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Abstract Landslides are widespread geomorphological features 
on the North Island of New Zealand, where they represent one of 
the primary landscape-forming processes. This study focuses on 
the steepland terrain surrounding Gisborne, a city located on the 
east coast of the North Island, at the Hikurangi subduction mar-
gin. This terrain consists of young, weak, sedimentary rocks and 
soils; the most common modes of slope failures are soil creep, slides 
and flows in shallow, clay-rich soil and regolith, triggered by heavy 
rainfall. Based on observational data from Sentinel-1 imagery, this 
study leverages results from interferometric synthetic aperture 
radar (InSAR) processing to reveal the distribution of deformation 
across Gisborne’s steepland periphery from January 2016 to Decem-
ber 2021. Velocities in the line of sight were obtained from the stack 
of interferograms and projected along the direction of maximum 
slope, to extract the true displacement on the slopes. The ascend-
ing and descending data sets were combined to reveal the vertical 
and horizontal components of the deformation. The results were 
combined with a regional LiDAR data set, aerial imagery and field 
observations to delineate areas of slope deformation. Finally, slope 
deformation time series data was compared with rainfall records to 
identify seasonal changes, due to shrinking and swelling of expan-
sive soils. Although the InSAR displacement data contains some 
noise, results could be used to identify 132 unstable slopes within 
the study area, caused by soil creep and earthflows. Also, the shrink-
swell of expansive soils causes a seasonal pattern of displacements, 
which varied by 10–20 mm/year between Austral winter and sum-
mer, strongly correlated to rainfall.

Keywords InSAR · Slow-moving landslides · Seasonal 
deformation · New Zealand · Remote sensing

Introduction
In urban residential areas, landslides are a serious and complex nat-
ural hazard that occur in many countries and can have social, eco-
nomic and environmental impacts (Cruden 1990; Turner 2018). The  
most common slope failures in New Zealand are slides and flows in 
shallow soil and regolith triggered by heavy rainfall (Basher 2013; 
Crozier 2005; Glade 1998; Smith et al. 2021). The scale of erosion 
ranges from individual landslide events to multiple occurrence 
landslide events (MORLEs), a particular type of phenomenon 
that can trigger thousands of landslides on a regional scale (e.g. 
Crozier 2005). Events of this magnitude make it extremely chal-
lenging to map landslides covering such large areas using conven-
tional ground-based mapping practices and site-specific in situ 
monitoring such as extensometers and inclinometers. Therefore, 

remote sensing approaches, such as unmanned aerial vehicle (UAV) 
surveys, light detection and ranging (LiDAR) and interferometric 
synthetic aperture radar (InSAR), have been used in recent years. 
These approaches provide complementary data sets to traditional 
landslide mapping and monitoring techniques to maintain and 
update landslide inventories (Kromer et al. 2015; Solari et al. 2020) 
and aid susceptibility analysis (e.g. Smith et al. 2021). In particular, 
spaceborne SAR imaging systems allow remote areas to be rapidly 
surveyed without exposing people or equipment to risk, and images 
can be taken in all weather conditions at night or day, allowing 
continuous coverage of a site.

Interferometric Synthetic Aperture Radar (InSAR) is an active 
remote sensing technique used to create DEM and monitor sur-
face deformation on a cm to mm scale accuracy (Hu et al. 2014). 
Synthetic Aperture Radar imaging systems work by transmitting 
an electromagnetic pulse from a sensor mounted on an aircraft 
or satellite to the Earth’s surface, and Interferometry exploits the 
phase difference between two or more SAR images (Ferretti 2014).  
The standard InSAR technique for mapping ground movement is 
called differential InSAR (D-InSAR), which uses the repeat pass 
method to compare two or more SAR images taken over the same 
area at different times (Simons and Rosen 2007). Over the past 
three decades, more advanced multi-temporal InSAR (MT-InSAR) 
techniques have been developed, which use a network of inter-
ferograms rather than a single pair to reduce the spatial, temporal 
and atmospheric decorrelation, enhance the precision of ground 
deformation, and provide time series analysis (Hu et al. 2014;  
Osmanoğlu et al. 2016). The algorithms include the Permanent 
Scatterer InSAR (PS-InSAR; Ferretti et al. 2001; Ferretti 2014) and 
Small Baseline Subset (SBAS; Berardino et al. 2002; Ferretti 2014;  
Lanari et al. 2004; Yunjun et al. 2019) methods, and approaches which 
combine the two (Hu et al. 2014; Osmanoğlu et al. 2016) such as the 
Stanford Method for Persistent Scatterers (StaMPS; Hooper 2008)  
and SqueeSARTM (Ferretti et al. 2011). The method depends on  
the data available, the study area and the information the user is trying  
to extract. The PS-InSAR method typically uses a single SAR image,  
called the reference, from which all interferograms are formed 
and uses radar targets considered coherent over time, called point 
scatterers (PS), such as buildings (Ferretti 2014). For this reason, 
the method is better suited for urban environments containing 
more coherent targets. The SBAS technique is more appropriate in 
rural areas, as the approach uses pixels that are spatially coherent 
in the interferograms called distributed scatterers (DS; Ferretti  
2014). The SBAS method produces a network of interferograms 
with short temporal intervals and spatial baselines to increase 
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interferogram correlation instead of having one reference image 
(Hooper 2008; Yunjun et al. 2019). In this study, we adopted an 
SBAS-based method for our InSAR time series analysis.

