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Abstract 

Agricultural use of drained peatlands has significant implications for national 
greenhouse gas (GHG) emission inventories. Once drained, peatlands emit large 
amounts of carbon dioxide (CO2), may become small methane (CH4) sinks and, with 
nitrogen fertilisation, may emit large quantities of nitrous oxide (N2O). Studies on 
the influence of set-aside cropland in reducing GHG emissions from peatlands are 
rare, measurement techniques for continuous long-term observations are costly and 
detection of small fluxes is critical. This thesis investigated management effects on 
GHG fluxes from a cropland (CL) and an adjacent set-aside (SA) grassland on peat. 
An affordable relaxed eddy accumulation (REA) system for measuring continuous 
fluxes of CO2, N2O, CH4, and water vapour (H2O) was designed and tested. A 
convenient method for optimising chamber flux measurement duration and number 
of concentrations was developed and tested against experimental data. The SA site 
showed higher annual CO2 emissions than the CL site (0.41 and 0.16 kg CO2 m-2 yr-

1, respectively). Nitrous oxide and CH4 emissions had a minor influence on the 
climate effect at both sides. The REA system reliably measured GHG fluxes over 
complete growing seasons, based on a comparison of CO2 and H2O fluxes with an 
eddy covariance system. The chamber optimisation method yielded similar results 
to experimental data, and can be valuable in the planning phase of measurement 
campaigns. In conclusion, this thesis found no evidence that setting-aside 
agricultural land on peat reduced GHG emissions and emphasises the importance of 
affordable and reliable measuring equipment.  

Keywords: Carbon dioxide, Methane, Nitrous oxide, Setting-aside farmland, Land 
sparing, Relaxed eddy accumulation, Eddy covariance, Detection limit. 
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Abstract 
Jordbrukets användning av utdikade torvmarker har betydande konsekvenser för 
nationella inventeringar av utsläpp av växthusgaser. Utdikade torvmarker släpper ut 
stora mängder koldioxid (CO2), blir till små metansänkor (CH4), och kan släppa ut 
stora mängder lustgas (N2O) vid användning av kvävegödsling. Studier om hur 
avsättningar av odlingsmark påverkar växthusgasutsläppen från torvmarker är 
sällsynta, och mättekniker för kontinuerliga, långsiktiga observationer är 
kostsamma. Dessutom är förmågan till detektion av små flöden kritisk. I denna 
avhandling undersöktes effekten av jordbruksmetoder på växthusgasflöden från två 
intilliggande torvmarker, en odlingsmark (CL) och en gräsmark som tagits ur bruk 
(SA). Dessutom utformades och testades ett kostnadseffektivt eddy 
ackumuleringssystem med lättade krav (Relaxed Eddy Accumulation; REA) för att 
mäta kontinuerliga flöden av CO2, N2O, CH4 och vattenånga (H2O). En praktisk 
metod för att optimera varaktigheten och antalet koncentrationer för flödesmätning 
i en kammare utvecklades även, och jämfördes med experimentella data. SA-marken 
visade högre årliga CO2-utsläpp än CL-platsen (0,41 respektive 0,16 kg CO2 m-2 år-

1). Utsläppen av N2O och CH4 påverkade klimateffekten på båda platserna till en 
mindre grad. REA-systemet mätte på ett tillförlitligt sätt växthusgasflöden över hela 
växtsäsonger, vilket en jämförelse av CO2- och H2O-flöden med ett eddy kovarians-
system visade. Metoden för kammaroptimering gav resultat som överensstämmer 
med experimentella data och kan vara ett värdefullt verktyg för planeringsfasen av 
mätningar. Sammanfattningsvis fann denna avhandling inga bevis på att avsättning 
av jordbruksmark på torv leder till en minskning av växthusgasutsläpp, och betonar 
vikten av prisvärd och tillförlitlig mätutrustning.. 

Nyckelord: Koldioxid, Metan, Lustgas, Avsättning av jordbruksmark, 
Markanvändning, Relaxed eddy accumulation, Eddy covariance, Detektionsgräns. 
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1.1 Background 

1.1.1 Peatlands 
Peatlands cover about 3% of the global terrestrial surface (Xu et al., 2018) 
and store around 598 Pg carbon (C), which represents about 21% of the 
global soil organic C sock estimated to 2800 Pg C (Leifeld and Menichetti, 
2018; Jackson et al, 2017). Around 13% of the world’s peatlands have been 
drained for agriculture, forestry or peat extraction (Säurich et al., 2021), 
turning peatlands from C sinks or near C neutrality into major C sources. 
Under current circumstances, i.e. with no additional drainage, drained 
peatlands emit about 1.9 Pg carbon dioxide (CO2) equivalents (CO2EQ) per 
year globally (Leifeld and Menichetti, 2018). This represents about 4.7% of 
global anthropogenic greenhouse gas (GHG) emissions, i.e. more than the 
annual contribution from global civil aviation (Ritchie, 2020). 
Peat is formed by incompletely degraded organic material accumulating over 
millennia under water saturation or a cool climate. According to the World 
Reference Base for Soil Resources (WRB), a peat soil is categorised as a 
histosol with a peat layer of at least 10 cm thickness at the surface, overlaying 
lithic or paralithic material, or a peat layer of at least 40 cm thickness that 
starts within the top 30 cm of the soil profile (WRB, 2015). Peatlands are 
ecosystems in which the soil is dominated by peat (IPCC, 2022). 

1.1.2 The value of peatlands 
Undisturbed peatlands provide many ecosystem services. As large C sinks 
and C stores they contribute to global climate regulation and exert a net 

1. Introduction
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cooling effect on the planet (Bonn et al., 2016; Frolking and Roulet, 2007; 
Yu et al., 2011). They can also regulate local climate due to their shallow 
water table and can affect natural humidity by higher latent heat fluxes 
compared with their surroundings (Helbig et al., 2020), or by their higher 
albedo compared with, e.g. a neighbouring peat extraction site or a bare 
agricultural peat soil (Worrall et al., 2019). Furthermore, intact peatlands 
influence local hydrology, e.g. they can act as a filter by removing excess 
nutrients from groundwater or regulating local groundwater recharge or 
discharge (Bonn et al., 2016). They represent biodiversity hot spots with 
many rare plant and bird species depending on the unique habitat they 
support, and provide recreational and tourism opportunities (Bonn et al., 
2016). Most of these services are “hidden” in the sense that they are not 
easily monetised. However, the soil-forming process of peatlands represents 
an ecosystem service that can be economically exploited. Peat extraction, 
forestry and agriculture on drained peatlands are examples of how drained 
peatlands are used. However, such use is unsustainable in the sense that the 
peat is degraded or even completely removed and, consequently, most other 
ecosystem services lose their functions. Through peatland drainage, local 
hydrology is changed significantly, jeopardising the functions of a peatland 
as a hydrological buffer and filter (Holden et al., 2004). In addition, local 
biodiversity may decrease as a result of drainage and the peat will degrade 
much faster when subjected to higher oxygen (O2) levels, often transforming 
from a CO2 sink into a CO2 source (Evans et al., 2021; Holden et al., 2004; 
Joosten and Clarke, 2002). Peat extraction destroys the natural ecosystem 
because the peat itself is partially or completely removed (Joosten and 
Clarke, 2002). 

1.1.3 Biogeochemistry of peatlands 
Peat formation depends on the prevailing aeration level, defined mainly by 
local hydraulic conditions and by the living plants, often bryophytes, reeds, 
and other adapted organisms, that thrive within a very wet but still aerated 
top layer (the acrotelm). The acrotelm is formed by constant accumulation 
of dead plant material. Inside this layer, organic material is still subject to 
decomposition, but as more organic material is added to the surface, lower 
layers will gradually submerge into a water-logged, anaerobic zone (the 
catotelm), where no significant decomposition takes place. Through this 
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process, boreal peatlands accumulated an estimated 427 Pg C during the 
postglacial period (Leifeld and Menichetti, 2018). 

Most undisturbed peatlands act as sinks of CO2, are sources of methane 
(CH4) and can emit small amounts of nitrous oxide (N2O) (Frolking and 
Roulet, 2007; Leppelt et al., 2014). Inside the anaerobic environment of the 
catotelm, at low redox potential, microorganisms (methanogens) are able to 
use organic material instead of O2 as electron acceptors to fuel their 
metabolism. Thus, they reduce organic material and CH4 is formed (Bräuer 
et al., 2020). This CH4 is transported via ebullition and diffuses through the 
peat matrix to the soil surface and is emitted from the ecosystem. Under 
anaerobic conditions, nitrogen (N) in different oxidation states can act as an 
electron acceptor instead of O2, so NO3

-, NO2
-, NO, and N2O are 

thermodynamically favourable compared with organic C. Nitrogen is 
reduced via microbial pathways such as denitrification, nitrifier-
denitrification, dissimilatory nitrate reduction to ammonium, and anaerobic 
ammonium oxidation, or by abiotic pathways such as chemical 
decomposition of hydroxylamine and chemodenitrification (Butterbach-
Bahl et al., 2013) (Figure 1). During these processes, N2O can be formed as 
an intermittent or end product and diffuses to the peat surface to be emitted 
from the ecosystem. Due to low N availability in most natural peatlands, the 
N2O emissions are low (Leppelt et al., 2014). 

Around 17% of European peatlands have been drained for agricultural 
use as croplands or grasslands (Christensen et al., 2004; Evans et al., 2021). 
Once drained, the biogeochemistry of peatlands changes dramatically 
(Figure 1). This is predominantly due to a change in hydrological status and 
its effect on O2 diffusivity and availability. Lack of water in the peat matrix 
increases O2 diffusion 10⁴ fold and microorganisms can switch from less 
thermodynamically favourable electron acceptors to O2. This drastically 
increases the decomposition of organic material, and thus the production of 
CO2. If agriculture is practised, activities such as tillage can lead to a 
temporal increase in available O2 and further increase CO2 production from 
peatlands. Drainage turns peatlands from CO2 sinks to CO2 sources, but at 
the same time the higher O2 availability within the peat layers often results 
in increasing activity of methanotrophic microorganisms that use CH4 as an 
energy source for their metabolism (Lai, 2009). This turns peatlands into net 
CH4 sinks. Overall, drainage of peatlands results in an increase in C 
emissions expressed as CO2EQ (Evans et al., 2021). For peatlands to be used  



Fi
gu

re
 1

. G
ra

ph
ic

al
 re

pr
es

en
ta

tio
n 

of
 re

le
va

nt
 n

itr
og

en
 (N

) a
nd

 c
ar

bo
n 

(C
) c

yc
lin

g 
pr

oc
es

se
s i

n 
(le

ft)
 d

ra
in

ed
 a

nd
 

(r
ig

ht
) n

at
ur

al
 p

ea
tla

nd
. T

he
 p

ro
ce

ss
es

 w
ith

in
 th

e 
gr

ey
-s

ha
de

d 
ar

ea
 a

re
 se

ns
iti

ve
 to

 o
xy

ge
n 

co
nc

en
tra

tio
ns

, b
ut

 c
an

 
oc

cu
r s

im
ul

ta
ne

ou
sl

y 
w

ith
in

 d
ra

in
ed

 o
r n

at
ur

al
 p

ea
tla

nd
. D

O
C

: d
is

so
lv

ed
 o

rg
an

ic
 C

, D
N

R
A

: d
is

si
m

ila
to

ry
 n

itr
at

e 
re

du
ct

io
n 

to
 a

m
m

on
iu

m
, A

N
A

M
M

O
X

: a
na

er
ob

ic
 a

m
m

on
iu

m
 o

xi
da

tio
n.

 

28 



29 

productively for farming, N fertiliser usually needs to be applied. Therefore, 
N availability can be considerably higher on agricultural peatlands than on 
natural peatlands. Reactive N is not only used by plants, but also by 
microorganisms. Under anaerobic conditions, N in the form of NO3

- or NO2
- 

is used as an electron acceptor and, through a chain of reactions, is reduced 
to N2O or elemental N. For N2O formation to take place, the soil environment 
needs to be sufficiently reductive, as is usually the case under O2 deprivation 
when soils or soil aggregates are wet and O2 diffusion is limited. Depending 
on temperature and with sufficient available reactive N (e.g. NO3

- or NO2
-) 

and C, N2O formation can take place. However, due to the dependence on 
environmental conditions and the complexities of microbial N2O formation 
pathways, N2O production can be very sporadic and spatially heterogeneous. 

Around 3 to 5% of total peatland area in the Nordic countries is used for 
agriculture (Kløve et al., 2017), but this relatively small land area makes a 
major contribution to national GHG emissions. In Sweden, around 2% of the 
original peatland area (0.5% of total land area) is under agricultural use and 
is responsible for about 6 to 8% of national GHG emissions (Berglund and 
Berglund, 2010; Kløve et al., 2017). In Finland, 3% of total peatland is 
responsible for about 8% of national GHG emissions, while in Norway about 
4% of total peatland contributes 3 to 4% of national GHG emissions 
(Grønlund et al., 2008; Kasimir-Klemedtsson et al., 1997; Kløve et al., 
2017). To reduce the impact of farmland (including agricultural peatlands) 
on the environment and its contribution to climate change, setting-aside of 
agricultural land is a widely used approach within the European Union (EU). 
Under the EU Common Agricultural Policy, direct payments are provided to 
farmers for setting-aside of agricultural peatland as permanent grassland with 
no cultivation and no use of fertilisers or pesticides (EU Regulation No. 
1307/2013, 2013). This may be effective in increasing local biodiversity and 
in reducing NO3

- or pesticide leaching, but it seems an ineffective approach 
for protecting C stores in peat soil and reducing GHG emissions. Evans et al. 
(2021) found that effective water table depth within peatlands (reflecting the 
peat layer that is exposed to aerobic conditions) is the main factor controlling 
C emissions from peatlands. Supporting these findings, studies investigating 
the effects of different management intensities on local GHG budgets or 
comparing the GHG flux dynamics of set-aside farmland with those of active 
cropland have found that higher agricultural management intensity on Nordic 
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peatlands does not result in significantly higher GHG emissions (Berglund 
et al., 2021; Hadden and Grelle, 2017; Maljanen et al., 2010, 2007). 

1.2 Measurement techniques 

1.2.1 Chamber technique 
The manual chamber technique is widely used for GHG flux monitoring 
because of its simplicity and low cost of equipment. It involves placing a 
chamber on the soil surface and determining the rate of change of the gas 
concentration inside the chamber’s headspace air. Based on the rate of 
change, the gas flux between the soil and the atmosphere can be estimated. 
If no gas analyser is available in the field, air samples can be taken from the 
chamber’s headspace by vial sampling and GHG concentrations can be 
analysed in the laboratory. It is also possible to measure the rate of change 
in the field by connecting a gas analyser directly, or via an air circulation 
system, to the chamber’s headspace. In both cases, the chamber still needs to 
be placed on its base rings by manual means. In contrast, an automatic 
chamber system is capable of measuring GHG fluxes with high temporal 
frequency without the need for manual placement of the chambers, and thus 
has the advantage of reducing the labour input considerably and yielding 
continuous measurements. 

