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1.1 Main anthropogenic greenhouse gases and their effects on
climate

Mankind is rapidly changing the composition of the Earth’s atmosphere
by injecting large amounts of greenhouse gases. Of major concern are
the rapid concentration increases of the long-lived greenhouse gases
(LLGHGs) carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O),
halocarbons1 and ozone (O3). These are the most effective compounds
trapping long wave radiation. Current best estimates of their radiative
forcing2 are shown in fig. 1.1.

Fig. 1.1. Global mean radiative forcings (RF) and their 90% confidence intervals in 2005.
Errors for CH4, N2O and halocarbons have been combined. (IPCC, 2007).

                                                       
1 A group of gases containing fluorine, chlorine and bromine.
2 The net energy difference between the outgoing radiation now and in the natural (pre-
industrial) situation, defined in units of W m-2. A positive radiative forcing warms up the
lower atmosphere of the Earth, and a negative forcing has a cooling effect.



Background

- 15 -

From ice core records it is known that the atmospheric mixing ratios of
CO2, CH4, and N2O have varied systematically in the past 650.000 years,
being considerably higher in interglacials compared to glacials. Their
current mixing ratios (fig. 1.2) are exceptionally high compared to even
the highest natural levels. The sudden increase in the right of fig. 1.2
illustrates the start of the industrial era starting at approximately 1750.
Recently, analysis of data from the Global Greenhouse Gas Monitoring
Network of the World Meteorological Organization Global Atmosphere
Watch (WMO-GAW), has shown that the globally averaged mixing ratios
of CO2, CH4 and N2O have reached new heights in 2007 of: 383.1 ppm,
1789 ppb and 320.9 ppb respectively (WMO, 2007). Compared to their
mixing ratios before the year 1750 these values represent increases of
(respectively): 37%, 156% and 19%. The effects of the rapid increases of
these powerful greenhouse gases are becoming more and more apparent
as the observed global average temperature rises coincidentally.

Fig. 1.2. Deuterium, a proxy for local temperature (low graph) in Antarctic ice and
the greenhouse gases CO2, CH4, and N2O from within ice cores and from recent
atmospheric measurements. Data cover 650,000 years and the shaded bands indi-
cate current and previous interglacial warm periods (IPCC, 2007).
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Fig. 1.3. Global greenhouse gas emissions (CO2, CH4, N2O, SF6, PFCs and HFCs) in the
year 2005 Gg CO2-equivalents per 0.1 degree grid cell. Shown are emissions from anthro-
pogenic origin excluding aviation and land-use, land use change and forestry (LULUCF).
Colour version: page 171.

For example, the decade of 2000–2009 was warmer than the decade of
1990–1999, which in turn was warmer than the decade of 1980–1989
(WMO, 2009). In total, the global average temperature has already risen
by about 0.7° C from 1850-1899 to 2001-2005 (IPCC, 2007).

Most of the anthropogenic emissions have been, and still are being pro-
duced by the highly industrialized countries. More recently, India and
especially China contribute significantly due to their large populations
and rapidly developing economies (fig. 1.3). However, on a per capita
basis both countries are still emitting below the global average. These
two countries are expected to contribute much more in the following
decades as they are rapidly developing their industries.

1.2 Politically induced countermeasures

The impact of global warming for the (near) future is still not well
known, but serious consequences can be expected. For example, severe
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droughts in some parts of the world whereas other parts will become
more frequently flooded, spread of insect-transmitted diseases (e.g. ma-
laria, dengue fever, Lyme and the West Nile virus), malnutrition, sea
level rise, and extinction of animal and plant species. Most importantly,
in many regions the food production will be severely threatened mostly
because of a decreasing availability of irrigation water.

As a response to the risk of human-induced rapid climate changes, in
1992 the United Nations Framework Convention on Climate Change
(UNFCCC) was established which is currently adopted by 192 parties.
Its primary goal is to reduce and stabilize the concentrations in the at-
mosphere of the main greenhouse gases to secure levels. In 1997 the
Kyoto Protocol was adopted which, in contrast to the convention, has
legally binding measures. It entered into force at 2005. Currently 184
countries have committed themselves to reduce their greenhouse gas
emissions by ratifying the agreement. Before the end of the first com-
mitment period in 2012, 37 industrialized countries should have reduced
their emissions by an average of 5 percent as compared to 1990 levels.

In order to verify the emission reductions, countries are obliged to annu-
ally report their GHG emissions to the UNFCCC by means of a
prescribed statistical approach: so-called inventories (UNFCCC, 2009).
Basically, an inventory is the addition of known sources (e.g. cattle or
traffic) combined with each category’s specific emission factor in order to
determine the total emissions for a certain sector (e.g. agriculture or
waste removal). These emission factors are developed and published by
the Intergovernmental Panel on Climate Change (IPCC) and described
in the 1996 Guidelines for National Greenhouse Gas Inventories
(Houghton et al., 1997). The inventory method relies heavily on the
availability and correctness of the data provided by the individual
sources (e.g. factories or farms), which can be biased if relevant informa-
tion is missing (or wrong). Furthermore, the uncertainties can be as
large as the reduction targets or higher (Rypdal and Winiwarter, 2001;
Levin et al., 2003). For example, Peylin et al. (2009) have shown that for
the Netherlands the annual mean anthropogenic CO2 emissions can
differ by almost 40% depending on which inventory (EDGARFT2000 or
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Marland et al. (2006)) is used. The differences are attributed mostly to
inconsistencies regarding the exact source class definition and data
gaps. In order to reduce the uncertainties and to avoid conflicts of inter-
est, countries are obliged by the Kyoto Protocol to develop an
independent system to verify their emissions. However, such a system
does not yet exist.

1.3 Methods for greenhouse gas sources and sink determina-
tion

The only way of monitoring the emission reductions realistically is by
observing the changes in the atmosphere. This is also principally right,
since in the end it is the condition of the atmosphere that matters. How-
ever, the atmosphere is a rapid integrator of all the sources and sinks of
the emissions in space and time. This makes it difficult to accurately
determine the size of the fluxes (from surface to atmosphere or vice
versa) and to aggregate them over a certain area. One method is by us-
ing inverse modelling techniques: observed ambient concentrations are
matched with simulated concentrations which are generated by adjust-
ing the fluxes from a-priori emission estimates (i.e. inventory based
emission maps) and modelled atmospheric transport. The technique is
widely used on a global or European scale for CO2 (Bousquet et al., 1999;
Kaminski et al., 1999; Gurney et al., 2002; Rödenbeck et al., 2003), CH4

(Hein et al., 1997; Houweling et al., 1999; Bergamaschi et al., 2000; Den-
tener et al., 2003; Mikaloff Fletcher et al., 2004), and N2O (Prinn et al.,
1990), and also on a national level (Vermeulen et al., 1999; Manning et
al., 2003) or both (Bergamaschi et al., 2005). In spite of the mathemati-
cal elegance of the method, however, inverse models in their present
form are not useful for (national) emission verification.
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Fig. 1.4. Atmospheric observation sites. Source: www.icos-infrastructure.eu

The method is subject to large uncertainties caused by boundary layer
height estimates, the modelled transport in the atmosphere, a-priori
estimates of the fluxes (which are inventory based), and by representa-
tion errors related to the resolution of the model (Engelen et al., 2002;
Law et al., 2003; Gurney et al., 2004; Rödenbeck et al., 2006; Tolk et al.,
2008). Furthermore, the method is highly sensitive to measurement
biases between different observation stations. For example, if an obser-
vation station in the UK would have an offset of only 1 ppm for CO2

compared to a station in Germany, an inverse model would translate
this into a very strong source or sink for the Netherlands. Currently,
accurate validation of net GHG emissions for a small region or country
as the Netherlands is therefore still not feasible using the inverse
method. Figure 1.4 shows the current existing network of atmospheric
observation sites.

A quite successful method for flux measurements is the Eddy Correla-
tion (EC) method, which is based on the correlation of vertical wind
speed and CO2 concentration changes. However, this method is only
applicable for limited areas (e.g. 100-1000 km2), and gives the total CO2

flux (including the biospheric part) instead of the fossil fuel based CO2

flux (FFCO2).
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A third approach is based on using 222Rn as "flux translator". Like Eddy
Correlation, this is a purely observational based method and is there-
fore, in principle, independent of models. Surface fluxes of greenhouse
gases are estimated from ambient mixing ratios by using 222Radon
(222Rn) as a known surface emission tracer to account for atmospheric
mixing and diffusion. 222Rn is a radioactive noble gas which decays at a
constant rate (with a half-life time of 3.8 days) from 226Radium which is
present and more or less uniformly distributed in all soils.

Fig. 1.5. All tracers which are emitted from, or close to the surface, are subjected to the
same conditions: i.e. atmospheric mixing and dilution to the free troposphere. Therefore,
if we measure the mixing ratios of a conservative tracer Cr (i.e. 222Radon) from which we
know the emission rate (Jr), at the same height as Cc (e.g. CH4), we can scale the meas-
ured mixing ratios of Cc to a surface flux Jc. Illustration by Zahorowski, W. (ANSTO)

After its surface emanation, 222Rn experiences the same atmospheric
transport and dilution as any other constituent which is released from or
close to the surface (Fig. 1.5). Thus, the ratio of the 222Rn concentrations
at a certain measurement height to the 222Rn soil flux gives the transport
coefficient for the air mass. For example, if the CO2 mixing ratio is
measured at the same height as 222Rn, its surface flux can be calculated
by multiplying the mixing ratio of CO2 with the ratio of the 222Rn mixing
ratio to the 222Rn soil flux. The method has already been successfully
applied in similar studies e.g. to: CO2 (Levin, 1987; Gaudry et al., 1990;
Schmidt et al., 2003), N2O (Schmidt et al., 2001; Wilson et al., 1997),
CH4 (Thom et al., 1993; Schmidt et al., 1996; Levin et al., 1999), CFCs
(Biraud et al., 2002), peroxyacetyl nitrate (Schrimpf et al., 1996a) and
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NO and NO2 (Rohrer et al., 1998).

1.4 Scope and aim of this thesis

In the study presented in this thesis, the 222Rn flux method is applied to
estimate the net annual surface fluxes of CH4, N2O and fossil-fuel-CO2

for the Netherlands. The study presented here is new with regard to the
catchment area (the Netherlands), the data selection procedures, the
way of correction for 222Rn decay and the applied 222Rn soil flux which is
determined from a newly available European 222Rn soil emission map
which is based on a network of gamma dose rate measurements
(Szegvary, 2007). The resulting surface emissions of our observationally
based results are compared to the emissions which are reported to the
UNFCCC. Based on the work presented in this thesis, we are able to
design an observational based system that will produce a reliable tool for
emission validation.

The following chapters are as follows:

In chapter 2, the atmospheric research station Lutjewad and its main
equipment are described. All data presented in this thesis are based on
observations from this station.

In chapter 3, a measurements system is described for accurate meas-
urements of ambient mixing ratios of CO2, CH4, N2O, SF6 and CO.

In chapter 4, the results are shown for mean surface fluxes of CH4 and
N2O for the Netherlands and how they compare to the national invento-
ries.

In chapter 5, the results are shown for mean surface fluxes of fossil fuel
based CO2 for the Netherlands.

In chapter 6, general conclusions are given and the main results from
this thesis are discussed. Furthermore, future perspectives for further
improvements of the applied methods are discussed.
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In chapters 7 and 8, summaries of this thesis are given.

The thesis is concluded with the curriculum vitae of the author.
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2.1 Site description

The research presented in this thesis was based on data from the atmos-
pheric measurement station Lutjewad, see fig. 2.1. This station was
setup in the year 2000 by the Centre for Isotope Research (CIO) of
Groningen University. It is close to the city of Groningen on the north-
ern coast of the Netherlands, at 6º 21’ E, 53º 24’ N, 1 m a.s.l. The station
is situated directly next to a dike (see fig. 2.2) with the Waddensea to the
north, and an almost perfectly flat rural landscape to the south. Within
this agricultural area the closest -small- village (about 200 inhabitants3)
is at a distance of about two kilometres. On the seaside, sporadically
flooded overgrown mud plains pass into the Waddensea with its tidal
flats. About six kilometres to the north the island of Schiermonnikoog,
one of the five inhabited islands in the Waddensea, is situated separat-
ing the Waddensea from the North Sea.

The location for the sta-
tion was chosen such that
the sampled air can be
characterized as “Middle-
European background”
with northern air masses,
and air masses which are
influenced by anthropo-
genic and biogenic sources
(and sinks) with southerly
winds. The primary objec-
tive of Lutjewad is to
monitor the currently
most important anthropo-
genic long lived greenhouse gases CO2, CH4 and N2O and to study their

                                                       
3 190 in 2006. Source: http://www.demarne.nl.

Fig. 2.1. Station Lutjewad and its location in Europe.
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main sources and sinks by use of the related tracers CO, SF6, O2 and
222Radon, and the isotopes 14O2 and 13CO2 as well as meteorological data.

The measurement site is equipped with a 60m tall metal frame tower
with air intakes at 7 m, 40 m and 60 m above ground. The ambient air is
sucked through polyethylene/aluminium tubing (1/2” O.D., Synflex 1300,
Eaton, Gembloux, Belgium and transported to a small laboratory in the
building nearby. In order to prevent condensation of water vapor in the
sample air, which is needed to prevent oxygen isotope exchange between
CO2 and water, thereby adulterating the CO2’s stable isotopic signature
(Gemery et al., 1996), each sampling line is equipped with a Nafion
dryer (MD 110-72-S, Perma Pure, Toms River, New Jersey). A Nafion
dryer consists of a stainless steel tube with a polymer membrane tube
inside. The membrane material is only permeable for water vapor, which
is actively absorbed by sulfonic acid groups and moved along the water
vapor gradient. The incoming air from the air intake in the tower passes
through the inner tube, while the volume between the inner and outer
tubes is flushed with dry gas from the output of the cryogenic cooler (see
below) in the opposite direction. The flushing time from the Nafion and
the cryogenic cooler and back is short enough to not have a gradient in
the sample air except for the gradient in the amount of water vapor. The
Nafion predryer removes between a half and two-thirds of the water
vapor content from the sample air stream, depending on temperature
and humidity (Neubert et al., 2004). The remaining moisture is frozen
from the sample air in a glass cold trap which is placed in a dewar vessel
containing an oil based heat-/cool fluid. This fluid can be cooled down to
below -50°C by means of an immersion cryogenic cooler, or heated to
+40°C using a resistor at the bottom of the dewar. The majority of the
air which is not used is pumped back to the nafion to dry the new in-
coming air. For a detailed description of our drying system see Neubert
et al. (2004). To achieve continuous operation, two of these drying sys-
tems are installed and used alternately: if one is cooling, the other is
heated and flushed with air to the outside to remove the collected water.
Following the drying stage, the sampled ambient air is used for analysis.
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Online measurements are performed with a HP Agilent HP6890N gas
chromatograph (GC), see fig. 2.3, which semi-continuously analyses the
mixing ratios of CO2, CH4, N2O, CO, and SF6 (Chapter 3). To fulfil our
high requirements regarding measurement precision and accuracy and
to measure all five species (practically) simultaneously at least 6 times
per hour, the GC had to be strongly modified (Van der Laan et al.,
2009a, chapter 3). CO2, CH4 and CO are detected by Flame Ionization
(CO2 and CO are first converted to CH4 with a nickel catalyst metha-
nizer) and N2O and SF6 using an Electron Capture Detector. The
measured mixing ratios are reported with reference to an internationally
recognized scale of the World Meteorological Organization (WMO), we
achieve and maintain this by using two reference cylinders which are
regularly calibrated with 5 primary cylinders supplied by the NOAA
(Tans et al., 2003).

Fig. 2.3. An Agilent HP 6890N gas chromatograph was modified in order to measure
semi continuously and with high precision the ambient mixing ratios of CO2, CH4, N2O,
SF6 and CO.
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Daily performance and long term stability is checked by replacing a
sample measurement with a well-known target cylinder every 12 hours.
Besides the online GC measurements, also 2.5 litre glass flasks are filled
with air from 60 m to analyze the air in more detail at the CIO labora-
tory. The sampled air can be analyzed for the mixing ratios of: O2 (i.e.
O2/N2 ratios), CO2, CH4 and CO, stable isotopes (13C, 14C, 18O in CO2) and,
using Accelerator Mass Spectrometry (AMS), 14CO2 (Van der Plicht et
al., 2000). In his study, 14CO2 measurements were highly important since
this isotope of CO2 can be used to distinguish CO2 from fossil fuel com-
bustion. The filling of the flasks is done by a flask autosampler (Neubert
et al., 2004), see fig. 2.4, which can be either remotely controlled or oper-
ated automatically through algorithms via the sequence table in the
control software. Opening and closing of the flasks is done by actuating
two highvacuum valves (Louwers, Hapert, NL) sealed with Viton o-
rings, operated by home-made electric motor actuators. They are filled to
atmospheric pressure to prevent the air sample from adulteration by
pressure gradient driven differential permeation through the o-rings,
most prominently visible in O2/N2 ratios (Sturm et al., 2004).

Because of the “grab sample” character of single flasks, one would need
many samples to get an accurate representation of the signal. However,
high costs involved in the AMS 14CO2 analysis prevent this. Therefore,
also monthly and biweekly integrated samples are taken for conven-
tional 14CO2 analysis (using counter tubes) since October 2000. Using
this technique, the CIO has created already a long record of 14CO2 from
the nearby television tower of Smilde (52°54’N, 6°24’E, 12 m asl), about
30 km south of Groningen where similar measurements taken from
about 90m above ground level already started in the 1960’s (Meijer et
al., 1995). The sampling technique is based on flushing the sample air
through a 1.5N NaOH (hydroxide) solution which takes up the CO2

molecules, see fig. 2.5.
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The absorbed CO2

can be driven out in
the lab in Groningen
by applying an acid,
and after cleaning it
is measured in a
proportional counter
tube. Currently,
three of these sys-
tems are applied at
Lutjewad. One sam-
pler is flushed
continuously, one
only with “back-
ground” northern
winds (between 310°
and 15°) and the
third only with

mainly anthropogenically influenced southern winds (between 100° and
250°).

Station Lutjewad has been equipped with a 222Radon (222Rn) detector
since September 2005. In this thesis, the concentrations of 222Rn are
used to translate the ambient mixing ratios of CO2 and CH4 to their sur-
face emissions. The 222Rn detector installed at Lutjewad is a so-called
two-filter dual-flow loop system, fig. 2.6 A. With a flow of 80 l min-1 air is
flushed from the tower to the detector. Meanwhile, any 220Rn will be
decayed during travel and any other (radioactive) decay products and
aerosols are filtered out before the sample air enters the detector. The
sample air is circulated at high speed in a 1500 l delay chamber where
222Rn decay products are sampled on a filter. The decay of the 222Rn
daughters is then detected by a photo-multiplier and counted per half
hour interval.

To investigate the effects of, for example, moisture content and tempera-
ture on its surface emissions, an automated 222Rn soil flux chamber was

Fig. 2.5. Sampling tubes for CO2. These are analyzed at the
lab in Groningen for 14CO2.
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installed in 2006 next to the building, see fig. 2.6 B. 222Rn and also CO2

are measured from this chamber as well as from soil probes. Tempera-
ture, humidity and groundwater level measurements are performed as
well.

Fig. 2.6 A. 222Rn detector (inlet at 60m).  Fig. 2.6 B. 222Rn soil chamber.

An eddy covariance flux system, see fig. 2.7, was installed in the summer
of 2006 in the mast at 50 m height. With this system, fluxes of CO2 and
H2O as well as sensible and latent heat of the area below the mast
(about 1-15 km in distance) can be determined. Depending on the wind
direction and wind speed, an average flux is determined for the agricul-
tural area or, with northerly winds, for the reclamation area, tidal flats
and sea.

At 25 m height, a scintillometer was installed by the Meteorology and
Air Quality (MAQ) group of Wageningen University in April 2006, see
fig. 2.8. An infrared transmitter is installed in the church tower of the
nearby village Hornhuizen and the signal is received in the mast. Small
intensity fluctuations (or scintillations) of the light-beam can be used to
estimate sensible heat fluxes from the path (about 2 km) between the
village and the measurement tower.
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Fig. 2.7. Eddy covariance system at a
height of 50 m.

Fig. 2.8. Scintillometer (receiver) in the
Lutjewad tower at 25 m.

For the purpose of interpretation of the data the mast is equipped with
an arsenal of meteorological instruments (Gerritsma and Neubert, 2002)
which are given in table 1.

Table 1. Basic meteorological measurement instruments at Lutjewad.

ground 7 m 40 m 60 m -0.5 m

Temperature X X X X

Relative Humidity X X X X

Wind speed X X X

Wind direction X

Atmospheric Pressure X

Precipitation X

Solar Radiation (IR,Vis) X

Groundwater table X
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Abstract

We present an adapted gas chromatograph capable of measuring simul-
taneously and semi-continuously the atmospheric mixing ratios of the
greenhouse gases CO2, CH4, N2O and SF6 and the trace gas CO with
high precision and long-term stability. The novelty of our design is that
all species are measured with only one device, making it a very cost-
efficient system. No time lags are introduced between the measured
mixing ratios. The system is designed to operate fully autonomously
which makes it ideal for measurements at remote and unmanned sta-
tions. Only a small amount of sample air is needed, which makes this
system also highly suitable for flask air measurements. In principle,
only two reference cylinders are needed for daily operation and only one
calibration per year against international WMO standards is sufficient
to obtain high measurement precision and accuracy.

The system described in this paper is in use since May 2006 at our at-
mospheric measurement site Lutjewad near Groningen, the Netherlands
at 6º 21’ E, 53º 24’ N, 1 m a.s.l. Our results show the long-term stability
of the system. Observed measurement precisions at our remote research
station Lutjewad were: ±0.04 ppm for CO2, ±0.8 ppb for CH4, ±0.8 ppb for
CO, ±0.3 ppb for N2O, and ±0.1 ppt for SF6. The ambient mixing ratios of
all measured species as observed at station Lutjewad for the period of
May 2007 to August 2008 are presented as well.

3.1 Introduction

The effects of Global warming are becoming more and more notable
every year. According to the Intergovernmental Panel for Climate
Change (IPCC) eleven of the twelve years between 1995 and 2006 rank
among the warmest years since 1850. The global average surface tem-
perature has already increased by 0.74°C between the years 1906 and
2005 (IPCC, 2007). Most of the observed temperature increase since the
mid-20th century can probably be attributed to the observed increase of



A single gas chromatograph

- 41 -

anthropogenic greenhouse gas mixing ratios (IPCC, 2007). Since 1750,
the radiative forcing caused by the long-lived greenhouse gases
(LLGHGs) CO2, CH4 and N2O is estimated to be: 1.66, 0.48 and 0.16
Wm-2

, respectively, causing a combined radiative forcing of Earth’s cli-
mate which is unprecedented in at least 10.000 years (IPCC, 2007).

