracy of displacement measurements of interferograms is in the order of 

centimetres (Ferretti 2014) but the expected deformation in London is much less than 1 cm over the 

time span covered by the interferograms. However, Sentinel-1a had only just started acquiring images, 

and the impact of Sentinel-1’s tight orbital control (small orbital baselines in the order of 150 m), its 

new TOPSAR acquisition mode, and the small repeat period on interferogram production was 

uncertain (Aulard-Macler et al. 2011). Since SNAP has no native unwrapping algorithm, unwrapping 

was unsuccessfully attempted using DORIS (Kampes 2008). Furthermore, while the creation of an 

individual interferogram was relatively easy with SNAP, investigating the algorithms behind each of 

the interferogram generation steps was difficult for a user inexperienced in InSAR processing. 

Since a lack of experience in InSAR processing and limited insight into the SNAP Toolbox made a 

theoretical evaluation of Sentinel-1 interferograms impractical, an empirical approach was adopted. 

The intent was to process Sentinel-1 interferograms over an area with well-studied and conventionally 

constrained (measured) deformation on the scale of centimetres, in order to understand how this 

would appear in the interferograms. The only region imaged by Sentinel-1 that fulfilled these 

requirements at that time was Iceland. The study area in Iceland was chosen to include an active 

spreading ridge on its western edge (see Figure 3.1). 
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Figure 3.1 Study area chosen for processing interferograms over Iceland, which includes an active 
spreading ridge (in yellow) and volcanoes on its western edge (Background map from Geirsson et 
al. (2010)).  

Some of the resulting interferograms from scenes acquired by Sentinel-1 in August 2015 are shown in 

Figure 3.2. The processing required manual download and import of 1 arc-second ASTER GDEM2s to 

the SNAP Toolbox, since SRTM DEMs, which would automatically be downloaded by the SNAP 

Toolbox, were unavailable for Iceland because of its high latitude. There is no direct comparison 

between 1 arc-second ASTER-GDEM2 and 1 arc-second SRTM1 DEMS published, but a study 

comparing 1 arc-second ASTER GDEM2 and 3 arc-second SRTM1-3 DEMs showed that the 1 arc-

second ASTER GDEM2 contains more artefacts (e.g. striping errors) (Rexer & Hirt 2014). This may have 

an adverse impact on the interferograms. As with the interferograms already produced for the London 

area, the processing of one interferogram took 3 - 4 days, because it was not possible to subdivide the 

Sentinel-1 SAR scene in the SNAP Toolbox to process smaller areas. 

The coherence maps shown in Figure 3.2 show that there was high coherence (>0.8) for the 12-day 

interval interferogram, which was largely maintained in the 24-day interval interferogram (except for 

vegetated areas in the drainage channels). However, the patterns in the interferograms do not seem 

to relate to real deformation, since they are quite different in the two interferograms and the scale of 

the fringes would indicate a much larger magnitude of deformation than expected. It appears more 

likely that the phase fringes are caused by atmospheric effects or DEM residuals, or even by burst-

boundary artefacts. 
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Figure 3.2 Interferograms over Iceland (for location see Figure 3.1) from Sentinel-1 scenes 
acquired in August 2015. a) is the coherence map for the interferogram in b), and c) is the 
coherence map for the interferogram in d). There are artefacts visible, especially obvious in c) and 
d), where the boundary of the two bursts in the Sentinel-1 image is located. 

It was soon apparent that with the software tools available (SNAP Toolbox), no unwrapping method, 

limited InSAR processing knowledge and little published literature on Sentinel-1 interferogram 

processing, no reliable deformation measurements could be extracted. Given these difficulties in an 

active area like Iceland, it was highly unlikely that single Sentinel-1 interferograms would be suitable 

to investigate the millimetre scale deformation expected in London. 

3.2 PSI using SARscape® 

Persistent Scatterer Interferometry (PSI) was deemed a better approach as this can achieve millimetre 

precision (Ferretti et al. 2007; Capes & Marsh 2009; Crosetto et al. 2016). By this time (summer 2016), 

a reasonably large stack of Sentinel-1 images (>50 images in both geometries) had been acquired over 



58 
 

London, and these would make PSI feasible here. Freely available PSI software, e.g. StaMPS (Hooper 

et al. 2013), was considered for processing but at the time StaMPS could not process Sentinel-1 images 

(e.g. merging the bursts from Sentinel-1 TOPSAR acquisitions was a problem) and in fact this has only 

recently been solved (Foumelis et al. 2018). Instead, SARscape® software (Harris Geospatial) was 

acquired for processing, which is more suitable for relatively novice users with no prior PSI processing 

experience. SARscape® is available for Linux and Windows, as part of the ENVI software suite 

(distributed by Harris Geospatial). Minimising processing time is important, given that a single 

interferogram could take a week to process. Harris Geospatial recommend the Linux version for the 

most efficient processing but this led to problems because it later emerged that, although SARscape® 

is available for both OS Linux and Windows, the Windows version was much more widely used and 

better tested. 

After a week-long training course, ascending and descending Sentinel-1 image stacks were processed 

at Imperial College London using the SARscape® PSI module. The result for the descending image 

stack, which contained 56 images acquired between 16th Nov 2014 and 4th Jan 2017, is shown in Figure 

3.3. 

 

Figure 3.3 PSI results processed using SARscape® PSI module based on Sentinel-1 images 
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The results are satisfactory, because expected deformation patterns, for example related to Crossrail 

and the Northern Line Extension, are detected. However, there are some drawbacks in using the 

software, such as many user-adjustable variables for each step that must be chosen (e.g. filter 

variables for the APS removal) and several that are specific to the sensor (in this case Sentinel-1), 

which are hard to determine without InSAR processing experience (Sarmap 2014). The PS processing 

with a single reference point is limited to a maximum area of 5 km2; a larger area is split into 

overlapping tiles that are processed separately and then fitted together based on the overlap. This 

introduces significant errors during the processing that must be fixed by manually adjusting the 

overlap and reference points of the tiles. The user manual states that non-linear movement trends are 

not properly detected in the SARscape® PS module and the SARscape® SBAS model is suggested for 

more robust phase unwrapping (Sarmap 2014). 

The SBAS approach was first proposed by Berardino et al. (2002) and combines multiple unwrapped 

interferograms to generate a time series. There are several different algorithms that fall in the SBAS 

family; they have in common that time series are retrieved from a series of, ideally, linked DInSAR 

interferograms, which are generated with low temporal and normal baselines in order to maximise 

the number of coherent pixels (Casu et al. 2006; Lanari et al. 2007; Osmanoǧlu et al. 2016). SBAS was 

originally developed to investigate ground deformation over large areas with a relatively low spatial 

resolution and is especially useful in rural areas where distributed scatterers are dominant (Lanari et 

al. 2007). However, over urban areas like London, the high-quality information of point-wise targets 

is lost (Ferretti 2014). Therefore, SBAS is not an appropriate choice for investigating deformation over 

highly urbanised areas such as London. 

3.3 SqueeSAR® processing 

In summer 2017, the opportunity arose for a 3.5-month internship at TRE ALTAMIRA in Milan, Italy. 

As part of the internship, several datasets over London were processed at TRE ALTAMIRA using their 

patented SqueeSAR® algorithm (Ferretti et al. 2011). SqueeSAR® is a multi-interferogram technique 

that detects both permanent scatterers (PS) and distributed scatterers (DS) and can detect non-linear 

deformation. The following is a brief description of the concept behind the algorithm and the expected 

precision of geolocation and displacement measurements. The SqueeSAR® algorithm is described in 

more detail in Ferretti et al. (2011) and Ferretti (2014), p.85ff. 

By detecting both PS and DS, SqueeSAR® is essentially combining the PSI and SBAS approaches. As 

with PSI, the information of point-wise targets (i.e. PS, referred to as deterministic scatterers) is 

preserved. In addition, DS are identified by using a space adaptive filter to find statistically 

homogenous adjacent pixels. The optimum phase values for each DS are estimated by generating all 
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possible interferograms, considering their coherence values and exploiting this statistical 

characterisation to find the phase values that best fit all interferograms. The DS processing employed 

in the SqueeSAR® algorithm is different from other SBAS algorithms, because information from all 

possible interferograms and the resulting coherence matrix is used and also because the DS phase 

values are retrieved before any phase unwrapping procedure (Ferretti 2014). However, since the study 

area in London is extremely urbanised, the majority of measurement points in the SqueeSAR® datasets 

analysed in this project are PS rather than DS. 

One of the main challenges in using multi-interferogram techniques is understanding the accuracy of 

the measurements. Since all InSAR measurements are relative to a reference point, the absolute 

accuracy is dependent on the reliability of the reference point (see Chapter 2). However, because the 

results of differential interferometry show relative change rather than absolute values, the reliability 

of measurement points is better judged by the precision of their measurements. Each measurement 

point in a SqueeSAR® dataset has individual precision values depending on the measurement point’s 

scattering properties. The mean precision of a whole dataset is of course influenced by many factors, 

for example the number of images in the data stack (see Chapter 2). The precision of the measurement 

point’s geolocation, and the precision of the measurement point’s displacement time series both need 

to be considered. 

While the actual precision of an individual SqueeSAR® dataset and the precision of an individual 

measurement point are variable, Table 3.1 gives typical values expected for the coordinates of a 

measurement point, for datasets from each of the three sensors used in this thesis. Generally, the 

higher the spatial resolution of the satellite the better the precision of the geocoding, but since the 

measurement point height is estimated from the phase, the interferometric processing algorithm also 

has a strong influence (TRE ALTAMIRA 2018). As shown in Table 3.1, the geolocation precision of a 

SqueeSAR® measurement point is normally on the scale of metres. For individual measurement points, 

the height standard deviation is given as an indicator of the vertical precision of its position in space. 

The relatively low height precision for SqueeSAR® measurement points derived from Sentinel-1 image 

stacks is caused by the very tight orbital control, which leads to a very small normal baseline (M. 

Basilico pers. comm.). 
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Table 3.1 Typical precision values (1 sigma) associated to the UTM coordinates of a SqueeSAR® 
measurement point at mid-latitudes. Values are referred to a measurement point less than 1 km 
from the reference point and a dataset of at least 30 SAR scenes (TRE ALTAMIRA 2018). 

Direction 
C-band ERS/ENVI- 

Standard Beam RSAT [m] 
C-band SNT [m] X-band TSX [m] 

North  2  8  1 

East  7  12  3 

Vertical 
(elevation) 

 1.5 8  1.5 

 

The velocity standard deviation calculated for each measurement point in a SqueeSAR® dataset gives 

an estimate of the measurement point’s displacement rate precision (TRE ALTAMIRA 2018). The 

precision of single displacement measurements is not individually calculated, but is on average within 

± 5 mm, and the precision is likely to be better for the data stacks used in this thesis given the relatively 

long time-span and large number of images used. The mean velocity standard deviation for the 

datasets used in this thesis is significantly below 1 mm a⁻¹, as expected considering the estimated 

velocity standard deviations shown in Figure 3.4. 

 

Figure 3.4 Standard deviation of the estimated average displacement rates for different satellites 
as a function of time for an atmospheric noise power of 9 mm2 considering a full temporal 
acquisition rate. From (TRE ALTAMIRA 2018) 

To give a practical example: if a SqueeSAR® measurement point has a displacement rate of −2 mm a⁻¹ 

and a velocity standard deviation of 0.6 mm a⁻¹, it means that the displacement rate with respect to 
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the reference point is between −2.6 and −1.4 mm a⁻¹ with 68% probability (1σ) and within −3.2 and 

−0.8 mm a⁻¹ with 95% probability (2σ). 

A further attribute of each measurement point is the seasonality of a measurement point’s time series. 

‘Seasonal Amplitude’ [mm], 𝑑(𝑡), is calculated by fitting a displacement polynomial model with a 

seasonal component to the time series: 

𝑑(𝑡) = 𝑎 + 𝑏𝑡 + 𝑐𝑡2 + 𝐴 cos(
2𝜋𝑇

365
+ φ) 

(11) 

Where A = semi-amplitude, T = time [day] and ϕ = phase. Phase is given in days and refers to the time 

difference between the first image acquisition and the date when peak seasonal amplitude is reached. 

This is illustrated in Figure 3.5. 

 

Figure 3.5 Time series example to explain the ‘Seasonal Amplitude’ and ‘Seasonal Phase’ 
attributes. The ‘Seasonal Amplitude’ is shown by the red bar, and is the semi-amplitude of the 
polynomial model (see Equation (11). The ‘Seasonal Phase’ is the time difference in days between 
the first acquisition (in this case 01 May) and the date when the peak amplitude is reached (in this 
case 05 July), as shown by the blue bar. 

3.4 Characteristics of PSI measurements 

PSI datasets are relative to a reference point that is contained within the processed area and, for 

SqueeSAR®, chosen based on its high phase and amplitude stability (TRE ALTAMIRA 2018). The 

displacement is set to zero for the reference point, and all other displacement measurements are 

relative to this point. Since the ‘true’ displacement of the reference point is usually not known (unless 

the reference point is calibrated, for example with GNSS measurements), the PSI data have a precision 

rather than an accuracy associated to each measurement point. This precision is dependent on 

numerous factors and generally improved by a higher number of images, higher point density and 
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longer time span (Schneider et al. 2015). The resolution of the PSI dataset is limited by the cell size of 

the SAR images, since only one measurement point per cell can be identified (TRE ALTAMIRA 2018). A 

further important characteristic of PSI data is the direction in which displacement is measured: the 

measurements are 1D displacement along the Line of Sight (LOS) of the sensor, as illustrated in Figure 

3.6. For this research, only data acquired in descending geometry were available (see Table 3.2). 

However, if data from both ascending and descending geometries are available, it is possible to extract 

the vertical and east-west component of the deformation by combining both acquisition geometries 

(TRE ALTAMIRA 2018). 

 

Figure 3.6 Illustration of the impact of acquisition geometry (not to scale). InSAR measures the 
projection of real movement (Dreal) along the LOS. The same real movement (Dreal) can be 
measured with a different value from different LOS (different incidence angle and/or different 
acquisition geometry). In the following chapter, positive values and colour from green to blue 
indicate movement toward the satellite; negative value and colour from green to red indicate 
movement away from the satellite. (From TRE ALTAMIRA, 2018). 

 

3.5 SAR Datasets 

The metadata of the datasets used in this project is reported in Table 3.2. Data from four satellite 

sensors are used (ERS1/2, Envisat, TerraSAR-X and Sentinel-1) spanning the time between 1992 and 

2017. Note that all InSAR measurements referred to in this thesis are 1D, along the Line of Sight (LOS) 

of the satellite sensor. The LOS is described by the incidence angle, given for each dataset in Table 3.2. 

As explained in Section 3.4, this means that the real deformation can have a vertical as well as 

horizontal component, but the exact magnitude of these components cannot be extracted from the 

single geometry, 1D measurements.  
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Table 3.2 Metadata of SqueeSAR® datasets used in this PhD Project 

Dataset ERS Envisat 
TerraSAR-X 
Large Area 

TerraSAR-X 
Small Area 

Comparative 
TerraSAR-X 

Comparative 
Sentinel-1  

Time Span 
05/05/1992 - 
17/09/2010 

01/05/2011 - 
28/04/2017 

01/05/2011 - 
28/04/2017 

03/05/2015 - 
28/04/2017 

03/05/2015 - 
22/04/2017 

Geometry Descending Descending Descending Descending Descending 

Track 51 124 124 124 81 

Incidence Angle 24.04° 37.33° 37.33° 37.33° 37.39° 

Band C X X X C 

Resolution (rg x az) 
[m] 

20 x 5 3 x 3 3 x 3 3 x 3 5 x 20 

Wavelength [cm] 5.62 3.11 3.11 3.11 5.55 

Number of Images 
124 (77 ERS; 
47 Envisat) 

150 150 46 53 

Median Velocity 
Standard Deviation 
[mm a⁻¹] 

0.1 0.1 0.1 0.6 0.7 

Median Height 
Standard Deviation 
[m] 

0.4 1.1 1.1 1.5 4.0 

Total Number of 
points 

1,445,158 1,788,295 969,177 739,240 38,685 

PS (% and Total 
Number) 

86% 
1,245,302 

95% 
1,693,704 

93% 
900,574 

100% 
739,240 

100% 
38,685 

DS (% and Total 
Number) 

14% 
199,856 

5% 
94,591 

7% 
68,603 

- - 

Area [km2] 2595.54 653.89 80.85 80.85 80.85 

Average Point 
Density 
[points/km2] 

333 2,735 11,987 9,143 478 

Median Repeat 
Cycle [days] 

35 11 11 11 12 

Acquisition Mode Stripmap Stripmap Stripmap Stripmap TOPSAR 

Acquistion Time 
(GMT) [hh:mm] 

ERS 10:55 
Envisat 10:25 

06:17 06:17 06:17 06:14 

Polarization VV HH HH HH VHVV 

Altitude 782-785 km 514-516 km 514-516 km 514-516 km 693 km 

 

For the time period 1992-2010, only C-band imagery (ERS &Envisat) is available over London. The 

following time period, 2011-2017, is covered by higher resolution X-Band TerraSAR-X images and 

2014-2017 also by C-band images acquired by Sentinel-1. This affords the opportunity to investigate 

how X-Band TerraSAR-X PSI data compare with Sentinel-1 data, as is described in Chapter 4. The 

datasets used for this comparison are discussed further in Chapter 4, and are only briefly introduced 

here. Figure 3.7 shows the image acquisition dates for the Sentinel-1 and TerraSAR-X data stacks that 

were used for the comparison. These two data stacks cover the time period May 2015 to April 2017. 
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Figure 3.7 Image acquisition dates of TerraSAR-X (blue diamonds) and Sentinel-1 (red diamonds) 
data stacks which were used for the comparison in Chapter 4. 

Figure 3.8 shows an overview map of the Sentinel-1 data and Figure 3.9 shows an overview map of 

the TerraSAR-X data, which are both covering the same ca. 80 km2 area over central London. Both 

datasets are discussed in more detail in Chapter 4. It is important to note that the processing for the 

TerraSAR-X and Sentinel-1 comparison datasets consist of only PS and not DS. 

 

Figure 3.8 Overview of Sentinel-1 SqueeSAR® dataset used for comparison with TerraSAR-X 
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Figure 3.9 Overview of the TerraSAR-X dataset used for the comparison with Sentinel-1 

The results show the remarkable improvement in the density and resolution of PS obtained from 

TerraSAR-X data compared with Sentinel-1 and the subsequent ground deformation analysis used 

TerraSAR-X data when available. However, for the time span from 1992 to 2010 only medium 

resolution C-Band ERS and Envisat data are available; with ERS satellite data covering the period from 

1992 to 2003 and Envisat satellite data from 2002 to 2010, as shown in Figure 3.10. The repeat cycle, 

at 35 days, is longer than that of TerraSAR-X and Sentinel-1 but the combined 20-year timespan of the 

ERS/Envisat dataset means that the standard deviation for both velocity and height is very small. More 

details on the ERS and Envisat missions are available on ESA’s eoPortal directory of satellite missions 

(European Space Agency 2018b). 

 
Figure 3.10 Dates on which images in the ERS (red triangles) and Envisat (green diamonds) data 
stack were acquired 
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It is possible to ‘stitch’ the image stacks from the subsequent ERS and Envisat satellite missions into 

one dataset because they have the same orbit, acquisition mode, wavelength and incidence angle 

(European Space Agency 2018a). Figure 3.11 shows an overview map of the SqueeSAR® ERS/Envisat 

dataset with the measurement points colour-coded by displacement rate.  

 

Figure 3.11 Overview of the C-band ERS/Envisat SqueeSAR® dataset which covers an area of nearly 
2600 km2. 

The ERS/Envisat data covers by far the largest area and longest time span of the datasets used in this 

project but only the parts over central London were analysed. The ERS/Envisat data have lower spatial 

resolution than both TerraSAR-X and Sentinel-1, which is in part caused by the long time-span covered. 

