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InSAR maps peatlands in the Waikato Region of New Zealand  

We use remote sensing techniques to map the extent of peatland Organic Soils in the 

Waikato Region of New Zealand based on surface subsidence.  Both Interferometric 

Synthetic Aperture Radar (InSAR) and Digital Elevation Model (DEM) differencing 

indicate subsidence occurred between 2013 and 2024 within previously mapped 

Organic Soil boundaries. Both the mapped extent and oscillating surface elevation of 

Organic Soils derived from InSAR time-series align with ground-based observations.  

The primary driver of subsidence is the artificial drainage of Organic Soils for 

agriculture. This has significant environmental implications for soil conservation, 

climate change mitigation, water quality and flood risk management. Our findings 

demonstrate that satellite-based approaches offer an efficient and scalable method for 

mapping Organic Soil that complements ground-based approaches. More moderate 

subsidence is apparent in low-relief, flood-prone areas beyond mapped Organic Soils 

in the Hauraki Plains. However, further validation is needed due to possible fading 

signal effects in vegetated areas. InSAR fading signal or phase bias is known to cause 

the overestimation of rates on grassland and cropland and additional work is required 

to determine the accuracy of mean subsidence rates reported in this study.  

Keywords: InSAR, subsidence, LiDAR, satellite, DEM, Waikato, Organic Soil, 

peat, fading, signal, phase, bias. 

Introduction  

Peatlands cover approximately 3% of the global land surface (400 million 

hectares) yet hold approximately one-third of the world's soil carbon pool (Joosten, 

2009). This is equivalent to twice the amount of carbon stored in all the forests around 

the globe (Charman, 2002; Kaat and Joosten, 2009; Pronger et al., 2014). Draining peat 

or Organic Soil enables the development of highly productive agricultural land 

(Stephens et al., 1984; Pronger et al., 2014) but comes with significant economic and 

environmental cost. This includes maintenance costs associated with managing the 

water table and acidity of drained farmland, increased risk of coastal inundation and 

saline intrusion (Zanello et al., 2011), loss of ecosystem services (Verhoeven and Setter, 
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2010), and the ongoing oxidation of a large carbon store, which impacts global climate 

stability (Parish et al., 2008; Pronger et al., 2014).  

Subsidence caused by drainage initiates a drainage–subsidence cycle whereby 

ongoing drain deepening is required to keep pace with subsidence (Pronger et al., 2014).  

The economic value of farmed peatland may be reduced or completely lost if it falls 

below sea level (Ingebritsen et al., 1999) or if the underlying mineral soils are not 

productive (Wösten et al., 1997). The main environmental impacts of drainage are soil 

shrinkage and subsidence, the acceleration of lateral subsurface contaminant flow from 

land to water (Pearson, 2015), and oxidation of organic matter resulting in soil nutrient 

loss and increased CO2 emissions to the atmosphere (Schipper and McLeod, 2002; 

Pronger et al., 2014, Glover-Clark, 2020; Layton, 2022).    

In New Zealand, previous studies of Organic Soil surface motion have focused 

on the impacts of drainage on physical soil properties (McLay et al., 1992), mean 

annual subsidence rates and associated carbon loss (Thompson, 1980; Bowler, 1980; 

Schipper and McLeod, 2002; Pronger et al., 2014), Peat Surface Oscillation (PSO) 

(Fritz et al., 2008; Glover-Clark, 2020; Layton, 2022), nitrous oxide emissions (Kelliher 

et al., 2016), and annual CO2 exchange (Nieveen et al., 2005; Campbell et al., 2015). In 

the Waikato Region, previous surveys of peat or Organic Soils used ground based 

methods (Grange et al., 1939; Wilson, 1980; Davoren, 1978; Bruce, 1979 and Orbell, 

1992), quantified the rate of subsidence using Global Positioning Systems (GPS) 

(Pronger et al., 2014), and assessed PSO in response to hydrology and soil properties 

(Glover-Clark, 2020; Layton, 2022). Subsidence associated with drained Organic Soils 

has been documented worldwide, including in North America, Europe, Asia, and the 

Middle East (Deverel et al., 2016; Erkens et al., 2016; Hooijer et al., 2012; Hoyt et al., 

