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ARTICLE INFO ABSTRACT

Keywords: Monitoring of when, where and in which quantity peat is harvested is currently based on manual declarations.
Bog Synthetic Aperture Radar (SAR) is a powerful tool for change detection and monitoring. The aim of this study

SAR interferometry was to evaluate whether Sentinel-1 6-day interferometric SAR (InSAR) temporal coherence could allow peat

Ez:tel;ir;ce extraction monitoring from satellite. We demonstrate that temporal median coherence enables to detect harvest
Change detection related surface altering works and therefore also spatially explicitly determine active and inactive extraction
Monitoring areas. A polygon-based multi-orbit time series approach is sufficient for the task. Hereby, vertical-vertical

polarisation (VV) is more sensitive to the changes compared to vertical-horizontal (VH). During the main harvest
season the peat extraction area has median VV coherence lower than 0.2 while the abandoned area and open bog
which serve as reference for undisturbed extraction area have close to 0.6. Also, the potential for coherence based
milled peat extraction intensity estimation is demonstrated and an indication is given how partially extracted
areas could be distinguished from fully harvested and not harvest areas, by the use of coherence standard de-
viation. Regarding the influence of rainfall, only heavy rain on one of the acquisitions of the image pair whereas
the other is from dry conditions seems to cause decorrelation comparable to surface altering works. Moreover,
deploying images from multiple consecutive orbits or introducing backscatter intensity ¢° or reference polygons
of undisturbed area helps to reduce risk for rain induced false positives. Developing an operational algorithm for
peat extraction identification could be undertaken in future studies.

1. Introduction

Peatlands store about 20-30% of the global soil carbon while
covering only ~3% of the land surface (Gorham, 1991; Yu et al., 2010;
Kochy et al., 2015; Leifeld and Menichetti, 2018). This is more than half
of the current atmospheric carbon (Drosler et al., 2008), equivalent to
the carbon of all terrestrial biomass, and twice the carbon contained in
all the forest biomass (Parish et al., 2008). The major fraction of all
peatlands is found in northern temperate and cold climates (Parish et al.,
2008). Peatlands are naturally sinks of carbon but they may switch from
a net sequesterer to emitter of greenhouse gases (GHG) resulting from
changes in the water regime which is highly vulnerable both to climatic
changes and direct human impact (Gorham, 1991; Ojanen et al., 2010;
Yu, 2012; Webster et al., 2018). Consequently, active and abandoned
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peat extraction sites are persistent sources of GHG (Waddington et al.,
2009; Salm et al., 2012; Beyer and Hoper, 2015; Mustamo et al., 2016).

Monitoring and control of peat extraction activities is an increasingly
important topic with global importance in the context of GHG emissions,
habitat loss and water quality (Chapman et al., 2003; Drosler et al.,
2008; Tuukkanen et al., 2017). In this paper we evaluate the applica-
bility of spaceborne InSAR time series in monitoring peatland harvesting
activities in northern peatlands. Our approach is based on the assump-
tion that a peat extraction area displays high coherence until a surface
altering event takes place, which causes a sudden significant loss in
coherence. Natural peatlands have been investigated in Tampuu et al.
(2020) where we showed that open bogs retain high coherence even
over several months. InSAR coherence has already been used to detect
prompt surface altering events (Wegmiiller and Werner, 1995). Forest
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clear-cuts are detectable (Smith and Askne, 2001), ploughing, tillage
and harvesting cause complete decorrelation in farmed areas, whereas
the post-harvest bare or stubble field is identifiable by high correlation
(Wegmdiller and Werner, 1997). Tamm et al. (2016) presented a proof of
concept for detecting mowing events on agricultural grasslands. The
main challenge of the method is related to changing weather conditions
which also cause decorrelation (Askne et al., 1997; Askne et al., 2003).
Especially, rainfall can remarkably decrease coherence in grasslands
(Tamm et al., 2016) and even completely decorrelate the entire scene
consisting of various land cover classes such as open land, cultivated
land, forests, clearcuts, marshes and urban areas (Santoro et al., 2002).
Furthermore, the effect of soil moisture changes on the coherence over a
bare agricultural soil (De Zan et al., 2014) and in arid lands (Scott et al.,
2017) has been demonstrated.

Currently there are limited tools to monitor peat harvesting with
sufficient temporal frequency and authorities rely solely on producers’
reports. The aim of this study is to demonstrate that Sentinel-1 6-day
InSAR coherence allows to: 1) distinguish active peat extraction sites
from abandoned sites; 2) detect activities associated to peat extraction;
3) distinguish between partially and fully harvested blocks. That would
enable to monitor peat production by an independent party and manage
the production spatially more explicitly to ensure sustainable use of
resources. The depletion of a production block is desired for the climate
change mitigation and restoration. Contrary, harvesting only the up-
permost least decomposed peat layers and thereafter opening a new
block is more profitable.

