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SUMMARY 

 

Peat landslides represent a notable natural hazard that is difficult to assess across complex blanket bog terrain. 

To aid the assessment of peat landslide susceptibility, we propose a new metric, the range of vertical surface 

motion (RVSM), quantified from time series data of surface motion measured using interferometric synthetic 

aperture radar (InSAR). Our expectation is that areas that are more susceptible to landslide will display a high 

RVSM that is indicative of high amplitude swelling and shrinking of the peat in response to changes in the 

volume of water stored in the peat over time. To test our hypothesis we examined the spatial distribution of 

high RVSM values that preceded three peat landslides in Ireland in 2020 and over a large area of blanket bog. 

We observed that high RVSM was closely associated with the known failures and with inferred points of initial 

failure, and that the areas of high RVSM were detectable up to two years in advance of failure. In the blanket 

bog landscape, high RVSM was associated with areas where landscape hydrology would favour thick peat and 

subsequent potential instability. We conclude that RVSM mapping has potential for refining national-scale 

assessments of peat landslide susceptibility. 
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INTRODUCTION 

 

Peat landslides (slides, flows and bog bursts) are a 

significant natural hazard (Long & Jennings 2006, 

Dykes & Warburton 2008, Dykes & Jennings 2011, 

Long et al. 2011). In the United Kingdom (UK) and 

Ireland, this hazard is found particularly, although 

not exclusively, in areas of blanket peat where steeper 

slopes, complex topography and generally higher 

rates of landscape erosion are more likely to lead to 

peat instability (Warburton et al. 2003). Losses 

arising from peat landslides can be considerable and 

include both direct losses (e.g., carbon, biodiversity, 

water quality, infrastructure and farmland) and 

indirect losses (e.g., the trust of landowners and 

communities). With areas of blanket peatland being 

targeted for wind farm development (Lindsay & 

Bragg 2005, Scottish Government 2017), 

considerable government investment planned for 

extensive peatland restoration, and the increasing 

potential for peatland carbon trading, blanket bogs 

are at the forefront of policies to mitigate climate 

change in the UK and Ireland. It is therefore 

increasingly important that we understand this hazard 

and seek to avoid potential losses arising from peat 

landslides (Warburton et al. 2003, Lindsay & Bragg 

2005, Long & Jennings 2006, Dykes & Warburton 

2008, Dykes & Jennings 2011, Long et al. 2011, 

Scottish Government 2017). 

Peat landslides can take many forms (Dykes & 

Warburton 2007a, 2008) but the underlying causes of 

increasing load, reduction in effective stress or 

removal of resisting forces are generally understood 

and common to all types of slope failure (Dykes & 

Kirk 2006). In the context of peat, hydrology is 

particularly important, as peat landslides are often 

associated with sudden changes in water input caused 

by intense rainfall (Warburton et al. 2004, Dykes & 

Warburton 2007a, 2007b). The response to such 

events is in turn determined by the internal structure 

of the peat and, in particular, the capacity for deep 

infiltration along macropores and peat pipes 

(Warburton et al. 2004) and tensional fissures 

(Bourke & Thorp 2005). Given that high magnitude 

rainfall events are already more likely due to global 

climate change and are predicted to increase further 
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by 2100 (Thompson et al. 2017, Davies et al. 2021), 

it is possible that peat landslides will become more 

frequent. 

Several methods have been applied to landslide 

susceptibility assessment in a variety of locations on 

a range of substrates with success. The approach 

generally uses data-driven methods which explore 

the spatial relationships between existing landslides 

and a set of predisposing factors (e.g., van den 

Eeckhaut et al. 2012). Three dominant approaches 

are applied singly or in combination: statistical (e.g., 

Akgun et al. 2008, Devkota et al. 2013), numerical 

(e.g., Regmi et al. 2010, Pradhan 2011) and heuristic 

(e.g., Van Westen et al. 2003, Ruff & Czurda 2008). 

These methods have been tested predominantly on 

low-organic soils and rock, and determining 

landslide susceptibility and hazard in peatlands 

requires further work (Dykes & Kirk 2001, 

Warburton et al. 2004, Long & Jennings 2006). By 

way of example, a major peat landslide at Shass 

Mountain in 2020 (Figure 1, Table 1) occurred in an 

area of blanket bog that was classified on landslide 

hazard maps as having a moderately low to low 

susceptibility to failure (Geological Survey Ireland 

2020). Reasons for difficulty in the prediction of this 

slide include a lack of information on local variations 

in the thickness (mass) of peat that are virtually 

impossible to detect without direct probing or ground 

penetrating radar assessment; poorly characterised 

geotechnical properties; and the unknown and 

complex internal and subsurface hydrology of the 

peat, which is also hard (if not impossible) to infer 

from surface features alone (Warburton et al. 2004, 

Dykes & Kirk 2006, Dykes & Warburton 2007b, 

Warburton 2020). 