2020; Huning et al., 2024). 
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Recently, Interferometric Synthetic Aperture Radar (InSAR), a remote sensing 

method that utilises satellite-based radar has been used to assess subsidence and surface 

deformation rates of drained Organic Soils (Alshammari et al., 2020; Hoyt et al., 2020; 

Umarhadi et al., 2022; Tampuu et al., 2023; Hrysiewicz et al., 2024). In New Zealand 

InSAR has been used to evaluate deformation related to hydrothermal activity and 

magmatism (Hamling et al., 2016; Hamling, 2020; Harvey, 2021), tectonic processes 

(Hamling et al., 2022; Kearse, 2024) and slope creep in steep rural terrain caused by 

seasonal shrink/swell of clay rich soil (Cook et al., 2023). However, InSAR has not 

been used in New Zealand to assess peat subsidence, thereby limiting our ability to 

accurately account for GHG emissions.  

Here, we address this gap by using LiCSBAS, an open-source package to carry 

out InSAR time-series analysis using LiCSAR products (July 2018 to July 2022) across 

8,000 km2 of the Waikato Region in New Zealand (Figure 1). The primary objective of 

the study is to determine if InSAR can map Organic Soils in the Waikato Region based 

on surface subsidence. We also use digital elevation model (DEM) differencing (Harvey 

et al., 2019), comparing older and newer DEMs to validate LiCSBAS results.  

This work informs our understanding of Green House Gas (GHG) emissions and 

enables more accurate GHG inventories according to the 2006 Intergovernmental Panel 

on Climate Change (IPCC) guidelines for National Greenhouse Gas Inventories 

(Eggleston et al., 2006) and the 2013 Wetland Supplement (Hiraishi et al., 2014).  

Study area  

New Zealand has approximately 1,660 km2 of peatland (0.7% of the total land 

surface), with approximately 940 km2 located in the Waikato Region (Davoren, 1978). 

Peatland soils are dominantly classified as Organic Soils using the New Zealand Soil 

Classification (Hewitt, 2010), where they contain at least 30 cm of peat or organic soil 
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material (at least 18% total carbon or approximately 30% organic matter) within 60 cm 

of the surface. Organic Soils in the Waikato Region are commonly associated with 

raised peat domes and can grade into and interfinger with Gley Soils to form complex 

associations where the original peat has broken down following artificial drainage 

(Molloy, 1988; Hewitt et al., 2021) or where mineral material dominates due to fluvial 

deposition. Soils in the Waikato Region have been mapped at 1:50,000 by the Manaaki 

Whenua S-Map project, which builds on previous work by Grange et al. (1939), Wilson 

(1980), Davoren (1978), Bruce (1979) and Orbell (1992).  

Approximately 80% of Organic Soils have been drained in the Waikato Region 

since the early 1900s (Pronger et al., 2014). This has resulted in widespread, ongoing 

subsidence from soil shrinkage above the water table, consolidation below the water 

table and loss of carbon through oxidation of organic matter (Schipper and McLeod, 

2002; Ewing and Vepraskas, 2006; Pronger et al., 2014; Nusantra et al., 2018; Glover-

Clark, 2020; Layton, 2022). Loss of peat over time has resulted in some Organic Soils 

being reclassified as Gley Soils. Subsidence is also associated with Gley Soils, which 

can contain lenses of peat and organic soil material (Dresser et al., 2011). Subsidence 

across the Hauraki plains can also be partly attributed to tectonic activity associated 

with rifting of the Hauraki Graben (Persaud et al., 2016).   

 



 

6 
 

 

Figure 1. Waikato study area overlaid on SRTM DEM (Farr and Kobrick, 2000). Cross 
hatching indicates the current mapped extent of Organic Soils derived from the Manaaki 
Whenua S-Map project with a nominal scale of 1:50,000 (Landcare Research, 2024).  
White dash boundary shows Organic Soil areas used to estimate mean annual 
subsidence. Peatlands are labelled with white background. 