Assessing the above, our goal was to develop a facility for measuring
ambient mixing ratios of the three most important LLGHGs: CO2, CH4

and N2O. This facility was to comply with the following: in-situ measur-
ing the ambient mixing ratios with sufficient temporal resolution (at
least several measurements per hour) and a high reliability, low in
maintenance, relative easy to operate and autonomously operating. The
latter is an essential feature at remote and unmanned stations. Fur-
thermore it had to comply with the recommendations for measurement
precision as given by the World Meteorological Organization’s Global
Atmosphere Watch (WMO-GAW). The WMO gives recommendations for
inter-laboratory comparability as follows: CO2 ±0.1 ppm, CH4 ±2 ppb,
N2O ±0.1 ppb, (WMO, 2005, 2001). Hence, measurement precision and
accuracy for one single measurement has to meet at least these require-
ments. We further desired the system to be relatively inexpensive in
order to be attractive (cost-benefit wise) for other research groups as
well and potentially improve global data coverage.

Besides measuring CO2, CH4 and N2O we desired the system also to
measure two other components: CO and SF6. CO is an important mole-
cule in tropospheric chemistry mainly for its reaction with OH (Fishman
and Crutzen, 1978). Because CO and CH4 both are oxidized in the tropo-
sphere by the OH radical, changes in background mixing ratio of either
one of them will affect the other. Moreover, since any carbon-containing
fuel combustion process with CO2 as an end product also delivers CO,
the sources of CO are very closely linked to those of fossil fuel CO2

(Gamnitzer et al., 2006). The ratio of CO: fossil fuel CO2 is thus a direct
measure for combustion quality on a regional scale (Zondervan and
Meijer, 1996; Meijer et al., 1996). Once this ratio is known, CO can be
used as a proxy for the fossil fuel part of CO2. The fossil fuel part of at-
mospheric CO2 can be determined very well using 14C measurements (de
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Jong and Mook, 1982; Tans et al., 1979; Levin et al., 1980; Levin et al.,
2008b; Turnbull et al., 2006). The method is however too laborious and
expensive to obtain continuous high precision measurements with a
temporal resolution of a few hours or less (Gamnitzer et al., 2006). When
CO is calibrated regularly to 14CO2 measurements, it can easily be used
as a proxy for 14CO2 and supply a continuous fossil fuel CO2 record
(Gamnitzer et al., 2006; Bakwin et al., 1998).

SF6 is an anthropogenically produced molecule which is mainly used as
an electrical insulator in high voltage applications. It is of interest be-
cause even though the current atmospheric background concentration is
very low (<7 ppt) it is an extremely effective greenhouse gas due to its
strong infrared absorption and a long atmospheric lifetime of about 3200
yr (Maiss and Brenninkmeijer, 1998). Its global warming potential is
estimated to be about 23300 times that of CO2 over a period of 100 years
(IPCC, 2007). SF6 is furthermore of interest because it can be used as an
indicator for anthropogenic emissions (Turnbull et al., 2006; Rivier et al.,
2006) since its sources (e.g. electricity plants) coincide with human ac-
tivities.

High quality monitoring of the ambient mixing ratios of these five
LLGHGs and tracers can greatly improve our knowledge of their re-
gional sinks and sources and is needed to accurately determine their
inter-annual variations. Several techniques currently exist to measure
these five LLGHGs and tracers. CO2 is mostly measured using a Non-
Dispersive Infra-Red (NDIR) gas analyzer or with a Gas Chromatograph
(GC). For both devices long term precisions of <0.1 ppm can be obtained.
Extremely high measurement precision for CO2 of about 0.003 – 0.01
ppm is reported with a LOFLO analyzer (Francey and Steele, 2003;
WMO, 2005) which is basically a modified and improved commercial
NDIR instrument. Analyzers for ambient measurements of CO2 and CH4

based on Cavity Ringdown Spectroscopy have recently become commer-
cially available (Los Gatos Research Inc.,CA, USA; Picarro, CA, USA)
and analyzers using quantum cascade laser technology have also become
available for ambient measurements of CO and N2O. Although these
new laser based instruments seem very promising (suggested precisions
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when averaging over 5 min are: <50 ppb for CO2, <0.7 ppb for CH4, <0.3
ppb for N2O and <5 ppb for CO) there is, however, still little experience
regarding long term performance (e.g. aging, mirror contamination, in-
terference with other gases). Currently, CH4 is mostly measured with a
GC using a Flame Ionization Detector (FID). With this technique, meas-
urement precision of <2 ppb is obtainable.

At most stations, N2O is measured with a GC using an Electron Capture
Detector (ECD) (WMO, 2001). Currently, GCs are for sale only with the
newer type (micro) ECD which perform slightly worse than the original
type. Still, precisions are obtainable of <0.5 ppb. Conveniently, analysis
of SF6 can also be done with the same detector (Maiss, 1992; Schmidt et
al., 2001) with a measurement precision of <0.1 ppt.

Measuring ambient mixing ratios of CO with high precision at a conti-
nental site as Lutjewad can be challenging because of its large signal
dynamics. CO mixing ratios can easily change by a factor of four from a
clean background value of below 100 ppb up to 400 ppb (with polluted
air masses) within short time. The corresponding variation of CO2 is
usually in the range of about 380 ppm to 430 ppm. This is in agreement
with the finding that fossil fuel burning in the Netherlands on average
delivers an amount of CO of roughly 1% of the amount of CO2 (Meijer et
al., 1996). Several techniques exist for measurements of ambient CO
mixing ratios. Most of them are based on using gas chromatography or
optical spectroscopy. When using the first, the GC can be equipped with
a mercury oxide reduction detector (Gros et al., 1999; Seiler et al., 1980),
an ECD (Hurst et al., 1997) or with a FID (Rasmussen and Khalil, 1981).
Measurement precision os 1-5 ppb for these methods at current atmos-
pheric background levels. Other frequently used techniques for ambient
CO measurements include: resonance fluorescence in the fourth positive
band of CO (VURF) and Gas Filter Correlation Radiometry (GFC). The
precision using VURF is about 1.5 ppb at an atmospheric mixing ratio of
100 ppb (Gerbig et al., 1999). GFC is a Non-Dispersive Infra-Red (NDIR)
technique. A precision of about 1.4 ppb was reported after improvement
of a commercial analyzer by Parrish et al. (1994). Tunable diode laser
spectroscopy (TDLS) offers a high sensitivity, a precision of about 1 ppb,
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and response times of a few seconds, but is still subject to relatively high
costs and requires well-trained operators. For a review on these meas-
urement techniques see also Novelli et.al. (1999) and references therein.

Considering all of the above and our quest to develop a high-precision
and cost-effective instrument for continuously measuring the ambient
mixing ratios of CO2, CH4, N2O, CO and SF6, we decided to make use of
gas chromatography. GC systems are very reliable and until now less
difficult to operate and maintain than optical measurement systems and
they require considerably less start-up costs than the laser-based tech-
nologies (WMO, 2001). Because all species can be analyzed with either
an ECD or FID only two detectors are needed. The instrument presented
here is capable of measuring all five species practically simultaneously
and under the same circumstances. Furthermore, the use of gas chroma-
tography ensures that only a small sample is needed, making this also
an ideal facility for flask measurements. With the exception of mainte-
nance work (e.g. replacement of carrier gas cylinders) the system
reported here is designed to operate continuously without the need for
intervention of an operator, making this instrument highly suitable for
unmanned and remote stations. In this paper we present a detailed de-
scription of the complete setup, followed by the procedures for
calibration of the system’s response and the method for calculating the
ambient mixing ratios. We will demonstrate that, after calibration
against a suite of WMO reference standards, only two working stan-
dards (references) for daily use are needed to determine the ambient
mixing ratios of CO2, CH4, N2O, CO and SF6. Using a well-known target
cylinder, we will show the long-term stability over more than 2 years.
Finally, we will present mixing ratios as measured at our site Lutjewad
in the Netherlands at 6º 21’ E, 53º 24’ N.
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3.2 Technical description and analysis of components

3.2.1 Description of the system

Our measurement system is based on a commercially available Agilent
HP 6890N gas chromatograph (GC) which was modified to our purposes.
For a detailed schematic diagram see Fig. 1. Our system is an improve-
ment of other GC systems currently operational (Worthy et al., 2003;
Ramonet et al., 2003; Thompson et al., 2009) which are limited to meas-
uring 4 gases, i.e. N2O and SF6 in combination with CH4 and CO2 or CH4

and CO simultaneously.

The basic principle of our system is as follows: first, a sample loop is
flushed with the sample air. Secondly, the sample is transported with a
carrier gas and led through a chromatographic column were separation
of the gases takes place. The effectiveness of this separation is very sen-
sitive to the gas flow, the temperature of the column and the type of
column used. Finally, the individual components are analyzed by a de-
tector. Two different detectors are used in this application: a Flame
Ionization Detector (FID) for measuring CO2, CH4 and CO, and a micro
Electron Capture Detector (μECD) for measuring N2O and SF6. CO2 and
CO are catalytically converted to CH4 prior to the analysis by flushing
the gas with hydrogen through a nickel powder filled methanizer at
370°C. The sample air is introduced into the system by entering a 16-
port, electrically driven Valco valve (V7), which is controlled via the ex-
ternal events output connector of the GC, and flushed through three
sample loops. For analysis of CO2, CH4 and CO two 10 mL sample loops
are used: sample loop 3 is used for CO2 and CH4 and sample loop 2 is
used for CO. A 15 mL sample loop (sample loop 1) is used for N2O and
SF6. All sample loops are temperature stabilized at 60°C. Two mass flow
controllers (MFC) (max. 500 mL min-1, Bronkhorst, Ruurlo, the Nether-
lands) are used to stabilize the flow of the sample loops. They are set to
300 mL min-1 for sample loop 1, and 450 mL min-1 for sample loops 2 and
3. All sample loops are flushed for 0.55 (metric) min which represents at
least eleven times their own volume of sample air.
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Five columns are used for separating the individual components from
the air sample. They are temperature stabilized at 72°C. CO2 and CH4

are separated using a 10 feet Haysep Q column (3/16 inch o.d., mesh
80/100, column 5). CO is separated with a 6 feet Porapack Q pre-column
(1/8 inch o.d., mesh 80/100, column 3) and a 4 feet Molsieve 5Å analyti-
cal column (1/8 inch o.d., mesh 60/60, column 4). The function of the pre-
column is to separate CO2 from the sample and by (back)flushing it at
the right time preventing it from entering and degrading the Molsieve
column. Besides CO also CH4 is separated by column 3, but since it is
partly flushed away when the pre-column is backflushed, the CH4 analy-
sis is of too low quality to be used for our purposes. N2O and SF6 are
separated from the air sample using two Haysep Q columns (3/16 inch
o.d., mesh 80/100). One column is 4 feet long (column 1) and is config-
ured as a pre-column and the second column is 6 feet long (column 2)
and is used as the main analytical column. The analytical column is
connected to the μECD using a packed column adapter (Agilent part no.
19301-80530).

Following the separation of the air sample, the species are analyzed with
the FID and the μECD. The temperatures of the detectors are stabilized
at 250°C for the FID and 300°C for the μECD. The flame of the FID is
fed by clean air (300 mL min-1) and hydrogen (90 mL min-1).

Nitrogen (quality 5.0) is used as carrier gas (and backflush gas in case of
CO) for all species which are analyzed with the FID (CO2, CH4 and CO).
It is led through a purifier (Aeronex 500k, Sigma-Aldrich, the Nether-
lands) in order to ensure stable baseline conditions. A mixture of Argon
(95%) and Methane (5%) (quality 6.0, AirLiquide, Eindhoven, the Neth-
erlands) is used as the carrier gas and backflush gas for both species
which are analyzed with the μECD (N2O and SF6).
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Five 6-port 2-way Valco valves (V1, V2, V3, V4 and V5), one 10-port 2-
way Valco valve (V6) and four 2-port solenoid valves (V1_2, V8_1, V8_2
and V8_3) are used in the application. V1_2 is electrically connected
with V1 and they are controlled simultaneously. The purpose of V1_2 is
to prevent wasting of the relative costly Argon/Methane mixture when
V1 is switched on. V8_1, V8_2, V8_3 are also electrically connected to
each other and controlled simultaneously. V8_1 and V8_2 are used to
close sample loop 3 in order to prevent the sample from leaking out (see
process scheme). V8_3 is mounted between V7 and the MFCs as an extra
prevention of potential leakage of the reference gases. Two valves (V5
and V6) are mounted on top of the GC for practical reasons due to lim-
ited space in the internal valve box of the GC. By placing them on top of
the methanizer not only the tubing length is minimized but also the
temperature of these valves is stabilized at about 70°C by using the
waste heat of the methanizer. All valves are controlled with Chemsta-
tion software (Agilent Technologies, v. B.01.01) using a sequence list
containing all consecutive methods (i.e. measurement and analysis pro-
cedures). At the end of the list, the sequence is restarted by an external
Delphi program. Chemstation is also used for the analysis of the chro-
matograms.

3.2.2 Process flow scheme

A detailed description of the process flow scheme is given in Fig. 2 (see
also Fig. 1). Each run starts by switching V1 and V5 to “on”, and the four
solenoid valves: V1_2, V8_1, V8_2 and V8_3 to “open”. All other valves
are switched off. Now, all sample loops are flushed with sample air and
all columns are flushed with the carrier gases. After 0.55 (metric) min
V7 switches to a closed position in order to equilibrate the pressure in
the sample loops with the room pressure. In this way, the sample loops
contain virtually the same amount of molecules when either measuring
ambient air samples or reference gases provided the time between their
consecutive measurements is kept short compared to atmospheric pres-
sure changes. To prevent contamination with outside air due to backflow
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long capillary tubing is connected to the flushing outlets.

Fig. 2. Process flow scheme indicating the switch time of all the valves. The starting
position of V7 is determined prior to the run. V8 represents the three coupled solenoid
valves V8_1, V8_2 and V8_1, and V1 represents both V1 and solenoid valve V1_2.

At 1.10 min 6-port, 2-way valve V4 and 10-port, 2-way valve V6 are
switched on and the samples are flushed from sample loops 1 and 2 to
the pre-columns. The sample from sample loop 3 is not flushed yet. To
prevent the sample from diffusing out of this sample loop, V8_1 and
V8_2 are closed. At 2.42 min V6 is switched off in order to backflush
column 3. At 2.85 min V2 is switched on, and the sample leaving column
4 is led through the methanizer allowing CO to be converted to CH4. The
CH4 in the sample air which elutes from the column prior to CO will also
pass through the methanizer but this way we ensure the baseline to be
undisturbed around the small CO peak. At 3.35 min V3 is switched on
and the sample from sample loop 3 is injected into column 5 where CO2

will be separated from the air sample. The FID is still connected to col-
umn 4 until V5 is switched off. This way, the FID first analyzes CO
eluting from column 4 and sequentially analyzes CH4 and CO2 which
will elute from column 5. At 3.98 min V5 is switched off and the FID is
connected to column 5 just in time to detect CH4, followed by CO2. The
exact switching time is chosen such that oxygen, which precedes CH4,
will not enter and degrade the methanizer by oxidizing the nickel cata-
lyst powder. Meanwhile, at 3.80 min V1 was switched off in order to
flush column 1 and allowing N2O and SF6 to be further separated from
the sample in column 2. Following the separation, they are measured by
the μECD. Finally, at 6.48 min V2 and V3 return to their original (off)
positions again, and V4 is switched off at 6.49 min. The total analytical
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procedure of one sample takes only 6.5 min, which makes it possible to
do about 9 measurements of all 5 gases in one hour.

3.2.3 Chromatograms

The results of a typical run are shown in Figs. 3 and 4. The FID’s re-
sponse is in pA, the response of the μECD is in Hz. Figure 3 shows the
chromatograms from analysis with the FID. From left to the right (inset)
first CH4 (not used for further analysis) and CO are seen, followed by a
short spike which is caused by the switching of V5. This spike is closely
followed by CH4 and CO2 (the largest peak).

Fig. 3.
Chromatogram of
the FID with from
left to right: CH4

(1) and CO (2)
followed by a
spike caused by
switching V5 and
then CH4 (3) and
CO2 (4). Only the
latter CH4 is used
for further analy-
sis.

Figure 4 shows the output of the μECD. First, a large O2 peak is detected
which is considered a by-product of the method. This peak is followed by
the N2O peak and finally the much smaller peak of SF6. For the analysis
of the peaks of CO2, CH4 and N2O, integration of their areas is used.
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Fig. 4.
Chromatogram of
the μECD. An
oxygen peak (o,
not used for ana-
lytical purposes)
is followed by:
N2O (1) and SF6

(2).

The peaks of SF6 and CO are relatively wide compared to their heights.
Therefore, they are more sensitive to small disturbances in the baseline
and higher precision is obtained by using their peak heights for analysis.
Typical peak characteristics are given in table 1.

 Table 1. Typical peak characteristics

CO2 CH4 CO N2O SF6

Retention
time

4.8 min 4.2 min 3.6 min 4.2 min 4.9 min

Width 0.13 min 0.09 min 0.18 min 0.24 min 0.27 min

Area 33914 pA s 166.3 pA s 16.1 pA s 2085 Hz s 93.7 Hz s

Height 3892 pA 27 pA 1.2 pA 139 Hz 4.4 Hz

Baseline
noise

0.01 pA 0.01 pA 0.01 pA 0.2 Hz 0.2 Hz
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3.2.4 Additional remarks

Before entering the GC the ambient air has to be pre-dried. At our sta-
tion we use Nafion membrane predryers (MD 110-72-S, Perma Pure,
Toms River, New Jersey) which remove up to 50% of the water vapor
from the ambient sample. The majority of the air which is not used is
pumped back to the nafion to dry the new incoming air, preventing any
concentration gradient in one of the measured gases over the membrane.
To freeze out the remaining water vapor from the sample air, we use
cold traps made of glass which effectively dry the air to a dewpoint of -
50°C and which are cleaned again automatically. The lower 15 cm of the
cold traps are immersed in a silicone-oil-based thermofluid (M60.115.05,
Renggli, Rotkreuz, Switzerland); each in a separate 2-L stainless steel
dewar vessel. By using two identical sides, the water from one of the
cryotraps can be removed while the other is drying the air streams at a
temperature of around -50°C. The water is removed from the traps by
backflushing with air while the temperature of the thermo fluid is
around +40°C. This drying system does therefore not need servicing in
the form of replacing cryo-traps and can run unattended during long
periods of time. More details are given by Neubert et al. (2004).

Regular service is needed to supply the argon/methane mixture (about
95 L day-1) and nitrogen (about 35 L day-1), as well as water for the hy-
drogen generator (about 0.2 L day-1). The usage of the reference
cylinders is about 6.5 L day-1 and for the target tank 2.7 L day-1. For a 50
L reference cylinder this represents over 2 years of continuous meas-
urements.

The efficiency of the methanizer needs to be tested on a regular basis.
An interrupt of the hydrogen supply to the methanizer, e.g. by a FID-
safety shutdown during power failure, can cause degradation of the
methanizer if it is still at operational temperature. Ambient O2 mole-
cules diffuse into the FID outlet and oxidize the nickel powder, reducing
the methanizer efficiency. Without action taken, recovery from 40% effi-
ciency back to 100% can take several weeks. The efficiency of the
methanizer can be tested by examining the response/concentration ratio
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of CO2 to that of CH4 for a well-known cylinder, since for a given cylinder
the ratio of the mixing ratios of CO2 to CH4 is constant and thus should
also be the ratio of their responses. In Sect. 4.1 we will give an example
of this and the effect of the methanizer on the measurement precision.

Measuring at remote stations can be a costly and time-consuming task.
For example, we’ve encountered several power failures at our station
and breakdown of equipment or leakages in one of the valves or connec-
tors can be a potential source of data loss. Because of the relatively low
ambient mixing ratio of N2O and the high sensitivity of the μECD, N2O
can be applied as a very cheap and effective tool to check the whole sys-
tem for any leakages (i.e. leaking room-air into the system). Even a very
small leak will result in a significant increase in the response of the
μECD when emitting some N2O into the room. Since in most whipped
cream cans N2O is used as a propellant this can be used as a very cheap
solution to test the system for any leakages.

3.3 Sampling strategy and calibration

Two reference cylinders with known mixing ratios are used to normalize
the response of the detectors to an internationally recognized scale. This
scale is provided by the World Meteorological Organization (WMO). One
reference cylinder (Ref.high) contains relatively high mixing ratios, the
other one (Ref.low) contains relatively low mixing ratios. The mixing ra-
tios are preferably at the high- and low end of the current ambient
mixing ratios. They range from: 364 ppm to 408 ppm for CO2, 1758 ppb
to 2133 ppb for CH4, 303 ppb to 326 ppb for N2O, 113 ppb to 323 ppb for
CO and 6 ppt to 7 ppt for SF6. Both reference cylinders, as well as a third
target cylinder which is used for quality control, are periodically cali-
brated on the WMO scale using five primary calibration cylinders
provided by the National Oceanic and Atmospheric Administra-
tion/Earth Systems Research Laboratory (NOAA/ESRL, Boulder,
Colorado, USA). They range from: 353 ppm to 426 ppm for CO2, 1739
ppb to 2107 ppb for CH4, 305 ppb to 326 ppb for N2O, 89 ppb to 404 ppb
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for CO and 4 ppt to 8 ppt for SF6.

During normal operation, the typical measurement sequence is deployed
as:

Ref.high —S — S — S — Ref.low — S — S — S — Ref.high

in which ‘S’ is a sample measurement. The responses of the two refer-
ences are linearly interpolated in time to obtain reference values for
each measured sample. One full analysis of either a sample or reference
requires 6.5 min, hence every 26 min a reference standard is measured.
This method largely reduces the errors caused by short-term variations
(e.g. changes in ambient pressure) and still allows six sample measure-
ments per hour. Three times a day, a sample analysis is substituted by a
well-known target cylinder analysis for the purpose of quality control.
Close observation of the target cylinder is key in detecting any potential
problems (e.g. drift in one of the cylinders) at an early stage.

The concentration-response curves for CO2, CH4 and SF6 are to a very
good approximation linear. The maximum difference compared to using
a quadratic fit was <0.01 ppm for CO2, <0.4 ppb for CH4 and <0.002 ppt
for SF6 for the full range of our WMO standards. Therefore, the mixing
ratio of a sample can simply be calculated by linear interpolation be-
tween the two references. The non-linear character of the concentration-
response curves of CO and N2O was significant (max. 0.5 ppb for N2O
and 1.4 ppb for CO on the full range) therefore we decided to use a sec-
ond order polynomial function for their representation:

  Cx = Rx
2

+ Rx + (1)

Where   Cx  is the mixing ratio of a sample and   Rx  is the detector’s re-
sponse for a sample measurement and   ,  and  are the fit parameters
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of the polynomial concentration-response curve. Since the response of
the FID is very linear for the other species, the non-linearity of CO is
most likely caused by its high dynamical range (over a factor of 4 differ-
ence between the two reference cylinders compared to 20-25% for CO2

and CH4). Probably, the response of the μECD is non-linear for SF6 as
well, but this is apparently not noticeable in the low-response range of
SF6.

