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Abstract
Peatlands are unique ecosystems that contain massive amounts of carbon. These ecosystems are
incredibly vulnerable to human disturbance and climate change. This may cause the peatland
carbon sink to shift to a carbon source. A change in the carbon storage of peatlands may result in
surface deformation. This research uses the interferometric synthetic aperture radar (InSAR)
technique to measure the deformation of the peatland’s surface in south Sweden in response to the
seasonal and extreme weather conditions in recent years, including the unprecedented severe
drought in the summer of 2018. The deformation map of the study area is generated through a
time-series analysis of InSAR from June 2017 to November 2020. Monitoring the peatland areas in
this region is very important as agricultural and human activities have already caused many
peatlands to disappear. This further emphasizes the importance of preserving the remaining peat
sites in this region. Based on the InSAR results, a method for calculating the carbon flux of the peat
areas is proposed, which can be utilized as a regular monitoring approach for other remote areas.
Despite the severe drought in the summer of 2018, our findings reveal a significant uplift in most
of the investigated peat areas during the study period. Based on our estimations, 86% of the
peatlands in the study area experienced an uplift corresponding to about 47 000 tons of carbon
uptake per year. In comparison, the remaining 14% showed either subsidence or stable conditions
corresponding to about 2300 tons of carbon emission per year during the study period. This
emphasizes the importance of InSAR as an efficient and accurate technique to monitor the
deformation rate of peatlands, which have a vital role in the global carbon cycle.

1. Introduction

Wetlands are among the most productive ecosystems
on earth, representing an essential role in water sup-
ply and purification, carbon sequestration, and cli-
mate changemitigation (Campbell et al 2009,Wdow-
inski and Hong 2015). Peatlands are a particular type
of natural wetlands distinguished by peat accumula-
tion (i.e. incomplete decayed vegetation) (Dunn and
Freeman 2011, Salimi et al 2021a). The peatlands are
unique ecosystems that contain a massive amount
of carbon. Most peatland areas (about 80%) can be
found in temperate-cold climates in the northern
hemisphere, widespread in the boreal and subarctic
zones (Premke et al 2016). Although peatlands only

cover 3%–4% of the global land area, they contain
approximately 25% of global soil carbon (Gorham
et al 1991), demonstrating their significance in car-
bon cycle dynamics (Dise 2009). Peatlands provide
many ecosystem services, such as climate regula-
tion, water purification, biodiversity, and flood con-
trol. There is a risk that these services will become
disservices due to human disturbance and climate
change (Salimi et al 2021a, 2021b). Sweden is a peat-
rich country, with more than 15% of its land area
covered by peatlands that significantly contribute to
the worldwide carbon cycle.

Disruption of the hydrological balance in a peat-
land due to water table changes leads to accumula-
tion or degradation of organic matter, observed as
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peat surface uplift or subsidence, respectively (Fritz
et al 2008, Potvin et al 2015). In other words, there is
a close relationship between the water table depth in
a peatland and its general state (Potvin et al 2015).
Changes in the water table due to different natural
or manmade activities can affect the peat conditions
and, consequently, its carbon sequestration capab-
ilities (Alshammari et al 2018). For example, water
table decline in peat areas may speed up the decom-
position process, manifesting itself as subsidence and
leading to the release of greenhouse gasses (i.e. CO2,
CH4, N2O) into the atmosphere and nutrient release
into receiving water bodies (Lundblad 2015, Salimi
et al 2021a). Lund et al (2012) investigated the effect
of drought periods on southern Sweden’s temper-
ate nutrient-poor peat area. They found that the
drought’s timing, severity, and duration affect peat-
land respiration and net ecosystem exchange.

Several studies have related the amount of car-
bon exchange between peat areas and the atmosphere
to the volumetric change in those areas (Fritz et al
2008, Hooijer et al 2012, Couwenberg and Hooijer
2013). The uplift or subsidence of the peat area sur-
face is correlated with the peat accumulation or loss,
respectively (Hooijer et al 2012). The artificial or nat-
ural change of the water table in the peat area is con-
sidered a leading cause of peat surface deformation
(Price 2003, Holden et al 2004). Hence, monitoring
the peat surface deformation can provide valuable
insights into the peat condition and its contribution
to the carbon cycle, including uplift caused by the
accumulation of organic matter (Large et al 2021)
and irreversible or reversible subsidence due to water
drainage and degradation of organic matter.