Methods 

For subsidence mapping and time-series plotting we use LiCSBAS, a semi-

automated InSAR time-series analysis package that interfaces with the automated 

Sentinel-1 InSAR processor (LiCSAR) (Morishita et al., 2020). LiSCAR data products 

are made available by the Centre for Observation and Modelling of Earthquakes, 

Volcanoes and Tectonics (COMET), and their suitability for measurement of soil 
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deformation in grasslands has been previously demonstrated (Xu et al., 2022; Orhan et 

al., 2023). LiCSBAS processes publicly available LiCSAR data to undertake InSAR 

time-series processing. An advantage of LiCSBAS is loop closure, a quality control 

process whereby interferograms with many unwrapping errors are automatically 

identified and discarded. LiCSBAS was run using masking parameters chosen by trial 

and error to provide a balance between good coverage in grassland areas, while masking 

dense forest with low coherence (Figure 2).  
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Figure 2. LiCSBAS masking parameters. Masking of velocity pixels using default 
parameters (top) and modified parameters (bottom). Numbers shown in the parentheses 
next to the titles of each noise index are the applied threshold value. See Morishita et al. 
(2020) for a full explanation of masking thresholds.   
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Time-series for Line-Of-Sight (LOS) results were obtained using the LiCSBAS 

interactive time-series viewer that provides both filtered and unfiltered series for any 

selected pixel. Sites 1 – 8 were selected for time-series plotting because they provide 

clear evidence for seasonal oscillation and/or a multiyear subsidence trend (Figure 3).   

Site 8 is located within mapped Gley Soils, while all other sites are located within 

mapped Organic Soils. For time-series in this report, red cumulative displacement 

points and curves represent unfiltered results, whilst those shown in blue have a spatial 

filter of 2 km and a temporal filter of ~40 days applied. Filtering helps to reduce noise 

and highlight seasonal patterns. The viewer automatically fits sinusoidal curves to the 

time-series to show seasonal cycles. 

For the Waikato Region, the LiCSBAS dataset was limited to the descending 

orbit only as complete ascending data were not available for the area or time of interest.   

This is a limitation that can introduce possible error, and future work may integrate 

ascending data.  

Deformation is described as subsidence in Organic Soil areas (Layton, 2022; 

Pronger et al., 2014; Schipper and McLeod, 2002), which is assumed to be 

predominantly vertical motion in this study. Estimation of vertical motion uses the 

approach of Manzo (2006) (eq. 2), simplified for the LOS viewing geometry: 

 

   dz ≈   dLOS / cos θ      (1) 

 

Where dLOS is LOS motion from the descending pass, and θ is local incidence 

angle (radians).   

The period 9th of July 2018 to 30th June 2022 included 111 Sentinel-1 

acquisitions, with 466 interferograms available from the COMET-LiCS portal for 

approximately 8,000 km2 of the Waikato Region study area (Figure 1).  Of these 146 
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were automatically discarded from further processing by the LiCSBAS loop closure 

quality control process, leaving a network of 320 interferograms.   

Small temporal baseline methods including LiCSBAS may be subject to fading 

signal, also known as ‘phase bias’, which can confound results by mimicking and 

amplifying subsidence under grassland and cropland (Maghsoudi et al., 2022). The 

uncertainty introduced by phase bias and the single orbit viewing perspective means that 

deformation rates mapped in this study have unknown precision and may be 

exaggerated in areas under pasture or crops. Despite these uncertainties, LiCSBAS may 

still permit useful mapping of relative rates and can be used to determine if elevated 

subsidence is associated with known Organic Soil areas. 

An additional deformation map was obtained using an independent method and 

dataset. DEM differencing was undertaken using the following:   

i) 2013 Copernicus satellite based 30m DEM (average elevation 2011-2015 

with vertical accuracy <2m for slopes below 20%). 

ii) 2017 Waikato-Hunty LiDAR 1m DEM of unknown vertical accuracy 

captured between 8 February 2015 and 24 January 2019.  

iii) 2021 Waikato LiDAR 1m DEM with a vertical accuracy of ± 0.2m 

captured between 5 January and 26 March 2021. 

iv) 2024 Waikato LiDAR 1m DEM with a vertical accuracy of ± 0.06m 

captured between 21 January 2024  – 17 May 2024. 

The Copernicus and LiDAR DEMs utilise different vertical datums for 

elevations (LiDAR uses NZVD 2016, Copernicus uses EGM2008), so the Copernicus 

DEM was first converted to NZVD using a custom python script. LiDAR DEM’s were 

downsampled to 10m pixel size prior to differencing to improve processing speed. Note 

that the differencing process does not require the DEM’s to have the same pixel size. 
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The DEM’s capture the surface at different times, cover different areas and were 

differenced according to the pairings shown in Table 1. Differencing produces 

displacement maps with units of meters, but time intervals vary for different pairings.  