A wide range of data is available from current and previous 
SAR satellite missions, and different levels of resolution and spa-
tial and temporal coverage can be acquired, depending on project 
requirement (Wasowski and Bovenga 2014). The maximum veloc-
ity detectable by a SAR satellite is constrained by its temporal res-
olution (revisit time), spatial resolution and the angle of the land 
surface (Wasowski and Bovenga 2014). For Sentinel-1, the spatial 
resolution is approximately 5 m (E-W) by 20 m (N-S). With a 
revisit time of 12 to 24 days in New Zealand such monitoring 
is particularly well suited to very slow- (16 mm/year to < 1.6 m/
year) or extremely slow- (< 16 mm/year) moving landslides (c.f. 
Hungr et al. 2014; Notti et al. 2014; Colesanti and Wasowski 2006; 
Wasowski and Bovenga 2014). The application of InSAR to map 
and monitor slow-moving deformation related to landslides is 
well documented globally (Aslan et al. 2020; Béjar-Pizarro et al. 
2017; Barra et al. 2016; Colesanti and Wasowski 2006; Crosetto 
et al. 2018; Del Soldato et al. 2019; Isya et al. 2019; Notti et al. 
2014; Wasowski and Bovenga 2014; Xue et al. 2021). However, the 
application of InSAR for geotechnical purposes in New Zealand is 
in its infancy, even though the technique has been used success-
fully to investigate other natural hazards such as volcanoes (Hole 
et al. 2007; Hamling et al. 2015; Hamling 2020; Harvey 2021) and 
earthquakes (Barnhart et al. 2011; Atzori et al. 2012; Elliott et al. 
2012; Hu et al. 2012; Liu et al. 2022).

This study focuses on terrain surrounding Gisborne, a city 
located on the East Coast of New Zealand’s North Island (Fig. 1). 
The region is characterised by steep slopes and narrow ridgelines, 
and the primary type of landslides are flows and slides in shallow 
soils, triggered by heavy rainfall. Previous studies have attempted 
to delineate landslide hazards in Gisborne (Mazengarb 1997) and 
have mapped a number of landslide locations (Fig. 1). However, the 
work did not identify areas at risk with any precision, and current 
landslide inventories are often only related to individual residential 
properties and the failure of retaining walls, in particular. Indeed, 
the extent and ongoing surface deformation of landslides in the 
Gisborne area are poorly known, and areas at risk from slope insta-
bility are often unknown until a slope failure occurs. For example, 
slope failures have been active at several residential properties in 
the city (Davies and Cave 2017; Cook et al. 2022), where buildings 
and infrastructure are still at risk from further deformation caused 
by slow-moving, complex landslides. Also, limited space on the low-
lying flood plain means that there is growing incentive to build 
residential housing on increasingly precarious terrain on slopes 
surrounding the city. Potentially, property damage can be prevented 
if precursory information on slow deformation is available and 
incorporated into planning and engineering interventions. In this 
study, Sentinel-1 InSAR data is used to identify slopes undergoing 
active ground deformation, and these results are combined with 
airborne LiDAR data and aerial imagery to map areas of defor-
mation. Analysis of InSAR-generated displacement time series 
provides good insight into the timescales and magnitude of slope 
movement, identifies potential periods of acceleration or quies-
cence in particular areas, and links the intra-annual deformation 
with seasonal rainfall patterns.

Study area

Geology
Gisborne (Fig. 1) is primarily built upon the Poverty Bay Flats, a 
low-lying alluvial flood plain of the Waipaoa River. Surrounding 
the plains are steep hills, not exceeding 800 m above sea level, well-
known for high erosion rates because of the soft, young sedimentary 
rocks and soils, and the lack of vegetation cover due deforestation 
and overgrazing (Basher 2013; Franks 1988). The drainage in the 
area consists of a number of incised valleys and gullies, tributaries 
of the Waimata River. The geology and geomorphology of Gisborne 
is strongly controlled by the region’s location in the forearc of the 
Hikurangi subduction margin (Lacoste et al. 2009). The Pacific 
plate is subducting beneath the Australian plate at ~ 50 mm/year, 
subjecting the area to uplift rates of ~ 2 mm/year (Lacoste et al. 
2009). The geology of Gisborne consists of weak sediments and 
is shown in Fig. 1c. The Early Cretaceous to Early Miocene fault-
bounded “melange” rocks were emplaced in the late Miocene. These 
consist of complex, sheared, smectite-rich mudstones (Mazengarb 
1997; Speden 2004). The Miocene-Pliocene bedrock of the Tolaga 
Group and Mangaheia Group are the primary lithofacies in the area 
(Fig. 1c), and dip angles range between vertical and horizontal, but 
are primarily < 30° (Mazengarb 1997). The Tolaga Group consists of 
carboniferous turbidites and calcareous sandstones and siltstones. 
The Pleistocene Mangatuna Formation contains gravels, tephra-rich 
sands, siltstones and smectite clays (Mazengarb 1997). No active 
faults in the Gisborne area have been mapped, although there is the 
possibility that faults could be buried beneath younger sediment, 
that may be reactivated in future (Mazengarb 1997; Speden 2004).

