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Abstract

Enhanced methane (CHy) concentrations account for 23% of the anthropogenic radiative forcing. This
study seeks to contribute to the insights in the methane emissions in the Netherlands. In this study the
WRF-Chem model is used to conduct simulations of CHy concentrations in the Netherlands. The aim
of this study is to test the quality of high resolution simulations of methane concentration. An emission
inventory with a resolution of 1 km x 1 km is used as input in the WRF-Chem model. High resolution
simulations of the methane concentration in 2017 are conducted with a grid size of 3 km x 3 km, on the
domain of the Netherlands. The emissions from the inventory were used as input for 13 individual tracers,
one for every emission subgroup in the inventory. To test the quality of these simulations, the results
are compared with in situ measurements of methane concentration from measurement sites at Lutjewad
and Cabauw. The analysis showed an underestimation of the simulated CH, concentration compared to
the observed CHy concentration during peak events. This underestimation is probably caused by using
the average CH4 emissions over the volume of a 3 km x 3 km grid as input. For this reason local plume
emissions are less dense in the simulations. The observed diurnal range in the CHy concentrations is 3
to 4 times larger at Lutjewad and Cabauw than the diurnal range in the simulated CH, concentration
during summer. The opposite would be expected from the daytime nighttime ratio of the boundary layer
height, which is larger in the simulations than in the observations. Furthermore, implementing diurnal
variability in several smaller emission sources did not improve the diurnal range in the simulated methane
concentration. The WRF-Chem simulations correctly reproduce the wind direction for which the excess
CHy,4 concentration is highest in Lutjewad. The relative magnitude of the excess CH, concentration for this
wind direction is underestimated in the simulations. This can be caused by the poor representation of the
diffusion of plume emission in the simulation. Another cause could be underestimated methane emissions
around the measurement sites. The WRF-Chem simulations showed underestimations in the magnitude
of the variability of methane concentration on several timescales. In order to increase the accuracy of the
WRF-Chem simulations of CHy4 concentrations, further research is need to gain insight into the causes of

the differences in the variability of the simulated and observed CH,4 concentrations.
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1 Introduction

In the present day world, the changing climate is a major threat and counteracting it is an unprecedented
challenge. Anthropogenic emissions of greenhouse gasses are the main cause of global warming. There are
several greenhouse gasses, of which carbon dioxide is the most important one. Methane (CHy) is the second
most important greenhouse gas. The global atmospheric concentration of methane has risen from 722 parts
per billion (ppb) in 1750 to 1876 ppb in 2020 (Etheridge et al., 1998, NOAA Research, US Department of
Commerce, 2020). This is approximately 2.6 times larger than the pre-industrial methane concentration
and accounts for 23% of the anthropogenic radiative forcing (Saunois et al., 2020). The main sources of the
increase in atmospheric methane in the past centuries are emissions from agriculture, i.e. cattle and rice
paddies, and fossil fuel exploitation (Kirschke et al., 2013). Methane has a relatively short lifetime in the
atmosphere, compared to carbon dioxide. The lifetime of methane is about 9 years and the main sink is

oxidation with the OH radical (Lelieveld et al., 2016).

Figure 1: Global CH4 concentration for 1983-2020. The black lines shows the yearly average CH, concen-
tration. The red dots are the monthly average CH 4 concentrations. This global average CH,4 concentration
is derived from a network of sampling sites (NOAA Research, US Department of Commerce, 2020)

The increase of CHy has not been continuous in the past decades, see gure 1. Until the 1990s the
annual methane increase was about 12 ppb/year. From 1990 to 2000 the trend in methane concentration
leveled off. From 2000 to 2007 the global CH, level stabilized and seemed to have reached a new steady

state with almost no increase during that period. However, from 2007 onward, the global CH 4 level started



increasing again. In 2014 the global annual increase in CH, reached more than 10 ppb/year again (Kirschke
et al., 2013). The cause of this temporary stabilization is still debated. Several causes have been addressed
and investigated. One of the possible causes is the reduction of anthropogenic emissions from fossil fuel
exploitation in countries of the former Soviet Union (Chen and Prinn, 2006, Simpson et al., 2012, Savolainen
et al., 2009, Dlugokencky et al., 2003). Another reason that was suggested is the decreasing of wetland
emissions (Bousquet et al., 2006, Chen and Prinn, 2006). A third cause for the decline of growth rates of
CH4 concentration is the reduced emissions from rice paddies due to changes in agricultural practices (Kai
etal., 2011).

In the past decades, the main focus of climate change mitigation was on reducing CO , emissions. At-
tention for reducing methane emissions was sparse. The last decade the attention for reducing methane
emission is rising and more effort will be put in reducing methane emissions. For example, this recently
resulted in more focus of the European Green Deal on reducing methane emission (European Commission,
2020a) Due to the short lifetime of methane and the strong global warming potential (GWP) being much
larger than carbon dioxide, reducing methane has a large potential of tempering global warming in the
near future. In a time span of 100 years 1 kilogram of CH 4 is 28 times more potent of absorbing longwave
radiation from the earth surface than 1 kilogram of CO ,. During the rst 20 years, CH 4 is even 85 times
stronger in warming the globe than CO 5 is (Myhre et al., 2013).

Enhanced methane concentrations in the atmosphere have additional negative effects. Methane is an
important precursor gas for tropospheric ozone, which is also a greenhouse gas and has adverse effects for
human health, as well as for animals, plants and materials. This is especially problematic in areas with high
NOx concentrations, such as urban areas (Lelieveld et al., 2016).

The most important natural source of methane are wetlands (Bridgham et al., 2013, Walter and Heimann,
2000). However, due to land-use change and water management, wetland emission can be enhanced by hu-
man activity (Conrad, 2002, Bachelet and Neue, 1993). Other important anthropogenic sources of methane
are emissions from livestock, land lIs, fossil fuel exploitation and distribution, traf c and energy produc-
tion. Due to the large implications of methane emissions, it is important to gain more insight into the
sources and sinks of methane and their magnitudes.

In the Netherlands, intensive livestock farming and the large wetland areas cause local increases in the
methane concentration in the atmosphere above the Netherlands. The methane emission of the Netherlands
is approximately 4% of the total CH 4 emission by the European Union (EU), while the Netherlands covers
less than 1% of the total land surface of the EU. (European Commission, 2020b). Agriculture, in particular
cattle, is the largest anthropogenic source of methane in the Netherlands. This is mainly caused by the
enteric fermentation of plant material in the stomachs of cows and management of manure (RIVM, 2019).
The Netherlands is the focus area of this study. Different sources play a main role in different parts of the
country. As mentioned, agriculture is the most important source in the Netherlands with 69% of the total

methane emission in the Netherlands (RIVM, 2019). Figure 2 shows the CH,4 emissions of the three largest



methane sources in the Netherlands. These emissions from cattle are mainly concentrated in the rural areas,
especially the east part of the province of Noord-Brabant and the north part of the province of Limburg, the
eastern part of the Netherlands and the province of Friesland. The second largest source in the Netherlands
is waste disposal in land lls. Although the emissions by this source are strongly decreased in the past
decades, waste disposal still accounts for 14% of the methane emission in the Netherlands, see gure 2.
These land lls are located all around the country. Other important sources are the cogeneration engines,
which are mainly used in greenhouses. Emissions from these engines accounts for 5% of the total methane
emissions in the Netherlands and is highly concentrated in the small Westland area, located in the densely
populated Randstad (Ministerie van Infrastructuur en Waterstaat, 2017). Furthermore, CH 4 emissions from
traf ¢ especially play a role in the urban area in the west of the Netherlands. The Groninger gas eld is

a small, but maybe underestimated source located in the north of the Netherlands (Yacovitch et al., 2018).
The different sources and their magnitudes are shown in table 1. The total anthropogenic methane emission

per 5 x 5 km in The Netherlands for 2017 is shown in gure 3.

Figure 2: Methane emissions in the Netherlands from agriculture, waste, the energy sector and other
sources in Mtons CO, equivalent per year, for the period 1990-2018 (Compedium, voor de Leefomgeving,
2020)

In the Netherlands detailed estimates are made for the most important greenhouse gases from 1990
onward every 5 year, and from 2015 on these calculations are published yearly by the Rijksinstituut voor
Volksgezondheid en Milieu (RIVM) RIVM, Emissieregistratie, 2020. These calculated emissions are based
on measured emissions from individual sources, such as a cow or a car, which are consequently extrapo-
lated for all cars and cows etc. in the Netherlands (RIVM, 2019). These emission calculations give a very

detailed understanding of all sources located in the Netherlands and their magnitudes. However, these



emissions are theoretical and continuous large scale measurements to verify these calculations are sparse.
Performing greenhouse gas concentration simulations with the use of a model can play an important role

in gaining insight in the quality of these emission calculations. Therefore, this study focuses on testing the
accuracy with which this RIVM emission inventory represents the actual methane emissions in the Nether-
lands. This emission inventory is made with a high resolution of 1 km x 1 km. Figure 3 shows a map of the
CH 4 emission data from this RIVM emission inventory.

In order to achieve this, the high resolution RIVM emission inventory of methane in the Netherlands is
used as input in a weather forecast model coupled with a chemistry model, WRF-Chem (Skamarock et al.,
2008). With the use of this model, methane concentrations in the atmosphere above the Netherlands are
simulated. The results of this simulation are compared with available continuous data from two measure-
ment sites in the Netherlands, Lutjewad and Cabauw. To make a meaningful comparison of the simulations
with the measurements, the variation in CH 4 concentration of both simulations and measurements are com-
pared. This comparison is made for variations on a diurnal, monthly and full year timescale. No diurnal
or seasonal variation on the emissions in this emission inventory is reported by the RIVM. However, it is
expected there is some diurnal and seasonal cycle in the methane emissions of some sources, for example
because of less traf ¢ at night and more energy use in wintertime (Builtjes et al., 2003). This is another
aspect that can be tested with the simulations in this study. To investigate the diurnal variability in CH 4
emissions, a correct reproduction of the diurnal variability in CH 4 concentration by WRF-Chem is needed.
The diurnal variability is mainly driven by the diurnal cycle in the planetary boundary layer height, or just
boundary layer height (BLH). This effect is further explained in section 2.3 and investigated in the analysis
of this study.