To normalize and allow formation of a composite map we divide displacement by the 

time interval (years) between acquisitions, giving units comparable to InSAR maps (mm 

yr-1) (Table 1).   

 

Table 1 DEM differencing pairings 

DEM Area Vert Accuracy Differenced Against 
2013  Copernicus Global 30m  < 2m  2021 LiDAR 
2017 LiDAR Kopuatai Organic Soils unknown 2024 LiDAR 
2021 LiDAR Waikato excl. Kopuatai  +/- 0.2m 2013 Cop., 2024 LiDAR 
2024 LiDAR Hauraki incl. Kopuatai  +/- 0.06m 2021 LiDAR, 2017 LiDAR 

 

The vertical precision of the Copernicus DEM (<2m) is relatively large 

compared to the expected annual rates of deformation (10’s of mm yr-1), and the 

acquisition date (2011 – 2015) means the DEM provides an average of elevations in that 

time period. However, we suggest our approach may still permit useful mapping of 

relative rates, despite this possible source of error.  

All reported motions are relative to a reference location in the town of 

Cambridge that is assumed to be stable. All towns in the Waikato Region are observed 

to be stable, and the choice of Cambridge is arbitrary. Summary statistics (mean and 

standard deviation) were extracted from the vertical velocity map using QGIS Zonal 

Statistics. Map grid units are meters (NZTM 2000).   
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Results 

Of the total mapped area (8,000 km2), InSAR results show relatively strong 

subsidence within 708 km2 of Organic Soil boundaries (black boundaries in Figure 3).  

Pixels selected from within these boundaries (n = 6.4 x 104) averaged -31 mm yr-1 

(LOS) for the 2018 – 2022 period. Assuming the LOS measurements result from 

vertical subsidence provides an average rate of approximately -40 mm yr-1 (Eq. 1) for 

Organic Soil areas, and approximately -25 mm yr-1 for surrounding low-elevation 

farmland dominated by Gley Soils on the Hauraki Plains (excluding the Kopuatai and 

Torehape peat domes). It is important to note that InSAR results here may be subject to 

the fading signal processing artifact, which can mimic and exaggerate subsidence under 

grassland and cropland (Maghsoudi et al., 2022). Accordingly, these rates have 

unknown precision and may be overestimated.   

DEM differencing confirms the subsidence within all Organic Soil boundaries in 

the study area, and widespread subsidence in surrounding low-elevation farmland, 

including the Hauraki Plains (Figure 4).   

Time-series for selected Organic Soil locations (Sites 1 - 7 in Figure 3) and a 

non-Organic Soil site on the Hauraki Plains (Site 8 in Figure 3) show well-defined 

seasonal surface oscillations superimposed on a longer-term subsidence trend (Figure 

5). Additional time-series for Gley Soils on the Hauraki Plains are provided in Appendix 

A. 

Waikato Region time-series were observed to contain multiple gaps after mid-

2020 (see vertical lines in Figure 5 time-series). These gaps divide the series into 

discrete segments that LiCSBAS aligns by assuming an overall linear displacement 

trend (Morishita et al., 2020). This process appears to provide satisfactory alignment, at 

least for the selected time-series in Figure 5.   
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Figure 3. InSAR Line of Sight (LOS) velocity map showing subsidence associated with 
Organic Soils (black boundaries) and Hauraki Plains (predominantly Gley Soil). 
Numbers show the time-series Sites 1-8 (Figure 5).   
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Figure 4. DEM difference map expressed as mean annual motion (mm yr-1), showing 
the strongest subsidence associated with Organic Soils (black boundaries), which 
provides independent support of InSAR results (Figure 3).   
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Figure 5. InSAR time-series showing seasonal surface oscillation superimposed on 
longer term subsidence trend. Numbers correspond to time-series Sites 1-8 shown in 
Figure 3. Note: Site 2 is located on the Kopuatai raised peat dome, Site 8 is located 
within a mapped Gley Soil area on the Hauraki Plains (see top right of Figure 3). 
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Discussion 

Results here show the value of using remote sensing methods (LiCSBAS and 

DEM differencing) to map Organic Soils at a regional scale using freely available 

datasets (Sentinel-1 and LiDAR) processed by open-source software (LiCSBAS and 

QGIS). Accurate delineation of Organic Soil boundaries in the Waikato Region is 

problematic due to their extensive modification and the way they form complex 

associations with neighbouring soil orders. Our work demonstrates that remote sensing 

methods have the potential to be important tools to support traditional field-based soil 

surveys and refine our ability to map the distribution of Organic Soils across the 

landscape.   