Landslide hazards

Slope instability in Gisborne is controlled by several factors, including 
steep slopes, relatively young, soft geology, reactivation of previous 
failures, discontinuity orientation, deforestation, the undercutting of 
slopes and high erosion rates (Basher 2013; Crozier 2010; Glade 2003; 
Phillips et al. 2018; Mazengarb 1997). Many of the hills around Gisborne  
currently display a terracette (stepped) morphology, caused by soil 
creep on steep slopes facilitated by shrinking and swelling of soils and 
overgrazing by animals (Hungr et al. 2014; Vincent and Clarke 1980).  
Records of previous events (citation—even pers. comm.) reveal several  
sites of slope instability across the steep slopes of the peri-urban area, 
and along riverbanks and terraces (Fig. 1). The majority of recorded 
landslides in Gisborne occur in shallow soil, but there is evidence 
of deep-seated landslides occurring in Gisborne city (Mazengarb 
1997). Across the urban area, shallow landslides frequently occur 
along reactivated slip surfaces in the highly-weathered Pleistocene 
Mangatuna Formation, particularly in the Mangapapa, Whataupoko 
and Kaiti suburbs (Fig. 1b). The formation comprises alluvial gravels, 
tephra-rich sands and high plasticity montmorillonite and bentonite 
(Mazengarb 1997). Previously identified landslides include rotational 
slumps and earthflows (Cook et al. 2022; Davies and Cave 2017), and 
some failures have been known to occur on slopes with angles as low 
as 5° (Mazengarb 1997). Shallow soil failures are also common within 
the regolith overlying the Miocene and Pliocene bedrock in the east 
of the study area in Wainui, Okitu and Makorori (Fig. 1). Despite the 
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location close to the Pacific-Australian plate boundary, the primary 
trigger of landslides in Gisborne is extreme rainfall events. Over the 
last few decades, these have included ex-tropical cyclone Bola in 1988 
(Franks 1988), the Labour Weekend storm in 2005 (Beetham and 
Grant 2006), ex-tropical cyclones Debbie and Cook in 2017 (Cook  
et al. 2022), and a slow-moving tropical storm in November 2021. 
Examples of landslides occurring after the November 2021 storm are 
displayed in Fig. 2. These extreme storm events can trigger multiple 
landslides on slopes (Crozier 2005), particularly on bare slopes lacking 
vegetation that have been undercut by rivers, roads and farm tracks 
(Fig. 2). Within the developed residential areas, inappropriate slope 
engineering on already unstable slopes contributes to instability and 
failure of retaining walls (e.g. Fig. 2g).

Methods

Data and processing
This study used Sentinel-1 single look complex images from the inter-
ferometric wide-swath mode acquired from January 2016 to Decem-
ber 2021 for descending and ascending orbit directions. Information 
regarding the Sentinel-1 data sets used in this study is presented in 
Table 1. From the descending track 175, 137 acquisitions were used 
to generate a stack of 409 interferograms and 163 images were used 
from the ascending track 8 to generate a stack of 487 interferograms. 
The network of interferograms used in this study for ascending and 
descending is shown in Fig. 3. Three connections per image were used 
to reduce the temporal decorrelation, particularly between seasons 

Fig. 1   a Location of Gisborne on the North Island in relation to the 
major structures of the convergent Hikurangi margin; b elevation 
map of Gisborne City, with historic shallow soil landslide locations; c 

map of the primary lithologies in the study area, landslide locations 
and property outlines are represented by blue polygons
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Fig. 2   a Shallow soil landslide locations across Gisborne City; b mul-
tiple individual failures occurring across slopes; c, d, e, f shallow soil 
slumping and earthflows are occurring on steep bare slopes under-

cut by streams, farm tracks and roads; g example of an unconsented 
retaining wall failure
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(Fig. 3c), although several longer temporal baselines are included to 
reduce the effects of fading signals and improve detection of long-
term deformation (e.g. De Luca et al. 2022). The acquisitions used for 
the long temporal baselines were selected from the winter months, 
which have higher average coherence (Fig. 3c). In order to maintain a 
higher spatial resolution and help detect smaller landslides (< 50  m2?), 
a low number of multi-looks were selected, with 5 and 1 in range and 
azimuth direction, respectively. The Sentinel-1 images were processed 
using ISCE (Rosen et al. 2012), and displacement and time series were 
obtained using MintPY (Yunjun et al. 2019). We applied the small base-
line subset (SBAS) technique (Berardino et al. 2002; Li et al. 2022) to 
identify landslide-related deformation within the study area. All meas-
urements were taken with respect to a stable reference point within the 
study area that was assumed to be nondeforming (38.664 S, 178.020 E).

VSLOPE calculations

The relationship between the geometry of the slope and the sensor 
is extremely important when using InSAR to map landslides. This 
is because the actual displacement of a slope can only be obtained 
if the dip direction of the slope is parallel to the line of sight (LOS) 
of the sensor (Colesanti and Wasowski 2006; Notti et al. 2014), 
which is generally in an approximately eastward (ascending) or 
westward (descending) direction. For most landslides, deformation 
commonly occurs in the direction of the steepest slope, particularly 
translational landslides (e.g. Hungr et al. 2014). Thus, a standard 
method used to identify the actual component of the landslide 
movement is to project the LOS velocity  (VLOS) along the direction 
of the slope  (VSLOPE) (Notti et al. 2014). The  VSLOPE is obtained using:

where C is the coefficient derived from the LOS and downslope vec-
tors in the north, east and upward directions. Certain slopes will 
produce points with a low C value, close to 0, which will exaggerate 
the  VSLOPE. This low sensitivity is caused by noisy  VLOS data or unfa-
vourable slope orientation, such as north or south-facing slopes, 
which are perpendicular to the sensor’s LOS. In order to avoid 
anomalous  VSLOPE values, points with − 0.2 < C < 0.2 are removed, 
as proposed by Notti et al. (2014). Also, positive  VSLOPE values are 
removed as they would represent uphill movement on slopes. The 
coefficient is calculated using the following equation:

The LOS vectors are a component of the incidence angle (�) and 
heading angle ( �) of the sensor in radians, and the downslope vectors 
are calculated from the slope (s) and aspect (a) (Notti et al. 2014), which 
are derived from a 10 m by 10 m 2019 digital elevation model (DEM):

(1)VSLOPE =
VLOS

C

(2)C = (E × ESLOPE) + (N × NSLOPE) + (U × USLOPE)

LOS vectors:

Downslope vectors:

Vertical and horizontal calculations

Determining slope deformation is more challenging for specific 
slopes, such as those in a north–south direction (1). However, with 
data sets from two different viewing geometries, the vertical and hori-
zontal (E-W) movement can be obtained by combining the LOS vec-
tors in the eastward (E) and upward (U) directions, and the velocity 
in the direction of LOS  (VLOS) for the ascending  (Vasc) and descending 
 (Vdesc) data sets (Notti et al. 2014). Only neighbouring SBAS points 
from the ascending and descending data sets which are within 5 m 
of each other are used for the analysis, using the following formula:

Identifying unstable slopes

In order to identify deforming slopes in the study area, several 
thresholds were used to ensure the most reliable SBAS points were 
used, and that the velocity measurements are the best representa-
tion of slope deformation. Thus, the deformation along the slope 
direction  (VSLOPE) was used instead of the velocity in the LOS  (VLOS) 
to provide a more reliable indication of slope deformation. The 
process of identifying unstable slopes is outlined in Fig. 4 using 

(3)E = −1 × sin(�) × sin(�) −
3 × �

2

(4)N = −1 ∙ sin(�) ∙ cos(�) −
3 × �

2

(5)U = cos(�)

(6)ESLOPE = −1 × cos(s) × sin(a − 90)

(7)NSLOPE = cos(s) × sin(a − 90)

(8)USLOPE = sin(s)

(9)VEW =

((

Vdesc

Udesc

)

−

(

Vasc

Uasc

))

((

Edesc

Udesc

)

−

(

Easc

Uasc

))

(10)VVERT =

((

Vdesc

Edesc

)

−

(

Vasc

Easc

))

((

Udesc

Edesc

)

−

(

Uasc

Easc

))

Table 1   Details of the Sentinle-1 SAR images used to generate interferograms (Intf.) and the number of coherent points identified in the  VLOS 
(Fig. 5) and  VSLOPE (Fig. 6)

Satellite Orbit geometry Track No. Sub-swath No. of 
acquisitions

No. of Intf Acquisition period VLOS points VSLOPE 
points

S1A/S1B Descending 175 1 137 409 2016–2021 59,606 24,853

S1A/S1B Ascending 8 2 163 487 2016–2021 72,632 26,887
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an example of slopes north of Okitu (see location in Fig. 2a and 
b). First, the  VLOS (Fig. 4a) was converted into the  VSLOPE (Fig. 4b) 
using Eq. 1, and a threshold for the minimum slope angle was set 
at 5°, which is thought to be the lowest plausible angle for landslid-
ing in the study area (Mazengarb 1997). Then, deforming slopes 

were defined by having clusters of 5 or more points with downslope 
 VSLOPE values larger than − 10 mm/year (Fig. 4c). This threshold is 
based on work by Mansour et al. (2010), who associated potential 
for ‘moderate damage to buildings and infrastructure’ with dis-
placement rates between − 10 and − 100 mm/year (Mansour et al. 

Fig. 3   a Network of interfero-
grams with three connections 
per SAR image and longer 
temporal baselines selected 
in the winter months from the 
descending data set; b net-
work of interferograms from 
ascending data set; c coher-
ence plot of the SAR images 
showing high coherence peaks 
in the winter months
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2010). The InSAR deformation results were overlaid on a LiDAR 
hillshade acquired in 2019 and aerial imagery to define polygons 
representing the extent of deforming areas and identify deforma-
tional structures (Fig. 4d and e). Also, areas of deformation that 
were not related to unstable slopes, such as stripping and regrowth 
of vegetation, ploughing of crop fields and construction/excava-
tions, were excluded. Site photos are also used to help ground-truth 
the areas of instability (Fig. 4f).

Results

InSAR displacement rates
The mean LOS velocity results obtained from both ascending 
and descending data sets are displayed in Fig. 5. For each data set, 
movement away from the satellite is represented by negative values 
(red) and movement towards the satellite is represented by positive 

values (blue). Values of the  VLOS range between − 20 mm/year and 
20 mm/year, and the majority of the deformation in both viewing 
geometries is away from the sensor (Fig. 5). As expected, the point 
density is greater in the urban area due to the high abundance of 
coherent targets, such as buildings and roads. Fewer points were 
detected on the slopes north of the urban area, which is likely due 
to a large number of pine trees on the slopes (Fig. 2a), compared to 
the slopes east of the urban area, which are vegetation-free and the 
soil is exposed (Fig. 2a). A higher-density cluster of coherent points 
was detected from the ascending data set (72,632) than the descend-
ing (59,606), which is attributed to the favourable orientation of the 
slopes in the study area to the ascending sensor. The  VSLOPE values 
are displayed in Fig. 6, and the maximum downslope movement 
detected is − 69 mm/year from the descending data set and − 79 mm/
year from the ascending data. Areas displaying the highest defor-
mation rates along the  VLOS and  VSLOPE occur on the slopes north of 

Fig. 4   a The VLOS map; b  VSLOPE map; c  VSLOPE map filtered to only 
identify deforming points on slopes and polygons based on a col-
lection of points on a slope and the slope morphology derived from 

the hillshade and aerial imagery; d average  VSLOPE of the polygons; e 
aerial imagery used to help identify unstable slopes; f site photos fol-
lowing the November 2021 storm
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Mangapapa, the slopes surrounding Outer Kaiti, on Wainui’s east-
facing slopes and the steep slopes east of the city between Okitu and 
Makorori (Figs. 5 and 6). In contrast, the low-lying urban areas are 
unaffected by substantial deformation (Figs. 5 and 6).

The results of the E-W and vertical components are presented 
in Fig. 7. The maximum deformation in the eastward component 
(positive values) is 18 mm/year and − 15 mm/year in the westward 
direction (negative values). Movement along slopes in the EW 

Fig. 5   a Map of the mean velocity in the direction of the line of sight 
(observation period 2016–2021) from the descending orbit track 175 
over Gisborne City. The yellow star represents the stable reference 
point, and negative values (red) indicate movement away from the 

satellite, and positive values (blue) represent movement towards the 
satellite; b mean LOS velocity map from the ascending orbit track 8 
(Observation period 2016–2021)
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component is associated with translational deformation. Across the 
study area the movement in an eastward direction is more promi-
nent, particularly on the east-facing slopes surrounding Okitu and 
Makorori. This aligns with the pattern of values obtained in the 
 VLOS and  VSLOPE analysis, indicating that material on this slope 
is moving downslope. Vertical deformation rates show a strong 

downward component (negative) across the study area, with val-
ues reaching up to − 19 mm/year. The high vertical components are 
associated with ridgelines on the east-facing slopes in Wainui, and 
on the slopes between Okitu and Makorori, consistent with likely 
dominant vertical motion within headscarps and rotational slump-
ing locations (e.g. Fig. 2).