The emission inventory consists of yearly emission for 13 different emission groups (see table 1). Instead
of looking at the total emission of all sources, these 13 emission groups can also be simulated individually
in the WRF-Chem model. This can provide insight in the contribution of these individual emission groups
to the concentration at the locations of the measurements. Because a different set of emission sources is
located around the measurement sites of Lutjewad and Cabauw, it is expected that the wind direction
has an in uence on the concentration contribution of an emission group, at the measurement sites. This
contribution is the so called excess concentration of a tracer. This is the residue of the concentration after

subtraction of the background concentration.



Figure 3: The total methane emissions in the Netherlands in 2017. Note that the color scale starts at 1¢
kg/km 2/year. Emissions above 108 kg/km 2/year are indicated with the color black, for better visibility
(through the contrast).



Table 1: Methane emission of the Netherlands in 2017 per sector in tons/yr. The last column shows the
percentage of the total CH,4 emission of the Netherlands. (Source: RIVM, Emissieregistratie, 2020)

1.1 Research objectives

This thesis will focus on simulating methane concentrations in the Netherlands for the period of the full year
2017. The main objective is to conduct high resolution modelling experiments of methane concentrations
with the use of a high resolution emission inventory and to evaluate the quality of these simulations by
comparison with the available in situ measurements data. The following questions will be addressed and

answered to reach the objective of this study:

Can the observed methane concentration in Lutjewad and Cabauw be reproduced by model simula-

tions with the use of a high resolution methane emission inventory as input in the WRF-Chem model?

How well does the simulation without diurnal or season cycle in the emission correspond to the

measurements in Lutjewad and Cabauw?

Can the implementation of diurnal cycles on the emission improve the correspondence in diurnal

trend between simulations and measurements, and if not can other causes be addressed?

Does the wind direction have impact on the excess concentration of the tracers detected at the mea-

surement locations?
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2 Method

2.1 The WRF-Chem model

For the simulations of methane concentrations in the Netherlands in this study, the Weather Research and
Forecasting model coupled with Chemistry (WRF-Chem) is used (Skamarock et al., 2008). On of the ap-
plication of the WRF model is conducting research on weather predictions and atmospheric dynamical
processes. This WRF model is coupled with a chemistry model to make it suitable for research on chemical
processes in the atmosphere. Emissions of gasses and aerosols can be used as input to simulate the concen-
trations in the atmosphere. Besides using it for simulating chemical active gasses, this model is also suitable
for simulations of chemically inactive gasses, so called passive tracers. This option for passive tracers makes
this WRF-Chem model very suitable for simulations of greenhouse gas concentrations which have a lifetime
much longer than the simulation period, such as CO , and CH,4 (Beck et al., 2011). The WRF-Chem model
uses meteorological data for simulating the dynamics and distribution of emitted gasses in the atmosphere.

In gure 4 a owchart is shown indicating the main processes involved in conducting a WRF-Chem simu-
lation. The preparation of the model simulation is conducted with the WRF pre-processing system (WPS).
The input terrestrial data and meteorological data are prepared for the simulation domains and period with

the use of this WPS. The meteorological data is prepared on time intervals of 6 hours. This pre-processed
data is used as input in the WRF-Chem model. The pre-processed meteorological data is used to update
the meteorological conditions in the simulations every 6 hours. The initial conditions in both domains and
boundary conditions at the borders of the outer domain, are obtained from the Copernicus Atmospheric
Monitoring Service (CAMS). This CAMS data is used as input at every time step of the simulations. Fur-
thermore, the emission data from the RIVM and EDGAR emission inventories are used as input for the
WRF-Chem model. After all this data is prepared as input, the simulations are conducted. The output of

the WRF-Chem simulations is subsequently visualized and analyzed with the use of Python.
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Figure 4: Flowhart of the main processes involved in preparing and conducting simulations with the WRF-
Chem model (Figure from Park et al., 2015, adjusted by Ivo Quax).

In the past years several studies have been conducted with the use of this WRF-Chem model using
passive tracers. Kort et al. (2014) published a study in which WRF-Chem simulations were used to show
the underestimation by the EDGAR emission inventory of the CH 4 emissions in the Four Corner region
in the U.S.. Satellite and in situ measurements were compared with WRF-Chem simulation output to test
the accuracy of this EDGAR emission inventory (Kort et al., 2014). Another study (Beck et al., 2013) used
the WRF-Chem model to test different wetland inundation maps of the Amazon region on reproducing the
wetland CH 4 emission in this area. Recently, a study (Reum et al., 2020) showed how WRF-Chem, coupled
with the CTDAS, can be used to estimate greenhouse gas uxes on various spatial scales (Reum et al., 2020).
This selection of studies using WRF-Chem shows that this model is a suitable candidate to use for research

on greenhouse gas emissions.

2.2 Simulation area

The region of interest for this study is the area of the Netherlands. High resolution simulations will be
conducted on the inner domain shown in gure 5. This area is chosen because of the availability of a
high resolution methane emission inventory by the RIVM. This, together with the fact that the Netherlands
has a relatively high atmospheric CH 4 concentration, makes this an important area to study (Villani et al.,
2010). Thein situ methane measurements used in this study are the only two continuous measurement
sites on CH,4 concentration in the Netherlands, Lutjewad and Cabauw. These measurement locations are
highlighted in gure 5. Lutjewad is located in the sparsely populated north of the Netherlands. The mea-
surement site is at the coast of the Wadden sea, which stretches out at the north of Lutjewad. To the south,
Lutjewad is surrounded by agricultural land. Furthermore, this site is in the middle of the Groningen gas

eld production area in which large amount of natural gas are extracted. Cabauw is located 200 kilome-
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tres to the south-west of Lutjewad. The measurement site is situated in the middle of agricultural land,
but is also close to large cities such as Utrecht, Den Haag, Rotterdam and Amsterdam. This measurement
site is within 50 kilometres of an area of intensive cattle production in Noord-Brabant. For this reason it is
expected that many different sources play an important role here, depending of the wind direction.

The simulations will be conducted for the year 2017, from the 1st of January to 31st of December. The
inner domain shown in gure covers an area of approximately 260x330 km. The aim was to use a resolution
of 1x1 km for this domain. However, this turned out to be unfeasible, because very long computer running
time would be necessary. Therefore, a resolution of 3x3 km is therefore chosen for the inner domain. To
optimize boundary values and gain insight in the methane emission surrounding the Netherlands, an outer

domain is chosen with a size of 900x900 km and resolution of 9 x 9 km.

Figure 5: On the left panel the outer simulation domain (D1) of 900 x 900 km together with the nested
simulation domain (D2) of 260 km in longitudinal direction and 330 km in latitudinal direction are shown.
The locations of the measurement sites are indicated in the right panel.

2.3 Model setup

For the atmospheric simulations in this study the WRF-Chem model version 4.1.1 is used. For pre-processing
the WPS model version 4.1 is used. This model has options for the simulation of passive tracers with input
emission data. Passive tracers are gasses that are considered chemically non-reactive. For methane this
assumption is valid for the simulation period for two reasons. First of all, the lifetime of methane in the
atmosphere is about 9 years, thus in 1 year only a small part will be removed by chemical reaction with OH.
Furthermore, the simulation domains are relatively small, therefore the emitted methane stays only for a
short period in the domains, before it is transported out of the domain by the wind.

To nd the right model setup, intensive cooperation has been conducted with Friedemann Reum from

Netherlands Institute for Space Research (SRON) institute and Sebastian Wolff from the Deutsches Zentrum
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fur Luft- und Raumfahrt (DLR). The working settings that have been used for this study were based on their
experience. The complete list of settings used for the WRF-Chem model in this study can be found in the
appendix (section 7). For the meteorology input data the ERA-Interim reanalysis data from 2017 is used.
This data has 60 pressure levels and 4 soil levels with a resolution of approximately 80x80 km with a time
interval of 6 hours (ECMWF, 2020b). For the initial and boundary conditions of the methane concentration
in these simulations, data from the Copernicus Atmospheric Monitoring Service (CAMS) is used (ECMWF,

2020a). This data is based on satellite observations combined with ground measurements.

2.4 Emission data
2.4.1 National emissions from RIVM

The input data used for the emissions in the nested domain covering the Netherlands is provided by the
RIVM (RIVM, Emissieregistratie, 2020). This data is based on the present knowledge about individual
sources and the number of these sources distributed throughout the Netherlands. The resolution of this
emission data is 1km x 1km. The sources are categorized in 13 subgroups (see table 1). These 13 subgroups
are simulated as 13 independent passive tracers. The provided data are total emissions per km?in 2017. The
data is converted to mole/seconds to generate constant emission in the model for the full period of 2017.
No information on daily or seasonal cycles is available from the RIVM. At rst, simulations are conducted
with the original RIVM data from the emission inventory. Because diurnal cycles are expected for some
emission sources, a second run is conducted in which diurnal cycles are implemented for several emissions
groups. These cycles are based on intensity of human activity throughout the day and are general for most
greenhouse gasses. These cycles are based on a report of TNO (Builtjes et al., 2003). The multiplication
factors for the diurnal cycles of all emission groups can be found in table 8 and 9 in the appendix. This
emission data is written on the Dutch Rijksdriehoek coordinate system, which is a Cartesian coordinates
system, meaning it uses the unit meter. The data is written at the location of the left lower corner of each
grid. To use this data in WRF-Chem it has to be converted to another coordinates system, in this case
a geographic coordinate system with unit degree. The RIVM data is given on a rectangular area of 556
km in north-south by 320 km in west-east direction. This rectangular area on a Cartesian system becomes
a trapezium shape in a geographic coordinate system, which is wider on the north and narrower on the
south. WRF-Chem can only deal with rectangular shapes in a geographic system. For this reason the RIVM
data is spread out over a rectangular shape in which the south side has the same distance in degrees as the

north side. This results in a deviation on the order of tenths of degrees in longitudinal direction.