The longer time-span tends to increase the risk of scatterers being affected by temporal decorrelation, 

because surface changes are more likely to occur, which limit the longevity of PS. The ERS/Envisat 

dataset is particularly useful as a baseline to identify longer-term deformation phenomena that have 

occurred since 1992, and thereby help interpret the more recent high resolution TerraSAR-X datasets. 



68 
 

The time span from 2011 to 2017 is covered by images acquired in high resolution X-band by the 

TerraSAR-X satellite constellation. More information on the TerraSAR-X mission and instruments is 

given on ESA’s eoPortal Satellite Missions online directory (European Space Agency 2018c). The 2011-

2017 TerraSAR-X image stack was processed twice to provide two different SqueeSAR® datasets: the 

‘large area’ and ‘small area’ TerraSAR-X datasets. Both datasets are based on the same images, with 

acquisition dates as shown in Figure 3.12. 

 
Figure 3.12 Dates on which images in the TerraSAR-X data stack used in the processing for the 
‘Large Area’ and ‘Small Area’ 2011-2017 TerraSAR-X datasets. 

Apart from the obvious difference in spatial coverage (see Figure 3.13 and Figure 3.14), the main 

difference between the TerraSAR-X datasets is that the average measurement point density of the 

‘large area’ TerraSAR-X dataset (2,735 points/km2) is significantly lower than that of the ‘small area’ 

TerraSAR-X dataset (11,987 points/km2). This is, in part, caused by the land use of the area covered; 

the ‘large area’ dataset includes a greater proportion of areas without scatterers, e.g. parks and open 

ground. The variables used in the processing of these two TerraSAR-X datasets are another important 

factor: to avoid a larger computational cost and impractically large data files that are difficult to handle 

due to their size, the ‘large area’ was processed with higher thresholds for the measurement point 

selection, thereby reducing their number. The central London area, which is covered by the ‘small 

area’ TerraSAR-X dataset, is small enough to make the standard SqueeSAR® processing feasible. An 

overview map of the ‘large area’ TerraSAR-X dataset is shown in Figure 3.13 and an overview map of 

the ‘small area’ TerraSAR-X dataset is shown in Figure 3.14. The extent of ‘small area’ TerraSAR-X 

dataset is the same as for the comparative TerraSAR-X and Sentinel-1 datasets. 
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Figure 3.13 Overview of the ‘Large Area’ X-band TerraSAR-X SqueeSAR® dataset which covers an 
area of ca 650 km2. To reduce the number data points and thereby facilitate handling of the data, 
quality thresholds were set higher during the processing, which leads to a reduced point density. 

 

 
Figure 3.14 Overview of the ‘Small Area’ X-band TerraSAR-X SqueeSAR® dataset which covers an 
area of ca 80 km2. This was processed using the standard SqueeSAR® algorithm and therefore has a 
higher point density than the ‘Large Area’ TerraSAR-X dataset. 
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3.6 Rationale of the data analysis 

Out of the three attempts to gain ground deformation data from SAR images (simple DInSAR with 

SNAP, PSI using SARscape®, and SqueeSAR®), the SqueeSAR® datasets are the most suitable to 

investigate deformation patterns over London. This decision was based on the fact that the 

SqueeSAR® data quality was highest, the high level of support from staff at TRE ALTAMIRA on any 

question about SqueeSAR® or InSAR in general, and because the SqueeSAR® datasets cover the 

longest time period and include an excellent quality, high resolution TerraSAR-X dataset. 

As a first step, a comparison between the TerraSAR-X and Sentinel-1 data covering the same area and 

time period (2015 to 2017) was undertaken to better understand the differences between C-band and 

X-band data (see Chapter 4). That comparison shows that the TerraSAR-X data are better suited to 

identifying and resolving the very small scale and sometimes very local deformation patterns in an 

urbanised area like London, and hence the following analyses focused on the 2011 to 2017 TerraSAR-

X datasets. 

As already mentioned in Chapter 2, the expected precision of a PSI dataset is highly dependent on the 

individual dataset and its attributes, such as the number of images, wavelength of the sensor, and 

time span covered. The precision of the SqueeSAR® data is indicated by velocity standard deviation 

for each measurement point. However, the construction of Crossrail afforded the opportunity to 

reliably validate the SqueeSAR® TerraSAR-X data against ground-based measurements, namely two 

precise levelling methods. The comparison between Building Research Establishment (BRE) type 

levelling, installed on structures such as buildings, and conventional levelling, installed on the ground, 

and SqueeSAR® TerraSAR-X data is discussed in Chapter 5. 

Analysing the multitude of small-scale deformation patterns of over the entire area covered by the 

datasets is outside of the scope of this project. The analysis has, therefore, been focused on central 

London where the continuous urban fabric results in the highest point densities, and on the most 

noticeable deformation patterns. The latter can be divided broadly into two categories:  

1. Local deformation - there are several instances of local ground movement patterns, 

sometimes over single structures, that are evidently related to civil engineering projects. The 

analysed deformation patterns in this category include the Crossrail related settlement 

trough, the ground response to grouting and the deformation pattern observed over the O2 

arena; a brief look at the long-term settlement trough behaviour caused by the Jubilee Line 

Extension constructed in the Westminster area; and an analysis of the deformation observed 

across the recently refurbished Blackfriars Bridge that crosses the River Thames in central 

London. These study sites are labelled in black on the overview map in Figure 3.15. 
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Figure 3.15 Overview map of central London. Study areas of local deformation are labelled in 
black; study areas of regional scale deformation are labelled in blue. 

2. Regional deformation – these are large-scale patterns, examples of which occur around the 

Limmo Peninsula and Kennington Park (see blue labels in Figure 3.15), and are discussed in 

Chapter 6. By comparing the SqueeSAR® data with piezometer readings and abstraction rates 

recorded during the construction of Crossrail, it is shown that these large-scale surface 

deformation patterns are most likely related to changes in ground water levels in the deep 

Chalk aquifer underneath London. The deformation around Kennington Park in 2016 is clearly 

related to the Northern Line Extension (NLE) dewatering, however, the ERS/Envisat dataset 

reveals a more complex, slowly varying deformation pattern predating the NLE dewatering. 

Both the regional deformation pattern around the Limmo Peninsula and Kennington Park hint 

at potential geological anomalies. 
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4 Comparison between SqueeSAR®-processed TerraSAR-X and 

Sentinel-1 data 

Choosing the most appropriate radar sensor and wavelength is essential when using PSI to monitor a 

particular ground deformation phenomenon, because it will have an important impact on the 

precision and measurement point density of the final dataset. The following demonstrates that the 

satellite sensor choice influences the characteristics of the final PSI results and why it is important to 

be aware of this if PSI data are to be used as an operational technique in a civil engineering project. 

PSI algorithms can only detect one PS per resolution cell, and although the resolution cell size also 

varies according to the image acquisition mode (e.g. TerraSAR-X stripmap vs spotlight mode), for the 

majority of current satellite constellations a larger wavelength means a larger resolution cell size. 

Another consideration is the radar wavelength’s impact on sensitivity to displacement magnitude. A 

shorter wavelength means a higher sensitivity to displacement. Figure 4.1 illustrates why this is the 

case. For example, 1 cm of displacement will correspond to a larger fraction of an X-band wavelength 

as compared to C-band wavelength. This fraction is directly proportional to the detectable phase shift, 

which is the quantity measured to detect ground displacement. 

 

Figure 4.1 A sketch of how wavelength impacts a sensor’s sensitivity to displacement (not to 
scale). The displacement ΔR corresponds to a larger fraction of the X-Band wavelength, which 
means it will cause a larger shift in phase, which is the measured quantity. 

The greater sensitivity to small displacements is an advantage for applications in urban areas such as 

London, because the majority of displacements are expected to be small compared to other PSI 

applications such as in landslide monitoring or mine subsidence. X-band SAR is more likely to pick up 
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a subtle change in motion trend, such as an acceleration, if the overall magnitude of displacement is 

small but there are also disadvantages in using a smaller wavelength, because a smaller wavelength 

inherently creates a higher risk of decorrelation. As described in Chapter 2, decorrelation is observed 

when the magnitude of the phase change occurring between two image acquisitions over the distance 

between two measurement points exceeds λ/2, so a smaller wavelength increases that risk (Ferretti 

2014). London is highly urbanised, which means that decorrelation due to vegetation cover is rare and 

London’s intra-continental and inland location mean that, in most areas, the expected ground 

movement does not exceed λ/2 (≈ 2.97 cm for Sentinel and ≈ 1.55 cm for TerraSAR-X) within the revisit 

time of 11 days for TerraSAR-X and 12 days for Sentinel-1a. 

Measurement point density is a further important factor to consider. Since PSI can detect a maximum 

of one measurement point per SAR resolution cell, the resolution of the radar image is an essential 

limiting factor for measurement point density. It is important to distinguish between SAR resolution 

cells, georeferenced (projected) SAR resolution cells and pixels, for example, in georeferenced mean 

amplitude images as shown in Figure 4.2. 

SAR images are often represented by the georeferenced mean amplitude images (see Figure 4.2). The 

pixel size of the TerraSAR-X (Figure 4.2b) image is smaller than that of the Sentinel-1 (Figure 4.2c) 

image, but this is a product of the sampling process during the raster creation. Although the sampling 

process is generally adapted according to the actual SAR image resolution, the resulting pixel sizes do 

not directly represent the resolution of the SAR images. Hence, the georeferenced mean amplitude 

images do not necessarily give information on the achievable point density and distribution in PSI 

processing. 
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Figure 4.2 Images of Blackfriars Bridge: a) very high resolution optical imagery; and georeferenced 
mean amplitude images of b) TerraSAR-X and c) Sentinel-1. The mean amplitude represents the 
mean of the amplitudes of a resolution cell across the entire image stack. 

On the other hand, the projected ground resolution cells illustrated in Figure 4.3 are directly related 

to measurement point density and distribution. There is an important difference in the two 

dimensions of a projected ground resolution cell: in azimuth, the cell size is constant and depends on 

the sensor, whereas in range direction the cell size is not fixed but increases with increasing distance 

to the sensor, as the incidence angle increases. This is of course only true for projected SAR resolution 

cells, if they are in SAR coordinates (slant range and azimuth), their size is constant. In this comparison 

though, the area of interest is small enough that there is only a negligible change in the ground 

resolution dimension in range direction (see Figure 4.5 for area of interest extent). As shown in Figure 

4.3, the orientation of the TerraSAR-X and Sentinel-1 projected SAR cells is similar whereas their 

dimensions differ significantly: TerraSAR-X ground resolution cells are 1.5 m wide in range direction 

whereas Sentinel-1 ground resolution cells are over twice as wide in range direction (3.7 m). The 

difference is even greater in azimuth, where Sentinel-1 ground resolution cells are seven times longer 

(14.2 m) compared to TerraSAR-X (2 m). This large difference is due partly to Sentinel-1’s TOPSAR 

acquisition mode, which trades azimuth resolution for a greater ground range (see Chapter 2), and 

partly to a smaller bandwidth. 
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Figure 4.3 Detailed images of Blackfriars Bridge: a) very high resolution optical imagery; the same 
image overlaid by b) the approximate grid of ground resolution cells of TerraSAR-X; and c) the 
approximate grid of ground resolution cells of Sentinel-1. The azimuth and ground range 
dimensions of the ground resolution cells are shown below the images. 

As is visible in Figure 4.3, the much smaller ground resolution cells of TerraSAR-X imply a higher 

measurement point density in an area such as London, where PS are abundant and displacement 

magnitudes are small. X-band therefore produces the best results for monitoring urban areas with the 

PS technique but cost and data availability are certainly also important factors in deciding on the most 

appropriate sensor. ESA’s Sentinel-1 mission has produced a both temporally and spatially regular 

stack of SAR acquisitions in C-band that are freely available and could therefore make PSI a standard 

monitoring tool available to a wider community. The results presented in the following section 

investigate how PSI results from Sentinel-1a compare to those from TerraSAR-X. 

4.1 Sensors and image stacks 

To understand the impact of radar wavelength on PSI results, the comparison was set up so that the 

numerous other factors influencing the quality of the PSI results were as similar as possible between 
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the two datasets (see Chapter 3). Some factors, such as polarization, repeat cycle and whether a 

planned image acquisition was actually completed, could not be controlled but the X-band sensor 

chosen for this comparison, TerraSAR-X, has parameters closely matching those of Sentinel-1a (Table 

4.1). Particularly important for this comparison is the incidence angle, which has a large impact on the 

measured displacement vs real displacement. Fortunately, and another reason why London is an ideal 

area for this comparison, the incidence angle of TerraSAR-X is only 0.07° smaller than that of Sentinel-

1 over the area of interest. 

Table 4.1 Platform parameters for TerraSAR-X and Sentinel-1a 

 TerraSAR-X Sentinel-1a 

Wavelength 3.11 cm 5.55 cm 

Geometry Descending Descending 

Polarization HH VV 

Repeat Cycle ca. 11 days ca. 12 days 

Incidence Angle (ɵ) 37.32° 37.39° 

Sensor Mode SM010 IW 

Acquisition Time (hh:mm) 06:17 06:14 

 

The launch of Sentinel-1b enables a higher repeat cycle of 6 days, but the Sentinel-1 data stack used 

for this comparison only includes acquisitions from Sentinel-1a, acquired every 12 days, to ensure 

comparability. The acquisition dates are nearly evenly spread over a time span of two years (3rd May 

2015 to 28th April 2017 for TerraSAR-X and 3rd May 2015 to 22nd April 2017 for Sentinel-1a), as shown 

in Figure 4.4. 
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Figure 4.4 Image acquisition dates of Sentinel-1a and TerraSAR-X image used in these analyses. 
The gaps in the acquisition time series are caused by images not being acquired or in the case of 
Sentinel-1a not being available as SLC. 

The processed area of interest of the two datasets is exactly equal as shown in Figure 4.5. The time 

span covered by TerraSAR-X data is 6 days longer than that of Sentinel-1a, while the TerraSAR-X data 

stack contains 7 fewer images than the Sentinel-1a data stack (see Table 4.2). The data stacks include 

all images that were acquired and available as SLC, hence the small gaps in the coverage are due to 

images either not being acquired, or in the case of Sentinel-1a only being available as RAW data (rather 

than SLC). 

 

Figure 4.5 Very high resolution optical image of central London, with a red outline indicating the 
area for which data was processed. The location of Limmo Peninsula in the north-east and 
Kennington Park in the south of the processed area are also indicated. 

Furthermore, the reference points required for the two SqueeSAR® analyses were chosen so that they 

are as close to each other as possible. As explained in Chapter 2, the reference point of a PSI dataset 

is important, because all other measurement points in that dataset are relative to that point. Unless 

the reference point is calibrated by some external data such as a GNSS point, the reference point is 

Image Acquisition Dates

Sentinel - 1 TerraSAR-X
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assumed to be stable and its time series is set to zero displacement. If the reference point is chosen 

badly and moves by some small amount, this ‘signature’ will become a common mode in the time 

series of all measurement points within the dataset, which would be detected. The reference point 

could then be changed. It is still important though to choose spatially close reference points when 

comparing two PSI datasets to minimise the likelihood of any systematic difference between 

measurements in the two datasets. 

Table 4.2 Metadata of the SqueeSAR® analyses and results from TerraSAR-X and Sentinel-1a 

 TerraSAR-X Sentinel-1a 

Number of scenes 46 53 

Time Span 03.05.2015 – 28.04.2017 03.05.2015 – 22.04.2017 

Area 80.9 km2 80.9 km2 

 

The processing was performed using a version of the SqueeSAR® algorithm at TRE ALTAMIRA which 

only considers PS, in contrast to the standard SqueeSAR®, which identifies both PS and DS. The 

processing variables (e.g. PS coherence threshold) were the same for TerraSAR-X and Sentinel-1a 

processing. 

4.2 Results of the comparative datasets 

There is good agreement between both sensors in the larger scale deformation phenomena detected, 

namely the uplift around the Limmo Peninsula and settlement around Kennington Park. The former is 

caused by a rise in ground water pressure once dewatering for Crossrail ceased and the latter is caused 

by construction activities related to the Northern Line Extension, which will connect Kennington to 

Battersea Power Station. 

4.2.1 Comparison of measurement point density 

As expected, the measurement point density of the TerraSAR-X dataset exceeds that of Sentinel-1a 

significantly. The difference in measurement point density is clearly visible in the overview of the 

entire area shown in Figure 4.6, where the displayed point size on the maps is the same for both 

datasets to allow for a fair comparison. The difference is especially noticeable over some of the 

Thames bridges, where Sentinel-1a does not find any measurement points, and also over vegetated 

areas such as Hyde Park, where the TerraSAR-X dataset has a significantly better coverage. Since this 

processing did not include DS, the measurement points in Hyde Park are PS identified on the park 

infrastructure (roads, etc), as is quite clearly visible in the TerraSAR-X dataset. 
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Figure 4.6 View of the entire extent of the SqueeSAR® analyses, showing the results for: a) 
TerraSAR-X data; and b) Sentinel-1a data. The colour indicates the displacement rate of each 
measurement point in mm a−1. There is still some settlement over the Crossrail tunnels visible in 
the TerraSAR-X dataset (a), which is less clear in the Sentinel-1a dataset (b). The area 
characterised by uplift (blue) in the east represents the ground rebound after dewatering for 
Crossrail ceased and the red area south of the Thames is related to the NLE dewatering (also see 
Chapter 6). 

In fact, the TerraSAR-X dataset contains more than 19 times as many PS as the Sentinel-1a dataset 

(Table 4.3). When the total number of resolution cells is compared to the number of cells in which a 

PS was identified, the TerraSAR-X and Sentinel-1a datasets are quite similar. In the TerraSAR-X dataset, 

a PS was identified in one of every 37 resolution cells (≈2.7%) while the Sentinel-1a dataset found a 

PS in every 40 resolution cells (≈2.5%). 
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Table 4.3 Measurement point density comparison between the TerraSAR-X and Sentinel-1a data 
stacks. 

 TerraSAR-X Sentinel-1a 

Number of Measurement Points 739,240 38,685 

Measurement Point Density 9138 measurement points/km2 478 measurement points/km2 

 

The difference in measurement point density is expected, but it is worth noting that the measurement 

point densities shown in Table 4.3 represent average values for the entire processed area of ca 80 km2 

and measurement point density is not uniform across the processed area, as shown in Figure 4.7a and 

4.7b. On a larger scale, as shown in Figure 4.7c and 4.7d, the measurement point density achieved by 

Sentinel-1a is sufficient to investigate regional ground movement but across a single structure, such 

as Blackfriars Bridge (Figure 4.7a and 7b), the lower measurement point density of Sentinel-1a means 

that more complex deformation patterns are not captured. Although both datasets identify areas of 

subsidence, only the TerraSAR-X data reveals the vital spatial details of these movements, such as the 

relatively faster subsidence of some bridge segments compared to the slower movement of the bridge 

pillars. Measurement point distribution is an important factor when monitoring smaller scale and 

complex structures such as bridges, even in urban areas where permanent scatterers are abundant. 
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Figure 4.7 The comparison of point distribution and density between a) TerraSAR-X and b) 
Sentinel-1a data over Blackfriars Bridge (‘local scale’) and on a larger scale between c) TerraSAR-X 
and d) Sentinel-1a data over Hyde Park/ Buckingham Palace/ Westminster. The colour represents 
average displacement in millimetres per year. 

The height standard deviations, which indicate the height precision of a measurement point’s initial 

geolocation, are higher for the Sentinel-1a data compared with TerraSAR-X data, as shown in Figure 

4.8. This is expected because the normal baseline of Sentinel-1 acquisitions is small (< 150 m), which 

is favourable for DInSAR but has an adverse impact on the height estimation in PSI multi-interferogram 

techniques (see Chapter 3). The radial pattern in the Sentinel-1a data (Figure 4.8b), showing increasing 

height standard deviation with increasing distance to the reference point is expected, and is also 

present in the TerraSAR-X data (Figure 4.8a), although not visible with the colour scale used. The 

comparatively higher height standard deviations towards the east in the TerraSAR-X data (Figure 4.8a) 

are likely to be due to the broad pattern of non-linear motion related to dewatering for Crossrail (also 

see Chapter 6) (A. Fumagalli, pers. comm.). 
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Figure 4.8 Height standard deviation of a) TerraSAR-X and b) Sentinel-1a data in metres. Most 
TerraSAR-X measurement points have a height standard deviation of ca. 1 m; there is a slight 
increase toward the east to ca. 2.5 m. The height standard deviation of the Sentinel-1a data is 
higher, at mostly 4-5 m and increases with increasing distance from the reference point. 