A possible improvement in our capacity to 

identify areas at greater risk of peat landslide comes 

from satellite remote sensing of surface motion. 

Remote sensing systems that focus on long-term 

monitoring of surface deformation may provide early 

warning of catastrophic slope failure. Synthetic 

aperture radar (SAR) and multi-temporal 

interferometry have specific advantages over optical 

wavelengths in locations, such as northwest Europe, 

that are subject to extended periods of cloud cover. In 

addition, they have large data swaths (at the regional 

scale), high spatial and temporal resolution (from 

days to weeks) and, importantly, a high precision of 

surface displacement measurements (mm–cm). 

Surface motion of peat, sometimes referred to as 

‘bog breathing’, is a natural response to changes in 

water storage (Howie & Hebda 2018). Changes in 

water storage are also responsible for changes in 

mass and effective stress (Price 2003), which are 

potential precursors to peat landslide. Areas that 

display large variations in water storage are likely to 

experience large variations in stress (Waddington et 

al. 2010) that may, in time, lead to failure of the peat 

structure via a variety of mechanisms such as 

liquefaction, basal sliding, shearing or fissuring. 

They are also likely to be areas where water naturally 

accumulates or discharges within the landscape and, 

hence, areas where peat started to accumulate earlier 

and is therefore thicker (Winter 2000, 2001; Winter 

& LaBaugh 2003) and potentially closer to its limit 

of mechanical stability (Large et al. 2021) within the 

blanket bog. The processes leading to failure should 

occur under natural conditions as a consequence of 

repeated and irreversible deformation of the peat 

structure and may be exacerbated as a consequence 

of the development or modification of the peatland. 

Detailed time series of peatland surface heights, at 

high spatial (20 m) and temporal (up to 6 days) 

resolution, can be quantified with the Advanced Pixel 

System using the Intermittent SBAS (APSIS) 

interferometric SAR (InSAR) technique. Formerly 

known as the Intermittent Small Baseline Subset -

ISBAS (Sowter et al. 2013), this method uses radar 

images from the Sentinel-1 satellites of Copernicus, 

the European Union’s Earth Observation programme 

(https://www.copernicus.eu/en). Of particular note, 

the APSIS-InSAR technique closely monitors the 

coherence between many pairs of images and, 

through a detailed analysis, is able to provide near-

continuous surface coverage even over densely 

forested areas (Sowter et al. 2013, Gee et al. 2017, 

Novellino et al. 2017). The APSIS-InSAR time series 

contains signals that display a clear response to 

changes in the quantity of water stored within the peat 

(Alshammari et al. 2020). Using these signals, we 

should be able to identify areas that display unusually 

large vertical ranges of surface motion in response to 

changes in water storage. 

We hypothesise that peatlands which display a 

large range of vertical surface motion will have an 

increased likelihood of peat landslide. To test this 

hypothesis, we derived a new measure from the 

APSIS InSAR time series, namely the range of 

vertical surface motion (RVSM) measured in mm. 

The objectives of this study are: (1) to determine 

whether high RVSM is spatially contiguous (i.e., not 

random noise) and if it preceded three peat landslides 

that occurred in blanket bog in Ireland during 2020 

(Figure 1, Table 1); (2) to understand the spatial 

correlation between high RVSM values and position 

within the blanket bog landscape; and (3) to compare 

our results with the current landslide hazard risk 

assessment and the locations of historical peat 

landslides in this area (Geological Survey Ireland 

2021). 
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Figure 1. Maps of Ireland showing (a) the locations of the three peat failures analysed (red dots) and their 

closest weather stations (black dots), and (b) the investigation sites on upland areas with blanket bog around 

Lough Allen that were selected to demonstrate the mapping of peat slide risks. Contour interval 100 m. 

 

Table 1. General characteristics and information relevant to the three peat slides analysed. Altitude and slope 

are derived from 30 m resolution SRTM data (Farr et al. 2007). Landslide susceptibility is taken from 

Geological Survey Ireland (2021). 

Slide Mount Eagle  Shass Mountain  Meenbog  

Slide date 15 Nov 2020 28 Jun 2020 13 Nov 2020 

Slide area ~ 6 ha ~7 ha ~3 ha 

Centre point 
52° 13' 34.96" N 

-9° 18' 18.65" E 

54° 12' 26.45" N 

-8° 04' 40.48" E 

54° 43' 8.97" N 

-7° 52' 24.01" E 

Motion 

analysis 
06 Dec 2018 – 13 Nov 2020 07 Jun 2019 – 25 Jun 2020 07 Dec 2018 – 08 Nov 2020 

Peatland type Blanket bog Blanket bog  Blanket bog 

Vegetation, 

human 

disturbance 

Forestry plantation 

Open peatland with 

forestry; dense drainage 

network at top of catchment. 