2.4.2 European emissions from EDGAR

For the outer domain methane emission data of the Emission Database for Global Atmospheric Research

(EDGAR) is used. The EDGAR database is a joint research project from the European Commission DG JRC
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and the Netherlands Environmental Assessment Agency (European Commission, 2020b). This data has a
resolution of 0.1 x 0.1 degrees, which corresponds to approximately 10 x 10 km. This methane emission
data is categorized in 26 subgroups. These subgroups do not fully cover all subgroups of the RIVM data.
Natural emissions are not provided by the EDGAR database. The EDGAR subgroups are divided over the
13 RIVM subgroups as shown in table 7 in the appendix. For the groups of the RIVM data that are not
covered by the EDGAR data the corresponding tracers are implemented as having zero emission in the
coarse domain. The most recent available emission data for methane in the EDGAR database is for the year
2015. The data from 2015 is used for the simulations of 2017 in this study. Differences in emissions between

these years are assumed to be rather small.

2.5 Methane measurement data

The output data from the simulations is compared with continuous measurements of atmospheric CH 4
concentrations on two location in the Netherlands, Lutiewad (53 ° 24' N, 6° 21' E) and Cabauw ( 51°58'16'
N, 4°55'36' E). In Lutjewad these measurements are conducted by the Centre of Isotopic Research (CIO) of
the Rijksuniversiteit Groningen and for this study provided by Bert Scheeren (Rijksuniversiteit Groningen,
2020). The CH; measurements in Cabauw are conducted and monitored by the Netherlands Organisation
for applied scienti c research (TNO) and for this study provided by Arnoud Frumau. The concentrations

are measured with the Picarro 2301 device (Fruman, 2016). The measurement height of CH, is 60 m above
ground level. The datasets consist of hourly concentration data. The institutions, CIO and TNO, already
marked all data points containing bad data. In both datasets these bad data points or data gaps were
masked. Both datasets have gaps throughout 2017, some of them up to 14 days in a row. The masked data
points are also masked in the simulation data and left out for the analysis in order to use only data at times

that occur in both datasets.

2.6 Boundary layer height

The diurnal cycle in the boundary layer height plays an important role in the diurnal variability of the
CH 4 concentration. The boundary layer is the lowest layer of the atmosphere which is in uenced by earth
surface processes. This layer is well mixed and varies between 200 m and 2 km depending the location,
the season and the time of the day. Transport of gasses and particles from the boundary layer to the free
atmosphere above it, is low. During daytime the boundary layer is turbulent due to buoyancy forces in-
duced by heating of the earth surface. Gasses in this layer are well mixed when this layer is turbulent.
During nighttime the buoyancy force disappears due to the cooling of the earth surface. The boundary
layer becomes strati ed. Emissions from CH 4 sources not be captured in a much thinner layer during the
night than during the day. For this reason nighttime CH 4 concentrations at the measuring height (60m) can

become much higher during the night than during the day. The ratio between daytime and nighttime BLH
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determines roughly the ratio between the daytime and nighttime excess CH 4 concentration (de Haij et al.,
2017).

There are many different de nitions for indicating the top of the boundary layer. Reliable measurements
of the boundary layer height in 2017 are only available for Cabauw and not for Lutjewad. The measure-
ments of the boundary layer height are conducted with the LIDAR (Ligth Detection and Ranging) method
(de Haij et al., 2017). In this method the backscattering of a laser signal is used to determine the vertical
gradient in tracer concentration. The boundary layer height is characterized by a strong vertical gradient
in particle concentration. In the WRF-Chem simulations the Yonsei University (YSU) scheme is used for
simulating the top on the boundary layer (Hong and Pan, 1996, Hong, 2010). This scheme is based on the
Bulk Richardson Number (BRN). This BRN represents the generation of turbulence kinetic energy caused
by wind shear. The top of the boundary layer is corresponds to a critical value of the BRN (Hong and Pan,
1996, Shi et al., 2020). With the use of this YSU scheme, the boundary layer height is determined with the

use of several meteorological parameters.
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3 Results

In the rst part of this results section the CH 4 concentration output data of the simulation are shown.
This data is compared with the observations in both Lutjewad and Cabauw. First, this is done for the full
simulation period and, thereafter, per month. Next, the diurnal cycle in the CH 4 concentration is analyzed
and simulation and observations are compared again. The rst run is done without diurnal cycle in the
emission. A second run is performed in which diurnal cycles are implemented in the emissions for several
tracers. This second run is also compared with the observations to see whether the simulation output is
improved. Furthermore, the boundary layer height of the simulation and observations are compared. In the
nal part of this results section, the wind direction and its in uence on the excess methane concentrations
induced by the individual tracers is determined.

Figure 6 shows as an example a map of the total simulated CH 4 concentration in the inner simulations
domain on 11" of September 2017 at 3:00 p.m.. This map shows the high resolution of the simulation
output. Local CH 4 concentration anomalies from areas with high CH 4 emissions are visible on the map.
For example, a CH4 plume from the Westland area is visible. Plumes from the east of Utrecht and the east
of Brabant provinces are also shown on the map. The CH4 plumes from these areas of high concentration
stretch out towards the northeast. The measurement locations Lutjewad and Cabauw are indicated in
gure 6. For the analysis discussed throughout this section, only the simulated data of the grids in which

Lutjewad and Cabauw are located was used.
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Figure 6: A map of the simulated CH , concentration in the inner simulation domain on 11 ™ of September
2017 at 3:00 p.m.. The measurement locations Lutjewad and Cabauw are indicated on the map.

3.1 Observation and WRF-Chem simulations compared

3.1.1 Year averaged

The simulations are conducted for the year 2017. Every tracer represents a group of emission sources. In
gure 7 the concentrations of the individual tracers in 2017 are plotted. The concentrations are made up by

the emissions of the 13 different groups of sources, on top of the background concentration.
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Figure 7: The simulated methane concentration per tracer and the observations (orange line) are shown
above for Lutjewad (top) and Cabauw (bottom) for the year 2017. This is the original simulation output,
thus in the plotted concentration of each tracer the background concentration is included. The tracer names
in the legend are abbreviations of the names given in table 1.

In both Lutjewad and Cabauw large peaks are observed in the methane concentration in 2017. For short
periods of time, concentrations of 2400 ppb are observed in both locations. Although the magnitudes of

these peaks are not fully represented by the individual simulated tracers, many of these peaks in the obser-
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vations do also occur in the individual tracers simulations. The tracer for agricultural emissions shows the
highest concentration of all tracers, see the blue line in gure 7. The graphs demonstrate that the concen-
tration of agricultural emissions seems to represent these peak events in the observations best. The second
highest concentrations occur for the tracer representing the CH 4 emission from waste. The red line is the
background concentration, i.e. the simulated concentration without any emissions in the simulation do-
mains. The background concentration is determined by the boundary conditions of CH 4 concentrations
implemented at the borders of the outer domain. The background shows, as expected, the lowest concen-
tration of all tracers. Furthermore, the background concentration represents the observed peak events least
well. The plots in gure 7 also show the gaps in the observed data. A limitation in the available data of
Lutjewad is that there are long periods of missing data from mid January to mid February and from mid
December onward. In Cabauw some smaller gaps occur in the summer. Long periods of missing data are
in November and December.

To make the differences between the simulated data and the observation better visible, the concentration
of all tracers is summed to determine the total methane CH 4 concentration in Lutjewad and Cabauw. To
sum these tracers, rst the background concentration is subtracted from each tracer. Next the residue, the
excess concentrations on top of the background, which is the contribution of the emission from a specic
sector (e.g. agriculture, waste, energy etc.), is summed and nally the background is added again to end up
with the total CH 4 concentration. The graphs of this total concentration of the tracers are shown in gure 8

for Lutjewad and Cabauw. Again the simulation output is plotted together with the observations.

20



Figure 8: The methane concentration of the sum of all simulated tracers plus the background concentra-
tion(blue) and the observations(orange) are plotted for Lutjewad(top) and Cabauw(bottom) for 2017.

The total CH 4 concentration of all tracers is often slightly below the observed CH 4 concentrations, es-
pecially in Cabauw. High peaks in the observed methane concentration are often represented by peak
concentration in the simulation, although these concentration peaks in the simulations are not as high as

observed. A seasonal variability in concentration occurs in both the observation and the simulations, with
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higher concentrations in autumn and winter. This variability is stronger in Lutjewad than in Cabauw.

The average excess concentration for each tracer, is shown in table 2. This is the CH concentration
contribution from the individual emission sectors. In this analysis the background used in the simulations
is used to calculate the excess concentration both for the simulations and the observations. The average
concentration of the sum of all tracers, together with the background, is also given, as well as the average

observed concentration.

Table 2: Average CH,4 concentration in ppb for every tracer on top of the background, the total of the tracers
and the observations in Lutjewad and Cabauw.