Determining the coefficients   ,  and  of Eq. (1) requires at least three
references, preferably more. We determined the coefficients periodically
using the five WMO standards, during the same exercise in which we
(re)determined the values of our high and low reference cylinders and of
our target.

However, for the daily maintenance of our calibration, we decided to use
no more than two cylinders, just as in the cases of the linear responses.
This strategy functions well, as the contribution of the 2nd-order term of
the response curve is minor and has been relatively constant over the
years that our system has been operational. Hence, the shape of the
response curve does not change significantly over time, or its effect on
the final mixing ratios is relatively small at the most. In this case, the
information of the response curve Eq. (1), combined with the well-known
mixing ratios of two references, yields the mixing ratios of a sample Cx

as follows:

  
Cx = C1 + (C2 C1) 

Rx
2 R1

2( ) + Rx R1( )
R2

2 R1
2( ) + R2 R1( )

(2)

Where C1 and C2 are the mixing ratios of the reference gases and Cx is
the mixing ratio of a sample.  R1 and   R2 are the response values corre-
sponding to C1 and C2 and Rx  is the response of a sample measurement.

 and  are the fit parameters of the 2nd-order polynomial concentra-
tion-response curve, which are determined at the site using the five
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WMO standards.

Applying Eq. (2), and assuming the shape of the concentration-response
curve remains intact, necessitates only two well-known reference stan-
dards. However, although the shape of the response curve remains the
same, the values of the fit parameters will vary over time because of
changes in the response, especially for longer periods of several weeks or
months for example due to reduced efficiency of the methanizer. There-
fore we define: '  and   '  as the actual fit parameters at a certain time
of a measurement during daily operation. We further introduce  rx,1,2  as

the responses of a sample or a reference standard at a certain time of a
measurement during daily operation.  R1 and  R2 are now defined as the
response values of two reference standards at the time of calibration
(when the concentration-response curve and its fit parameters were de-
termined with the five WMO standards). And C1 and C2 are their
corresponding mixing ratios.

Assuming the shape of the response curve to be stable over time (i.e. the
relative contribution of the 2nd-order term is constant), the change over
time of the response (from R to r) is then the result of a linear transfor-
mation only. The response of a reference (e.g.) during daily operation (r)
and its response at the time of calibration (R) are then related as follows:

  
r1,2 = qR1,2 + k  R1,2 =

r1,2 k
q

(3a)

Hence, the response at a certain time (r) can have an offset (k) compared
to its original response (R) and can be multiplied with a certain sensi-
tivity/response factor (q).

From Eq. (3a) we find for k:

  k = r2 qR2 =  r1 qR1 (3b)
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And for q:

  
q =

r2 r1

R2 R1
(3c)

Substituting Eqs. (3b) and (3c) in Eq. (1) we find:

'=
q2 =

r2 r1

R2 R1

 

 
 

 

 
 

2  (4)
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2 (5)

'  and   '  are the fit parameters now determined continuously by the
measurement of the low and high reference cylinders, They are adapted
to the linear transformation of the response. Through the linear ex-
trapolation of the responses of the reference cylinders these coefficients
are available for any point in time, and the mixing ratios for a given
sample at a certain time and using only two reference cylinders, can
thus be calculated as follows:
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Cx = C1 + (C2 C1) 

' rx
2 r1

2( ) + ' rx r1( )
' r2

2 r1
2( ) + ' r2 r1( )

(6)

So far, we have (re)calibrated the response of Eq. (1) for N2O and CO
three times at the site (December 2006, August 2007 and July 2008) ,
and observed that the change of shape of the response is indeed below
significance. Furthermore, the measurement of the target serves as a
permanent check of the measurement quality, and it would thus also
reveal the eventual variation in the shape of the quadratic calibration
curve.

3.4 Results

3.4.1 Measurement performance

The system as described in this paper has been operational at our at-
mospheric measurement station Lutjewad since May 2006. Since August
2006 two reference standards are available and calculation of the mixing
ratios is performed as described above. A target cylinder has been meas-
ured since July 2007 every 7 h to validate the long-term reproducibility
of the measurements.

As explained in Sect. 2.4 an interrupt of the hydrogen supply to the
methanizer, if at operational temperature, can have an effect on the
measurement performance of the GC. Figure 5 shows the mixing ratio of
CO2 as determined from the target cylinder and the efficiency of the
methanizer from September to December 2007 after a power failure at
the station on September 5. The efficiency of the methanizer slowly in-
creases from about 65% to 100% during a period of about two months. A
similar effect on the CO measurements was not observed. Because of its
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much lower mixing ratio no saturation takes place: there is still enough
non-oxidized nickel powder left to convert all of the CO molecules to
CH4. The concentration-dependency introduces a non-linearity in the
response. When only one reference standard would be available, the
accuracy for CO2 would be off by about 0.8 ppm at a methanizer effi-
ciency of about 65%. Although scatter is observed at a methanizer
efficiency of <90%, when using two references the measurement per-
formance is still acceptable. Because the recovery of the methanizer (and
thus its efficiency change) is slow compared to the measurement rate of
the references, and because the effect of the lower efficiency on the CO2

measurement is to a good approximation linear within the range of the
two references, the effect is canceled out when applying Eq. 6. Using
only one reference implies the interpolation between that reference
value and the origin (i.e. CO2 mixing ratio = 0), and over this long range
the methanizer loss of efficiency clearly is not linear, but shows a kind of
saturation behaviour.

Fig. 5. Efficiency of the methanizer and the CO2 mixing ratio of a target cylinder using
one (open dots) or two reference cylinders. The accuracy and precision are strongly
affected when only one reference cylinder is used, but remains acceptable when using
two references.

Figure 6 shows the results for the target cylinder measurements for the
period of July 2007 to August 2008. The mixing ratios of the target as
determined by calibration with the WMO standards is illustrated by the
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lines drawn in the middle and is: 379.00 ppm for CO2, 1859.9 ppb for
CH4, 149.2 ppb for CO, 314.3 ppb for N2O and 6.06 ppt for SF6. The lines
above and below represent the upper and lower boundaries (1  stan-
dard deviation) of the target based on the measurement precision. Our
observed measurement precision was: ±0.06 ppm for CO2, ±0.8 ppb for
CH4, ±1.7 ppb for CO, ±0.4 ppb for N2O and ±0.10 ppt for SF6. The aver-
age mixing ratios of the target cylinder and the 1  standard deviations
for this period were found to be: 379.01 ±0.06 ppm for CO2, 1860.0 ±0.9
ppb for CH4, 148.6 ±1.8 ppb for CO, 314.3 ±0.4 ppb for N2O and 6.03
±0.11 ppt for SF6.

During the period of July 2007 to August 2008, various technical prob-
lems were encountered at the station, which is why there are some gaps
in the dataset. For example: malfunction of our airdrying apparatus
(resulting in wet air getting into the columns), failure of the air com-
pressor which supplies the FID (causing oxidation of the methanizer)
and several electrical power failures were encountered. Although the
results in Fig. 6 show that accurate and reliable measurements with our
GC are still possible under such harsh conditions, the situation was
clearly sub-optimal. For a subset of Fig. 6, during optimal conditions we
find the following “best case” 1  standard deviations: ±0.04 ppm for
CO2, ±0.7 ppb for CH4 and ±0.8 ppb for CO based on the data of the
month December 2007, and ±0.3 ppb for N2O (October and November
2007), and ±0.09 ppt for SF6 (July and August 2007).
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Fig. 6.
Target measure-
m e n t s  o f  a l l
measured species for
the period of July
2007 to August 2008.
The known mixing
ratios of the target
are illustrated by the
lines in the middle
and the lines above
and below represent
the upper and lower
boundaries based on
the measurement
precision. The ob-
served measurement
precision was: ±0.06
ppm for CO2, ±0 . 8
ppb for CH4, ±1 . 7
ppb for CO, ±0.4 ppb
for N2O and ±0.10
ppt for SF6 for the
whole period.
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3.4.2 Ambient measurements

Figure 7 shows the results of the measurements of all five species in
ambient samples from the total period of May 2006 to August 2008. The
thick line in the plots is a least squares regression fit on data indicated
with the highlighted dots. These data represent non-polluted marine
background values. In order to get the background mixing ratios we
selected only daytime data for which the wind speed was >3.5 m s-1 and
the 222Radon (222Rn) mixing ratio was <0.33 Bq m-3. 222Rn is a radioactive
noble gas (its radioactive halflife time is 3.8 days) which is produced at a
constant rate from 226Radium which is relatively uniformly distributed in
all soils. It is measured at our station since September 2005. It can be
used as an indicator for background mixing ratios because air has high
222Rn mixing ratios when it has been in close contact for some time with
the continental (polluted) surface. With strong atmospheric mixing the
air is diluted with air from the free troposphere which contains virtually
no 222Rn because most of it has already been decayed. Since water pre-
vents the 222Rn to emanate, air from the clean marine sector will also
have very low mixing ratios of 222Rn.

Our two reference standards were available only from August 2006 on,
before this period the data was calculated with only one reference stan-
dard. This prevents us also to use a quadratic function to calculate the
CO and N2O mixing ratios. Although the lack of a target cylinder for this
period prevents us from knowledge about the reliability of the data, most
of the data is acceptable. N2O however, is probably about 1.5 ppb too low.
Therefore, the N2O data before august 2006 are not used for determina-
tion of the background mixing ratio. The data for CO are more easily
acceptable due to its much larger dynamical range and low relative pre-
cision.
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Fig. 7.
Ambient mixing
ratios of CO2,
CH4, N2O, SF6

and CO which
were measured
at Lutjewad, the
Netherlands.
Average yearly
trends  were
estimated to be:
+1.5 ppm for
CO2, -8 ppb for
CH4, -10 ppb for
CO, +1.0 ppb for
N2O and + 0.3
ppt for SF6.
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Typical diurnal cycles are indicated by the high peaks for all species.
These diurnal variations in the mixing ratios are dominantly caused by
atmospheric stability, i.e. decreasing of the planetary boundary layer
height at nights when turbulent mixing is absent. With northern winds
we sample marine background air masses, and with southern winds we
sample more polluted continental influenced air. Agriculture is a large
source of CH4 and N2O emissions in the Netherlands, and many agricul-
tural areas are in the north of the country, where our station is located
(Van der Laan et al., 2009b). For SF6 we seem to have a very local source
since the highest values are mostly found in the same wind sector (west-
south west). For CO2 the seasonal cycle representing the biospheric ac-
tivity is clearly present. A seasonal cycle is also visible for CO and to a
much less extent (relatively) for CH4, caused by a strong seasonality in
their lifetimes. The average amplitudes of the seasonal cycles for the
total period were estimated to be: 7 ppm for CO2, 11 ppb for CH4 and 35
ppb for CO. Average annual trends for this period were estimated to be:
+1.5 ppm for CO2, -7.5 ppb for CH4, -10 ppb for CO, +1 ppb for N2O and
+0.3 ppt for SF6.

The sudden decline in CO2 mixing ratio at the beginning of June 2007 is
remarkable. This is not an artefact as it is also reported at station Ca-
bauw near Utrecht, in the centre of the Netherlands (A. Vermeulen,
personal communication 2007). A more detailed analysis of our meas-
urements is to follow in another paper.

3.5 Conclusions

We developed a measurement system based on one single Gas Chro-
matograph for simultaneously measuring ambient mixing ratios of CO2,
CH4, N2O, CO and SF6 with high precision and accuracy. Our observed
measurement precision over a year of observations (including non-
optimal conditions) was: ±0.06 ppm for CO2, ±0.8 ppb for CH4, ±1.7 ppb
for CO, ±0.4 ppb for N2O and ±0.10 ppt for SF6. For a shorter but more
optimal period we find “best case” 1  standard deviations of: ±0.04 ppm
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for CO2, ±0.7 ppb for CH4 and ±0.8 ppb for CO, ±0.3 ppb for N2O and
±0.09 ppt for SF6.

We have demonstrated that, together with a target cylinder for quality
control, only two local reference cylinders are needed for daily routine.
Our system has been stable enough to deliver high quality measure-
ments with only one calibration per year against international WMO
standards.

The facility is very cost effective: relatively low purchase costs, low in
maintenance, and it is designed to operate fully automatically. The sys-
tem is reliable, easy to operate, can operate autonomously and is able to
do several measurements per hour. Our GC has proven its robustness by
performing well under harsh conditions (i.e. several power failures).
Only taking care for continuous gas supplies and some planned mainte-
nance, our results have demonstrated that GC’s can ensure a high
measurement precision and accuracy and that they have the advantage
of being able to measure multiple components simultaneously.

In total, the system is an ideal solution for measurements at remote and
unmanned stations.
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Chapter 4 
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ambient measurements support
the national inventories
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Abstract

We present net emission estimates of CH4 and N2O of the Netherlands
based on measurements conducted during the period of May 2006 to
April 2009 at station Lutjewad, the Netherlands (6º 21’ E, 53º 24’ N, 1 m.
a.s.l.). 222Radon mixing ratios were applied as an indicator for vertical
mixing and long-range air mass transport and used to calculate the net
surface fluxes from atmospheric mixing ratios of CH4 and N2O. Our
study shows that our measurement site Lutjewad is wellsuited to meas-
ure emissions from the Netherlands and validation of the national
inventories using the 222Radon flux method. Since this study is purely
observation-based it is independent from inventories or atmospheric
models. Our results are compared to the national inventories as reported
to the UNFCCC. We found net emissions of: (15.2±5.3) t km-2 a-1 for CH4

and (0.9±0.3) t km-2 a-1 for N2O. These values are lower than the inven-
tory-based emissions (2006-2008 averages) of (18.3±3.3) t km-2 a-1 for
CH4, and (1.3±0.6) t km-2 a-1 for N2O, but the differences are insignificant.

4.1 Introduction

In the face of the recent and predicted climate changes, most nations
joined an international treaty: the United Nations Framework Conven-
tion on Climate Change (UNFCCC). The goal of this treaty is to reduce
global warming and to determine measures for adaptation to tempera-
ture increases which are inevitable. Of major concern to the UNFCCC is
the rapid increase of the long-lived greenhouse gases (LLGHGs) carbon
dioxide (CO2), methane (CH4), nitrous oxide (N2O) and halocarbons (a
group of gases containing fluorine, chlorine and bromine). Their radia-
tive forcing (RF) in 2005 as compared to pre-industrial times was
estimated to be respectively: (1.66±0.17) W m-2, (0.48±0.05) W m-2,
(0.16±0.02) W m-2

 and (0.34±0.03) W m-2 (Forster et al., 2007). These
gases are significantly contributing to the total positive RF contributions
of around 3.2 W m-2.
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In order to quantify the major sources of the GHGs, to monitor the na-
tional emissions and verify the effects of national reduction policies,
UNFCCC partners commit themselves to annually report their green-
house gas emissions. These reports are based on estimations of the
amount of GHG sources (e.g. traffic, agriculture) and sinks (e.g. forest
growth) and the amount of greenhouse gases they produce or take up
(emission factors) when active. This method is therefore highly depend-
ent on the accuracy and completeness of the emission data. Inventories
strongly rely on statistics of for example cattle, traffic and energy con-
sumption of factories which are usually provided by the individual
sources. On top of that assumptions are needed concerning the amount
of greenhouse gases an individual source emits when active: the applied
emission factors which most likely contain (systematic) errors. In order
to cope with the uncertainties related to the inventory method, parties
are encouraged by the UNFCCC to develop and implement an independ-
ent validation system based on atmospheric measurements.

Our study focuses on estimating the net surface emissions of CH4 and
N2O in the Netherlands from ambient mixing ratios of CH4, N2O and
222Radon (222Rn), to provide such an independent validation of the na-
tional inventories. Furthermore, we are interested if we can also
estimate the surface emissions of the neighbouring countries Germany
and Belgium.

In order to determine surface emissions of CH4 and N2O from their am-
bient mixing ratios 222Rn is used as a reference tracer for atmospheric
mixing and transport (Levin, 1984; Thom et al., 1993; Schmidt et al.,
1996). 222Rn is a radioactive noble gas (its radioactive half-life is 3.825
days) which is produced at a constant rate from 226Radium which is rela-
tively uniformly distributed in all soils. When released to the
atmosphere, 222Rn experiences the same atmospheric circumstances
(transport and mixing) as any other constituent. Hence, when the sur-
face emanation of 222Rn is known, the surface emission of a certain
constituent can be determined from the changes in mixing ratios of this
constituent and 222Rn. Using 222Rn to determine surface fluxes from
mixing ratios has already been successfully applied in other studies e.g.
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to: CO2 (Levin, 1987; Gaudry et al., 1990; Schmidt et al., 2003), N2O
(Schmidt et al., 2001; Wilson et al., 1997), CH4 (Thom et al., 1993;
Schmidt et al., 1996; Levin et al., 1999), CFCs (Biraud et al., 2002), per-
oxyacetyl nitrate (Schrimpf et al., 1996b) and NO and NO2 (Rohrer et al.,
1998). New aspects of our study are related to the aimed-at catchment
area of the emissions (in our case we focus mainly on the Netherlands),
and our data selection method. The latter aims at locating individual
sources or source areas instead of analyses of daily, weekly or monthly
averaged data. We further propose a small improvement in the 222Rn
decay correction when dealing with emissions from large distances. Also,
we apply data from a newly available European 222Rn soil emission map
based on a network of gamma dose rate measurements (Szegvary, 2007).
To account for the fact that the net emissions are positive (i.e. from sur-
face to atmosphere) and the method is highly sensitive to nearby
emissions we use a lognormal regression fit to estimate the annual sur-
face emissions of CH4 and N2O.

Our results are based on semi-continuous measurements of ambient
mixing ratios of CH4, N2O and 222Rn which were performed at our at-
mospheric measurement station Lutjewad during the period May 2006
to March 2009. The applied instrumentation is described in Sect. 2. In
Sect. 3 the data selection routine and the method for the calculation of
the surface fluxes is described. Finally, in Sect. 4 our purely observation-
based results are compared to the emission inventories of the Nether-
lands and its surrounding countries as reported to the UNFCCC.

4.2 Measurement site Lutjewad and applied instrumentation

4.2.1 Site description

Station Lutjewad is situated on the Dutch North Sea coast (see Fig. 1) at
53°24’18’’N, 6°21’13’’E, 1 m a.s.l. The station is about 30 km to the
Northwest of the city of Groningen. The station is equipped with a 60 m
tall tower which has air intakes at the top, from where ambient air is
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continuously flushed down to a laboratory where the analyses take
place. The tower is equipped with basic meteorological equipment,
measuring air temperature, humidity, atmospheric pressure, wind-speed
and -direction and solar radiation. As the station is normally unmanned,
all equipment is designed to operate fully automated and data are sent
on a daily basis to our institute in Groningen (Van der Laan et al.,
2009a).

The wind direction at the site is mostly southwest and west (Fig. 1).
With northerly winds, the sampled air can be characterized as having
background mixing ratios. With wind directions between approx. 40°-
240° air masses with continental contributions are sampled. During the
period between May 2006 and April 2009 the prevailing wind direction
(31% of all data) was between 195° and 255°. Wind speeds between 6
and 9 m/s (at 60 m above the ground) were found to be the most abun-
dant (35% of all data) in this period.
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Fig. 1. Wind conditions at station Lutjewad (measured at 60m) for the period of May
2006 to April 2009 (map produced under creative commons license by Planiglobe.com).
Bin size is 15 degrees and the north is pointing up. The prevailing wind direction,
about 31% of all time, is between 195º and 255º. Most abundant wind speeds are found
between 6 m s-1 and 9 m s-1. About 35% of all wind speeds were found in this range.
Colour version: page 172.
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4.2.2 Atmospheric CH4 and N2O measurements

Ambient air is continuously collected from an air intake at 60 m height
and immediately dried (up to 50% reduction in humidity) using a Nafion
membrane drier (MD 110-72-S, Perma Pure, Toms River, New Jersey).
The pre-dried air is subsequently pumped down through polyethyl-
ene/aluminium tubing (1/2” O.D., Synflex 1300, Eaton, Gembloux,
Belgium) to the laboratory where analyses by a modified Agilent HP
6890N Gas Chromatograph (GC) take place. The total travel time from
the inlet to the GC is about 3 minutes. After cryogenic cooling to a dew
point of -50 ºC (Neubert et al., 2004), the sample air is fed into the GC
where separation and analyses of CH4 and N2O (and also CO2, CO and
SF6) take place (Van der Laan et al., 2009a). CH4 is separated using a 10
feet Haysep Q packed column (3/16 inch, mesh 80/100) and analyzed
with a Flame Ionization Detector (FID). N2O is separated using a 4 feet
Haysep Q packed pre-column (3/16 inch, mesh 80/100) and a 6 feet Hay-
sep Q packed analytical column (3/16 inch, mesh 80/100) before being
analyzed with a micro Electron Capture Detector (μECD). The pre-
column is used to prevent any unwanted substances (e.g. CO2) from en-
tering the μECD. One complete run (measuring CH4 and N2O
simultaneously) takes about 6.5 minutes. At least three times per day, a
sample measurement is substituted by a target cylinder for the purpose
of quality control. Typical measurement uncertainty is about 0.3 ppb for
N2O and 0.8 ppb for CH4.

4.2.3 Atmospheric 222Radon measurements

222Radon mixing ratios are semi-continuously measured (integrated over
30 minutes) with an ANSTO dual-flow loop two-filter detector
(Whittlestone and Zahorowski, 1998). During the travel from the inlet
(about 15 minutes) to the detector, all 220Rn atoms will already be de-
cayed (its half-life time is 55.6 s) and they do therefore not influence the
222Rn results. Any (radioactive) decay products and aerosols are filtered
out before the sample air enters the detector. The air is then led to a
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1500 litre delay chamber, the 222Rn decay products are sampled on a
second filter and their decays are detected by a photomultiplier and
counted per half hour interval. The total uncertainty of the measure-
ments is based upon the number of decay counts and the uncertainty of
the 222Rn source which is used to calibrate the device, and is typically
5%.