Open peatland and felled 

forestry plantation; wind farm 

access road crosses slide. 

Altitude 335–432 m a.s.l. 262–286 m a.s.l. 247–265 m a.s.l. 

Slope 
Gentle to steep 

8.5° (mean), ⁓2–15° (range) 

Gentle to moderate 

2.7° (mean), ⁓1–7° (range) 

Very gentle to gentle 

2.5° (mean), ⁓1–4° (range) 

Aspect SE to NW NE to SW SW to NE 

Landslide 

susceptibility 
High and moderately high Low and moderately low Low and moderately low 

Nearest 

weather 

station 

Castleisland 

52° 13' 58.8" N 

-9° 21' 21.6" E 

Drumshanbo 

54° 03' 39.6" N 

-8° 03' 39.6" E 

Ardnawark Barnesmore 

54° 42' 25.2" N 

-7° 58' 40.8" E 
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METHODS 

 

For this study we determined the RVSM for an area 

of 1 km2 surrounding each of three peat landslides in 

blanket bog that occurred in Ireland during 2020 

(Figure 1a). These are, from south to north, Mount 

Eagle in County Kerry, Shass Mountain in County 

Leitrim (Connolly et al. 2021) and Meenbog in 

County Donegal. Site details, characteristics and 

topography are summarised in Table 1. To 

understand the general association between high 

RVSM, topography and areas known to be 

susceptible to peat landslides, the RVSM was also 

determined for three areas of upland blanket bog 

around Lough Allen (Figure 1b). The latter three 

areas were chosen because they were typical 

examples of upland blanket bog for the region, 

contained a large number of historical peat failures 

and, from a processing point of view, the data were 

easily generated from a single satellite radar scene 

around the Shass Mountain study location. We 

termed them the Eastern (⁓187.8 km2, altitude 60–

640 m a.s.l.), Northern (⁓161.3 km2, altitude 50–440 

m a.s.l., which includes the Shass Mountain 

landslide) and Western (⁓92.7 km2, altitude 70–440 

m a.s.l.) areas. In all areas, the RVSM was 

determined at a pixel resolution of 20 m. 

In addition, data for historical peat landslides and 

the current landslide hazard classification were 

obtained for all the study areas from Geological 

Survey Ireland (2021). Daily precipitation data (Met 

Éireann 2021) were obtained from the nearest 

weather stations to the three peat landslide areas: 

CastleIsland for the Mount Eagle site; Drumshanbo 

for the Shass Mountain site; and Ardnawark-

Barnesmore for the Meenbog site (Table 1). 

 

Surface motion time series 

To derive the surface motion, we used satellite data 

from Sentinel-1A and -1B SAR satellites archived on 

the European Space Agency Copernicus Open 

Access Hub (https://scihub.copernicus.eu; Table 2). 

Differential InSAR (DInSAR) - the process of 

detecting phase changes in the radar Line-Of-Sight 

(LOS) associated with surface displacement between 

satellite overpasses on different dates - was applied 

using these data with the APSIS technique (Sowter et 

al. 2013). The APSIS technique contains an adapted 

version of the established SBAS DInSAR time series 

algorithm (Berardino et al. 2002) to improve the 

density and spatial distribution of survey points to 

return measurements in vegetated areas (Bateson et 

al. 2015, Cigna & Sowter 2017). Other DInSAR 

processing   algorithms   habitually   struggle   due  to 

 

Table 2. Details of the Sentinel-1 radar images and APSIS-InSAR processing parameters. 

Study sites Mount Eagle 

Shass Mountain and 

Northern, Eastern and 

Western areas 

Meenbog 

Orbit 
ascending path 74 

descending path 23 

ascending path 74 

descending path 23 

ascending path 74 

descending path 23 

Time series 

(6-day interval) 
06 Dec 2018 – 13 Nov 2020 07 Jun 2019 – 25 Jun 2020 07 Dec 2018 – 08 Nov 2020 

Temporal gaps Complete Complete 24 May 2019, 02 Nov 2020 

Stable 

reference 

point 

Castleisland 

52° 13' 48" N 

-9° 21' 36" E 

Drumkeeran  

54° 10' 07" N 

-8° 08' 32" E 

Ballybofey 

54° 48' 00" N 

-7° 46' 12" E 

Maximum 

perpendicular 

baseline (m) 

150  100 150 

Temporal 

separation (days) 
183  365 183 

Total 

interferograms 

ascending 2990 

descending 3002 

ascending 1631 

descending 1660 

ascending 2870 

descending 2983 

Coherence 

threshold 
0.45 0.45 0.45 

Point threshold 
ascending 1350 

descending 1650 

ascending 760 

descending 875 

ascending 855 

descending 972 
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incoherence outside urban areas (Gong et al. 2016, 

Osmanoğlu et al. 2016). The APSIS algorithm was 

implemented using Terra Motion Limited’s in-house 

Punnet software, which covers all aspects of 

processing from the co-registration of SLC (Single 

Look Complex) data to the generation of time series 

(Sowter et al. 2016). For each site, the horizontal 

baselines, temporal separation, coherence and point 

thresholds and the location of the stable reference 

point were set for the APSIS processing (Table 2). 