Chamber measurements are particularly useful for treatment comparisons 
or for measurements on limited areas to investigate e.g. spatial flux 
heterogeneities. However, the average flux of a large area can be difficult to 
capture with a limited number of chambers. Further disadvantages are the 
disturbance caused by chamber measurements, both during base-ring 
placement and during each measurement, when photosynthesis can be 
disturbed and the diffusion gradient between soil and chamber headspace is 
altered. 

To calculate the gas flux during a chamber measurement, a model needs 
to be fitted to describe the change in the gas concentration over time. In the 
literature, different models are commonly used. The simplest is a linear 
model (e.g. Lundegårdh, 1927), which requires the data to follow a linear 
trend, otherwise there is a risk of substantial flux under- or over-estimation 
(Kutzbach et al., 2007; Pedersen et al., 2010). As non-linear alternatives, 
other empirical methods such as exponential models or quadratic models can 
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be applied (Kutzbach et al., 2007; Wagner et al., 1997) to capture the non-
linear trends typical of extended measurement periods. However, at small 
flux magnitudes, non-linear models exhibit higher uncertainty and thus lead 
to higher detection limit (DL) than linear models (Parkin et al., 2012). A 
physical-based non-linear model for estimating chamber gas fluxes was 
developed by Hutchinson and Mosier (1981). Since the change in headspace 
gas concentration during a chamber measurement influences the diffusion 
gradient from the soil into the chamber, linear models can often only describe 
the concentration change within the chamber over a short initial period. The 
length of this period depends mainly on the gas flux magnitude and the size 
of the chamber. If the gas concentration in the chamber headspace increases 
over time, the diffusion gradient decreases and so does the flux. Conversely, 
in transparent chambers during photosynthesis, the CO2 concentration 
decreases over time, increasing the diffusion gradient from soil to chamber 
and thus increasing the flux. In a larger chamber with a larger internal volume 
or with lower flux magnitude, the change from an approximately linear to a 
non-linear rate of change occurs later in time than with a smaller chamber or 
higher flux. The decision on whether to use a linear or non-linear model can 
be made based on statistical comparisons of models or on visual inspection 
of the fit (Fuss et al., 2020; Hüppi et al., 2018). In some cases, a combination 
of models is recommended (Pedersen et al., 2010). 

1.2.2 Eddy covariance 
With the eddy covariance (EC) method, continuous GHG flux measurements 
over long periods are possible. By measuring the GHG concentration and the 
vertical wind speed simultaneously, the gas flux can be directly derived 
through their covariance. Within the atmospheric boundary layer, transport 
processes are dominated by turbulence, rather than diffusion. Eddies, the 
elements of the turbulent mixing process, vary over large spatiotemporal 
scales. High in the boundary layer profile, large eddies dominate. On 
descending, the effect of surface friction increases and eddy size becomes 
smaller and smaller until their kinetic energy dissipates to heat. Large eddies 
can be hundreds of metres in diameter and take several minutes to pass the 
measurement point of an instrument. Small eddies, with sizes of a few 
centimetres, pass the measurement point of an instrument in fractions of a 
second. Thus small eddies define the minimum measurement frequency of 
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the instrumentation used (typically 10 to 20 Hz), whereas large eddies define 
the averaging period for flux calculation (typically 30 minutes). 

A turbulent flux (FEC) can be described by the mean product of the vertical 
wind speed (w), the dry mole fraction of a tracer of interest (c), and air 
density (𝜌𝜌): 

𝐹𝐹𝐸𝐸𝐸𝐸 = 𝜌𝜌𝑤𝑤𝑐𝑐 (1) 

Turbulent time series data can be decomposed into a mean part (𝑥𝑥) and a 
fluctuating part (𝑥𝑥′) over an averaging time period. Thus, it is assumed that 
the state of a fluid in turbulent motion can be described by the sum of its 
mean and fluctuating part at any instant in time: 

𝑥𝑥 = 𝑥𝑥 + 𝑥𝑥′ (2) 

This so-called Reynold decomposition can be applied to Equation 1, giving: 

𝐹𝐹𝐸𝐸𝐸𝐸 = (𝜌𝜌 + 𝜌𝜌′)(𝑤𝑤 + 𝑤𝑤′)(𝑐𝑐 + 𝑐𝑐′) (3)

Opening the brackets in Equation 3 gives: 

𝐹𝐹𝐸𝐸𝐸𝐸 = 𝜌𝜌𝑤𝑤𝑐𝑐 + 𝜌𝜌𝑤𝑤𝑐𝑐′ + 𝜌𝜌𝑤𝑤′𝑐𝑐 + 𝜌𝜌𝑤𝑤′𝑐𝑐′ +  𝜌𝜌′𝑤𝑤𝑐𝑐 + 𝜌𝜌′𝑤𝑤𝑐𝑐′ + 𝜌𝜌′𝑤𝑤′𝑐𝑐 + 𝜌𝜌′𝑤𝑤′ 𝑐𝑐′ 
(4) 

Equation 4 can be simplified by removing the mean deviations of an average 
(which are zero) and by the assumptions that air density variations and 
divergence or convergence are negligible over a flat and homogeneous 
surface. This leads to Equation 5, which is commonly used to calculate 
turbulent fluxes of GHG: 

𝐹𝐹𝐸𝐸𝐸𝐸 = 𝜌𝜌𝑤𝑤′𝑐𝑐′ (5) 

1.2.3 Relaxed Eddy Accumulation 
Relaxed eddy accumulation (REA) is closely related to the EC method 
(Figure 2). However, there is no need to use a fast response analyser to 
measure gas concentrations (Businger and Oncley, 1990). Instead of 
measuring the gas concentrations at 10 Hz, the measurement system samples 
air from upward and downward directed airflow (updrafts and downdrafts) 
in two reservoirs by opening and closing a pair of fast-switching valves. 
After an averaging period (typically 30 minutes), the gas concentrations 
within the sampled air are analysed. The high frequency aspect is not 
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burdened on the analyser, but performed by the fast-switching valves. 
Therefore, an advantage of the REA method is that slow-response gas 
analysers can be used. This is valuable, particularly when no fast-response 
analysers are available, when their DL is too high for small flux magnitudes, 
or when low power consumption is essential. Thus, REA has been used for 
a wide range of tracers, such as CO2, N2O, CH4, mercury, isotopes, aerosols, 
volatile organic compounds, etc. (Beverland et al., 1996; Desjardins et al., 
2010; Gaman et al., 2004; Haapanala et al., 2006; Hargreaves et al., 1996; 
Osterwalder et al., 2016; Pattey et al., 2007; Ren et al., 2011; Riederer et al., 
2014). But not yet for measuring fluxes of CO2, N2O, CH4, and water vapour 
(H2O) simultaneously and over complete agricultural seasons. 

Figure 2. Schematic diagram of (left) the eddy covariance method and (right) the relaxed 
eddy accumulation method. 

The mean flux over the sampling period is calculated as: 
𝐹𝐹𝑅𝑅𝐸𝐸𝑅𝑅 = 𝛽𝛽𝜎𝜎𝑤𝑤(𝐶𝐶𝑢𝑢𝑢𝑢 − 𝐶𝐶𝑑𝑑𝑑𝑑𝑤𝑤𝑑𝑑) (6)
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where 𝜎𝜎𝑤𝑤 is the standard deviation of the vertical wind speed, 𝛽𝛽 is an 
empirical coefficient, and 𝐶𝐶𝑢𝑢𝑢𝑢 − 𝐶𝐶𝑑𝑑𝑑𝑑𝑤𝑤𝑑𝑑 is the concentration difference 
between the updrafts and downdrafts. Coefficient 𝛽𝛽 can be estimated as:  

𝛽𝛽 =
𝑤𝑤′𝑇𝑇′

𝜎𝜎𝑤𝑤(𝑇𝑇𝑢𝑢𝑢𝑢 − 𝑇𝑇𝑑𝑑𝑑𝑑𝑤𝑤𝑑𝑑)
(7) 

where 𝑤𝑤′𝑇𝑇′ is the covariance between vertical wind velocity and air 
temperature measured with the EC method and 𝜎𝜎𝑤𝑤�𝑇𝑇𝑢𝑢𝑢𝑢 − 𝑇𝑇𝑑𝑑𝑑𝑑𝑤𝑤𝑑𝑑� is the 
temperature difference between the sampled updrafts and downdrafts 
calculated by the REA approach. 

For the REA system to provide reasonable flux estimates, it is important 
that the two reservoirs are filled with updraft or downdraft air only. This is 
challenging if the vertical wind speed is close to zero, because air may falsely 
be sampled as updraft or downdraft due to limited resolution and accuracy 
of the sonic anemometer. Thus, a threshold needs to be applied (dead-band, 
𝑤𝑤0). Within the limits of the dead-band no sampling takes place. A dynamic 
dead-band that scales with 𝜎𝜎𝑤𝑤 ensures that erroneous air sampling is avoided, 
that the sampling is adapted to turbulence conditions and therfore that air is 
continuously sampled both during day-time and night-time conditions. 

1.2.4 System comparison 
Each of the available methods has its merits and drawbacks. The chamber 
method is well suited for plot-scale GHG flux monitoring when treatment 
effects are of interest. It is also a valuable complement to the EC method if 
the latter does not measure all relevant GHGs due to technical or financial 
constraints. However, measurements with manual chambers are labour-
intensive and capture only a snapshot in space and time. By using an 
automatic chamber set-up that is able to take regular measurements without 
supervision, these constraints can be avoided to some extent. However, even 
with an automatic system spatial limitations prevail. The EC method is 
capable of measuring continuous GHG fluxes over long periods and large 
areas, with little supervision needed. With a suitable set-up, fluxes of all 
relevant GHGs (CO2, N2O, CH4, and H2O) can be measured and, in contrast 
to the chamber method, the EC method measures them more directly, i.e. it 
does not rely on empirical constants. However, since source allocation is 
rather complex, treatment effects are difficult or impossible to capture. An 
EC system for measuring CO2, N2O, CH4, and H2O is expensive, relies on 
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several analysers and needs access to the power grid, due to high electricity 
demands. The REA method is capable of measuring all relevant GHGs with 
a single analyser and, due to its lower power consumption, can be run off-
grid at remote locations. The installation costs are lower than those of a full 
EC system, but the maintenance needs are higher due to mechanical stresses 
on materials and valves in the REA system. 
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In light of the fact that agricultural peatlands are large emitters of 
GHGs and considering the rapid pace of development of GHG flux 
monitoring systems, the objectives of this thesis were to: 

• Construct an affordable, modular REA system for measuring
continuous fluxes of CO2, N2O, CH4, and H2O from terrestrial
ecosystems (Paper I)

• Evaluate and compare the performance of the REA system
against an existing EC system sharing the same location and
sonic anemometer (Paper I)

• Determine the influence of measurement duration and the
number of concentration measurements per flux estimate on the
uncertainty in flux estimates and the bias in individual chamber
measurements (Paper II)

• Develop a simple and convenient method for calculating the
minimum measurement duration or the minimum number of
concentrations necessary for reliable N2O or CH4 flux
measurements, while considering the precision of the analyser
and the anticipated flux magnitude (Paper II)

• Quantify the GHG balance of two neighbouring sites on drained
peat, a cultivated cropland and set-aside grassland (Paper III)

• Evaluate the effect of setting aside agricultural peatland on the
GHG budget (Paper III)

2. Objectives
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3.1 Site description 
Field measurements were carried out at two sites approximately 0.5 km apart 
on a drained peatland in central Sweden (Figure 3). Mean annual 
precipitation (1989 to 2019) is 590 mm yr-1 and mean annual temperature is 
5.9 °C (SMHI, 2023). For more details about the annual weather during the 
measurement period, see Table 1. Peat thickness at the cultivated (CL) site 
(60.0835° North, 17.233° East) is around 25 cm and that at the set-aside 
grassland (SA) site (60.079° North, 17.236° East) around 34 cm. The original 
peatland was drained in 1878 (Nerman, 1898). Before drainage and 
subsequent peat subsidence, the peat layer used to be much thicker than 
today. Estimated peatland-subsidence in Nordic countries is 0.5 to 2.5 cm yr-

1 (Berglund, 1996). For more than 10 years prior to the study, the CL site was 
used for cereal production. During the study period (2013 to 2019), the site 
was predominantly cultivated with spring wheat that was used as a sacrificial 
crop for wildlife and thus not harvested. Exceptions were the years 2016 and 
2017. In 2016, no cultivation practices were performed and the following 
year, barley was grown and harvested (3.7 Mg ha-1). In spring 2013 and 2014, 
the field was prepared using a mouldboard plough to a depth of 20 cm. In 
2015 and 2017 to 2020, the soil was cultivated using a disc cultivator. Only 
in spring 2017 N fertiliser at a rate of 70 kg ha-1 was applied.  

For more than 30 years, the SA site was under permanent grassland. 
During this study, no management was carried out, except of an annual grass-
cut in the years 2015 to 2019. All biomass was left in the field, except in 
2018 when it was removed as hay.  

3. Methods
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At both sites, chemical soil properties at a depth of 5 to 15 cm were 
similar; with total C content of 33.6 and 31.7%, total N content of 2.03 and 
1.93%, and C/N ratio of 16.5 and 16.4, for the CL and SA site, respectively 
(Berglund et al., 2021).  

Figure 3. Location of the cultivated (CL) site and the set-aside (SA) grassland site in 
central Sweden. Source of satellite image: Eniro.se (2023). 
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Table 1. Annual and summer (May to August) rainfall and mean annual and summer 
temperature in the study region. Precipitation data were retrieved from the Swedish 
Meteorological and Hydrological Institute. Source: SMHI (2023); adapted from Paper 
III. 

Annual 
rainfall [mm] 

Mean annual 
temperature 

[°C] 

Summer 
rainfall [mm] 

Mean 
summer 

temperature 
[°C] 

2013 453 5.7 169 15.6 

2014 521 7.4 179 15.4 

2015 561 7.5 256 14.1 

2016 488 7.1 206 15.5 

2017 628 6.4 185 15.5 

2018 495 7.8 151 18.0 

2019 739 8.5 242 15.5 

3.2 Paper I 
The REA system was constructed with the following main components: a 3D 
ultrasonic anemometer (Solent 1012R3, Gill Instruments, Lymington, UK), 
two pairs of air reservoirs (12 L Tedlar bags, SKC 232-10, Eighty Four, PA, 
USA), a pair of fast-switching one-way stainless-steel solenoid valves (6011, 
Buerkert, Ingelfingen, Germany), a G2805 cavity ring-down spectrometer 
(Picarro Inc., Santa Clara, CA, USA), and a CR1000 Measurement and 
Control Datalogger and SDM-CD16AC relay driver (Campbell Scientific, 
Logan, UT, USA). The main principales of the REA system are shown in 
Figure 4. 