On average, CH, emissions from agriculture add the highest concentration to the total CH 4 concentra-
tion. In Lutjewad this is about 43 ppb and in Cabauw 47 ppb in 2017. Waste and energy are the second and
third highest contributors to the excess methane concentration induced by emission in the Netherlands. For
all individual tracers, the excess CH 4 concentration is slightly larger at Cabauw than at Lutjewad. The total
excess concentration induced by all sources is 74 ppb at Lutjewad and 82 ppb at Cabauw. The total CH,4
concentration induced by all sources is higher at Cabauw than at Lutjewad. However, the simulations still
underestimate the observed concentration more at Cabauw than at Lutjewad. At Cabauw the observations
are on average 66.5 ppb higher than the simulations. At Lutjewad this difference is only 22 ppb.

Next, the correlation of the tracers with the observations is determined to gain insight in the ability of

the WRF-Chem simulations to reproduce the variability in methane concentration in 2017, i.e. the peak
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event and seasonal variability as shown in gure 8. The correlations between the variability in simulated
excess CH, concentration per tracer and observed excess CH, concentration is determined. Table 3 shows
the correlation coef cients determined with the Pearson method. A coef cient of -1 means the datasets are
exactly anti-correlates, 0 means there is no correlation and 1 means the datasets are fully correlated. These
correlation coef cients are determined using day averaged CH 4 concentrations. For this reason, the diurnal
variability is not covered in these correlation coef cients.

Table 3: Correlation coef cients of the trends in CH 4 concentration for every tracer compared to observa-
tions in Lutjewad and Cabauw. The darkness of the color green indicates the magnitude of the coef cient.

The correlation in trends between the individual tracers and the observation is approximately equal for
agriculture in Lutjewad and Cabauw. Besides agriculture, in Lutjewad, other industry, re neries, trans-
port and consumers have the highest correlation coef cients, around 0.6. Chemical industry, energy, waste
water, trade and nature are also sources that are fairly well correlated with the observed methane concen-
tration, with coef cients around 0.5. Especially the trends in the construction tracer correlate badly with the
observations. However, the emissions and excess methane concentration of construction are also the lowest
of all methane sources (see table 2). Therefore, the methane emissions from construction have a minor in-

uence on the total CH 4 concentration in Lutjewad. In Cabauw the same holds for the construction source.

Moreover, in Cabauw the re neries tracer is also poorly correlated with the observations, in contrast with
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the correlation in Lutjewad. Furthermore, other industry, chemical industry, transport, consumers, waste
water and trade have lower correlation in Cabauw than in Lutjewad. Energy, water puri cation and nature
have higher correlation coef cients in Cabauw than in Lutjewad. The background shows in both locations a
poor correlation with the observations. This is because peak events and trends are caused by local methane
emissions in combination with meteorological conditions. During calm weather conditions (e.g. low wind
speeds) emitted CHy is less transported and mixed in the atmospheric layer near the surface. This can lead
to temporal local accumulation of CH 4 in the surrounding of large sources or areas of high emissions (Lu
et al., 2019, Yuval et al., 2020). Another possible cause for temporal peak CH, concentrations at measure-
ment locations, is the wind direction. When wind blows from a direction in which a large source or an area

of high CH 4 emission is located, CH4 concentrations detected at a measurement location might be above
average (Saha et al., 2013). This in uence of wind direction on the CH 4 concentration at the measurement

locations is analyzed and discussed in section 3.3.

3.1.2 Methane concentration per month

The correlations of the simulation with observations, shown in the previous section, were only analyzed
for the full year of 2017. To make the correlation in trends throughout 2017 more visible, the correlations
coef cients are determined for every month. This way, differences per month in the correlation of the
simulated variability with the observed variability, become clear. The correlation coef cients per tracer per
month are shown in table 4 for Lutjewad and table 5 for Cabauw.

Table 4: Correlation coef cients of the trends in CH 4 concentration per month per tracer compared to ob-
servations in Lutjewad. Day averaged values are used for determining the correlation. The darkness of the

color green indicates the magnitude of the positive correlations coef cients. The magnitude of the negative
correlation coef cients are indicated by the darkness of the color red.

Strong differences occur in the magnitude of the correlation coef cients for different months. For agri-

culture for example, the lowest correlation with the observations is found in November, with a coef cient
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of 0.43. While in April the correlation is 0.91. The background concentration shows a very poor correlation
with the trends in the observations. In some months the trends in the background concentration even seems
to be anti-correlated with the observation. Table 4 also shows that there are some months in which almost
all tracers have a relatively good correlation with the observations, such as in February, April and August.
The simulated concentrations in January, March and December show a relatively low correlation for most
of the tracers.The correlation coef cients per tracer per month for Cabauw are shown in the table below.
Table 5: Correlation coef cients of the trends in CH 4 concentration per month per tracer compared to ob-
servations in Cabauw. Day averaged concentration values are used for determining the correlation. The

darkness of the color green indicates the magnitude of the positive correlations coef cients. The magnitude
of the negative correlation coef cients are indicated by the darkness of the color red.

The correlation coef cients of the simulation of methane concentration at Cabauw do also differ strongly
per month. Again, the background concentration has a poor correlation with the observations. For Cabauw
the re neries tracer shows a bad correlation for almost every month as well. In April and August most
tracers had a relatively good correlation with the observations at Cabauw, as was also the case at Lutjewad.
In February the correlation for most tracers in not above average at Cabauw. In January most tracers had
relatively bad correlation at Cabauw. The same holds in May and November. In December there is even
very strong anti correlation for some tracers. However, it has to be taken into account that the observational
data of December at Cabauw is very sparse. There is only measurement data for two days in December.
This means the correlation coef cients are based on a very short period in time, making it not representative
for the variability in the whole of December.

As described above, table 4 and 5 show that the tracer for the agricultural methane emission overall has
the best correlation with the observations at both Lutjewad and Cabauw. The background has very low
correlation in almost all months for both locations. This is the same for the construction sector. From this
can be concluded that the variability in the CH 4 concentration on timescales of days and weeks is mainly
driven by (local) emissions within the simulation domain. In April and to a lesser extent in August, a

relatively high correlation for almost all tracers at both Cabauw and Lutjewad is found. On the other hand

25



in January, November and December, a relatively low correlation for almost all tracers at Lutjewad and
Cabauw is found. This suggests that the correlation of the variability in the simulation to the variability

in the observations, is not merely determined by local emission events. Correlation is high, or low, for the
same months at Lutjewad and Cabauw. This can be caused by in uences that play a role on at least a spatial

scale of several hundreds of kilometers, most likely meteorological conditions.

3.2 Diurnal cycle
3.2.1 Methane concentration

In the previous section only diurnal averaged concentration data was used for analysing the correlations.
In this section the hourly data is used to analyze the occurrence of a diurnal cycle in the CH 4 concentration.
Diurnal variability is expected because of the uctuation in the boundary layer height between day and
night time, discussed in the next subsection. Another reason is the variability in emissions from some
methane sources over the day. This variability in emissions was not implemented in the rst simulation
run (see section 1). An estimation of this variability for several emission sources was implemented in
the second run. This is implemented for the tracers other industry, chemical industry, energy, transport
and consumers. The average diurnal range in methane concentration per month, for both runs and the

observations, is shown in gure 9 for Lutjewad and 10 for Cabauw.

26



Figure 9: Average diurnal range of methane concentration per month in 2017 at Lutjewad. The plots show
the total of tracers for the rst run without diurnal emissions pro le (blue), the second run with diurnal
emissions pro le (red) and observations in Lutjewad(orange).
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The observations in Lutjewad show no clear diurnal cycle for January and February(see gure 9). From
March onward, a diurnal cycle is observed with increasing amplitude until September and slightly decreas-
ing thereafter. The strongest diurnal cycle occurs in September with CH 4 concentrations being on average
150 ppb higher in the early morning than in the afternoon. The rst run, without diurnal variability in the
emissions, shows a weaker diurnal cycle in the CH 4 concentration. February and December do not have a
distinct diurnal cycle. The amplitude of the diurnal cycle uctuated over the year, being smaller during au-
tumn and winter. March has the largest amplitude with CH 4 concentration being 50 ppb higher in the early
morning than in the late afternoon. Overall, the amplitude of the simulated diurnal cycle in the methane
concentration in Lutjewad, is underestimated. This underestimation is largest in spring and summer. The
diurnal cycles found in the second run, differ only slightly from the diurnal cycles found in the rstrun. In
the months July and August, the simulated diurnal cycle came a little closer to the observed diurnal cycle,
than in the rstrun. However, for September and November, the diurnal cycle of the second run represents
the observations a little less well. Overall, adding diurnal variability in some of the emission sources, does
not substantially change the diurnal cycle in the simulated methane concentration at Lutjewad.

The average diurnal range per month for Cabauw is shown in gure 10, on the next page.
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Figure 10: Average diurnal range of methane concentration per month in 2017 at Cabauw. The plots show
the total of tracers for the rst run without diurnal emission pro le (blue), the second run with diurnal
emissions pro le (red) and observations in Cabauw(orange).
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The observations in Cabauw show the same increasing amplitude of the diurnal cycle each month until
September. After September the amplitude stays approximately the same. The maximum amplitude occurs
in August. In that month the observed methane concentrations in Cabauw are on average 225 ppb higher
in the early morning than in the late afternoon. The simulated methane concentration in Cabauw has a
smaller diurnal range than that is observed. In January, November and December no clear diurnal cycle
occurs. The strongest diurnal cycle occurs in March, June and September, the same as for Lutjewad. The
average diurnal uctuation is highest in March and is 45 ppb. Apart from January and February, the sim-
ulations underestimate the diurnal range in the methane concentration at Cabauw. The second run shows
only slightly different diurnal cycles than the rst run. A small improvement of agreement of the simulated
diurnal cycle with the observed diurnal cycle occurs in almost every month, except February and April.
Although the effect of the diurnal variability in the emission on the diurnal cycle in the methane concen-
tration is larger in Cabauw than in Lutjewad, it still explains only a minor part of the discrepancy between
the simulation and the observation. There must be another cause of the difference between simulations and

observations in the diurnal range of the methane concentration.