Phase unwrapping was implemented using an in-

house implementation of the SNAPHU algorithm 

(Chen & Zebker 2001). Using APSIS, the time series 

of LOS motion (m) was calculated and georeferenced 

at approximately 20 m resolution. Two APSIS LOS 

surveys were applied to each site: one from an 

ascending orbit and one from a descending orbit. As 

SAR is an oblique sensor, and with a range of 

incidence angles of 29–45 degrees for the Sentinel-1 

geometry, this allows us to resolve the vertical 

component of the motion more perfectly through an 

opposite-side stereo analysis. Unfortunately, a stereo 

analysis from two positions in orbit is only able to 

resolve a single E–W lateral component of motion. 

So, despite lateral movement being a potentially 

important indicator of landslides, only the 

consistently measured vertical component was used 

in this study. Layover and shadow masks were 

calculated through image simulation and applied to 

the resulting products to remove any anomalous areas 

within each survey (Schreier 1993).  

The three study sites and regional upland data 

were selected from these data as smaller sub-scenes. 

Any temporal data gaps were filled using linear 

interpolation across the gap (Table 2). No time series 

were calculated for pixels for which coherence could 

not be resolved, and these were not filled.  

To determine the benefits of enhanced processing, 

the RVSM in the time series was measured on two 

forms of the time series. The first form was simple 

processing of the time series using means deduction 

to rescale each time series around zero. This is 

referred to as the standard APSIS data analysis. The 

second form - a more complex processing of the time 

series - was performed using Multichannel Singular 

Spectrum Analysis (MSSA) via the SSA-MTM 

toolkit (Ghil et al. 2002, SPECTRA 2021), which 

was used to remove longer term (climate, subsidence) 

and seasonal (evapotranspiration) trends. This was 

applied because long-term trends, particularly long-

term subsidence, could generate a high RVSM 

without the peat being responsive to the shorter-term 

weather patterns that appear to be more closely 

associated with peat landslides. For the MSSA 

analysis, covariance was calculated after channel 

reduction with Principal Component Analysis (PCA). 

Using a window of three months to capture 

precipitation events, rather than longer-term annual 

cycles related to annual trends in evapotranspiration 

(Bradley et al. 2022), we calculated the first ten PCA 

channels and 20 Empirical Orthogonal Functions 

(EOFs) to identify long term oscillations in the time 

series. We found that most of the variance was in 

EOF 1, and that this related to long-term trends in the 

time series. This was removed and the time series 

reconstructed using the remaining EOFs 2–20. This 

reconstructed time series retained peaks and troughs 

on a timeframe of 18–90 days which enabled us to 

consider the response to variations in precipitation on 

a similar timeframe. 

 

Analysis of time series 

There were approximately 2500 motion time series 

within the 1-km2 area around each peat slide 

(Figure 2). For each site, the RVSM was measured as 

the difference between maximum and minimum 

values in the time series during a defined period 

preceding the landslide event. In order to determine 

appropriate timeframes for these measures, the 

RVSM was measured at 1–6, 1–12 and 13–24 months 

prior to the Meenbog and Mount Eagle landslides. 

For Shass Mountain and the blanket bogs around 

Lough Allen, 13–24 months’ data were not available 

due to resource limitations. For the three areas of 

blanket bog surrounding Lough Allen the RVSM was 

determined for the 1–12 month period prior to the 

Shass Mountain landslide. For classification 

purposes, we defined high RVSM values as 

exceeding the 80th percentile and classified the 

following percentile ranges: > 95 % (very high), 90–

95 % (high), 85–90 % (moderate), 80–85 % (low) 

and < 80 % (negligible) (Figures 3, 4). This percentile 

range was chosen based on a preliminary analysis of 

the percentile range that delineated a discrete high 

RVSM area within the Shass Mountain landslide. To 

improve visualisation, the classified RVSM maps of 

County Leitrim area were filtered by passing a 3X3 

majority filter over them using ESRI ArcGIS. 

