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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.