Vertical deformation of sparse points on the
earth’s surface can be accurately measured using the
height leveling technique and Global Positioning Sys-
tems discretely and continuously over time (Reeve
et al 2013). However, high cost and spatiotemporal
gaps between discrete measurements cause reduced
efficiency, especially in the time-series (TS) analysis
of peat surface deformation. Moreover, difficulties
in accessing remote areas, especially peatlands, limit
potential observations. The interferometric synthetic
aperture radar (InSAR) technique has gained atten-
tion as an alternative approach to monitoring the
earth’s surface deformation over time and space with
sub-centimeter precision. The TS-InSAR is used to
monitor seasonal and long-term deformation of the
earth’s surface over a specified time interval (Chen
et al 2000, 2016, Reeves et al 2014, Smith et al 2021).

Several studies have utilized InSAR in assess-
ing the conditions of wetlands (e.g. Xie et al 2013,
Wdowinski and Hong 2015, Jaramillo et al 2018,
Mohammadimanesh et al 2018) and peatlands (e.g.
Zhou 2013, Cigna et al 2014, Alshammari et al 2018,
Marshall et al 2018, 2022, Zhou et al 2019, Amani et al
2021, Umarhadi et al 2021). Alshammari et al (2020)

applied the TS-InSAR technique to classify peat sur-
face conditions based on seasonal and long-term
deformation rates of the peat’s surface but without
providing a link to carbon flux. Hoyt et al (2020)
used InSAR combined with peat material properties
to estimate the CO2 emissions over tropical peatlands
of Southeast Asia and connected their findings to sites
with considerable degradation and change in water
table levels.

Sweden is one of the most peat-rich countries
globally. Peatlands make up 15.2% of its territory
(Lundblad 2015). As climate change is likely to impact
peatland ecosystems in the near future (Franzén
2006), Salimi et al (2021b) studied the impact of the
2018 drought (i.e. current scenario) as well as future
climate scenarios on peat areas in an experiment
within climate control chambers. They discovered
that the peat under the current climate and slightly
warmer climate scenario could maintain their sink
function during the drought, i.e. 2018, and benefit
from the growing season, i.e. 2019, with a higher rate
of CO2 uptake. However, they emphasized that this
would not be the case for the warmer climate scen-
arios, where plants would experience higher drought
stress leading to the loss of their photosynthetic cap-
ability and CO2 sink function. Unfortunately, there is
a substantial lack of high-quality observations regard-
ing peatland conditions in southern Sweden. Exist-
ing observations do not reflect the current peatland
situation and are not updated regularly. This makes it
challenging to evaluate the effects of climate change.

For this purpose, we investigated the peat surface
deformation and its contribution to the carbon cycle
for a major part of Skåne county in southern Sweden
over three years, from June 2017 to November 2020,
using high-resolution InSAR data. The novelty of this
study lies partly in the improved understanding of
peatland response to dry heat spells in a temperate
environment (Hedwall and Brunet 2016) and also
partly in the implemented InSARmethod to measure
these processes and provide up-to-date and continu-
ous insight into the current conditions of peatland in
the study area. The presented observations support
extensive lab and field experiments performed during
2017–2020, when substantial uplift in the peat sur-
faces after the severe drought in summer of 2018 was
observed. Estimation of the carbon sequestration is
derived by considering the contribution of local peat-
lands. To the best of the authors’ knowledge, this work
is the first study that has utilized the high-precision
InSAR monitoring method in peatland areas specific
to southern Sweden, validated with extensive laborat-
ory measurements.