To illustrate the differences and variability in time 

series characteristics and evaluate the response to 

precipitation, surface motion time series for a high 

RVSM area within each landslide area and a low 

RVSM area from adjacent blanket bog that did not 

experience failure were selected (points F and P, 

respectively, in Figure 2). Standard deviations for 

each of the time series were obtained by averaging 

the time series for pixels within a 3 × 3 pixel window 

surrounding and including the central pixel 

(Figure 5). Linear regression of precipitation versus 

mean surface motion  was  undertaken on normalised 
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Figure 2. Google Earth aerial images (pre-failure) of the Mount Eagle, Shass Mountain (RPS 2020; see also 

Figures 9 and 10) and Meenbog study sites with superposed contours (10 m interval). Dark green areas are 

forestry plantations and light brown areas are mostly blanket bog. For each site, the red polygon outlines 

the area of peat failure and the yellow arrow indicates the direction of sliding. Also shown are the locations 

of the selected RVSM examples of peatland outside the failure area (P) and within the failure area (F). 
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Figure 3. Frequency distributions of RVSM (mm) for 1–12 months for the Mount Eagle and Meenbog study 

sites and the regional upland areas, showing the percentile dynamic ranges selected to discriminate extreme 

values in Figure 4. The Shass Mountain study site is included in the Northern upland area. Note that the 

classification for Shass Mountain was based on the distribution for the whole of the Northern area.  

 

 

data (mean subtraction and then divided by standard 

deviation) for the two locations (F and P points; Figure 6). 

 

 

RESULTS AND INTERPRETATION 

 

The spatial variation of RVSM is described and 

interpreted separately for each study site below. 

 

Mount Eagle 

An area of high RVSM occurs in the middle of the 

peat landslide area where a convex slope changes 

from low gradient (upslope) to a steeper gradient 

(downslope) within a forest plantation. This area also 

corresponds closely to a narrow gap in the forestry, 

presumably positioned to allow access (Figure 4a-d-

g-j-m-p). An area of high RVSM also occurs on low 

angle slopes above the landslide. The area of high 

RVSM is clearly resolved in MSSA data and poorly 

resolved in the Standard APSIS data for all periods 

of measurement. The area of high RVSM within the 

landslide is clearly resolved 24–13 months prior to 

the landslide. Average time series from high RVSM 

areas within the area of peat landslide clearly display 

higher amplitude oscillations than low RVSM areas 

with apparently similar topographic setting outside 

the landslide area (Figure 2a, 5a-b). Comparison with 

precipitation data (Figure 5a-b, Figure 6a-b) indicates 

a significant correlation between precipitation and 

surface motion for the high RVSM area within the 

landslide area and a significant negative correlation 

for the chosen area of low RVSM outside the 

landslide area. 

Within the landslide area upslope of the area of 

high RVSM the predominant landslide pattern, seen 

by detailed examination of available optical images, 

appears to have been retrogressive translational 

failure extending uphill beyond the limit of the 

forestry plantation (Figure 2a). We therefore 

speculate that the high amplitude area is close to the 

point where the landslide initiated, an interpretation 

that is consistent with that of Dykes (2022). The 

positive correlation between the precipitation record 

and surface motion within the area of landslide 

indicates that precipitation has influenced the high 

amplitude  response  and  is  therefore  likely  to  have
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Figure 4. RVSM for the three slide sites shown as percentiles, for standard APSIS (a–i) and MSSA (j–r) 

data, for the six (a–c, j–l) and twelve (d–f, m–o) month periods immediately preceding the slide, and for the 

twelve month period (g–i, p–r) ending one year ahead of the slide. White areas indicate no data. 
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Figure 5. Time series of daily precipitation (light blue histogram), the average surface motion for an area of 

high RVSM (F) within the area of the peat slide, and for an area of low RVSM (P) in neighbouring blanket 

bog outside the area of the peat slide (Figure 2), for the Mount Eagle (a–b), Shass Mountain (c–d) and 

Meenbog slides (e–f). Surface motion from both the standard APSIS and the MSSA (upscaled ×2 for 

visualisation) results is shown.  

 

 

directly influenced the landslide at this point. It is 

notable that, on such steep slopes, sub-peat soils and 

hydrology have been noted as playing a significant 

part in the failure mechanism (Dykes & Warburton 

2007b, 2008). However, in the absence of detailed 

field evidence, this is speculative. 

 

Shass Mountain 

At Shass Mountain (Figure 4b-e-k-n), the landslide 

has two branches extending upslope towards and into 

the adjacent forest plantation and a distinct area with 

high RVSM occurs within the western branch of the 

landslide (Figure 2b). Areas with high RVSM also 

occur outside of this area with the most notable 

instance in the forestry to the west of the landslide 

(Figure 2b). The areas of high RVSM are clearly 

delineated in both the 1–6 months and 1–12 months 

standard APSIS and MSSA data (Figure 4b-e-k-n). 