The REA system was installed on the SA site, sharing the same sonic 
anemometer as an EC system that measured CO2 and H2O fluxes. The REA 
system sampled air from close to the sonic anemometer (about 15 cm away) 
for each updraft and downdraft separately into two air reservoirs by the 
action of the two fast-switching solenoid valves. By using separate sample 
lines for the updraft and downdraft air, no turbulent air-flow inside the lines 
was needed, and thus the flow rate was set to 0.8 L min-1. To avoid 
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contamination, the airflow was maintained by vacuum boxes (IM2720, 
Pelican Products Inc., Torrance, CA, USA). These were evacuated or 
pressurised by air pumps (1420VDP Gardner Denver Thomas GmbH, 
Fürstenfeldbruck, Germany), depending on whether the air was sampled into 
the reservoirs or directed to the analyser. The necessary pressure difference 
between the interior of the vacuum boxes and the atmosphere was kept 
constant at -20 hPa for sampling and 20 hPa for evacuating. This was 
measured by 100KPDW differential pressure sensors (Fujikaru Ltd., Tokyo, 
Japan) and controlled by the CR1000 Data logger. The airflow towards the 

G2508 was facilitated by three-way stainless-steel solenoid valves (30334, 
Rotex, Maharashtra, India). With the exception of the G2508 analyser, all 
components are powered by 12 V DC. The whole system was built in a 
modular manner, so that it is easy to install and run at remote locations. By 
changing the analyser to a 12 V DC-powered device, it would even be 
possible to run it off-grid. 

The G2508 analyser’s standard deviations (σ) per gas species were 
determined by injection of a well-mixed standardised air sample (see Paper 
I). The σ values obtained were used to estimate the DLs of the REA system 

Figure 4. Diagram illustrating the working principles of the relaxed eddy accumulation 
(REA) system. C1 to C6 represent the control ports of the SDM-CD16AC relay 
controller. Source Paper I. 
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for each gas species, by using Monte Carlo analysis. Zero-flux data were 
simulated 104 times, using the rnorm function in R (version 3.6.3; R Core 
Team, 2020) together with the mean gas concentration and the σ values of 
the analyser. Equation 6 was used to calculate the zero flux, with 𝛽𝛽 =  0.475, 
the simulated data used as mean updraft and downdraft concentrations, and 
an ecosystem-typical 𝜎𝜎𝑤𝑤 (0.063 <  𝜎𝜎𝑤𝑤 < 0.5). As in Parkin et al. (2012), the 
DL was defined as the 97.5th-percentile. Obviously, this DL scales linearly 
with 𝜎𝜎𝑤𝑤 (see Figure 5) and therefore a value needs to be calculated for each 
value of 𝜎𝜎𝑤𝑤. 

Figure 5. Detection limit (DL) of the relaxed eddy accumulation system for nitrous oxide 
(N2O), methane (CH4), carbon dioxide (CO2), and water vapour (H2O) fluxes. Source: 
adapted from Paper I. 
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3.3 Paper II 
In paper II, chamber flux measurements were carried out at the SA site using 
a non-steady-state transparent chamber (volume: 0.01 m3; area: 0.028 m2). 
Transparent chamber measurements were used to estimate net ecosystem 
exchange (NEE) from the vegetation and soil within the chamber base rings. 
The same chamber was used, covered with a light-proof hood to conduct 
opaque measurements on the same base rings in order to estimate ecosystem 
respiration (RECO) or on bare peat to estimate soil respiration (RSOIL). The 
chamber was connected via a custom-made air circulation system with the 
G2508 analyser, and the dry mole fractions of CO2, N2O, and CH4 were 
reported approximately every second. Air circulation was ensured by 50 m 
polytetrafluoroethylene (PTFE) tubing (ScanTube, Helsingborg, Sweden; 
inner diameter 6 mm), an air pump, and a PTFE filter (1 µm, Merck 
Millipore, Darmstadt, Germany). Inside a flexible pipe, the PTFE tubing was 
installed together with a heating wire to avoid condensation. The flow rate 
was set to 1.3 L min-1. After the chamber was installed on a base ring, 500 
gas concentration measurements were taken over a period of 400 seconds 
and used for flux calculation. After each measurement, the air circulation 
system was flushed with ambient air for about two minutes or until stable 
gas concentrations were reached at atmospheric concentrations. The 
transparent and opaque measurements were conducted consecutively. 

After retrieving the data from the G2508, they were treated so that (i) the 
measurement duration was reduced from 400 to 60 seconds in steps of 20 
seconds (maintaining the same measurement frequency) and (ii) the 
measurement frequency (i.e. the concentration measurements per flux 
estimate) was reduced from 500 to 25 in steps of 25 and from 13 to 3 in single 
steps (maintaining the original measurement duration of 400 seconds). 

With those reduced data sets, fluxes were calculated for each gas by 
quadratic regression using the lm function in the integrated development 
environment R studio (R version 4.2.3; R Core Team, 2023). 

To develop a simple method for calculating minimum measurement 
duration and minimum number of concentration measurements per N2O or 
CH4 flux, values were simulated using a Monte Carlo approach to find the 
respective minimum detectable flux (Parkin et al., 2012). Data were 
generated to  represent a zero flux, using random number generation (rnorm 
function in R). A range of gas analyser precisions values (N2O: 0.001 ≤ p ≤ 
500, CH4: 0.001 ≤ p ≤ 500 ppbv) and atmospheric concentrations (339 ppbv 
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N2O, 1.96 ppmv CH4) were used as input variables. For each analyser 
precision value, measurement duration (60 to 1200 seconds), and number of 
concentrations (3 to 1400), 103 zero-flux data sets were generated and the 
minimum detectable flux was defined as the 97.5th-percentile of the 
calculated flux (Parkin et al., 2012). This approach is computationally 
intensive, but allowed a three-dimensional surface model (Figure 6) to be 
fitted to each simulated data set using the python (v. 3.10) curve_fit function 
in the scipy module (Virtanen et al., 2020): 

𝑧𝑧 =  𝑑𝑑 𝑥𝑥𝑒𝑒  𝑦𝑦𝑓𝑓 (8) 

where z is the DL (in ppmv s-1), x is the minimum number of concentration 
measurements per flux, y the minimum measurement duration (seconds), and 
d, e, and f are model parameters. The precision p (ppbv) of the analyser 
relates linearly to parameter d. With the median of the normal distributed 
parameters e (𝑒𝑒 =  −0.407) and f (𝑓𝑓 = 1.0014) Equation 8 could be 
reformulated to: 

𝑀𝑀𝑀𝑀𝐹𝐹 = 𝑘𝑘𝑘𝑘𝑥𝑥𝑒𝑒𝑦𝑦𝑓𝑓(
𝑀𝑀𝑀𝑀𝐻𝐻𝑒𝑒𝑓𝑓𝑓𝑓
𝑅𝑅𝑇𝑇

) (9) 

where k is 0.0144 (ppbv s-2), Heff is effective chamber height (m), M is molar 
mass (g mol-1), P is pressure (kPa), R is ideal gas constant (L kPa K-1 mol-1), 
T is temperature (K), and MEF is minimum expected flux (mg m-2 s-1). 
Therefore, the minimum number of concentration measurements per flux (x) 
or the minimum measurement duration (y) for N2O and CH4 and a large range 
of gas analyser’s precisions can be determined by using Equation 9. 
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Figure 6. Relationship between measurement duration [s], number of concentration 
measurements per gas flux estimate and rate of change (RC [ppbv s-1]) in gas 
concentration at analyser precision of p = 4 ppbv. Source: Paper II. 

3.4 Paper III 
Eddy covariance measurements at the CL and SA sites began in autumn 
2012. A closed path gas analyser (LI-6262, LI-COR inc., Lincoln Nebraska, 
USA) and a three-dimensional ultrasonic anemometer (Solent 1012R3, Gill 
Instruments, Lymington, UK) were installed at both sites. The air inlet was 
2.5 m above the ground and sample air was transported at 12 L min-1 through 
a sample line (high-density polyethylene) with a diameter of 6 mm. At the 
SA site, during 2012 and 2014, a GGA-EP Off-Axis Integrated Cavity 
Output Spectroscopy analyser (Los Gatos Research Inc., San Jose, CA, 
USA) connected via a PTFE tube (10 mm diameter) to a dry scroll pump was 
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used instead of the LI-6262 gas analyser. In 2019, the LI-6262 was replaced 
with an open path analyser (LI-7500, LI-COR inc., Lincoln Nebraska, USA). 

In the period 2018 to 2020, additional GHG flux measurements were 
taken at both sites by means of manual chambers. The transparent chamber 
included a thermometer, a vent tube, and a fan. During sampling, the 
chamber remained closed for 12 minutes and four vials were taken for 
subsequent determination of dry mole fraction of CO2, CH4, and N2O by the 
Picarro G2508 gas analyser. On five base rings with intact vegetation, NEE 
was measured. By covering the same chamber with an opaque hood, 
ecosystem respiration (RECO) was measured on the base rings with vegetation 
and soil respiration (RSOIL) on three base rings with no vegetation. At the SA 
site, NEE and RECO were measured on ten base rings and RSOIL on five. 
However, a modified sampling method was chosen. The Picarro G2508 gas 
analyser was connected via an air circulation system to the chamber. For 
more details, consult the methods section of Paper II. No significant 
differences between the two sampling systems were found (Table S1 in Paper 
III). During each measurement, soil temperature readings at 5 cm depth next 
to the chamber and air temperature measurements in the chamber headspace 
air were taken. Additionally, a soil sample for the determination of 
gravimetric soil water content was taken adjacent to the chamber. 

The raw EC data were processed using Ecoflux software (In Situ Flux 
Systems AB, Ockelbo, Sweden). A 30-minute block average was used and 
fluxes were calculated based on Aubinet et al. (1999), including lag 
determination by cross-correlation and two-fold coordinate rotation. Some 
data gaps occurred, mainly due to pump or power failures, representing 24.2 
and 7.9% of the data over the whole measurement period for the CL and SA 
site, respectively. R studio (version 4.3.1; R Core Team, 2023) and the 
ReddyProc package (Wutzler et al., 2018) were used for further data 
processing. An ustar (friction velocity) filter was applied to exclude periods 
of stable atmospheric conditions (Papale et al., 2006). Outlier detection and 
removal was performed by the median absolute deviation method (Papale et 
al., 2006). Negative night-time fluxes were removed. The data gaps after 
post-processing amounted to 35.3 and 24.3% for the CL and SA site, 
respectively. Those gaps were filled using the marginal distribution sampling 
(MDS) method, which combines the look-up table and mean diurnal course 
method and decides on the most suitable method to use based upon 
availability of meteorological data for each gap (Reichstein et al., 2005). In 
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the rare event that a data gap could not be filled by the MDS method, the 
average value for the same date and time in all years was used to fill the gap. 
This approach needed to be applied to some periods in 2017 and 2018 for the 
CL site, when instrument failures were frequent. 
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4.1 Paper I 

4.1.1 Comparison of CO2 fluxes measured by REA and EC 
As the REA system was installed in parallel with an EC system, direct system 
comparison was possible. Both systems showed similar CO2 and H2O flux 
patterns and clear diurnal courses (Figure 7 and Figure 8). However, under 
stable atmospheric conditions (i.e. low ustar values), comparison of CO2 flux 
measurements during the season of 2018 showed some deviation between 
the systems (Figure 9). Water vapour fluxes of both systems are in good 
agreement, occasionally low H2O were reported by the REA system while 
the EC system measured larger fluxes, this discrepancy occurred 
predominantly during stable atmospheric conditions. Occasional negative 
H2O fluxes were observed, likely originating from periods of dew formation 
(Figure 8). 

Transparent chamber measurements aligned well with the observed CO2 
fluxes measured by both micrometeorological systems (Figure 7). A CO2 
budget comparison between the REA and EC systems based on non-gap-
filled data yielded similar results during an extended period of sink activity 
from 22 June to 7 August 2018 (0.135 kg CO2 m-2 and 0.128 kg CO2 m-2 for 
the EC and REA system, respectively) (Paper I). A budget comparison of 
H2O fluxes resulted in evapotranspiration of 21.6 and 19.0 mm for the EC 
and REA system, respectively (Paper I) 

4. Results
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Figure 7. Carbon dioxide (CO2) fluxes measured by eddy covariance (EC, blue line), 
relaxed eddy accumulation (REA, red line), and transparent chambers (black dots with 
bars indicating standard deviation) during September 2018. Source: adapted from Paper 
I. 

Figure 8. Water vapour (H2O) fluxes measured by eddy covariance (EC, blue line) and 
relaxed eddy accumulation (REA, red line) during spring 2020. Source: adapted from 
Paper I. 
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Figure 9. Carbon dioxide (CO2) fluxes measured by eddy accumulation (EC) and relaxed 
eddy accumulation (REA) during summer 2018, with the identity line in black. Colour 
gradient indicating friction velocity. Source: adapted from Paper I. 

4.2 Paper II 
Fluxes of CO2, N2O, and CH4 measured with transparent and opaque 
chambers are shown in Figure 10. As can be seen, CO2 uptake in the 
transparent chambers due to photosynthesis and CO2 release during opaque 
measurements due to respiration were distinctly different. Nitrous oxide 
fluxes were generally low and showed no difference between the transparent 
and the opaque chamber measurements. Methane uptake dominated during 
the measurement period and no difference between opaque and transparent 
measurements were found. The average flux measured by the transparent 
chamber was -313.2, 6.0·10-3 and -0.014 µg m-2 s-1 and by the opaque 
chamber was 451.0, -1.5·10-3 and -0.015 µg m-2 s-1 for CO2, N2O, and CH4 
respectively. Detection limit in absolute terms for CO2, CH4, and N2O was 
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0.31, 7.2·10-3 and 5.8·10-5 µg m-2 s-1, respectively. Thus, 44% of N2O fluxes 
were below the DL, whereas all CO2 and CH4 fluxes were above the DL. 

Figure 10. Box plots of the carbon dioxide (CO2), nitrous oxide (N2O), and methane 
(CH4) fluxes measured with transparent (yellow) and opaque (purple) chambers during 
the growing season 2019. The black dots represent individual measurements below the 
25th or above the 75th percentile. Source: Paper II.  

4.2.1 Influence of measurement duration on flux estimate precision 
The differences in flux estimates between the 400-second measurements and 
each shorter measurement duration are shown in Figure 11A. Shorter 
measurement duration caused greater variation, thus lowering the flux 
estimate precision for all three gases.  