Fig. 6   a Map of the velocity projected in the direction of maximum 
slope  (VSLOPE) over Gisborne City from the descending orbit track. 
Negative values (red) indicate movement downslope, and positive 

values, which represent movement uphill, have been removed; b 
 VSLOPE map from the ascending orbit track
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Areas of deformation and displacement time series

In total, 132 sites showed evidence of deformation during the obser-
vation period; these are displayed in Fig. 8, with characteristics of 
the data set in Table 2. The polygons are assigned a value based on 

the average  VSLOPE velocity of all points within the polygon. The 
average  VSLOPE velocity of the deforming slopes is 20 mm/year in 
the downslope direction. Comparing the data set with the E-W and 
vertical components, the slopes displayed deformation most pre-
dominantly in the downward and eastward directions (Fig. 7). This 

Fig. 7   a Velocity map projected in the vertical direction over Gis-
borne City by combining the descending and ascending viewing 
geometries. Negative values (red) indicate movement downslope, 
and positive values (blue) represent uplift; b velocity map projected 

in the horizontal (E-W) direction over Gisborne City by combining 
the descending and ascending viewing geometries. Negative values 
(red) indicate movement westward, and positive values (blue) repre-
sent movement in an eastward direction
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is in accordance with the ascending and descending  VLOS values 
(Fig. 5). The majority of unstable areas were identified with  VSLOPE 
points from the ascending data set (106) and are on slopes with an 
average orientation of 151° (SSE) and a slope angle of 23°. From the 
descending data set, 38 points were identified on slopes with an 
average orientation of 200° (SSW) and slope angle of 23° (Fig. 8). 
The unstable areas are primarily on the large steep slopes to the 
east of the urban area (Fig. 8), and some are in the vicinity of criti-
cal infrastructures such as State Highway (SH) 35 and residential 
dwellings. Many of the deforming slopes identified with the InSAR 
show signs of previous or active instability, such as soil creep and 
rotational slumping, in the aerial and hillshade imagery (Figs. 9 and 
10). However, some of the long-term, slow-moving creep displace-
ment identified using InSAR is not yet visible in the imagery. This 
implies that the InSAR results are identifying previously unrec-
ognised areas of ongoing deformation that may accelerate during 
heavy rainfall events. Deformation occurred on slopes within all the 
major lithofacies present in the area, although most occurred on the 
steep, east to southeast-facing slopes of the Mid-Miocene Tunanui 
Formation of the Tolaga Group mudstone (Fig. 1). The Tunanui 
Formation is present in the east of the study area and outcrops 
are exposed along the coast between Wainui and Makorori (Fig. 1), 
where the beds dip—unfavourably—towards the coast.

Three zones affected by deformation were selected to highlight 
the impacts of slope instability in the study area, and their locations 
are displayed in Fig. 8b. Zone 1 contains the southeast-facing slopes 
located in the northeast of the study area at Makorori adjacent to 
SH35 (Fig. 9). The slopes have an average dip angle of 24°. Underly-
ing the surface soil are interbedded mudstones and sandstones of 
the Tunanui Formation, which have a bedding dip angle of 54° to 
the southeast. In the 2017 aerial image, exposed and eroded material 
is visible on the slopes, ridgelines and gullies (Fig. 9b). The results 
from  VSLOPE analysis could be used to help define the extent of the 
deformation on the slopes, with average downslope deformation 
of 24 mm/year, and maximum values reaching 75 mm/year (Fig. 9). 
The highest deformation values are observed at the head of the gul-
lies or below local scarps. Following a string of ex-tropical storms 
in November 2021, sections of the slope became affected by several 
failures, and these were characterised by slumping that transitioned 
into earthflows, constrained within narrow gullies (Fig. 9c). The 
earthflows were too rapid to be measured by InSAR. However, the 
results from the  VSLOPE analysis could be used to help define the 
extent of the deformation in areas displaying evidence of soil creep 
and deformation, particularly at the top of the gully which transi-
tioned into the earthflow (Fig. 9a).

Zone 2 is located on an eastward facing slope between Okitu and 
Makorori (Fig. 8b), and several unstable slopes were delineated in 
the area. The slopes have an average dip angle of 24°, and historic 
scarps and hummocky ground can be observed in the hillshade 
map (Fig. 10a). The slopes are vegetation-free and are undercut by 
a river and several farm tracks along the slope (Fig. 10b). Exposed 
sediment can be seen along the narrow gullies and surrounding 
the dirt tracks, indicating active deformation is occurring on the 
slopes (Fig. 10b). The highest  VSLOPE values in the area are 60 mm/
year downslope, and these occur near the ridgelines and in narrow 
gullies along the slope (Fig. 10). A point was selected from one of 
the polygons (P1) to evaluate the time series of deformation in the 
LOS, compared to monthly precipitation patterns (Fig. 10c). The 

deformation in the LOS time series shows that since 2016 there has 
been a continuous movement away from the sensor downslope, 
with deformation rates accelerating in 2017 to − 20 mm/year. In 
comparison, at zone 3, which is located on the east-dipping slopes 
above Wainui (Fig. 12), the LOS deformation time series of P2 
shows a strong seasonal component (Fig. 12c). Peaks in the defor-
mation occur during the winter months (June–August), which can 
be attributed to the shrinkage of the clay soils in the dry summer 
months and swelling during the wet winter months. However, the 
overall trend indicates P2 is moving away from the sensor in a 
downslope direction. The average  VSLOPE in the area is − 15 mm/year, 
and the maximum  VSLOPE in the area reaches up to − 49 mm/year. 
The hillshade shows multiple relict headscarps below the ridgeline, 
several scarplets are exposed further downslope, and exposed sedi-
ment can be seen in the aerial imagery, most likely caused by soil 
creep (Fig. 12). Understanding the deformation rates and patterns 
in zone 3 is of particular interest as it is situated in an area of mul-
tiple residential properties under development along the ridgeline.