2. Materials and methods
2.1. Study area and in situ data

The study covers three peat harvesting sites in Central Estonia:
Sangla (58°20’ N, 26°14' E), Soosaare (58°33' N, 25°53' E) and Tassi
bogs (58°32' N, 25°51’ E) (Fig. 1). While Tassi bog has been entirely
converted to a peat extraction site, in the Soosaare and Sangla bogs
significant parts are still undrained and serve as natural references for
the same peat production sites. Soosaare and Tassi extraction sites both
consist of 8 production blocks (a peat extraction site is divided into
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blocks by a road network; a block consists of ~20 m wide extraction
fields, divided by ditches). The Soosaare and Tassi dataset consists of a
list of harvesting events with the measure of areal cover of performed
work (as sometimes a block is harvested only partly) with a day preci-
sion for each block. The dataset covers the period of May 11-August 3,
2018. In the Sangla extraction site, data are available for 2 blocks. The
Sangla dataset covers a full milled peat harvest cycle related works
(milling, turning, harvesting) in a day precision for both blocks. An areal
measure of performed work is not included. The Sangla dataset covers
the period of May 8-July 27, 2018. Minor inconsistencies exist because
the datasets originate from two different peat producers, based on their
own reporting procedures. However, we had no record of the mainte-
nance works not directly connected to harvesting (e.g. field profiling,
ditch maintenance), complicating interpretation of the satellite data
beyond the main harvesting season.

2.2. Peat extraction

In the study sites, milled peat is harvested by the Haku method or the
pneumatic extraction technique (Tissari et al., 2006). The harvest cycle
consists of 3 stages. First, the upper layer of peat is milled to the depth of
10-20 mm, then the milled fields are left to be dried by air till the hu-
midity content has dropped to around 40% (Cleary et al., 2005; Eesti
Turbaliit, 2019). During drying, the peat is turned to ensure faster and
more even drying. Turning is performed 1-3 times, drying takes 2-3
days. In the case of rain, the process has to be repeated. Eventually, the
harvesting is performed and the harvested peat is stockpiled at the end
of the field until utilisation (Sundh et al., 2000; Eesti Turbaliit, 2019).
Such production cycles are repeated 10-15 times during the season,
depending on the weather (harvesting is directly affected by the sun-
shine, temperature, wind and rain) and characteristics of the peat de-
posit (Eesti Turbaliit, 2019).

The peat extraction season in Estonia lasts usually from May to
August with the peak time of harvesting in June and July (Pakere and
Blumberga, 2017; Eesti Turbaliit, 2019). However, peat extraction
contains also routine maintenance works not directly connected to
harvesting (Graf et al., 2012). Those works are often carried out before
or after the main harvesting period, though they can also be performed
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Fig. 1. The study area and the approximate coverage of the Sentinel-1 orbits denoted by RONs. RON 87 covers the eastern side of the scene (indicated by red line
with an arrow), RON 58 covers the western side (indicated by blue line), RON 160 covers the entire scene. Yellow polygons mark peat production (extraction) blocks,
gray the open bog and blue abandoned sites (a). The areal images cover extraction blocks and the natural open bog in Soosaare bog (b), and the abandoned area and
extraction blocks (upper right corner of the image) in Sangla bog (c). The photograph looks over the extraction area in Sangla bog (d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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simultaneously with harvesting.

2.3. Precipitation

Natural conditions cause decorrelation between SAR images which
might significantly affect the analysis. Therefore, the summarised daily
precipitation data from the Estonian Weather Service (Estonian Envi-
ronment Agency, 2020) are included to the analysis. For the Soosaare
and Tassi sites, we derived the rainfall estimates as the average from the
three closest meteorological stations (Viljandi, 25 km; Tiiri, 38 km and;
Jogeva, 35 km) surrounding the sites. The rainfall data for the Sangla
site are from the Tartu-Toravere station (14 km to SE). Based on the
summarised daily precipitation values, we also computed the accumu-
lated rainfall estimate for a 3-day period preceding a Sentinel-1
acquisition.

2.4. SAR data

The C-band SAR satellite Sentinel-1 Interferometric Wide swath
mode (IW) Single Look Complex (SLC) dual-pol data products are used:
vertical transmit — horizontal receive (cross-polarisation VH) and ver-
tical transmit — vertical receive (co-polarisation VV). Combination of
Sentinel-1A and Sentinel-1B enables to produce small baseline inter-
ferometric pairs over 6-day interval (Yagiie-Martinez et al., 2016). All
the used acquisitions are from 3 ascending geometries, defined by the
relative orbit number (RON): RON 58 (29 images), RON 160 (31 images)
and RON 87 (30 images). In total, 90 acquisitions and 85 InSAR pairs
from May 3-October 31, 2018 are used covering the vegetation period
(after the snowmelt in April to October) including the full peat extrac-
tion season in Estonia. Acquisitions for July 26 and August 19 (RON 58)
are missing. The acquisition time for all the three RONSs is around 4 pm
UTC which corresponds to 7 pm in local summer time (EEST). The sunset
is at 9 pm in the beginning of May, later than 9 pm till mid-August and
before 7 pm since the end of September (which means before a SAR
acquisition in October).

2.5. SAR processing

The main processing of Sentinel-1 data was done with the processing
chain developed by Kappazeta Ltd. (Tamm et al., 2016; Kappazeta,
2019). All together 90 acquisitions from 3 ascending geometries (RONs
58, 160 and 87) over May 3-October 31 were processed resulting in 85
InSAR pairs. The processing chain utilises the SNAP Toolbox (ESA,
2019). Backscatter coefficient ¢° in VV and VH polarisations and VV/VH
ratio are output for individual images and signal-to-noise ratio (SNR)
corrected InSAR coherence magnitude |y| for 6-day image pairs.