By determining the proportion of fluxes from the shortened data sets 
(measurement duration < 400 seconds) that exceeded the DL under the 
condition that the fluxes from the full data set (measurement duration = 400 
seconds) were below the DL, type 1 error abundance (detecting a significant 
flux while the true flux is zero) was revealed. No evidence of type 1 errors 
were found for CO2 or CH4 fluxes of the shortened data at any measurement 
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duration between 60 and 400 seconds. Conversely, the proportion of fluxes 
from the shortened data sets that were below the DL under the condition that 
the respective fluxes from the full data set were above the DL revealed type 
2 error abundance (detecting no significant flux while the true flux is not 
equal to zero). The CO2 fluxes did not show any evidence of type 2 errors 
(Figure 12A). In transparent and opaque chamber measurements, the CH4 
fluxes exceeded type 2 error occurrence of 5% with a measurement duration 
of less than 80 seconds (Figure 12A). At measurement durations of less than 
380 seconds, the type 1 and 2 error occurrence for N2O flux estimates 
exceeded 5% for both opaque and transparent chambers (Figure 12A). This 
suggests that with the given flux magnitudes at the study site and the 
measurement system used, minimum measurement duration was 
approximately 380, 80, and 60 seconds for N2O, CH4, and CO2, respectively. 

Using Equation 9 with a minimum expected flux (MEF) of 0.009 µg m-2 
s-1 (using the 2.5th percentile of all fluxes that exceeded the DL) and
concentration measurements at 1.25 Hz with analyser precision of p = 3.8
ppbv gave a minimum measurement duration for N2O flux measurements of
330 seconds. With MEF for CH4 of -0.0038 µg m-2 s-1 (as defined above), the
same concentration measurement frequency and p = 0.37 ppbv, the minimum
measurement duration was 76 seconds. The minimum measurement duration
estimated by the type 2 error occurrence and on Equation 9 corresponded
well for CH4 fluxes, but deviated by 50 seconds for N2O fluxes.
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Figure 11. Box plots showing (A) differences between flux estimates of all measurement 
durations and flux estimates of the full 400 seconds (6:40 min.) of chamber closure 
duration and (B) differences between flux estimates per number of concentration 
measurements (i.e. number of concentration measurements < 500) and the flux estimate 
of the full dataset (i.e. number of concentration measurements = 500). Zero indicates no 
deviation from the median flux estimate of the full data set. Scattered dots represent 
individual data points. Transparent chamber measurements shown in yellow, opaque 
measurements in purple. Source: Paper II. 
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4.2.2 Influence of number of concentration measurements on flux 
estimate precision 

Differences between flux estimates based on the reduced sets of data (<500 
concentrations) and the full set (>500 concentrations) are shown in Figure 
11B. A reduction in the number of concentrations led to a greater variation 
around the median flux, thus lowering the flux estimate precision for all three 
GHGs. 

The proportion of fluxes in the reduced data sets (number of concentration 
measurements < 500) that were above the DL under the condition that the 
respective fluxes from the full data set (number of concentration 
measurements = 500) were below the DL revealed type 1 error abundance. 
Conversely, the proportion of fluxes from the reduced data sets that were 
below the DL under the condition that the respective fluxes from the full data 
set were above the DL revealed the type 2 error abundance. The CO2 and 
CH4 fluxes from the reduced data did not show evidence of type 1 errors or 
type 2 errors (Figure 12B). At three concentration measurements per N2O 
flux, type 1 errors exceeded 5% for both the transparent and opaque 
measurements. The N2O fluxes exceeded a type 2 error proportion of 5% at 
less than 250 and 325 concentration measurements for transparent and 
opaque chamber measurements, respectively (Figure 12B). This suggests 
that with the given flux magnitude at the study site and the measurement 
system used, the minimum number of concentration measurements per flux 
is between 250 and 325 for N2O fluxes and for CO2 and CH4 three 
concentration measurements per flux would be sufficient to avoid significant 
type 1 or type 2 errors. 

Using Equation 9 with MEF of 0.009 µg m-2 s-1 and a measurement 
duration of 400 seconds at precision of p = 3.8 ppbv the minimum number 
of concentration measurements for N2O fluxes was estimated to 308. With 
MEF for CH4 of -0.0038 µg m-2 s-1, the same measurement duration and p = 
0.37 ppbv, the minimum number of concentrations was estimated to eight. 
Therefore, the minimum number of concentrations determined by Equation 
9 for N2O fluxes within the range of those determined by the type 2 error 
occurrence. For CH4 fluxes, both methods deviated by five concentration 
measurements per flux. 
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Figure 12. Relative type 2 error occurrence for carbon dioxide (CO2), nitrous oxide 
(N2O), and methane (CH4) fluxes in transparent and opaque chamber measurements. (A) 
measurement duration and (B) number of concentration measurements per flux. Source: 
Paper II. 

4.3 Paper III 
The CL and SA site, both acted as net CO2 sources over the whole 
measurement period from 1 January 2013 to 28 August 2019, with losses of 
0.97 (±0.05) and 2.09 (±0.17) kg CO2 m-2 from the CL and SA site, 
respectively (Figure 13). Annual CO2 losses during the period 1. January 
2013 to 31. December 2018 were 0.16 kg CO2 m-2 yr-1 at the CL site and 0.41 
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kg CO2 m-2 yr-1 at the SA site. The different management regimes at the sites 
likely affected the inter-annual differences in flux dynamics between sites. 
For the CL site, effects of ploughing, disc cultivation and crop development 
early in the season were evident in the cumulative CO2 fluxes (Figure 13). 
The SA site showed relatively consistent CO2 flux dynamics, with little 
variation between years. This may be due to the extensive management 
regime, which consisted of an annual cut without biomass removal from 
2015 onwards. In 2018, the biomass was removed during an animal feed 
shortage, which may have led to a higher CO2 uptake in the following year. 
The summer of 2018 was the driest and warmest during the measurement 
period (Table 1), which impaired plant development at the SA site and led to 
lower CO2 uptake (Figure 13). 

Figure 13. Mean daily precipitation and temperature (top panel) and mean daily carbon 
dioxide (CO2) flux as net ecosystem exchange (NEE, dark grey), ecosystem respiration 
(RECO, black), gross primary production (GPP, light grey), and cumulative NEE flux 
(Cum. NEE) at the cultivated cropland (CL, centre panel) and set-aside grassland (SA, 
lower panel) during the study period 2013 to 2019. Source: adapted from Paper III. 
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During the growing seasons (May to August) of 2018 to 2020, transparent 
and opaque chamber measurements were conducted at both sites. Those 
resulted in mean NEE flux of -234.9 and -276.8 µg m-2 s-1, mean RECO of 
150.7 and 476.1 µg m-2 s-1, and mean RSOIL of 113.7 and 215.6 µg m-2 s-1 at 
the CL and SA site, respectively (Table 2). Methane uptake was predominant 
at both sites, but higher at the SA site than at the CL site. However, 30.2% 
of CH4 fluxes at the CL site and 1.8% of those at the SA site were below the 
DL of the instrument (Table S2 in Paper III). The N2O fluxes were higher at 
the CL site from the transparent chamber measurements and the 
measurements on bare peat, while the fluxes from opaque chamber 
measurements were lower at the CL site compared with the SA site (Table 
2). For N2O, 70.8% of fluxes at the CL site and 50.0% at the SA site were 
below the DL of the instrumentation (Table S2 in Paper III).  

The GHG balance for both sites was calculated using global warming 
potential based on 100 years (GWP100) of 298 for N2O and 34 for CH4 and 
expressed in CO2EQ (Myhre et al., 2013). At both sites, the GHG balance was 
dominated by CO2 fluxes, while N2O and CH4 fluxes had only a minor 
influence (Table 2). The GHG source in terms of CO2EQ was larger at the SA 
site for opaque chamber measurements and for the measurements on bare 
peat. The CO2 uptake measured with the transparent chambers dominated the 
GHG balance, and thus the SA site was still a larger sink in terms of CO2EQ 
even after accounting for the contributions of CH4 and N2O. 

During the years 2018 to 2020, EC measurements were complemented by 
chamber measurements at both sites. Figure 14 shows a comparison of NEE 
during the summer months (May to August) of 2018 to 2020. Deviations 
between the two methods may be due to a mismatch in the source areas 
between the two systems or to recurring disturbance of the vegetation during 
the regular chamber measurements. 
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Table 2. Mean greenhouse gas (GHG) fluxes (carbon dioxide (CO2), nitrous oxide (N2O), 
and methane (CH4)) during the summer months (May to August) 2018 to 2020 at the 
cultivated cropland site (CL) and set-aside grassland (SA), measured with transparent 
and opaque chambers, and on bare peat. Standard deviations (σ) and number of 
observations (n) are shown in brackets. GHG balance expressed in CO2EQ. Source: 
adapted from Paper III. 

Site Type 

CO2 N2O CH4 
GHG 
balance 

Mean 
[µg m-2 s-1] 

(±σ) 
Mean [ng m-2 s-1] (±σ) CO2EQ 

[µg m-2 s-1] 

CL 
Transparent, 
with 
vegetation 

-235.9
(±348.3); 
n = 119 

34.09 
(±54.65); 
n = 116 

-3.46
(±12.65); 
n = 111 

-225.9

SA 
Transparent, 
with 
vegetation 

-276.8
(±303.9); 
n = 306 

8.45 
(±15.32); 
n = 344 

-12.60
(±7.54)
n = 344

-274.7

CL 
Opaque, 
with 
vegetation 

150.7 
(±106.5); 

n = 61 

5.73 
(±16.93); 

n = 63 

-1.11
(±18.22) 
n = 59 

152.4 

SA 
Opaque, 
with 
vegetation 

476.1 
(±218.0); 
n = 290 

19.79 
(±112.1); 
n = 290 

-15.71
(±8.12);
n = 290

481.4 

CL Bare peat 
113.7 

(±119.9); 
n = 87 

20.93 
(±30.61); 

n = 84 

-2.24
(±18.27); 

n = 85 
119.8 

SA Bare peat 
215.6 

(±195.9); 
n = 196 

0.05 
(±15.01); 
n = 196 

-12.73
(±15.64); 
n = 196 

215.2 
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Figure 14. Comparison of the net ecosystem exchange (NEE) fluxes measured by eddy 
covariance (EC) and by transparent manual chambers at the cultivated cropland site (CL, 
blue triangles) and set-aside grassland site (SA, red dots). Solid line: x=y. Source: 
adapted from Paper III.  
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5.1 Paper I 
The results in Paper I indicated the measurement performance of the REA 
system was similar to that of the EC method for turbulent CO2 and H2O 
fluxes (see Figure 7 and Figure 8). Discrepancies between the two 
micrometeorological systems were observed in periods of low turbulent 
mixing (Figure 9), during which the EC system may be limited in the 
frequency response of its LI-6262 gas analyser and the REA system may 
lower the effect of single eddies contributing heavily to the EC covariance 
(𝑤𝑤′𝐶𝐶𝐶𝐶2′���������), due to the representation of the vertical wind speed as 𝜎𝜎𝑤𝑤. 
However, periods of low turbulent mixing are usually removed during 
standard post-processing of micrometeorological data by application of an 
ustar-filtering algorithm (Papale et al., 2006; Wutzler et al., 2018). While 
post-processing of raw data is possible with EC, it cannot be done with data 
from the REA system. Since the raw turbulence data from the sonic 
anemometer directly determine the sampling of updrafts and downdrafts, 
retrospective alterations are impossible. Thus, coordinate rotation must be 
performed on the basis of data obtained prior to measurement (e.g. a 30-
minute mean wind vector). This implies that during periods of continuous 
and strong lateral wind, cross-contamination between flux components due 
to temporal sensor misalignment may lead to air sampling into the wrong 
reservoir.  

In designing the REA system, emphasis was placed on a modular design 
and low power demand, so that the system can be assembled and installed 
easily in remote locations. Virtually all components were installed inside 
rugged cases, besides the analyser, and only connected by cabling and PTFE 

5. Discussion
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tubing in a plug-and-play manner. Since all components run on 12 V DC, 
apart from the G2508 analyser, the system’s power supply can be secured by 
e.g. solar panels and 12 V batteries. Several gas analysers based on 12 V DC
power are now available and could be combined to measure many more non-
sticky trace gases and some of their isotopes at remote locations. Another
difference between the REA system compared with many previously
described systems is the use of pressure boxes for sampling and evacuation
of the sample reservoirs. This method was chosen to avoid contamination of
the sample air due to pumps installed within the sample line, but involves a
minor inconvenience in that the sample reservoirs are subjected to
mechanical stress due to the sampling and evacuation cycles and need to be
replaced at regular intervals. Furthermore, the 12 V pumps need to
compensate for pressure drops due to leakages from the boxes that can occur
during pressurised periods when the reservoirs are evacuated. A similar
approach using pressure containers was developed by Haapanala et al. (2006)
for filling sample reservoirs that were later analysed off-site. However, this
REA system allows for continuous flux measurements on-site.

5.2 Paper II 
The reliability of gas flux estimates is defined by the precision of the 
measurements system in relation to the flux magnitude. The low N2O fluxes 
at the study site, in combination with the precision of the Picarro G2508 
analyser for the same gas, resulted in considerable bias and large proportions 
of the measured fluxes being below the DL. On reducing the measurement 
duration or the number of concentration measurements per flux, the bias will 
increase and type 1 and type 2 errors occur more frequently. On the other 
hand, the CO2 and CH4 fluxes detected were large in relation to the system’s 
DLs and little bias and low proportion of type 1 or type 2 errors were 
introduced by reducing the measurement duration to one minute or the 
number of concentration measurements down to three. The low N2O fluxes 
in combination with analyser precision resulted in a large fraction (44%) of 
the N2O fluxes being below the DL for the full dataset.  

Extending the gas build-up phase within the chamber headspace by 
prolonging the measurement durations may be a good solution to improve 
the flux estimate by improving the signal-to-noise ratio and the DL (Parkin 
et al., 2012). However, when measuring several gas species in parallel, 
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attention must be paid to gases with high flux magnitudes (e.g. CO2). A 
concentration increase in e.g. CO2 within the headspace may lead to a change 
in the diffusion gradient between soil and headspace over time and make flux 
estimates less reliable (Duran and Kucharik, 2013; Kroon et al., 2008). Using 
only the initial linear change in headspace concentration of CO2 allows 
application of a linear flux calculation scheme and reduces the bias due to a 
changing diffusion gradient over time. At the same time, the N2O flux can 
be calculated using the complete measurement duration, which improves the 
flux estimate precision for N2O (Courtois et al., 2019). Applied to the data in 
Paper II, this would mean that using only the first 60 seconds of 
measurement, would be sufficient to obtain a flux that is well above the DL 
of the system for CO2. At least 80 seconds would be sufficient for CH4 and 
at least 380 seconds for N2O. Measuring low N2O fluxes is a challenge, so 
harmonising the equipment and the flux measurement strategy is important. 
Equation 9 can be helpful in determining the minimum measurement 
duration for N2O or CH4 flux measurements based on the expected flux 
magnitude and the precision of the analyser. 