2. Study area and data

Skåne county is Sweden’s southernmost province,
with an estimated area of 11 000 km2 surrounded by
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Figure 1. (a) Footprint of the chosen sub-swath of SAR scenes, (b) boundary of the study area, including four permanent
positioning stations (VAXT, BJAR, LBYH, and MALM).

water in the west, east, and south. It is often con-
sidered the chief food producer of the country as
a large part of the land in this region is used for
agricultural purposes. The region has various land
use types, including expanding urban and industrial
zones, arable land, forests, wetlands, and water bodies
(Official Statistics of Sweden 2020). In Skåne, 9% of
the land area is covered by organic soil, including peat
layers (Lundblad 2015). Skåne is the only province in
Sweden located in the temperate region, unlike the
rest of the country’s boreal, subarctic, and Arctic cli-
mates. Although this province has less peatland cov-
erage than the rest, there is a concern for the peat-
lands in this temperate zone due to intensive human
disturbance. Concerns for this region will grow as the
adverse effects of climate change on these disturbed
peatlands become more severe, leading to decreased
ability to sequester carbon in the future (Salimi et al
2021b).

In selecting the specific study area, the western
VV-polarization sub-swath from a set of 101 Inter-
ferometric Wide Swath Level-1 Sentinel-1B images
in ascending track number 73 was chosen, covering
two-thirds of all peatlands of Skåne. The study period
covered 42 months, from June 2017 to November
2020. Daily measurement data from four permanent
positioning stations were used to validate the InSAR
processing. Figure 1(a) shows the footprint of the
chosen sub-swath of selected SAR scenes on a geo-
graphic map, and figure 1(b) shows the boundary of
the study area and the location of four permanent
positioning stations named MALM (Malmö), BJAR
(Bjärnum), VAXT (Våxtorp), and LBYH (Ljungby-
hed).

The boundary map of the wetlands, including
peatlands in the study area, was provided by Sweden’s
National Wetlands Inventory (VMI), which has been
responsible for wetland surveying in Sweden since the
mid-1980s (Gunnarsson and Löfroth 2014). Amongst

the 1239 wetland sites in Skåne, 834 sites (i.e. 67%)
were covered by the selected sub-swath of Sentinel-1
images in this study (figure S1(c)).

VMI distinguishes peatlands as a sub-category of
wetlands that have the capacity to accumulate peat.
VMI has two distinct classifications for the mapped
wetlands. The first classification includes four classes
(I, II, III, IV) based on their importance in represent-
ativity, size, intactness, diversity, and rarity. A lower
class number corresponds to a higher nature conser-
vation and environmental value of the site based on
VMI’s interpretation. In other words, class I has the
highest nature conservation and ecological value, and
class IVhas the lowest. In the second classification, the
sites were categorized using remote sensing and field
surveys based on their vegetation type (Sjörs 1967).
These include bogs (eccentric, concentric, and raised
bog), fens, and mixed types. The purpose of using
the abovementioned classification in this study was
to improve the understanding of the conditions of
detected sites in terms of dominant vegetation species
as well as their preservation priority.

3. Methodology

As the study region is highly vegetated, a short
baseline subset-based InSAR technique implemen-
ted in the Stanford Method for Persistent Scatterers
(StaMPS)/multi-temporal InSAR (MTI) as an exten-
ded version of StaMPS package was used for meas-
uring deformation over the study area (Ferretti et al
2000, Berardino et al 2002, Hooper et al 2004, 2007,
Hooper 2008, Tong and Schmidt 2016). A set of 369
multiple small baseline interferograms was formed
between images by considering threshold values for
perpendicular and temporal baselines equal 150 m
and 60 days, respectively. The criteria here was that
the resulting interferograms have a strong connection
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with each other such that the deformation can be con-
tinuously tracked in time through a short baseline
network of interferograms (see section 1 of supple-
mentary material). The StaMPS/MTI method uses
the full resolution images to identify pixels with
a low decorrelation rate over time, named slowly
decorrelating filtered phase (SDFP), using the con-
sidered network of interferograms (figure S1(a)). The
StaMPS/MTI processing output includes long-term
deformation rate and TS deformation of the detected
SDFP pixels in the satellite line of sight (LOS) direc-
tion. The deformation rate was projected in the ver-
tical direction, assuming its horizontal component is
negligible, which was the case for the available posi-
tioning stations distributed over the area. The vertical
deformation rate is derived as follows:

Dv =
DLOS

cos(θi)
(1)

where Dv and DLOS are deformation rates in ver-
tical and LOS direction, respectively, and θi is the
look angle for each SDFP pixel. Detailed information
about the used InSARmethod is presented in the sup-
plementary material. The accuracy of the deforma-
tion data was evaluated using the root mean square
error (RMSE) calculation between the TS-InSAR data
against positioning stations’ data (section 2 of supple-
mentary material).