Average time series from high RVSM areas within 

the area of peat landslide clearly display higher 

amplitude oscillations than low RVSM areas outside 

the landslide area. Comparison with precipitation 

data (Figures 5c–d, 6c–d) indicates no correlation 

between precipitation and surface motion for the high 

RVSM area within the landslide area and a negative 

correlation for the chosen area of low RVSM outside 

the  landslide  area. However, inspection  of  the  time 

series shows what may be a lagged response between



M.T. Islam et al.   POTENTIAL USE OF APSIS-InSAR FOR PEAT LANDSLIDE HAZARD ASSESSMENT 

 
Mires and Peat, Volume 28 (2022), Article 21, 19 pp., http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2021.OMB.StA.2356 
 

                                                                                                                                                                         10 

 

Figure 6. Scatter plots of normalised precipitation and vertical surface motion (MSSA data) time series 

within the peat slide (F) and on nearby blanket bog (P) (see Figure 2), for the Mount Eagle (a–b), Shass 

Mountain (c–d) and Meenbog slides (e–f). Linear-regression is shown with r-squared and p-value. 

 

 

surface motion and rainfall within the landslide area 

(Figure 5c-d). The lagged response is most obvious 

between the intense period of precipitation in 

February to March 2020 and the subsequent surface 

motion (Figure 5c). 

At Shass Mountain the position of the high RVSM 

area within the landslide is known from SAR imagery 

to correspond to the area where the peat landslide is 

hypothesised to have initiated before propagating 

retrogressively into the eastern arm of the landslide 

(Connolly et al. 2021, Dykes 2022). The lagged 

response of surface motion to precipitation events 

may indicate that water was accumulating within the 

high RVSM area. This would be consistent with this 

area being the upslope extension of a natural drainage 

line, possibly a zone of seepage prior to failure. 

Indeed, drainage analysis carried out in ArcGIS using 

the Flow Accumulation tool with a high-resolution 

DSM dataset from 2017 indicates a converging 

drainage pattern that suggests this. Post-landslide 

ground observations reported large rafts of peat 

super-elevated approximately 2 m above the pre-slide 

surface on the bank opposite this convergence 

(Figure 7a). This suggests a highly fluidised peat that 

failed in an abrupt manner. This mode of failure 

would be aided by heterogenous sub-surface water 

accumulation above the convergence point and may 

have   been   accentuated   by   the   presence   of   peat 
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Figure 7. Images of the peat landslide area on Shass Mountain illustrating the impact of the landslide on the 

forest margin: (a) slabs of peat stack up against the forest edge; (b) trees along the forest edge felled by the 

force of the landslide; (c) outline of the forest edge before the landslide; (d) outline of the forest edge after 

the landslide illustrates the extent of the area in which trees were felled by the force of the landslide. 

 

 

pipes and drainage from the nearby forest. The force 

of the moving peat was sufficient to knock down trees 

(Figure 7b). The progress of the slide at Shass 

Mountain is illustrated in Figure 8. The outline of the 

final slide area (generalised) from RPS (2020) was 

considered. 

Meenbog 

In the MSSA data and in some of the standard APSIS 

data an area of high RVSM is clearly defined in the 

lower part of the peat landslide area starting at the 

edge of the forestry plantation (Figure 2c, 4c-f-i-o-r). 

An area of high RVSM is also clearly defined in the 
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Figure 8. VV polarised ESA Sentinel 1 synthetic aperture radar amplitude illustrating the progression of the 

Shass Mountain landslide relative to areas of high RVSM: (a) pre landslide on 28 June; (b) 29 June; 

(c) 30 June; and (d) 01 July 2020. The area of high RVSM is the area exceeding the 95th percentile derived 

from MSSA data 1–6 months prior to the landslide. 

 

 

upper part of the landslide in both the MSSA with 

standard APSIS data in the period 1–6 months prior 

to the failure (Figures 1, 4c). In the surrounding 

peatland distinct areas of high RVSM also occur at 

the head of a drainage line to the north of the 

landslide and over gently sloping ground to the west 

of the landslide. In the period 13–24 months pre-

landslide an area of high RVSM is clearly defined in 

both the standard APSIS and MSSA data in the lower 

part of the landslide and there is some evidence of 

high RVSM in the upper part of the landslide in the 

MSSA data (Figure 4i-r). Average time series from 

high RVSM areas within the area of peat landslide 

clearly display higher amplitude oscillations than 

those from low RVSM areas outside the landslide 

area (Figure 5e-f). Comparison with precipitation 

data (Figure 5e-f, 6e-f) indicates no correlation 

between precipitation and surface motion within the 

high RVSM area within the landslide area and a 

negative correlation within the chosen area of low 

RVSM outside the landslide area (Figure 5f, 6f). 