With the gas flux magnitudes prevailing at the field sites and the precision 
of the sampling system, three concentration samples were sufficient to 
achieve CO2 fluxes above the system’s DL at a measurement duration of 400 
seconds. For CH4, a minimum of three to eight samples were sufficient. For 
the low N2O fluxes, at least 250 concentration measurements were needed to 
obtain N2O fluxes above the DL. Thus, in the case of Paper II, the general 
recommendation of four to five concentration samples (Sander and 
Wassmann, 2014) would be too few for estimating reliable N2O fluxes. With 
four samples, measurement duration of 34 minutes would be needed 
according to Equation 9. However, in a more heterogeneous environment, 
taking more chamber measurements may be preferable at the expense of 
number of concentrations per flux measurement, as suggested by Jungkunst 
et al. (2018) and Levy et al. (2011), in order to find the optimum between 
individual and spatial flux uncertainty. 

When an automated chamber system with a fast gas analyser is used, there 
usually is no reason to reduce the number of concentration measurements 
below the available maximum. However, simultaneous sampling of multiple 
chambers facilitated by an air circulation system aided by a manifold to 
separate sample air and bypass air from individual chambers, may help to 
enhance the spatial and temporal resolution of GHG flux estimations. This 
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approach allows for efficient GHG emission scanning by striking a balanced 
compromise between chamber measurement duration, number of 
concentration measurements per flux and number of simultaneously sampled 
chambers. 

5.3 Paper III 
Using an EC approach, Hadden and Grelle (2017) examined CO2 fluxes at 
the same two sites as in Paper III during the period 2012 to 2016 and found 
that the CL site acted as a small CO2 sink (-0.2 kg CO2 m-2) and the SA site 
as a small source (0.2 kg CO2 m-2) during this period. However, in Paper III, 
both sites were found to be sources of CO2 (0.16 kg CO2 m-2 yr-1 at the CL 
site and 0.41 kg CO2 m-2 yr-1 at the SA site). This discrepancy likely 
originated from the different data post-processing procedures applied. 
Hadden and Grelle (2017) excluded unreliable data originating from 
instrument failures or ice formation on the sonic anemometers, outliers and 
negative CO2 fluxes at night. Paper III additionally applied a more rigorous 
outlier detection method (median absolute deviation) and an ustar-filtering 
algorithm (Papale et al., 2006; Wutzler et al., 2018). For gap-filling, Hadden 
and Grelle (2017) used linear interpolation for 30-minute data gaps in 
combination with the mean diurnal course method (Falge et al., 2001). Paper 
III used the marginal distribution sampling algorithm (Reichstein et al., 
2005; Wutzler et al., 2018). Some discrepancies in the results may also be 
explained by differences in measurement duration (mid-2012 to end-2016 
Hadden and Grelle (2017) and beginning-2013 to mid-2019 in Paper III). 
The change in agricultural management at both sites may also have 
influenced the results, where mouldboard ploughing at the CL site was 
replaced by disc cultivation in 2016 and yearly grass cuts were introduced at 
the SA site in 2015. 

Over two consecutive years, Lohila et al. (2004) measured NEE by EC in 
a drained Finnish peatland producing barley with under-sown grass in the 
first year and grass only in the second year. They observed annual net CO2 
losses of 0.77 kg CO2 m-2 yr-1 for barley in the first year and 0.29 kg CO2 m-

2 yr-1 for grass in the second year. These cumulative emissions exceeded 
those in Paper III, possibly due to a thicker peat layer (40 to 60 cm) at the 
Finnish site than at the SA or CL site (25 and 34 cm, respectively). For a 
shallow agricultural peat in Finland cropped with grass silage, Gerin et al. 
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(2023) measured NEE using EC and found higher cumulative annual 
emissions than in Paper III, even though peat thickness was somewhat less 
(15-30 cm) than at the SA site in Paper III. This discrepancy may be due to 
a management effect related to the cutting regime, since the Finnish grass 
silage crop was cut twice a year, which led to CO2 emissions peaks directly 
afterwards, while grass at the SA site was cut only once a year. 

However, peat layer thickness and management are not the only variables 
that may affect C fluxes. In a study comprising NEE flux measurements by 
EC at 16 locations in the UK and Ireland, Evans et al. (2021) found no overall 
effect of peatland management, but a strong influence of effective water table 
depth (i.e. thickness of the aerated peat layer). Thus, agricultural peatland 
management factors such as ploughing intensity or crop type may have 
explanatory relevance for differences found in some site comparisons (Kløve 
et al., 2017), but effective water table depth seems to have an overriding 
effect on CO2 emissions from temperate peatlands in general (Evans et al., 
2021). At the study sites in Paper III, the water table is located within the 
mineral subsoil below the peat for most of the year, so the effective water 
table depth is largely defined by the peat layer thickness. Thus, the higher 
cumulative CO2 emissions at the SA site may be explained by its lower 
effective water table. 

Measurements of C exports were not part of the work in this thesis. 
However, a rough estimation of C exports, in terms of CO2 due to herbivory 
and harvest (CO2_HARV/HERB) was made. Based on personal communication 
with the farmer, grain yield at the CL site were estimated to 0.2 kg m-2 yr-1 
(Olsson, pers. comm.), except for the fallow period in 2016 (no yield) and 
when barley was cultivated and harvested in 2018 (yield 0.37 kg m-2). Thus, 
potential grain yield was estimated to be 1.17 kg m-2 for the period 2013 to 
2019. It was assumed that herbivory during autumn and winter by deer, wild 
boar, moose, and birds accounted for 80% of the potential grain yield, 
excluding the years 2016 and 2018 for the above-mentioned reasons. 
Moreover, correction was made for grain water content of 15% and it was 
assumed that roughly half of the biomass consumed by wildlife was returned 
to the site by excreta. A biomass-to-C ratio of 0.45 was assumed (Hicke et 
al., 2004). Resulting in an annual CO2 loss of about 0.16 kg CO2 m-2 yr-1. 
Herbivory at the SA site was not observed systematically. Therefore, the 
estimation by Hadden and Grelle (2017) of an annual C loss due to herbivory 
of 0.03 kg C m-2 yr-1 (0.11 kg CO2 m-2 yr-1) was used. With the harvest in 
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2018, an additional 0.45 kg CO2 m-2 was exported as hay. Thus, over the 
period from 2013 to 2019 the annual C export, expressed in CO2 was 
estimated to 0.167 kg m-2

 yr-1. Overall, the annual CO2 emissions as the sum 
of NEE and CO2_HARV/HERB, summed up to 0.32 kg CO2 m-2 yr-1 at the CL site 
and to 0.58 kg CO2 m-2 yr-1 at the SA site. On including the effects of harvest 
and herbivory, the CO2 budget of the CL site remained below that of the SA 
site. However, CO2_HARV/HERB was based on rough estimates rather than 
measurements, so the calculations only provide an indication of CO2 losses 
at both sites. 

Based on the chamber measurements, and in agreement with Berglund et 
al. (2021), there were higher CO2 fluxes (uptake, RECO, and RSOIL), lower 
N2O emissions (transparent and bare peat), and stronger CH4 uptake (under 
all conditions) at the SA site compared with the CL site. The GHG budgets 
calculated from the GWP100 of each gas, were also comparable to those 
reported by Berglund et al. (2021), with the exception of the vegetated 
measurements at the SA site. The deviation in the vegetated measurements 
was likely because in the study by Berglund et al. (2021) the vegetation 
needed to be trimmed due to the height limit defined by the chambers used, 
the higher chambers used in Paper III meant that the vegetation could be left 
intact.  

During a period of more than six years, both the CL and the SA site acted 
as CO2 sources, with the SA site emitting more CO2 to the atmosphere than 
the CL site. Thus, there was no evidence indicating that setting-aside 
agricultural peatland reduces its CO2 emissions.  
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The new REA system developed in this thesis was running reliably during 
summer and winter months in the Nordic climate and produced CO2 and H2O 
fluxes that were in good agreement with those of an EC system operated in 
parallel. The determined DLs found for N2O and CH4 fluxes and the identical 
sampling technology confirmed that the REA system can capture N2O and 
CH4 fluxes reliably. The modular design of the system proved to be very 
practical, allowing for fast and easy installation in the field. Passive sampling 
by pressure containers ensured a constant sample flow rate into the 
reservoirs, while contaminant sources like pumps were eliminated from the 
sample flow. Occasionally the sample reservoirs needed replacing, due to 
cracks developing inside the bags after many sampling-evacuation cycles. 
Another challenge in the sampling system was leakages from the pressure 
containers during the reservoir evacuation phase. This did not affect air 
sampling quality, but led to an increase in operational time of the pumps to 
compensate for the resulting pressure drops. Overall, the presented REA 
system measures GHG fluxes continuously above terrestrial ecosystems and 
offers the possibility of using several analysers to measure many more 
atmospheric tracers and even their isotopic composition. With the modular 
design and the option of using low-power gas analysers, it can be installed 
off-grid and in remote locations. 

Measurement duration and number of concentration measurements 
influenced the uncertainty of individual flux estimates. This finding can be 
used to optimise flux measurement strategies using manual chambers, 
especially by applying Equation 9 to determine the optimal measurement 
duration and number of concentration measurements needed in relation to 
the expected flux magnitude and analyser precision for each chamber 
measurement. When low N2O flux magnitudes are expected and CO2 fluxes 

6. Conclusions and future perspectives
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are determined simultaneously, only the initial linear increase in CO2 
concentration should be used for CO2 flux calculation and extended 
measurement duration should be used to determine reliable N2O fluxes. In 
this way, the influence of long measurement duration on the diffusion 
gradient of CO2 can be reduced and, and at the same time, N2O fluxes well 
above the system DL can be achieved. 

There was no evidence to suggest that setting-aside agricultural peatland 
will reduce its CO2 emissions. In fact, over a measurement period of more 
than six years, set-aside grassland (SA) acted as a larger source of CO2 than 
an adjacent cultivated cropland (CL). The SA site showed elevated levels of 
respiratory CO2 losses, photosynthetic CO2 assimilation, and CH4 uptake 
compared with the CL site, while N2O emissions from the CL site exceeded 
those from the SA site (CH4 and N2O made a minor contributions to GHG 
balance at both sites). These results suggest that the present incentives for 
setting-aside agricultural peatlands are in need of reassessment if a reduction 
of GHG emissions is aspired. Thus, direct payments under the Common 
Agricultural Policy of the EU (EU Regulation No 1307/2013, 2013) for 
setting-aside agricultural peatlands are likely to be an ineffective means to 
achieve CO2 emission reductions if the peatlands remain in a drained state. 
Therefore, re-evaluation of present policies and incentives that aim at 
supporting set-aside farmland on drained peat is needed.  

To improve our understanding of GHG flux dynamics of drained peatland 
ecosystems, estimating complete C and N balances, including losses due to 
harvest, herbivory, and seepage, can be of great value. Multi-seasonal and 
continuous GHG flux measurements at several peatland sites under different 
land use and management intensities, ideally paired with rewetting 
experiments, would provide valuable insights into management alternatives 
for agricultural peatlands aimed at reducing GHG emissions.  
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Peatlands are a globally important carbon (C) store, holding about 21% of 
total soil C. In their natural state, most peatlands are sinks for atmospheric 
carbon dioxide (CO2), but are sources of methane (CH4) and small amounts 
of nitrous oxide (N2O). Large areas of natural peatlands are drained for peat 
extraction, agriculture, or forestry. Drainage leads to oxidative peat 
decomposition, degrading organic material and leading to high CO2 
emissions. When peatlands are used for agriculture, the use of nitrogen 
fertiliser often leads to elevated N2O emissions. 

Under the EU Common Agricultural Policy, direct payments are offered 
to farms that set aside, i.e. leave fallow, agricultural land on drained peat, in 
order to reduce greenhouse gas (GHG) emissions. However, in the scientific 
literature, there is growing evidence that this may be an ineffective GHG 
mitigation strategy. To increase understanding on the effect of agricultural 
management intensity on GHG emissions from drained peatlands, in this 
thesis GHG fluxes from two adjacent fields (cropland and set-aside 
grassland) were measured over a period of more than six years. Two widely 
used measurement methods were employed, the eddy covariance (EC) 
method and the chamber method. 

In addition, a relaxed eddy accumulation (REA) system that allows 
continuous flux measurements of CO2, N2O, CH4, and water vapour from 
ecosystems was developed and tested. The chamber measurement technique 
was optimised in terms of measurement duration, sampling frequency, and 
analyser precision. 

The results showed that the set-aside grassland was a greater source of 
CO2, a smaller source of N2O and a larger sink of CH4 than the cultivated 
cropland. The N2O and CH4 fluxes had minor effects on the GHG balance 
on both sites. Thus, these results support recent claims that setting-aside 
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farmland on drained peat is likely not an effective way to reduce agricultural 
GHG emissions as long as the peatland remains in a drained state. 

The REA system was found to be capable of reliably measuring 
continuous fluxes of CO2, N2O, CH4, and water vapour during the growing 
season, and even in winter months, in the Nordic climate. Flux comparisons 
with an EC system that was run in parallel showed good agreement for CO2 
and water vapour fluxes measured with both systems. The calculated 
detection limits for N2O and CH4 fluxes and the good agreement with results 
from the EC system suggest that the REA system can be used for flux 
monitoring of all relevant GHGs above terrestrial ecosystems. Furthermore, 
the sampling system’s modular design and low energy demands make the 
REA system useful for remote and off-grid applications. 

Using the simple and convenient method developed in this thesis, 
individual chamber flux measurements of N2O and CH4 can now be 
optimised for measurement duration, concentration sampling frequency, and 
the analyser’s detection limit. 

In conclusion, this thesis sheds new light on the complex dynamics of 
GHG emissions from drained peatlands under different agricultural 
management practices. While setting-aside farmland on drained peat is 
currently considered a GHG mitigation strategy, the findings in this thesis 
question its effectiveness. Future, development and testing of advanced 
measurement technologies, such as the REA system, will improve the ability 
to capture continuous and accurate fluxes and contributes to the broader goal 
of robust GHG flux monitoring. This thesis makes a small but important 
contribution to the ongoing dialogue on mitigating climate change and 
preserving critical C stores within ecosystems. However, with rapidly 
progressing climate change, it is increasingly urgent to implement 
recommendations on which the scientific community has reached consensus. 
Knowledge exists on how to limit the severity of climate change; the world 
only needs brave politicians to take the bold steps required. 



79 

Torvmarker utgör en globalt viktig sänka för kol (C) och står för cirka 21% 
av markens totala kollagring. I sitt naturliga tillstånd är de flesta torvmarker 
en sänka för atmosfärisk koldioxid (CO2), och en källa för metan (CH4) och 
små mängder lustgas (N2O). Stora områden med naturliga torvmarker 
dräneras dock för torvutvinning, jordbruk eller skogsbruk. Dikning leder till 
oxidativ nedbrytning av torv, vilket bryter ned organiskt material och leder 
till stora CO2-utsläpp. När torvmarker används för jordbruk leder 
användningen av kvävegödsel ofta till förhöjda N2O -utsläpp. 