3.2.2 Boundary layer height

Another cause of the occurrence of a diurnal cycle in the methane concentrations in Lutjewad and Cabauw,
is the diurnal variability in the boundary layer height (BLH) in the atmosphere. As explained in section 2.5,
the height of the boundary layer uctuates over the day. The height, or thickness of this layer in uences
the concentration of the gasses in this layer. If there is a poor representation of the diurnal variability of
the boundary layer height by the WRF-Chem simulation, this can be an explanation for the weaker diur-
nal cycle in the methane concentration found in the simulation. The simulated boundary layer height is
compared with measurements of the boundary layer height at Cabauw. The data is presented again as the
monthly average 24-hour variability. This is shown in gure 11. The BLH in the measurements is deter-
mined by the vertical gradient in particle concentration. The BLH is the simulations is determined using
meteorological parameters (see section 2.5). The measurements of the boundary layer height at Lutjewad
did not produce reliable data for most of the months of 2017. Therefore, only the boundary layer height at

Cabauw is considered in this analysis.
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Figure 11: Average diurnal cycle of the boundary layer height per month in 2017. The plots are for the
simulation (blue) and observations in Cabauw (orange).
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The simulations represent the overall shape over the diurnal cycle in the boundary layer height in
Cabauw fairly well for most months. The height of the boundary layer is on average lower in the sim-
ulations than the observed height. For most months this difference is 200-250 meters. Furthermore, the
diurnal cycle in the simulation has a phase shift with respect to the observed diurnal cycle. The troughs
and peaks in the boundary layer height occur several hours earlier in the simulation than in the observa-
tions. This might be caused by the different de nitions used for determining the BLH in the simulations
and the measurements. Despite of these differences, the range between minimum and maximum bound-
ary layer height for every month are about equal for the simulation and observations. The ratio between
nighttime BLH and daytime BLH is even larger in the simulations than in the observations. The simulated
daytime BLH is about 4 times the nighttime BLH during the summer months. In the observations this day-
time nighttime ratio of the BLH is approximately 2 in summer. Based on the difference in ratios between
the simulation and the observations it could be expected that the diurnal variability in the simulated CH 4
concentration would larger than in the observed CH 4 concentration. However, the opposite is found in this

analysis (see section 3.2.1).

3.3 In uence of wind direction on tracers concentration
3.3.1 Simulated wind direction compared with observations

As explained in the introduction section of this thesis, the wind direction is expected to in uence the mag-
nitude of the excess methane concentration induced by CH 4 emission from a speci ¢ source (tracer) on top
of the background. Different methane sources are located around the measurement locations. When the
wind blows from a certain wind direction, emitted methane from a nearby source can be blow toward the
measurement site and will in uence the total CH 4 concentration there. While with an opposite wind di-
rection, the emission from a nearby source will be blown away from the measurement site and this source
will not affect the CH 4 concentration at this site. The observed wind direction from the ERA-Interim data
is used as input for the boundary conditions in the WRF-Chem simulations. The results discussed in this
section focus on this in uence of the wind direction. First of all, the simulated wind direction in Lutjewad
and Cabauw are compared with the observations. Figure 12 shows the 24 hour average wind direction in
2017 in Lutjewad. Note that the observed wind direction in Lauwersoog is used instead of that in Lutje-
wad, because of a lack of availability of wind data in Lutjewad. Lauwersoog is located 10 km to the west of

Lutjewad.
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Figure 12: The simulated wind direction(blue) in Lutjewad and the observed wind direction (orange) in
Lauwersoog for the year 2017, are shown in the top graph. The differences in wind direction between the
observation (in Lauwersoog) and the simulation(in Lutjewad) are shown in the bottom graph.
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From the top graph in gure 12 it becomes clear that both observation and simulation show rapid
changes in wind direction, especially in spring and summer time. Most peaks in the observation seem
to coincide with peaks in the simulated wind direction. The lower graph shows the difference in degrees
between observations and simulations. Although most of the year the differences are between -50 and +50
degrees, there are several peaks in which the difference is more than 100 degrees. This sometimes large
difference in observed and simulated wind direction, can be caused by the very rapid changes or narrow
peaks not being fully represented in the simulations. The meteorological input data is only update every 6
hours. This means that the observed wind direction can deviate from the simulated wind direction over the
time period of 6 hours. The absolute mean difference between observations and simulations is 42 degrees.
The average real difference is 13.2 degrees between observations and simulations. On average the observed
wind direction is turned 13.2 degrees clockwise with respect to the simulated wind direction. This might
be caused by Lutjewad (simulation) and Lauwersoog (observations) being located 10 km apart.

The simulated and observed wind direction in 2017 in Cabauw are shown in gure 13.
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Figure 13: The simulated wind direction (blue) and the observed wind direction (orange) in Cabauw in
2017, are shown in the top graph. The difference in wind direction between the observation and the simu-
lation is shown in the bottom graph.
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The wind direction in Cabauw shows the same features as in Lutjewad. Rapid changes throughout
the year occur due to the in uence of changing atmospheric pressure systems (van Doorn et al., 2000).
The difference between the simulated and observed wind direction uctuates mainly between -50 and
+50 degrees in 2017. Several large peaks of more than 100 degrees difference occur mainly in summer
when changes in wind direction are the strongest. The absolute mean difference between observation and
simulation is 40 degrees. The average real difference is -0.3 degrees between observation and simulations
in Cabauw. This means that the observed wind direction is turned only 0.3 degrees counterclockwise with

respect to the simulations, on average.

3.3.2 Methane concentration depending on wind direction

The effect of the wind direction on the excess methane concentration of every tracer is analyzed by making
wind roses for every tracer. The wind roses are made using the hourly excess methane concentration of
every tracer. This concentration is normalized according to the average excess CH, concentrations given
in table 2. This normalized excess CH, concentration is categorized in 8 different wind directions of 45
degrees. For the hourly concentration data, the methane concentration of every tracer is categorized ac-
cording to the direction the wind was blowing that hour. Only the data points for which the simulated and

the observed wind were blowing from the same direction, are used in this analysis. Therefore, only 2726
data points at Lutjewad and 2610 data points at Cabauw of the in total 8761 data points per location are
used. Clearly the wind did not blow from every direction the same amount of time. For Lutjewad the wind
blew the least amount of time from the north-northeast, having only 112 data points (4% of the used data
points) in whole 2017. The wind direction occurring most often was south-southwest, with 902 data points
(33% of used data points). In Cabauw the least occuring direction is south-southeast with 104 data points
(4% of used data points). The most frequent wind direction for this location is south-southwest, having 969
data points (37% of used data points). The wind roses for Lutjewad are shown in gure 14 and for Cabauw

in gure 15.
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Figure 14: Wind roses showing the normalized excess methane
concentrations at Lutjewad for every tracer per wind direction.
The radial axis shows the normalized magnitude of the excess
concentration. The darkness of the color is merely added to em-
phasize the relative magnitude of the excess concentration.
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The tracer representing agricultural emissions shows an enhancement of 1.7 times the average excess
CH4 concentration by agricultural emission, when the wind blew from south-southeast direction. The
excess concentration by the sectors chemical industry and water puri cation is even 2 times higher than
the average excess concentration of these tracers, when the wind blows from east-southeast and south-
southwest direction respectively. This might be caused by individual local sources. Concentrations from
waste and energy, the second and third largest sources in Lutjewad, were about double the average excess
concentration when the wind blew from the south-southeast. In the south-southeast direction of Lutjewad,
the city of Groningen is located. This is the largest city within 100 kilometers from Lutjewad. From all wind
roses it becomes clear that excess CH concentrations induced by a tracers on top of the background, were
on average higher when the wind blew from a southern direction. This can be explained by the fact that
almost all local methane emission sources are located south of Lutjewad, while in the north the Waddensea

stretches out.
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Figure 15: Wind roses showing the normalized excess methane
concentration in Cabauw for every tracer per wind direction. The
radial axis shows the normalized magnitude of the excess con-
centration. The darkness of the color is merely added to empha-
size the relative magnitude of the excess concentration. Note: the
range of the radial axis for the water puri cation tracer is larger
than for the other tracers, namely from O to 5.

39



The tracer representing agricultural emissions at Cabauw shows an enhanced excess methane concen-
tration up to 1.3 times the average excess concentration of this tracer, for eastern wind direction. This
can be caused by the high agricultural emissions in eastern Brabant and eastern Utrecht with intensive
livestock farming. For the energy source the enhancements occur for the same wind directions as for agri-
culture. Waste sources show the highest excess concentration of 1.5 times the average concentration, for
wind blowing from the west-northwest. Excess concentration from re neries methane emission are largest
for west-southwest wind. In this direction the harbor of Rotterdam is located with several large re neries.
The largest excess CH, concentration for water puri cation occurs when the wind direction is from south-
southeastern direction. The excess concentration from water puri cation is in this case almost 5 times as
high as the average excess concentration.

To make a proper comparison of the dependence of the total simulated and observed excess methane
concentration on the wind direction, the total excess CH 4 concentration of all tracers is compared with the
total observed excess CH, concentration. The wind roses for the total of tracers and the observations are

shown in gure 16.

Figure 16: Wind roses are shown for the simulated total of tracers (left) and observations (right) in Lutjewad.
The radial axis shows the normalized magnitude of the excess concentration. The darkness of the color is
added to emphasize the relative magnitude of the excess concentration.