Discussion

Coverage and landslide mapping
In the context of our investigations in the Gisborne area, InSAR anal-
ysis has led to the identification of areas of deformation on slopes 
in developed and emerging peri-urban zones. Combined with the 
LiDAR data set, high-resolution aerial imagery and site photos, the 
InSAR results have proven exceptionally useful for generating objec-
tive boundaries of potential landslide sites. Some of these exhibit 
signs of active slumping and flows, while others show high levels 
of soil creep and the potential for future instabilities. The coherent 
points on slopes were primarily located on west to southwest and 
east to southeast-orientated slopes with a slope angle < 50°. This is 
in accordance with what can typically be detected by Sentinel-1, due 
to the layover and shadowing effects (Aslan et al. 2020; Van Natijne 
et al. 2022). The deformation detected on most of the slopes in Gis-
borne displays a strong signal in the downslope direction (Fig. 6), 
with evidence of vertical and translational (E-W) movement. Vertical 
deformation signals are more prominent than those arising from 
the translational deformation along the slopes (Fig. 7; e.g. Schlögel 
et al. 2015). This dominant vertical signal is perhaps attributable to 
subsidence and slumping of multiple retrogressive scarps in the area. 
Indeed, when mapping landslides with InSAR, the geometry of the 
slope and type of failure are essential factors to consider when choos-
ing how to project the velocity and how the surface deformation is 
interpreted (Notti et al. 2014; Schlögel et al. 2015). For example, the 
 VLOS and  VSLOPE values are most effective when detecting slope move-
ment parallel to the LOS of the sensor, such as translational slides 
(Bianchini et al. 2013; Colesanti and Wasowski 2006; Wasowski and 
Bovenga 2014; Notti et al. 2014). By contrast, rotational landslides gen-
erally exhibit some vertical movement at the headscarp, which can be 
detected by combining two viewing geometries, allowing the vertical 
and horizontal (EW) components to be extracted. Multiple measure-
ments in different directions are beneficial, as different parts of the 
landslide may undergo different rates and directions of movement 
(Glastonbury and Fell 2008; Schlögel et al. 2015). This was apparent 
in Gisborne, where most landslides are complex, involving soil creep 
and rotational slumping, which transition into translational earth-
flows or mudflows (Fig. 2).
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Although InSAR is an effective instrument for landslide detec-
tion and analysis (Colesanti and Wasowski 2006; Solari et al. 2020; 
Rosi et al. 2017), it also presents some well-known limitations which 
can lead to the underestimation of the actual number of active or 
dormant landslides in an area (e.g. Bayer et al. 2018). These include: 
(1) the low density of coherent targets acquired over highly vegetated 

areas (e.g. Li et al. 2022); (2) the low sensitivity to slope movements 
that are perpendicular to the satellite LOS (e.g. Colesanti and 
Wasowski 2006; Notti et al. 2014); (3) excessively rapid movement 
such as earthflows and small-scale landslides can lead to complete 
coherence loss, and these can be challenging to detect depending on 
the satellite’s spatial and temporal resolution (Bayer et al. 2018; Rosi 

Fig. 8   a Map of the unstable slopes identified using the results from 
the  VSLOPE analysis from the descending orbit track. Polygon values 
represent the average  VSLOPE of all the points within the polygon. 

Negative values (red) indicate movement downslope, and positive 
values, representing movement uphill, have been removed; b unsta-
ble slopes identified from the ascending data set
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et al. 2017; Zhou et al. 2020). Indeed, in Gisborne, inconsistencies 
were observed between potential landslide boundaries delineated 
in the LiDAR hillshade, aerial imagery and the InSAR deformation 
patterns, principally due to the difference in the spatial resolution of 
the data sets. Often, the slopes were grouped into larger failure com-
plexes based on the morphology of the slope and because the reso-
lution of the InSAR data set is unsuitable for mapping such small 
failures individually. Thus, ideally, these landslide complexes could 
be subdivided into more discrete slope failures, based on detailed 

field investigation. For this data set, the pixel size is approximately 
15 × 15 m, and if a landslide occupies a small number of pixels, it 
can be indistinguishable from localized background noise (Xu et al. 
2021). Also, several known slope failures within Gisborne city related 
to retaining wall collapse were not detected, owing to their relatively 
small spatial extent. In order to increase the number of landslides 
detected in the urban area, the use of X-band SAR data such as 
TerraSAR-X would be suitable, which is more sensitive to ground 
deformation and has a higher spatial resolution than Sentinel-1  

Table 2   VSLOPE, slope and 
aspect values of the unstable 
slopes in Fig. 8 for each data set

Orbit geometry No. of 
polygons

Min  VSLOPE 
(mm/yr)

Max  VSLOPE 
(mm/yr)

Average  VSLOPE 
(mm/yr)

Average 
aspect (°)

Average 
slope (°)

Descending 38  − 63.5  − 10  − 19 200 23

Ascending 106  − 75.4  − 10  − 20 151 23

Fig. 9   a Map showing the unstable slopes identified in zone 1 
with the  VSLOPE values. Negative values (red) indicate movement 
downslope, and positive values, which represent movement uphill, 

have been removed; b high-resolution aerial imagery from 2017 
showing exposed sediment along the slopes in zone 1; (c) slumping 
and earthflows on the slope following the November 2021 storm
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C-band imagery and can provide a higher number of coherent points  
(Colesanti and Wasowski 2006; Crosetto et al. 2018; Xu et al. 2021). In 
comparison, the more densely-vegetated areas would benefit from 
L-band data, which offers greater penetration through vegetation 
cover due to its longer wavelength, and thus can provide less noisy 
interferograms in those areas (Colesanti and Wasowski 2006; Xu 
et al. 2021; Zhao et al. 2012).