6° and |y| are calculated based on the Sentinel-1 Product Definition
(Bourbigot et al., 2016). The processing chain includes the SNAP oper-
ators: Applying Orbit File, Thermal Noise Removal, Calibration and
Range-Doppler Terrain Correction. The InSAR processing chain in-
cludes: S1 TOPS Coregistration with ESD, Coherence estimation (with
flat-earth and topographic phase removal), TOPS Deburst, Range-
Doppler Terrain Correction and SNR correction. SRTM 1 s and bilinear
interpolation was used in coregistration and terrain correction; the
shifting window size for coherence estimation was 5 in azimuth and 19
in range (5x19 pixels). A coherence estimation window size approxi-
mating 70x70 m is chosen to best address the trade-off between esti-
mation bias towards higher coherence values and loss of spatial
resolution (Touzi et al., 1999; Dahdal, 2011; Tamm et al., 2016).

The mean, median, maximum, minimum and standard deviation
(SD) of 6°, VV/VH ratio and |y| are calculated for each single predefined
polygon. The characteristics are calculated from the ground projected
SAR pixels inside any given individual inner buffered polygon for a
given date (¢°) or an image pair (|y|). The polygons are buffered inside
(31 m) to exclude the pixels affected by neighbouring production areas,

International Journal of Applied Earth Observations and Geoinformation 98 (2021) 102309

stockpiling and roads and to compensate the absolute geolocation error
of Sentinel-1 products (Bourbigot et al., 2016; Schubert et al., 2017).
That is how the mean or SD of ¢° and |y| should be understood in every
figure of this paper. The only exception is Table 1 where VV median
coherence of the polygons are aggregated into classes and the table
presents figures calculated inside a class.

In total, 46 polygons are included in this study. Amongst them, 18
are production blocks (defined by the producer), 10 abandoned areas
and 18 from the open bog. The polygons of open bog and abandoned
cutover peatland, which serve as reference for undisturbed conditions,
are based on the classification provided in the Estonian Topographic
Database (Estonian Land Board, 2019). Images from RON 160 cover all
46 polygons, images from RON 58 cover 39 and RON 87 covers 19
polygons (the approximate location of tracks relative to polygons is
given in Fig. 1a).

We compiled a multi-temporal dataset containing the characteristics
calculated for each polygon for every given date, the peat producer re-
ported extraction status data and the precipitation estimates. Subse-
quent statistical analysis of the dataset was performed in R software with
the Mann-Whitney U test (pairwise.wilcox.test function in R), known
also as the Wilcoxon rank-sum test (Mann and Whitney, 1947; Hart,
2001; McDonald, 2014) following the Benjamini-Hochberg (BH) pro-
cedure (Benjamini and Hochberg, 1995). We chose a nonparametric test
as our data is not normally distributed, and in addition our sample size is
relatively small.

We do not distinguish the extraction sites (Soosaare, Tassi and San-
gla). All the polygons are included indiscriminately in all the calcula-
tions with the aim of having a sufficient sample size (of extraction blocks
and reference areas) for the statistical analysis. Only to study the in-
fluence of different works constituting the milled peat harvest cycle on
coherence the Sangla site is analysed separately. The data from Sangla
cover the full harvest cycle (milling, turning, harvesting) while Soosaare
and Tassi datasets contain only harvesting events.

An additional stack of coherence images from RON 160 over the
period of April 22-October 31, 2018 (32 images) was produced for
visualisation purposes only, using SNAP Desktop (version 7.0.0). The
Python module Snappy provided by SNAP was used to automate pro-
cessing (Peters, 2016). The guidelines for Sentinel-1 TOPS DInSAR
processing (Braun and Veci, 2020; Yagiie-Martinez et al., 2016; Fielding,
2018) were followed for coherence estimation. To ensure the compa-
rability, the processing chain and parameters are identical to what
Kappazeta Ltd. applied except for SNR which was not included.

2.6. Change detection based on coherence

Interferometric coherence (Zebker and Villasenor, 1992) is a nor-
malised measure of similarity between two SAR acquisitions, quanti-
fying changes in amplitude and phase of the image pixels in a complex
cross correlated InSAR image pair (Preiss et al., 2006; Scott et al., 2017).
Coherence is high when the position and physical properties of the
scatterers within the averaging window are similar for both images.
Coherence decreases with change in position and physical properties of
the scatterers between acquisitions (Tamm et al., 2016; Scott et al.,
2017). Undisturbed non-vegetated bare grounds display good InSAR
coherence until surface altering events happen (Wegmiiller and Werner,
1995; Schepanski et al., 2012). In analogy, in peat extraction sites
coherence between two SAR acquisitions is expected to remain high
until extraction or other surface altering work has taken place to lower
coherence.