The simulation and observations both show the largest enhancement of excess methane concentration
on top of the background, for south-southeastern wind. However, the excess concentration of the simula-
tion in this wind direction is only 1.7 times the average concentration. For the observations the methane
concentration on top of the background, with wind from the south-southeast direction, is more than 3 times

the average concentration. This means that in reality the magnitude of the excess methane concentration is
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more dependent on the wind direction than the simulation shows.

Figure 17: Wind roses for the simulated total of tracers (left) and observations (right) in Cabauw. The radial
axis shows the normalized magnitude of the excess concentration. The darkness of the color is added to
emphasize the relative magnitude of the excess concentration.

In the simulation the highest relative excess concentration in Cabauw occurs for wind from the east-
northeast. The excess concentration for this wind direction is 1.4 times the average concentration. The ob-
servations in Cabauw show on average the highest excess concentration for wind from the east-southeast
and the south-southeast. The concentration for wind from these directions is 1.8 times the average excess
concentration. Thus, the wind direction for which the average excess methane concentration is highest
is turned 45-90 degrees counterclockwise in the simulation, with respect to the observations. This might
point to underestimated CH 4 emissions at the southeast of Cabauw. For example, agricultural emissions
from Brabant might be higher in reality than estimated in the RIVM inventory. Furthermore, as also seen in
Lutjewad, the simulation underestimates the dependence of the magnitude of the excess methane concen-

tration on the wind direction.

3.4 Qualitative error analysis

All data used in this research is subject to uncertainties. Taking into account these uncertainties is neces-
sary for a proper interpretation of the research data. Some information about the uncertainties for several
of the input data used for the simulations is available. For the RIVM CH 4 emission inventory data only the
standard deviation for national emissions is known. This standard deviation is 4.5% (RIVM, Emissieregis-

tratie, 2020). On regional scale the uncertainties of emissions are probably higher. Uncertainties for point
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sources are often unknown because they depend on reported emission from individual companies or other
sources. For the EDGAR emission inventory no information about the standard deviation is provided. For
the ERA-Interim meteorologic data used in this study, no information on the uncertainty is provided either.
The average standard deviation of a single measurement of the CH,4 concentration in Lutjewad is 0.6%.
For the measurements in Cabauw, no information about the standard deviation is provided. For the wind
direction and boundary layer height data used in this research, no information about the uncertainties was
provided.

The output data of the WRF-Chem simulations is a product of input data sets as mentioned above. The
WRF-Chem model also uses several data sets included in the model, such as terrestrial data and boundary
conditions for gases. The use of many different datasets of which some have no information about the un-
certainties, together with the complex process involved in the WRF-Chem model, makes it hard to conduct
a quantitative error analysis on the simulation output. For this reason and the limited time available, no

guantitative error analysis is conducted in this study.

4 Discussion

This section presents a discussion on the interpretation of the results of this study. Furthermore, the research
guestions stated at the beginning of this thesis, are answered throughout this section. The nal part of
this section includes a discussion of the limitations of the data and research method used in this study.

Recommendations for further research will be given.

4.1 WRF-Chem simulation and in situ observations compared
4.1.1 Seasonal variability

A seasonal cycle is found in the simulated and observed methane concentrations (see gure 7). CH 4 con-
centrations were lower during summer and higher during winter. This seasonality is probably caused by
the higher removal rate of CH 4 with the OH radical during summer (Khalil and Rasmussen, 1983). This
removal reaction of CH 4, with OH depends on the available shortwave solar radiation. Solar radiation is
stronger on the northern hemisphere during summer than during winter. Although this chemical removal

is not included in the simulation of CH 4, the boundary conditions do include this chemical removal. For
this reason the background concentration is affected by the chemical removal. This results in the occurrence

of a seasonal cycle in the concentration of every tracer.

4.1.2 Peak events

The peak events in the methane concentration in 2017 are largely represented by the simulated total methane

concentration, see gure (8). The magnitude of the peaks in the simulated total methane concentrations is
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lower than in the observations. The following four causes for this underestimation are addressed and dis-

cussed further below:

Peak emissions of local sources during short periods of several days or weeks are not captured by the

simulations.

The simulated weather conditions deviate from the real weather conditions.
Plume emissions are less concentrated in the simulations than in reality.
Some large sources are underestimated.

These peak events in the observations might be caused by enhanced emissions of local sources during short
periods of several days or weeks. Such enhancements or anomalies in CH, emissions from local sources
are not represented by the WRF-Chem model, because it is dif cult to take this into account in the emission
used as input for the WRF-Chem model. Methane emissions from all sources are assumed to be constant for
every hour in 2017. However, if such anomalies would be the cause, the simulation would not be expected
to show coincident peaks with the observations. Instead, most peak events that occurred in the observed
concentration are shown in the simulation, but the peaks are lower.

Another reason might be that the weather conditions simulated with the ERA-Interim data deviate from
real weather conditions. Especially with calm weather with low wind speeds, methane can accumulate in
the atmosphere near the sources. If these conditions are not well represented in the ERA-Interim data, the
accumulation of methane in the simulation might be lower that in reality. This would result in lower peak
concentrations. However, this is unlikely to be a large effect. With the use of nudging in the WRF-Chem
model simulation, the weather conditions were forced to stay very close to the real weather conditions.

The most likely cause is that CH 4 emissions are averaged over the volume of the 3 km x 3 km grids in
order to use it as input for the model. This means dense plume emissions from point sources are spread
out over the volume of a grid in the simulation. In reality the concentration measured in such a plume
can for this reason be denser than in the simulation, where the plume is spread out over an much larger
area. During periods of regional accumulation of methane, local concentrations can become much higher
in reality for short periods of time, because the emissions are more concentrated than in the simulations.

Another cause for this underestimation of the peak events could be the underestimation of the strengths
of the local methane emission sources. If the local sources in a period emit less methane in the simulations
than in reality, the accumulation of methane during calm weather conditions, will be less than it is in
reality. In this case peaks in the methane concentration will be lower in the simulations. Peak events
can also occur when wind is blowing from a direction where high CH 4 emissions occur. If in a specic
direction from the measurement site larger amounts of methane are emitted than in other directions, the
CHy4 concentration will peak at the measurement site when wind blows from this direction of higher CH 4

emissions. When emissions sources in this speci ¢ direction are underestimated the magnitude of the
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peak CH,4 concentration will be underestimated. This underestimation of methane emissions would also
explain the overall underestimated methane concentration in the simulation. Especially in Cabauw this

underestimation of CH 4 concentration by the simulations is relatively large with 66.5 ppb on average.

4.1.3 Correlation per year

The correlation coef cients given in table 3 quantify the correlation between the variability in excess methane
concentration in the simulation and the observations. In Lutjewad most tracers show correlation coef cients
around 0.5 or higher. The variability in excess CH 4 concentration of the sectors construction, water puri -
cation and waste have a poor correlation with the observations. Construction and water puri cation are
very small methane sources, which is the reason that they only have a minor in uence on variability in
the total methane concentration. The waste sector is the second largest methane source in both Lutjewad
and Cabauw, but at both locations the correlation of the variability in excess CH 4 concentration of this
tracer to the observations is poor. This might indicate that the waste emissions are underestimated in the
simulations.

Another reason for the low correlation of the waste sector with the observations might be the spatial
distribution of the waste CH 4 sources. As explained in section 3.1.1 peak events can occur when wind
blows from a direction in which high CH 4 emissions occur, for example an area of intensive agriculture. For
winds from that direction, the observations would show peak CH 4 concentrations. The tracer representing
agricultural emissions will show a comparable peak for winds from this direction. However, waste sources
might not be located in this direction from the measurement site. The peak in the CH 4 concentration visible
in the observations and the agricultural tracer, will not be visible in the waste tracer. The in uence of the
wind direction on the CH 4 concentration will be further discussed in section 4.3.

In Cabauw, the excess CH,; concentration of agriculture and energy correlate best to the observations.
In Cabauw, several tracers have a weaker correlation with the observations than in Lutjewad. The different
spatial distribution of emission sources around Cabauw might cause lower correlation coef cients for the
tracers. At Lutjewad almost all CH 4 sources are located to the south of the measurement location. For
this reason different sources around Lutjewad will be more clustered in the same direction relative to Lut-
jewad, than the sources around Cabauw. At Cabauw CH 4 sources are located in all directions. Fewer of
the smaller sources will be located in the wind direction for which CH 4 concentrations peak at Cabauw.
This might cause the lower correlation coef cients for small CH 4 sources at Cabauw. Another reason could
be the underestimation of emissions from some subgroups in Cabauw. This would be in line with the un-
derestimation of the average CH,4 concentration in Cabauw. An unexpected result is that the excess CH4
concentration from re neries emissions in Cabauw has no correlation with the variability in the observa-
tions, while the correlation is fairly high in Lutjewad. This despite the fact that there are more emissions
from re neries around Cabauw, especially from the harbor of Rotterdam, than around Lutjewad. This

might be a result of the re neries, located to the west of Cabauw, not being located in the direction of high
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(agricultural) CH 4 emission, from the east of Cabauw. This effect is further discussed in section 4.3.

4.1.4 Correlation per month

On a monthly basis the correlation coef cients between simulated and observed CH 4 concentrations show
large differences (see table 4 and 5). Almost all tracers show a relatively high or a relatively low correla-
tion for the same months. For example, in Lutjewad in February, April and to an extent August, relatively
high correlation coef cients are found for most tracers. On the other hand, in January and December rel-
atively low correlation coef cients are found for most tracers in Lutjewad. In January and December the
observations have large data gaps. Both months only have 2 weeks of observation, meaning the correlation
coef cient is based on fewer data points than it is in other months. This might cause the relatively bad corre-
lation for these two months. The same holds in November and December in Cabauw. However, in February
there is as well only 2 weeks of observational data is available. This low amount of used data points for
determining the correlation coef cient, results in February in relatively high correlation coef cients. Apart
from this, in April and to an extent in August, relatively high correlation coef cients are found. There are

no large gaps in the observational data for these months. An explanation for the relatively high correlation
in April, both in Lutjewad and Cabauw, can be the lack of large peaks in the methane concentration dur-
ing this month (see gure 8). In April the lowest variability in the observed CH 4 concentration is found
compared to the other months. From the graphs in gure 8 it can be seen that the simulated concentration

follows most peaks very well during this month.