4.3 Methodological description

4.3.1 Estimation of surface emissions from ambient mixing ratios

We derive the surface emission rates of CH4 and N2O from their ambient
mixing ratios by using 222Rn as a reference tracer for atmospheric mixing
and transport (Levin, 1984; Thom et al., 1993; Schmidt et al., 1996).
222Rn is a radioactive noble gas (its radioactive half life is 3.825 days)
which is produced at a constant rate by the decay of 226Radium, which is
present in all soils and is relatively uniformly distributed. Via the soil
air, radon is emitted into the atmosphere where it is only subjected to
radioactive decay and dilution by atmospheric transport (e.g. mixing
with the free troposphere under unstable atmospheric conditions). With
knowledge of the transit time, the 222Rn in a given air mass can, theo-
retically, be corrected for radioactive decay, transforming 222Rn to an
ideal conservative tracer. Since the dilution by atmospheric mixing is
the same for 222Rn as for any other tracer, in our case CH4 and N2O, the
surface emissions of CH4 and N2O can be determined from their mixing
ratios and the mixing ratio of 222Rn, provided the original 222Rn soil flux
is known, remains constant and is homogenous for the spatial and tem-
poral scale of influence.

The surface flux of a given tracer x is then given by:

  
x = Rn

Cx

CRn
(1)
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Herein x represents the estimated surface flux of a tracer x, Rn is the
222Rn soil flux rate, Cx is the atmospheric mixing ratio of a tracer x and
CRn is the atmospheric mixing ratio of 222Radon. The ’s represent depar-
tures from their background values. The over-bars represent the means
for the spatial and temporal scales of influence. One of the main under-
lying assumptions of the 222Rn flux method is that both the surface
emissions of 222Rn and the tracer of interest are homogeneously spread
over the area that is influencing the measurements (catchment area).
This, however, is not always the case. For example, CH4 can be emitted
at a certain moment from a point source and then transported to our
mast. During this travel there will be a continuous addition of 222Rn from
the surface (the magnitude of this addition will depend on the soil type
of the surface) but not of CH4. Thus, the method is less suited for the
detection and strength analysis of individual point sources and more
uncertain for catchment areas which are very heterogeneous.

4.3.2 Data selection and analyses

When a significant departure of 222Rn from the background mixing ratio
is observed for at least four consecutive hours, we define this as the start
of an event. During an event 222Rn as well as other tracers (e.g. surface
emissions of CH4 or N2O) are trapped in the atmospheric boundary layer.
An event terminates when the wind direction changes or vertical mixing
is re-established. With vertical mixing sustaining for a sufficiently long
time the mixing ratios are reset to background conditions. Occasionally,
vertical mixing is too weak and a new rise of 222Rn starts already before
mixing ratios have been fully restored to background levels.

An example of a few events (indicated with shaded areas) as observed at
our station in November 2007 is shown in Fig. 2. The first event on the
left, indicated with the number 1, shows a good correlation between the
ambient mixing ratios of 222Rn, CH4 and N2O. Starting from marine
baseline levels, with the wind coming from the North Sea, they rapidly



Chapter 4

- 80 -

increase simultaneously at about 5:30 LT in the morning. By this time,
the wind direction has changed to south-southwest and wind speed
gradually increases from about 5.5 m s-1 to 8.5 m s-1. At about 18:30 LT
the wind very rapidly changes to the direction of the North Sea again
thereby terminating the event.

The events do not necessarily start at marine baseline levels. A very
slow increase of 222Rn is sometimes observed which can increase steadily
over several days, indicating a long continental influence. This can be
seen in the right part of Fig. 2. When regional atmospheric conditions
are such that a new event is formed, these events are assumed to be
influenced mostly by regional surface emissions. In Fig. 2 the first of
such an event is indicated with a 2. However, in order to be representa-
tive for short-range surface fluxes we have to take into account their
new baseline. Therefore we subtract from these peaks the starting value
(of the mixing ratios) for each individual peak. In Fig. 2 we illustrated
this with the dashed lines.
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Fig. 2. Example of the different types of events (shaded areas) observed at station Lut-
jewad. The left part of the figure shows three typical short-range events (the first
indicated with 1) where the increase of 222Rn mixing ratios start from baseline levels. The
events starting from an event which is marked with a 2 are built up on a slow increase in
the 222Rn mixing ratio which indicates a persistent continental influence. These events
are treated as short-range events after a new baseline is defined (dotted lines) for each
individual event.

For how long an air mass has been travelling from the emission’s
source(s) will depend on the meteorological circumstances (i.e. wind
speed or changing wind direction). But, provided these circumstances
remain stable, we can assume this transit time is the same for the whole
air mass which is collected during an event. Therefore we assume the
length of an event can be used as an indicator for the area of influence.
For example, since the first event in Fig. 2 has a total duration of about
13 h and the average wind speed is about 7 m s-1, we estimate that the
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maximum distance of influence is about 330 km from our station which,
in this direction, is just outside the Dutch border. Therefore, we will
classify this event, as well as the following two (smaller) events, as a
short-range event and assume it is mainly influenced by surface emis-
sions from the Netherlands. The following event was not selected
because the wind direction indicated a non-Dutch origin of these air
masses. In our quest, to select only events which are influenced mainly
by Dutch surface emissions (and not from the near surroundings of our
tower or abroad), we selected only events which endured at least 4 h and
at most 17 h. Then, back trajectories were made of all events using the
Hysplit 4 lagrangian back trajectory model (Draxler and Rolph, 2003).
For each individual event, back trajectories were calculated corre-
sponding to the total duration of the event, i.e. if an event sustained for
8 h, we calculated its trajectory 8 h back in time. As the starting point of
the back trajectory we used the last data point of an event (before verti-
cal mixing was re-established). Back trajectories starting in the middle
of an event were also made in order to validate steady state conditions
during travel. In this way we tried to estimate the main area influencing
the measurements during the course of an event.
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Fig. 3. Back trajectories for the short range events including the su-
perimposed events. The dots represent hourly points on the trajectory.
These events were considered to be mainly influenced by emissions
from the Netherlands and selected for further analyses.

Events were only accepted for further analyses if the trajectories indi-
cated that the track of the air mass was mainly (approx. >70%) over the
Netherlands and thereby suggesting that these events were dominantly
influenced by Dutch emissions. Figure 3 shows hourly points on the tra-
jectories of the events which were selected for further analysis.

A linear least square regression fit between the half hourly averaged
observations of CH4 and 222Rn, and N2O and 222Rn is made for each indi-
vidual event. An example is shown in Figs 4a and 4b for an event
starting on 18 August 2006 19:30 LT and ending at 8:00 LT the next
day. During the event the mixing ratio of 222Rn increased by about 2 Bq
m-3 during this period and CH4 by about 170 ppb. In the same time the
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mixing ratio of N2O increased by about 4.5 ppb. For both regression
slopes a high correlation was found between 222Rn and the other tracer.

Fig. 4. (a) Example of a regression slope between CH4 and 222Rn determined from a
single event starting at 18 August 2006 19:30 LT and ending at 8:00 LT the next day.
222Rn increased by about 2 Bq m-3 during this period and CH4 by about 170 ppb. (b)
Similar to (a) but now for N2O which increased by about 4.5 ppb in the same time.

Making linear regression fits for each individual event, instead of for
example weekly or monthly averaged data, enables us not only to esti-
mate the source areas (and thus filter out events which are highly
influenced by emissions from abroad) but also gives a higher temporal
resolution. However, with so few data points (typically in the order of
about 15-25) the fits can only be used if a high correlation between the
two mixing ratios is found. A high correlation factor is not always ex-
pected since CH4 and especially N2O can also originate from temporary
point sources. The regression fits were evaluated by making histograms
of their regression coefficients, see Fig. 5. We decided to use a minimal
correlation coefficient of R=0.7 as a limit for further analyses in order to
maintain regression slopes with a sufficient correlation (the method
assumes a correlation between 222Rn and CH4/N2O) and still maintain
enough events to determine annual averages.

Additional to all events which are assumed to represent the national
emissions, we obtained a so-called long-range dataset. This dataset con-
tains events which are believed not to represent emissions from the
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Netherlands (i.e. those used in the short range analysis), as well as well-
mixed background mixing ratios and slow increases over several days
from this background. From this dataset we excluded all data with wind
directions from 280°-40° (marine sector) and determined the regressions
slopes from monthly binned mixing ratios.

Fig. 5. (a) Histogram of the regression coefficients of the short-range CH4 events. (b)
Similar to (a) but for N2O. A minimum of R=0.7 was used as a criterion for further
analyses.

In order to estimate annual emissions from the individual fluxes usually
a median (Rohrer et al., 1998) or (monthly) mean (Levin, 1987; Gaudry
et al., 1990; Thom et al., 1993; Schmidt et al., 1996; Schrimpf et al.,
1996b; Wilson et al., 1997; Levy et al., 1999; Biraud et al., 2000; Schmidt
et al., 2001; Schmidt et al., 2003; Messager et al., 2008) is used. How-
ever, since the ambient measurements are very sensitive for nearby
point source emissions, annual emission estimates using a median or a
(Gaussian) mean would probably be overestimated. Therefore, we de-
cided to use a lognormal distribution which is less sensitive for very high
values and thus less sensitive for the nearby sources. A lognormal dis-
tribution is furthermore reasonable since the emissions are directed
from the surface to the atmosphere and are therefore positive in sign.
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4.3.3 Correction for radioactive decay of 222Radon

The measured mixing ratios of (e.g.) CH4 and 222Rn during an event are
influenced by the same conditions (i.e. vertical mixing, dilution) but ad-
ditionally the mixing ratios of 222Rn have been subject to radioactive
decay:   A t = A 0 e , wherein   A t  represents the activity or mixing
ratio of 222Rn at a given time t,   A 0 is the original 222Rn activity,  is the
transit time of the air mass and  is the decay constant (0.182 d-1) of
222Rn. The measured 222Rn mixing ratio can be corrected for this decay by

multiplying the measured 222Rn mixing ratios individually with   e
when the transit time is known. In practice, the exact transit time and
222Rn soil emission is usually not well known. As a best estimate an av-
erage decay correction can be applied based on the average decay of the
radon for the whole event and assuming a constant and homogeneously
spread 222Rn soil emission. Usually, Eq. (1) is therefore multiplied with

  e , with  being an estimated average transit time (Wilson et al.,
1997; Gaudry et al., 1990; Schmidt et al., 2001; Schmidt et al., 2003) or
based upon the total estimated transit time of 222Rn above sea only
(Biraud et al., 2000; Messager et al., 2008). The latter leads to an insuf-
ficient correction since 222Rn also decays over land.

The main issue when correcting for decay lies in the estimation of the

transit time of an air mass. When multiplying Eq. (1) with   e for ex-
ample, we must be aware not to use the total time of duration of an
event for  since all emissions from   = 0 to < max  will then be over-
corrected resulting in an underestimation of the total CH4 and N2O
surface emissions. If one uses   max / 2 as an estimate for the average
transit time for a given event, the error is minor but still this is princi-
pally incorrect as the radioactive decay does not follow a linear function.

Although the total transit time of an air mass from the emission’s source
to our site is not well known, this transit time is the same for all air
masses which are collected during the course of an event, assuming the
atmospheric conditions do not alter significantly during the event. The
emissions of CH4 and N2O can then be calculated by multiplying Eq. (1)
with:
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which is the average decay correction for the whole air mass.

For 
  max

=5 days the difference between (2) and a simple e max /2  correc-
tion is about 5%.

4.3.4 Soil 222Rn flux

For the 222Rn soil flux of the Netherlands we used an average value of
0.29±0.10 atoms cm-2 s-1 as calculated by Szegvary (2007). These authors
have created a European 222Rn soil flux map based on the correlation of
222Rn and gamma-dose rate measurements which were performed in
2006. Using this method they were able to use data from a high-density
radiation monitoring network improving spatial data coverage. A large
part of the Netherlands are coastal areas (North Sea in the west and the
Wadden Sea in the North) and also there are many river deltas. Since
these areas have a high moisture content the 222Rn soil flux is lower in
these parts compared to the parts in the south and the east of the coun-
try where the soil is more sandy and the groundwater table is lower.
Szegvary (2007) found a spatial variation of ±0.10 atom cm-2 s-1 for the
Netherlands. Since the 222Rn soil flux is dependent on for example soil
moisture, a temporal variation is expected in northern latitudes. How-
ever, below 55°N weekly averages were found to deviate less then 15%
from the annual mean with no clear seasonal pattern (Szegvary, 2007).

For the events which were classified as long-range events an average
soil flux of (0.59±0.27) atoms cm-2 s-1 was assumed which is the average
of Belgium (0.65±0.14) atoms cm-2 s-1 and Germany (0.52±0.23) atoms
cm-2 s-1 as calculated by Szegvary (2007).
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4.4 Results

4.4.1 Short-range events

4.4.1.1 CH4 emissions

In total 135 events passed our selection criteria and these are thus as-
sumed to represent the emissions from the Netherlands from May 2006
to April 2009. The typical duration of an event was around 10 h. The
results for the short range fluxes of CH4 are shown in Fig. 6a. Most of
the events are observed in the summer. This is expected since in winter
the atmosphere can be stable for longer periods and long range events
are more abundant. The dataset is therefore biased towards summer-
time CH4 fluxes. The emissions are subject to a large variability, but no
clear seasonality is observed. The emissions were corrected for 222Rn
decay by about 4% (on average).

As explained in Sect. 3.2 we use a lognormal distribution to estimate the
annual emissions, see Fig. 6b. The lognormal distribution fits the obser-
vations very well and we find annual CH4 emissions for the Netherlands
of (15.2±0.4) t km-2 a-1. This is 17% less than the (18.3±3.3) t km-2 a-1

given by the national inventories. Our uncertainties are the standard
uncertainties of the regression fit, not the total combined uncertainty in
the annual estimation, this will be discussed later. The value of 18.3 t
km-2 a-1 is the average value for 2006 and 2007 as given in the national
reports. At the time of writing no estimate for 2008 was available. For
comparison with previous studies we also give the results for the median
and a Gaussian distribution fit. The median of the CH4 emissions is 19.1
t km-2 a-1 and the mean of the monthly CH4 averages is (22.7±1.6) t km-2

a-1, the latter being heavily influenced by the few very high fluxes. All
final results are given in table 1.
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Fig. 6. (a) Fluxes of CH4 representative for emissions from the Netherlands. The error
bars represent the ±1  uncertainties of the linear regression fits of the individual
slopes. The value of the national inventories is indicated by the straight line. (b) Histo-
gram of the CH4 fluxes with a lognormal fit. Fit quality is excellent (R=0.98). The arrows
represent the values found using the lognormal approach (1) and the national inventory
(2).
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Table 1. Results from the radon flux method (May 2006 - April 2009) and the Dutch
national inventories (2006 - 2007). The measurement uncertainties include the
standard uncertainty and the uncertainty in the lognormal fit. The combined
uncertainty includes the uncertainty in the 222Rn soil flux, the regression fits of the
individual fluxes and of the 222Rn, CH4 and N2O measurements. SR= short range and
LR = long range based events.

National inventories Radon flux method

Netherlands
2006-2007

Belgium
2006

Germany
2006

Median Logn. fit Logn. fit
comb. uncert.

CH4 (SR)
t km-2 a-1

18.3±3.3 19.1±6.7 15.2±0.4 15.2±5.3

N2O (SR)
10-1 t km-2 a-1

12.6±5.7 12.1±4.2 9.2±0.3 9.2±3.2

CH4 (LR)
t km-2 a-1

11.0 5.8 11.3±4.0 8.9±0.3 8.9±3.1

N2O (LR)
10-1 t km-2 a-1

8.8 5.4 5.7±2.0 4.2±0.3 4.2±1.5

4.4.1.2 N2O emissions

The fluxes of N2O for the period of May 2006 to April 2009 are shown in
Fig. 7a. In total 111 events passed our selection criteria and similar to
CH4, most of them occurred in the summer period. The largest fluxes
appear to occur in the summer. The same correction for 222Rn decay was
applied to the emissions of about 4% on average. Using the lognormal
approach (see Fig. 7b) an annual emission was found for this period of
(9.2±0.3) ·10-1 t km-2 a-1. The average value of the inventories for the
years 2006 and 2007 is (12.6±5.7) ·10-1 t km-2 a-1. Our results are there-
fore 28% lower. We find a median of 12.1 ·10-1 t km-2 a-1 and using the
(inappropriate) Gaussian approach a monthly means based value of
(13.9±1.7) ·10-1 t km-2 a-1.
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Fig. 7. (a) Fluxes of N2O representative for emissions from the Netherlands. The error
bars represent the ±1  uncertainties of the linear regression fits of the slopes. The
value of the national inventories is indicated by the straight line. (b) Histogram of the
N2O fluxes with a lognormal fit. Fit quality is excellent (R=0.97). The arrows represent
the values found using the lognormal approach (1) and the national inventory (2).
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4.4.2 Long range events

As explained in Sect. 3.2 the long-range dataset contains a mixture of
data which are not so clearly defined as the short-range events. In order
to get an idea of the origin of the emissions the mixing ratios of CH4 (Fig.
8a) and N2O (Fig. 8b) were plotted against the wind direction and wind
speed for the period of May 2006 to April 2009. In Fig. 8a a clear distinc-
tion can be made between continental and oceanic air masses. The
higher mixing ratios almost perfectly follow the coastal line—visualizing
the mainland. The highest mixing ratios of CH4 are observed mostly
between 120° and 240° at wind speeds between 5 and 15 m s-1. Possible
sources of these emissions could be the German Ruhr basin (150°-170°,)
at approx. 200 km distance from our station and the highly populated
areas in the south of the Netherlands (approx. 200 km) and Belgium
(approx. 300 km). In Fig. 8b the same exercise is performed for N2O. The
highest mixing ratios are observed at about the same wind direction as
for CH4 but at lower wind speeds (around 5 m s-1). Also a source of N2O is
present at 270°, observed at wind speeds of about 15 m s-1. The relatively
high mixing ratios, namely for N2O, observed at relative low wind speeds
suggest that the observations are still influenced by emissions from the
Netherlands.

In order to estimate fluxes from the long range dataset we excluded the
marine sector and binned the data into monthly datasets from which the
regression slopes and consequently the fluxes were determined. This
implies that the lowest mixing ratio in the month is used as a baseline.
Although it is virtually impossible to estimate an exact 222Rn decay cor-
rection we corrected our fluxes for a 33% loss, based on a transit time of
3 days. This is an educated guess based on observations of multiple-day
events of 222Rn. We decided to not apply a regression coefficient filter on
the long-range dataset since, in contrast to the short-range fluxes which
were more or less attributable to individual sources or source areas,
these monthly fluxes include mixing ratios from many different sources.
Figure 9a shows the monthly averaged fluxes of CH4 for the long-range
dataset. Similar to our approach to the short-range fluxes we used a
lognormal regression fit to estimate an annual emission rate, see Fig. 9b.
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Fig. 8. (a) Concentration footprint of CH4 for the period of May 2006 to May 2008. Only
long-range data were used. The highest mixing ratios are observed between 120° and
240° at wind speeds between 5 and 15 m s-1. The coastal line of N.W. Europe is clearly
visible. (b) Similar to (a) but for N2O. The highest mixing ratios are observed at about the
same wind direction as for CH4 but at lower wind speeds (around 5 m s-1).
Colour version: page 173.
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Fig. 9. (a) Monthly averaged fluxes of CH4 for the long-range dataset. The error bars
represent the errors of the regressions fits of the individual slopes. The lines indicate
the inventories of Germany (1) and Belgium (3). (b) Histogram of the long-range CH4

fluxes with a lognormal fit. Fit quality is very good (R=0.94). The arrows represent the
values found using the lognormal approach (2) and the national inventories of Germany
(1) and Belgium (3).
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Fig. 10. (a) Monthly averaged fluxes of N2O for the long-range dataset. The error bars
represent the errors of the regressions fits of the individual slopes. The lines indicate
the inventories of Germany (1) and Belgium (3). (b) Histogram of the long-range N2O
fluxes with a lognormal fit. Fit quality is very good (R=0.96). The arrows represent the
values found using the lognormal approach (2) and the national inventories of Germany
(1) and Belgium (3).

With this method, we find annual CH4 emissions of (8.9±0.3) t km-2 a-1.
The median of the monthly averaged fluxes is 11.3 t km-2 a-1 and the
mean is (13.4±1.5) t km-2 a-1. Figure 10a shows the monthly averaged
fluxes of N2O for the same period and these values are fitted with a
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lognormal regression fit, as shown in Fig. 10b. For N2O we find an an-
nual emission of (4.2±0.3)·10-1 t km-2 a-1 using the lognormal approach.
The median is 5.7·10-1 t km-2 a-1 and the mean is (6.5±0.6)·10-1 t km-2 a-1.

4.5 Uncertainty of the results

The uncertainties given in Sects. 4.1 and 4.2 are only the uncertainties
of the lognormal fit and are not representative for the combined uncer-
tainty in the estimates of the annual fluxes. The combined uncertainty is
determined by the accuracy and precision of our measurements, the un-
certainties in the individual regression slopes and mostly by the
uncertainty in the value of the assumed (average) 222Rn soil emission
rate. The smallest uncertainties lie in the measurements of the atmos-
pheric mixing ratios of CH4, N2O and 222Rn. CH4 and N2O are measured
with a gas chromatograph with an estimated combined uncertainty of
about 0.8 ppb and 0.3 ppb respectively. The uncertainty of the ambient
222Rn measurements is related to the amount of counts (per event) and
the uncertainty in the 222Rn source which is used to calibrate the device.
The combined uncertainty of our 222Rn measurements was about 5%.

The uncertainties in the linear regression fits of the slopes of CH4 and
N2O vs. 222Rn were typically 10%. The main source of uncertainty con-
cerning our final results lies in the assumption of the 222Rn soil flux,
which we assumed to be constant for the whole measurement period.
However, although the production of 222Rn in the soils is constant, its
exhalation rate is also influenced by atmospheric pressure, soil tempera-
ture and soil humidity. This leads to a temporal variability of the net
emissions which was estimated by Eckhardt (1990) to be in the order of
±20%. Furthermore, the Netherlands, although a very small country,
has a large soil heterogeneity. Differences between the coastal areas and
the southern inland part of the country can lead to differences in the
222Rn soil flux up to 30%. Taking these factors into account we estimate
that our measurement-based annual emissions have a combined uncer-
tainty of about ±35%. In table 1 also the final results are given including
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an uncertainty of ±35%.

4.6 Discussion and conclusions:

The method we used in this study is a valuable independent verification
of the statistical approach usually applied for reporting the national
emissions. The method is purely observation-based and almost inde-
pendent of numerical models. There are, however, several uncertainties
involved in this method. Although the calculated emissions are based on
ambient measurements, we still rely on models to allocate the emissions
to their source areas. In this study for example, we used a back trajec-
tory model to filter out any events from our short-range dataset which
appeared to be influenced (also) by emissions from abroad.

For the linear regression fits of the individual events we used a thresh-
old of R>=0.7. The results would be lower by 5% with R>=0.6 and higher
by 8% with R>=0.8. The positive correlation could be caused by the fact
that air masses containing emissions from very nearby are probably less
disturbed and thus give a high correlation between 222Rn and CH4 or
N2O. Furthermore, these local (point) sources could be overestimated as
the soil close to the tower has a relative high moisture content and
therefore a lower radon soil flux compared to the average value of the
Netherlands. Using a high R as a threshold value does therefore not
necessary guarantee more reliable results (in terms of estimating na-
tional emissions).