3. Results
3.1. Detection of active peat extraction sites

In Fig. 2, a summary of seasonal coherence for different land cover
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classes is shown. Median coherence of the polygons (displayed in
Fig. 1a) on different acquisition dates and from different RONs during
the main harvest season (till August 3) are assembled by land cover
(extraction site, abandoned cutover peatland, open bog). In the figure, a
box shows the interquartile range (IQR) of the 25-75 percentile
(covering central 50% of the data). Whiskers indicate the range of a set
of data (if no more than 1.5 times the IQR from the box (R Documen-
tation, 2019)), beyond whiskers the outliers are displayed. A notch
surrounding a median shows the confidence interval. If the notches of
two plots do not overlap there is evidence of 95% confidence that their
medians differ, although it should not be regarded as a formal test
(Chambers et al., 1983; R Documentation, 2019). During the main peat
extraction season, the median InSAR coherence magnitude [y| of the
production blocks in both polarisations (0.186 in VV and 0.171 in VH) is
significantly lower (by Mann-Whitney U test p < 0.001) from both the
open bog (0.601 in VV; 0.379 in VH) and abandoned cutover peatlands
(0.579 in VV; 0.394 in VH). Though variability in the extraction site
group is higher in VV, also the distance between its IQR and the IQR of
open bog and abandoned area is bigger in VV. Therefore, VV is preferred
in the following analyses. The open bog and cutover are inseparable
from each other (p > 0.05) in either polarisation (Fig. 2). Thus, both are
usable as reference area standing for what an undisturbed extraction
area could look like.

Beyond the main season when only occasional maintenance works
are carried out such a distinction of the extraction area does not occur.
Instead, the production area (VV median |y| 0.666) does not differ from
the abandoned area (|y| 0.710) in either polarisation during
August-October (the post-main season). The open bog differs from the
both (y| 0.625, p < 0.001) with its smallest variability and lowest me-
dian. The variability among the extraction blocks is the highest due to
the occasional ongoing maintenance works. The earthworks become
improbable when the temperature falls, evaporation is low and the peat
too wet to support heavy machinery in October. In October, all the 3
groups differ (p < 0.001) and the extraction area displays the highest
coherence and smallest variability (extraction area VV median |y| 0.868,
abandoned area 0.803, open bog 0.703). VH polarisation behaves
similarly, just with lower |y| values and greater variability in the active
and abandoned extraction area. The visual interpretation of the addi-
tionally created InSAR image stack of RON 160 (which contrary to the
main processing chain spans also to the preseason; no characteristics
calculated for the polygons, visualisation purposes only) reveals high

Median coherence in main harvest season
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Fig. 2. Median coherence of polygons (median [y| of the individual ground
projected SAR pixels in a given polygon in a given image pair) from different
land cover classes at any given 6-day acquisition period during the main peat
extraction season in both VV and VH polarisations. The extraction area
significantly differs from the open bog and abandoned peatland (p < 0.001).
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coherence in April 22-28 and April 28-May 4 for all the production
blocks in Soosaare, Tassi and Sangla. Similarly, the abandoned sites and
the open bog are also characterised by the coherence comparable to
October (Fig. 3a).

In Fig. 4, the summary of seasonal behaviour of backscattering co-
efficient ¢° is presented for VH and VV polarisation for three land use
classes. As shown in Fig. 4a, ¢° also responds to peat harvesting, but the
response is less distinct than for coherence. Contrary to coherence, the
faculty of discrimination in ¢° is more distinct in VH where all groups
differ significantly from each other (p < 0.001) (Fig. 4a). Herein, the
extraction sites and unmanaged open bog differentiate the most. How-
ever, the VH signal is ~10 times weaker than VV. In October (Fig. 4b)
when the soil water content is higher and peat extraction related works
are improbable, the unmanaged open bog is significantly different from
the other classes (p < 0.001). Here VV is more sensitive than VH. The
difference between the extraction and cutover area (p < 0.05) indicates
also that differentiation of these classes could be feasible (Fig. 4b).

3.2. Evaluation of peat extraction intensity

The polygons of production blocks are divided into intensity classes
according to how many times the harvesting cycle was repeated there
during the main harvest season. Group “6-10 cycles” consists of 3
blocks, ”11-15 cycles” — 8 and 16 cycles” — 7 blocks. Polygons from the
open bog and abandoned peatland serve as reference for undisturbed
conditions. Each data point corresponds to the median coherence of a 6-
day acquisition period from the corresponding polygon. The peat
extraction intensity classes display similar medians and are statistically
inseparable, both in VV and VH. Also the open bog and abandoned area
are similar to each other (Fig. 5). Though, the increasing variability of
coherence coinciding with decreasing number of harvesting cycles could
possibly give means for assessment of extraction intensity via mean,
standard deviation (SD) and interquartile range (IQR) which display
clear differences in VV (Table 1). In VH, variability among the extraction
intensity classes is minimal.

3.3. Detection of peat extraction events

As shown (Fig. 2), the seasonal median coherence in both polar-
isations is suitable to differentiate area of active peat extraction from
abandoned or unmanaged peatlands. However, as VV is more sensitive
the further analysis focuses on VV. Fig. 6 illustrates changes in coher-
ence in the production block Sangla 1. Coherence is significantly lower
during the season of peat harvesting compared to the image pair July
27-August 2 which marks the known end of regular harvesting (see also
Fig. 3b,c). Coherence is stable and highest in October when probability
for earthworks is reduced as temperatures fall, evaporation is lowest and
peat becomes wet. After the peat production season (no in situ data
available), coherence behaviour is erratic and leaves it unanswered
whether it is caused by surface altering works (e.g. profiling), precipi-
tation or soil moisture. Therefore, comparison with a reference polygon
from a known undisturbed site or combining multiple RONs is intro-
duced for further analysis.