 

4.2.2 Comparison of measured displacement 

As explained at the beginning of this chapter, the smaller wavelength of TerraSAR-X is expected to 

allow the measurement of very small deformations more accurately but without ground monitoring 

reference data available for this time period, it is not possible to judge the accuracy of the 

measurements. A validation with ground monitoring data recorded between 2012-2014 and the ‘small 

area’ 2011-2017 TerraSAR-X dataset is presented in the following Chapter 5. Direct comparison of 

individual Sentinel-1a and TerraSAR-X measurement points is not feasible for these data, since the 

different resolution cell sizes and the abundance of scatterers in London mean that it is impossible to 

determine whether the Sentinel-1a and the TerraSAR-X measurement points being compared are 
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actually measuring the same PS on the ground. Figure 4.9 attempts to visualise the practical impact of 

the difference between Sentinel-1a and TerraSAR-X data when measuring very small displacements. 

The maps in Figure 4.9a for TerraSAR-X and Figure 4.9b for Sentinel-1a are interpolated rasters of each 

dataset’s displacement rates, created using the same interpolation method, i.e. Inverse Distance 

Weight (IDW), and with the same variables: a fixed search radius of 20 m, cell size of 5 x 5 m and a 

data value power of 2 (Esri 2017a). It is worth noting that this comparison is illustrated at a relatively 

small scale (± 5 mm), which highlights the differences between the datasets. 

It appears, when comparing the maps in Figure 4.9, that the Sentinel-1a data are significantly noisier 

than the TerraSAR-X data. It is important to note that these interpolated rasters were made using a 

fixed search radius of 20 m, which means that because of the higher measurement point density in 

TerraSAR-X data, each raster cell in Figure 4.9a is interpolated from ca. 19 times more measurement 

points than one interpolated Sentinel-1 raster cell in Figure 4.9b. Since the time series of each 

measurement point, for both TerraSAR-X and Sentinel-1a, contains signal as well as random noise, the 

interpolation of TerraSAR-X will naturally improve the signal-to-noise ratio of each raster cell more 

than the interpolation for Sentinel-1a. Therefore, the maps in Figure 4.9 are not a demonstration of 

the relative noise level of the Sentinel-1a data compared to TerraSAR-X data, rather they demonstrate 

why the higher spatial resolution of TerraSAR-X is significantly better able to resolve deformation 

patterns, even on a regional scale. 

Nevertheless, from a practical viewpoint, Figure 4.9 shows that the higher point density of TerraSAR-

X, as compared to Sentinel-1, is not only useful for monitoring single structures such as bridges, but is 

also valuable to obtain a significantly clearer picture of the extent of regional deformation, such as the 

uplift around the Limmo Peninsula. It is important that this assessment is valid only for urban areas 

with an abundance of PS; Sentinel-1 may be better suited resolving regional deformation in rural areas 

where its longer wavelength, and hence lower risk of decorrelation, can be an advantage. 
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Figure 4.9 Ground displacement rate [mm a−1] with a scale of ≤-5 mm a−1 to ≥+5 mm a−1, interpolated 
from measurement point values, for a) TerraSAR-X and b) Sentinel-1a datasets. The interpolation 
method used was IDW (see variables below maps). Large scale phenomena such as uplift around the 
Limmo Pensinsula and settlement around the Northern Line Extension construction works are 
revealed clearly by both sensors. 

To further illustrate the differences between TerraSAR-X and Sentinel-1a datasets, using a range of 

patterns and scales, the following Figures (Figure 4.10, Figure 4.11, and Figure 4.12) show the 

differences in ground displacement measurements from three examples, in areas experiencing 

settlement (Figure 4.10), uplift (Figure 4.11) and relative stability (Figure 4.12). The profile lines in each 

case have 100 evenly spaced nodes along them and were generated using the values from a 

400 x 400 m buffer surrounding each node. The average displacement of all measurement points 

within the buffer was calculated for every point in the measurement points’ time series. Each 

displacement profile line represents the ground displacement measured along the profile on a certain 

date, indicated by the legend on the right-hand side. 



86 
 

 

Figure 4.10 Settlement near Kennington Park (full caption on p.83) 
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Figure 4.11 Uplift near Limmo Peninsula (full caption on p. 85) 
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Figure 4.12 ‘Stability’ in Chelsea (full caption on p. 85) 
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Figure 4.10 Ground displacement at the NLE site: displacement measurement points in a) TerraSAR-X 
and b) Sentinel-1a; c) the profile line location overlaid on a very high resolution optical image; and 
the extracted profiles showing negative displacement caused by construction for the NLE, a) 
TerraSAR-X and b) Sentinel-1a. The x-axis represents distance along the profiles and the y-axis 
displacement in millimetres, and the individual lines are colour-coded according to the date of 
measurement (image acquisition date). While the displacement patterns are overall consistent, the 
Sentinel-1 graph measures – 12 mm maximum settlement along LOS, while TerraSAR-X measures 
only −9 mm. 

Figure 4.11 Ground displacement at the Limmo Peninsula: displacement measurement points in a) 
TerraSAR-X and b) Sentinel-1a; c) the profile line location overlaid on a very high resolution optical 
image; and the extracted profiles showing positive displacement related to ground water, a) 
TerraSAR-X and b) Sentinel-1a. The x-axis represents distance along the profiles and the y-axis 
displacement, and the individual lines are colour-coded according to the date of measurement 
(image acquisition date). The overall displacement pattern in the two datasets is comparable. The 
measured uplift in LOS is very similar between the two datasets, within ca. 1 mm of each other. 

Figure 4.12 Ground displacement in Chelsea: displacement measurement points in a) TerraSAR-X 
and b) Sentinel-1a. c) the profile line location overlaid on a very high resolution optical image; and 
the extracted profiles showing stability, using d) TerraSAR-X and e) Sentinel-1a, where the x-axis 
represents distance along the profiles and the y-axis displacement, and the individual lines are 
colour-coded according to the date of measurement (image acquisition date). It is important to note 
that the y-scale is decreased to ± 5 mm, smaller than in the previous figures. There are clear 
differences between the displacement patterns measured by TerraSAR-X compared to Sentinel-1. 
The Sentinel-1 data appears to be noisier, which could be an effect of the smaller number of points 
averaged for the profiles (similar to the effect seen in rasters in Figure 4.9). 

Figure 4.10, Figure 4.11 and Figure 4.12 demonstrate that Sentinel-1a and TerraSAR-X pick up the 

same displacement patterns but the Sentinel-1a data contain more random noise, probably because 

there are fewer measurement points averaged in the Sentinel-1a profiles than in the TerraSAR-X 

profiles. A systematic difference between the datasets, such as would be caused by a non-stable 

reference point in one of the datasets, is unlikely because the differences in magnitude of measured 

displacement are different in the three areas shown in Figure 4.10, Figure 4.11 and Figure 4.12. These 

figures do not show whether this noise originates from the processing (i.e. noise in the phase signal, 

which does not represent real motion), or whether the real motion of a PS on the ground is simply not 

perfectly in-sync with the broader ground deformation – which could also cause a ‘noisier’ averaged 

signal in the Sentinel-1a data. Finally, it is worth noting that the differences in measured displacement 

between TerraSAR-X and Sentinel-1a are below 5 mm, which is the cited precision value for a 

SqueeSAR® displacement measurement. 

While it is difficult to directly compare individual measurement points in the TerraSAR-X and Sentinel-

1a datasets, Figure 4.13 compares the displacement rate standard deviation, also called the velocity 

standard deviation, which is a common parameter for the confidence level of an individual 

measurement point (Ferretti 2014). The velocity standard deviation is mainly a measure of the residual 
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atmospheric noise in a PS time series (Ferretti 2014). The amount of residual atmospheric noise (or 

atmospheric leakage), results from estimation errors in the atmospheric phase screen (APS), and 

ultimately depends on the statistics of the phase noise and possible unmodelled phase components 

(Ferretti 2014). Velocity standard deviation increases with increasing distance to the reference point 

(Figure 4.13), however it is important to note that two measurement points that are for example 3 km 

from the reference point but close (≤ 100 m) to each other can still give accurate information of their 

motion relative to each other, since atmospheric leakage is still spatially correlated (Ferretti 2014). A 

strong non-linear component in the PS time series will also increase velocity standard deviation, as is 

visible on both maps in Figure 4.13 around the Limmo Peninsula in east London (the non-linear 

deformation is further discussed in Chapter 6). 

The time period covered, the number and acquisition distribution of images and the PS target quality 

and distribution of a PS dataset all have a large influence on velocity standard deviation among the 

measurement points. Since these variables are very similar in the TerraSAR-X and Sentinel-1a datasets 

used in this comparison, an evaluation of the differences in velocity standard deviation values is 

worthwhile. Table 4.4 shows that the velocity standard deviation value for both datasets is very small, 

below 1 mm a⁻¹. 

Table 4.4 Values of the mean velocity standard deviation of measurement points in TerraSAR-X and 
Sentinel-1a 

 TerraSAR-X Sentinel-1a 

Mean Velocity Standard Deviation [mm a⁻¹] 0.56 0.72 

 

The mean velocity standard deviation is lower for the TerraSAR-X dataset, which is also observable in 

the maps in Figure 4.13. The higher values of velocity standard deviation for the TerraSAR-X dataset 

in Figure 4.13a are mainly found in places where there is non-linear motion, e.g. near the NLE and 

around Limmo Peninsula. In contrast, the Sentinel-1a dataset shows the increase in velocity standard 

deviation values with increasing distance from the reference point (see Figure 4.13b), and the 

Sentinel-1a map generally appears to be noisier than that of the TerraSAR-X data. Possible reasons for 

this include (A. Fumagalli, pers. comm.): 

• With only ca. 50 images, a single noisier image (for example caused by a strong atmospheric 

phase screen) can have significant impact on velocity standard deviation 
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• More elemental scatterers are expected to be in one resolution cell of the Sentinel-1a data, 

(since a Sentinel-1 resolution cell is larger than a TerraSAR-X resolution cell), which would 

increase the noise level 

 

 
Figure 4.13 The velocity standard deviation in mm a−1 for a)TerraSAR-X and b)Sentinel-1a, which is 
expected to increase with distance from the reference point and in areas with non-linear motion.  

4.3 Summary 

The results of this comparison show that in an urban area which is covered with PS, like London, the 

choice of sensor is still an important factor when evaluating the final results. Although the application 

of PSI with different sensors (mainly C-Band and X-Band) in urban areas has been studied extensively, 

including in London (e.g. Capes & Marsh (2009); Giannico et al. (2012); Cigna et al. (2015); Pratesi et 

al. (2015); Bonì et al. (2018)), most studies in urban areas focus on only one sensor at a time. There 
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have been studies looking at the combination of different SAR sensors, such as the combined use of 

C- and X-Band for landslide monitoring (Bovenga et al. 2012) or comparing decorrelation times of the 

different sensors over pastures (Morishita & Hanssen 2015). The results of the TerraSAR-X vs Sentinel-

1a comparison that are presented here are novel and unique, because it is extremely rare to have 

access to image archives from sensors with different wavelengths over the same area, over the same 

time span, with a similar number of images, repeat cycle, acquisition time during the day and image 

distribution and in the same descending geometry with nearly the same incidence angle. 

These favourable circumstances make the sensor comparison presented here as fair as possible. The 

differences in the PSI results presented are predominantly due to the differing wavelengths and 

resolution cell sizes of the sensors, but other factors, such as the slight difference in the number of 

images per stack (46 for TerraSAR-X vs 53 for Sentinel-1a), may also be relevant. The image acquisition 

mode (stripmap for TerraSAR-X and TOPSAR for Sentinel-1a) may also have an impact but this is not 

quantifiable using these results alone. 

The most notable difference between the TerraSAR-X data and the Sentinel-1a PSI data is the 

significantly higher point density in the TerraSAR-X data, as expected. A further observation is that the 

displacement measurements of the TerraSAR-X data appear to be less noisy than that of the Sentinel-

1a data. 

Considering the practical application of PSI for monitoring urban deformation, it is clear that both 

TerraSAR-X and Sentinel-1a data detect the regional deformation from dewatering around Limmo 

Peninsula and the NLE. Furthermore, both datasets have a low velocity standard deviation, of less than 

1 mm a⁻¹. However, TerraSAR-X is able to delimit the regional deformation patterns more clearly, 

because of both the increased point density and the lower noise level. Furthermore, when single 

structures such as Blackfriars Bridge are monitored, TerraSAR-X is significantly better suited to reveal 

the more complex deformation patterns that occur over a small area. Therefore the results of this 

direct comparison between TerraSAR-X and Sentinel-1a are consistent with published literature using 

different wavelength sensors, and show that while TerraSAR-X data give better results for very subtle 

displacements over small areas, both Sentinel-1a and TerraSAR-X achieved a low velocity standard 

deviation and reveal the large scale regional deformation patterns very well. 

These results are evidence that in an urban environment, the PSI data derived from X-Band are more 

suitable for most civil engineering applications, mostly because of the significantly higher 

measurement point density and lower noise level. However, these advantages need to be weighed up 

against the cost of high-resolution SAR images compared to the freely available Sentinel-1 SAR images. 
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5 Validation with ground-based monitoring and local deformation 

related to civil engineering 

Civil engineering projects taking place across London cause displacements measurable with PSI. The 

technique provides a unique insight into long-term but small-scale ground movements, and reveals 

existing and historic ground deformation trends with a high measurement point density over a wide 

area. However, there are complexities involved in interpreting InSAR data correctly to gain valid 

information. These include understanding what objects the radar actually ‘sees’ on the ground and 

the particular incidence angle, i.e. the line of sight (LOS) of the radar. A validation is presented here of 

the TerraSAR-X data against data from ground-based monitoring methods, and examples to help 

understand the limitations and advantages of using PSI data to monitor urban ground deformation. 

5.1 Validation of PSI data with ground-based monitoring data 

The accuracy and precision of ‘InSAR’ data are sometimes questioned, justifiably, because there is no 

‘standard’ for InSAR data and therefore no ‘standard’ data quality. Firstly, there is a significant 

difference between the two fundamental InSAR techniques: single interferograms generally achieve 

centimetre precision whereas multi-interferogram techniques reach millimetre precision. Yet there is 

also no ‘standard’ quality for data derived from multi-interferogram techniques: as discussed in 

Chapter 2, the quality of an InSAR dataset depends on many factors, not least the specific algorithm 

used during processing. The following section validates a high-quality TerraSAR-X dataset (150 images 

within a 6-year interval) with ground-based monitoring data. The ground-based monitoring data are 

derived from two types of precise levelling: Building Research Establishment (BRE) levelling sockets 

and conventional levelling studs/plates (Devriendt et al. 2010). All measurements were acquired 

during the construction of London’s new underground railway line, the Elizabeth Line, more commonly 

referred to as Crossrail. The data comprised vertical displacement measurements in millimetres, and 

x, y coordinates for the measurement point location. The initial height of measurement points was 

not included, neither was the spatial reference point of the ground-based monitoring. 

The instrument specifications are described in the document ‘Specification for Advanced 

Instrumentation and Monitoring’ published by Crossrail Ltd (Devriendt et al. 2010). No error margins 

were supplied with the measurements, so the error margin for precise levelling published in 2017 by 

the Survey Liaison Group comprising of Chartered Institution of Civil Engineering Surveyors, Institution 

of Civil Engineers, Royal Institution of Chartered Surveyors and The Survey Association are taken as 

reference instead. These are given as 0.7 mm for a precise level, although this is subject to human 

error (Chartered Institution of Civil Engineering Surveyors 2017). 
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The TerraSAR-X data covers a time span of 6 years with images generally acquired every 11 days (see 

Figure 3.12). The BRE-levelling and conventional levelling measurements from Crossrail were taken at 

different time intervals depending on the individual measurement point. This made a direct 

comparison difficult. To mitigate these issues, the displacements measured by ground-based 

techniques were averaged, resulting in a displacement time series with one measurement every 11 

days, provided there was at least one measurement in the averaging period. The date given for the 

averaged displacements is at the centre of the 11 day averaging time window. Since the ground-based 

measurements happened at highly irregular time intervals, the 11-day averages are based on a varying 

number of samples. 

The temporal baseline of the measurements is another important factor to consider. The start of the 

ground-based measurements varied depending on the individual measurement point, unlike the 

measurement points in the TerraSAR-X data, which all have their temporal reference to the 1st May 

2011. Crossrail Ltd has specified, in its contract information for advanced monitoring, that a pre-

construction measurement baseline of a minimum of 8 weeks should be carried out (Devriendt et al. 

2010), to establish whether there is existing active ground deformation. The validation and 

comparison of TerraSAR-X data vs ground-based monitoring presented here is focused on two area, 

firstly around Crossrail’s Bond Street Station in Mayfair and secondly in the vicinity of the Limmo 

Peninsula in Newham. 

5.1.1 Crossrail station at Bond Street 

Crossrail’s Bond Street Station is located in an area characterised by geology typical for London, 

comprising made ground, River Terrace Deposits, London Clay, Lambeth Group and Thanet Sands, 

although the tunnel structures and grouting arrays are located entirely within the London Clay 

Formation (Farrell 2015). However, interpolated borehole data indicate that the north-western corner 

of the station is affected by a buried hollow, which is in alignment with the ‘Lost River’ Tyburn (Dodge 

2016). A footprint map of the station and grouting arrays are shown in Figure 5.1. There was a total of 

20 km length of Tubes à Manchette (TAM) installed at this location, and grout injection took place 

several times during the construction activity at Bond Street – for further detail refer to Francis & 

Hayman-Joyce (2015). 
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Figure 5.1 Footprint of Crossrail’s Bond Street Station and grouting arrays from Dodge 2016. 

Crossrail’s dewatering close-out report mentions that there was dewatering in the intermediate 

aquifer (the sand channels and sand unit of the Lambeth Group and Harwich Formation) of 5.0 l / s 

(Semertzidou 2016). The running tunnels were constructed in March 2013 (see Figure 5.19), while the 

station tunnel enlargement took place between November 2013 and April 2014 (Abbah et al. 2016). 

The tunnel enlargement resulted in two 10-m diameter platform tunnels approximately 240 m in 

length (Abbah et al. 2016). 

There are more than 1000 measurement points with individual displacement time series for each of 

the three methods (PSI, BRE levelling and conventional levelling). The measurement points’ spatial 

distribution is also highly variable (see Figure 5.5). And it is important that the TerraSAR-X 

displacement measurements are one dimensional along the LOS of the satellite (at an incidence angle 

of 37.3°), making a comparison between the monitoring methods challenging. Two approaches are 

presented in the following figures: 

• To evaluate whether the monitored displacements are consistent in space between the three 

monitoring methods, the three datasets (TerraSAR-X, BRE and conventional levelling) were 

‘time sliced’ and then interpolated raster maps were created for every measurement date. 

The interpolation method used was Inverse Distance Weighted (IDW), with a fixed search 

radius of 2 m, a cell size of 5 m and a power of 5. Figure 5.2, Figure 5.3 and Figure 5.4 show 

the results of this step for three selected dates. 

• To investigate whether the displacement time series are consistent in time, a comparison 

between displacement time series of measurement points from each of the three monitoring 
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techniques (TerraSAR-X, BRE and conventional levelling) was made. The three measurement 

points were required to be within 10 m of one another. Representative examples of this step 

are given in Figure 5.6 - Figure 5.9. 

Figure 5.2 demonstrates that there is consistency in the spatial negative displacement patterns 

measured by the three monitoring techniques. The rasters are for the 10th November 2013, after 

construction of the running tunnels but before the station tunnel enlargement took place. A smaller 

magnitude of negative displacement is observed in the TerraSAR-X data, as expected for LOS 

measurements; see, for example, the area immediately east (right) of Bond Street Station in Figure 

5.2. 