The largest uncertainty lies in the translation of the mixing ratios of
CH4 and N2O into their surface fluxes. In this study, a constant 222Rn
surface emission rate was assumed based on a newly available European
222Rn soil emission map (Szegvary, 2007). In reality, the 222Rn surface
emission rate can be affected at very small time scales (i.e. hours or
days) by for example rain or snow. Although this will proportionally
affect the calculated fluxes, we assume that the total uncertainty in our
annual estimates due to this temporal variability is minor. The spatial
variation of the 222Rn surface emission rate can be large, even for a small
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country as the Netherlands this amounts to about ±30%. Since the
sources are not homogeneously distributed throughout the country this
is also the potential uncertainty of the individual fluxes. The total uncer-
tainty in the annual estimates due to the spatial variation of the 222Rn
surface emission is probably less. A systematic error is introduced in the
fluxes and the annual estimates if the average 222Rn surface emission
rate is incorrect. Since the calculated surface emissions of CH4 and N2O
are directly proportional to this applied 222Rn surface emission rate, any
offset in its assumed value will be included in the final results. On the
other hand, should more reliable data on 222Rn emissions become avail-
able, our values can be adjusted in a simple way.

The emissions which we classified as long-range data have additional
factors of uncertainty because they consist of a mix of signals with dif-
ferent temporal and spatial resolution. It is therefore virtually
impossible to estimate the 222Rn soil emission rate or determine a proper
222Rn decay correction. Basically, our long-range dataset can include all
222Rn mixing ratios older than the short-range data. A systematic error
in the fluxes of about a factor of 2 is therefore possible. Furthermore, it
is also not possible to exclude emissions from the Netherlands from the
long range dataset. A long range event containing emissions from Ger-
many or Belgium surely also picks up emissions from the Netherlands as
it passes the country on its way to our measurement station. Since the
222Rn soil flux is almost 2 times lower in the Netherlands as compared to
the neighbouring countries, Dutch emissions will be over-amplified by a
factor of two when only applying non-Dutch soil emission rates. Conse-
quently the absolute value of the annual flux of the long-range data will
probably not be representative for the surface emissions of Germany and
Belgium. Nevertheless, the method can still be valuable to assess long-
term trends.

For the Netherlands, we found net emissions of: 15.2±5.3 t km-2 a-1 for
CH4 and 0.9±0.3 t km-2 a-1 for N2O. We compared our results to the na-
tional inventories (http://unfccc.int) as reported to the UNFCCC. Their
uncertainties are estimated to be 18% for CH4 and 45% for N2O (Maas et
al., 2008). We conclude that our estimates are only slightly lower than
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the inventory-based emissions (2006-2008 averages) of 18.3±3.3 t km-2 a-1

for CH4, and 1.3±0.6 t km-2 a-1 for N2O and well within the error margins
of the inventories. Therefore, we further conclude that station Lutjewad
is well suitable for the determination of the national emissions of CH4

and N2O and validation of the national inventories.

4.7 Acknowledgements

This project was co-funded by the Dutch national research programme
Climate changes Spatial Planning (CcSP), project ME2 "Integrated ob-
servations and modelling of Greenhouse Gas budgets at the national
level in the Netherlands", and by the EU-commission FP6- project Car-
boEurope-IP (contract nr. GOCE-CT-2003-505572).

The authors would also like to thank B.A.M. Kers, J.C. Roeloffzen, J.K.
Schut, I.T. Van der Laan-Luijkx, and A.T. Vermeulen for their contribu-
tions.



Chapter 4

- 100 -

References

Biraud, S., Ciais, P., Ramonet, M., Simmonds, P., Kazan, V., Monfray,
P., O'Doherty, S., Spain, T. G., and Jennings, S. G.: European green-
house gas emissions estimated from continuous atmospheric
measurements and Radon 222 at Mace Head, Ireland, J. Geophys. Res.-
Atmos., 105, 1351-1366, 2000.

Biraud, S., Ciais, P., Ramonet, M., Simmonds, P., Kazan, V., Monfray,
P., O'Doherty, S., Spain, G., and Jennings, S. G.: Quantification of car-
bon dioxide, methane, nitrous oxide and chloroform emissions over
Ireland from atmospheric observations at Mace Head, Tellus, 54, 41-60,
2002.

Draxler, R. R., and Rolph, G. D.: HYSPLIT (HYbrid Single-Particle La-
grangian Integrated Trajectory) Model access via NOAA ARL READY
Website (http://www.arl.noaa.gov/ready/hysplit4.html). NOAA Air Re-
sources Laboratory, Silver Spring, MD, 2003.

Eckhardt, K.: Messung des Radonflusses und seiner Abhängigkeit von
der Bodenbeschaffenheit, Diplomarbeit, Institut für Umweltphysik,
Univ. of Heidelberg, Heidelberg, 1990.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey,
D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G., Nganga, J., Prinn,
R., Raga, G., Schulz, M., and Van Dorland, R.: Changes in Atmospheric
Constituents and in Radiative Forcing, in: Climate Change 2007: The
Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change,
edited by: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M.,
Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2007.

Gaudry, A., Polian, G., Ardouin, B., and Lambert, G.: Radon-calibrated
emissions of CO2 from South Africa, Tellus B, 42, 9-19, 1990.

Levin, I.: Atmospheric CO2, sources and sinks on the European continent
(in German), Ph.D. Thesis, Univ. of Heidelberg, Heidelberg, Germany,



Methane and nitrous oxide emissions

- 101 -

103 pp., 1984.

Levin, I.: Atmospheric CO2 in continental Europe—an alternative ap-
proach to clean air CO2 data, Tellus, 39B, 21-28, 1987.

Levin, I., Glatzel-Mattheier, H., Marik, T., Cuntz, M., Schmidt, M., and
Worthy, D. E.: Verification of German methane emission inventories and
their recent changes based on atmospheric observations, J. Geophys.
Res.-Atmos., 104, 3447-3456, 1999.

Levy, P. E., Grelle, A., Lindroth, A., Molder, M., Jarvis, P. G., Kruijt, B.,
and Moncrieff, J. B.: Regional-scale CO2 fluxes over central Sweden by a
boundary layer budget method, Agr Forest Meteorol, 98-9, 169-180,
1999.

Maas, C. W. M. v. d., Coenen, P. W. H. G., Ruyssenaars, P. G., Vreuls, H.
H. J., Brandes, L. J., Baas, K., Berghe, G. v. d., Born, G. J. v. d., Guis, B.,
Hoen, A., Molder, R., Nijdam, D. S., Olivier, J. G. J., Peek, C. J., and
Schijndel, M. W. v.: Greenhouse gas emissions in the Netherlands 1990-
2006, Netherlands Environmental Assesment Agency (MNP) National
inventory report 2008, Report no. 500080009 Bilthoven, The Nether-
lands, 263 pp., 2008.

Messager, C., Schmidt, M., Ramonet, M., Bousquet, P., Simmonds, P.,
Manning, A., Kazan, V., Spain, G., Jennings, S. G., and Ciais, P.: Ten
years of CO2, CH4, CO and N2O fluxes over Western Europe inferred
from atmospheric measurements at Mace Head, Ireland, Atmos. Chem.
Phys. Discuss., 8, 1191-1237, 2008.

Neubert, R. E. M., Spijkervet, L. L., Schut, J. K., Been, H. A., and Mei-
jer, H. A. J.: A Computer-Controlled Continuous Air Drying and Flask
Sampling System, J Atmos Ocean Tech, 21, 651–659, 2004.

Rohrer, F., Brüning, D., Grobler, E. S., Weber, M., Ehhalt, D. H.,
Neubert, R., Schüßler, W., and Levin, I.: Mixing Ratios and Photosta-
tionary State of NO and NO2 Observed during the POPCORN Field
Campaign at a Rural Site in Germany, J Atmos Chem, 31, 119-137,
1998.



Chapter 4

- 102 -

Schmidt, M., Graul, R., Sartorius, H., and Levin, I.: Carbon dioxide and
methane in continental Europe: a climatology, and 222Radon-based emis-
sion estimates, Tellus B, 48, 457-473, 1996.

Schmidt, M., Glatzel-Mattheier, H., Sartorius, H., Worthy, D. E., and
Levin, I.: Western European N2O emissions: A top-down approach based
on atmospheric observations, J. Geophys. Res., 106, 5507-5516, 2001.

Schmidt, M., Graul, R., Sartorius, H., and Levin, L.: The Schauinsland
CO2 record: 30 years of continental observations and their implications
for the variability of the European CO2 budget, J. Geophys. Res.-Atmos.,
108, 4619-4626, 2003.

Schrimpf, W., Lienaerts, K., Müller, K. P., Rudolph, J., Neubert, R.,
Schüssler, W., and Levin, I.: Dry deposition of peroxyacetyl nitrate
(PAN): Determination of its deposition velocity at night from measure-
ments of the atmospheric PAN and (222)Radon concentration gradient,
Geophys. Res. Lett., 23, 3599-3602, 1996.

Szegvary, T.: European 222Rn flux map for atmospheric tracer applica-
tions, PhD thesis, Institute of Environmental Geosciences, University of
Basel, Switzerland, Basel, 2007.

Thom, M., Bösinger, R., Schmidt, M., and Levin, I.: The Regional Budget
of Atmospheric Methane of a Highly Populated Area, Chemosphere, 26,
143-160, 1993.

Van der Laan, S., Neubert, R. E. M., and Meijer, H. A. J.: A single gas
chromatograph for atmospheric mixing ratio measurements of CO2, CH4,
N2O, SF6 and CO, Atmos. Meas. Tech., 2, 549-559, 2009.

Whittlestone, S., and Zahorowski, W.: Baseline radon detectors for ship-
board use: Development and deployment in the First Aerosol
Characterization Experiment (ACE 1), J. Geophys. Res., 103 (D13),
16743–16751, 1998.

Wilson, S. R., Dick, A. L., Fraser, P. J., and Whittlestone, S.: Nitrous
oxide flux estimates for south-eastern Australia, J Atmos Chem, 26, 169-
188, 1997.



Methane and nitrous oxide emissions

- 103 -

Appendix 1
 revised results for CH4 and N2O

In the following chapter an improvement of the in this chapter applied
method is presented. A different selection procedure is used, distin-
guishing between a local sectors and one representing the Netherlands.
The new results for the median (given as comparison) were: 20.8±5.6 for
CH4 and 12.9±3.7 for N2O, which is similar to the former results. How-
ever, in Chapter 5 the arithmetic mean is presented as a best estimate of
the annually mean emissions for the Netherlands. We have revised our
results for the mean annually CH4 and N2O emissions for the Nether-
lands as follows:

Inventory Observationally
based results

CH4 [t km-2 a-1] 18.3±3.3 22.3±5.6

N2O [10-1 t km-2 a-1] 12.6±5.7 14.8±3.7
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Chapter 5 

Observation-based estimates of
fossil fuel-derived CO2 emissions in
the Netherlands using 14C, CO and

222Radon
*

                                                       
This chapter was published as: Van der Laan, S., Karstens, U., Neubert, R. E. M., and
Meijer, H. A. J.: Observation-based estimates of fossil fuel-derived CO2 emissions in the
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Abstract

Surface emissions of CO2 from fossil fuel combustion ( FFCO2) are esti-
mated for the Netherlands for the period of May 2006-June 2009 using
ambient atmospheric observations taken at station Lutjewad in the
Netherlands (6º 21’ E, 53º 24’ N, 1 m. a.s.l.). Measurements of 14C on
two-weekly integrations of CO2 and CO mixing ratios are combined to
construct a quasi-continuous proxy record (FFCO2*) from which surface
fluxes ( FFCO2*) are determined using the 222Rn flux method. The tra-
jectories of the air masses are analysed to determine emissions which
are representative for the Netherlands. We compared our observation-
ally based estimates to the national inventories and we evaluated our
methodology using the regional atmospheric transport model REMO.
Based on three years of observations we find annual mean FFCO2*
emissions of (4.7±1.6) kt km-2 a-1 which is in very good agreement with
the Dutch inventories of (4.5±0.2) kt km-2 a-1 (average of 2006-2008).

5.1 Introduction

Human activities have induced global warming by emitting large
amounts of the long-lived greenhouse gases carbon dioxide (CO2), meth-
ane (CH4), nitrous oxide (N2O) and halocarbons. From this group, CO2 is
the largest contributor to global warming (Forster et al., 2007). To pre-
vent global warming to rise to dangerous levels, most countries have
joined an international treaty, the United Nations Framework Conven-
tion on Climate Change (UNFCCC), with the intention to reduce their
greenhouse gas emissions. Currently, 184 parties of this convention have
also signed the Kyoto protocol subjecting themselves to legally binding
targets to reduce their emissions by on average 5% by the year 2012
(calculated as the average of 2008-2012) compared to 1990. At the 15th

Conference of Parties in Copenhagen in 2009 much larger reduction
targets were negotiated but a legally binding agreement could not yet be
agreed upon. Nevertheless, the Netherlands declared to reduce its emis-
sions by 30% by the year 2020 (compared to 1990) and the European
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Union has agreed to a reduction target of 20-30%.

Currently, these reduction targets are not validated by means of an in-
dependent approach. Parties only report their annual greenhouse gas
emissions based on statistical inventories (UNFCCC, 2009), by estimat-
ing the emission or uptake of various source and sink processes, and
adding them all up. However, these bottom-up statistics can potentially
be biased if the emission or uptake of relevant sources or sinks are incor-
rect or missing. Furthermore, the uncertainties can be as large as, or
even larger than, the reduction target itself (Rypdal and Winiwarter,
2001; Levin et al., 2003). In principle, the only truly independent method
for verification of emission reductions is by observing the changes in the
atmosphere. However, observations of CO2 mixing ratios alone are not
sufficient because of the very large natural CO2 fluxes and secondly, the
atmosphere integrates all emissions in space and time. This makes it
difficult to accurately determine the magnitude of the fluxes (from sur-
face to atmosphere or vice versa) and to aggregate them over a certain
area. One commonly applied method for estimating surface fluxes from
ambient mixing ratios is to combine ambient measurements with atmos-
pheric transport models; the so-called inverse modelling method (Rayner
et al., 1999; Bousquet et al., 2000; Rödenbeck et al., 2003; Bergamaschi
et al., 2005; Peylin et al., 2005; Baker et al., 2006). In spite of the
mathematical elegance of this method there are still large uncertainties
involved regarding (e.g.) estimations of the boundary layer height, mod-
elled transport in the atmosphere and errors related to the resolution of
the model (Engelen et al., 2002; Rödenbeck et al., 2006; Tolk et al.,
2008). Furthermore, the method is highly sensitive to measurement
biases between different observation stations as these would be trans-
lated by the model into a very strong source or sink in-between. This
method therefore not (yet) suitable and is currently not applied for esti-
mating the fossil fuel based CO2.

A more suitable observation-based method for estimating surface fluxes
is the 222Radon (222Rn) flux method (Levin, 1984; Thom et al., 1993;
Schmidt et al., 1996). 222Rn is a radioactive noble gas (its half-life time is
3.8 days) that is produced at a constant rate from 226Radium, which is
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relatively uniformly distributed in all soils. When released into the at-
mosphere, 222Rn experiences the same atmospheric circumstances (i.e.
transport and dilution through mixing) as all other gases released from
the surface. If the Rn flux is known and its atmospheric concentration
measured, the ratio between those two can be determined, and subse-
quently applied to calculate surface fluxes from mixing ratios of other
gases in the atmosphere. The main condition for using this method is
that the 222Rn soil emission has to be well known in time and space. This
method has been applied successfully to estimate the emissions of CH4

and N2O in the Netherlands (Van der Laan et al., 2009b). In this paper
we will demonstrate the method for CO2 emissions from fossil fuel com-
bustion.

After a description of our measurement site Lutjewad and the equip-
ment used (Sect. 2), we will describe the use of the radioactive isotope
14C to identify the CO2 from fossil fuel combustion (FFCO2) in Sect. 3.1.
Since CO2 from fossil fuels contains no 14C anymore due to its high age,
14C can be used as a proxy for fossil fuel CO2 emissions (Levin, 1987;
Zondervan and Meijer, 1996; Turnbull et al., 2006). Because 14C is too
labour intensive to allow continous observations, we apply a second
tracer: Carbon Monoxide (CO). CO has proven to be a valuable proxy for
FFCO2 (Meijer et al., 1996; Levin et al., 2003; Gamnitzer et al., 2006;
Turnbull et al., 2006) as its sources are very closely linked to that of
FFCO2. Any hydrocarbon oxidation process with CO2 as an end product
is to some extent associated with CO production (Gamnitzer et al., 2006).
We therefore calibrate our carbon monoxide (CO) mixing ratios to
FFCO2, which are integrated samples over two weeks, and construct a
high-resolution proxy for fossil fuel derived CO2 (FFCO2*). We subse-
quently apply the 222Rn flux method to calculate the surface emissions

FFCO2* (Sect. 3.2) and make a distinction between Dutch emissions
and emissions from abroad by looking at their trajectories. Similarly, we
distinguish between emissions from the northern part of the Nether-
lands (where station Lutjewad is located) and emissions from the
densely populated centre and southern part from where we expect the
highest emissions. For comparison, and for testing the methodology, the
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same exercise was performed on modelled concentrations of 222Rn and
FFCO2 from the regional transport model REMO (Sect. 3.3). Finally, the
results are compared to the national inventories (Sect. 4).

5.2 Measurement site Lutjewad and applied instrumentation

All measurements were performed at our station Lutjewad (53°24’18’’N,
6°21’13’’E, 1 m above sea level). The station is located in the north of the
Netherlands on the Dutch North Sea coast, about 30 km to the north-
west of the city of Groningen. Measurements include quasi continuous
observations of CO2, CH4, N2O, SF6, CO and 222Radon, automated flask
sampling (13C, 14C, O2/N2, CO2, CH4, CO), Eddy covariance (CO2, H2O)
and basic meteorological properties (air temperature, humidity, atmos-
pheric pressure, wind-speed and -direction and solar radiation). See also
Neubert et al. (2004). Wind conditions at the site are such that most air is
sampled from wind directions between southwest to west. During the
period of May 2006 to May 2009 the prevailing wind direction (31%) was
between 195° and 255° and most wind speeds (35%) were between 6 and
9 m s-1, based on observations at 60 m above ground level (the same as
the sample intake) (Van der Laan et al., 2009b). The majority of the
sampled air in Lutjewad is therefore highly influenced by emissions
from the Netherlands.

From the intake at a height of 60 m, air is flushed down continuously to
a laboratory where the air is dried to a dew point of -50°C, after which
the analyses take place and the air is collected in flasks.

Following a travel time of about 4 min the sample air is fed to a modified Agilent
HP 6890N Gas Chromatograph (GC) where separation and analyses of
CO2 and CO (also CH4, N2O, and SF6) take place. About six measure-
ments are performed in one hour and the obtained measurement
uncertainty is about ±0.04–0.06 ppm for CO2 and 0.8–1.8 ppb for CO
(Van der Laan et al., 2009a).

Bi-weekly integrated samples of CO2 are collected by absorption of CO2
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in CO2-free sodium hydroxide (NaOH) solutions. 14C is then determined
by conventional 14C analysis, or in the case of small samples due to unfa-
vourable wind conditions, in duplicate with Accelerator Mass
Spectrometry (AMS) in our radiocarbon laboratory in Groningen
(Stuiver and Polach, 1977; Mook and Van der Plicht, 1999). For this
study, samples were collected only when wind direction was between
100° and 250° in order to sample continentally influenced emissions. The
measurement precision is typically ±2-3 ‰ for both methods.

Ambient concentrations of 222Rn are measured (half hourly averages)
with an ANSTO dual-flow loop two-filter detector (Whittlestone and
Zahorowski, 1998). The total travel time from the inlet in the mast, at 60
m height, is about 10 min. The detector is a non-energy selective alpha
particle counter and would detect ambient 220Rn (half-life time of 55.6 s)
as well as 222Rn. However, this is prevented because of the relatively
long traveling time from the tower inlet to the detector compared to the
decay of 220Rn, i.e. roughly ten half life times. A filter in front of the de-
tector removes aerosols and (radioactive) decay products. The 222Rn
decay products are sampled on a second filter in a 1500 litre delay
chamber, where their decays are counted by a photo-multiplier. The
combined measurement uncertainty depends on the total decay counts
and the uncertainty of the 222Rn source with which the device is cali-
brated, and is typically 5%.
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5.3 Method

5.3.1 Constructing a quasi-continuous proxy for CO2 from fossil fuels

Our first step is to identify the 2-weekly integrated CO2 from fossil fuels
(FFCO2) by combining our semi-continuous CO2 mixing ratios with the
2-weekly integrated 14C measurements. We subsequently calibrate car-
bon monoxide (CO) to FFCO2 to obtain a high-resolution proxy for
FFCO2 (FFCO2*) which is needed for estimating the Dutch surface emis-
sions of CO2 from fossil fuels.

Ambient observed mixing ratios of CO2 (CO2obs) consist of a background
component (CO2bg), a fossil fuel component (FFCO2), a biosphere compo-
nent (CO2bio) and an oceanic component (CO2oc). In our case we include
CO2oc in CO2bg since we assume the 14C gradient between Lutjewad and
Jungfraujoch (which we use as a background reference station) is negli-
gible. This gives:

CO2obs = CO2bg + CO2bio + FFCO2 (1)

Expressed in 14C, which is the ratio of 14C/12C per mille deviations from
the standard pre-industrial atmosphere and corrected for radioactive
decay and mass dependent fractionation (Stuiver and Polach, 1977),
gives:

CO2obs ( 14Cobs + 1) = CO2bg ( 14Cbg + 1)

+ CO2bio ( 14Cbio + 1)

+ FFCO2 ( 14Cff  + 1) (2)

where the bio-term includes both respiration and photosynthesis. As the
14C in fossil fuels is already decayed, 14Cff = -1 according to its definition,
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and thus the final term on the right is zero. This leads to:

FFCO2 =
CO2bg

14Cbg
14Cbio( ) CO2obs

14Cobs
14Cbio( )

14Cbio +1
(3)

Following Meijer et al. (1996) and Zondervan and Meijer (1996) we set
CO2bio= CO2bg in Eq. (3) which gives:

 
  
FFCO2 = CO2obs

14 Cobs
14 Cbg( )

14 Cbg +1
+ resp (4)

The biosphere component (CO2bio) consists of about 50% of autotrophic
respiration, which is in close equilibrium with the background (Levin et
al., 2008). The heterotrophic respiration should in principle be taken into
account for terrestrial sites (Randerson et al., 2002) but is due to the
large heterogeneity of the biosphere difficult to estimate precisely (e.g.
Levin et al., 2003; Gamnitzer et al., 2006; Graven et al., 2009). Based on
a mean terrestrial residence time of 10 years Turnbull et al. (2006) esti-
mated for the northern hemisphere that FFCO2 would be
underestimated due to this biospheric 14CO2 source between 0.2 ppm in
winter to 0.5 ppm in summer. In this study we therefore add a harmonic
regression fit between 0.2 ppm in winter and 0.5 ppm in summer to our
FFCO2 values from Eq. 4 ( resp ) as an approximation for the seasonal
14CO2bio effect on FFCO2.