Neither LiCSBAS nor DEM differencing requires high-performance computing 

infrastructure, making the approach highly accessible for large-area and long time-series 

analysis. LiCSBAS includes built-in tools that allow users to automatically mask 

deformation maps based on customizable data quality criteria. Additionally, the 

software offers automated time-series plotting, with support for user-defined spatial and 

temporal filters. Here, the resulting series successfully captured the seasonal surface 

oscillations of Organic and Gley Soils, which are driven by fluctuations in groundwater 

levels.   

Areas of elevated subsidence mapped by InSAR and DEM differencing 

generally agree with Organic Soil areas mapped by previous field-based soil surveys. 

However, the average rates of subsidence provided in this paper from LiCSBAS (~ -40 

mm yr-1) are higher than those estimated in previous work at between -19 mm yr-1 

(Pronger et al., 2014) and -34 mm yr-1 (Schipper and McLeod, 2002), which is likely 

due to the fading signal effect under grassland and cropland (Maghsoudi et al., 2022). 
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Fading signal error is an emerging area of research with several algorithmic 

approaches proposed to correct or mitigate it. For example, Hrysiewicz at al. (2024) 

used a combination of interferometric networks with long and short temporal baselines 

to correct for fading signal, while Ma et al. (2025) used triplet phase closure-based 

stacking. However, both approaches are subject to physical limitations, e.g. unwrapping 

errors caused by long temporal baseline interferograms, low coherence from changes in 

vegetation cover, and a limited number of interferograms or rainfall events (Ma et al., 

2025). Ansari (2020) notes the sign, magnitude, and temporal behaviour of the fading 

signal varies across different regions and land covers, complicating any potential 

correction. 

Algorithmic approaches to correct for fading signal are environment specific and 

may require ground truthing using conventional methods to determine the precision of 

the corrected InSAR deformation measurements. These limitations apply to Organic 

Soil areas in the Waikato Region, which have vegetation cover and soil moisture that 

are spatially and seasonally variable. Algorithmic correction of fading signal with 

ground truthing of the corrected rates (e.g. repeat levelling surveys, repeat LiDAR 

surveys and DEM differencing) is beyond the scope of this study but is a 

recommendation for future work.   

When discussing the precision of mean annual rates estimated by InSAR, or any 

other method, it is important to consider that the surface motions of Organic Soils may 

be non-linear. Seasonal oscillation is one example of non-linear motion. Hrysiewicz et 

al. (2024) suggests long term rates of peatland surface motion derived by InSAR should 

be based on datasets of at least 3 years duration.   

But even for monitoring periods exceeding three years, deformation trajectories 

may not follow linear trends; subsidence rates may accelerate, decelerate, or exhibit 
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episodic behavior in response to land use, drainage, or hydrological variability. For 

example, an early study of Waikato restiad peatlands reported subsidence rates were 

initially 200 mm yr-1, reducing to about 70 mm yr⁻¹ under cropping, then finally 20 mm 

yr-1 under pastoral management (Thompson, 1980). Other studies reported high initial 

rates (330 mm yr-1) during peatland development in the Waikato Region (Bowler, 

1980), and rates averaging 34 mm yr-1 over a 40-yr period for a single site in the 

Waikato Region (Schipper and McLeod, 2002). 

Schipper and McLeod (2002) used drained and undisturbed Organic Soil depths 

at the Moanatuatua peatland (Figure 3 and Figure 4) to estimate mean subsidence (-34 

mm yr-1), which they attributed partly to densification (63%), and partly to oxidation of 

organic matter and CO2 degassing (37%) (2.5 to 5.0 ton C ha-1 year-1) to the atmosphere. 

A more recent study based on repeated GPS measurements (2000 – 2012) provided 

subsidence rates at the Moanatuatua (-21 mm yr-1), Rukuhia (-17 mm yr-1) and Hauraki 

(-19 mm yr-1) Organic Soil areas (Pronger et al., 2014). Possibly because of the fading 

signal effect, InSAR provides a higher mean subsidence (~ -40 mm yr-1 vertical) for all 

Organic Soil areas (2018 – 2022), and the DEM differencing estimate is even higher (~ 

-60 mm yr-1) (2013 – 2024).  