Figure 5.3 shows the spatial displacement patterns measured on the 6th October 2014, 5 months after 

construction of the station had finished. While the extent of the negative displacement pattern is 

measured consistently by all three techniques, there are slight differences in the magnitude between 

all three datasets, i.e. between BRE and conventional levelling, as well as between BRE/levelling and 

TerraSAR-X. 

 

Figure 5.2 Interpolated raster maps of Bond Street Station for a displacement time slice from 10th 
November 2013, showing settlement patters derived using satellite and ground-based methods: 
a) BRE levelling; b) Levelling point or plate; and c) measurement point derived from TerraSAR-X 
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Figure 5.4 shows the 25th May 2015, more than one year after tunnel enlargement was completed. It 

demonstrates that the magnitude of negative displacement over the tunnelling zone kept increasing, 

while its extent did not significantly change. Figure 5.4 also demonstrates the greater measurement 

density of TerraSAR-X data points compared to ground-based monitoring. The ground-based 

monitoring measurements were already scaled back since the specifications published by Crossrail 

only required monitoring to continue for 6 months after completion of the main works (at discretion 

of the Project Manager) (Devriendt et al. 2010). 

 

 

Figure 5.3 Interpolated raster maps of Bond Street Station for a displacement time slice from 6th 
October 2014, showing settlement patters derived using satellite and ground-based methods: a) 
BRE levelling; b) Levelling point or plate; and c) measurement point derived from TerraSAR-X 
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To compare the three monitoring methods’ measurements over time, the displacement time series of 

measurement points within a maximum radius of 10 m of each other were compared. Since the 

ground monitoring measurement points were supplied without heights, this was the best option, but 

it is a limiting factor for the time series comparison. Figure 5.5 shows the location (1-4) from where 

displacement time series were extracted. These are shown in Figure 5.6 - Figure 5.9. 

 

Figure 5.4 Interpolated raster maps of Bond Street Station for a displacement time slice from 25th 
May 2015, showing settlement patters derived using satellite and ground-based methods: a) BRE 
levelling; b) Levelling point or plate; and c) measurement point derived from TerraSAR-X 



99 
 

 

Figure 5.5 Map of Crossrail Bond Street Station, showing TerraSAR-X measurement points colour-
coded according to their displacement rate [mm a⁻¹], the location BRE levelling point as blue 
squares and the location of conventional levelling points or plates as red triangles. Number 1-4 
indicate location of time series shown in Figure 5.6-Figure 5.9 respectively. 

The time series in Figure 5.6 show that initially the BRE and conventional measurement points are in 

very close agreement, while there is an offset of ca 5 mm for the TerraSAR-X measurements. It is 

plausible that this offset is caused by the TerraSAR-X measurement being along LOS, especially if the 

real movement included a horizontal component. The sudden displacement of nearly −20 mm in 

March 2013 (when the running tunnel TBMs passed) is captured by all three measurement points. 
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Figure 5.6 Displacement time series of a TerraSAR-X measurement point, BRE and conventional 
levelling point at Location 1, which is indicated in Figure 5.5. 

Time series from Location 2 (see Figure 5.5) are shown in Figure 5.7. For this location, the agreement 

between the three monitoring techniques is remarkably high. There are several spikes in the time 

series (e.g. late 2013, summer 2014), which are measured by all three monitoring methods, despite 

being only ≈ 5 mm in magnitude. 

 

Figure 5.7 Displacement time series of a TerraSAR-X measurement point, BRE and conventional 
levelling point at Location 2, which is indicated in Figure 5.5 

In Figure 5.8, the levelling point/plate’s time series (red triangles) starts at an earlier date than the 

BRE levelling point (blue square), which leads to an initial offset, where the BRE point measures ca. 

2 mm less displacement. This offset appears to reverse after the strong negative displacement trend 
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begins in late 2013. The TerraSAR-X time series is consistent with the smaller measured displacement 

and shows that the area stabilises after ground monitoring ceased. 

 

Figure 5.8 Displacement time series of a TerraSAR-X measurement point, BRE and conventional 
levelling point at Location 3, which is indicated in Figure 5.5 

Figure 5.9 demonstrates that even if measurement points are spatially close, there can still be a strong 

local component to the measured displacement, which is plausibly related to the structure that the 

measurement point is mounted on. This is illustrated in Figure 5.9 in which the TerraSAR-X time series 

contains a seasonal component of ca. 5 mm, while the time series of the BRE level and the levelling 

point/plate show no seasonal component, but are offset by ca. 5 mm. 

 
Figure 5.9 Displacement time series of a TerraSAR-X measurement point, BRE and conventional 
levelling point at Location 4, which is indicated in Figure 5.5 
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5.1.2 Crossrail shaft at the Limmo Peninsula 

The Crossrail project required dewatering of the deep aquifer in east London, at several sites between 

Stepney Green and Plumstead Portal to allow construction of the cross passages and shafts 

(Semertzidou 2016). London’s deep aquifer is situated in the Chalk and Thanet Sand strata 

(Semertzidou 2016), both of which are closer to ground level in the east of London compared to the 

west. The impact of dewatering on surface displacements is discussed in more detail in Chapter 6, 

while this section focuses on the ground-monitoring in the vicinity of the Limmo Shafts. Table 5.1 gives 

a brief record of dewatering activities at the Limmo Shafts. 

Table 5.1 Overview of main dewatering phases at Limmo Shafts, adapted from Semertzidou (2016) 

Date Purpose Flow Rate (l/s) 

16/12/2011 – 
17/10/2012 

Construction of Shaft and positioning of TBMs Max. 170 l/s 

04/11/2013 – 
14/03/2016 

Assist dewatering at nearby sites CP13 and CP14 Max. 100 l/s  

 

The main Limmo Shaft is 44.3 m deep and 30 m in diameter and was constructed to place the TBMs 

in the start position for their main westward drive towards Farringdon Station and secondary drive 

eastward to Victoria Dock portal (Roberts et al. 2015). While the eastward TBM drive had already 

begun on 28th Nov 2012 (when the first lining was installed), the westward drive began nearly two 

years later in June 2014. The running tunnels are at 30 m below ground level. Hence a complex ground 

movement pattern is expected in this area, influenced by dewatering as well as the tunnelling. 

In the Limmo area, the time series of conventional levelling plates/points were too few and short for 

a meaningful comparison, hence only BRE levelling points are evaluated. The location of the BRE 

levelling points and TerraSAR-X measurement points used for comparison are shown in Figure 5.10. 
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Figure 5.10 Map of Area around Limmo Pensinsula with TerraSAR-X measurement points colour-
coded according to their average displacement rate and BRE measurement points (blue squares). 
Location 1 and 2 indicate the position of time series shown in Figure 5.11 and Figure 5.12 
respectively 

Figure 5.11 shows that the TerraSAR-X time series is initially consistent with the BRE levelling time 

series, up until March 2013. At this point the BRE levelling point measurement frequency was 

significantly reduced, presumably because this was the 6 months after the first phase of dewatering 

and the eastward tunnelling were completed (see Table 5.1). The continuing TerraSAR-X time series 

demonstrates that the second dewatering phase caused another significant displacement of nearly 

−20 mm until March 2015. Measurement frequency at the BRE levelling point increased again in 

August 2015. Between March 2013 and August 2015 only three measurements were taken at the BRE 

levelling measurement point and these do not agree with the TerraSAR-X time series. However, when 

the BRE levelling measurement point reading frequency increases again in August 2015, there is again 

a convincing agreement with the TerraSAR-X measurements. 
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Figure 5.11 Time series of TerraSAR-X measurement point (green circles) and BRE levelling 
measurement point (blue squares) at Location 1 indicated on the map in Figure 5.10 

The time series in Figure 5.12 are from Location 2 (see Figure 5.10), which is located east of the Limmo 

Shaft, where the running tunnels were constructed in Summer 2014 and time series of the BRE 

levelling point starts in May 2015. The pattern in the TerraSAR-X measurement point time series 

clearly follows that of the BRE levelling point, minus the offset of ca. 15 mm, which must be caused 

by ground deformation before the BRE levelling began. So while the BRE levelling measurement point 

at this location captures the impact of tunnelling construction, it misses the considerable degree of 

previous ground displacement caused by dewatering. 

 

Figure 5.12 Time series of TerraSAR-X measurement point (green circles) and BRE levelling 
measurement point (blue squares) at Location 2 indicated on the map in Figure 5.10 
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Overall, the examples shown in Figure 5.2 - Figure 5.4 demonstrate that the spatial patterns of 

displacement measured by TerraSAR-X, BRE and conventional precise levelling methods are 

consistent. The time series comparison shows remarkably good agreement in many places, e.g. Figure 

5.7, where a relatively complex deformation pattern is captured by all three monitoring methods and 

Figure 5.11 where despite a hiatus the BRE level measurements of nearly 2 years, the TerraSAR-X and 

BRE time series are in agreement when BRE measurements are started again. 

However, the examples given here also demonstrate the complexities in directly comparing ground-

based monitoring to PSI data, or even to each other, in the field. In Figure 5.6, the TerraSAR-X time 

series is initially offset by a small but consistent amount, which could be due either to the LOS angle 

and/or a horizontal component in the real ground motion. In Figure 5.8, the time series from the 

ground-based monitoring methods are offset from each other, showing that ground-based monitoring 

methods are not always in agreement either. 

Figure 5.9 demonstrates that although the measurement points of the three monitoring methods are 

located close to each other, their time series do not show a strong correlation. The most plausible 

explanation is that there is a stronger ‘local’ component of deformation, i.e. the object they are 

located on is affected by thermal or seasonal effects. This is particularly obvious for the TerraSAR-X 

time series, which displays a relatively strong seasonal phase.  

Figure 5.12 highlights that the temporal reference point is crucial when comparing the time series of 

different monitoring methods – the TerraSAR-X time series captures ground deformation before the 

BRE time series starts, which leads to a significant but constant offset throughout the time series. 

Interestingly, the spatial reference point does not appear to have great influence, which implies that 

it was chosen well for both ground-based monitoring networks as well as the TerraSAR-X dataset. 

This validation attempt confirms the positive results of the previously published study on PSI 

correlation with ground-based monitoring techniques over the Crossrail corridor (Robles et al. 2016), 

however it also points to the challenges of such a field comparison. Overall though, the TerraSAR-X 

measurements are a convincing addition to the ground-based monitoring programme, and 

importantly, are reliable but require careful interpretation.  

5.2 Settlement troughs 

Having established the validity of the TerraSAR-X data with Crossrail monitoring data, this section 

investigates what the TerraSAR-X data can reveal about Crossrail’s settlement trough and other 

tunnelling related ground deformation in London. The following section explores what PSI 

measurements indicate about both short- and long-term behaviour of settlement troughs and 

compensation grouting across London. 
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5.2.1 Settlement adjacent to but unrelated to Crossrail tunnels 

One of the unique advantages of InSAR as a monitoring technique, especially in urban areas, is the 

large area covered by measurement points. For the TerraSAR-X data over London, this meant that 

some unrelated displacement patterns adjacent to the main Crossrail tunnels were revealed, two of 

which are discussed below. The TerraSAR-X time series data allow the investigation of the observed 

displacements, and particularly their timing, and so provide strong evidence that the Crossrail works 

were not a direct source. Nevertheless, these unrelated displacements may well have interacted with 

the displacement caused by Crossrail. 

This was the case for TfL’s Bond Street Station upgrade, which took place between 2010 – 2017, and 

caused settlement shown in Area A in Figure 5.13 (TfL 2010). Unlike for Crossrail, no detailed 

chronology or overview of the construction works has been published for the TfL Bond Street Station 

upgrade. 

 

Figure 5.13 Map of TerraSAR-X data over Crossrail’s Bond Street Station the adjacent area just 
north of Oxford Street where settlement occured, marked as A. 

A detailed map of area A and time series for four different locations is shown in Figure 5.14. 

Subsidence of ca. −20 mm along LOS occurs in a ca. 25 m wide corridor just west of Marylebone Lane. 

The four time series (Figure 5.14) show that the subsidence starts close to Oxford Street in July 2013 

near Location 4, and then progresses northwards reaching Location 3 in April 2014, Location 2 in July 
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2014 and finally Location 1 in January 2015. Location 1 is close to Bond Street Station’s new 

Marylebone Lane entrance (TfL 2017). 

 

Figure 5.14 Map of TerraSAR-X data in area A (see Figure 5.13), with location of time series 1-4 
indicated. The time series are shown on the right hand side. The red lines indicates the different 
start times of a negative displacement step observed at all four locations. 

The TerraSAR-X reveal another conspicuous settlement pattern directly adjacent to Crossrail, along 

Brick Lane; a street which is located between Crossrail’s Liverpool Street and Whitechapel Station. 

Figure 5.15 shows, in four time-steps, how the settlement pattern developed between 2012 and 2017. 

Figure 5.15 b) demonstrates that the settlement along Brick Lane occurred separately and before the 

Crossrail tunnels were constructed. It is reasonable to suppose that the settlement along Brick Lane is 

related to the construction of a tunnel for electricity utilities (J. Davis, pers. comm.). Unfortunately, 

there are almost no details published on this construction project, which could confirm this. 
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Figure 5.15 Maps a) – d) showing displacement over Brick Lane in mm, on the dates indicated in 
the top left box of each map. Map d) also shows the location of the Crossrail tunnels (dark red 
lines), running nearly perpendicular to Brick Lane. 

The deformation data over the northern end of Brick Lane provides an interesting insight into the 

interaction between settlement troughs (Figure 5.16). The average time series plots in Figure 5.16 are 

derived from three areas which are within 150 m of each other – A, B and C as indicated on the map. 

Area A was only affected by Crossrail tunnelling, as can be seen from the stability that existed before 

December 2014, at which point a clear displacement step occurred when the Crossrail TBMs passed. 

Area C is only affected by the construction that took place along Brick Lane, as only the displacement 

step in August 2013 is visible in the time series. Area B, located at the intersection of the tunnel 

projects, is affected by both. 

The displacement steps in the average time series of area C (see Figure 5.16) have the same magnitude 

as the other two time series, i.e. the first tunnel construction does not appear to reduce the impact of 

the later Crossrail tunnels. However, there is an intriguing difference in the displacement trends in the 

months after each step: while the Crossrail TBMs cause a sudden deformation, the ground stabilises 

very quickly afterwards. In contrast, the first tunnel construction in August 2013 causes a less 
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pronounced step but has a longer lasting negative displacement trend that does not appear to 

stabilise. 

 

Figure 5.16 Detailed map of TerraSAR-X data over the intersection of the settlement over Brick 
Lane and the Crossrail Tunnels. Areas labelled A, B and C mark the measurement points from 
which average time series were extracted. The three resulting average time series are shown in 
the graph below, the velocity standard deviation and coherence are also an average value. The 
red lines indicate the dates at which a step in displacement occurred (August 2013 and December 
2014). 

5.2.2 Long term settlement caused by the Jubilee Line Extension in Westminster 

The frequent repeated SAR acquisitions over London since 1992 allow the investigation of long-term 

(nearly 20 year) behaviour of settlement troughs. The largest tunnelling project in London in the 1990s 

was the Jubilee Line Extension (JLE), from Green Park Station to Stratford Station in east London (East 

& Mitchell 1999). A further advantage is that there is a wealth of literature published on the ground-

based monitoring programme during and after construction (e.g. Burland et al. (2001)). Particularly 

strong and unexpected settlement occurred in the area south of St James’ Park and in Westminster 
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(Standing & Burland 2006). The following section examines the deformation measured by the 

ERS/Envisat measurement points between 1992 and 2010 (Figure 5.17) and the displacement over the 

same area measured by TerraSAR-X measurement points between 2011 and 2017 (Figure 5.18), with 

a particular focus on the Treasury Building and Big Ben clock tower (the Elizabeth Tower). 

The only available data covering the time period 1992-2010 is from the C-band ERS and Envisat 

satellites with a markedly reduced measurement density compared to X-band, as discussed in the 

previous chapter. Additionally, although the very long time period (20 years) has desirable effects in 

terms of measurement point quality, it also reduces the number of measurement points because of 

increased changes on the ground that prevent measurement points from being identified. 

Nevertheless, measurement points are identified along the JLE tunnel alignments. Figure 5.17b shows 

the time series of two measurement points, one located on the Treasury building (blue squares), and 

the other near the top of Big Ben clock tower (red triangles, the measurement points elevation gives 

reasonable certainty of its position).  
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Figure 5.17 a) Map of the Treasury building and Big Ben clock tower in Westminster, showing 
average displacement rate [mm a⁻¹] measured by ERS/Envisat between 1992-2010. b) Descending 
LOS Displacement time series of a measurement point located on the Treasury building (blue) and 
of an measurement point located on Big Ben clock tower (red). 

The negative displacement trend of the measurement point located on the Treasury building (blue) is 

stronger than that of the measurement point on Big Ben clock tower (red) between 1995-1997 but 

both follow the same nearly linear trend from ca. 1997. Extensive grouting to ensure the stability of 

Big Ben clock tower might have contributed to the difference between the time series patterns (Figure 

5.17b) in the years directly after JLE construction. The construction and grouting that took place in the 

area of Big Ben clock tower and Westminster palace are described in great detail by Harris (2001). 

Figure 5.18a shows the TerraSAR-X data spanning the period 2011-2017 across exactly the same area 

as in Figure 5.17. The average displacement rate of the TerraSAR-X measurement points across the 

JLE tunnel alignments is still negative, but much smaller than that of the ERS/Envisat data. Figure 5.18b 



112 
 

shows TerraSAR-X time series from measurement points located as closely as possible to the one 

shown in Figure 5.17. Interestingly, there is still a steady displacement rate of −1.4 mm a⁻¹ measured 

by the measurement point located on the Treasury Building, even 20 years after the tunnels were 

built. 

 

Figure 5.18 a) Map of the Treasury building and Big Ben clock tower in Westminster, showing 
average displacement rate [ mm a⁻¹] measured by TerraSAR-X between 2011 and 2017. b) 
Descending LOS Displacement time series of an measurement points located on the Treasury 
building (blue) and on Big Ben clock tower (red). 

The TerraSAR-X measurement point located on Big Ben clock tower (Figure 5.18b, red triangles), shows 

a very strong seasonal trend with an amplitude of ca. 10 mm. This seasonal trend is not visible in the 

ERS/Envisat data (Figure 5.17b, red triangles), perhaps because the temporal resolution (image 

acquisition frequency) is insufficient. It is also plausible that the seasonal trend in the TerraSAR-X time 

series is very local and caused by scatterer properties (e.g. a thermally expanding and contracting 

roof), and the ERS/Envisat time series represents the movement of a different object. Intriguingly, 
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when the seasonal trend is removed, the TerraSAR-X measurement points (Figure 5.18b, red triangles) 

still shows a negative displacement trend for the Big Ben clock tower of −0.4 mm a⁻¹ between 2011-

2017. 

This example highlights the unique ability of PSI to investigate the long-term impact of construction 

projects. Although the negative displacement trends continue to reduce with time as the ground 

stabilises, it is fascinating that a measurable negative displacement is still occurring 20 years after the 

JLE was built.  

5.2.3 Crossrail settlement troughs 

This section investigates the settlement trough caused by the two Crossrail running tunnels along the 

ca. 16 km long tunnel alignment between just west of Paddington Station in west London and Limmo 

Shaft in east London. PSI is the only practical monitoring technique able to reveal the settlement 

trough on this scale, since it has both the necessary millimetre precision and the regional coverage 

and density of measurement points. The running tunnels between Paddington and the Limmo Shaft 

were almost entirely constructed using TBMs, whereas the cross passages and platform tunnels were 

excavated using the SCL method (Abbah et al. 2016). 

Numerous sites on this part of the tunnel alignment were affected by several potential sources of 

ground deformation, which include compensation grouting and dewatering (Francis & Hayman-Joyce 

2015; Semertzidou 2016). Furthermore, the variation in tunnel depth combined with London’s geology 

means that the tunnel crosses several geological strata and local structures such as faults and buried 

hollows, as shown in Figure 5.22. 