Detecting acceleration prior to failure

The linear deformation characteristic of the time series points P1 
(Fig. 10c) and P2 (Fig. 11c) indicate that the slopes undergo a con-
stant steady rate of deformation downslope. However, periods of 

high acceleration appear more clearly related to rainfall input during 
the wet seasons in autumn and spring (Fig. 12). The steeply-dipping 
slopes between Okitu and Makorori display higher velocity rates, 
which reach approximately 120 mm/year during the observation 
period (Fig. 10c). Indeed, several conditioning factors can accelerate 
the rate of instability, such as deforestation (e.g. Glade 2003; Page 
et al. 2000), which reduces the shear strength of the soils, unregu-
lated undercutting of slopes, and debuttressing of the slope toe by 
streams, which increases the shear stress (Crozier 2010; Glade 2003; 
Lacroix et al. 2020; Page et al. 2000). In particular, as elsewhere in 
New Zealand (e.g. Palma et al. 2020), the prolonged heavy rainfall 
of ex-tropical cyclones Debbie and Cook in April 2017 increased the 
pore water pressure, which accelerated slope deformation (Fig. 10c) 

Fig. 10   a Map showing the unstable slopes identified in zone 2 
with the  VSLOPE values. Negative values (red) indicate movement 
downslope, and positive values, which represent movement uphill, 
have been removed; b high-resolution aerial imagery from 2017 

showing exposed sediment along the slopes in zone 2 and under-
cutting of the slopes by a 4 × 4 farm track and stream; c deformation 
time series in the direction of the line of sight from point 1 (P1) high-
lighted in (a)
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causing a loss of coherence within the clays and reducing the shear 
strength. The high sensitivity of InSAR for detecting slow deforma-
tion on slopes aids identification of areas undergoing active deforma-
tion, which might otherwise be unnoticeable unless a detailed site 
investigation is undertaken (Petley et al. 2002). The early detection 
of precursory displacement is critical before landslides cause dam-
age to buildings and infrastructure (Crosetto et al. 2018). Indeed, in 
Fig. 9, the  VSLOPE values show areas of deformation of up to 75 mm/
year, above a gully where an earthflow occurred following the 
November 2021 heavy rainfall event. These precursory movements 
on slopes above SH35 were detected with InSAR, and other areas of 
deformation are highlighted in Fig. 9 above the road. Such slopes 
have the potential to transition into earthflows or mudflows during 
heavy rainfall events. The continuous linear deformation trends and 

identification of precursory slope movements by InSAR are similar 
to other published studies (e.g. Dong et al. 2017; Handwerger et al. 
2019; Moretto et al. 2021). In particular, the study by Dong et al. (2017) 
on the Xinmo landslide using Sentinel-1 data showed an accelera-
tion of surface displacement, similar to P1 in Fig. 10, which showed 
continuous deformation and then a sudden acceleration following 
the November 2021 rainfall event.

Seasonal patterns of deformation

Slow-moving landslides are found worldwide in various geologi-
cal settings, although they typically occur in weak, clay-rich soil 
or rock (Lacroix et al. 2020). They can cause substantial damage to 

Fig. 11   a Map showing the unstable slopes identified in zone 3 
with the  VSLOPE values. Negative values (red) indicate movement 
downslope, and positive values, which represent movement uphill, 
have been removed; b high-resolution aerial imagery from 2017 

showing exposed sediment along the slopes in zone 3 and the rela-
tion of the slopes to SH35 and residential buildings; c deformation 
time series in the direction of the line of sight from point 2 (P2) high-
lighted in (a)
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infrastructure and agriculture and contribute to hillslope erosion 
and topographic relief (Hilley et al. 2004; Glastonbury and Fell 2008; 
Mansour et al. 2010; Handwerger et al. 2013; Lacroix et al. 2020). Aside 
from the impacts of slow, continuous movement, slow-moving land-
slides can also transition into high-velocity landslides such as earth-
flows and mudflows (Lacroix et al. 2020). Slow-moving landslides 
frequently occur in areas of high precipitation and exhibit a seasonal 
pattern to their deformation (Bayer et al. 2018; Handwerger et al. 2013, 
2015; Hilley et al. 2004; Lacroix et al. 2020; Xu et al. 2021). Phases of 
quiescence and deceleration usually occur during dry periods, which 
cause cracking and shrinkage within the clay soils and produce pref-
erential flow paths for water to infiltrate (Lacroix et al. 2020). Then, 
during periods of heavy rainfall, the deformation accelerates due to 
increases in pore water pressure, which results in a loss of cohesion 

and reduces the material’s shear strength (Glastonbury and Fell 200). 
Prolonged acceleration and deceleration periods can compromise 
the large-scale stability of a slope and lead to a catastrophic failure 
without warning (Federico et al. 2011; Handwerger et al. 2013).

