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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.
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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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