Because 14CO2 is constantly produced in the upper atmosphere, the ideal
background reference 14Cbg would be sampled at a station low enough to
avoid variations caused by changes in the production rate (e.g. changes
in cosmic radiation intensity) but high enough from the earth’s surface
to avoid depletion of its mixing ratio by fossil fuel CO2 emissions
(Hesshaimer, 1997; Randerson et al., 2002). The High Alpine site Jung-
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fraujoch (JFJ) (3450 m a.s.l.) in the Swiss Alps (Levin et al., 2003; Levin
et al., 2008) is about the best practical realisation available of this ideal
situation, so we used the 14C observations of JFJ as a background refer-
ence fitted with a linear trend fit with a 1-harmonic seasonality.

The 2-weekly integrated 14C mixing ratios from our NaOH-based CO2

sampler at Lutjewad, as well as the JFJ 14C measurements for the pe-
riod of May 2006 - May 2009 are shown in Fig. 1a together with the
Dutch monthly mean temperature (source: www.KNMI.nl). Very low 14C
values are observed in the (very cold) winter of 2008-2009, compared to
the previous years.

An extremely low 14C value of –6.4‰ was measured in the first two
weeks of January 2009 indicating high influence of fossil fuel burning
and low atmospheric mixing. Fig. 1b shows the corresponding 2-weekly
averaged FFCO2 mixing ratios as calculated with Eq. 4. and corrected for
14Cbio. The regression fit, a LOESS weighted smooth with a smoothing
factor set to one year, illustrates the clear seasonal pattern but does not
capture the very low and high excursions. High FFCO2 mixing ratios are
generally observed in the winter and lower values in the summer, both
influenced by atmospheric conditions (i.e. transport and planetary
boundary height) as well as anthropogenic activity. The very low 14C
excursion of –6.4‰ in Fig 1a is shown as a very high FFCO2 mixing ratio
of 20.6 ppm. The seasonal amplitudes vary strongly between the years
with about 4 ppm in 2006 to about 9 ppm in 2009. The lower values are
attributed to the fact that the year 2006 was a very warm year; the win-
ter of 2006-2007 was the warmest in the Netherlands since at least 300
years (KNMI, 2009). The uncertainty in the FFCO2 observations is typi-
cally 1.4 ppm. The corresponding relative error is around 20% for most
observations, but can become much larger (i.e. >100%) when the 14C
observations are close to the JFJ reference (i.e. very low FFCO2).

For practical reasons ( 14C measurements are too costly and time- and
labour-intensive to allow high resolution) our 14Cobs (and thus FFCO2)
are limited to 2-weekly integrated samples. Therefore, we calibrated our
(2-weekly integrated) high resolution CO mixing ratios to 2-weekly inte-
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grated FFCO2 and convert our CO dataset to a proxy for FFCO2 which is
defined here as: FFCO2*. First we determined a background for CO by
fitting the daily minimum values with a weighted mean, and subtracted
it from the CO mixing ratios in order to determine the CO enhancements
from the background (dCO). Fig. 1c shows the 2-weekly integrated dCO
observations, fitted with a weighted linear trend fit with a harmonic
seasonality to guide the eye. The high excursions from the background
value, which are observed in the winters, are not well represented by the
fit. For each two week-integrated sample 14Cobs we calculated a ratio
dCO/FFCO2 which is shown in Fig. 1d. Most observed values are be-
tween 5 and 15 ppb dCO/FFCO2 ppm. This low ratio is related to the
high share of natural gas in fossil fuel consumption in the Netherlands
(Meijer et al., 1996) which is used for a major part of the electricity pro-
duction and for almost all heating of buildings. The seasonal cycle of
dCO/FFCO2 is therefore mainly temperature driven. In the winter peri-
ods, the fossil fuel emissions in the Netherlands are dominated by the
heating of buildings which decreases the ratio dCO/FFCO2 because very
little carbon monoxide is formed when combusting natural gas.
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Because of the high variability and often large error bars, the data were
fitted with a weighted linear trend fit with a harmonic seasonality which
was used to convert the CO mixing ratios to FFCO2*. This fit is mainly
determined by observations from mid 2007-mid 2009, as there are fewer
observations in the first year due to technical difficulties. The fit is also
in lesser extent influenced by the observations in the summer where the
uncertainty is generally very large. Figure 1e shows the high resolution
mixing ratios of FFCO2* which also have a clearly seasonal cycle with
higher mixing ratios in the winter periods and lower values in the sum-
mers. The 222Rn observations for the corresponding period are shown in
Fig. 1f. Higher concentrations are generally observed in the winters
when the atmosphere is more stable.

5.3.2 Event selection

To calculate surface fluxes from FFCO2* ( FFCO2*) and distinguish
between different source areas, we selected the data based on specific
events according to the build-up of 222Rn in the atmosphere which is
common with stable atmospheric conditions. Figure 2 shows an example
of some of these events, indicated with shaded areas, observed at our
station from November 4 to November 24 in the year 2007. We selected
an event when a significant departure of 222Rn from the background con-
centrations was observed for at least four consecutive hours. Due to lack
of vertical mixing with free tropospheric air, all surface emissions (e.g.
222Rn and FFCO2) are trapped in the lower atmospheric boundary layer.
An event terminates when vertical mixing is re-established. Events
which start already before background level is regained (indicating a
long period of continental influence, indicated with the number 2 in Fig.
2) are treated similarly to the other events after defining a new baseline
(illustrated by the dashed lines). Similarly to Van der Laan et al. (2009b)
we assume that the meteorological circumstances (e.g. wind speed) re-
main stable and the transit time is the same for the whole air mass, and
use the length of an event as an indicator for the area of influence.

We analysed the trajectories of the air masses with the Hysplit 4 la-
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grangian back trajectory model (Draxler and Rolph, 2003) using hourly
GDAS (Global and hourly Data Assimilation System) metrological data
(downloadable from http://ready.arl.noaa.gov/gdas1.php) for each event
corresponding to the total duration of the event. For example, if an event
sustained for 8 h we calculated a trajectory 8 h back in time. As a start-
ing point we used the last data point of an event (before vertical mixing
was re-established) as well as a point in the middle of an event in order
to validate steady-state conditions during travel. Events were accepted
for further analysis if the trajectories indicated that the track of the air
mass was mainly (>70%) over the Netherlands in order to select events
which were dominantly influenced by Dutch emissions.

Fig. 2. Example of the different types of events (shaded areas) observed at station
Lutjewad. Three typical short-range events (the first indicated with 1) starting at
November 5 show an increase of 222Rn concentrations from baseline levels. The marked
events starting at November 15 (the first is marked with a 2) are built up on a slow
increase in the 222Rn concentration which indicates a persistent continental influence.
These events are treated as short-range events after a new baseline is defined (dotted
lines) for each individual event.
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Figure 3 shows a contour plot constructed from the hourly points on the
trajectories of all events which were selected for further analysis. The
values are normalized towards the end points of the trajectories (station
Lutjewad, indicated with an "x") in order to show the relative sampling
density over the footprint. Each event represents the average surface
emissions along its trajectory, while the effective capture range around
such a trajectory gets broader the further one goes back in time. There-
fore, to determine the mean emissions of the Netherlands we would only
have to collect a series of events that together represent the total area of
the Netherlands, implying that such trajectories would have to start
close to the borders of the country. Attributing the same weight to tra-
jectories that start close(r) to our station as to those further reaching
ones would lead to an overrepresentation of the region close to the sta-
tion, which is also clear from Fig. 3. As a practical solution, we decided
to divide the country into two sectors: the first relatively close (approx.
100 km radius) to the station (sector 1 in Fig. 3), and the second com-
prising the rest of the Netherlands (sector 2 in Fig. 3). We then assume
the trajectories starting in the outer sector to be representative for the
Netherlands as a whole, whereas those starting in the inner sector
would represent the regional emissions of the north of the Netherlands.
The emissions from sector 2 itself are then calculated in a straightfor-
ward way from them.
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Fig. 3. Density of the selected observations over the footprint based on hourly points of
back trajectories. Data is normalized to the end points of the trajectories (i.e. Lutjewad)
to illustrate the relative distribution of the observations to the footprint. Station Lutje-
wad's location is indicated with an "x". Two sectors (1 and 2), based on population
density are also indicated. Colour version: page 174.

The two sectors are also representative for the population density in the
Netherlands with sector 1 having less than 250 inhabitants km-2

whereas the average of the whole country is about 500 inhabitants km-2.
Once this separation has been made, the calculation of the flux is just
the arithmetic mean of the flux results for the individual events. Ac-
cordingly, the uncertainty is the square root of the quadratic sum of
individual event uncertainties, divided by the number of events.
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5.3.3 Calculation of FFCO2* surface fluxes

To calculate the surface fluxes, linear regression fits were made for each
selected event. An example of a regression fit between FFCO2

* and 222Rn
for a single event, which was observed from 13 August 2006 18:30 UTC
to 7:00 UTC the next day, is shown in Fig. 4. 222Rn increased by about 2
Bq m-3 during this period and FFCO2* by about 9 ppm. The correlation
(assumed by the 222Rn flux method) between FFCO2* and 222Rn was sig-
nificant: R=0.9. For the regression slopes a correlation coefficient of
R>=0.7 is used as a threshold for further analysis. Hereby we aim to
maintain regression slopes with a sufficient correlation and still have
enough events to determine annually averages. In total 184 events were
selected with 97 from sector 1 and 87 from sector 2.

The surface flux FFCO2* for each event is calculated as follows (Levin,
1984; Thom et al., 1993; Schmidt et al., 1996):

  
FFCO2 * = Rn

FFCO2
*

Rn
(5)

FFCO2 *  represents the surface flux of FFCO2*,   Rn
 is the 222Rn soil flux

rate, FFCO2* represents the atmospheric mixing ratios of FFCO2* and
Rn is the atmospheric concentration of 222Radon. The over-bars are the
means for the spatial and temporal scales of influence. The ’s represent
enhancements from their background values. Hence, the second term in
Eq. 5 is the linear regression fit for each event.
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Fig. 4. FFCO2* and 222Rn determined from a single event starting at
13 August 2007 18:00 UTC and ending at 7:00 UTC the next day.

Basically, an atmospheric transport coefficient is determined from the
ratio of the 222Rn soil flux rate to the observed 222Rn concentrations at a
certain height. The mixing ratios of FFCO2*, if measured at the same
height, can then be scaled to its surface flux ( FFCO2*) assuming the
atmospheric transport and dilution (e.g. by mixing with the free tropo-
sphere under unstable atmospheric conditions) is the same. As explained
above, the radioactive noble gas 222Rn is suitable for this application.
However, since 222Rn is subjected to radioactive decay we have to correct
for this. Similarly to Van der Laan et al. (2009b) we assume that the
transit time is the same for all air masses which are collected during one
event and correct our FFCO2* results for the 222Rn decay by multiply-
ing Eq. (5) with:

e
0

max

d

max
=

1 e max 1( )
max

=
1 e max

max
(6)
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wherein 
  max

 represents the maximum transit time for the specific ob-
servation period, for which we take the total length of each event, and 
is the decay constant (0.182 d-1) of 222Rn. In this study, the applied cor-
rection for radioactive decay was on average <5%.

Fig. 5. 222Rn soil flux rate (expressed in atom cm-2 s-1) for both sectors based on
Szegvary et al. (2009). The data was fitted with a weighted LOESS to calculate
the surface fluxes FFCO2*.

For both sectors we used the 222Rn soil flux ( Rn) based on a 0.5°x0.5°
222Rn soil flux map for Europe (Szegvary et al., 2009) with a temporal
resolution of one week. Szegvary et al. (2009) constructed this map,
based on the correlation between 222Rn and gamma-dose rate measure-
ments based on observations in the year 2006. The annual mean 222Rn
soil flux was 0.29 atoms cm-2 s-1 for sector 1 and 0.35 atoms cm-2 s-1 in the
case of sector 2. A very small seasonal cycle is present of about 0.01 at-
oms cm-2 s-1 with higher emissions in the summer and lower in the
winter. The data was fitted with a weighted LOESS fit which we used
for calculating the FFCO2* emissions (Fig. 5).
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5.3.4 FFCO2 surface emissions from modelled mixing ratios

To investigate our method's sensitivity towards emissions from sector 1
and 2 we performed the same exercise on modelled mixing ratios for the
year 2007 from the regional atmospheric transport model REMO
(Langmann, 2000). Mixing ratios of FFCO2 and 222Rn concentrations
were simulated by REMO for station Lutjewad and from them FFCO2

surface fluxes were calculated using the approach described in this pa-
per for sector 1 and 2. The results are then compared to the a-priori,
annual mean fluxes for both sectors (Fig. 6). REMO has a grid resolution
of 0.5°x0.5° in a rotated spherical coordinate system and was run on a
semi-hemispheric domain covering the area north of 30N. For this study,
REMO was fed with hourly FFCO2 emissions based on 1° x 1° data
available from the Emission Database for Global Atmospheric Research
(EDGAR3.2FT2000) (Olivier et al., 2005).
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Fig. 6. REMO grid cells with emissions for the year 2007 based on the
EDGAR3.2FT2000 database and BP statistics. Also indicated are the sectors repre-
senting sectors 1 and 2 from Fig. 3. Colour version: page 175.

The emission data were extrapolated from the year 2000 to 2007 by C.
Gerbig (Pers. Comm. 2009) using BP statistics (downloadable from
www.BP.com/statisticalreview) and seasonal to diurnal variations were
included based on time profiles available in the EDGAR database.The
222Rn soil flux was taken from the European map given by Szegvary et
al. (2009) and has a temporal resolution of one week and a spatial reso-
lution of 0.5°x0.5°. This is the same source as used for the analysis of the
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observations (Fig. 5). Figure 7a shows the 222Rn concentrations for the
Lutjewad observations and the simulations using REMO/Szegvary for
January through April 2007. The synoptic variations are very well cap-
tured by the model. Figure 7b shows the correlation between the 222Rn
concentrations from REMO/Szegvary and our observations for all se-
lected events for the year 2007. The correlation between the two is good
(R=0.85) which suggests that the a-priori 222Rn soil flux map from
Szegvary et al. (2009) is representative for the footprint of station Lut-
jewad. There is, however, a large scatter in the data, which may be
related to the modelled atmospheric transport and/or the limited spatial
resolution of the soil flux input data.
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Fig. 7a. Comparison between 222Rn observations from Lutjewad and modelled
222Rn concentrations from REMO using 222Rn soil emissions taken from
Szegvary et al. (2009) for part of the year 2007. Colour version: page 176.

Fig. 7b. Correlation between 222Rn events from observations from Lutjewad and
from REMO/Szegvary 222Rn concentrations for 2007.
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5.4 Results

Figure 8 shows the results for the FFCO2* surface fluxes for both sec-
tors for the period of May 2006-June 2009. The error bars represent the
uncertainty in the linear regressions fits of the events only. The har-
monic regression fit to the sector 2 points is to guide the eye only. A
large variation is present in the fluxes but in general the lowest fluxes
are observed in the summers and the highest in the winters. Most fluxes
are observed from June 2008 through June 2009 because of wind condi-
tions: fewer events are flagged out as being not representative for sector
1 or 2. For the period of June 2006-July 2007 44 fluxes are observed, for
the period of June 2007-July 2008 47 fluxes are observed and for the
period of June 2008-July 2009 84 fluxes are observed. There are too few
observations to determine the annual mean emissions per year. As ex-
pected based on the population density distribution, fluxes from sector 1
are generally lower then those from sector 2.

Fig. 8 FFCO2* surface fluxes for the Netherlands for the period of May 2006
through June 2009 fitted with a harmonic regression fit (to guide the eye). Emis-
sions from sector 1 are generally lower then does including also emissions from
sector 2. The error bars represent the uncertainties of the linear regression fits. A
seasonal cycle is clearly present with lower emissions in the summer period com-
pared to the winter.



Chapter 5

- 128 -

The frequency distributions of the fluxes for all observations are shown
in Fig. 9a, Fig. 9b (for the trajectories starting within section 1), and Fig.
9c (for those starting within sector 2). The results for the REMO based
data are shown in Fig. 9d (all observations), Fig. 9e (sector 1) and Fig. 9f
(sector 2). As explained in Sect. 3.2 we consider the emissions based on
trajectories starting in sector 2 as representative for the emissions of the
Netherlands whereas those starting in sector 1 represent the local emis-
sions. The annual mean emissions representative for sector 2 itself are
calculated by subtracting the local emissions for sector 1 from the total
emissions, by taking 19 grid cells for the Netherlands, 11 grid cells for
sector 2 and 8 grid cells for sector 1 (Fig. 6).



Fossil fuel CO2 emissions

- 129 –

Fig. 9a Frequency distribution of FFCO2*. (b) FFCO2* for sector 1. (c) FFCO2* for
sector 2. (d) Frequency distribution of the FFCO2* from REMO/EDGAR. (e) FFCO2*
REMO/EDGAR for sector 1. (f) FFCO2* REMO/EDGAR for sector 2.

For the total period of May 2006 through June 2009 we find annual
mean FFCO2* surface fluxes for the Netherlands (i.e. represented by
emissions starting from sector 2) of: (4.7±1.1) kt km-2 a-1. For sector 1 we
find: (3.3±1.1) kt km-2 a-1 and this leads to (5.7±1.1) kt km-2 a-1 for sector
2. For the REMO exercise we compare our results with the emission
input into REMO for both sectors as indicated in Fig. 6. Using our ap-
proach we find annual mean FFCO2 surface fluxes for the Netherlands
of: (4.5±0.4) kt km-2 a-1, for sector 1 of (3.3±0.6) kt km-2 a-1 and then



Chapter 5

- 130 -

(5.4±0.6) kt km-2 a-1 for sector 2. These are in very good agreement with
the input fluxes of: 2.9 kt km-2 a-1 for sector 1, 5.8 kt km-2 a-1 for sector 2
and 4.6 kt km-2 a-1for the Netherlands in total. Hence: the 222Rn flux
method on the modelled concentrations of 222Rn and FFCO2 returns the
input fluxes for both sectors. This is strong support for our chosen meth-
odology: combining FFCO2* and 222Rn observations with the presented
analysis based on the selection of emission "events" and back trajectory
selection. Our methodology shows that using data from our station Lut-
jewad, emissions from both sectors and thus the Netherlands as a whole
can be determined, provided a satisfactory number of "events" with suit-
able back trajectories is available. All results, including our analysis
with the modelled data from REMO, are summarized in table 1.

Table 1. Results for FFCO2* and FFCO2 (REMO) emissions for the Netherlands
and per individual sector.

Nr. of
events

FFCO2

a-priori

2007

EDGAR3.2+
BP-statistics

FFCO2

Flux
method

2007

REMO+
EDGAR

National
inventory

2006-
2008

FFCO2*

Flux
method

obs.based

May 2006-
June 2009

Sector 1

8 grid boxes

97 2.9 3.3±0.2 3.3±1.1 kt km-2 a-1

Sector 2

11 grid boxes

87 5.8 5.4±1.1 5.7±2 kt km-2 a-1

Netherlands 87 4.6 4.5±0.3 4.5±0.2 4.7±1.6 kt km-2 a-1
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5.5 Discussion

In this paper we estimated the annual mean emissions of CO2 from fossil
fuels ( FFCO2*) using the 222Rn flux method on specific events which are
selected based on their trajectories. In cases such as this one, it is com-
mon practice, but incorrect, to treat the data as shown in Fig. 9 as a
normal or lognormal distribution with a single "true" value while the
variability of the data is assumed to be caused by measurement and
other random uncertainties. On the contrary, each measurement is the
flux result for the specific area sampled by the air masses at that specific
event. Therefore, flux results for the individual events can vary widely
and yet all of them should have their share in the result for the flux of
the total area. The mean emission for a given area is thus represented
best by the sum of all observations divided by the number of observa-
tions (i.e. the arithmetic mean), and its uncertainty is given by quadratic
addition of the random errors of the individual observations. Our results
regarding the national CH4 and N2O emissions (Van der Laan et al.,
2009b), for which we used the same event-based 222Rn technique, but for
which we presented the results based on the median and a lognormal fit,
will therefore be revised according to our approach presented here (i.e.
using two sectors and the arithmetic mean) in a forthcoming paper to-
gether with an extended dataset. The new results for the fluxes for the
Netherlands so far are given in Van der Laan (2010). They are higher by
about 50% compared to the lognormal approach and still confirm the
national inventories.

Of course, the reliability of our method is crucially dependent on the
completeness of coverage of the area, and thus on the total number and
diversity of the events. Figure 3 is encouraging in the sense that it
shows that our observations cover the footprint very well. Furthermore,
the results we achieved from testing our method on the simulated data
from the REMO model (i.e. calculating fluxes from individual events and
analysing their trajectories), fed with EDGAR FFCO2 emission data and
the 222Rn field of Szegvary et al. (2009) are crucial, and are encouraging:
our method returns what was put into the model for each sector. This
clearly supports our methodology.
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Our results are potentially biased towards the warmer months since we
have less observations in the winter months of 2007 and 2008 (Fig. 8).
We expect this potential bias however not to be significant since the
results for the last, in terms of observations more nicely distributed,
year (Aug 2008 - June2009) would only be 11% lower.

The uncertainty for our observation-based emission estimate for the
Netherlands as given in Sect.4 was about 23% based on the random er-
ror, calculated as explained above. For the combined uncertainty we
should also consider systematic errors, related to the conversion from
14C to FFCO2* and the assumed 222Rn soil emission rate. In this study
the used 222Rn soil flux was based on Szegvary et al. (2009). The uncer-
tainty was estimated by the authors to be ±30% for the annually mean
222Rn soil flux of the Netherlands. However, Figs. 7a and 7b show that
the modelled 222Rn concentrations agree very well with our observations,
suggesting, at least for the annual means, that the 222Rn soil flux is rep-
resentative for the Netherlands. By using two sectors, we take into
account part of the spatial variation and also a small seasonal cycle in
the LOESS fit (Fig. 5) was included. On small time scales the uncer-
tainty can potentially be large, which is mostly attributed to the fact
that although the production of 222Rn in the soils is constant its emission
is influenced by atmospheric pressure, soil temperature and soil humid-
ity. For example, the 222Rn soil flux can vary by an order of magnitude
due to e.g. rain or snow and proportionally affect the calculated fluxes.
This probably explains, together with the uncertainty related to the
modelled transport in REMO, the large scatter in Fig. 7b. However, we
expect this effect to be a minor contribution in our results as we calcu-
lated the surface fluxes per single event of which the average duration is
in the order of about 10 h. For our annual mean FFCO2* emissions we
therefore estimate the uncertainty related to the 222Rn soil flux at about
10%.