To assess and interpret the settlement trough observed in TerraSAR-X data, two pieces of information 

are crucial: firstly, the timing of the tunnel construction and secondly, the depth of the tunnel. 

Fortunately, these data were provided by Crossrail Ltd and are shown in Figure 5.19. The two running 

tunnels in the section from just west of Paddington to Canary Wharf station were constructed in 

different stages between May 2012 and May 2015 (see Figure 5.19a). Figure 5.19a shows that the 

TBMs were constructing the tunnels from two directions, converging in central London at Farringdon. 

Their depth varied between −5 m below Ground Level (bGL) to −40 m bGL Figure 5.19b. The running 

tunnels have an internal diameter of 6.2 m, the station tunnel (e.g. platforms) have an internal 

diameter of ca. 9 m and the cross passages typically have a diameter of 6 m (Lazarus & Jung 2018). 

Information on tunnelling progress and depth was provided by Crossrail Ltd in an Excel spreadsheet 

containing several attributes for each individual tunnel lining, including its date of completion and the 

depth of the centroid of the lining, in metres above Tunnel Datum (maTD), which is at −100 m relative 

to Ordnance Survey Datum (OSD). Since InSAR measures surface deformation, and tunnel depth below 
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surface is a crucial factor influencing the resulting settlement, the maTD was converted into metres 

below Ground Level (mbGL) using the Terrain 5 DTM models for London (Figure 5.19b). The DTM was 

acquired from DigiMap (Ordnance Survey 2018). Any errors in the DTM are translated into the depths 

shown in Figure 5.19b. 

 

Figure 5.19 Crossrail running tunnels between Paddington and Canary Wharf Station displaying a) 
TBM progress, where blue is near the start of the tunnelling period and yellow is towards the end 
of tunneling; and b) tunnel depth below ground level, where blue is deep, red is closer to the 
surface. Data was provided by Crossrail Ltd. 

Figure 5.20 explores the settlement trough of the Crossrail tunnels observed in TerraSAR-X data. To 

visualise the settlement trough development over time, the displacement measured on five individual 

days, across a time interval of ca. one year, were interpolated (Figure 5.20a – 5.20e). After testing 

several interpolation methods, the ArcMap IDW interpolation using a power of 3, a variable search 

radius limited to 100 m and considering a maximum of 40 points gave the most reasonable results. 
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Figure 5.20 a) – e) are interpolated raster maps derived from the TerraSAR-X dataset to illustrate 
the settlement trough caused by Crossrail with yearly intervals, starting in 2013. The black outline 
represents the −5 mm displacement contour and each is colourcoded according to the 
displacement measured on the date shown in the upper left box. 
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Only the alignment between Paddington and Stepney Green is shown in Figure 5.20, because the 

dewatering activities further east have such as a strong regional impact that the displacement pattern 

from the settlement trough is masked to be indistinguishable. To better visualise the settlement 

trough caused by Crossrail, the −5 mm displacement contour enclosing the surface over the tunnel 

alignment was added. This value is used because the maximum precision error of a single 

displacement measured in a typical SqueeSAR® dataset is ± 5 mm, although in this particular TerraSAR-

X dataset the precision error is likely to be much smaller due to the high data quality (see Chap 3, 

Methodology). The interpolated area over Hyde Park should be disregarded, since vegetation results 

in too few measurement points in this area to produce a meaningful raster surface. 

The timing of the settlement trough appearance correlates well with the TBM progress shown in 

Figure 5.19a, although deformation is only shown in yearly intervals, which limits this assessment. 

Areas of settlement appear earlier around some stations, e.g. Whitechapel, where work started before 

the TBMs passed. The expansion and contraction of the −5 mm contour around and to the east of 

Stepney Green Junction (where the tunnel branches into two) is caused by dewatering in this area, 

which largely obscures the displacement caused by the tunnelling. The settlement caused by the LUL 

Bond Street works and the tunnelling underneath Brick Lane are clearly visible as well (see 5.2.1). 

Interestingly, the width of the settlement trough does not appear to increase significantly over the 

yearly intervals. 

The width and depth of the settlement trough is not uniform along its alignment. There are plausible 

explanations for this in some areas, such as the Fisher Street Cross Over (see Figure 5.20c), where SCL 

lining was used to construct a link between the two running tunnels and hence greater settlement is 

expected. In other areas, the tunnel depth appears to be important, for example on either side of 

Liverpool Street Station, where a deeper part of the tunnel alignment causes a shallower settlement 

trough (also see Figure 5.19b). Although there are two running tunnels, they appear to be sufficiently 

close that only one settlement trough forms in most areas. 

However, there are some puzzling features, for example, it is unclear why the southern (westbound) 

running tunnel causes a particularly deep settlement trough between Tottenham Court Road Station 

and the Fisher Street Cross Over. The two running tunnels are sufficiently widely separated here to 

cause two separate settlement troughs from very similar depths (Figure 5.19b). The main difference 

lies in the construction sequence: the southern (westbound) running tunnel was constructed in June 

2013, while the northern (eastbound) running tunnel was constructed 3 months later in September 

2013 (see Figure 5.19b). 
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Figure 5.21 further investigates the correlation between time of tunnel construction and depth of 

settlement by plotting the displacement observed in TerraSAR-X data directly above the tunnels for 

the northern (eastbound) tunnel alignment (Figure 5.21a) and the southern (westbound) tunnel 

alignment (Figure 5.21b). 

Seven settlement profiles (upper dotted lines) extracted from the interpolated TerraSAR-X 

displacement measurements from different dates are plotted for each tunnel and refer to the left-

hand y-axis. To create the settlement profiles, the values of the TerraSAR-X displacement raster at the 

location of each lining centroid specified in the data provided by Crossrail were extracted to a vector, 

which was split into two according to which tunnel the points belonged to. The values in each vector 

were ordered according to their west-east position, starting in the west. Each of the two vectors were 

then smoothed with the adjacent 50 points on either side of the sample using the moving mean 

function in MATLAB. Since these points represent the lining centroid, the points were mostly evenly 

distributed with a distance of typically 1.6 m, however, where there is a gap in the TBM-tunnels such 

as at stations, there are large distances between settlement values. This method was chosen after 

testing different values for the number of points on either side of the sample – a value of 50 samples 

on either side gave the best results for reducing the noise without altering the larger scale settlement 

trends. When interpreting the data it should be noted that the distance along the tunnel over which 

the settlement values were averaged (using the moving mean) are not equal for each sample, 

especially near stations, where there are larger distances between points. 
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Figure 5.21 Depth and settlement profiles along the two Crossrail running tunnels between 
Paddington and Limmo Peninsula: a) eastbound (northern) tunnel, b) is the westbound (southern 
tunnel). The x-axis represents distance along the tunnels, which is the nearly 16 km stretch 
between Paddington and Limmo Shaft. All lines shown on the graphs in Figure 5.21 are derived 
from the lining centroid points, which have depth and position associated. The three lower lines 
on each of the graphs refer to the right-hand y-axis and represent Ordnance Survey datum (solid 
black line), tunnel depth (dashed black line) and ground level (dash dotted maroon line). The 
tunnel depth was converted from maTD to OSD. Ground level was extracted from the Terrain 5 
DTM (Ordnance Survey 2018). The labelled triangles above the settlement profiles indicate places 
along the tunnel alignment. The seven dates for settlement profiles (dotted lines) were chosen to 
display a baseline before TBM drives began (06.04.2012 - black); during TBM drives (29.05.2013 – 
light blue, 05.09.2013 – dark blue, 15.01.2014 – pink, 25.05.2015 – green) and after construction 
(02.06.2016 – yellow, 28.04.2017 – red). 

The graphs in Figure 5.21 indicate that there is no obvious correlation between tunnel depth and 

settlement trough along most of both the tunnel alignments. Places where there might be a 

correlation are the sections of tunnels adjacent to Liverpool Street, where the deeper tunnels seem 

to cause a shallower settlement trough. Other factors, such as SCL construction, dewatering and 

grouting are likely the controlling factors for settlement in many places, especially close to the 

stations. 

A notable pattern in both graphs is the strong displacement just east of Canary Wharf. This is very 

likely related to dewatering activity, which is discussed in the next chapter. In close vicinity of Canary 

Wharf station, the settlements are very small, perhaps because dewatering started in 2008, before 

the temporal baseline of the TerraSAR-X data, implying already disturbed ground with less capacity to 

settle. Another factor might be that many of the measurement points here are located on skyscrapers 

with deep foundations and so do not respond to the surface settlement trough. 

As expected there are only small differences in the settlement profiles between the eastbound and 

westbound tunnels since the tunnels are normally sufficiently close for a combined settlement trough. 

Where this is not the case, e.g. between Tottenham Court Road and Farringdon, there are very small 

differences in the settlement profiles between the tunnels. This is particularly noticeable where the 

tunnel curves northwards just to the east of Tottenham Court Road (Figure 5.20); here, the westbound 

(southern) tunnel appears to cause more settlement than the eastbound tunnel. 

The graphs in Figure 5.21 also show that the ground stabilises somewhat after the passage of a TBM, 

i.e. the settlement profiles from 25th May 2015 (green), 2nd June 2016 (yellow) and 28th April 2017 

(red) have a similar form along most of the tunnel length. An interesting example is between Stepney 

Green and Canary Wharf, which was constructed in November and December 2013. The profile from 

15th January 2014 (pink) already shows ca. −10 mm of settlement, which is followed by another ca. 
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−5 mm settlement over the next 5 months, as shown by the green settlement profile from 25th May 

2014, after which the settlement trough depth stabilises. 

A further important factor that may have an impact on the settlement troughs, is the local geology. 

Figure 5.22 shows the geological profile along the Crossrail tunnels, adapted from Davis 2017, which 

also contain information on the aquifer level. 
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Figure 5.22 Geology and acquifer level along Crossrail tunnels, adapted from Davis (2017) 
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Although there is no obvious correlation between geology in Figure 5.22 and settlement profiles in 

Figure 5.21, the local geology may influence the amount of settlement observed at the surface over 

the Crossrail tunnels in this profile. However, the influence of local geology is combined with the 

impact of many other factors such as tunnel depth, dewatering, etc. To establish how influential each 

of these factors is, including local geology, it would be necessary to compare smaller sections of the 

profile in more detail and to include Crossrail Ltd data on water abstraction rates (if there was 

dewatering), local boreholes, and more detailed information on the geology encountered during 

tunnelling. 

5.3 Displacement of single structures 

The TerraSAR-X dataset is able to monitor not only large-scale phenomena such as settlement troughs, 

but also local deformation, including deformation of single surface structures. The following examples 

include a row of houses close to Bond Street Crossrail Station, the complex displacement patterns 

over Blackfriars Bridge, and differential displacement across the O2 Arena. 

5.3.1 Terraced houses on South Molton Street 

The area shown in Figure 5.23 is located above the newly-built Bond Street Crossrail Station, showing 

ground movements resulting from a combination of several construction activities, including 

dewatering, grouting and the tunnelling itself (Abbah et al. 2016). South Molton Street was developed 

from the mid-18th century onwards on the alignment of the ‘lost’ River Tyburn, meaning that many of 

the terraced houses have their foundations in the Made Ground infilling the Tyburn river valley (Abbah 

et al. 2016). These houses have subsequently been modified frequently and extensively to suit their 

changing use, often without a proper record kept (Abbah et al. 2016). 

 

Figure 5.23 Showing a map of TerraSAR-X data over Crossrail’s Bond Street Station. Location 1 
indicated the position of time series shown in Figure 5.24. 
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Location 1 in Figure 5.23 marks where two terraced houses of different construction abut. This area 

was affected by grouting, as shown in Figure 5.1. The time series shown in Figure 5.24 demonstrates 

how differently the response of directly adjacent buildings can be to a ground disturbance. The time 

series for measurement point 1 at Location 1 shows a sharp uplift directly followed by an equal 

settlement of 1 cm in just 5 months, while the time series for measurement point 2, which is located 

on the directly adjacent building, does not show this spike. The total settlement magnitude also varies, 

from 35-40 mm (LOS) for measurement point 1 to 45-50 mm (LOS) for the adjacent measurement 

point 2, although the pattern of the subsidence is similar. 

 

Figure 5.24 a) 3D perspective view, facing south-west, using Google Earth optical imagery, 
overlaid by the TerraSAR-X measurements around the western end of the Crossrail Bond Street 
Station - the Crossrail Western Ticket Hall box is located in the top right corner; b) shows the time 
series of two PS located on separate but directly adjacent buildings in South Molton Street, 
indicated in a). As can be seen from the graphs in b), only the building to the south is affected by 
an uplift of 10 mm, which eventually causes about 10 mm difference in the final settlement. The 
uplift is most likely caused by Crossrail compensation grouting. 
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The timing of the spike in the time series (Figure 5.24) in February 2014 as well as the initial uplift 

before the settlement are evidence that this ground deformation is caused by grouting rather than 

tunnelling (see Section 5.1.1 for tunnelling chronology). The same displacement pattern is found in 

the time series of nearby measurement points taken from ground-based monitoring data, implying 

that the spike is not noise.  

These data confirm the results of Abbah et al. 2016, who report a highly variable ground response to 

grouting, and a reduction in grouting efficiency due to ground relaxation. Damage of the buildings is 

also mentioned, including separation at junctions between walls and ceilings, as well as the collapse 

of a plaster ceiling (Abbah et al. 2016). Unfortunately, the exact location of the damage is not named, 

hence the impact of the differential settlement observed across the boundary between terraced 

houses is not assessable. 

5.3.2 Blackfriars Bridge 

Blackfriars Bridge in London was refurbished and extended between 2009-2013 (Baecke 2016). Its 

long history still has an impact on today’s structure: the first bridge was built in 1864 but abandoned 

in 1985 and its deck removed, with just its pillars left standing in the Thames (Baecke 2016). A second 

bridge, adjacent to the first on its eastern side, was built in the 1880s, and it was this bridge that was 

extended in 2009 (Baecke 2016). However, the extension of the refurbished bridge re-uses the pillars 

that were left from the 1864 bridge (Baecke 2016). Hence the newest version of the bridge is a rather 

complex structure with foundations constructed at different times. 

Key phases in the refurbishment project of Blackfriars Bridge are the addition of one steel arch rib on 

its eastern side during Easter 2009 and the addition of three steel arch ribs on its western side during 

Easter 2011, which served to widen the bridge (Baecke 2016). The extension on the western side 

adapted and incorporated the pillars that remained from the original bridge built in 1864 (Baecke 

2016). After completion, which included laying rail tracks and construction of a new roof structure 

covered in solar panels, the final assurance documentation was signed in December 2013 (Baecke 

2016). 

Blackfriars Bridge is aligned close to the azimuth direction of the TerraSAR-X images and the solar 

panels apparently have a large RCS, which are both factors that could contribute to the exceptionally 

high number of measurement points identified over the bridge structure in the TerraSAR-X images, as 

seen in the TerraSAR-X 2011-2017 data stack in Figure 5.25. 
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Figure 5.25 TerraSAR-X measurements over Blackfriars Bridge: a) showing average velocity of 
measurement points in mm a⁻¹; and b) showing height of measurement points in metres relative 
to WGS84 ellipsoid. 

Figure 5.25a shows the average displacement rate [in mm a⁻¹] for TerraSAR-X measurement points, 

and the points on the western side of Blackfriars Bridge clearly have a higher displacement rate. There 

are two plausible explanations for this observation. Firstly, some of the initial settlement that occurred 

on the eastern side (extended during Easter 2009) may not have been captured in the TerraSAR-X data 

stack, which has its baseline on the 1st May 2011. In contrast, a larger part of the settlement after the 

extension of the western side (Easter 2011) would be visible in the TerraSAR-X data. A second possible 

reason is that there was only one steel rib arch added to the eastern side, whereas three steel arch 

ribs were added to the western side of the bridge, which might have caused a larger settlement. It is 

difficult to distinguish between these because of the complex foundation structure of the bridge. Note 

also that the central part of the bridge has a higher displacement rate than the measurement points 

nearer the shore. 
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Figure 5.25b shows the height relative to WGS84 ellipsoid, demonstrating that the majority of the 

measurement points are located at a similar height on the roof (blue measurement points), with only 

a few measurement points on the pillars (in purple along the eastern side of the bridge). 

The profiles in Figure 5.26, AA’ along the western side and BB’ along the eastern side of the bridge, 

confirm that there is ca. −80 mm of displacement observed on the western side of the bridge 

compared to ca. −40 mm displacement on the eastern side. The profiles also indicate that the negative 

displacement on both sides of the bridge significantly slows in early 2013, correlating with the 

completion of the refurbishment project. This slow-down in displacement is supported by the 

displacement time series (for their locations see map in Figure 5.26), as shown in Figure 5.28. 

 

Figure 5.26 Map (left) showing location of profiles AA’ and BB’, as well as location of time series 
shown in Figure 5.28. Profile AA’(western side of the bridge) is shown on the top right side and 
profile BB’ (eastern side of the bridge) is shown on the bottom right side. The x-axis represents 
distance along the profiles and the y-axis displacement, and the individual lines are colour-coded 
according to the date of measurement (image acquisition date). The profiles were created by 
placing a node every 2 m and averaging the time series of measurement points within a 10 x 10 m 
square around each node. 

Surface structures can be affected by displacements that are correlated with thermal expansion and 

contraction. Since the SAR images in this TerraSAR-X data stack are all acquired at the same time of 
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day (06:17 UTC) these thermal effects must represent seasonal trends in the displacement time series. 

Figure 5.27 provides insight into how Blackfriars Bridge is affected by seasonal trends (see Chapter 3 

for how the seasonal trend was calculated). The seasonal trend phase shows the time when the peak 

of a seasonal trend occurs relative to the first acquisition in a data stack (see Figure 5.27a), while the 

seasonal amplitude gives the magnitude of the seasonal displacement (see Figure 5.27b). 

 

Figure 5.27 TerraSAR-X Measurements over Blackfriars Bridge: a) showing Seasonal amplitude 
phase in days relative to 01/05/2011: light blue indicates the peaks in the seasonal trend of their 
time series occur in winter, pastel indicates the peaks in their seasonal trends occurred in 
summer; b) shows the magnitude of amplitude for the seasonal trend of measurement point’s 
time series in mm, with yellow indicating no seasonal trend and dark blue indicating a semi-
amplitude of 4 mm or more in the seasonal trend 

Figure 5.27a appears counterintuitive, because the measurement points on the western side of the 

bridge have their peak in seasonal trend in winter, while the measurement points on the eastern side 

have their peak in summer (see also the time series in Figure 5.28b) but this may be explained by a 

strong horizontal component in the motion caused by the bridge’s thermal expansion and contraction. 

The horizontal component is important, because all TerraSAR-X displacement measurements shown 



 

128 
 

here are in LOS of the satellite, in this case west-looking at an incidence angle of 37.33°. A strong 

horizontal component would mean that the measurement points on the eastern side would move 

towards the satellite in the summer, causing a peak in their seasonal trend, while the measurement 

points on the western side would move away from the satellite causing a trough in their seasonal 

trend – hence causing the opposite seasonal phase on different sides of the bridge. 

In Figure 5.27b, the colour bar signifies the amplitude of the seasonal trend (yellow – 0 mm amplitude, 

i.e. no seasonal trend, to purple ≥4 mm semi-amplitude of the seasonal trend). The resulting pattern 

is curious, with the highest seasonal amplitude located over the pillars on the western side of the 

bridge, whereas the highest seasonal amplitude is measured over the bridge segments between the 

pillars on the eastern side. With the information available, it was not possible to find a plausible 

explanation for this pattern. It could be speculated that the amplitude pattern is related to the 

complex structure of the bridge, which was built and rebuilt in different stages over 130 years, and 

includes various materials, which might have a different response to temperature changes and also 

varying degree of freedom to ‘move’ in the bridge structure (Baecke 2016). 

