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Abstract. Oxidation of organic matter in peat above the phreatic groundwater table causes subsidence and
carbon dioxide (CO2) emissions. Because 25 % of the Netherlands has shallow peat layers in its subsurface,
it is essential for Dutch policy makers and stakeholders to have reliable information on present day and near
future CO2 emissions under changes in groundwater levels. Furthermore, it is important to reduce greenhouse
gas emissions in view of international agreements.

We are developing GreenhousePeat: a nationwide model that synthesizes information on peat organic carbon
content, land subsidence, and CO2 emission monitoring to model present-day and future CO2 emissions from
subsiding peatlands.

Here, we discuss the approach and input data of GreenhousePeat. GreenhousePeat is based on a UNFCCC
approved model to predict CO2 emissions, albeit based on new input data: 3-D organic matter maps, nationwide
subsidence rates, and ranges in oxidation fraction. We validate model outcomes with previously documented
CO2 emissions measured at four different locations. We found that for one site the upper bound of the model
reproduces the measured CO2 emissions. The modelled emissions at two sites have a relative deviation of ap-
proximately 73 % to 29 % from the measured emissions. Whereas one site is a net CO2 sink, although low
emissions were modelled. Finally, we conclude on the suitability of the model for CO2 emission forecasting and
suggest improvements by incorporating groundwater level information and land use type.

1 Introduction

Many peatlands in densely populated areas are drained to
enable agriculture and to prevent residential areas from in-
undating (Gambolati et al., 2006; Hooijer et al., 2012).
Drainage results in oxidation of organic matter. Conse-
quently, peatlands have been strong net sources of car-
bon dioxide (CO2) with subsidence accompanying the pro-
cess (Deverel et al., 2016). Subsidence and CO2 emissions
became continuous processes, because water management
maintains phreatic groundwater levels below the progres-
sively lowering surface.

The Netherlands is a prime example of an area with sub-
stantial peat oxidation, where the shallow subsurface con-
tains about 15 km3 of peat, covering 25 % of the surface area
(TNO-GSN, 2019) (Fig. 1). Previous studies estimate that
peat oxidation is responsible for 2 % of all CO2 emissions
in the Netherlands (Van den Akker et al., 2008; Arets et al.,
2019). The National Inventory Report (NIR, 2019) for green-
house gas (GHG) emissions has adopted Dutch specific CO2
emission factors for drained organic soils due to peat ox-
idation of 19 and 13 t CO2 ha−1 yr−1 (Arets et al., 2019),
depending on organic matter content and subsidence rates.
The annual CO2 emission reported for the estimated 223 kha
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of surficial peat in the Netherlands is 4.246 Mton yr−1 with
an average CO2 emission for each mm of subsidence of
2.26 t CO2 ha−1 yr−1 (Kuikman et al., 2005; Arets et al.,
2019).

Reducing CO2 emissions is a major challenge for our so-
ciety. The Dutch government committed itself to the COP21
– CPM11 Paris climate agreement, in which it is stated that
CO2 emission has to be reduced with 49 % in 2030 and 95 %
in 2050 (UNTC, 2016). In light of this agreement, Dutch
policymakers should have a strong focus on reducing CO2
emissions from peatlands. If the Netherlands is not drasti-
cally changing its groundwater policy, subsidence and CO2
emissions by peat oxidation will sustain and may become a
hazard.

We are developing GreenhousePeat: a nationwide model
for the Netherlands to forecast CO2 emissions from sub-
siding peatlands. The output of GreenhousePeat consists of
CO2 emission forecasts under selected changes in ground-
water levels and climate, for example as a result of extreme
droughts. At present, the model is based on an existing UN-
FCCC approved model to predict CO2 emissions. Green-
housePeat is beneficial for policymakers, water managers,
agricultural organizations, and spatial planners because the
results are implementable in decision-making strategies to
mitigate future CO2 emissions. These strategies will also be
vital to meet international agreements.