Mean subsidence rates calculated using LiCSBAS and DEM differencing in this 

study should be regarded with caution due to possible sources of error. However, the 

overall pattern of subsidence displayed by the LiCSBAS and DEM differencing 

methods provides a good match for known areas of Organic Soils based on S-Map data. 

This provides support that remote sensing has the potential to be an important tool to 

support the delineation of Organic Soils in the Waikato Region and elsewhere.  

Subsidence in the Waikato Region is mostly concentrated within Organic Soil 

areas, with subsidence generally higher toward the centre, grading to lower values at the 
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periphery. InSAR indicates there is also moderate subsidence (~ -25 mm yr-1) in soils 

with lower organic carbon content, i.e. partly mineralised Gley Soils of the Hauraki 

Plains near Ngatea and Kerepehi (Figure 3). However, this needs to be confirmed by 

future ground truthing.  

 As the peat breaks down due to lowering of the water table and cultivation, 

Organic Soils continue to lose organic matter and can eventually fall into a Gley Soil 

classification (<30 cm peat or organic soil material within 60 cm of the surface). The 

InSAR results in the Hauraki Plains area may be capturing this process (see Figures 3 

and 5, and Appendix A). Subsidence of Gley Soils indicated in this study could result 

from organic matter loss, densification/water loss in the underlying sediment, tectonic 

activity, or artifacts and fading signal effect in the data.  

Interestingly, the time-series for both Organic Soils and Gley Soils (see Site 8 

and Appendix A) show seasonal PSO superimposed on a longer-term subsidence trend 

(Figure 5). Note that additional time series for Hauraki Plains Gley Soils are provided 

in Appendix A to support this observation.  

The low-lying Hauraki Plains are already subject to major flood risk due to 

tectonic subsidence, rising sea level and more frequent and intense storm events 

(Munro, 2007). This risk is exacerbated by any subsidence caused by the loss of soil 

organic matter or other processes and requires further work to quantify using ground 

truthing.   

Most series show PSO with displacement maxima occurring after July, which is 

consistent with recent PSO studies for the same Organic Soils and period (Glover-Clark, 

2020; Layton, 2022). These studies measured the oscillation using onsite field methods 

and correlated shrinking/swelling of soils to seasonal dry/wet conditions. Both studies 

concluded that oscillation could confound longer-term subsidence rates based on a 
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limited number of repeat field-based measurements. InSAR provides an advantage in 

this respect as mean subsidence rates are based on time-series of many measurements 

(~12-day frequency) acquired over multiple years. Site 4 is an exception, located on a 

mapped Organic Soil area (Figure 3), yet showing no PSO (Figure 5). This could result 

from soil type variability or other site-specific hydrological factors that require field-

based investigations to determine.  

Surface drainage channels across the Waikato Region show a strong association 

with low lying areas characterised by high groundwater tables, Organic Soils and 

subsidence (Figure 6). The surface channel map (Figure 6) is potentially useful, as at a 

finer scale the distribution and density of channels might be related to measured 

subsidence. The value of up-to-date drainage maps to wetland conservation was the 

subject of a recent study, which found that the Land Information New Zealand (LINZ) 

sourced channels may underestimate the true density and extent of drainage channels 

(Burge et al., 2023). Furthermore, there is limited information on the extent of 

subsurface drains. Given this potential correlation, updating drainage channel maps and 

comparing them with InSAR-derived subsidence patterns is recommended for future 

research.  

InSAR subsidence at the protected Kopuatai raised peat dome is anomalous as it 

lacks agricultural drainage (Maggs, 1997) (Figure 6). DEM differencing also shows 

subsidence at Kopuatai, though weaker than drained Organic Soil areas (Figure 4).   

One possible explanation is the relatively shallow and stable water table compared to 

nearby drained peatlands (Daws, 2018), essentially a large mass of water contained 

within peat and elevated above the surrounding Hauraki Plains. It is possible that 

subsidence at Kopuatai results from a hydrological connection to the surrounding 

lowlands that are heavily drained. The raised mass of water at Kopuatai is likely 
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associated with a local piezometric gradient, causing outflow to the surrounding drained 

soils and drainage network. However, this explanation is speculative, and it is also 

possible that the apparently strong subsidence at Kopuatai is an artifact of fading signal.  