The time series in Figure 5.28 show that both sides are affected by relatively strong negative 

displacement up until January 2013, and thereafter stabilise. The greyed-out areas are considered 

unreliable, since the bridge was still under construction (causing noise in the time series). The western 

side of the bridge (the red time series) experiences larger settlements in 2012, possibly caused by the 

different construction chronology of the sides of the bridge.  
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Figure 5.28 Time series of measurement points indicated in Figure 5.26. Time series from 
measurement points on western side are in red, from measurement points on the eastern side of 
the bridge in green. a) shows examples of measurement points with low seasonal amplitude, b) 
shows examples of measurement points with high seasonal amplitude. The grey area indicates the 
time period when the bridge was still under construction – measurements in this period are noisy 
and not considered reliable. 

Figure 5.28 also demonstrates the variation in seasonal amplitude along both sides of the bridge: while 

the time series in Figure 5.28a have no seasonal trend, those in Figure 5.28b illustrate the opposing 

phase of the seasonal amplitude trends on opposing points on the bridge sides. 
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5.3.3 Millennium Dome (O2 Arena) 

The Millennium Dome was opened in 2000, initially to host celebrations associated with the 

millennium (Designing Buildings Wiki 2018). It was later rebranded as the O2 Arena and reopened to 

the public in 2007 (Designing Buildings Wiki 2018). A key feature of this landmark is its unusual roof 

that is a cable net structure covered in fabric panels, held up by twelve 100 m-high masts, illustrated 

in Figure 5.29 (Designing Buildings Wiki 2018). The fabric panels are made of glass and fibre and coated 

in PTFE (also commonly referred to as Teflon) (Designing Buildings Wiki 2018). The interaction of this 

material with radar waves is not well studied. 

 

Figure 5.29 Illustration of the internal structure of the O2 Arena. Source: https://www.e-
architect.co.uk/london/o2-arena, accessed 30.11.2018 

The Millennium Dome is located adjacent to the River Thames on its southern bank, as shown in Figure 

5.30, which displays the height of TerraSAR-X measurement points and reveals an interesting pattern. 

While most measurement points appear to correspond to scatterers on or in the roof structure, there 

are some measurement points towards the centre of the structure which have a ‘ground level’ height 

(dark red) associated to them, indicating that the roof fabric panels are at least partially transparent 

to X-Band radar waves and that the cable net structure acts as a scatterer for measurement points 

located on the roof. 
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The Millennium Dome is located directly across the river from Crossrail’s Limmo Shaft, and hence in 

an area strongly influenced by the dewatering for Crossrail construction (see also Chapter 6). The 

Millennium Dome is strongly affected by ground settlement from the dewatering (see Chapter 6). 

Figure 5.31 reveals a gradient to the settlement across the Millennium Dome. The measurement 

points on the NNE half of the dome measure a significantly stronger displacement rate than the 

measurement points on the SSW half. The displacement measurements through time, illustrated by 

the cross section in Figure 5.32, reveal a complex deformation history. Two distinct periods of 

settlement are visible in Figure 5.32, which are closely correlated the dewatering activities for Crossrail 

(see Chapter 6). During the first period (Summer 2013), the structure is affected by ca. −10 mm of 

settlement, more or less evenly along the entire cross section. In the second period (early 2014), there 

is differential settlement: the NNE side—closer to the dewatering sites—experiences a further 

≈ −20 mm of settlement, while the SSW side settles by a further ≈ −10 mm. The second period of 

settlement is followed by ca. 10 mm of uplift (rebound) once dewatering ceases, which is again 

observed evenly along the entire cross section. 

 

Figure 5.30 Height of measurement points over the O2 arena. The low elevation of some 
measurement points towards the centre of the O2 Arena indicates that the radar is ‘seeing’ 
through part of the canvas roof. 
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Figure 5.31 TerraSAR-X measurements in mm a⁻¹ over the O2 arena in east London. Location of 
cross section shown in Figure 5.32 is indicated. 

 

 

Figure 5.32 Cross section across the O2 arena (see Figure 5.31 for location). The x-axis represents 
distance along the profiles and the y-axis displacement, and the individual lines are colour-coded 
according to the date of measurement (image acquisition date). The profiles were created by 
placing a node every 3.86  m and averaging the time series of measurement points within a 
rectangle sized 30 m wide along the profile and 50 m long perpendicular to the profile. 
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5.4 Summary 

The validation of PSI with ground-based monitoring presented in Section 5.1 demonstrates that PSI is 

a reliable monitoring method. The spatial density of measurement points in high-resolution (X-band) 

PSI data allows deformation trends of single structures such as Blackfriars Bridge to be monitored (see 

Section 5.3.1). Despite the disadvantages of the technique, such as displacement measurements being 

taken along LOS in 1D, PSI data provide valuable information that cannot be retrieved from other 

monitoring methods. The ability to reveal historic ground deformation trends, such as the settlement 

along Brick Lane, which pre-dates Crossrail construction (see Section 5.2.1), is an example. The greater 

spatial coverage of PSI measurements reveals deformation patterns that may otherwise not be 

detected, such the deformation observed across the O2 arena, which was not monitored with ground-

based methods. PSI is furthermore uniquely suitable for post-construction deformation monitoring 

over a wider area and a longer time period than is feasible with ground-based monitoring methods. 
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6 Influence of ground dewatering in revealing geological anomalies 

In addition to the local ground deformation caused by engineering projects, London is also affected 

by large scale ground deformation related to its chalk aquifer. The chalk aquifer beneath London has 

been affected by a long history of human activity – by abstraction for industry from the mid-19th 

Century until the mid-1960s, when the groundwater table reached its lowest level, at 88 m below sea 

level (Environment Agency 2018). With the decline of industry, levels rose continuously until 

eventually threatening existing foundations and structures, forcing a water abstraction management 

strategy (GARDIT) from 1992, which has slowed the rise of the groundwater table and has kept the 

level stable since ca. 2000 (Environment Agency 2018). 

Apart from the long-term, slow changes in the groundwater table, there have been recent, more 

abrupt and pronounced changes in the groundwater table near Canary Wharf in east London, 

intentionally caused by dewatering in the deep Chalk aquifer for the Crossrail Project (Roberts et al. 

2015). A large scale groundwater investigation before construction and close monitoring during the 

works was undertaken (Lawrence et al. 2018b, a). This chapter investigates how this change in the 

groundwater table manifests itself at the surface and documents some of the intriguing patterns 

revealed in the PSI data. 

Similarly, the construction of the Northern Line Extension in Lambeth, south London, also required 

dewatering in the Lambeth Group (Transport for London 2018). The last section of this chapter 

investigates the anomalous deformation patterns which predate the start of construction for the 

Northern Line Extension and how these interact with tunnel construction activity. 

6.1 Comparison between piezometer readings and measured ground movement 

The surface deformation patterns observed in TerraSAR-X, between 2011 and 2017, can be correlated 

with piezometer pressure readings that are a proxy groundwater level. This study mainly focusses on 

east London, where groundwater changes were most closely monitored by Crossrail Ltd piezometers. 

Figure 6.1 shows the locations of and metadata from the piezometers used for this comparative study. 

The name is coded according to the geological unit that contained the piezometer TIP – Chalk (CK1-3), 

Thanet Sand (ThS1-4) and Upnor Formation (UF1-4). The analysis undertaken here explores the 

relative correlation between TerraSAR-X time series data and piezometer time series data, i.e. the 

correlation between relative changes in surface displacement measurements and piezometer 

pressure readings, rather than absolute values. 
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Crossrail Ltd provided more than 1000 piezometer time series, from which a suitable selection were 

chosen for comparison. The time series themselves contained a variable number of readings collected 

at irregular intervals. Eleven piezometers were selected on the basis of their position within geological 

units that are part of or connected to London’s deep aquifer; the number and duration of readings 

recorded; and the quality of the data (Figure 6.1). 

To make the piezometer time series measurements comparable with the TerraSAR-X data, the 

readings of an individual piezometer were resampled to one measurement every 11 days by averaging 

the data. Since the averaged values are not necessarily derived from the same number of samples, 

their reliability cannot be directly compared. The TerraSAR-X surface displacement time series to be 

compared to the resampled piezometer time series were retrieved by averaging all time series of 

TerraSAR-X measurement points within a 100 m radius of the piezometer location. This radius was 

chosen to ensure the displacement time series reflect the surface behaviour rather than that of a 

 

Figure 6.1 Map of east London showing the TerraSAR-X 2011-2017 displacement rate and 
locations of piezometers used in the following comparisons (Figure 6.2- Figure 6.4). The table 
below shows the original data provided by Crossrail, and includes the depth of the piezometer TIP 
as well as the geological unit that it was located in. 
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single structure. The comparison with surface displacement focusses on the relative changes in the 

pressure measured by the piezometers, rather than absolute values.  

Figure 6.2 shows the comparison of piezometer pressure readings with TerraSAR-X surface 

displacement measurements. All the piezometers were located within the chalk at between 50 - 47 m 

depth below ground level. At both locations, CK1 and CK2, there is a strong correlation between 

piezometer readings and surface displacement, as derived from TerraSAR-X LOS observations. At CK2, 

the surface settles slowly in line with the slow decrease in pressure readings. At CK1, the measured 

surface displacement correlates strongly with the pressure readings, i.e. there is settlement when the 

pressure drops, as well as uplift (ground rebound) when the pressure increases. The amount surface 

displacement at CK1 also appears to be proportional to the size of the pressure decrease; the first, 

smaller, drop in pressure in 2012 causes a smaller surface settlement than the second, larger, drop in 

pressure in late 2013. Interestingly, there is already a small surface settlement visible at CK1, starting 

from mid-2013, predating the sharp drop in pressure readings at CK1 in late 2013. This ‘early’ 

settlement is possibly caused by the TBMs passing in April/May 2013 just 40 m to the south of the 

piezometer locations (and hence likely affected the TerraSAR-X averaged time series). 

 

Figure 6.2 Comparison between TerraSAR-X time series (averaged in 100 m radius around 
piezometer) and piezometer pressure readings in the Chalk, for location CK1 (dark blue), CK2 
(red), CK3 (light blue); for their location refer to Figure 6.1. The TerraSAR-X time series are 
displayed in the upper half of the graph (circles) and refer to the left y-axis. The piezometer time 
series are shown on the lower part of the graph (crosses) and refer to the right y-axis. 

However, the TerraSAR-X time series at location CK3 shows no correlation with piezometer time series 

at CK3 (both in light blue on Figure 6.2), remaining more or less constant throughout the time series. 

This is probably because most of the measurement points from which the averaged TerraSAR-X time 

series was derived are located on the 156 m tall One Churchill Place skyscraper, which is in the vicinity 

of the Crossrail’s Canary Wharf Station box, for which dewatering already commenced in 2008 (Travers 
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& Yeow 2014). The seasonal trend of the averaged time series is probably due to seasonal thermal 

effects on the skyscraper. The long-term negative displacement rate in the averaged TerraSAR-X time 

series may indicate regional long-term geological subsidence. 

The time series in Figure 6.3 show the correlation between the measured surface displacement and 

piezometer readings taken within the Thanet Sand at 39 to 45 m below ground level (see table in 

Figure 6.1). The surface displacement is generally proportional to the pressure changes tracked by the 

piezometer readings but the piezometers are located close to Crossrail’s running tunnels, and hence 

the displacement measured at the surface is likely caused by a combination of dewatering and the 

settlement trough. At ThS3, there is no significant ground rebound visible after the settlement in 2013, 

perhaps because of continued dewatering in Canary Wharf. 

 

Figure 6.3 Comparison between TerraSAR-X time series (averaged in 100 m radius around 
piezometer) and piezometer pressure readings in Thanet Sand, for location ThS1(dark blue), ThS2 
(red), ThS3 (light blue), ThS4 (green); for their location refer to Figure 6.1. The TerraSAR-X time 
series are displayed in the upper half of the graph (circles) and refer to the left y-axis. The 
piezometer time series are shown on the lower part of the graph (crosses) and refer to the right y-
axis. 

The piezometer readings in Figure 6.4 were taken between 28 and 33 m depth below ground level in 

the east (UF3 and UF4) and between 39 and 53 m in the west (UF1 and UF2) in the Upnor Formation. 

UF1 is located just west of Liverpool Street and UF2 lies next to the Crossrail tunnels between 

Whitechapel and Stratford, therefore both are further removed from the influence of the large-scale 

dewatering at the Limmo Shaft and are also in areas that are less affected by dewatering of the deep 

aquifer (Semertzidou 2016). The piezometer time series at both UF1 (in dark blue) and UF2 (in red) 

are therefore nearly stable, and the measured settlement is probably related to the settlement trough, 

which is visible in UF1 as a step in the TerraSAR-X time series in April 2015, coinciding with the TBM 

passage (see Figure 6.4). Location UF4 is closest to the site of the Limmo Shaft dewatering, which 
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dominates the surface displacement pattern. The TerraSAR-X time series at UF3 (in light blue), located 

ca. 3 km east of UF4, shows nearly identical behaviour to that at UF4 (in green) during the first 

dewatering phase in 2012, but the piezometer readings at UF3 (light blue crosses), do not show a fall 

in pressure. In the second dewatering phase at the Limmo Shaft site in early 2014, the piezometer 

time series indicates a rise in pressure while the TerraSAR-X time series measures a small settlement, 

which is unusual. There is no obvious reason for this but perhaps there is a change in the aquifer 

properties to the east of London, such as a transition from a confined aquifer to an unconfined aquifer. 

 

Figure 6.4 Comparison between TerraSAR-X time series (averaged in 100 m radius around 
piezometer) and piezometer pressure readings in the Upnor Formation, for location UF1 (dark 
blue), UF2 (red), UF3 (light blue), UF4 (green); for their location refer to Figure 6.1. The TerraSAR-
X time series are displayed in the upper half of the graph (circles) and refer to the left y-axis. The 
piezometer time series are shown on the lower part of the graph (crosses) and refer to the right y-
axis. 

Figure 6.2, 6.3 and 6.4 demonstrate that there is a close correlation between pressure decrease in the 

deep aquifer and settlement observed at the surface in central and east London. Pressure increase 

also appears correlated with ground rebound but this correlation is less clear than that between 

pressure decrease and settlement at the surface; a likely explanation is a component of non-elastic 

ground compression during dewatering. One limitation of this comparison is that all the piezometers 

are located within the Crossrail tunnels settlement trough, which adds an additional component to 

the subsidence pattern. Nonetheless, there appears to be a proportional relationship between the 

amount of pressure change and the amount of settlement. The response time of settlement to a 

pressure drop appears to be rapid, at least with respect to the 11 day TerraSAR-X repeat cycle. Having 

established the close correlation between piezometer pressure readings and surface settlements, the 

next section looks at the wider spatial pattern of surface displacement that is caused by changes in 

groundwater levels. 
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6.2 Patterns of ground movement associated with Crossrail dewatering 

This section explores the settlement and ground rebound patterns observed around Leamouth, an 

area in east London with five sites where water was abstracted from the deep aquifer to enable 

Crossrail construction. As shown in the previous section groundwater pressure changes caused by 

dewatering are correlated with local surface displacement. This section uses the regional modelled 

groundwater table drawdown, which has much wider spatial coverage of deep aquifer changes than 

the piezometer data used in the previous section, and water abstraction rates at five sites in east 

London published by Crossrail Ltd for comparison with SqueeSAR®-derived surface displacements, see 

Figure 6.5. 

 

Figure 6.5 Map shows the location of Crossrail’s deep aquifer dewatering sites near the Limmo 
Shaft and the graph shows the abstraction flow rate in litres per second between 2008 and 2016 
at each of the four sites. All data for this figure was retrieved from Crossrail’s Dewatering Close-
Out Report (Semertzidou 2016) 
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The timing and degree of dewatering at the different sites shown in Figure 6.5 were dependent on the 

subsurface construction activities for Crossrail (Semertzidou 2016). Dewatering at the Isle of Dogs 

(IoD) site started in early 2008, and is now gradually decreasing, as shown in Figure 6.5 by the light 

blue line. Consequently, the majority of the surface displacement caused by this dewatering site 

occurred before the 1st May 2011 baseline TerraSAR-X data, and is therefore not visible in them. Water 

abstraction at the Limmo Shaft (red line) occurred in two phases, the first one in 2012 and the second 

one from late 2013 to early 2016 (see Figure 6.5). The highest abstraction rate (> 250 l/s) was 

measured at the abstraction site for Cross Passage 13, which was active between late 2013 and mid 

2015 (see Figure 6.5). By comparison, Connaught Tunnel (mid 2012 to early 2014) and Cross Passage 

14 (mid 2014 to mid 2015) had only minor dewatering (see Figure 6.5). 

The Dewatering Works Close-Out Report also contains the estimated movement of the groundwater 

table between April 2012 and May 2016, compared to the baseline level of February 2008, in the form 

of drawdown contours (Semertzidou 2016). Figure 6.6 shows a summary of these data, in which the 

drawdown contours have been interpolated into raster data (using the Topo to Raster function in 

ArcMap Desktop (Esri 2017b)), for better visualisation.  
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Figure 6.6 Groundwater table drawdown relative to the baseline of February 2008, in east 
London, at six intervals between April 2012 and May 2016 (a-f). The drawdown is mostly affecting 
Canary Wharf and Leamouth, and the groundwater table returns nearly completely to baseline 
level by May 2016. All data was retrieved and adapted from Crossrail’s Dewatering Close-Out 
Report (Semertzidou 2016) 

According to the Dewatering Close-Out Report, the drawdown contours are indicative only, because 

of the limited database from which they were derived (Semertzidou 2016). The report states that 

water abstraction reached a maximum in January 2014, but the greatest spatial extent of the 

drawdown is shown on the map for July 2014, although the report does not show drawdown contours 

for any dates other than the six shown in Figure 6.6 (Semertzidou 2016). 

Several distinct phases of settlement and ground rebound are apparent in the TerraSAR-X data 

between 2011 and 2017 (see Figure 6.8), which correlate well with the water abstraction rates. 

Determining a causal link between the dewatering and the surface displacement pattern is, however, 

more challenging. The ERS Envisat dataset, which covers the time period 1992 to 2010 provides the 
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opportunity to test the suggestion of Boni et al. (2018) that the area is experiencing phases of natural 

settlement and uplift, possibly related to volume change in the local clays. Figure 6.7 shows a map of 

the ERS/Envisat results and average time series displacement data across three different areas (A-C 

on the map).  

 

Figure 6.7 Map of ERS/Envisat SqueeSAR® data over the Canary Wharf and Leamouth area, 
covering the timespan 1992-2010. Below is a graph showing the average time series of the areas 
A-C indicated on the map.  

A steady settlement trend is visible in the average time series for areas A and B, with a total 

displacement of between −10 mm to −20 mm (see Figure 6.7), but area C remains stable. Several large-
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scale construction projects were undertaken in Canary Wharf during the 1990s, for example, the Lime 

House Link tunnel, which might have contributed to the settlement observed in area A in Figure 6.7. 

However, no evidence for an alternating pattern of settlement and uplift can be discerned in this area 

between 1992 and 2010, in contrast to the displacement patterns observed in the Limmo Peninsula 

between 2011 and 2017 (Figure 6.8). 

 

Figure 6.8 a) – e) show displacement measured by TerraSAR-X data, partitioned into five time 
periods, defined by the response to dewatering; the cut-off times are indicated by the red bars in 
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f), which shows the average time series of a 500 m radius around the Limmo Shaft (see Figure 6.5 
for location). The maps show the total displacement between the dates indicated at the top in 
each case, therefore the settlement directly caused by Crossrail tunnels for example is only visible 
in c). 

The maps and average time series in Figure 6.8 show two phases of subsidence, the first between the 

summers of 2011 and 2012, and the second between late 2013 and early 2015 (see Figure 6.8a and 

6.8c). Each of these subsidence phases is followed by uplift, (Figure 6.8b and 6.8d). The timing of the 

two subsidence phases correlates with the timing of the two phases of high water abstraction rates at 

the Limmo Shaft (shown in Figure 6.5 as a red line), and at Cross Passage 14 (only second phase, shown 

in Figure 6.5 as violet line). However, the spatial extent of the subsidence pattern significantly exceeds 

that of the groundwater table drawdown shown in Figure 6.6.  