The systematic uncertainty in our FFCO2 observations is directly intro-
duced into the dCO/FFCO2 ratio for which we applied a weighted
harmonic fit with a linear component to calculate FFCO2*. The fit is
mostly determined by the last two years of observations since there are
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far less observations in the first year, and the observations we do have
are subjected to relatively large uncertainties. The uncertainty in the fit
is estimated to be about 20% based on the uncertainties in the amplitude
and the offset. However, this fit is based on 2-weekly integrated observa-
tions of CO and FFCO2 whereas our events are typically 10 hours. The
ratio of dCO/FFCO2 could be influenced by a diurnal variation related to
the fact that different fossil fuel combustion processes (e.g. domestic
heating and traffic) have very different CO/FFCO2 ratios, and their rela-
tive contribution varies over the day (Levin and Karstens, 2007).
Another potential source of uncertainty could be biomass burning or
photochemical effects (Campbell et al., 2007). More research is needed to
better estimate the temporal variation in the dCO/FFCO2 ratio, for ex-
ample by analysing events on a high-resolution basis for CO and FFCO2

by using flask samples. We do not expect this uncertainty to contribute
significantly to our annually averages, but our event selection proce-
dures could potentially introduce a bias.

Fig. 10. Distribution of the selected events during the day. Fewer events are
observed during 10:00-16:00 when vertical mixing is more pronounced.
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Another source of uncertainty is the fact that the 222Rn flux method is
based on (vertical) atmospheric gradients which are observed mostly in
the evenings and nights when the atmosphere is in general more stable
(Fig. 10). Our method is therefore less suitable for estimating surface
emissions in the afternoon when vertical mixing is more pronounced.
Most of the day is, however, well covered and also the traffic peaks in
the mornings and evenings are generally included in our dataset. Figure
10 shows furthermore that there is no significant correlation between
the height of the flux and the time of the events, which is probably be-
cause each event represents a single integrated value that usually
includes emissions over several hours during day and night.

The sensitivity to the value of the correlation coefficient R as a threshold
for the events was also tested: our results would be about 8% higher (but
less representative due to the lower number of events) when choosing
R>=0.8 as a cut-off value, and 2% lower with R>=0.6. Our results are
therefore not significantly biased by our choice of R.

In total, we estimate the systematic error to be ± 25%. Together with our
random error of 23% this leads to a combined uncertainty for our annu-
ally mean results (table 1) of ±35%.

5.6 Conclusions and outlook

The method presented here provides an important independent ap-
proach for validating inventories. We conclude that our method of 222Rn
flux approach leads to a reliable estimate (±35%) of the FFCO2 fluxes
for the Netherlands. For detecting year-to year variations the uncer-
tainty is lower (±23%). Our methodology is firmly backed-up by the
simulated data treatment using REMO, for which our method repro-
duced the input emissions of EDGAR, and analysis of the distribution
density of our observations towards the footprint. This implies that, us-
ing our method, a single monitoring station is in principle capable of
determining the FFCO2 flux for an area at least the size of the Neth-
erlands (36,000 km2). However, it is crucial that the target area is
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sufficiently covered by the trajectories of the collected events. Although
in this sense the location of station Lutjewad is close to ideal, this re-
quirement is ideally fulfilled with a network of monitoring stations to
ensure that each grid on the total footprint is covered semi-continuously.

Based on three years of observations from station Lutjewad for the pe-
riod of May 2006-June 2009 we estimate net emissions for fossil fuel
derived CO2 of: (4.7±1.6) kt km-2 a-1 for the Netherlands. Our result
agrees very well with the Dutch inventory of (4.5±0.2) kt km-2 a-1 (aver-
age value from 2006-2008) but more research is needed to reduce the
uncertainties.

As a side result we found that the 222Rn soil flux estimates of Szegvary et
al. (2009) are representative for the Netherlands. Still, for future studies
we suggest more research to further constrain the 222Rn soil flux. If fu-
ture research would result in a more reliable soil 222Rn emanation rate,
our values can be adjusted in a simple way as they are directly propor-
tional to this emission rate. We encourage that our method is applied
using data from other stations. We suggest that the sensitivity towards
specific regions (i.e. how each grid is covered) is tested with a higher
resolution forward transport model in combination with a high resolu-
tion emission inventory (e.g. the newly available 0.1º X 0.1º EDGAR4.0
database). For each individual event the surface fluxes could then be
calculated based on its individual trajectory.
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6.1 Discussion and conclusions

The aim of this thesis was to determine the annually mean emissions of
the most important Long-Lived Greenhouse Gases (LLGHGs): fossil fuel-
based carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) for
the Netherlands, based on ambient observations. The project started
with the modification of a Gas Chromatograph (GC) in order to autono-
mously measure the ambient mixing ratios of CO2, CH4, N2O, SF6

(sulphur hexafluoride) and CO (carbon monoxide) simultaneously. With
this modification, CO2, CH4 and N2O, as well as two effective tracers for
anthropogenic activity can be monitored at the same time and for the
same air masses. This new system (chapter 3) was the first single device
to simultaneously measure the ambient mixing ratios of these five gases
with high precision and accuracy. The measurement precisions at our
remote research station Lutjewad were very good: ±0.04 ppm for CO2,
±0.8 ppb for CH4, ±0.8 ppb for CO, ±0.3 ppb for N2O, and ±0.1 ppt for SF6.
The system has shown reliable, stable, and robust performance for a
measurement period of more than 3 years, even under occasional harsh
conditions (e.g. power failures) that are inevitable for remote atmos-
pheric monitoring stations. The system requires only two local reference
cylinders and a target cylinder for daily routine, and is stable enough to
deliver high quality measurements with only one primary calibration
per year against international WMO standards.

The combination of the GC and a 222Radon detector, both sampling from
the top of the Lutjewad tower at 60 m height, enables the use of the so-
called 222Rn flux method. This method has proven to be a powerful tool
for estimating surface emissions of a large region. The 222Rn flux method
uses 222Rn as a conservative tracer for atmospheric transport. The trans-
port- and dilution coefficient (to the free troposphere) for a given air
mass is calculated from ratio of the 222Rn soil flux to its observed mixing
ratios in the tower. Applying this coefficient, the mixing ratios of (e.g.)
CH4 can be translated to its surface flux. In this thesis, the 222Rn flux
method is applied to determine the annual mean surface emissions of
CH4, N2O (chapter 4) and fossil fuel based CO2 (chapter 5) for the latter
of which a proxy is used: FFCO2*. Net emissions of: (23±6) t km-2 a-1 for
CH4 and (15±4) 10-1 t km-2 a-1 for N2O were estimated for the Netherlands
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for the period of May 2006–May 2009 (appendix chapter 4). These values
are higher than the inventory-based emissions (2006-2008 averages) of
(18±3) t km-2 a-1 for CH4, and (13±6) 10-1 t km-2 a-1 for N2O, but the differ-
ences are within the error bars. For FFCO2* annually mean emissions
for the Netherlands of (4.7±1.6) kt km-2 a-1 are estimated for the period of
May 2006-June 2009, which is, similar to CH4 and N2O, in very good
agreement with the Dutch FFCO2 inventories of (4.5±0.2) kt km-2 a-1

(average of 2006-2008). Our results therefore suggest that the national
inventories for the Netherlands are correct for these gases. However, the
observationally based method has still some relatively large uncertain-
ties.

A large contributor to the uncertainty is related to the 222Rn soil flux,
which is not very well known. The 222Rn soil flux is very sensitive to soil
humidity, atmospheric pressure and soil texture. On small temporal
scales for example, the emission rate of 222Rn from the soil can vary by
orders of magnitude when influenced by rain or snow. However, in this
study surface fluxes are calculated for observation periods (events) of
typically 10 hours, and the uncertainty related to the temporal variation
in the final (annual) results is therefore assumed to be insignificant. In
this study the 222Rn soil flux was based on a European 222Rn soil flux
proxy map. This flux map was determined by Szegvary (2007)4 who cali-
brated 222Rn soil flux measurements to gamma dose rate monitors and
subsequently applied the correlations to data from a dense gamma dose
rate network provided by the EUropean Radiological Data Exchange
Platform (EURDEP) to create a highly detailed 222Rn soil flux map of
Europe. This map was considered state of the art at the time of writing.
However, it is possible that the method includes a systematic error, for
example by the fact that there were relatively few actual 222Rn meas-
urements used for the calibration. The 222Rn soil flux in the Netherlands
is expected to have a relatively large spatial variation because of the
many river deltas and coastal areas. The 222Rn soil flux is presumably
lower in the northern parts of the Netherlands, and higher in the south-
ern parts where the soil is more sand-based. The spatial variation in the

                                                       
4 Szegvary, T. 2007. European 222Rn flux map for atmospheric tracer applications. PhD
thesis. University of Basel, Switzerland, Basel.
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222Rn soil flux will cause the very local GHG emissions to be overesti-
mated since the 222Rn mixing ratios are calibrated against a too high
222Rn soil flux (Eq. 1, chapter 4). Similarly, the GHG emissions from the
south of the country will be underestimated. As Lutjewad is situated at
the northern Dutch coast and most observations (events) were collected
with south-south-westerly winds and with a trajectory over the country,
the average 222Rn soil flux for the collected air masses should be close to
the average value for the Netherlands. In chapter 5, a comparison is
made between 222Rn mixing ratios of Lutjewad and from REMO using
the 222Rn soil flux map of Szegvary (2009). For the selected events during
the year 2007, the difference was <5% with a correlation coefficient of
R=0.85. This suggests that, on an annual mean basis, the 222Rn soil flux
map is representative for the Netherlands, at least for the footprint of
station Lutjewad. Furthermore, the systematic uncertainty regarding
the 222Rn soil flux does not affect the estimates for long-term trends and
if future research leads to different estimates of the annual average
222Rn soil flux, our reported annual mean estimates for FFCO2*, CH4 and
N2O can easily be adjusted accordingly as they are directly proportional
to the assumed 222Rn soil flux.

Our net annual estimates for the FFCO2* emissions of the Netherlands
are subject to an additional uncertainty which is related to the meas-
urement uncertainty for 14C and the calibration of the 2-weekly
integrated FFCO2 to CO. The measurement precision is typically 2-3‰
for 14C which leads to an uncertainty of about 0.8 ppm - 2.2 ppm in the
mixing ratios of FFCO2. This is directly included in the dCO/FFCO2 ratio
from which the mixing ratios of FFCO2* are calculated using a harmonic
fit with a linear component. The uncertainty in this fit is estimated to be
about 20%. Additionally, the ratio of dCO/FFCO2 could be influenced by
a diurnal variation of CO in the atmosphere because of different fossil
fuel combustion processes (e.g. domestic heating and traffic). For the
annually averages this uncertainty is not expected to contribute signifi-
cantly, but the applied event selection procedures could potentially
introduce a bias. In chapter 5 (Fig. 10) the distribution over the day is
shown for the selected events. As expected, the data selection is biased
towards the evenings and nights when the atmosphere is in general
more stable. Still, most of the day is well covered including the extensive
traffic events in the mornings and evenings. Furthermore, it is shown
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that there is not a significant correlation between the height of the flux
and the time of the events, probably because the events integrate over
several hours during the day and night.

In chapter 5 it is demonstrated that the most representative method for
estimating annual averages is achieved by the sum of all observations
divided by the amount of the observations (i.e. the arithmetic mean). The
uncertainty in the mean is then given by quadratic addition of the indi-
vidual uncertainties (i.e. the random errors in the measurements and
the uncertainties in the linear regressions fits). The reliability of the
result depends on the coverage of the area under study by the collected
observations. Many observations are thus required to get statistically
reliable results. Station Lutjewad, in the north of the Netherlands, is a
well-chosen spot for the fluxes for the country, as most of the air masses
have their trajectory over the entire country5; still a significant part of
the data (i.e. the north sector) could not be used for this research. The
main uncertainty regarding the method used in the thesis is therefore
related to the question of how well the emission's sources are repre-
sented in the selected data. In chapter 5 a distinction was made between
two sectors with one influenced mostly by local sources, and the other
representing the Netherlands. For both sectors surface emission of
FFCO2* were calculated using the observations from Lutjewad. We per-
formed the same analysis also on synthetic data, using modelled
REMO/EDGAR based mixing ratios. The results gave confidence that
our methodology provides realistic results since the method returned
what was put into the model for both sectors using the REMO/EDGAR
based mixing ratios.

The combined uncertainties in the results presented in this thesis are
estimated at approximately 35% for FFCO2* and 25% in the case of CH4

and N2O with respect to their absolute values. Long-term trends can be
determined with a higher level of confidence: about 25% for FFCO2* and
20% for CH4 and N2O. Therefore, the ambitiously announced emission
reduction targets of the Netherlands of 30% by the year 2020 compared
to 1990 (expressed in CO2-equivelents) is within our detection limit. The
uncertainties in the inventories are estimated at 18% in the case of CH4,

                                                       
5 The dominant wind direction for the Netherlands is south-southwest (approx. 30-35%).
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45% for N2O and 2% for FFCO2, but these include only random errors.
The systematic uncertainties can potentially be the largest contributor
to the combined uncertainties, but are difficult to estimate. It is also one
of the main reasons why independent verification is necessary. The un-
certainties in the measurement-based approach is about equal or
smaller then those in the inventories in the case of CH4 and N2O, but
needs more refinement for FFCO2*, to more accurately detect and verify
emission changes.

The main conclusions of this thesis are the following:

• The national inventories for CH4, N2O and FFCO2 are validated for a
period of over three years for the Netherlands.

• Station Lutjewad is very suitable for monitoring the Dutch emis-
sions of CH4, N2O and FFCO2 using the methods presented in this thesis.

• The method presented in this thesis can be applied with a reason-
able level of confidence to estimate long-term trends of the emissions.
The uncertainties are still relatively large for absolute values and rapid
detection of emission changes remains therefore difficult.

• When using the 222Rn flux approach, annual means should be re-
ported based on the arithmetic means, provided there is sufficient data
coverage to represents each grid cell.

• The 222Rn soil flux map presented by Szegvary et al. (2009) is repre-
sentative for the Netherlands.

• The largest sources of uncertainties are related to the 222Rn flux soil
emanation, the measurement precision of 14C (in the case of FFCO2), and
how well all emission sources are captured by the data selection proce-
dures.

• With the exception of the measurement precision of 14C, these uncer-
tainties can be reduced significantly with further research and with
relatively little effort.

• The methodology presented in this thesis should be tested by apply-
ing it on data from other stations as well, and preferably using a high
resolution atmospheric transport model with detailed a-priori emissions
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(i.e. EDGAR4.0).

6.2 Future perspectives

Studies like the one presented in this thesis will become increasingly
important in the near future. The work presented here does not only
provide a method to gain more insight in the sources and sinks of green-
house gas emissions, but also demonstrates the potential for truly
independent emission verification. The results show that the applied
method, based on ambient observations, is quite successful, although it
needs more refinement in order to rapidly detect emission changes, es-
pecially in the case for FFCO2*. The main uncertainties are related to (1)
the 222Rn soil flux (2) the measurement precision and accuracy of 14C and
calibrating CO to FFCO2 to construct a high resolution dataset (3) the
representation of the locations of the emission sources in the observa-
tions.

Regarding (1): the 222Rn soil flux estimates could be greatly improved by
using a similar method as described in this thesis, but the other way
around: by using the CO2 soil flux as a tracer to estimate the 222Rn soil
flux. This can be done by using a combination of Eddy Correlation (EC)
and 222Rn concentration measurements. In the Netherlands, there are
currently two stations (Cabauw, in the centre of the country and Lutje-
wad) which have a 222Rn measurement system as well as an Eddy
Covariance (EC) system. The EC system gives both the mixing ratio of
(total) CO2 as well as its surface flux and gives therefore the transport
coefficient with which the mixing ratios of 222Rn can be converted to its
regional soil flux. In other words: to make 222Rn a reliable flux translator
on the large scale, the EC technique can be used as a flux translator on
the small scale (100-1000 km2) to actually measure the 222Rn flux on that
same scale. This method will require only two relatively simple devices
which would make a mobile measurement system feasible6. By using

                                                       
6 A smaller version (e.g. 700 L) of the ANSTO 222RN detector described in this thesis is
available, as well as a device developed at the University of Heidelberg.
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such a system for a certain period on several measurement locations, the
spatial variation as well as the temporal variation in the 222Rn soil flux
will become much better known, and hence the uncertainty in observa-
tionally based emissions will be greatly reduced. These results should be
combined with results from current studies at the CIO using 222Rn soil
chamber measurements and numerical modelling of the 222Rn soil flux to
improve the calibration of the gamma dose radiation network in the
Netherlands7.

With regard to (2): the Centre for Isotope Research is currently launch-
ing a co-operative effort on a new and potentially revolutionary detection
method for 14C, based on optogalvanic spectroscopy8 which was devel-
oped by Prof. Daniel Murnick from the Rutgers University Newark
(U.S.A.). This system will allow in-situ, semi-continuous observations of
14C for relatively low costs (i.e. ≈ 200 k€). A working prototype with the
required sensitivity and precision has been developed but it will still
require many efforts for a fully deployable system is operational.

Regarding (3): The methodology as presented in this thesis could be fur-
ther improved by increasing the spatial resolution using a higher
resolution atmospheric transport model and by calculating the surface
flux for each grid cell based on the individual events and using the ap-
propriate 222Rn soil flux. The method could be validated more accurately
and robust by using the newly available high-resolution EDGAR4.0
emission database (approximately 10 km x 10 km) and a high-resolution
atmospheric transport model in forward mode.

                                                       
7 In the Netherlands, the National Institute for Public Health and the Environment
(RIVM) runs 150 of these gamma dose rate monitors which are spread throughout the
country: http://www.rivm.nl/milieuportaal/dossier/meetnetten/radioactiviteit/
8 Intracavity optogalvanic spectroscopy. An analytical technique for C-14 analysis with
subattomole sensitivity. D.E. Murnick et al,. Analytical Chemistry 80 (13) 4820-4824,
2008.
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The effects of global warming are becoming more and more noticeable
every year. To try and prevent global warming from rising to dangerous
levels, most countries have agreed to reduce their greenhouse gas (GHG)
emissions. These countries annually report their GHG emissions based
on inventories of known sources, but this method potentially contains
(systematic) errors which can be as large as the reduction targets or
higher.

The aim of this thesis was to determine the net annual surface fluxes of
CH4, N2O and fossil fuel-derived CO2 for the Netherlands, using an ob-
servationally based approach, and thereby to validate the national
inventories in a fully independent way.

All ambient observations were performed at the atmospheric measure-
ment station Lutjewad (6º 21’ E, 53º 24’ N, 1 m a.s.l.) at the north coast
of the Netherlands which, for this purpose, was updated extensively by
the Centre for Isotope Research (CIO) of the University of Groningen
(RUG). Most notably, a new Gas Chromatograph (GC, chapter 3) and a
222Radon detector (chapter 2) were installed at Lutjewad.

Before the instalment of the GC at Lutjewad in May 2006, initially for
the purpose of measuring the ambient mixing ratios of CO2, CH4, N2O
and SF6 (sulphur hexafluoride), the GC was heavily modified (chapter 3).
The GC was very much improved and extended with the measurement of
the ambient mixing ratios of carbon monoxide (CO), which is an impor-
tant tracer for fossil fuel originated CO2. This was the first single device
to measure in-situ and with high precision and accuracy the ambient
mixing ratios of CO2, CH4, N2O, CO and SF6 simultaneously. The system
is designed to operate autonomously, which is necessary at remote and
unmanned stations, and is very cost-efficient. Together with a target
cylinder for quality control, only two local reference cylinders are needed
for daily routine. The system is very reliable, easy to operate, and is able
to perform about 6 measurements of all compounds per hour. The GC
has performed stable enough to deliver high quality measurements with
only one calibration per year against international standards. Only a
small amount of sample air is needed, which makes this system also
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highly suitable for flask air measurements. This system is therefore an
ideal solution for high precision measurements of CO2, CH4, N2O, CO
and SF6 at remote and unmanned stations. The measurement precisions
over a year of observations (including non-optimal conditions) were:
±0.06 ppm for CO2, ±0.8 ppb for CH4, ±1.7 ppb for CO, ±0.4 ppb for N2O
and ±0.10 ppt for SF6. For a shorter but more optimal period we find 1
standard deviations of: ±0.04 ppm for CO2, ±0.7 ppb for CH4 and ±0.8 ppb
for CO, ±0.3 ppb for N2O and ±0.09 ppt for SF6.

A 222Radon detector was already installed in September 2005 at Lutje-
wad and is, similar to the GC, sampling from top of the Lutjewad tower
at 60 m height. Together with the GC it is used for estimating surface
emissions from ambient mixing ratios. The radioactive noble gas 222Rn
(its radioactive half-life is 3.825 days) is used as a reference tracer for
atmospheric mixing and transport. 222Rn is produced at a constant rate
from 226Radium which is relatively uniformly distributed in all soils.
When released to the atmosphere, 222Rn experiences the same atmos-
pheric circumstances (transport and mixing) as all other gases. The ratio
of the 222Rn soil flux to the 222Rn mixing ratios at 60 m gives the trans-
port- and dilution coefficient (to the free troposphere) for the air mass. If
(e.g.) the mixing ratios of CH4 are also sampled at 60 m, its surface flux
can be calculated by multiplying it with this ratio. Using this approach,
222Rn is used in this thesis to translate the mixing ratios of CH4, and N2O
(chapter 4) and fossil fuel-derived CO2 (FFCO2, chapter 5) into their sur-
face emissions. This method provides an independent emission
verification tool without the need for inverse modelling techniques,
which are currently not suitable for estimating surface emissions for a
small country or region. As 222Rn decays, a correction is needed based on
the transit time of the air mass. In chapter 5 a small modification to the
usually applied correction method is proposed which takes into account
non-linearity of the radioactive decay.

In this thesis, the 222Rn flux method is customized for estimating surface
emissions for the Netherlands using data from station Lutjewad. It was
found that station Lutjewad is an ideal measurement location as it is
situated in the upper north of the country and the prevailing wind direc-
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tion is south-southwest (chapter 4). This implies that the bulk of the air
masses sampled at Lutjewad are dominantly influenced by emission
from the Netherlands. The methodology was based on selecting individ-
ual so-called 222Rn events9 from which surface fluxes were calculated for
each of them. The total duration of an event was assumed to indicate the
total transport time from the source to the mast. The total distance cov-
ered (i.e. the area influencing the measurements) was determined with a
back trajectory model10. This way, a distinction could be made between
emissions from the Netherlands and those from abroad based on their
atmospheric trajectories.