4.2 Diurnal cycle of methane concentration

The results of the diurnal cycle of the methane concentrations showed an underestimation of the diurnal
range in methane concentration by the simulations with the WRF-Chem model ( gure 9 and 10). Espe-
cially in spring and summer the observations show a diurnal range in the methane concentration up to 150
ppb in Lutjewad and 200 ppb in Cabauw, while that of the simulation is less than 50 ppb. In January and
December there are no clear diurnal cycles for the observations and simulations. The diurnal range in the
observations in Lutjewad intensi ed from February to September and decreased thereafter. In Cabauw the
diurnal range decreases after August. The simulation in Lutjewad and Cabauw shows an almost constant
diurnal cycle from February to November, with a diurnal range of about 50 ppb. In Lutjewad the obser-
vations in spring and summer have a diurnal range that is up to 3 times the diurnal range shown in the
simulations. In Cabauw the observed diurnal range is even up to 4 times the simulated diurnal range in
methane concentration. The diurnal range in the observations in Cabauw in 2017 is in good agreement with
the average observed diurnal range in Cabauw between 1992-2010 (Vermeulen et al., 2011).

The implementation of diurnal variability in the emissions of some tracers in a second simulations,
did not cause major changes in the diurnal cycle in the simulated methane concentration. At Cabauw

the difference between the rst and second run is stronger than in Lutjewad. Although the shape of the
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diurnal cycle changed slightly in the second run, overall the discrepancy in the diurnal range between
observations and the simulation stayed the same. A likely cause of this discrepancy is that there is no
diurnal variability implemented in the emission of the largest sources, agriculture and waste. These were
not implemented because no diurnal multiplication factors were available for most important agricultural
emission (Builtjes et al., 2003). Another study (Amon et al., 2001) showed a signi cant diurnal variability
in enteric fermentation by cows, the largest agricultural source of methane. Agricultural CH 4 emissions
are the largest source of methane in the Netherlands. Implementing a diurnal variability in the agricultural
emission input for the simulations, should alter the diurnal variability in the simulated CH 4 concentration

substantially. This is an important aspect for further research.

4.2.1 Boundary layer height

In the search for an explanation for the difference in the diurnal range between simulated and observed
methane concentrations, the boundary layer height (BLH) was analyzed. The results in gure 11 showed
that the simulations constantly underestimated the height of the boundary layer by 200-250 meters. Fur-
thermore the phase of the diurnal cycle is slightly shifted in the simulations. The minimum and maximum

in the BLH occurs several hours earlier in the simulation than in the observations. Despite these differences,
the diurnal range of the BLH is about the same for the simulation as it is for the observations. The relative
night and day ratio in the simulations is even larger than observed. In the summer the BLH is 3 to 4 times
higher in the afternoon than it is during nighttime. The observations only show an afternoon BLH of dou-
ble the nighttime BLH during the summer months. From this would be expected that the diurnal range in
the CH4 concentration would be higher in the simulations than in the observations. The opposite is found
in the analysis. The diurnal variability in the simulated BLH does not seems to have the correct in uence
on the diurnal variability in the simulated CH 4 concentration. The timing of the diurnal cycle in the CH 4
concentration still matches that of the boundary layer height, i.e. the nighttime peaks coincide. For this
reason it is very likely the boundary layer height is determining the diurnal cycle in the CH 4 concentration.
A more extensive analysis on the correlation between the boundary layer height and the CH 4 concentration
would be needed to draw solid conclusions. Dif culties with simulating the correct correlation between
the variability in diurnal BLH and diurnal CH 4 concentration in WRF-Chem are also encountered in other
studies (Kretschmer et al., 2014, Shi et al., 2020). Kretschmer et al., (2014) showed large biases of the BLH in
WRF-Chem during nighttime.

A trustworthy reproduction of the diurnal variability inthe CH 4 concentration by the WRF-Chem model
is important for research on the variability of CH 4 emissions during short periods. For example to investi-
gate and simulate the diurnal variability in the CH 4 emissions from speci ¢ sectors. Further analysis could
also investigate whether there is better agreement with the observed CH 4 concentration during nighttime
or during daytime. It is expected from earlier studies that especially the nighttime CH 4 concentrations are

underestimated and daytime CH 4 concentration are in good agreement with the observations (Kretschmer
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et al., 2014). This would also explain the on average underestimated CH4 concentration in the simulations,

shown in table 2.

4.3 Effect of wind direction on tracer concentration

The categorization of the methane emissions in many subgroups by the RIVM inventory, made it possible
to research the effect of the emissions from these individual subgroups on the total methane concentra-
tion. As explained in the introduction section, the wind direction is expected to in uence the magnitude

of the excess methane concentration for every tracer. Peaks in methane concentration when wind is blow-
ing from a certain direction, might point towards individual emission sources. Comparing this with the
relative observed excess methane concentration, gives insight in the in uence of individual sources on the
observed methane concentration. First, the 24-hours averaged simulated wind direction during 2017 was
compared with the observations. On average the simulated wind direction in Lutjewad and Cabauw differs
by approximately 40 degrees from the observed wind direction.

The normalized excess methane concentration is determined for every tracer, for 8 wind directions. In
Lutjewad, the total of all tracers showed the highest excess concentration for wind from the south-southeast.
This is also the case for the observations. The observations showed an excess Chlconcentration of 3 times
the average excess CH concentration when the wind was blowing from the south-southeast. However, the
simulated excess CH, concentration was only 1.7 times the average excess concentration for wind blowing
from the south-southeast. At Cabauw, the total simulated excess CH 4 concentration was the highest when
wind was blowing from the east-northeast. The observations showed the highest excess concentration for
winds that were blowing from the east-southeast and south-southeast. The wind direction for which the
highest excess concentration occurred in the simulation, is turned 45-90 degrees counterclockwise with re-
spect to the observations. Apart from this difference in direction, the relative excess CH 4 concentration also
differs. For the simulation the highest excess concentration was 1.4 times the average excess concentration.
The observations showed excess concentrations that were 1.8 times the average excess concentrations, for
the wind direction east-southeast and south-southeast. For Lutjewad and to a lesser extent for Cabauw,
the simulation underestimated the in uence of the wind direction on the excess methane concentration. A
reason for this underestimation could be the underestimation of CH 4 emissions, especially in the direction
for which the highest excess concentration is found. Another reason might be the low amount of data point
used per wind direction for this analysis. Especially for eastern wind directions only 100 to 200 data points
could be used for which the simulated and observed wind blew from the same direction. Only a short
amount of time is covered by these data points, compared to the full simulation period.

With the use of the wind roses for the individual tracers, the effect of individual CH 4 sources on the
excess methane concentration in Lutjewad and Cabauw can be investigated. For example, the energy tracer
in Lutjewad shows excess CH,4 concentrations more than double the average for wind from the south-

southeast. Figure 22 (see appendix) demonstrates that in the south-southeastern direction from Lutjewad
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large emissions sources are located. These large emissions are from the natural gas exploitation in the
east of the Groningen province. Another example is the excess CH,4 concentration of the tracer represent-
ing emissions from re neries near Cabauw. For wind from the west-southwest direction, the excess CH 4
concentration of the re neries tracers is 2.3 times the average excess CH, concentration. Figure 21 (see
appendix) shows that CH 4 re nery sources are located in the west-southwest direction from Cabauw. For
most of the tracers the largest CH,4 sources are found in the direction of the wind for which the excess CH 4
concentration is the highest. The maps of emissions data for all individual tracers can be found in section
7.2.

It should also be noted that the wind direction for which the excess CH 4 concentration is highest might
not coincide with the direction in which the largest CH 4 sources are located. One cause for peak events
in CH 4 concentration are calm weather conditions. These calm weather conditions might occur more fre-
qguently when wind blows from a speci ¢ direction. The wind direction for which the excess CH 4 con-
centration is the highest might coincide with the wind direction for which calm weather conditions occur
most frequently. In Lutjewad this seems to be the case because most tracers have the highest excess Chl
concentrations for wind blowing from a south-southeastern direction. Not all of these tracers have their
largest sources located in this direction. In Cabauw the differences in the magnitude of the excess CH 4
concentration per wind direction are smaller. For this reason it is hard to draw solid conclusions whether
calm weather conditions or large emissions sources are the cause for the high excess CH concentration of
tracers in a particular wind direction. Further analysis would be needed to determine the effect of these

calm weather conditions on the wind direction for which excess CH 4 are highest.

4.4 Limitations
4.4.1 The WRF-Chem model

The preparation of the WRF-Chem model simulations and learning its features was a very time demanding
process. As a consequence only a short amount of time was left for conducting and analyzing the simu-
lations. The aim was to conduct 1 km x 1 km resolution simulations of the methane concentration on the
domain of the Netherlands for the full year of 2017, with a maximum run time of 1 week. This turned out
to be unfeasible, because such a run would have a run time of several months. The compromise was a run
with a resolution of 3 km x 3 km on the domain of the Netherlands. With these settings, the run time was
still two weeks. This long run time was mainly caused by the time steps in the simulation, which had to
be very small for runs with a small grid size. The advised ideal time step was 6 times the grid size of the
coarse domain. However, experience learned that the time step could not be larger than 3 times the grid
size of the coarse domain. Even with such a small time step, there still occurred several computer errors
with unknown reason during the simulations. Fortunately, the runs could be restarted with an even smaller

time step just before the moment the error occurred. Considering all, the run time of the WRF-Chem model
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is too long for conducting simulations with such a high resolution for a time period of one year or more on
a domain of 85000 km?. Especially when the research time is limited, a run time of 2 weeks makes it hard

to optimize the simulations.