Inom ramen för EU:s gemensamma jordbrukspolitik erbjuds direktstöd 
till jordbrukare som lägger jordbruksmark på torvmark i träda för att minska 
utsläppen av växthusgaser (GHG) genom avsättningar. I den vetenskapliga 
litteraturen finns det dock allt fler belägg för att detta kan utgöra en ineffektiv 
strategi för minskade utsläpp. För att öka vår förståelse över effekten av 
jordbruksintensitet har på växthusgasutsläpp från dränerade torvmarker 
mätte vi växthusgasflöden från två intilliggande fält, en odlingsmark och en 
gräsmark som tagits ur bruk under en period på mer än sex år. För detta 
ändamål valdes två allmänt använda metoder: eddy kovarians (EC) samt 
kammarmetoden. 

Vi utvecklade och testade dessutom ett eddy ackumulationssystem med 
lättade krav (relaxed eddy accumulation-system, REA) som möjliggjorde 
kontinuerliga flödesmätningar av CO2, N2O, CH4 och vattenånga från 
ekosystemen. Mätteknikerna i kammaren optimerades på grundval av mättid, 
provtagningsfrekvens och analysprecision. 

Vi fann att den avsatta gräsmarken utgjorde en större källa till CO2, en 
mindre källa till N2O, och en större sänka för CH4 än den odlade åkermarken. 
N2O- och CH4-flöden hade dock mindre effekter på platsernas globala 
uppvärmningspotential. Baserat på våra resultat och i överensstämmelse med 
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andra nyligen genomförda studier är det därför avsättningen av 
jordbruksmark på dränerad torv sannolikt inte ett effektivt sätt att minska 
jordbrukets utsläpp av växthusgaser, så länge torvmarken förblir dränerad. 

REA-systemet kunde mäta kontinuerliga flöden av CO2, N2O, CH4 och 
vattenånga under växtsäsongen men även under vintermånaderna i det 
nordiska klimatet. Flödesjämförelser med ett EC-system som kördes 
parallellt visade god överensstämmelse för flöden av CO2- och vattenånga 
uppmätta med båda systemen. De beräknade detektionsgränserna för N2O- 
och CH4-flöden och den goda överensstämmelsen med EC-systemet tyder på 
att REA-systemet kan användas för flödesövervakning av växthusgaser över 
markytan i terrestra ekosystem. Dessutom gör provtagningssystemets 
modulära design och låga energibehov det användbart för fjärr- och off-grid-
tillämpningar. 

Med en enkel och praktisk metod som utvecklats i denna avhandling kan 
flödesmätningar av N2O och CH4 i enskilda kammare nu optimeras för 
mätlängd, frekvens för koncentrationsprovtagning och analysatorns 
detektionsgräns. 

Sammanfattningsvis bidrar vår studie till att klargöra mer av den 
komplexa dynamiken kring växthusgasutsläpp från dränerade torvmarker 
under olika jordbrukshanteringsmetoder. Att avsätta jordbruksmark på 
dränerad torv har ansetts vara en potentiell strategi för att minska 
växthusgasutsläpp, men våra resultat ifrågasätter effektiviteten i detta 
tillvägagångssätt. Dessutom förbättrar utvecklingen och testningen av 
avancerad mätteknik, såsom REA-systemet, vår förmåga att uppmäta 
kontinuerliga och exakta flöden och bidrar till det bredare målet gällande 
robust övervakning av växthusgasflöden. Avhandling utgör således ett litet 
bidrag till pågående ansträngningar att mildra klimatförändringarna och att 
bevara kritiska C-förråd i ekosystem. Ju mer vårt klimat förändras, desto mer 
brådskande blir det dock att genomföra de rekommendationer 
forskarsamhället har nått konsensus om. Vi vet hur vi kan begränsa 
klimatförändringarna, nu krävs av modiga politiker att de tar de första djärva 
stegen på vägen. 
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Moore sind wichtige Kohlenstoffspeicher weltweit und speichern etwa 21% 
des gesamten Bodenkohlenstoffs. In ihrem natürlichen Zustand sind die 
meisten Moore Senken für atmosphärisches Kohlendioxid (CO2) und 
Quellen für Methan (CH4) sowie geringe Mengen an Lachgas (N2O). Moore 
wurden großflächig für den Torfabbau, die Land- oder Forstwirtschaft 
entwässert. Die Entwässerung führt zur oxidativen Zersetzung des 
organischen Materials in Mooren, dem Torf, wodurch große Mengen an CO2 
freigesetzt werden. Unter landwirtschaftlicher Nutzung führt der Einsatz von 
Stickstoffdünger häufig zusätzlich zu erhöhten N2O-Emissionen. 

Im Rahmen der Gemeinsamen Agrarpolitik der EU werden 
landwirtschaftlichen Betrieben, die Ackerflächen auf entwässerten Mooren 
stilllegen, Direktzahlungen angeboten, mit dem Ziel, die 
Treibhausgasemissionen entwässerter Mooreböden zu reduzieren. In der 
wissenschaftlichen Literatur häufen sich jedoch die Hinweise darauf, dass 
dies eine ineffektive Strategie ist. 

Um die Auswirkungen der landwirtschaftlichen Nutzungsintensität auf 
die Treibhausgasemissionen von entwässerten Mooren besser zu verstehen, 
haben wir die Treibhausgasflüsse von zwei benachbarten Feldern, einem 
Acker und einem stillgelegten Grünland, über einen Zeitraum von mehr als 
sechs Jahren gemessen. Hierfür wurden zwei verbreitete Methoden gewählt: 
die Eddy-Kovarianz- (EC) und die Kammermethode. Außerdem wurde ein 
Relaxed Eddy Accumulation-System (REA) entwickelt und getestet, das 
kontinuierliche Flussmessungen von CO2, N2O, CH4 und Wasserdampf über 
Ökosystemen ermöglicht. Die Kammermessmethodik wurde in Bezug auf 
Messdauer, Häufigkeit der Konzentrationsmessungen und unter 
Berücksichtigung der Präzision des Analysegeräts optimiert. 

Populärwissenschaftliche 
Zusammenfassung 
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Im Rahmen dieser Arbeit fanden wir heraus, dass beide Standorte CO2-
Quellen darstellten. Jedoch emittierte das stillgelegte Grünland eine größere 
Menge an CO2, als das Ackerland. Lachgas- und CH4-Flüsse hatten einen 
geringen Einfluss auf die Klimabilanz beider Standorte. Basierend auf 
unseren Ergebnissen und in Übereinstimmung mit weiteren Studien ist die 
Stilllegung von Ackerland auf entwässertem Torf kein wirksames Mittel zur 
Verringerung der landwirtschaftlichen Treibhausgasemissionen, solange der 
Standort nicht wiedervernässt wird. 

Das REA-System zeichnete kontinuierlich und verlässlich CO2-, N2O-, 
CH4- und Wasserdampfflüsse über mehrere Wachstumsperioden und sogar 
in den Wintermonaten des nordischen Klimas auf. Flussvergleiche mit einem 
parallel installierten EC-System zeigten eine gute Übereinstimmung der 
CO2- und Wasserdampfflüsse, und die berechneten Nachweisgrenzen für 
N2O- und CH4-Flüsse stimmten zuversichtlich, dass das REA-System für die 
Messung aller relevanten Treibhausgasflüsse von terrestrische Ökosysteme 
eingesetzt werden kann. Darüber hinaus ist das System aufgrund des 
modularen Aufbaus und des geringen Energiebedarfs auch für abgelegene 
und netzunabhängige Anwendungen geeignet. 

Nach den Ergebnissen dieser Studie ist die Stilllegung von Ackerland auf 
entwässerten Mooren mit dem Ziel Treibhausgasemissionen zu reduzieren, 
ineffektiv bis kontraproduktiv. Somit ist ein Umdenken auf politischer Ebene 
dringend notwendig. Diese Studie trägt nicht nur zur Weiterentwicklung 
bestehender Messtechnologien bei, sondern ist auch ein Beitrag zum Diskurs 
über die Abschwächung des Klimawandels und den Erhalt wichtiger 
Kohlenstoffspeicher natürlicher Ökosystemen. Je weiter sich unser Klima 
verändert, desto dringlicher wird es, die Empfehlungen umzusetzen, über die 
die Wissenschaft längst einen Konsens erzielt hat. Wir wissen, wie wir das 
Ausmaß des Klimawandels begrenzen können; es braucht nur mutige 
Politiker, die die richtigen Schritte in die Wege leiten. 
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A B S T R A C T   

The relaxed eddy accumulation (REA) technique is frequently applied to measure fluxes of a large variety of 
atmospheric tracers above ecosystems. It is often the method of choice since the eddy covariance (EC) technique 
is limited to a few tracers due to the lack of fast response analysers, high financial costs and in some cases high 
power consumption. REA avoids the need for a fast response analyser by collecting air from up-drafts and down- 
drafts into separate reservoirs. After collecting the air over a predefined time period, trace gas concentrations in 
the reservoirs are analysed by a slow response analyser and the average fluxes can be calculated. 

We developed and tested a REA system that is capable of measuring CO2, CH4, N2O and H2O fluxes simul-
taneously with only one gas analyser (Picarro G2805). This system is compatible with virtually any gas analyser 
and thus supports the flux analysis of a wide range of other air constituents such as isotopes, aerosols and volatile 
organic compounds. Furthermore, the modular design and rugged casing makes the sampling system robust and 
portable, and with its 12 V DC operation it is suitable for a wide range of field campaigns. The performance of the 
REA system was tested during the growing seasons of 2018 and 2020 on a grassland on organic soil in central 
Sweden. 

The system has worked reliably during several months in the Nordic climate, covering ambient temperatures 
between -20◦C and +30◦C. Measured fluxes of CO2 and H2O agree well with fluxes measured independently by 
an EC system. The similarity in the technology and the determined detection limits made us confident that the 
REA system even captures fluxes of CH4 and N2O well.   

1. Introduction 

Micrometeorological methods are gaining in importance for trace gas 
flux measurements above terrestrial ecosystems (e.g. Eugster and Mer-
bold, 2015). These methods enable measurements of average gas fluxes 
from a large area over extended time periods and with a high temporal 
resolution by sampling the turbulent gas exchange in the atmospheric 
boundary layer. Most widely used, the eddy covariance (EC) method 
provides measurements of gas fluxes between ecosystems and the at-
mosphere with a typical representative source area (or “flux footprint”) 
of several hectares. It builds upon simultaneous sampling of turbulent 
wind components and gas concentrations at typical sampling rates of 
10-20 Hz. But it is still limited to a small number of gas species due to the 
lack of fast-response gas analysers and low signal-to-noise ratios. 
Furthermore, its applicability for small atmospheric constituents such as 
nitrous oxide is often limited by high power consumption. 

Eddy accumulation represents an alternative system for turbulent 

exchange measurements that continuously collects air from instant up- 
and down-drafts into two separate reservoirs (or accumulates air con-
stituents on denuders). After the sampling period (e.g., 30 minutes) the 
difference of gas concentrations between the updraft- and the 
downdraft-reservoirs are analysed with a gas analyser. Here, a high 
frequency response of the analyser is not required. The difference in gas 
concentration between the two reservoirs is related to the mean flux 
during the sampling period (Desjardins, 1972). For this so called “true” 
eddy accumulation technique the air flow into the reservoirs must be 
proportional to the vertical wind velocity, which is technically 
demanding. Businger and Oncley (1990) relaxed the requirement of the 
airflow to be proportional to the vertical wind speed and proposed a 
“relaxed” version of eddy accumulation (Relaxed Eddy Accumulation, 
REA) that uses a constant flow rate. 

The development of cavity ringdown spectroscopic (CRDS) analysers 
during recent years has made concentration measurements of small at-
mospheric constituents feasible and affordable, and has opened 
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opportunities for gas flux measurements by the REA technique in 
particular. While the gas analysis is relatively easy to achieve by slow- 
response analysers, the technological challenge is to develop an exact, 
reliable, and durable fast-response air sampling system that collects 
updraft and downdraft air separately at a switching frequency of typi-
cally 10-20 Hz to capture the relevant ranges of the boundary layer 
turbulence spectrum. 

Using a REA system, fluxes of a wide range of tracers such as carbon 
dioxide, nitrous oxide, methane, isotopes, aerosols, pollutants or volatile 
organic compounds have been measured occasionally (e.g., Beverland 
et al., 1996; Desjardins et al., 2010; Gaman et al., 2004; Haapanala et al., 
2006; Hargreaves et al., 1996; Pattey et al., 2007; Ren et al., 2011; 
Osterwalder et al., 2016; Riederer et al., 2014). 

Desjardins et al. (2010) and Pattey et al. (2007) used an 
aircraft-based REA system for campaigns to measure N2O emissions 
close to Ottawa and Saskatoon, Canada. Beverland et al. (1996) 
measured CH4 and N2O fluxes and Hargreaves et al. (1996) measured 
N2O fluxes by a REA system during periods of up to ten days. However, 
the REA technique has not yet been used to measure nitrous oxide, 
methane, carbon dioxide and water vapour fluxes simultaneously. 
Neither has it been used to measure fluxes over complete agricultural 
seasons. To estimate regional nitrous oxide emissions reliably it is of 
great importance to monitor fluxes corresponding to complete agricul-
tural seasons and large geographical areas (field scale and above). 
Principally, both conventional EC and REA systems can provide this type 
of data. However, the implementation of EC systems for minor atmo-
spheric constituents bears a high initial cost and high power consump-
tion, and also transportation to remote places and powering the systems 
at site can be difficult. Furthermore, for measuring all relevant GHG 
fluxes from a terrestrial ecosystem using an EC system there is no single 
fast-response gas analyser currently available. Whereas, for a REA sys-
tem a cavity ringdown gas spectrometer (e.g., Picarro G2508) can be 
used to analyse water vapour, methane, carbon dioxide and nitrous 
oxide simultaneously. 

Here, we present a new REA system that basically consists of 
commercially available standard components, which makes it afford-
able. It is capable of measuring CO2, N2O, CH4 and water vapour fluxes 
reliably over complete growing seasons, and we critically evaluate its 
performance during the growing seasons of 2018 and 2020. 

2. Material and methods 

2.1. Theory 

The concentration difference between updraft and downdraft reser-
voirs (Cup – Cdown) is related to the mean flux F by 

F = β⋅σw⋅
(
Cup − Cdown

)
(1) 

Where σw is the standard deviation of the vertical wind speed, 
determined by a sonic anemometer operating at 10 Hz, and β is an 
empirical coefficient with a value of about 0.6 (Businger and Oncley, 
1990). In this study, we determined β by relating the sensible heat flux, 
estimated by eddy-covariance (HEC) to the sensible heat flux, estimated 
by REA (HREA). 