As shown in Fig. 6 and Fig. 3, coherence in an extraction site when
works are carried out is significantly lower compared to the reference
areas of abandoned site and open bog. Similarly, in image pairs August
20-26 and September 13-19 only the extraction site displays low
coherence. Thus, that has to correspond to activities. Contrary, in August
14-20 all 3 polygons display strong decorrelation due to heavy rain on
August 20 (18 mm/d). The decorrelation caused by the rainfall may
have obscured the effect of possible preceding earth works. Though, rain
on August 20 does not destroy coherence in August 20-26 as both days
were rainy (18 and 2.3 mm/d, respectively) and soil is expected to be
wet in both acquisitions. However, the high 3-day precipitation sum on
preceding August 14 (8.8 mm) did not help to maintain coherence in
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08.02-08.08 09.13-09.19

Fig. 3. VV median coherence |y| for polygons in the Sangla site for RON 160 in April 28-May 4 (a), July 21-27 (b), July 27-August 2 (c), August 2-8 (d) and
September 13-19 (e). Production blocks Sangla 1 and Sangla 2 (black ID numbers; image a) are marked with yellow contour. The open bog (B) is red. Abandoned
blocks are blue, polygon A is marked (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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able, in VH and VV polarisation respectively (shown is the polarisation where
the distinction manifests stronger). All the groups differ significantly (p <
0.001) during the main harvest season (a). In October (b) the open bog is
significantly different from the rest (p < 0.001); the extraction and abandoned
area also differ (p < 0.05).

August 14-20. Therefore, in further analysis we use 1-day precipitation
as it correlates better with the coherence. The peat extraction sites are
effectively drained by the dense network of ditches and the water table
lies low below the surface. The nearly constant water table in the site
throughout the years of peat extraction is achieved by extraction field
profiling, and the annual regular maintenance and deepening of ditches
according to the lowering of the surface of the extraction fields. In the
summer months when the temperature and evaporation is high, the
upper peat layer dries and becomes hydrophobic. Therefore, the rain-
water evaporates or drains quickly to the ditches without filling pores in
the peat. Nevertheless, there is always some moisture in the peat and
that is why turning and drying of the peat after the milling is necessary
(for harvesting, the peat humidity has to be lowered to ~40% (Cleary
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extraction frequency classes according to how many times the harvesting cycle
was repeated in the corresponding polygon during the main harvest season. The
harvest intensity groups have similar median values and are statistically
indistinguishable (p > 0.05), though they display different internal variability.

Table 1

Figures describing the internal variability inside the extraction classes grouped
by the extraction frequency in a polygon. VV median coherence of individual
polygons at any given 6-day acquisition period during the main extraction
season are aggregated into classes. “Class” indicates the number of harvest cycles
repeated; “Count” stands for the number of observations from the corresponding
polygons; standard deviation is “SD”; and interquartile range — “IQR”.

Class Count Median Mean SD IQR

16 cycles 225 0.186 0.207 0.0753 0.0595
11-15 cycles 285 0.183 0.228 0.115 0.093
6-10 cycles 60 0.199 0.318 0.225 0.302
Abandoned 328 0.579 0.577 0.134 0.187
Open bog 646 0.601 0.594 0.116 0.175
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et al., 2005; Eesti Turbaliit, 2019)). Also, the increased peat decompo-
sition rate in the deeper extraction layers alters the hydraulic properties
of the peat (pore size, water conductivity, water field capacity etc.). That
affects the length of the period when milling, turning and peat har-
vesting can be performed but has only a minor effect on the water table
depth.

As peat production permanently alters the peat surface, the sequence
of image pairs from different RONs with an offset of a few days have all

to reveal the same loss of coherence. In our study we could compare up
to 3 RONs depending on the availability of SAR acquisitions. If only one
image (or two images) of the sequence shows loss in coherence, the loss
can be attributed to something temporal (like the rain in one of either
acquisitions) which affects that particular image pair but leaves the pairs
from other RONSs intact as they overlay that particular date but do not
begin or end with it. As shown in Fig. 7, coherence seems to be almost
insensitive to incidence angles. The time series of RON 87 in near range
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shows recorded peat extraction related works.
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(incidence angle ~30°) and RON 58 far range (~45°) show little to no
difference. All 3 RONs agree and record peat extraction during the main
harvest period (ended on July 25). Accordingly, all the three RONs with
low coherence around September 13-19 (see Fig. 3e) reveal some work
done out of the main season. Also, the cluster of low values at August
8-14 probably reveals activities. In August 20-26 RON 160 shows a
work. The relatively low value of RON 87 in August 15-21 may accord
with that, though we do not have the acquisition from RON 58 for
confirmation. Contrary, the October 24-30 low value (RON 58) cannot
be caused by works as the other 2 RONs show good coherence. Hence,
the decorrelation has to be due to weather conditions. October 24 wit-
nessed 5.9 mm/d of rain and average air temperature of 3.2° C while
October 29 had 0.0 mm/d and 0.1° C which may indicate the possibility
for frost.