Next, peat sites were selected where a minimum
number of five SDFP pixels fell within their territor-
ies, with at least one SDFP pixel in every 100 ha. The
mean deformation rate of each site over time was cal-
culated by averaging the deformation rate of all detec-
ted SDFP pixels.

The CO2 flux of peat soil can be calculated using
equation (2) based on the volumetric change in accu-
mulated peat volume (Hoyt et al 2020) as:

Cem/ab = A×Dv ×BD×Corg (2)

where Cem/ab is the amount of carbon emitted or
absorbed by the peat site (kg yr−1), A is the area
of the peat site (m2), Dv is the average deformation
rate of all SDFP pixels inside each site (m yr−1), BD
is the dry bulk density of the peat (kg m−3), and
Corg is the organic carbon content (unitless). The dry
bulk density and carbon content were assumed to be
0.08 g cm−3 and 0.55, respectively, based on suggested
values in similar studies (Couwenberg and Hooijer
2013, Liu and Lennartz 2019, Hoyt et al 2020).
The dry bulk density was estimated at 0.08 g cm−3

for tropical (Hoyt et al 2020) and boreal (Liu and
Lennartz 2019) peat sites. Our study area is mainly
considered a temperate climate, a transition between
tropical and boreal. Thus, it is reasonable to consider
0.08 g cm−3 for dry bulk density. Based on the sign
of theDv, the calculated Cem/ab can be regarded as the
peat site emission or absorption of carbon.

4. Results and discussion

4.1. Deformation analysis
The long-term deformation rates of SDFP pixels over
the study area were calculated using the InSAR tech-
nique during the 2017–2020 period (figure S1(b)).

Regarding validation of InSAR, the RMSE
between TS data of each of the four permanent pos-
itioning stations and all detected SDFP pixels within
a circle of r= 100m around each station was calcu-
lated to range between 4 and 8 mm. Furthermore,
the absolute difference between the deformation rate
based on the data from each positioning station and
the InSAR processing results ranged between 0.2 and
1.4 mm yr−1. As these errors are within the posi-
tioning stations’ uncertainty, the InSAR processing
validity can be confirmed. InSAR validation is dis-
cussed in detail in section 2 of the supplementary
material.

The InSAR deformation map was used to select
the peat sites that play a role in carbon flux in
the study area based on the criteria discussed in
section 3 (figure S1(b)). This resulted in 64 differ-
ent sites that could be classified in three ways, as
shown in figure 2. Three types of classifications are
shown in this figure. Two classifications (figures 2(a)
and (b)) are based on the VMI maps discussed in
the study area section. Figure 2(a) shows eight dif-
ferent types of peatlands, including four bog types
(eccentric, concentric, raised, and indeterminable)
and four mixed types (table S2). Notably, all mixed-
type sites also include bogs, and the detected SDFP
pixels were primarily located in the areas containing
bogs. Figure 2(b) shows the classification based on
their nature conservation and environmental value
(table S3). Figure 2(c) depicts the classification of the
deformation rate of the detected sites, that is the out-
put of the InSAR processing, which led to the iden-
tification of three groups, i.e. sites with uplift, sub-
sidence, or stable sites, based on the mean long-term
deformation rate of the detected SDFP pixels inside
each site (table S4). Stable sites were defined as sites
having an absolute deformation rate of less than a cer-
tain threshold. The threshold was defined as the aver-
age of the abovementioned RMSE for the four per-
manent stations normalized by the study duration.