HEC = ρ⋅cp⋅w′T ′

HREA = ρ⋅cp⋅β⋅σw⋅
(
Tup − Tdown

)
(2)  

where ρ = air density, cp = specific heat at constant pressure, w′T′ =

covariance of vertical wind velocity and air temperature. Setting HREA=

HEC the parameter β becomes 

β =
w′T ′

σw
(
Tup − Tdown

) (3) 

Based on 5 months of measurements over an agricultural field the 

coefficient on average thus evaluated to β = 0.475 ± 0.29 (standard 
deviation). 

Air is sampled into the corresponding reservoir depending on the 
direction of the vertical wind velocity w (conditional sampling), but only 
if the vertical wind speed exceeds a certain threshold value, the dead- 
band velocity w0. Given the limited resolution and accuracy of the 
sonic anemometer, a choice of w0 = 0 would result in considerable 
amounts of air erroneously sampled in either of the reservoirs during 
periods when the vertical wind velocity is practically zero. Choosing a 
large dead-band, on the other hand, would favour conditions of high 
vertical wind speed and imply larger numbers of individual air samples 
during well-mixed periods at daytime than during calm periods at night. 
Obviously, a dynamic dead-band should be used to adapt the sampling 
setup to the turbulence conditions such that similar amounts of air are 
sampled during all times of the day. 

In this study we chose σw as a practical measure for turbulent mixing 
that determines the dead-band w0. To test the impact of w0 on the 
sampling system we monitored the duration of opening for each valve. 
Empirically we found that 

w0 =
σw

3.5
(4)  

was a suitable relation that yielded similar amounts of air in the updraft 
and downdraft reservoirs, respectively, and reasonable numbers of in-
dividual samples during both day and night. In practice, out of 18000 
samples during a sampling interval ca. 4000 samples were within the 
dead-band (implying closed valves) during daytime, whereas ca. 8000 
samples corresponded to the dead-band during night on average. A 
larger share of dead-band conditions during night is natural because of 
lower turbulent mixingTable 1. 

While the REA fluxes scale linearly with β, their dependence on w0 is 
less straightforward. Near a surface, strong fluctuations in vertical ve-
locity are associated with strong fluctuations in horizontal velocity, and 
are caused by large, coherent eddies (e.g., Katul et al., 2006). That im-
plies that the use of a dead-band favours the sampling of larger eddies, 
which shifts the sampled turbulence spectrum towards lower fre-
quencies. But in contrast to a limited high-frequency response that may 
be inherent in an EC system, this does not cut off all high-frequency 
signals, but only excludes samples with very small vertical displace-
ment that hardly contribute to the fluxes. Furthermore, the dead-band 
may lead to an increase of concentration differences between the res-
ervoirs (e.g., Tsai et al., 2012). One reason for that is that a higher 
fraction of air samples with larger vertical displacement is collected. 
This is however moderated to some extent because the occurrence of 
large eddies in the boundary layer is usually associated with smaller 
vertical concentration gradients. In principle, that corresponding in-
crease in (Cup-Cdown) should be compensated by a decrease in β (e.g., 
Bowling et al., 1999). Another reason for the increase is that dilution of 
air in the reservoirs by samples with zero or opposite vertical displace-
ment is avoided, which is necessary for accurate measurements. 

In fact, an increasing dead-band increases the magnitude of the 
measured fluxes. Fig. 1 shows REA-CO2 fluxes simulated from EC data 
with dead-bands ranging from zero to 2w0 from Eq. (4), with a constant 
β = 0.475. While doubling or removing the dead-band can affect 

Table 1 
Feature comparison between REA and EC systems.  

Feature REA EC 

Frequency 
response 

Limited by sonic 
anemometer 

Limited by sonic anemometer, gas 
analyser, and air transport system 

Algorithm Individual eddies are 
dampened 

Individual eddies are captured 

Sensor 
misalignment 

Handled by high-pass 
filter 

Handled by coordinate rotation 

Sloping terrain Handled by high-pass 
filter 

Handled by coordinate rotation  
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individual fluxes by up to 30%, changes of the dead-band by, say, 10% 
have only marginal impact on the fluxes (Fig. 1). 

A dynamic dead-band that is adapted to actual turbulence conditions 
as described above assures adequate sampling and accurate concentra-
tion differences. Using this dynamic dead-band, our β did not show any 
seasonality or consistent diurnal dynamics and can therefore be assumed 
constant, in agreement with Haapanala et al. (2006) and Grönholm 
et al. (2008). 

It is difficult to clearly identify variables that affect the determina-
tion of w0 and β, and it is recommended for each field application to 
investigate the values in order to check the validity of the parameter-
isation or to detect measurement problems (Ammann and Meixner, 
2002). 

2.2. System setup 

The main components of the REA system are a 3D ultrasonic 
anemometer (Solent 1012R3, Gill Instruments, Lymington, UK), 2 
identical pairs of sample air reservoirs (12 L Tedlar bags, SKC 232-10, 
Eighty Four, PA, USA), a G2805 CRDS analyser (Picarro inc., Santa 
Clara, CA, USA) and a CR1000 Measurement and Control Datalogger 
(Campbell Scientific, Logan, UT, USA). 2 pairs of sample reservoirs are 
needed to provide continuous measurements: while one pair of reser-
voirs is used to collect air samples, the other pair can be analysed. 

Sample air is taken in below the anemometer’s measuring volume 
(distance ca. 15 cm) and lead to the reservoirs through parallel Teflon 
tubes (ScanTube, diameter ¼”). To avoid contamination, an SLFA05010 
PTFE filter is installed in each tube close to the inlet (1 µm, Merck 
Millipore, Darmstadt, Germany). Using two independent tubes avoids 
mixing of updraft- and downdraft air, and thus no turbulent air flow in 

the tubes is required (Bowling et al., 1998). Opening and closing of the 
respective reservoir is achieved by fast-switching stainless-steel solenoid 
valves (6011, Buerkert, Ingelfingen, Germany) controlled by the data-
logger via an SDM-CD16AC relay driver (Campbell Scientific, Logan, 
UT, USA). To achieve a constant flow rate of 0.8 L min− 1 through the 
sampling tubes and to avoid sample contamination, the sampled air does 
not pass any pump. Instead, each pair of Tedlar bags is placed in a 
common sealed IM2720 container (Pelican Products Inc., Torrance, CA, 
USA) that is partly evacuated by means of a 1420VDP air pump (Gardner 
Denver Thomas GmbH, Fürstenfeldbruck, Germany). The pressure dif-
ference between the container and the atmosphere is measured by a 
100KPDW differential pressure sensor (Fujikaru Ltd., Tokyo, Japan) and 
is kept constant at ca. 20 hPa by control of the datalogger. This principle 
that reminds of “ballonets” used in airships ensures both filling of the 
Tedlar bags when under-pressure is applied, and emptying of the bags 
when over-pressure is applied. The corresponding air flows are directed 
by means of 3-way stainless-steel solenoid valves (30334, Rotex, 
Maharashtra, India). During analysis of the reservoir content, air is 
drawn from the Tedlar bags via another SLFA05010 filter and through 
the G2508 CRDS analyser by an A0702 closed System pump (Picarro 
inc., Santa Clara, CA, USA). The G2508 reports gas concentrations in dry 
mole fractions, which means that no correction for density fluctuations 
due to latent heat fluxes (e.g., Bowling et al., 1998) is necessary. Con-
centration data are transferred to the datalogger by RS232 communi-
cation. The principle setup of the REA system is shown in Fig. 2. 

The G2508 analyser and the A0702 pump are powered by 230 VAC; 
the rest of the system is powered by 12 VDC. Together with the modular 
construction this provides mobility and flexibility, since virtually any 
gas analyser or even several analysers in a sequence can easily be con-
nected to the system. The G2508 and the CR1000 datalogger are con-
nected to the internet by a wireless router for remote control and data 
retrieval. 

The system is placed in an insulated, heated, and ventilated trailer to 
maintain appropriate operating conditions. Diodes are installed to pro-
tect the SDM-CD16AC against voltage kickback when switching induc-
tive loads such as solenoids. System temperature is monitored by a 
thermocouple that enables the logger to switch off the system in case of 
overheating. Power supply is secured by residual current devices, fuses 
and transient protection. 

2.3. Principle of operation 

Initially both pairs of sample reservoirs are exposed to under- 
pressure. The sonic anemometer measures the turbulent wind compo-
nents and the speed of sound at 10 Hz. A digital recursive low-pass filter 
(time constant = 200 s) is used for de-trending. If the remaining high- 
pass signals exceed the actual dead-band they are used to control the 
fast-switching solenoid valves. While the under-pressure in the con-
tainers is kept constant by control of the datalogger, the updraft- and 
downdraft reservoirs in the first container are successively filled with 
sample air through the fast-switching valves. After a sampling period of 
typically 30 minutes (larger reservoirs would be needed for longer pe-
riods) the sample air flow is directed into the second pair of reservoirs, 
while the first container is set to over-pressure. 

While the second pair of reservoirs is filled by sample air in the same 
manner as the first, the collected air from the reservoirs in the pres-
surised container is led through the G2508 CRDS analyser. Each reser-
voir is analysed for 5 minutes at a sampling rate of 1 Hz. Prior to each 
analysis cycle a certain number of samples is skipped to avoid analysis of 
mixed air in the tubing. After 10 minutes the reservoirs are emptied 
completely and are thus ready for the next sampling period. Now the 
G2508 is free for 20 minutes to be used for other applications such as 
chamber- or profile measurements. 

Raw data, processed fluxes and averages are stored on a CF memory 
card in the datalogger. 

Fig. 1. The influence of w0 on REA-CO2 fluxes, simulated from EC-rawdata 
with β = 0.475. The black lines denote a dead-band of w0 used in this study, 
the grey lines denote changes of the dead-band in 20% steps, ranging from zero 
to 2 w0. Upper graph: cumulative fluxes; lower graph: half-hourly fluxes. 
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2.4. Detection limit 

We determined the analyser’s standard deviations (SD) per gas by 
injecting a standardised gas sample (339 ppbv N2O, 1.96 ppmv CH4, 
417.2 ppmv CO2 and 0.55 % H2O) over a period of 90 minutes. For each 
gas, the SD was calculated over the analysing period, except for H2O (15 
minutes) to minimize the risk of condensation. The standard deviations 
were found to be 3.81 ppbv, 0.37 ppbv, 0.15 ppmv, and 24 ppmv for 

N2O, CH4, CO2, and H2O, respectively (n = 6750, nH2O = 1125). Note 
that the determined SDs are considerably lower than the guaranteed 
precisions provided by the manufacturer. The REA system’s detection 
limit (DL) was then calculated based on these SDs and a Monte Carlo 
analysis, similar to the approach of Parkin et al. (2012). We simulated 
104 times normal distributed gas concentrations over a measurement 
period of 5 minutes for both, the up-draft and the down-draft reservoir. 
The rnorm function of R (version 3.6.3; R Core Team, 2020) was used to 

Fig. 2. Principle sketch of the REA system. C1 - C6 depict the control ports of the SDM-CD16AC relay driver.  

Fig. 3. Detection limits (DL) for gas fluxes as a function of the standard deviation of vertical wind speed as determined by Monte Carlo simulation.  
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simulate this data by providing it with the gas concentrations of the 
standardised air sample as mean parameters and the previously deter-
mined analyser’s SDs as standard deviation parameters. This way we 
simulated zero-flux conditions. Using Eq. (1) with β = 0.475 and the 
simulated data as mean up-draft and down-draft concentrations the flux 
was calculated 104 times for a typical range of σw (0.036 < σw < 0.5). 
The detection limit was then defined as the respective 97.5 % percentile 
(Fig. 3). Since the detection limit for each gas scales linearly with σw 
specific values can be calculated by using the slope of the respective 
regression line in Fig. 3 as scale parameter. The detection limits for an 
average σw of 0.273 m s− 1 are thereby DLN2O = 2.98 nmol m− 2 s− 1, 
DLCH4 = 0.299 nmol m− 2 s− 1, DLCO2 = 0.119 µmol m− 2 s− 1, and DLH2O =

0.019 mmol m− 2 s− 1. 

3. Results 

As a first test application, the REA system was deployed at a set-aside 
agricultural field site on drained peatland close to Harbo, Sweden (60◦5’ 
N, 17◦13’ E). A more detailed site description is found in Hadden and 
Grelle (2017). 

In parallel with the REA measurements, the sonic anemometer was 
even used for eddy-covariance measurements of CO2 fluxes in combi-
nation with an LI6262 infrared gas analyser (LI-COR inc., Lincoln, NE, 
USA). Except for some gaps due to power failures, the REA system was 
continuously running from May to November 2018 and from July 2019 
to May 2021 (currently ongoing). 

A certain engineering challenge was the sealing of the pressurised 
containers. Incomplete sealing resulted in frequent starts of the air 
pumps to compensate for pressure drops (Fig. 4). This was less promi-
nent for under-pressure, since the folding lock was pressed against the 
gasket by atmospheric pressure under those conditions. Here, mainly 
natural pressure drops due to the inflow of sample air into the reservoirs 
caused the pump to start frequently. 

Two pronounced drops of the over-pressure after 10 minutes in each 
cycle (indicated by arrows) depict emptying of the two reservoirs after 
analysis. The pressure drops are reflected in changes in pumping fre-
quency associated with longer filling periods. Occasional over- or 
undershooting of the target pressure occurs when the low-priority unit 
for pressure control in the datalogger program is ignored in favour of 
high-priority routines such as switching the fast valves. 

The measured CO2 mole fractions are mainly representative for 
ambient air within the ventilated trailer that houses the gas analyser, 
except during the analysis cycles (the first one starting at 900 seconds in 
Fig. 5). These are characterised by two plateaus representing the mole 
fractions in the two respective reservoirs. Here, the first plateau corre-
sponds to a 5-minutes long analysis of the downdraft reservoir, the 
second one represents the updraft reservoir. A higher mole fraction in 

the updraft reservoir means an upward flux of CO2, i.e., a CO2 emission 
from the ecosystem. During transitions from high to low CO2 concen-
trations such as in Fig. 5, occasional spikes occur at the beginning or the 
end of such plateaus due to remaining air in the tubing that still holds the 
gas concentrations from the last analysis 30 minutes earlier. These 
samples are disregarded in the analysis, i.e., a programmable number of 
samples are automatically skipped after each switch of the analysis- 
valves. This course of concentrations is rather typical for an early 
morning after a calm night with stable stratification. A relatively large 
vertical gradient of CO2 concentrations has built up during the night (the 
”storage term”), and the REA fluxes are characterized by small σw (low 
turbulent mixing) and large concentration differences (Cup – Cdown). 
During the morning hours, the concentration gradient degrades (the 
storage terms gets negative) through increasing turbulent mixing and 
eventually through photosynthesis, which is reflected in decreasing 
concentrations at measurement height and upward CO2 fluxes. 