Certainly, LiCSBAS noise indexes are very high in the area, as shown in n_loop_err and 

resid_rms in Figure 2.    

Deformation Mechanisms  

In drained Organic Soils, the primary subsidence mechanisms are likely to be soil 

densification (shrinkage and consolidation) and oxidation. Densification may occur in 

surface soils where pore volumes are reduced by cycles of wetting and drying, where re-

saturation after drying does not restore the soil to its original volume (hysteresis) 

(Elsaidy, 2021). Drainage has resulted in the shrink/swell cycling of Organic Soils that 

were previously saturated throughout the year (Schipper and McLeod, 2002; Pronger et 

al., 2014; Glover-Clark, 2020; Layton, 2022). To a lesser extent, some soil compaction 

may occur via a volume-loss process occurring beneath surface soils in the aquifers that 

underlie low-relief farmland in the Waikato Region (Griffiths et al., 2023). When 

groundwater is extracted for irrigation or recharge is reduced by drainage or drought, it 

causes poroelastic compression of an aquifer's coarse-grained sand and gravel deposits, 

resulting in subsidence of the overlying surface (Murray and Lohman, 2018).  

Numerous InSAR studies have correlated subsidence with aquifer compaction 

caused by abstraction of groundwater for agriculture in arid areas (Castellazzi et al., 

2016; Motagh et al., 2017; Navarro-Hernández et al., 2020; Cigna and Tapete, 2021; 

Peng et al., 2022; Orhan et al., 2023; Lees and Knight, 2024). However, aquifer 

compression and subsidence in the Waikato Region may be more likely to result from 

drainage (reduced recharge to underlying aquifers) than from groundwater abstraction.   
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Physical pressure applied by heavy agricultural equipment or high stocking rates 

is another mechanism that may cause soil densification and contribute to the observed 

subsidence (Batey, 2009; Hooijer et al., 2012; Pronger et al., 2014; Nusantra et al., 

2018; Keller et al., 2019).   

Oxidation of soil organic carbon (CO2 release) and associated subsidence is an 

active area of research in drained Waikato Region Organic Soils (Schipper and 

McLeod, 2002; Pronger et al., 2014; Glover-Clark, 2020; Campbell et al., 2021; Layton, 

2022; Pronger et al., 2022) and globally (Dawson et al., 2010; Elsgaard et al., 2012; 

Hooijer et al., 2012; Hoogland et al., 2012; Tiemeyer et al., 2016; Nusantra et al., 2018; 

Hoyt et al., 2020; Qiu et al., 2021; Liang et al., 2024). Drainage lowers the water table, 

exposing organic material to oxidation. The organic material is then oxidized into 

carbon dioxide via microbial processes, which causes subsidence (Kellner, 2003; 

Dawson et al., 2010; Hoyt et al., 2020). Soil organic carbon may also be dissolved and 

mobilised by drainage after rainfall, which provides another subsidence mechanism via 

mass outflow (Freeman et al., 2004; Guimarães et al., 2013; Rosset et al., 2022).   

Greenhouse Gas Emissions (GHG) 

Soil is the largest terrestrial reservoir of organic carbon, and understanding net 

inflows/outflows is critical for mitigation efforts (Oertel et al., 2016; Georgiou et al., 

2022). Drained Organic Soils are a particularly concentrated CO2 source (Hoyt et al., 

2020; Huang et al., 2021). In New Zealand, by adopting the 2013 Wetlands Supplement 

(Hiraishi et al., 2014) and using the default temperate climate zone assumptions, drained 

Organic Soils under grassland and cropland contribute 9.8% of net GHG (Pronger et al., 

2022). Further, Pronger et al. (2022) recommended InSAR as a method to map 

subsidence of Organic Soils. The magnitude of GHG emissions and the uncertainties of 

current methods mean that it is critical to refine the areal extent of affected soils and 
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associated emission factors. Where oxidation contributes to soil subsidence, InSAR-

derived subsidence maps may provide a proxy for GHG emissions, allowing for 

improved quantification and mitigation efforts.  

New Zealand currently lacks full national coverage of 1:50,000 S-Map data and 

uses 1:63,360 (inch to the mile) Fundamental Soil Layer (FSL) information to 

determine the extent of Organic Soils and calculate emissions (Pronger et al., 2022). 