To properly characterise the spatial extent of the subsidence pattern, displacement profiles in SN and 

WE direction, crossing near the Limmo Shaft, were generated (Figure 6.9 and Figure 6.10). 

 

Figure 6.9 TerraSAR-X displacement data between 2011 and 2017 across east London, showing to 
two profile lines, W-E and S-N. The respective graphs of the profile lines are shown in Figure 6.10 
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The central negative displacement spike in both profiles (at ca. 1800 m on the W-E and ca. 2500 m on 

the S-N profile) coincides with the location of the Limmo Shaft abstraction site. The asymmetric 

settlement pattern on the W-E profile, with more displacement on the western side of the Limmo 

Shaft between ca. 1000 m and 1800 m, is likely caused by the additional impact of the settlement 

trough over the Crossrail running tunnels (see Figure 6.9). The gap in the N-S profile at ca. 2400 m 

coincides with the position of the Thames, where no measurement points can be identified. 

The settlement profiles (pale to dark blue with increasing time), imply that phases of settlement and 

rebound are a regional phenomenon, because the deformations occur along a >2 km-long section in 

both profiles (Figure 6.10). The profiles also confirm that the amount of settlement (and subsequent 

ground rebound) is largest at the dewatering sites and reduces steadily with distance. Interestingly, 

the extent of the settlement/rebound pattern exceeds the groundwater table drawdown extent as 

shown in Figure 6.6 (adapted from 2016 Semertzidou), towards the eastern side. The reason for this 

may be that the six time slices for which drawdown contours are available, do not represent the largest 

extent of the drawdown pattern, or perhaps that the 1 m contour spacing (in 2016 Semertzidou), is 

too low, i.e. a groundwater table fall of less than 50 cm would be measurable by TerraSAR-X at the 

surface but not seen in the contour maps. Strangely, a measurable surface displacement correlated 

with the groundwater table drawdown in Canary Wharf (Figure 6.6) is not visible in the TerraSAR-X 

data. A settlement is not expected here because the groundwater table drawdown period precedes 

the temporal baseline of the TerraSAR-X data but why no rebound is visible once the groundwater 

level rises again in 2016 is not clear. 



 

147 
 

 

Figure 6.10 Profiles showing displacement along the lines shown in Figure 6.9. The x-axis 
represents distance along the profiles and the y-axis displacement. The individual displacement 
lines are colour-coded according to the date of measurement (image acquisition date): light blue 
(earlier) to dark blue (more recent) and the most recent acquisition date (in this case 28.04.2017) 
is coloured red. The profiles were created by placing a node every 20 m and averaging the time 
series of measurement points within a rectangle sized 100 m wide along the profile and 500 m 
long perpendicular to the profile. 
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6.3 Cross-correlation of TerraSAR-X Time Series and effects of dewatering 

The previous sections robustly demonstrate the correlation between ground dewatering and surface 

settlement, and show that the dewatering is the primary cause for the surface settlement. To better 

constrain the spatial extent, timing and magnitude of the dewatering impact across the area, a cross-

correlation algorithm was applied to the TerraSAR-X time series within a 5 km radius of the Limmo 

Shaft. The cross-correlation algorithm compares each individual measurement point time series to a 

reference time series and produces the following parameter outputs: 

• Resemblance (R): a number between 0 and 1 which indicates how much the shape of the 

measurement point’s time series resembles that of the reference time series. This parameter 

indicates the similarity of ‘form’ between the individual time series and reference time series, 

but does not give information on the scale of motion or phase offset of this form. 

• K: indicates the scale difference between the measurement point’s time series amplitude with 

the amplitude of the reference time series. If K > 1, then the individual measurement point’s 

time series amplitude is larger than that of the reference time series; if K < 1, the measurement 

point’s time series amplitude is smaller than that of the reference time series. 

• Time (T): indicates the time delay between the two signals in days, i.e. the phase offset 

between the measurement point time series and the reference time series. The limit for this 

phase offset is 5 months, i.e., if the delay is more than 5 months or if the phase offset is 

negative (i.e. the measurement point time series changes before the reference time series), 

the algorithm will not capture the delay correctly. It is important to note that TerraSAR-X 

observations are every 11 days, so a delay of less than 11 days would be shown as zero. 

The parameters K and T are only meaningful if R, the similarity between the reference time series and 

the measurement point’s time series, is large enough. The threshold for R is defined by the histogram 

of R-values produced by the first reference time series (Reference TS-1 in Figure 6.12), shown in Figure 

6.11. Therefore, the K and T values for measurement points with an R value ≤0.7 are considered 

insignificant and excluded from the maps shown in Figure 6.12, Figure 6.13 and Figure 6.14. 
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Figure 6.11 Histogram of measurement points R-Values relative to reference TS-1 (see Figure 
6.12). There are two populations, the one centred at 0.9 represents the time series showing a very 
similar pattern to reference time series 1. Therefore, the threshold for R to be significant was set 
at a value of ≥0.7. 

Figure 6.12, Figure 6.13 and Figure 6.14 present the results of RTK analysis for three different 

reference time series at different locations. The reference time series were obtained by averaging the 

time series within a 100 m radius of the locations indicated in the maps in Figure 6.12, Figure 6.13 and 

Figure 6.14. Initially, 20 different reference time series were trialled, including time series showing 

stability or time series with just one negative displacement step when the TBMs passed. This trial 

showed that, as expected, the more distinct and pronounced pattern in the reference time series, the 

better the prediction of similarity between a measurement point’s time series and the reference time 

series using the R parameter. 

Since the RTK analysis is focussed on the settlement pattern related to dewatering, three reference 

time series were selected to show the impact of dewatering at different sites in the area affected. The 

first reference time series was chosen because it is located in the centre of the settlement pattern and 

therefore provides the most distinct time series (Figure 6.12). The second reference time series is 

located at the northern edge of the settlement area and has a far lower amplitude than that of the 

first reference time series (Figure 6.13). The third reference time series is interesting because it is 

located close to a peculiar ‘edge’ in the settlement pattern (Figure 6.14). 
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Figure 6.12 Colour-coded maps of the Limmo area, where the darker the colour the more similar 
the measurement point’s time series is to that of Reference TS-1 (the position of which is 
indicated on the maps by the ring symbol and is very close to the centre of the settlement 
pattern): a) R values; b) K values; and c) T values of measurement points whose R values are ≥0.7; 
d) graph of displacement at Reference TS-1 location. 

 



 

151 
 

 

Figure 6.13 Colour-coded maps of the Limmo area, where the darker the colour the more similar 
the measurement point’s time series is to that of Reference TS-2 (the position of which is 
indicated on the maps by the ring symbol and is very close to the centre of the settlement 
pattern): a) R values; b) K values; and c) T values of measurement points whose R values are ≥0.7; 
d) graph of displacement at Reference TS-2 location. 
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Figure 6.14  Colour-coded maps of the Limmo area, where the darker the colour the more similar 
the measurement point’s time series is to that of Reference TS-3 (the position of which is 
indicated on the maps by the ring symbol and is very close to the centre of the settlement 
pattern): a) R values; b) K values; and c) T values of measurement points whose R values are ≥0.7; 
d) graph of displacement at Reference TS-3 location. 
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Figure 6.12 shows the results of the cross-correlation analysis using Reference TS-1, which is shown in 

the graph below the three maps (Figure 6.12d). In each of Figures 6.12, 6.13 and 6.14, the maps show 

the measurement point values for a) R, b) K and c) T. Figure 6.12a shows that the measurement points 

closest to Reference TS-1 have the strongest correlation, as expected from their spatial proximity. The 

edges of the pattern in the north and south show a relatively gradual decrease in correlation, whereas 

the western edge, near Canary Wharf, shows a rather more abrupt change. The eastern side of the 

pattern is more irregular, with a ‘corridor’ extending quite far to the east, which has a gradual 

boundary to the south but a rather abrupt northern boundary. The map in Figure 6.12b, which 

represents the amplitude scale of the reference TS-1 compared to the measurement points, confirms 

that the location of Reference TS-1 has the greatest settlement, since nearly all surrounding 

measurement points have K values less than one, except for a very small area directly west (slightly 

pink) that coincides with the settlement trough of the Crossrail running tunnels. Figure 6.12c shows a 

map of the measurement points’ T parameter, representing the phase delay between the reference 

time series and the individual measurement point. No pattern is discernible; the measurement points 

in some areas further to the east have deformation patterns that are delayed with respect to that of 

the reference time series, but the measurement point time series patterns are, in general, in phase. 

Figure 6.13 shows the cross-correlation with Reference TS-2 (again shown on the graph below the 

maps), which is located on the northern edge of the settlement pattern. The main difference between 

Reference TS-1 and TS-2 is the magnitude of their amplitude, which is smaller for Reference TS-2. The 

pattern of R values, representing the strength of correlation in shape of the time series, shown in 

Figure 6.13a, is very similar to that of Figure 6.12a. In Figure 6.13c, the map showing the T values 

(phase delay), again mostly shows no delay, which might indicate that the settlement began near the 

centre of the settlement pattern and grew radially, hence the time series of many measurement points 

show displacements before Reference TS-2. The map in Figure 6.13b, showing the amplitude 

magnitude of the measurement point time series compared with that of Reference TS-2, is 

significantly different from that in Figure 6.12b. The pink and yellow colours in Figure 6.13b identify 

the measurement points with a higher amplitude than Reference TS-2, and indicates that the greatest 

settlement is found near the Limmo Shaft dewatering site and in the Crossrail tunnel settlement 

trough area, and is slowly decreasing towards the edges of the settlement pattern. Interestingly 

however, there are smaller, isolated areas in the north eastern extension of the settlement pattern 

that also display higher amplitude compared to reference TS-2 (coloured pink in Figure 13b). 

The third reference time series (TS-3), is located in the north eastern extension of the settlement 

pattern, as shown in Figure 6.14. Reference TS-3, shown on the graph below the maps, is similar in 

shape to the other two reference time series, and its amplitude value is between that of reference TS-
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1 and TS-2. The maps show that the values of the parameters are consistent with those in Figure 6.12 

and Figure 6.13, and the relatively sharp ‘edge’ just to the north reference TS-3 is even clearer in Figure 

6.14b. 

To further investigate this sharp edge to the settlement pattern and to constrain possible causes, 

Figure 6.15b shows the bedrock outcrop and mapped faults found in the area. The approximate 

outline of the settlement pattern, based on the R values shown in Figure 6.15a, is shown as a purple 

line in Figure 6.15b. The bedrock of the entire area around the edge pattern is London Clay Formation 

and no faults have been mapped in the vicinity. Although not shown in Figure 6.15, the superficial 

deposits here are Taplow Gravel Formation (British Geological Survey (BGS) 2013). 

 

Figure 6.15 a) showing the R values of measurement points compared to reference TS-1 (see 
Figure 6.12a)). b) map showing the bedrock geology and faults, and the approximate extent of the 
pattern in R-values in a) as a purple outline as well as the location of profile AA’ in the north east 
corner of the map. c) is a zoom in on the profile line AA’ over a map showing the TerraSAR-X data 
colour coded according to their displacement rate and the purple dashed line corresponds to the 
outline of the R value pattern already shown in b). 

Interestingly, the orientation of the edge is sub-parallel to that of the Greenwich Fault, both having a 

strike of ca. 030N. The temporal displacement along profile AA’ in Figure 6.15c, is shown on the graph 

in Figure 6.16. The purple dashed line on the graph marks the location of the edge in the settlement 

pattern (Figure 6.15c). The surface at the northern end (A’) of this profile (to the right of the purple 
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line in Figure 6.16) is stable compared to southern end (A), where a displacement of −15 mm along 

the LOS is observed. The transition between the area of settlement and relative stability is very sharp 

(see Figure 6.16), compared to the more gradual change of displacement near the other edges of 

settlement pattern shown in Figure 6.10. 

 

Figure 6.16 Displacement profile between AA’ whose location is shown in Figure 6.15 based on 
the TerraSAR-X data. The x-axis represents distance along the profiles and the y-axis 
displacement. The individual displacement lines are colour-coded according to the date of 
measurement (image acquisition date): light blue (earlier) to dark blue (more recent) and the 
most recent acquisition date (in this case 28.04.2017) is coloured red. The profiles were created 
by placing a node every 5 m and averaging the time series of measurement points within a 
rectangle sized 50 m wide along the profile and 400 m long perpendicular to the profile line. The 
purple line represents the location of the purple outline of the settlement pattern shown in Figure 
6.15. 

The cause of this difference in behaviour is unknown but a plausible explanation for such a 

discontinuity in surface displacement is a geological discontinuity in the deep aquifer, which may 

impede groundwater flow. The discontinuity might be lateral heterogeneity in the strata, or a fault 

that allows independent groundwater movement on either side of the fault. Faults that are known to 

act as a barrier to groundwater in London (Environment Agency 2018). The linearity of its strike and 

similarity in orientation to the Greenwich fault, which itself also acts as a barrier to groundwater flow 

(Environment Agency 2018), supports a fault interpretation for the discontinuity in the deep aquifer, 

although it is unclear whether this fault has any expression at or near the ground surface. 
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6.4 Movements associated with the Northern Line Extension and buried hollows 

In addition to surface displacement near the Limmo Peninsula, a second area, around Kennington Park 

in Lambeth, shows surface displacements that are also very likely to be related to dewatering for 

tunnelling, in this instance, for the Northern Line Extension (NLE). Construction activities for the NLE 

began in July 2016 (Transport for London 2016) and required dewatering of the ‘deep’ aquifer, which 

includes the lower parts of the Lambeth Group. The geology of the area (Figure 6.17), is relatively 

complex, with several faults, buried hollows and laterally discontinuous superficial strata. 

 

Figure 6.17 a) Superficial and b) solid bedrock geology near the NLE. Extracted from British 
Geological Survey (BGS), 2013, DiGMapGB-10.  
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Figure 6.18 shows the total displacement observed in TerraSAR-X measurement points between 1st 

May 2011 and 28th April 2017. The dewatering shafts for the NLE are located on the northern edge of 

Kennington Park and the location of the two main shafts required for placing the TBMs (Figure 6.18) 

(Transport for London 2012a, b). The exact location and volume of water abstraction is not published 

yet but TfL has confirmed that dewatering was necessary for the tunnel construction (Transport for 

London 2018). In Figure 6.18, the TerraSAR-X measurement points reveal an approximately circular 

negative displacement pattern around the NLE shaft locations, but appears truncated at the south 

western end of Kennington Park. 

 

Figure 6.18 Map showing the total displacement measured by TerraSAR-X measurement points 
between 2011 and 2017 in the NLE area; the NLE tunnel alignment is shown in blue. The black 
arrow labelled with distances from 0 m to 1600 m is the profile line from which the graph in 
Figure 6.20 is derived. The magenta outline box near 0 m on the profile represents the area which 
was averaged around each node along the profile to create the displacement graphs. The white-
black boxes labelled SW and NE are the areas from which the average time series shown in Figure 
6.19 were derived. 

To show how this pattern developed, the average of measurement point time series on both sides of 

the boundary between uplift and subsidence (areas SW and NE in Figure 6.18) are shown in Figure 

6.19. The graph in Figure 6.19 shows that area NE is significantly more affected by NLE dewatering in 
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summer 2016 than area SW. However, even before dewatering started, the trends of the two average 

time series differed: area SW shows an uplift trend that started in approximately 2013 and exceeds 

the trend in area NE. 

The strongly differential displacement on either side of the boundary is apparent in Figure 6.20, which 

reveals a clear uplift between 0 m and 800 m distance along the profile and subsidence between 

800 m and 1600 m distance along the profile. The area immediately around a buried hollow (just to 

the south of the profile’s 600 m label in Figure 6.18) shows stronger uplift than its surroundings. This 

uplift is visible between the 500 and 700 m markers along the profile shown in Figure 6.20. However, 

the differential displacement pattern is unlikely to be caused solely by the buried hollow, because the 

profile in Figure 6.20 was made by averaging measurement point time series within 250 m of either 

side of the profile line (see pink box in Figure 6.18), and uplift is apparent well away from the hollow, 

between the 0 and 500 m markers. A barrier to groundwater flow similar to the ‘edge’ pattern in §6.3, 

is therefore likely here also. There are mapped inferred faults to the east of the map in Figure 6.18, 

which are impermeable and in the Chalk (Environment Agency 2018), are oriented at a very similar 

angle as the displacement boundary pattern, approximately 160S. It is plausible therefore that the 

displacement boundary pattern observed in the TerraSAR-X data (see Figure 6.18) is caused by a fault. 

 

Figure 6.19 Average time series derived from TerraSAR-X measurement points within the areas 
labelled SW and NE in Figure 6.18. The purple triangles represent area SW, which experiences 
slow uplift and appears unaffected by NLE dewatering. The light blue squares represent the 
average time series from area NE, which is affected by dewatering starting in summer 2016 that 
causes a subsidence of ca. −10 mm. 
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The ERS/Envisat dataset (Figure 6.21), covering the same area as Figure 6.18 but for the time period 

between 1992-2010, provides an opportunity to better understand the long-term behaviour of surface 

displacement in this area. The average displacement rate of the ERS/Envisat measurement points 

(Figure 6.21) indicates stability but the time series reveal a more complex pattern in areas SW and NE 

(Figure 6.22). 

 

Figure 6.20 Displacement profile along the line of the black arrow shown in Figure 6.18, based on 
the TerraSAR-X data. The x-axis represents distance along the profiles and the y-axis 
displacement, and the individual lines are colour-coded according to the date of measurement 
(image acquisition date). The profiles were created by placing a node every 5 m and averaging the 
time series of measurement points within a rectangle sized 50 m wide along the profile and 500 m 
long perpendicular to the profile line (the averaged area for each node is indicated by the pink box 
in Figure 6.18) 
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Figure 6.21 Map showing the displacement rate of ERS/Envisat measurement points between 
1992 and 2010 in the NLE area; the NLE tunnel alignment is shown in white. The black arrow 
labelled with distances from 0 m to 1600 m is the profile line from which the graphs Figure 6.23 
are derived. The magenta box near 0 m on the profile represents the area which was averaged 
around each node along the profile to create the displacement graphs. The white-black boxes 
labelled SW and NE are the areas from which the average time series shown in Figure 6.22 were 
derived. 

Figure 6.22 shows a gradual uplift until ca. 2001, slightly more pronounced in area SW (at ca. +8 mm) 

than in area NE (ca. +4 mm). This pattern then gradually reverses, leading to a subsidence of ca. −5 mm 

below the 1992 baseline by 2011. Area SW has both a faster uplift rate and a faster subsidence rate 

than area NE. 
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The pattern of gradual uplift from 1992 to 2001 followed by subsidence from 2001 is also visible in 

two displacement curves for a profile shown in Figure 6.23 (see Figure 6.21 for the location of the 

profile). The profile reveals that during the uplift phase (in Figure 6.23a), the section between 0 and 

800 m distance along the profile, especially next to the buried hollow, has greater uplift than the area 

between 800 and 1600 m along the profile. This difference in behaviour is not as marked as it is in the 

TerraSAR-X data but is still discernible. The settlement between 2001 and 2010 mirrors the trends 

observed during the phase of uplift from 1992 to 2001 (Figure 6.23b). 

 

Figure 6.22 Average time series derived from ERS/Envisat measurement points within the areas 
labelled SW and NE in Figure 6.18. The red triangles represent the SW area and the dark blue 
squares represent the average time series from area NE. The displacement pattern follows a 
similar pattern both areas: a small poistive trend until ca. 2001, at which point the trend reverses 
and becomes negative. 
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Figure 6.23 Displacement profile from ERS/Envisat measurement points. a) 1992-2001 and b) 
2001-2010, along the black arrow line shown in Figure 6.21. The x-axis represents distance along 
the profiles and the y-axis displacement, and the individual lines are colour-coded according to 
the date of measurement (image acquisition date). The profiles were created by placing a node 
every 5 m and averaging the time series of measurement points within a rectangle sized 50 m 
wide along the profile and 500 m long perpendicular to the profile line (the averaged area for 
each node is indicated by the pink box in Figure 6.21)  

Another peculiar displacement pattern in the NLE extension area is spatially correlated with buried 

hollows, as shown in Figure 6.24. The noticeably different displacement patterns over these hollows 

is not observed in buried hollows north of the Thames. 