A dynamic dead-band turned out to be necessary to provide 
reasonable numbers for down- and upward sampling under all atmo-
spheric conditions. A static dead-band would systematically lead to 
larger numbers of daytime samples and an underrepresentation of night- 
time samples, which in turn might lead to an underestimation of night- 
time fluxes. A dynamic choice of a dead-band w0 = σw/3.5 corresponded 
to values between 0.01 ms− 1 and 0.1 ms− 1, which resulted in ca. 14000 
samples during day and 10000 samples during night (nup + ndown, 
Fig. 6). This corresponds to 78% and 56% of the total number of samples 
during day and night, respectively. Occasionally (1.1% of cases) the 
number of samples dropped below 4000 per reservoir during stable 
night-time conditions when vertical wind speeds were very low. 

3.1. Comparison between REA and EC 

During periods of parallel measurements with both systems, a com-
parison of the resulting fluxes of CO2 and H2O was done. During 2018, 
no EC fluxes of H2O were available. Therefore, a later period during 
2020 was chosen, when an LI-7500 open path gas analyser (LI-COR inc., 
Lincoln, NE, USA) was available. 

The half-hourly fluxes have been corrected for gas storage in the air 
column below the sensor, determined by differential changes of gas 
concentrations at sensor height. Since no concentration gradient below 
the sensor height is taken into account, this estimate represents a lower 
envelope of the true storage term, in particular for CO2 where the sur-
face is a net source during night. Since the gas-analyser is used in time- 
sharing mode, a multi-level system for vertical concentration profile 
measurements could be added to the REA system, which will be 
implemented in future versions. 

No data screening concerning low turbulence conditions was applied 
(“ustar-filtering”, cf. Aubinet et al., 2000), because system performance 
was to be evaluated rather than greenhouse gas budgets. 

Fig. 4. Differential pressure in containers, 2018-07-11, 04:45 – 06:30. Black 
line corresponds to container 1, grey line to container 2. The arrows indicate 
the period when the sample reservoirs were emptied after analysis. 

Fig. 5. CO2 mole fractions 2018-07-11, 04:45 – 06:30. The first plateau in each 
sequence corresponds to downdraft analysis, the second to updraft analysis. 
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Generally, the fluxes show a similar pattern that reflects the growing 
season dynamics of the site (Fig. 7). During the period between June and 
August 2018 the CO2 budget of the site happened to be close to zero, 
with distinct sink- and source periods. For a budget comparison we 
chose the longest sink period (22/6 – 8/7) from which we determined an 
uptake of 135 g CO2 m− 2 (EC) and 128 g CO2 m− 2 (REA) by non- 
gapfilled data. There is a tendency towards higher uptake measured 
by the EC system during a period of small fluxes, i.e., a drought period in 
the middle of July. This was one of the warmest periods of the year, and 
the temperature surrounding the CRDS gas analyser occasionally 
exceeded the documented operational range (10◦C – 35◦C). 

Larger emissions from the REA system can also be seen in the scatter 
plot (Fig. 8), along with a number of cases with relatively large fluxes 
from one system, while fluxes from the other system were close to zero. 
The discrepancies between zero fluxes from one system and large fluxes 

from the other probably represent the challenge of measuring fluxes 
during stable atmospheric stratification and low turbulence intensity. At 
times, the EC system is not able to capture small-scale turbulence 
because of limited frequency response of the gas analyser, while the 
frequency response of the REA system is only limited by the frequency 
response of the sonic anemometer. On the other hand, cases of high EC 
flux and low REA flux may occur when single eddies contribute strongly 
to the covariance w′CO2

′, while their impact on the flux is dampened in 
the REA system by disregarding actual w’-components and using σw to 
represent vertical mixing. During these conditions, agreement between 
the EC system and a “true” relaxed eddy accumulation system would 
probably be better. However, a ustar-filtering (cf. Aubinet et al., 2000), 
as often done when gas budgets are to be determined, would effectively 
eliminate those conditions. 

Even the water vapor fluxes were measured similarly by both sys-
tems (Fig. 9). Occasional lower EC fluxes than REA fluxes may be caused 
by a limited frequency response of the EC system, while occasional lower 
REA fluxes may reflect disregarding of individual w’ samples, cf above. 
During the period 18/4 to 10/5 the total measured evapotranspiration 
from the site was 21.6 mm (EC) and 19.0 mm (REA) according to non- 

Fig. 6. Standard deviation σw of the vertical wind speed and corresponding 
dead-band (upper graph), and the resulting counts of open valve situations for 
sampling of downward (ndown) and upward (nup) air parcels (lower graph). 

Fig. 7. CO2 fluxes measured by EC (black line) and REA (red line) during 
summer 2018. 

Fig. 8. CO2 fluxes measured by REA versus fluxes measured by EC during 
summer 2018; the colour gradient depicts turbulent mixing. 

Fig. 9. H2O fluxes measured by EC (black line) and REA (red line) during 
spring 2020. 
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gapfilled data. 
In the scatter plot (Fig. 10) there appears to be a non-linear rela-

tionship between the two systems, with a trend towards a higher 
sensitivity of the REA system than the EC system during high evapora-
tion conditions. Single points may be related to fluxes measured after a 
precipitation event, when the surfaces of the open path analyser had not 
dried completely yet, but were dry enough to produce data that passed 
the spike detection. 

Data from both systems indicate occasional negative H2O fluxes, 
which may be natural during dew formation. 

4. Discussion 

4.1. System calibration 

Similar to EC systems, the fluxes measured by the REA system are 
directly proportional to the sensitivity (span) of the gas analyser, which 
has to be calibrated. The absolute gas concentration, or offset, is of 
minor importance, though it is preferable to be measured properly. In 
addition to the analyser calibration, the REA fluxes depend on the 
parameter β and the dead-band w0. The number of updraft and down-
draft samples, as used in this study, is a suitable measure to determine 
the dead-band. This, in turn, affects β that can be determined by relating 
Tup − Tdown to w′T′ (Eq. (3)). As long as a three-axis anemometer is used 
that provides data for speed-of-sound or air temperature, all required 
data are available in the REA system and no external measurements are 
required for calibration. Our choice of dead-band, σw/3.5, is smaller 
than σw/2 as proposed by Grönholm et al. (2008), and accordingly our β 
= 0.475 is slightly larger than Grönholm’s β = 0.42. 

Since no distinct seasonal or diurnal dynamics of β were observed, 
we conclude that no dynamic determination of β or any parameter 
recalibration is required, in agreement with Grönholm et al. (2008). In 
this way, we also avoided a possible bias in gas fluxes introduced by a 
dynamic β when the temperature difference (Tup – Tdown) is small, and 
thus the denominator in Eq. (3) approaches zero (e.g., Grönholm et al. 
2008). 

4.2. Coordinate systems 

Results from our comparison indicate that the REA system generally 
is capable to measure turbulent fluxes of CO2 and H2O with similar 
performance as the EC system. Occasional deviations between the two 

systems can partly be explained by technical differences that favour one 
or the other measurement system (Table 1). 

A major difference between the two technologies is that post- 
processing of raw data can be done with an EC system, while it is 
impossible with a REA system: here, the raw turbulence data determine 
the switching of the fast valves and control the air flow, which cannot be 
altered in retrospect. In particular, coordinate rotations that correct for 
sensor misalignment and complex terrain (Aubinet et al., 2000) rely on 
available data prior to the rotation, either on a half-hourly (mean wind 
vector) or long-term (terrain topography) basis. 

A REA system switches the valves depending on the vertical wind 
component that may be affected by sensor misalignment and terrain 
topography. In particular under conditions of strong lateral wind, when 
the direction of the measured vertical wind component is especially 
sensitive to sensor misalignment, this implies that errors may occur 
when air is sampled in the wrong reservoir. 

High-pass filtering of the vertical wind component w reduces effects 
of misalignment and topography and yields fluxes perpendicular to the 
mean wind vector defined by the filter time constant. Especially with 
relatively small filter time constants, however, that mean wind vector 
may vary during the average time. Otherwise, for a REA system this 
filtering is more or less equivalent to a coordinate rotation, since the 
magnitude of w does not affect the fluxes directly, but only through the 
dead band w0 when w is small. However, in an analysis of different filter 
techniques Bowling et al. (1998) concluded that the effects are sur-
prisingly small and that none of the studied methods “provided better 
results than simply using raw, biased wind data to segregate updrafts 
and downdrafts”. 

An EC system, on the other hand, can estimate fluxes perpendicular 
to the current mean wind vector determined during the average time, or 
perpendicular to the average earth surface, defined by a surface 
parameterisation or a long-term average of measured wind vectors. 

A method to use the same coordinate system for both REA and EC 
fluxes could be a real-time coordinate transformation of the instanta-
neous wind vector. For this, a lookup-table of inclination angles as a 
function of wind direction would be needed that can successively be 
collected by the sonic anemometer over a long time period. This method 
provides similar results as the continuous planar fit method suggested by 
Ross and Grant (2015) by transforming the raw wind components into a 
coordinate system aligned with the long-term mean wind vector for each 
wind direction. However, this is likely to push the computational ca-
pacities of a CR1000 datalogger to its limits. In future versions of the 
REA system, this coordinate transformation may be implemented. 

Again, since post-processing is not available for REA systems, effects 
of these differences and the impact of the filter time constant cannot be 
easily determined. They may be simulated by using high-frequency data 
collected by an EC system, which goes beyond the scope of this study. 

4.3. Technical aspects 

An engineering challenge with this kind of REA system is to maintain 
the pressure differences between the boxes and the atmosphere. Pelican 
boxes with a wide lid are preferable from a maintenance point of view, 
since they allow easy access to the internal reservoirs and components. 
On the other hand, they are not originally designed for large pressure 
differences, and the gasket along the edge of the lid tends to leak. During 
under-pressure in the box this is less critical, because atmospheric 
pressure presses the lid onto the gasket. But during periods of over- 
pressure, leaking air often makes the air pump work in short intervals 
to keep the pressure, even when no air is taken from the reservoirs. The 
seals had to be reinforced to avoid pressure drops that prevented the 
Tedlar bags from being completely emptied. 

Another potential weakness is the durability of the Tedlar bags. The 
frequent filling and emptying stresses the material in a way that small 
punctures may appear after some weeks of operation. The effect of these 
leaks is not readily visible in the flux data, but in the raw gas 

Fig. 10. H2O fluxes measured by REA versus fluxes measured by EC during 
spring 2020; the colour gradient depicts turbulent mixing. 
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concentration data they appear in forms of distinct trends instead of the 
anticipated constant concentration during reservoir analysis (cf Fig. 5). 
For enhanced durability we replaced the Tedlar bags by multilayer gas 
sampling bags (Teknolab Sorbent, Kungsbacka, Sweden) with promising 
results. During the first two months of operation, no bag had to be 
replaced. 

4.4. Comparison with other REA systems 

The REA system introduced here has several advantages over pre-
viously described models. Besides the gas analyser, which is replaceable 
by virtually any other gas analyser, the sampling system is running on 12 
V DC and is designed in a rugged, portable, and modular way. This 
makes it suitable for remote measurement campaigns with no grid 
power and little to no infrastructure, especially when using battery 
driven gas analysers. Furthermore, the replaceable analyser opens the 
opportunity to measure fluxes of any non-sticky gas species including 
isotopic tracers. For even more versatility one can install several gas 
analysers in a sequence. Since the “ballonet” principle is used for filling 
the reservoirs instead of the common approach to install a pump prior to 
the reservoirs, our system prevents potential contamination during 
sampling by avoiding any direct contact with pumps. This was imple-
mented similarly by Haapanala et al. (2006), but since our sample air 
was analysed on site, the system described here used the same principle 
also for emptying the reservoirs and directing the air towards the 
analyser. 

In common with the system described in Hornsby et al. (2009) and 
Haapanala et al. (2006) our system uses separate sample lines, which 
reduces the risk of mixing updraft and downdraft air during low 
dead-band velocity limits. Only few studies so far have calculated or 
discussed the limit of detection for the REA system by taking into ac-
count the variability of σw (e.g., Hornsby et al., 2009, Sarkar et al., 
2020). Here we proposed a simple method based on Monte Carlo sim-
ulations and the analyser’s precision to calculate the system’s detection 
limits in relation to σw. This detection limit can easily be implemented in 
the downstream data processing workflows. 

4.5. Concluding remarks 

The presented REA system has worked reliably during several 
months in the Nordic climate, both during hot summer days and harsh 
winter conditions, covering ambient temperatures between -20◦C and 
+30◦C. Measured fluxes of CO2 and H2O agree well with fluxes 
measured independently by the EC technique. In particular the good 
agreement of the H2O fluxes indicates that no condensation takes place 
inside the tubes or reservoirs. The similarity in the technology and the 
determined detection limits make us confident that the REA system even 
captures fluxes of CH4 and N2O well. 

The “ballonet” principle for filling and emptying the reservoirs is a 
reliable technology that provides constant flow rates without contami-
nation by air pumps. Leakage of the pressure containers, however, is a 
certain problem that causes unnecessary pump action, but normally 
doesn’t hamper the system’s performance whatsoever. 

The possibility to use slow response gas analysers makes the system 
relatively inexpensive for common greenhouse gases, and the time- 
sharing operation offers possibilities for parallel measurements of, e. 
g., soil fluxes, vertical concentration gradients, or fluxes by the profile 
method (Brutsaert, 1982). Here, the system was successfully used for 
chamber measurements during idle periods of the gas analyser. Shorter 
periods for analysis of REA reservoir concentrations would further 
expand this potential. 

The G2508 analyser used in this study even provides NH3 concen-
trations. However, the tendency of NH3 to adsorb to tubing (Shah et al., 
2006) and other challenges in measuring NH3 fluxes reliably (Nelson 
et al., 2017) may limit the REA system’s applicability here and need yet 
to be studied. 

Still, the possibility to chain different gas analysers in the air flow 
during reservoir analysis makes the system capable to measure fluxes of 
a virtually unlimited number of non-adsorbing gas species 
simultaneously. 

In conclusion, this system provides new, affordable means to mea-
sure all relevant greenhouse gas fluxes at an ecosystem scale, which has 
not been feasible before. 

4.6. Further development 

In an updated version of our REA system we replaced the CR1000 
datalogger by a CR1000X datalogger and the SDM-CD16AC relay driver 
by an SDM-CD16S Solid-State DC Controller (Campbell Scientific, 
Logan, UT, USA), the A0702 pump by an A2000 pump (Picarro inc., 
Santa Clara, CA, USA), and the three-way solenoid valves by bistable 
valves (Buerkert, Ingelfingen, Germany). Furthermore, the seals of the 
pressure containers were reinforced by steel bolts through the rim. This 
way, power consumption and deterioration of components was reduced. 
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