Figure 3 summarizes the results of this study in a
quantitative manner. According to figure 3(a), class
I, II, and III occupied 17%, 50%, and 22% of all
64 detected sites, respectively. Only seven remaining
sites (11%), which were all raised bog type, fell into
class IV (table S3). From 64 detected sites, 54 sites
(84%) were classified as bog type, including concent-
ric, eccentric, raised,mixed, and indeterminable bogs.
For the remaining ten sites, eight sites (13% of total
sites) were categorized asmixed fen, and the other two
(3% of total sites) were categorized as mixed wetlands
(table S2).
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Figure 2. Location, area, and distribution of the detected peatland sites according to their (a) type, (b) class of the nature
conservation and environmental value, and (c) mean long-term deformation rate (mm yr−1) of the detected SDFP pixels within
the peat sites.

Figure 3. Distribution of different types of detected sites based on the (a) class of the nature conservation and environmental
value according to the VMI map and (b) mean long-term deformation rate (mm yr−1) based on the InSAR map.

The abovementioned results show the InSAR
technique’s ability to detect the deformation of the
bog peatland areas. The efficiency of the InSAR tech-
nique decreases commensurately with increasing the
amount of woody and massive plants (e.g. trees and
shrubs) in the sites because of the reduction of the
backscattered SAR signal’s correlation. Most detec-
ted peat sites were classified in classes I and II,
corresponding to the highest importance regarding
nature conservation and environmental value. Fur-
thermore, roughly 86% of all detected sites showed
uplift (i.e. positive long-term deformation rate of
more than 3mm yr−1), representing good conditions
for peat accumulation. Amongst the detected bog-
type peat sites, 91% experienced uplift, as shown in

figure 3. Only 8% of all 64 sites experienced subsid-
ence (table S4). Most of the detected peat sites were
of bog type, which highlights the efficacy of InSAR
processing in detecting the bog-type peat sites along
with their deformation rates.

Six representative sites out of the 64 detected sites
were selected to simplify the discussion and provide
insight into the results. The selected representative
sites covered the whole spectrum of deformation and
satisfied the detection criteria regarding the SDFP
pixels discussed in section 3. Figure 4(a) shows the
distribution of these sites.

The mean TS-InSAR deformation of the six rep-
resentative peat sites (denoted by a to f) was calcu-
lated by averaging the deformation of SDFP pixels
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Figure 4. (a) Location of selected representative peat sites, (b) boundary of peat site along with the detected SDFP pixels, and
mean TS-InSAR deformation (mm) of all detected SDFP pixels inside or on the boundary of the representative peat sites.

inside each site. The mean TS values for each site over
the study period are shown in figure 4(b), along with
the locations of the detected SDFP pixels. Figure 4(b)
includes the long-termdeformation trend at each site,
represented by a dashed blue line. The detected trends
were positive at five sites (sites a, b, d, e, and f) and
only negative at one site (site c).

Despite the expectedwater table drawdowndue to
the severe 2018 drought,most of the study sites exhib-
ited an uplift over the 2017–2020 period. It seems
that bogs are resistant to climate extremes, as argued
by Peregon et al (2007), Wu and Roulet (2014), and
Salimi et al (2021b). Moreover, it seems that in a
warmer climate, different types of plants in peat-
lands might be favored by the altered environmental

conditions and increase their biomass (Heijmans et al
2008). Increasing the temperature may favor vascu-
lar plant growth (McPartland et al 2020, Salimi et al
2021b) and expansion, whereas increased CO2 due
to mass plant degradation may benefit Sphagnum
growth (Heijmans et al 2008,Mäkiranta et al 2018). In
our study, the growing season was warmer and longer
than usual in 2018 (Moravec et al 2021) and partially
in 2019 (figure S4), which could enhance bog photo-
synthesis and CO2 uptake for most of the sites, which
is confirmed by the mesocosm experiment by Salimi
et al (2021b).