3.4. Detection of partially harvested areas

Peat extraction blocks are relatively large. The smallest block of our
study (Tassi 6) covers 8.3 ha (300x275 m), the largest (Tassi 1) 25.3
(315x800 m). The ground projected terrain corrected resolution of a
Sentinel-1 image approximates 20x20 m; the coherence estimation
window we used approximates 70x70 m. Thus, the production blocks
are large enough to distinguish also between the areas inside a block.
Such distinguishing may be useful if some extraction fields (about
20x300 m) forming a block have not been harvested for some reason.
Detection of partially harvested areas is not achievable by using
coherence median only. SD alone cannot distinguish between fully
harvested and non-harvested areas as both display low variability in
coherence values inside a block. Though, combining the median and SD
of coherence pixel values in a polygon (production block) makes
distinction between fully and partly harvested areas and areas with no
activity possible as seen in Fig. 8 from July 21-27 and illustrated by
Fig. 9 (displaying all of the 3 case study areas) and Fig. 3b (fully har-
vested). The characteristics calculated for the polygons, the visually
interpreted coherence images from RON 160 and the in situ data of the
harvesting events from Sangla, Soosaare and Tassi (the latter two con-
taining the measure of area harvested) agree with each other. SD of VV
|y| is ~0.2 for the partially harvested blocks and ~0.1 for the full and no
harvest (Fig. 8). VH is less sensitive to partial extraction. In July 21—27,
VH SD values for partial harvest are ~0.13, whereas harvested and
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Fig. 8. Production blocks in July 21-27 for RON 160. Left axis shows the VV
median coherence of a polygon and the coherence standard deviation is on
bottom axis. Gray marks full harvest, red partial harvested and white no ac-
tivity. The Sangla, Soosaare and Tassi datasets of harvesting events agree with
the SAR results. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Soosaare and Tassi extraction sites in July 21-27, Sentinel-1 RON 160.
Soosaare and Tassi datasets of harvesting events agree with SAR results.

unharvested blocks display less than 0.11. Contrary, ¢° SD is unable to
discriminate partial extraction.

However, interpretation is complicated by lacking in situ data for the
off season. For Soosaare block 13 the main season had ended but activity
was detected by SAR. Hence, it is expected to be some maintenance work
but we lack verification. Additionally, Fig. 6 and Fig. 3d depict partial
extraction in Sangla block 1 in August 2-8, although no in situ data are
available.

3.5. Effects of precipitation

Rain does not seem to influence neither median coherence nor
coherence SD notably as demonstrated in Section 3.3 (Figs. 6, 7). It
seems the heavy rain on one acquisition date may reduce the coherence
to noise level only if the other date experiences dry conditions.

Contrary, ¢° responds to the rainfall in all the land cover classes
(Fig. 10). Both polarisations show similar patterns while VV ¢° is
approximately 10 times stronger than VH though. ¢° seems to be sen-
sitive to 1-day precipitation but insensitive to 3-day precipitation, which
indicates that the soil dries off in one day. The declining trend of the ¢°
in May, recognisable in all the three polygons of different land cover
(Fig. 10), is assumed to be related to the decrease in surface humidity.
The maximum water table is reached in the spring after the snowmelt
(April). Thereafter, the water table lowers rapidly in May, which is
associated to drying of the upper layers of the peat.

However, ¢° depends on the incidence angle and incidence angles
are different for polygons far away in SAR range within the same RON
and different also for the same polygon between RONs. Thus, polygons
are not directly comparable and quantitative analysis is complicated.
Fig. 11 shows how response of VV ¢° to 1-day summarised precipitation
in peat production blocks during the whole season differs by the RON.
The groups of "no rain”, “up to 5 mm” and “more than 5 mm” of sum-
marised rainfall per day differ significantly from each other (p < 0.001)
for RON 160 and 58. For RON 87, only groups ”0” and ”0-5" differ
significantly (p < 0.05) and difference of ”0” and ”>5" is approaching to
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Fig. 10. VV ¢° median values with standard deviation of Sangla extraction block 1, abandoned area A and open bog B from RON 160. The right axis shows 1-day and

3-day sum of precipitation. The top shows recorded peat extraction related works.
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Fig. 11. VV ¢° median in peat production blocks during the whole season by
RON: 58 (a), 160 (b), 87 (c). The 1-day summarised rainfall has been grouped
as “no rain” (0), “up to 5 mm” (0-5) and “more than 5 mm” (>5). Distinction
between rainfall groups are most pronounced for RON 160 where each group
differs from the others significantly (p < 0.001). For RON 87, only “0” and
“0-5” differ (p < 0.05).

statistical significance (p = 0.075 and p = 0.05 in VV and VH, respec-
tively). Sensitivity to rain for different RONs is slightly different in the
two polarisations.

On the other hand, as seen in Fig. 10, ¢° is not directly sensitive to
surface altering works. The harvest season ended in Sangla on July 25.
While coherence from all 3 RONs confirm that no work were done in the
following period of July 27-August 2 (Fig. 7), ¢° is not affected.