The results for the annual mean CH4 and N2O emissions for the Neth-
erlands are compared to the national inventories as reported to the
UNFCCC. The measurement-based emissions for the period of May
2006–May 2009 (appendix 1, chapter 4) are calculated to be: (22.3±5.6) t
km-2 a-1 for CH4 and (14.8±3.7) 10-1 t km-2 a-1 for N2O. These measure-
ment-based estimates are slightly higher than the inventory-based
emissions (2006-2008 averages) of (18.3±3.3) t km-2 a-1 for CH4, and
(1.3±0.6) t km-2 a-1 for N2O and are comparable within the error margins.
It is therefore concluded that national inventories are correct for CH4

and N2O although the uncertainties are still relatively high.

To determine the Dutch emissions of FFCO2, a proxy FFCO2* record is
constructed from 14C and mixing ratios of CO2 and CO (chapter 5). Sur-
face emissions are then calculated from FFCO2* and, similar to chapter
4, trajectories are analyzed to determine the emissions from the Neth-
erlands. A further distinction was made, based on their trajectories,
between observations from local sources and those which are more rep-
resentative for the Netherlands by dividing the data in two different
sectors. Furthermore, in chapter 5 an important improvement to the

                                                       
9 Observed increases in 222Rn mixing ratios under stable atmospheric conditions. Surface
emissions are “trapped” in the lower part of the boundary layer when vertical mixing is
low. An event typically lasts for about 10 hours.
10 For this study the HYbrid Single-Particle Lagrangian Integrated Trajectory model
HYSPLIT 4 was used. Available at: http://www.ready.noaa.gov/ready/hysplit4.html
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method is presented. It is shown that although the frequency distribu-
tion of the fluxes resembles a lognormal distribution, and similar studies
have interpreted comparable distributions as statistical scatter around a
"true value", the average flux over the "capture range" of all observa-
tions is represented best using the arithmetic mean. This data treatment
is supported by results from using simulated mixing ratios from the re-
gional atmospheric transport model REMO which was fed with EDGAR
FFCO2 emission data: the method returns what was put into the model
for two defined sectors. It is therefore also concluded that, provided the
area is sufficiently covered by the observations, a single monitoring sta-
tion is capable of determining the FFCO2 flux for an area at least the
size of the Netherlands (36,000 km2). Station Lutjewad is an ideal loca-
tion for estimating the Dutch surface emissions since most of the air
masses have their trajectory over the country11. Using this new ap-
proach, annually mean emissions for the Netherlands of (4.7±1.6) kt km-

2 a-1 are estimated for FFCO2* for the period of May 2006-June 2009,
which is, similar to CH4 and N2O, in very good agreement with the
Dutch FFCO2 inventories of (4.5±0.2) kt km-2 a-1 (average of 2006-2008).
Our results therefore suggest that the national inventories for the Neth-
erlands are correct for these gases, at least within the uncertainty levels
of our results.

As a side result, the 222Rn soil flux estimates of Szegvary et al. (2009) are
found to be representative for the Netherlands. This is an important
result since it is an important parameter in current atmopsheric trans-
port models. The 222Rn soil flux estimates for the Netherlands can
further be improved using a new approach (chapter 6.2) based on a com-
bination of the 222Rn soil flux method and Eddy Correlation (EC). In this
proposal the EC system is applied to determine the atmospheric trans-
port coefficient with which the mixing ratios of 222Rn can be converted to
its regional soil flux. Since this method only requires two relatively sim-
ple devices, a mobile measurement system is feasible. This would greatly
improve the existing knowledge about the spatial variation as well as

                                                       
11 The dominant wind direction for the Netherlands is south-southwest (approx. 30-35%).
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the temporal variation in the 222Rn soil flux and thereby significantly
reducing the uncertainty in the observationally based emissions.

The combined uncertainties for the results in this thesis are estimated to
be about 35% for FFCO2* and 25% in the case of CH4 and N2O. The long-
term trends can be determined with a higher level of confidence: about
25% for FFCO2* and 20% for CH4 and N2O. It is thus concluded that this
method is suitable for the verification of the Dutch reduction targets of
30% by the year 2020 compared to 1990 (expressed in CO2-equivelents).

The method presented in this thesis will work equally well in other re-
gions and for other stations. The maximum coverage for a station is
dependent on the wind distribution field (direction and velocity), the
orography of the region, and the time over which events are being col-
lected. Similarly, the mean emission estimates for a given area will be
dependent on how well the observations are homogeneously distributed
both spatially and temporally.
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In de periode van 1906 tot 2005 is de gemiddelde temperatuur van de
aarde gestegen met 0.74°C en de opwarming van de aarde wordt elk jaar
meer en meer merkbaar. Zo behoren elf van de twaalf jaren tussen 1995
en 2006 tot de warmste sinds 1850. Volgens het gezaghebbende Inter-
governmental Panel on Climate Change (IPCC) is dit met name te
wijten aan de stijging van de antropogene broeikasgasconcentraties in
onze atmosfeer. Zorgwekkend is vooral de snelle stijging in de concentra-
ties van de broeikasgassen koolstofdioxide (CO2), methaan (CH4),
distikstofoxide (N2O) en gehalogeneerde koolwaterstoffen (een groep met
o.a. fluor, chloor en broom) en troposferische ozon (O3). Deze gassen zor-
gen voor een inbalans in de hoeveelheid energie die vanaf de zon in onze
atmosfeer komt, en de weer uitgaande energie. De totale stralingsinba-
lans sinds 1750 is ongeveer 3.2 Wm-2 en wordt voor een groot deel
toegeschreven aan CO2 (1.66 Wm-2), CH4 (0.48 Wm-2) en N2O (0.16 Wm-2).

Om te voorkomen dat de opwarming van de aarde gevaarlijke proporties
aan gaat nemen, hebben de meeste landen een international verdrag
ondertekend: the United Nations Framework Convention on Climate
Change (UNFCCC). Hierin zijn afspraken gemaakt om de broeikasga-
semissies te reduceren. Op dit moment hebben 184 van deze landen ook
het Kyoto verdrag ondertekend. Deze landen hebben daarmee, op straffe
van financiële sancties, afgesproken dat ze in 2012 hun emissies hebben
gereduceerd met gemiddeld 5% ten opzichte van 1990. Tijdens de groot-
ste internationale klimaattop in Kopenhagen eind 2009, the 15th

Conference of Parties, werd er over veel doelstellingen onderhandeld
maar uiteindelijk werd er niets concreets afgesproken. Niettemin heeft
Nederland, net als de Europese Unie, zich ten doel gesteld om haar
emissies te hebben gereduceerd met tenminste 30% voor 2020 ten op-
zichte van 1990. De emissiereducties worden door de landen zelf
gerapporteerd d.m.v. inventarisatie studies van hun jaarlijkse broeikas-
gasemissies. Dit houdt in dat de bekende bronnen (b.v. verkeer en
landbouw) en putten (b.v. aanplant van bossen) worden geteld en ver-
volgens de totale broeikasgasemissies worden berekend m.b.v.
gedefinieerde conversiefactoren. Deze methode is dus erg afhankelijk
van de beschikbaarheid en tevens de juistheid van de emissiedata, die
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deels door de bronnen (b.v fabrieken) wordt aangeleverd. Daarnaast is
het waarschijnlijk dat de aangenomen conversiefactoren systematische
fouten bevatten. De totale onzekerheden in de inventarisatiemethode
kunnen uiteindelijk groter zijn dan de reductiedoelen. Voor Nederland
bijvoorbeeld, kan de totale jaarlijkse CO2 emissie met bijna 40% ver-
schillen, afhankelijk van welke inventarisatiestudie je aanneemt. Deze
verschillen zijn voornamelijk te wijten aan hoe er wordt omgegaan met
gaten in de datareeks en in welke categorieën de bronnen worden inge-
deeld. Om deze onzekerheden te reduceren en belangenverstrengeling te
voorkomen, zijn landen dan ook verplicht om een onafhankelijk systeem
te ontwikkelen om hun emissies te verifiëren. In principe verreist dit
monitoren van de broeikasgassen in de atmosfeer. Tot nu toe heeft ech-
ter nog geen enkel land, ook Nederland niet, zo’n systeem ontwikkeld.

Het is ook nog niet zo triviaal om een dergelijk systeem te ontwikkelen.
Het probleem is namelijk dat de atmosfeer alle emissies en opnames
integreert in tijd en ruimte. Dit maakt het erg lastig om de grote van de
fluxen (emissies van de grond naar de atmosfeer en visa versa) nauw-
keurig te kunnen bepalen en om ze toe te kunnen schrijven aan een
bepaald gebied. Eén methode is door gebruik te maken van inverse mo-
delleertechnieken. Hierbij worden gesimuleerde concentraties
gematched met echte waarnemingen door het aanpassen van het gemo-
delleerde atmosferische transport en de a-priori emissies. Inverse
modellen zijn op dit moment echter nog niet goed genoeg voor gebruik
als emissieverificatie. De modellen blijken het niet altijd eens te zijn met
elkaar, of met de werkelijkheid. De methode heeft behoorlijke onzeker-
heden onder andere ten aanzien van het modeleren van de atmosferische
menglaaghoogte, de aangenomen a-priori emissies (die zijn gebaseerd op
inventarisatiestudies), het atmosferische transport en fouten die gerela-
teerd zijn aan de modelresolutie. De methode is daarnaast ook erg
gevoelig voor systematische afwijkingen tussen meetstations, b.v. door
kalibratie verschillen. Deze worden door het model vertaald als niet-
bestaande emissies of opnames tussen de stations in.

Het doel van deze studie was om de jaarlijks gemiddelde emissies van
CH4, N2O en CO2 van fossiele brandstoffen te bepalen voor Nederland,
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gebaseerd op metingen van station Lutjewad, om zodoende de nationale
emissie-inventarisaties te valideren. Dit project begon met de installatie
van een nieuwe gaschromatograaf (GC) op station Lutjewad. Deze GC
werd behoorlijk aangepast en verbeterd (hoofdstuk 3) met als resultaat
dat de concentraties van CO2, CH4, N2O, sulfaat hexafluoride (SF6) en
tevens koolstofmonoxide (CO) in de buitenlucht kan worden gemeten
met een zeer hoge nauwkeurigheid en precisie. De GC is het eerste
meetsysteem waarmee de vijf gassen CO2, CH4, N2O, CO en SF6 gelijk-
tijdig kan worden gemeten. Het kunnen meten van atmosferische SF6 en
vooral CO is van belang omdat het belangrijke indicators zijn voor ener-
gieproductie. SF6 wordt namelijk veelal gebruikt in hoogspannings-
installaties als isolatie en CO komt vrij bij verbrandingsprocessen waar
ook CO2 bij vrijkomt (denk b.v. aan uitlaatgassen). Het apparaat is ont-
worpen om autonoom te kunnen functioneren, wat erg belangrijk is voor
onbemande meetlocaties. Voor het dagelijks functioneren zijn er maar
twee referentiestandaarden en één targetcilinder nodig. De GC werd in
mei 2006 in gebruik genomen en werkt sindsdien zonder veel problemen.
Het apparaat is dermate stabiel gebleken dat een kalibratie per jaar
m.b.v. internationale standaarden volstaat. Al met al is dit systeem be-
trouwbaar, gemakkelijk te bedienen, kostenbesparend vergeleken met
andere meetsystemen en het doet er maar 6.5 minuten over om alle vijf
gassen te meten. Aangezien er maar een kleine hoeveelheid monster-
lucht nodig is, is het apparaat in principe ook geschikt voor metingen
aan luchtflessen. De behaalde meetprecisie (1  standaard deviaties) is
hoog: ±0.04 ppm voor CO2, ±0.7 ppb voor CH4 en ±0.8 ppb voor CO, ±0.3
ppb voor N2O en ±0.09 ppt voor SF6.

De combinatie van de GC en een 222Radon (222Rn) detector leidt tot een
zeer krachtig gereedschap waarmee voor een groot gebied de emissies
kunnen worden bepaald zonder gebruik te hoeven maken van inverse
modellen. In dit proefschrift wordt 222Rn gebruikt als een directe indica-
tor voor atmosferisch transport en verdunning (met lucht uit de vrije
troposfeer). 222Rn is een inert radioactief gas, de halfwaardetijd is 3.8
dagen, dat constant geproduceerd wordt dankzij radioactief verval van
226Radium dat relatief homogeen verdeeld voorkomt in de grond. Na de



Samenvatting

- 161 -

emissie uit de bodem ondervindt 222Rn dezelfde transportverschijnselen
in de atmosfeer als ieder ander gas (b.v. CH4). De verhouding van de
(bekend veronderstelde) emissie van 222Rn versus de gemeten concentra-
tie in de mast geeft daarom de transport en verdunningsfactor voor dat
luchtpakket. Wanneer naast 222Rn ook gelijktijdig de concentratie van
(b.v.) CH4 wordt gemeten in de mast op dezelfde hoogte, kunnen we de-
zelfde transportfactor gebruiken om de emissie van CH4 te berekenen.
Zodoende is 222Rn dus te gebruiken om de concentraties te vertalen naar
emissies. Omdat 222Rn radioactief is en dus vervalt is er wel een kleine
correctie nodig afhankelijk van de atmosferische verblijftijd van het
luchtpakket. In hoofdstuk 4 wordt een kleine aanpassing gepresenteerd
op de doorgaans gebruikte formule voor het corrigeren voor dit radioac-
tief verval. Normaliter wordt het verval benaderd met een lineaire
functie. De hier gepresenteerde aanpassing houdt rekening met de niet-
lineairiteit van radioactief verval.

In dit proefschrift is deze zogenaamde 222Rn fluxmethode gebruikt om de
jaarlijks gemiddelde emissies van CH4, N2O (hoofdstuk 4) en CO2 van
fossiele brandstoffen (hoofdstuk 5) te bepalen voor Nederland. Zoge-
naamde 222Rn events12 werden geselecteerd waarvan vervolgens per stuk
de flux is bepaald. De totale duur van een event is gebruikt als indicatie
voor de totale transporttijd van de bron naar de mast en daarmee is het
uiteindelijke brongebied geschat m.b.v. een backtrajectory model13. Op
deze wijze is een onderscheidt gemaakt tussen de data die voornamelijk
is beïnvloed door emissies uit Nederland en emissies uit het buitenland.
Op basis van deze methode zijn de jaarlijks gemiddelde emissies van
CH4 en N2O in Nederland geschat op: (22.3±5.6) t km-2 a-1 voor CH4 en
(14.8±3.7) 10-1 t km-2 a-1 voor N2O. Deze waarden zijn enigszins hoger dan

                                                       
12 Geobserveerde toename van 222Rn concentraties tijdens stabiele atmosferische condities.
Emissies zijn “gevangen” in het lagere deel van de menglaag als er weinig verticale turbu-
lentie is. Een event duurt normaliter ongeveer 10 uur.
13 Een atmosferisch transport model. Voor deze studie werd het model HYSPLIT 4 ge-
bruikt. http://www.ready.noaa.gov/ready/hysplit4.html
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de gerapporteerde waarden (gemiddeld over de periode 2006-2008) van:
(18.3±3.3) t km-2 a-1 voor CH4, en (1.3±0.6) t km-2 a-1 voor N2O, maar val-
len binnen de onzekerheden. De Nederlandse emissierapportage v.w.b.t.
CH4 en N2O is daarmee in overeenstemming met de observaties in de
atmosfeer.

In hoofdstuk 5 is een verdere verbetering van de methode gepresenteerd
waarmee de emissies van CO2 van fossiele brandstoffen (FFCO2) zijn
bepaald voor Nederland voor de periode van mei 2006 - juni 2009. Op
basis van 2-weekelijks gemiddelde 14CO2 metingen en concentraties van
CO is een semi-continue proxy dataset geconstrueerd voor CO2 van fos-
siele brandstoffen: FFCO2*. Hiervan zijn vervolgens de emissies zijn
bepaald, vergelijkbaar met de methode zoals gebruikt bij de concentra-
ties van CH4 en N2O, maar nu voor 2 sectoren afzonderlijk. De reden
hiervoor is dat alle trajectoriën uiteindelijk over Lutjewad gaan en het
gebied rondom Lutjewad is daarmee over-gerepresentateerd in de jaar-
lijkse gemiddelde emissies. Voor de voornaamste bronnen van
antropogene CO2 emissies geldt dat ze zich voornamelijk bevinden in het
dichtbevolkte midden en zuidwesten van het land terwijl meetstation
Lutjewad zich in het (uiterste) noorden bevindt. De resultaten zouden
dus worden onderschat wanneer alle events even zwaar zouden worden
meegenomen. Elke afzonderlijke emissie die wordt berekend per event is
feitelijk een gemiddelde van alle emissies die het verzamelt gedurende
de reis naar Lutjewad. Daarom zou het in principe volstaan om alleen de
events te nemen die beginnen aan de rand van Nederland. Uit prakti-
sche overwegingen is daarom de data opgesplitst in twee sectoren. Een
sector heeft een radius van ongeveer 100 km rondom de mast en is dus
representatief voor lokale emissies. De rest van Nederland is als sector 2
gedefinieerd en de events die, volgens de trajectory analyses, zijn begon-
nen vanuit deze sector zijn dus het meest representatief voor de
Nederlandse emissies. Dit vernieuwde inzicht heeft tevens tot gevolg dat
de jaarlijkse gemiddelde emissies dienen te worden bepaald met behulp
van het wiskundige gemiddelde van alle observaties die het gebied "Ne-
derland" bestrijken met hun trajectoriën; in dit geval events uit sector 2.
Om deze methodiek te toetsen is dezelfde methode toegepast op gesimu-
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leerde 222Rn en FFCO2 concentraties. Hiervoor werd het atmosferische
transport model REMO gebruikt welke werd gevoed met "bekende"
emissiebronnen van 222Rn en FFCO2. Met de in hoofdstuk 5 beschreven
methodiek om emissies te berekenen uit concentraties, werden de emis-
sies berekend en die bleken nagenoeg hetzelfde als de "bekende"
emissiebronnen die in het model waren gestopt, voor beide sectoren. Dit
suggereert dat de methode werkt en dat de nationale emissies van
FFCO2 blijkbaar kunnen worden bepaald met een enkel station. De
voorwaarde is echter wel dat het hele gebied goed gedekt dient te zijn
met de observaties. Wat dat betreft bevindt Lutjewad zich op een unieke
locatie: de wind komt in Nederland voornamelijk uit het zuiden en zuid-
westen (hoofdstuk 4) en Lutjewad ontvangt daarmee dus voornamelijk
lucht welke is beïnvloedt door emissies uit Nederland. Op deze wijze is
de jaarlijks gemiddelde emissie van CO2 uit fossiele brandstoffen voor
Nederland bepaald op: (4.7±1.6) kt km-2 a-1 voor de periode van mei 2006
- juni 2009. Dit blijkt, net als bij CH4 en N2O,  goed overeen te komen
met de Nederlandse emissierapportage van (4.5±0.2) kt km-2 a-1 (gemid-
delde van 2006-2008).

In dit proefschrift worden tevens suggesties gegeven voor verbetering
van de methodiek. De simulaties met het model, zoals beschreven in
hoofdstuk 5, waren vrij grofstoffelijk. Het is aan te raden om een soort-
gelijke analyse te doen met een model met een hogere resolutie de
onlangs uitgebrachte EDGAR4.0 emissiedatabase die een resolutie heeft
van 0.1º x 0.1º. Op die manier kan veel duidelijker in kaart worden ge-
bracht hoe de bronnen zijn gerepresentateerd in de observaties in
Lutjewad. Verhoging van de resolutie van de trajectoryanalyse en de
bodemradonemissie zou het mogelijk kunnen maken om in de toekomst
de emissies per individuele gridcel te bepalen. Om de bodemradonemis-
sie beter te kunnen bepalen is een nieuwe methode geopperd (hoofdstuk
6.2) op basis van een combinatie van eddycorrelatie en de 222Rn flux me-
thode. Met een eddyflux systeem zou de atmosferische transportfactor
kunnen worden bepaald waarmee vervolgens de 222Rn concentraties
kunnen worden vertaald naar hun emissies uit de bodem.

Met het werk dat is gepresenteerd in dit proefschrift is aangetoond dat
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de emissies van broeikasgassen kunnen worden bepaald voor een gebied
zo groot als Nederland aan de hand van observaties in de atmosfeer, en
daarmee is een aanzienlijke stap gezet naar wereldwijde onafhankelijke
emissieverificatie.
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Appendix 2
 Colour figures

For clarity, some figures are shown here in colour.

Chapter 1: Fig. 1.3.

Chapter 4: Figs. 1, 8a, 8b.

Chapter 5: Figs. 3, 6, 7a.
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Chapter 1, figure 1.3.

Global greenhouse gas emissions (CO2, CH4, N2O, SF6, PFCs and HFCs) in the year 2005 Gg
CO2-equivalents per 0.1 degree grid cell. Shown are emissions from anthropogenic origin
excluding aviation and land-use, land use change and forestry (LULUCF).
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Chapter 4, figure 1.

Wind conditions at station Lutjewad (measured at 60m) for the period of May
2006 to April 2009 (map produced under creative commons license by
Planiglobe.com). Bin size is 15 degrees and the north is pointing up. The prevail-
ing wind direction, about 31% of all time, is between 195º and 255º. Most
abundant wind speeds are found between 6 m s-1 and 9 m s-1. About 35% of all
wind speeds were found in this range.
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Chapter 4, figures 8a, 8b.

(a) Concentration footprint of CH4 for the period of May 2006 to May 2008. Only long-
range data were used. The highest mixing ratios are observed between 120° and 240° at
wind speeds between 5 and 15 m s-1. The coastal line of N.W. Europe is clearly visible. (b)
Similar to (a) but for N2O. The highest mixing ratios are observed at about the same wind
direction as for CH4 but at lower wind speeds (around 5 m s-1).
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Chapter 5, figure 3.

Density of the selected observations over the footprint based on hourly points of back
trajectories. Data is normalized to the end points of the trajectories (i.e. Lutjewad) to
illustrate the relative distribution of the observations to the footprint. Station Lutje-
wad's location is indicated with an "x". Two sectors (1 and 2), based on population
density are also indicated.



- 175 -

Chapter 5, figure 6.

REMO grid cells with emissions for the year 2007 based on the EDGAR3.2FT2000
database and BP statistics. Also indicated are the sectors representing sectors 1 and 2
from Fig. 3.
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Chapter 5, figure 7a.

Comparison between 222Rn observations from Lutjewad and modelled 222Rn
concentrations from REMO using 222Rn soil emissions taken from Szegvary et
al. (2009) for part of the year 2007.
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