Here, we introduce the approach and input data of Green-
housePeat, provide a brief overview of CO2 emission mea-
surements in the Netherlands, and report on the ability
of GreenhousePeat to reproduce CO2 emissions previously
measured at four sites using new datasets on peat organic
matter and subsidence rates.

2 CO2 emission factors and measurements from
peatlands in the Netherlands

The Dutch emission factors (NIR, 2019) are higher than the
2006 default IPCC emission factors for temperate grassland
on organic soils of 10 t CO2 ha−1 yr−1 (IPCC, 2006). How-
ever, they are in line with the IPCC wetlands supplement
(IPCC, 2013) that updated the default emission factors and
included the impact of drainage depth using a combination
of subsidence and flux data found in literature. These up-
dated default emission factors for organic soils range from
13 to 22 t CO2 ha−1 yr−1 for respectively shallow and deep
drained nutrient-rich temperate grassland, classified as hav-
ing a mean annual water table depth of less or more than
30 cm below the surface. Rewetted organic soils were given
a separate emission factor of −1 and +2 t CO2 ha−1 yr−1 for
nutrient-poor and nutrient-rich areas, respectively.

A large set of Dutch studies is used for the updated
default IPCC emission factors, amongst others Schothorst
(1977), Langeveld et al. (1997), Jacobs et al. (2003), Hen-
driks et al. (2007), Veenendaal et al. (2007), and Schrier-

Figure 1. Map of the Netherlands showing accumulated thickness
of Holocene peat from the GeoTOP model (TNO-GSN, 2019). The
stars indicates the locations of the four monitoring sites. Coordi-
nates are expressed in meters using the RD (Rijksdriehoek) local
coordinate system. © TNO Geological Survey of the Netherlands

Uijl et al. (2010). Apart from Schothorst (1977), these stud-
ies are based on flux data. The fluxes have been measured
with chamber-based techniques or eddy covariance as a mea-
sure for the net ecosystem exchange (NEE) of CO2 with
the atmosphere. This NEE is the difference between car-
bon assimilation by photosynthesis and release by respira-
tion. Heterotrophic decomposition of soil organic matter and
autotrophic emissions from the living biomass are taken into
account for the respiration. Therefore, when using such flux
data, changes in the biomass and litter stock have to be taken
into consideration, allowing annual emission estimates from
peat decomposition. Thus, agricultural practices, land-use
and management have to be considered. The NEE of CO2
using the eddy covariance method reflects the exchange for
an upwind area typically in the order of hundreds of square
meters, whereas the chamber method reflects that for the lo-
cation of the chamber.

3 GreenhousePeat

The innovative aspect of GreenhousePeat is that it integrates
information derived from different disciplines: geology, soil
chemistry, hydrology, geodesy, and environmental chemistry.
The model combines CO2 emission measurements with na-
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tionwide 3-D peat layer mappings, peat organic carbon con-
tent, and subsidence rates. The first step in developing Green-
housePeat is to link present-day measured to modelled CO2
emissions at single site locations.

3.1 CO2 emissions sites

We use documented information of multi-annual studies on
GHG balances for three peatland sites reported by Moors et
al. (2012): Oukoop, Stein, and Horstermeer, and one site re-
ported in earlier work: Zegveld (Hensen et al., 1995) (see
Fig. 1 for locations). Oukoop and Stein concern two man-
aged drained grass-on-peat areas, and Horstermeer is a shal-
low drained former agricultural peatland that has been re-
stored since 1998. Oukoop is a drained intensively managed
area with the application of fertilizer and biomass export and
Stein is a drained extensively managed area with biomass ex-
port (Hendriks et al., 2007; Veenendaal et al., 2007; Kroon,
2010; and Schrier-Uijl et al., 2010). Based on these studies,
Schrier-Uijl et al. (2014) published results setting the sys-
tem boundaries at the landscape level with (grass) biomass
C import and export, fertilizer and manure use as well as the
export of milk and meat and loss of dissolved organic carbon
through drainage ditches.