4. Discussion

In this study, out of the characteristics computed from SAR data we
found coherence median and SD, and ¢° median the most useful in re-
gard to peat extraction monitoring. For minimum and maximum values
and ¢° VV/VH ratio we did not find useful outcomes. We considered
herein only the shortest available temporal baseline to capture the often
occurring extraction related events as accurately as possible. Contrary to
the abrupt changes investigated in this paper, our previous research has
shown that the peat surface remains coherent over a prolonged period of
time in natural open bogs (Tampuu et al., 2020). The similar nature of |y|
in the spring and late autumn (both periods characterised by the high
peat humidity) demonstrated by the visual interpretation aligns also
with what is previous known about the long term [y| in the open bogs
(Tampuu et al., 2020).

We found InSAR coherence to be more sensitive to peat extraction
related changes than ¢°. Additionally, ¢° is dependent on the incidence
angle (Adams et al., 2013; Mladenova et al., 2013) which complicates
interpretation and reproducibility. Previously, Muro (2019) has advo-
cated for coherence based change detection methods in wetlands. Also
Mohammadimanesh et al. (2018) investigated the use of coherence in
wetland mapping and consequently call for its synergistic use with ¢°.
Such fusion for scene change detection, as both statistics measure
different properties, was already proposed by Preiss et al. (2006). In our
study we have identified how considering ¢° adds information about the
effect of precipitation.

Also, comparison with undisturbed reference areas helps to avoid the
rain induced false positives. As shown, such areas can be either the open
bog or cutover sites which behave similarly in VV during the main
harvest season. The open bog is superior as a reference in robustness
because open bogs are easy to identify on the map and they tend to be
situated in close vicinity of extraction areas. Additionally, there may be
no abandoned sites around. Furthermore, the abandoned areas located
in a complex with active fields may experience surface altering activities
such as stockpiling, driving vehicle or maintenance of ditches. In the
current study, the polygons of abandoned area were deliberately chosen
so that the risk of such events was minimised (the risk could not be ruled
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out entirely).

In our study we used two types of open bog polygons. One type was
with large areal cover which contain a significant degree of heteroge-
neity in vegetation and micro relief. The other are small uniformity
based polygons deliberately extracted from a bigger intact open bog
area. Both types of polygons acted similarly and maintained coherence.
However, small open bog plots in direct contact with the extraction area
tended to lose coherence, making them unsuitable as a reference area.
Consequently, those plots are not included in the analysis. Loss of
coherence is probably connected to bigger groundwater table fluctua-
tions in drainage affected areas. Differences in water table depth seems
to be the main factor determining long term temporal InSAR coherence
in the open bog according to Tampuu et al. (2020).

We found VV coherence to be more responsive to surface altering
works than VH. Also, VV ¢° is around 10 times stronger than in VH.
Though, VH signal being weaker and thus more affected by the noise
should not be the reason for lower coherence values because the
coherence is SNR-corrected. Cross polarisation is known to be strongly
sensitive to vegetation and volumetric scattering as vegetated areas have
strong backscatter while the bare surface has low. Contrary, co-
polarisation backscattering is significantly influenced by the soil char-
acteristics and by the soil moisture (Pampaloni et al., 1997; Millard,
2016; Bousbih et al., 2017).

The loss of coherence in the bare non-vegetated peatland has to be
caused by a combination of two main factors in unknown proportions.
These are the geometric change via physical dislocation of soil parcels of
the uppermost layer and changes in soil moisture, as shown for agri-
cultural lands (Wegmiiller and Werner, 1997) and other low-biomass
areas such as clear cuts (Thiel et al., 2009). In addition to the physical
change of the surface, the lower peat layers which become exposed
through milling, turning and harvesting contain more moisture than the
dried-off topmost layer. Herein, soil moisture is important factor
determining penetration depth of the radar signal (Nolan et al., 2003).
Direct dependency of InSAR phase on soil moisture has been shown in
agricultural lands (Barrett et al., 2013; De Zan et al., 2014; Zwieback
et al., 2015) where change in soil volumetric water content can cause a
change of up to 60 mm in C-band penetration depth (Nolan and Fatland,
2003). However, no quantitative research of penetration into peat is
available (Millard, 2016). As drying only affects a thin surface layer of
peat, the change in penetration depth is expected to be within reason-
able range and should not be affected severely by extraction. That
assumption is supported by our findings that the effect of rain on
coherence is minor compared to the harvest related works. It seems only
heavy rain on one acquisition while there are dry conditions on the other
can decorrelate the scene similarly to works. That is in contrast to
findings from the forest (Santoro et al., 2002) and grasslands (Tamm
et al., 2016) which attribute the rainfall a great importance but in
concord with results from natural open bogs (Tampuu et al., 2020),
regarding rain as of modest importance.