At Meenbog, the main area of high RVSM occurs 

in the lower part of the landslide area within an area 

of forestry and may be associated with the upslope 

extension of a natural drainage line. Above the area 

of high RVSM the predominant landslide mechanism 
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appears to have been translational failure, so we 

anticipate that the break point is very close to or 

below where the wind turbine access road (Figure 2c, 

4c-f-i-l-o-r) that runs along the top of the high RVSM 

area, an interpretation that is consistent with that of 

Dykes (2022). The close correspondence between 

precipitation and the response of the surface motion 

time series indicates that rapid infiltration and 

concentration along flow pathways may have been a 

major cause of the surface motion. It has also been 

observed that access roads on peat can create barriers 

to flow that can accentuate movement both above and 

below the road (Marshall et al. 2021). 

 

Regional blanket bog sites 

RVSM data from the three large areas of blanket bog 

(Figures 9 and 10) in addition to the observations 

made in the vicinity of the known landslides reveals 

a number of distinct and repeated topographic 

associations. Areas of high RVSM are frequently 

associated with low gradients, areas of seepage 

including breaks in slope, saddles, and the apparent 

upslope continuation of drainage lines and slopes 

with a N or NE aspect (Figure 10). Comparison of the 

distribution of known peat landslides to areas with 

high RVSM shows a distinct correspondence 

(Figure 9) and in some areas high RVSM is closely 

associated with clusters of peat landslides (e.g., 

Figure 10r). Comparison of RVSM determined from 

the standard APSIS data to that determined from the 

MSSA data indicates that areas of high RVSM are 

generally more discrete and show more clearly 

defined topographic associations when the MSSA 

data is used. While we have sought to illustrate 

systematic associations between high RVSM and 

topography it is clearly not possible to account for 

every instance where a high RVSM is observed 

without detailed analysis of the field conditions, 

hydrology, geology, etc. 

The association of high RVSM with low-angle 

slopes, breaks in slope, and upslope extensions of 

drainage lines is consistent with areas that will be 

naturally wetter on account of poor drainage, 

enhanced infiltration and seepage (Winter 2001). 

These are also the areas where peat accumulation 

should have been initiated earlier (Winter 2001) and 

locally thicker peat could be expected. The 

association between high RVSM and slopes with a N 

to NE aspect has been noted in blanket bog and 

associated steeper terrain in northern Scotland 

(Marshall et al. 2021), where it was thought that 

lower insolation on northward-facing slopes made 

them generally wetter. 

The better definition achieved using the MSSA 

data is not surprising as the standard APSIS data will 

contain longer-term (multiannual) trends related to 

climate or peat subsidence, which can determine the 

measured range of motion. It may be that areas which 

are naturally more dynamic will tend to display 

greater long-term ranges of surface motion; however, 

this need not be the case. The reverse may also be true 

- that areas which should rationally be expected to 

have a high RVSM may not. Possible reasons for this 

may be the natural formation of drainage lines, e.g., 

peat pipes or sub-peat drainage, that limit the 

accumulation of water within the peat. 

 

 

DISCUSSION 

 

The key finding is that in all three study areas the 

initial area of failure appears to be clearly associated 

with areas displaying high RVSM, thereby confirming 

our hypothesis. It can therefore be inferred that for 

the two sites (Meenbog and Shass Mountain) that 

were given a moderately low to low landslide 

susceptibility classification, RVSM had the potential 

to enhance both susceptibility and hazard mapping. 

In addition to this, at the regional scale, high RVSM 

occurs in areas where water will logically accumulate 

and thick peat is likely to have formed. Intuitively for 

a given slope, these areas should present a greater 

potential hazard on account of greater mass and 

higher pore water pressures. Although, explaining all 

areas of higher RVSM is beyond the scope of this 

study, the association of high RVSM with areas of 

known landslide and the logical association with 

areas of potentially greater hazard within a landscape 

demonstrates that it has the potential to improve peat 

landslide susceptibility mapping. In particular, the 

data lend strength to the inferred location of failure 

initiation, enabling identification of high-risk 

locations and targeting of mitigation measures. 

 A positive correlation between surface motion 

and precipitation is obvious in areas of high RVSM 

at Mount Eagle and Meenbog and there is possibly a 

lagged correlation at Shass Mountain. This is not 

surprising as infiltration, lateral flow and storage 

within and below peatland is likely to be variable 

(Holden 2005). A rapid direct response to a period of 

intense precipitation indicates relatively rapid 

infiltration, possibly due to artificial drainage and/or 

lateral flow. A significant lag between precipitation 

and surface motion may indicate the accumulation of 

water from a greater area, possibly with longer flow 

paths or slower groundwater discharge into the peat 

and/or notable water storage within or under the peat 

body. An interesting observation that merits future 

investigation is the significant inverse correlation 

observed in areas of low RVSM at Mount Eagle and
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Figure 9. (a) Google Earth image showing the locations of historical peat slides (blue dots) in the upland 

study areas (Northern, Eastern and Western) around Lough Allen. The middle and lower panes show one-

year RVSM of (b) standard APSIS data and (c) MSSA data, as percentiles. Areas around the reference points 