In this study, the InSAR analysis detected continuous slow-
moving deformation in shallow soils (Fig. 10c) and cyclic, seasonal 
displacements (Figs. 11c and 12). In the Gisborne region, the coher-
ence of the interferograms is higher during the winter months 
than in the summer (Fig. 3). Seasonal change in the coherence of 
interferograms has been linked to changes in the soil moisture 
content, and the shrinking and swelling of clays (Rabus et al. 2010; 
Scott et al. 2017). Drier soils allow the signal from the sensor to 
penetrate deeper into the soils, causing a more significant back-
scatter signal than in soils with higher moisture contents (Scott 

Fig. 12   a Time series of the 
90th, 50th and 10th percentile 
of all the coherent points used 
to identify unstable terrain in 
Fig. 8b from the ascending 
data set and; b descending 
data set from Fig. 8a
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et al. 2017). A strong seasonal component is observed in the InSAR 
deformation time series in Fig. 12. The 90th, 50th and 10th percen-
tile of the deformation for the coherent points used to identify the 
unstable slopes in Fig. 8 are plotted against the average monthly 
rainfall. The results show that precipitation peaks correlate with 
deformation peaks (Fig. 12). The seasonal deformation observed 
is likely related to the shrink-swell movement of the smectite and 
bentonite-rich soils in the Gisborne region (Cook et al. 2022). Fol-
lowing months of heavy rainfall, deformation is observed to move 
towards the sensor (i.e. upwards), suggesting the clays are swell-
ing due to increased pore water pressure, while in drier summer 
months, the deformation moves away from the sensor as the clays 
shrink due to a decrease in the pore water pressure and cause crack-
ing (Fig. 12). The deformation rates between seasons are approxi-
mately 10–20 mm/year (Fig. 12). These variations are consistent 
with the 9 mm/year seasonal change in the Auckland expansive 
soils, as detected by Ge et al. (2019) using InSAR and the 20 mm/
year cyclic displacements measured by Massey et al. (2013) using 
GPS stations on the Utiku landslide in central North Island, New 
Zealand. Massey et al. (2013) also observed that seasonal cyclic 
deformation was synchronous with changes in pore water pres-
sure in similarly soft, Neogene materials to Gisborne (Fig. 12). The 
response of the ground to the shrink-swell displacements are likely 
associated with the vertical and horizontal displacements detected 
on the slopes observed in Fig. 7. The seasonal component is more 
apparent in the descending data set than in the ascending data and 

is likely attributable to the higher number of coherent points and 
higher velocity values observed in the ascending data set (similarly 
observed by Van Natijne et al. 2022). Although, reaction to signifi-
cant rainfall events occurs in both data sets (Fig. 12).

In addition to the observed seasonal signal, many of the land-
slides are located close to the source region of repeating Slow Slip 
Events (SSEs), which occur along the subduction interface just off-
shore of Gisborne (e.g. Wallace and Eberhart-Phillips 2013). These 
transient slip episodes typically have centimetre scale displace-
ments over broad regions and last for periods of weeks. During the 
observation period, at least 7 SSEs affected the study area. Because 
the InSAR displacements are relative to points within Gisborne, 
the magnitude of any SSE signal is likely to be small. To investigate 
any potential transient signal being incorporated into our landslide 
time series, we convert the east, north and vertical displacements 
of a nearby continuous GNSS station (MAKO) into the satellite LOS 
(Fig. 13). To put them in a consistent reference frame with the InSAR, 
these are made relative to another local GNSS station (GISB) which 
is located ~ 10 km west of Gisborne. In a final step, we detrend the 
LOS displacements shown in Fig. 12 and compare them with the 
expected signal caused by the SSEs. While only a small component of 
the total signal, most of the SSEs are accompanied by a subtle change 
in the displacement time series from the landslides. Although the 
SSEs have equivalent seismic moments of Mw 6 + events, due to their 
slow nature with slip occurring over many weeks, it is unlikely that 
they have any influence on the landslides themselves.

Fig. 13   Comparison between 
detrended InSAR time series 
of the average landslide 
displacements for ascending 
and descending data with the 
GNSS time series at MAKO 
relative to GISB. The red dots 
show the 3 components of the 
GNSS converted into the satel-
lite LOS direction. The black 
dots are the detrended InSAR 
time series from Fig. 12, and 
the blue dots show the east 
component of the GNSS. The 
dashed lines show the timings 
of SSE events
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Conclusions
This study focused on slow-moving shallow soil landslides driven 
by soil creep and the shrink-swell of clays, which in Gisborne often 
transition into fast-moving earth and mudflows during heavy 
rainfall events. The InSAR analysis has shown a high consistency 
between areas of deformation and shallow soil failures observed 
in the aerial imagery and the field, allowing an updated inven-
tory of Gisborne’s landslides, which previously only consisted of 
point locations. The InSAR data set was used to identify previously 
unknown unstable slopes and provided a back analysis of unstable 
areas to determine the movement rates over time and correlate 
periods of accelerations with potential triggering factors. In total, 
132 areas of deformation were identified using the InSAR results, 
LiDAR hillshade, aerial imagery and site photos. Unstable slopes 
are primarily associated with steep slopes affected by deforestation, 
overgrazing and undercut by roads, rivers and farm tracks. Veloci-
ties increased rapidly, specifically, following ex-tropical cyclones 
in April 2017, and more generally following heavy rainfall events 
during winter months. Maximum velocities of 79 mm/year in the 
 VSLOPE direction were detected. Seasonal displacements due to 
shrinking and swelling of expansive soils are also detectable, and 
these are synchronous with wet and dry periods, ranging from 10 
to 20 mm/year between winter and summer. In Gisborne, the slow-
moving soil creep and shrink-swell related displacements cause a 
continuous motion of the soil’s downslope. During heavy rainfall 
events, the pore water pressure increases and slumps transition 
into fast-moving earth or mudflows, which often mobilise down 
channels and gullies. Thus, detecting precursory deformation areas 
before transition into fast-moving flows or slides is crucial for land-
slide risk planning (Crosetto et al. 2018). The satellite-based InSAR 
analysis in this study has proved to be a suitable tool to update 
existing landslide inventories and pinpoint zones of deformation. 
These locations can be targeted with more detailed geotechnical 
site investigation and monitoring instrumentation such as exten-
someters, inclinometers, piezometers and GPS. Taken together, this 
will assist with future policy and risk decision-making in anticipa-
tion of future landslide activity across the Gisborne region.
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