The possible lower water table caused by a higher
evapotranspiration rate during the 2018 drought
introduced oxygen to the peat top layers, where the

6



Environ. Res. Lett. 18 (2023) 044012 B Khodaei et al

labile organicmatter can rapidly decompose and sup-
ply nutrients to the plants. These available nutri-
ents fertilize the plants and boost their photosyn-
thetic capacity (Munir et al 2015, Walker et al 2015,
Ratcliffe et al 2019), leading to a higher plant growth
rate, carbon accumulation, and consequently, surface
uplift. This is especially important for bogs, which
have a nutrient-poor environment compared to fen,
as evidenced by the findings of this study, where
most detected sites included bogs. Furthermore, the
warmer growing seasons of 2018 and partially 2019
could have resulted in a shift from the bryophytes to
vascular plants, which are fast-growing and less sus-
ceptible to drought. This is because their roots can
penetrate deeper layers where the water/soil mois-
ture is sufficient for active photosynthesis and car-
bon sequestration (Weltzin et al 2003, Breeuwer et al
2010, Potvin et al 2015, Mäkiranta et al 2018). It
appears that in those few sites where subsidence was
observed, the plant shift (from Sphagnum domin-
ance to vascular plant dominance) did not occur.
Sphagnum remained the dominating plant at the site,
hence affected by the 2018 drought, which resul-
ted in subsidence. This subsidence may occur for
the Sphagnum-dominant peatlands as the spongy
structure of Sphagnum can be damaged during an
extreme drought, resulting in a loss of moisture-
holding capacity, which leads to Sphagnum shrinking
and eventually subsidence. Therefore, the behavior
of peatland surface motion can be greatly influenced
by the dominant plant response to the altered cli-
mate conditions, as different plant types may respond
to climate change in different ways (Leifeld and
Menichetti 2011, Dieleman et al 2015, Leifeld and
Menichetti 2018).

4.2. Carbon sequestration
Estimating the annual carbon flux emission and
uptake at the 64 detected sites was performed using
equation (2), which is discussed in section 3. The
calculations showed that the total area of the detec-
ted sites is 9198 ha, out of which 14% (1280 ha)
were stable or experienced average subsidence of
9 mm yr−1, corresponding to a net carbon emission
of 2336 tons yr−1 into the atmosphere.

However, the remaining 86% (7918 ha), with an
average uplift of 13 mm yr−1, acted as a carbon sink
with 46 972 tons yr−1 of carbon absorption during the
2017–2020 period.

It is worth mentioning that the bulk density and
carbon concentration, used in equation (2) to cal-
culate the carbon flux, are related to the type, age,
and depth of the accumulated peat. Ideally, these
parameters should be measured in the laboratory or
on-site, which was impossible in this study. Hence,
the abovementioned calculations are an estimation
of the carbon flux, and we have assumed all sites

as temperate peatlands with identical properties over
their area, as also assumed by Hoyt et al (2020).

The findings of this study indicate that bogs are
resilient to warmer and drier conditions and can
maintain their sink function and accumulate carbon
despite drier and warmer periods (Peregon et al 2007,
Wu and Roulet 2014, Salimi et al 2021b). But this may
not be the case in the long term as this accumulation
could be balanced by a higher decomposition rate of
the labile organic matter produced by vascular plants.
Continuous monitoring by the InSAR technique can
be used to monitor the deformation of peatland eco-
systems over a more extended period to improve the
understanding of the peatland ecosystem’s response
to climate variability and change.

5. Conclusion

This study highlights InSAR’s ability to detect the
deformation rate of peatland areas. The technique
could effectively detect vertical displacement over the
peatland sites during the 3.5 years. The detected sites
were categorized into eight types according to the
VMI map, including bog types or mixed types as the
main feature. About 89% of all detected sites were
categorized as having a high nature conservation and
environmental value as they belonged to the first three
of four defined categories.

Almost 91% of the detected bog-type peat sites
experienced uplift during the study period, notwith-
standing the drought of the summer of 2018. These
results are corroborated by Salimi et al (2021b), who
studied unmanaged mesocosms peats from the stud-
ied area.

The calculated deformationmap using the InSAR
technique was translated into carbon flux to quantify
their contribution to climate change mitigation. The
results show that most sites act as a sink for carbon by
sequestering about 47 kilotons yr−1 despite the 2018
drought.

The methodology developed in this study can be
extended to all peatland areas in different climate con-
ditions as a standard and effective method for mon-
itoring carbon sequestration around the globe. Water
table data are useful in assessing peat storage changes
concerning the hydrological cycle. More specific and
accurately measured parameters involved in carbon
flux calculation are recommended to improve reliable
carbon sequestration results.
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