An average release of 1.1 t CO2-C ha−1 yr−1 was found for
the net ecosystem exchange (NEE) excluding management
related fluxes for the two managed drained sites Oukoop
and Stein, and uptake of 3.8 t CO2-C ha−1 yr−1 for the re-
stored site Horstermeer (Schrier-Uijl et al., 2014). A year
to year variation of −0.5 to 1.9 t and −0.2 to 2.2 t CO2-
C ha−1 yr−1 was found for Oukoop and Stein respectively,
and −2.7 to −5.2 t CO2-C ha−1 yr−1 for the Horstermeer
(Schrier-Uijl et al., 2014). A total farm-based CO2 release
for Oukoop is estimated as 1.9 t CO2-C ha−1 yr−1 based on
biomass removal of 4 t CO2-C ha−1 yr−1, assimilation rate
of cattle (7 %), manure application of 1.4 t CO2-C ha−1 yr−1

and a farm-based CH4 balance of 0.6 CO2-C ha−1 yr−1. The
total carbon release to the atmosphere (CO2 and CH4) for the
two managed drained sites in Oukoop and Stein is 5.2 and
6.3 t C ha−1 yr−1 respectively and a total uptake in Horster-
meer of 3.5 t C ha−1 yr−1 (Schrier-Uijl et al., 2014).

Langeveld et al. (1997), taking a similar approach, derived
an emission of 11 t CO2 ha−1 yr−1 for Zegveld grassland on
peat, based on eddy covariance measurements of Hensen et
al. (1995). The uptake, manure excretion and milk production
were estimated to emit 10 t CO2 ha−1 yr−1, because the cattle
largely fed on the grass.

3.2 Modelling CO2 emissions

For modelling present-day CO2 emissions at the four se-
lected sites (CO2,em kg CO2 ha−1 yr−1), we use an interna-
tionally acclaimed robust empirical approach proposed by
Kasimir-Klemedtsson et al. (1997). It was expressed as a
function for the Netherlands by Kuikman et al. (2005) and

Van den Akker et al. (2008, 2012), and approved by the UN-
FCCC to quantify CO2 emissions from peatlands (Arets et
al., 2019) (Eq. 1). For a fraction of subsidence attributed to
oxidation (F ), we use documented minimum and maximum
values for the central peat area of the Netherlands: 0.25–
0.71 (Schothorst, 1977; Van Asselen et al., 2018). Schothorst
(1977) presented an oxidation fraction for the situation in the
1970s, whereas Van Asselen et al. (2018) provided a range of
average oxidation fractions for centuries-long subsidence. In-
formation on present-day oxidation fractions lack in the liter-
ature. For the local subsidence rates (S in m yr−1) we deploy
a nationwide subsidence map based on InSAR, gravity, and
GNSS data that provides an estimated and averaged (2×2 km
grid cells) shallow subsidence rates between 2015 and 2018
(Bodemdalingskaart, 2018). The distribution of peat, organic
matter fraction (frp), and carbon fraction organic matter (frc)
are derived from the 3-D geological subsurface voxel model
GeoTOP (resolution: 100×100×0.5 m) (Stafleu et al., 2011;
Koster et al., 2018). For peat organic matter density (ρp in
kg m−3), we apply documented minimum and maximum val-
ues for the Netherlands: 1470 and 1560 kg m3 (cf. De Glop-
per, 1973). We use the raster resolution of GeoTOP and cal-
culate for each cell a range of annual CO2 emission based on
minimum and maximum values of F and peat organic mat-
ter density with the following equation (cf. Kuikman et al.,
2005; Van den Akker et al., 2008):

CO2,em = F · S · ρp · frp · frc ·
44
12
· 104 (1)

4 Results and Discussion

Previously measured and newly modelled CO2 emitted by
peat oxidation for the four locations are summarized in Ta-
ble 1. The results show that the measured CO2 at Zegveld
is just below the upper bound of the modeled values. How-
ever, the modelled CO2 emissions at Stein and Oukoop are in
the order of 10 to 20 t CO2 ha−1 yr−1 less than the measure-
ments. The Horstermeer measurements reveals that the site is
a net sink, although GreenhousePeat predicts net emissions.