We have shown how SAR response to the milling, turning and
extraction events cannot be discriminated. Furthermore, sometimes a
block is harvested partly. That may result as planned or unplanned due
to unexpected weather. In the latter case, all the previous works of
harvest cycle have been conducted on the full extent of the block and the
consequent decorrelation reflects these works instead of the extent of the
eventually harvested area. Contrary, if the partial work is planned it is
detectable as all the works of the cycle are performed on the same
limited portion of the block. Those assumptions are supported by the
data from Soosaare and Tassi which contain the areal cover of the har-
vest but no notion about the extent of milling or turning. Indexing based
on the reported extent of the harvested area (full vs partial areal cover of
the work) did not reveal differences between groups. Additionally, the
depth of harvesting varies according to whether it is horticultural or
energy peat and is also dependant on soil humidity. Therefore, it is not
possible to asses the harvested area simply from coherence, nor it is
possible to adequately calculate the volume of extracted peat even if the
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areal extent is known.

However, segregating production blocks by frequency of harvesting
seems promising. Previously, Muro et al. (2019) showed the benefit of
deploying frequency of change in landcover classification and Muro
(2019) links these findings to InSAR coherence. Thus, our preliminary
findings could be developed to operational use via frequency of change
based mapping (for example as proposed by Muro et al. (2019)). Being
able to distinguish between active and abandoned peat extraction areas
and also to discriminate dedicated areas according to the intensity of use
would benefit climate mitigation by helping to call for the depletion of
already opened blocks instead of opening new. Also, similar behaviour
of VV ¢° in the active and abandoned extraction areas and their
distinction from the open bog might be utilised in evaluation of resto-
ration success of cutover peatlands.

As the main aim of this study was to demonstrate the feasibility of
detection of the peat extraction related activity. The next step could be
developing an operational algorithm. The image pairs of 6-day temporal
resolution are available from the last days of April till November which
is the sensing period of Sentinel-1B IW mode over Estonia and which
covers the growing season. The coverage of Sentinel-1B is similar in the
rest of the Baltic Sea region, with the Sentinel-1B switching to Extra
Wide Swath mode (EW) for sea-ice monitoring during the winter (2-8
months, depending on the region). The temporal resolution is constantly
6 days in the rest of Europe. The worldwide coverage is mainly with a
12-day revisit (Copernicus Space Component Mission Management
Team, 2019). Visual interpretation of each individual image pair seems
to be the reliable-most method, though highly time and resource
consuming. A feasible alternative is the polygon based time series
approach which is more reliable the more RONs cover the polygon of
interest. Including both ascending and descending orbits (3 and 1 over
Estonia, respectively) would make 4 SAR acquisitions available in 3 days
followed by a 3 day-period of no acquisitions. That should increase the
reliability (our study used only ascending orbits). Nevertheless, adding
6° and comparison with reference polygons is advisable for increased
reliability.

5. Conclusions

The aim of this study was to evaluate the hypotheses that Sentinel-1
6-day InSAR coherence time series allow to: 1) distinguish active peat
extraction sites from abandoned sites; 2) detect peat extraction associ-
ated activities and; 3) differentiate partially harvested blocks from fully
harvested areas and areas with no activity. We have demonstrated that
median coherence enables to detect peat production related surface
altering works and therefore also differentiate active and inactive
extraction areas. For this, VV polarisation is more sensitive compared to
VH. The polygon based multi-RON time series approach is sufficient for
the task because coherence seems to be almost insensitive to incidence
angles over peatland areas.

During the main harvest season the peat extraction area shows a VV
median coherence of less than 0.2 while the abandoned area and open
bog which serve as a reference for undisturbed extraction area, are close
to 0.6 (p < 0.001). Beyond the main season when only occasional
maintenance works are conducted (August-October), the production
area does not differ from the abandoned area and the both display VV |y|
around 0.7. The open bog differs from the rest (|y| around 0.6; p <
0.001). The highest variability is recorded among the extraction blocks,
due to the occasional ongoing maintenance works. In October when the
climatological conditions make the earthworks improbable, the extrac-
tion area displays the highest coherence (close to 0.9 in VV) with
smallest variability. The |y| of the abandoned area is 0.8 and open bog
0.7, all the 3 groups differ (p < 0.001). The behaviour of VH is similar,
with lower |y| values and greater in-group variability in the active and
abandoned extraction area. Though, it was not possible to discriminate
harvesting from other activities or derive estimates of harvested peat
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volume. However, the potential for coherence based peat extraction
intensity estimation is demonstrated.

Also, an indication is given how partially extracted areas could be
distinguished from fully harvested and not harvested areas by the
coherence standard deviation. According to the results, the influence of
rainfall on the detection of peat harvesting related works is modest. Only
the heavy rain on one of the acquisitions of the image pair whereas the
other acquisition is from dry conditions seems to cause decorrelation
comparable to surface altering works. However, deploying images from
multiple consecutive orbits or including backscatter intensity ¢° or
reference polygons of undisturbed area to the analysis, help to reduce
risk of rain induced false positives. For the included viewing geometries,
except RON 87, ¢° response to no rain (0 mm/d) and to precipitation
(0-5 or > 5 mmy/d) differs significantly (p < 0.001).

The novelty of our approach, beside applying it to peat extraction, is
the indication of the possibility for partial work detection based on the
coherence standard deviation and using ¢° or reference polygons for the
rain induced error mitigation. Our findings could enhance more efficient
resource management and monitoring for climate change mitigation.
Developing an operational algorithm for peat extraction identification
should be undertaken in future studies. Such algorithm might be
adjustable to any other type of open pit mining.
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