 

163 
 

 

Figure 6.24 Map of the area south west of Kennington Park, showing the cumulative displacement 
of TerraSAR-X measurement points between 2011 and 2017. Four roughly circular areas of uplift 
are visible (outlined by by dashed red polylines), which are labelled A to D. The areas C and D lie 
directly above buried hollows, while no buried hollows are mapped in areas A or B. The 
displacement graphs for the profiles across A and B are shown in Figure 6.26, and for areas C and 
D in Figure 6.27. The magenta outline box (at the start of profile line C) represents the area 
averaged for each node along each profile. 

The causes of these displacements and the reason they occur here and not north of the Thames is 

unclear, but the displacement patterns do follow the same general trend as their surrounding area 

but with a greater magnitude of uplift (see Figure 6.20 & Figure 6.23a) and subsidence (see Figure 

6.23b). One possible explanation is that the buried hollows shown in Figure 6.24 are permeable to 

groundwater and connected to the deep aquifer, whereas those north of the Thames are not, since 

there the London Clay is thicker and so buried hollows may not be connected to the deep aquifer. The 

geology of the area is shown in Figure 6.25. 
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Figure 6.25 a) Superficial and b) solid bedrock geology in the area of the potential buried hollows. 
Extracted from British Geological Survey (BGS), 2013, DiGMapGB-10. 

Figure 6.26 and Figure 6.27 further examine how the displacement across the hollows develops over 

time. Profile A in Figure 6.26 shows a remarkably similar displacement pattern to that of C and D in 

Figure 6.27, even though no buried hollow is recorded at location A. Profile B still shows uplift but 

does not show a central peak like that seen in Profile A (see Figure 6.26). Another peculiar pattern is 

the dip in displacement at the centre of the buried hollows, found at ca. 270 m along profiles C and D 

(Figure 6.27). 
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Figure 6.26 Displacement curves from TerraSAR-X data between 2011 and 2017, along the profile 
lines A and B shown in Figure 6.24. The x-axis represents distance along the profiles and the y-axis 
displacement, and the individual lines are colour-coded according to the date of measurement 
(image acquisition date). The profiles were created by placing a node every 5 m and averaging the 
displacement measurements of measurement points within a rectangle sized 30 m wide along the 
profile and 200 m long perpendicular to the profile line (the averaged area for each node is 
indicated by the pink box in Figure 6.24. 
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Figure 6.27 Displacement profile from TerraSAR-X data between 2011 and 2017, along the profile 
lines C and D shown in Figure 6.24. The x-axis represents distance along the profiles and the y-axis 
displacement, and the individual lines are colour-coded according to the date of measurement 
(image acquisition date). The profiles were created by placing a node every 5 m and averaging the 
displacement measurements of measurement points within a rectangle sized 30 m wide along the 
profile and 200 m long perpendicular to the profile line (the averaged area for each node is 
indicated by the pink box in Figure 6.24. 

6.5 Summary 

Long term changes are observed south of the Thames with settlements of ≈ −10 mm between 2000 

and 2010, in an area where the ground water level fell 2 to 5 m between 2000 and 2018 (Environment 

Agency 2018). The time series for areas near Limmo show settlements between 2 and 10 mm between 

2000 and 2010, during which time the groundwater level also fell by ca. 5 m (Environment Agency 

2018). It is difficult to draw any direct conclusions from this correlation, because the investigated areas 
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indicate that the surface settlement patterns are heterogeneous and influenced by many factors, 

including localised dewatering. More detailed ground water level data and PSI measurement point 

time series averaged over much wider areas would be needed to establish a robust estimate of the 

relationship between regional groundwater changes and surface settlement. Surface deformation 

patterns that might be expected from the shrink and swell of clays are not observed in the areas 

analysed but these displacements are likely to be more subtle and localised, and would require a more 

detailed analysis over a wider area. 

More recent, stronger regional deformation patterns in the Limmo area are related to Crossrail Ltd 

dewatering activities, as demonstrated by the observed correlation of surface deformation patterns 

with the published abstraction rates and by the comparison of piezometer and surface settlement 

time series data. Establishing a direct link to the geology is not possible without analysing other, 

complementary data sources, such as borehole records. Nevertheless, SqueeSAR® data reveal at least 

two areas, one NW of the Limmo dewatering site (see Figure 6.15c) and another immediately south 

of Kennington Park (see Figure 6.18), in which linear features in the deformation patterns, consistent 

with the orientation of existing faults, are revealed in the surface deformation pattern caused by the 

dewatering. In addition, a strong ‘deformation signature’ across known buried hollows is also 

observed across two further locations nearby (see Figure 6.24), showing that PSI may useful in 

identifying previously unknown faults and buried hollows. 

The data analysis presented in this chapter demonstrates that PSI data can be used to detect non-

linear millimetre-scale surface displacements over a wide area of several km2, which is not feasible 

with any other monitoring methods. For civil engineering applications in urban areas, this is especially 

useful for delimiting the surface deformation pattern caused by dewatering and in the case of London, 

previously unknown geological anomalies could be revealed by analysing the PSI data. 
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7 Conclusions 

This research highlights a range of potential applications for remotely sensed ground deformation 

measurements in London, some of which can be extended to urban environments generally. While 

addressing the limitations of PSI data, the results presented demonstrate the unique value of PSI data 

for civil engineering projects. 

7.1 Comparison between TerraSAR-X and Sentinel-1 data 

The comparison between data from different satellite sensors, TerraSAR-X and Sentinel-1 reveals 

considerable differences in the character of the resulting datasets. Some of these differences are 

expected, such as the factor of 19 greater number of measurement points identified in TerraSAR-X 

data, which is largely a function of the smaller resolution cell size of these images. Deformation across 

individual structures, such as Blackfriars Bridge, are consequently significantly better resolved in 

TerraSAR-X data. The comparison also shows that Sentinel-1 data suffers more from noise than 

TerraSAR-X although the two datasets show broadly similar spatial patterns of deformation and no 

systematic difference in the magnitude or direction of deformation. 

Resolution aside, the comparison between TerraSAR-X and Sentinel-1 is as close as possible; it is 

fortunate to be able to compare datasets from different wavelength sensors that are otherwise so 

similar, with parameters such as incidence angle and acquisition time being almost identical in each 

case. The difference between the datasets is not exclusively due to the different wavelengths; factors 

such as the acquisition mode (Stripmap for TerraSAR-X vs TOPSAR for Sentinel-1) have an influence as 

well. Performing a similar comparison over a rural area or over a longer time period may lead to 

different results, but the comparison presented in this work can be generalised for urban areas. 

7.2 Validation with ground-based monitoring and local deformation trends 

The validation between Crossrail’s levelling data and TerraSAR-X SqueeSAR® data reveal a strong 

agreement between measurements from the datasets. Rasterised levelling data of the deformation at 

Crossrail’s Bond Street Station demonstrate that the overall spatial deformation pattern is very similar 

for BRE levelling points, traditional levelling points and TerraSAR-X data, with the highly non-linear 

(grouting related) deformation captured by both levelling and TerraSAR-X. Interestingly, the 37.33° 

incidence angle (LOS) of the TerraSAR-X sensor does not appear to have a significant influence on the 

deformation measurements. Near the Limmo Peninsula, several examples show that deformation 

measurements remain in good agreement even after a several month-long gap in the levelling time 

series. The examples also reveal why a more comprehensive statistical analysis of the ground-based 

vs remotely sensed monitoring data is challenging. Firstly, the spatial proximity of objects does not 

guarantee a similarity in deformation pattern. The example from an area near Hanover Square 
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(Location 4) shows that TerraSAR-X detects a permanent scatterer with seasonal deformation, while 

the BRE and traditional levelling plates show no seasonality. Furthermore, at this location the two 

ground-based measuring points also had offset time series, despite them being within 10 m of each 

other. Secondly, an example from the Limmo area demonstrates that although the settlement trough 

subsidence is captured by both TerraSAR-X measurement points and BRE levelling points, the time 

series are offset because the TerraSAR-X measurement point records dewatering-related subsidence 

before the start of the BRE levelling point. 

The JLE and Crossrail settlement analysis produced some surprising results, particularly that a 

settlement of –1·46 mm a⁻¹ is still occurring across the JLE tunnels in Westminster. The relationship 

between settlement trough development, as detected in TerraSAR-X data, and various variables such 

as tunnel depth and timing of the surface subsidence, were studied based on Crossrail Ltd data on 

TBM progress. However, the analysis shows that the extent and depth of the resulting settlement 

trough is highly variable and no single controlling factor can be identified. The development of the 

Crossrail settlement trough is likely to result from a complex interaction between many factors, 

including tunnelling depth, tunnelling method, tunnelling speed, local geological variation, previously 

existing infrastructure (visible, for example, where Crossrail intersects Brick Lane), dewatering, 

proximity of the twin tunnels and other unknown factors. In some areas, e.g. near Canary Wharf, 

almost no settlement trough is detectable in TerraSAR-X data because the TerraSAR-X measurement 

points are located on skyscrapers, which have deep foundations that appear to be unaffected by 

Crossrail tunnel construction. Despite these complexities, TerraSAR-X data imply that the settlement 

trough width is typically on the order of tens of metres and reaches its full extent within a few months 

of tunnel construction. The validity of the comparison between the settlement trough depth observed 

in TerraSAR-X data and tunnelling depth is limited by smoothing of the TerraSAR-X data (Chapter 5). 

Only basic empirical estimates of the settlement trough development were available for analysis, since 

more detailed numerical predictions were not available. 

The TerraSAR-X measurement points over Blackfriars Bridge reveal a complex, asymmetrical 

deformation pattern. One deformation component is the seasonal thermal expansion in summer and 

contraction in winter. The distribution of measurement points with the highest amplitude in the 

seasonal pattern is puzzling: on the western side of the bridge, the highest seasonal amplitude occurs 

over the bridge pillars, while on the eastern side, the highest seasonal amplitude occurs over the 

connecting bridge segments. Overall, TerraSAR-X data indicate that Blackfriars Bridge is settling after 

its recent expansion and refurbishment, with larger settlements on the western side of the bridge 

than the eastern side. On both sides the greatest settlements are towards the centre of the bridge. 

Interpreting and relating these deformation patterns to the structure of the bridge challenging, since 
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the structure of Blackfriars Bridge is extremely complex, being made up of essentially two different 

bridge foundations built over 100 years ago, incorporating a variety of materials, and carrying the load 

of a railway station. To understand the implications of the deformation pattern revealed in the 

TerraSAR-X data, a more detailed knowledge on the bridge’s structure is necessary. Furthermore, the 

scattering properties of the solar panel roof of the bridge should be investigate further. 

TerraSAR-X data reveal hitherto unknown settlements at the O2 arena caused by Crossrail dewatering. 

Why this settlement is uneven during the second dewatering period in 2014, with stronger settlement 

observed on the northern side of the O2 arena, is unclear. The O2 arena is a good example of the 

precise location of a measurement point not always being obvious, because in this case the 

measurement point height indicates that the radar penetrated the canvas roof and is measuring 

deformation of the building structure underneath. 

7.3 Geological anomalies revealed by dewatering 

The comparison between surface settlement and rebound and piezometer readings in east London 

show a strong correlation between water pressure changes measured in the Chalk, Thanet Sands and 

in some cases the Lambeth Group, although sometimes slightly obscured by the settlement trough of 

Crossrail tunnels, but no correlation between the water pressure readings in higher strata (the London 

Clay Formation and River Terrace Deposits). This is strong evidence that surface deformation patterns 

detected in TerraSAR-X data in east London are in direct response to water level changes in the deep 

Chalk-Basal Sands lower aquifer.  

The deformation pattern caused by dewatering at the main Crossrail abstraction sites near Limmo 

Peninsula is several square kilometres in area. Cross-correlation of TerraSAR-X time series data with 

1 m drawdown contours (Semertzidou 2016), using an RTK analysis, reveal a more extensive cone of 

depression than predicted. ERS/Envisat data do not show a comparable deformation in this area 

between 1992 and 2010 but TerraSAR-X data are closely correlated with abstraction rates during later 

phases of settlement and subsequent ground rebound, demonstrating that dewatering is the cause of 

the larger cone of depression. The RTK analysis shows that the amplitude of the settlement and 

rebound pattern is strongest near the abstraction sites although, again, Canary Wharf is not affected 

by significant ground deformation because of its deep foundations and that dewatering started before 

the earliest TerraSAR-X observations. The RTK analysis failed to produce a meaningful result for the 

delay between patterns in the time series, perhaps because the surface impact of a fall in the deep 

aquifer level occurs faster than the 11-day repeat cycle of the TerraSAR-X image acquisitions. A 

limitation of this analysis is that it does not consider the effect of differences in abstraction rates at 
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the two main abstraction sites, Limmo Shaft and CP13, which are several hundred metres apart, or 

the impact of interaction between them. 

The RTK cross-correlation of TerraSAR-X time series does reveal a sharp, linear boundary feature at 

the north-eastern edge of the dewatering pattern, with settlement profiles showing almost no effect 

from the Limmo Peninsula dewatering in the area north of the boundary. The boundary has the same 

orientation as the Greenwich fault, which may indicate a deep-seated, groundwater-sealing fault in 

Chalk. Further investigation using other sources, such as piezometer readings from either side and 

borehole data, would be needed to confirm this. 

The area near Kennington Park in south London, where the start of the Northern Line Extension (NLE) 

is located, shows a local settlement pattern that is likely to be related to dewatering necessary for the 

NLE construction, but the details of dewatering activity are not officially confirmed by TfL. The 

ERS/Envisat data reveal that the wider area experienced a ca. +5 mm uplift in LOS between 1992 and 

2002, followed by ca. −10 mm of subsidence between 2002 and 2010, corresponding to a rise and fall 

of the groundwater table in this area (Environment Agency 2018). TerraSAR-X data show that the 

wider area again experienced slow uplift of ca. +1.3 mm a⁻¹ between 2011 and 2017. The smaller area 

of settlement forming after the start of construction for the NLE at the northern end of Kennington 

Park in summer 2016 has a sharp, linear, SSE striking boundary just south of Kennington Park. The 

orientation of this boundary is very close to that of known faults located ca. 1 km to the east, which 

act as groundwater seals, and hence this boundary is likely also caused by a groundwater sealing fault, 

but again, further investigation is necessary to prove this. 

The surface deformation pattern above buried hollows located to the south east of Kennington Park 

is remarkable. The surface above and immediately surrounding two known buried hollows experience 

much stronger uplift than the wider area and two more circular areas further south west show a very 

similar deformation pattern, indicating previously undetected buried hollows. The reason buried 

hollows show this response is unknown but might be caused by a direct connection between the base 

of the buried hollows and the Chalk-Basal Sand aquifer, causing a more immediate and stronger 

response to groundwater level changes. 

7.4 Recommended future work 

This thesis presents results from only a small fraction of the vast amount of information contained in 

the PSI datasets revealing surface deformation across London during the last quarter of a century, and 

there are plenty of opportunities to improve and extend the research discussed already. In terms of 

sensor comparisons, the comparative performance of C- and X-band sensors in rural areas would be 
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useful to help understand the influence of land cover, and to compare C- and X-band sensors that have 

more similar acquisition modes, as well as the effect of different polarizations (HH, HV, VV, VH).  

The validation of PSI with ground-based measurements needs a more systematic approach, beyond 

comparing individual time series. Further analysis of the Crossrail settlement trough should focus on 

smaller stretches of tunnel alignment to properly understand the influence of local geology, using 

more detailed numerical modelling of the predicted settlement trough to compare with PSI data. 

Investigation of the relationship between reported structural damage and observed deformation 

patterns measured would also be very useful, for example, is there a critical rate of settlement or 

slope. 

Further geological investigations—using borehole logs, piezometer readings, and other data—should 

be undertaken of anomalous features to determine whether they do indeed relate to geological 

structures, particularly faults and buried hollows, which are a significant hazard in Civil Engineering. 

An improved understanding of the Chalk-Basal Sands aquifer through a more detailed analysis of 

settlement and subsequent rebound might reveal whether the behaviour is partly non-elastic and 

whether previous dewatering affects the ground response. PSI monitoring could be of real benefit to 

groundwater management in London if the regional surface response can reliably be related to aquifer 

changes—a relationship which may differ across London—using long time series piezometer and PSI 

observations recorded over the last 25 years. 

7.5 Final remarks 

PSI and DInSAR are both very active fields of research with developments focussed on refined 

algorithms, optimisation of data processing, and adaptation to different satellite SAR sensors. This 

research shows that expertise in SAR image processing and experience in data interpretation are both 

crucial to understanding PSI data. While ‘off-the-shelf’ software can successfully produce PSI results, 

it is essential to understand the limitations of the data, and their dependence on the processing 

variables chosen for each individual dataset. 

The comparison of the different SAR sensors shows the much improved spatial resolution and low 

noise of TerraSAR-X data compared with Sentinel-1, but this must be factored against the commercial 

rates for TerraSAR-X data compared to the freely-available Sentinel-1 data. For small or critical 

structures, such as Blackfriars Bridge, the improved resolution warrants the commercial cost, but for 

larger-scale monitoring and understanding regional groundwater changes, Sentinel-1 data may 

suffice. 

The validation using ground-based data shows that TerraSAR-X data are reliable for monitoring ground 

deformation in an urban area, especially with a data stack of 150 images (or more) covering a 6 year 
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period. PSI data complements existing monitoring by providing an historical baseline that may reveal 

pre-existing deformation, wide-area monitoring during construction to help determine liability for 

damage caused by deformation, and identification of structural weaknesses soon after construction 

is completed. There are limitations to PSI monitoring, however, because it cannot provide real time 

monitoring (with typically a two to four week delay); the exact location of scatterers in urban areas 

cannot be controlled; and the measurement frequency is dependent on the SAR sensors repeat cycle, 

which is typically one to two weeks. Surface deformation monitoring with PSI is, however, unique 

because in urban areas it is the only feasible technique that can provide regional coverage of 

measurement points and millimetre-scale resolution of deformation, without the need for any 

conventional ground based techniques or installations. 

The limitations of PSI data, as discussed in the previous paragraphs, are likely reasons why PSI is 

currently not more commonly used in the civil engineering industry. However, these limitations 

become less important if PSI is seen as a complementary monitoring method and not as a replacement 

for ground-based monitoring. The validation with levelling data included in this research shows that 

PSI is a reliable technique. The results presented also demonstrate the unique advantages and value 

of PSI data: the technique allows the existing and past deformation trends to be analysed, is 

comparatively cheap and non-intrusive, which is especially useful for long-term monitoring; and 

provides millimetre-scale displacement measurements over a wide area. While this thesis highlights 

opportunities to research further applications for PSI data, it also presents clear evidence that PSI has 

already several valuable applications, which provide a strong argument that the technique can and 

should be used more widely in the civil engineering industry. 

This research benefitted immensely from the ongoing construction of and data provision by Crossrail, 

and the availability of high resolution TerraSAR-X SqueeSAR® data processed and provided gratis by 

TRE ALTAMIRA. These data captured not only the settlement troughs caused by the Crossrail tunnels, 

but also the remarkable deformation patterns caused by the dewatering, both for Crossrail and the 

NLE, patterns that have, in turn, highlighted possible geological anomalies such as groundwater-

sealing faults and buried hollows. The results of this research have directly led to two further 

industrially-sponsored PhDs using PSI data to detect anomalous geological hazards for Tideway and to 

test the extension of these techniques into more rural areas for the Trym Tunnel near Bristol. 

Indirectly, these data are supporting new insights into geological activity, particularly fault movements 

that were previously unknown and undetectable. However, as noted earlier, this research necessarily 

focussed on a tiny fraction of the PSI datasets: PSI and, more generally, DInSAR, promise to reveal 

many more new insights for geologists and civil engineers in the decades to come.  
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