We aim with GreenhousePeat to predict CO2 emissions
from peatlands for variable groundwater management and
climate change scenarios for the first time on a national scale.
To accomplish this, we foresee that the following steps are
needed:

– Implementing information on phreatic groundwater lev-
els. The Netherlands has several online portals of
freely available groundwater level information, com-
prising monthly information on phreatic groundwater
level changes (BISNederland; NHI; Grondwatertools;
TNO-GSN). Available information regards individual
monitoring wells, as well as spatial interpolations that
yield estimations of spatiotemporal varying groundwa-
ter levels. Ignoring the groundwater level elevation and
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Table 1. Summary of the modelled and measured CO2 emissions at four locations. Min. and max. values are the results of the min. and max.
values of the oxidation fractions and organic matter densities.

Location subsidence rate modelled CO2 measured CO2
mm yr−1 t ha−1 yr−1 t ha−1 yr−1

min max min max

Horstermeer 0.41 1.16 1.2 3.2 −13
Oukoop 0.83 2.34 4.5 13.5 19
Stein 0.55 1.56 2.0 6.1 23
Zegveld 0.78 2.20 4.0 12.0 11

changes could partly explain the strong discrepancy be-
tween measured and modelled CO2 at site Horstermeer.
The site is characterized by high phreatic groundwater
levels that minimize oxidation.

– Geodetic data. Part of the mismatches between the
modelled and the measured CO2 emissions may also be
due to the used subsidence measurements (S in Eq. 1).
We used data for grid cells of 2 by 2 km, which are aver-
ages of dozens to hundreds of deformation points. These
values may not be appropriate for the simulated sites. A
higher resolution deformation map, or a measure of the
expected variance of such measurements would be of
added value.

– Implementing land use maps. According to Moors et
al. (2012), agricultural practices, land-use, and man-
agement largely determine the emissions of CO2 from
Dutch (agro)ecosystems. Jacobs et al. (2003), reports
that peatlands are a source if drained substantially, and
a sink if not. Therefore, land- use maps which differen-
tiate between agricultural lands and wetlands comple-
ment information on phreatic groundwater levels. This
identifies areas such as site Horstermeer which are a net
CO2 sink that experiences minimal subsidence.

– Drought events. Peat oxidation is exacerbated during
periods of extreme drought (Van Dam, 1988; Reiche et
al., 2009). For instance, the drought in the summer of
2018 caused a rainfall deficit of 250 to 350 mm in the
peat areas of the Netherlands (Sluijter et al., 2018). Such
drought events are known to cause a temporal drop in
groundwater levels and accelerate CO2 emissions from
peat layers (Reiche et al., 2009). Even under moderate
IPCC projections (RCP4.5) drought will most proba-
bly become more frequent and severe in Northwestern
Europe (Klein Tank et al., 2015; Spinoni et al., 2018).
We will use observed drops in phreatic levels from the
summer of 2018 as base levels for near future lowest
phreatic level (Fig. 2) (TNO-GSN, 2019).

Figure 2. Example of a phreatic groundwater level monitoring well
located in the peat area near Stein (TNO-GSN, 2019). The y-axis
indicates elevation in cm + MSL; the surface elevation is 1.66 m
− MSL. Low phreatic level during the summer of 2017 was ca.
−2.25 m + MSL, whereas the phreatic level dropped during the
2018 extreme summer to −2.42 m.

5 Conclusions

At present, GreenhousePeat uses an UNFCCC model to sim-
ulate CO2 emissions from peat lands, which accounts for the
fraction of subsidence attributed to peat oxidation, rate of
total subsidence, and properties of peat organic matter. We
showed that for the Zegveld site, model and measurements
agree. The three other sites revealed discrepancies between
the modelled and measured values, meaning that either the
process descriptions or the input data should be improved.

Data availability. Research data on peat distribution and ground-
water level changes are accessible via the online data portal of TNO
– Geological Survey of the Netherlands: https://www.dinoloket.nl/
en (TNO-GSN, 2019). Research data on CO2 emissions and land
subsidence are available in the publications cited.
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