FSL has poor spatial control but has national coverage. Remote sensing tools such as 

InSAR could be used to help improve the spatial accuracy of FSL and refine national 

Organic Soil and emissions estimates.    

Water Quality 

The health impacts of nitrate in drinking water are an active area of research in 

New Zealand (Richards et al., 2022; Rogers et al., 2023). Accordingly, agricultural 

drainage and associated contamination, especially nitrate from animal urine and 

mineralisation of highly productive grazing pastures, is a major issue in New Zealand 

(Monaghan, 2005; Collins et al., 2007; Dench and Morgan, 2021). Both surface and 

subsurface artificial drainage on farms are widespread in New Zealand (Collins et al., 

2007).  InSAR-derived subsidence maps may help provide an indication of 

contamination source areas through the correlation between drainage and/or irrigation 

and soil subsidence. 

Flooding 

Flooding is the most frequent damaging natural hazard in New Zealand (Craig et al., 

2021), and climate change is expected to further increase the frequency of extreme 

rainfall events in New Zealand (Hughes et al., 2021; Paulik et al., 2021). This is a major 

issue in low-elevation coastal agricultural areas simultaneously impacted by sea level 

rise (Craig et al., 2023) and low-relief inland areas subject to inundation from 
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overflowing rivers (Paulik et al., 2021; Griffin et al., 2023). Our results show relatively 

moderate (~ -25 mm yr-1) subsidence in low-lying coastal areas of the Hauraki District.  

Confirming subsidence in these areas should be undertaken as soon as possible to allow 

timely mitigation measures. The situation may be analogous to the Netherlands, where a 

large part of the western coastal region is covered by organic soils that were historically 

drained for agriculture. These areas subsided below sea level and now require extensive 

flood prevention measures (Hoogland et al., 2012).   
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Figure 6. InSAR velocity map with Organic Soils (black boundaries) and agricultural 
surface drainage channels (thin yellow lines). Agricultural surface drainage channels 
derived from Land Information New Zealand. Note: Kopuatai raised peat dome is 
protected and lacks drainage. 
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Summary 

The primary objective of this study was to determine if InSAR and DEM 

differencing could map Organic Soils in the Waikato Region based on subsidence rates.  

Results show that InSAR analysis (2018-2022) and DEM differencing (2013 – 2021) 

met this objective by providing subsidence maps that agree with previously mapped 

Organic Soil boundaries. InSAR time-series show Organic and Gley Soils (Hauraki 

Plains) undergo seasonal elevation changes (oscillations) from rainfall absorption and 

consequent changes in groundwater levels. This result is consistent with previous 

ground-based studies of Organic Soils but is unexpected for Gley Soils.   

The InSAR analysis in this study provides an average rate of subsidence for 

Organic Soil areas of ~ -40 mm yr-1. This is higher than estimates in previous work at 

between -19 mm yr-1 (Pronger et al., 2014) and -34 mm yr-1 (Schipper and McLeod, 

2002). This difference is likely due to the fading signal effect under grassland and 

cropland, which can cause overestimation of rates (Maghsoudi et al., 2022). Ongoing 

work could investigate this effect by using repeat levelling surveys, repeat LiDAR 

surveys, DEM differencing and refining InSAR processing. 

Potential subsidence identified across the Hauraki Plains requires confirmation 

through additional investigation, with important implications for flood risk. Sea level 

rise and increasingly frequent and intense storm events have the potential to be 

exacerbated by subsidence from agricultural drainage, potentially rendering parts of the 

Hauraki Plains unsuitable for agricultural or residential use.     

Current emission estimates related to Organic Soils in New Zealand are limited 

by the poor spatial quality of historic soil information. Remote sensing tools such as 

InSAR represent a cost effective opportunity to help improve spatial accuracy and refine 

estimates. Our findings demonstrate that satellite-based approaches have the potential to 



 

27 
 

be important tools to support traditional field-based soil surveys and refine our ability to 

map the distribution of Organic Soils across the landscape. 
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Appendix A 

 

InSAR time-series for Gley Soils on the Hauraki Plains.  Note: Series show seasonal 

surface oscillation superimposed on longer term subsidence trend.  Series locations are 

provided as geographic coordinates (top left of each plot). 