(A–F) are expanded for detailed comparison in Figure 10 (Geological Survey Ireland 2021).  
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Figure 10. Examples of typical associations between areas of high RVSM and position within a blanket bog 

landscape. Selected features are chosen from the Eastern (a–f), Northern (g–l) and Western areas (m–r). 10 

m topographic contours derived from a DEM are superposed on each image. For each example area the first 

column is an optical image from Google Earth, the second column is a one-year RVSM image derived from 

standard APSIS data and the third column is an RVSM image derived from MSSA data. The locations of 

reference points A–F are shown in Figure 9. Areas of known peat landslide (Geological Survey Ireland 

2021) are shown as blue dots. Example landscape associations are shown for associations with seepage (s) 

at breaks in slope and upslope extension of drainage lines; and associated with peat landslides (f). Note that 

only the most obvious examples on the optical (Google Earth) image with a N to NE aspect (n) are 

highlighted.  
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Shass Mountain which is somewhat similar to the out 

of phase behaviour between water level and InSAR 

measures of surface motion observed at a degraded 

site in the Flow Country (Alshammari et al. 2020). 

Time series of surface motion also have the 

capacity to aid evaluation of the processes leading to 

the landslide event and in non-peat examples have 

been used to predict failure (Grebby et al. 2021). For 

example, at Shass Mountain a pre-landslide period of 

low precipitation from April to June caused marked 

subsidence of the peat surface (Figure 5), potentially 

causing irreversible deformation of the peat structure 

ahead of the main landslide event. Similarly, over 

long periods of time, successive high amplitude 

oscillations may tend to cumulatively weaken the 

peat structure, eventually leading to mechanical 

failure. Translational motion monitoring is also 

possible and was examined during the course of this 

research as another product of the stereo calculation 

required to determine the vertical as opposed to line-

of-sight surface motion. However, reliable 

measurements of lateral motion are limited to the 

component of movement perpendicular to the 

satellite path (E–W) and, therefore, cannot be used in 

a useful way for monitoring large areas. They do 

however have the potential to add important data to 

the detailed analysis of suitably orientated landslides. 

Detailed analysis of these time series is most 

appropriately undertaken as part of an in-depth site 

study incorporating field observations either post 

failure or as part of a detailed site-specific risk 

assessment. 

Comparison of the results from standard APSIS 

data and MSSA data indicate that both identify areas 

where the hazard is probably greater (e.g., Figures 4, 

9 and 10). However, the MSSA data delineates 

smaller, better defined areas of potential hazard that 

more closely align with the known landslides and 

topographic features in the study sites. Which of 

these is better is hard to say, as it will depend on how 

much improvement in hazard classification is sought 

against the cost of generating the result. Processing 

times and hence costs are lower for the standard 

APSIS data. To properly assess the comparable 

precision of the two methods requires more examples 

of known landslide - something that can be refined as 

the number of peat landslides covered by the 

Sentinel 1 data increases.  

Another key finding is that, based on the available 

data, discrete areas with an enhanced landslide 

hazard are detectable at least 13–24 months pre 

failure. This is also supported by the systematic 

associations between high RVSM and topography, 

the potential indicators of future peat landslide. 

Comparison of the RVSM data gathered over six 

months and one year prior to failure shows little 

difference in their capacity to identify the same areas. 

This may be due to the timing of wetting and drying 

events in a given year; in general, a longer period is 

more likely to sample the response to a wider range 

of associated wetting, drying and associated surface 

motion events.  

A limitation at this stage is that our findings are 

based on three known landslides and more data are 

required to test, refine and validate our approach. 

Another uncertainty is how frequently a survey of 

RVSM should be undertaken and over what period. 

Ideally, the period should be one with notably 

variable precipitation that is likely to produce a 

strong amplitude response. 

The method provides precise results using freely 

available SAR data. Once the InSAR data have been 

acquired, subsequent processing is rapid and 

comparatively cheap in terms of computational 

resources. As such this has the potential to enhance 

the current hazard mapping by providing an 

additional level of detail via results that can be 

visualised graphically and are easily understood by 

the end-users. We suggest that, following a regional 

analysis of RVSM based on a period of more than one 

year, areas with high RVSM should be put into the 

highest hazard category. This category would merit 

site investigation ahead of any planned development 

e.g., road, wind farm, building, etc. As restoration at 

scale is deployed in the UK and Ireland, RVSM could 

be used to monitor how different interventions affect 

surface motion and the risk of landslide, and this 

would complement the tools currently used for 

landslide risk assessment which are largely based on 

slope and peat depth (Scottish Government 2017). 

For greater consistency, RVSM distributions could 

be normalised between regions.  
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