4.4.2 Inputdata

The emission inventory for the Netherlands is of very high spatial resolution. This made it possible to
conduct high resolution simulations. However, the emission data was only provided as the yearly emis-
sion per subgroup. No information on variability in the emissions throughout 2017 was available. This
lack of variability, potentially causes discrepancies in methane concentration between the simulations and
observations. For the coarse domain, the EDGAR emission data was used. The most recent available emis-
sion inventory from EDGAR was for 2015. Emissions in 2015 were possibly different from those in 2017.
Moreover, this EDGAR emission inventory is categorized in different subgroups than the RIVM inventory.
To use this inventory for the coarse domain, the EDGAR subgroups had to be matched with the RIVM
subgroups. However, not enough information was available to match all EDGAR subgroups to the RIVM
subgroups in a correct way. Due to this inability to match all subgroups, certain tracers had no emissions
in the simulated outer domain. This led to a lower quality of the representation of methane emission from
outside of the Netherlands. For the second run that was conducted to investigate the diurnal cycle in the
methane concentration, hourly multiplication factors for methane emissions were used. These multiplica-
tion factors are based on general variability in activity of several anthropogenic processes. These factors
are not speci cally generated for methane emission. Insights in the diurnal cycles of methane emission by
different sources are still not thorough enough. More research in optimizing the emission inventory for
these diurnal cycles in the methane emission can give better insight in the performance of the WRF-Chem

simulation on diurnal time scales.

4.4.3 Measurement data

The available measurement data for CH4 concentration in the Netherlands was sparse. Only two con-
tinuous measurement sites are located in the Netherlands that were operational during most of 2017. A
consequence was that the simulation output could only be tested for these two locations. Moreover, both
sites are located in the middle of an agricultural area. These two sites are not enough to give full insight
in the performance of the model for the whole of the Netherlands. Furthermore, a better testing on the
emission inventory could be done with a larger amount of measurement sites. Using more measurement
sites to compare the simulations with, would give the opportunity to conduct a statistical analysis on the

overall performance of the WRF-Chem model in simulations of CH 4 concentrations.
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45 Recommendations for further research

The study conducted for this master project was an exploratory research. In this case this means that it
is investigated whether WRF-Chem is a suitable model to simulate high resolution CH 4 concentrations in
the Netherlands. Despite the long run time, this model has proven to be suitable for these kind of simu-
lations. This means many research questions can be investigated with the use of this WRF-Chem model.
The limitations discussed in the previous subsection, from the basis for several possible future studies. 1)
The simulations with the WRF-Chem model could be compared with measurement data form more loca-
tions. Maybe regional measurement campaign data can be used to analyze shorter periods. Furthermore,
for the longer term, more continuous measurements of methane concentration in the Netherlands could
be conducted. This could give better insight in the methane emissions of the whole of the Netherlands.
In that case the simulations can be thoroughly compared with measurements. 2) Future research can be
on the in uence of local sources. With the use of a mobile CH 4, measurement instrument, emissions from
local sources can be captured better. With a better insight in these local sources, the discrepancy between
simulations and observations during peak events can possibly be explained. This kind of research on local
CH4, emissions with a mobile measurement instrument has recently been conducted for emissions in large
cities (Maazallahi et al., 2020). 3) Research could focus on conducting simulations with higher spatial reso-
lutions (1 km x 1 km). Smaller domains should be chosen to reduce the run time. Small domains covering
the area around Lutjewad and Cabauw might be chosen. Simulations conducted with this 1 km x 1 km
resolution might capture the local plume emissions better and therefore, represent the peak concentration
events better. 4) Further research could focus on nding a cause for the underestimated diurnal range in

the simulated methane concentrations.

5 Conclusion

This study aimed to compare high resolution simulations of the methane concentration in the Netherlands,
to in situ measurements. For conducting high resolution simulations of methane concentration, the WRF-
Chem model was used. Methane emissions from the RIVM emission inventory are used as input with a 3
km x 3 km grid size on a rectangular domain covering all of the Netherlands. The output of this simulation
is compared with measurements in Lutjewad and Cabauw during 2017. The research questions stated in
section 1.1 are answered throughout this conclusion section.

How well does the simulation without diurnal or season cycle in the emission correspond to the measurements in
Lutjewad and Cabauw?

The simulations showed a good agreement with the observation for the occurrence of peaks in the
CH4 concentration. Most peaks that occur in the observed methane concentration are also represented
by the simulations. However, the magnitude of the methane concentrations is signi cantly lower in the

simulations. This underestimation is most likely caused by the average methane emissions over an area
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of 3 km x 3 km being taken as input for the simulations. With taking this average emission, plumes from
emission sources will be more spread out and therefore less concentrated in the simulations than they are
in reality. Local accumulation of CH 4 during peak events, might therefore be less well captured in the
simulations. The CH 4 concentration in Cabauw is underestimated for most of the year. This might point to
some underestimated or missing sources in the emission inventory.

The correlation between the simulated and observed excess CH; concentrations is determined per
month for every tracer. In certain months most tracers showed relatively low correlation with the ob-
servations and in other months most tracers showed relatively high correlation with the observations. The
months in which relatively low correlations were found are the months with large gaps in the observational
data. Due to the small amount of observational data in these months, the correlation coef cient is based
on a short period of time which does possibly not represent the whole month. In April most tracers show
the highest correlation with the observations compared to other months, both in Lutjewad and Cabauw. In
April the variability in the observed methane concentration is lowest, both in Lutjewad and Cabauw. Due
to this lower variability in the observations, the simulations represent the variability in this month best.

Can the implementation of diurnal cycles on the emission improve the correspondence in diurnal trend between
simulations and measurements, and if not can other causes be addressed?

The observations in Lutjewad showed a 3 times larger diurnal range, of 150 ppb, in the methane con-
centration for the summer months, than the simulation. In Cabauw, the observed diurnal range is, with
225 ppb, even more than 4 times higher than the simulated diurnal range, during the summer. No signi -
cant diurnal cycle occurred in the observations and simulations during winter time. Implementing diurnal
variability in the methane emissions of several sources, only resulted in minor changes to the diurnal cy-
cle in the simulated methane concentration. An expected cause of the difference in diurnal range the CH 4
concentration between simulation and observations was a possible discrepancy in the diurnal variability
of the boundary layer height, between observations and the simulation. However, the diurnal range of the
boundary layer height in the simulations did not show differences with the observations that were large
enough to explain the difference in the diurnal range of the methane concentration. The diurnal ratio of
daytime BLH and nighttime BLH during the summer months was higher in the simulations than in the
observations. This result implies that that the diurnal range in the simulations should be higher than in the
observations. However, the opposite in found in this study.

Does the wind direction have impact on the excess concentration of the tracers detected at the measurement loca-
tions?

In Lutjewad, most tracers had excess CH, concentration that were higher than average when the wind
blew from southern directions. This is consistent with the observed methane concentrations. Both in the
simulations and the observation, the total excess CH, concentration showed the highest excess methane
concentrations for wind from the south-southeastern direction. However, the simulations showed for this

wind direction a concentration of 1.7 times the average methane concentration, while the observations
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showed a methane concentration of 3 times the average observed concentration. In Cabauw the simulated
total CH 4 concentration of all tracers showed the highest excess concentrations for wind blowing from the
east-northeast. The simulated methane concentration for this wind direction was 1.4 times the average sim-
ulated methane concentration. The observations showed the highest excess concentration when the wind
blew from east-southeastern and south-southeastern directions. For these wind directions the observed
excess methane concentration is 1.8 times the average excess methane concentration. Both in Lutjewad and
Cabauw the in uence of the wind direction on the magnitude of the excess methane concentration is un-
derestimated by the simulation. This can be caused by underestimated local methane emission. Another
reason could be the poor representation of plume emission using a resolution of 3 km x 3 km.

Can the observed methane concentration in Lutjewad and Cabauw be reproduced by model simulations with the
use of a high resolution methane emission inventory as input in the WRF-Chem model?

In conclusion it can be stated that, despite the relatively long run time, the WRF-Chem model was
suitable for performing high resolution simulations of methane concentrations in the Netherlands. Vari-
ability in the CH 4 concentration at Lutjewad and Cabauw on time scales of weeks and months is fairly well
reproduced by the model simulations. Simulations with a higher spatial resolutions might improve the
reproduction of the maximum CH 4 concentration during peak events. The variability in CH 4 concentration
on a diurnal time scale is not well represented by the WRF-Chem simulations. Further research should be
conducted on the discrepancies in the variability in diurnal methane concentration between the WRF-Chem
simulations and the observations. Resolving these discrepancies will increase the accuracy with which the

effect of methane emissions on the methane concentration can be determined.
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7 Appendix

7.1 Tables of tracers

Table 6: The 13 different emissions groups de ned in the RIVM emission inventory.
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Table 7: The categorization of EDGAR emission groups into the 13 RIVM emissions groups as numbered in
table 6.
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Table 8: Different diurnal multiplication factor per hour. The rst row indicated the hour of the day. The

rst column is the number of the diurnal pro le used to link the speci ¢ diurnal pro les to the tracers, see
table 9. Note that this table is split into two tables, one from 00:00 - 11:00 and one from 12:00 - 23:00, for
better visibility.

Table 9: The diurnal pro le implemented for every tracers in the second simulation. The diurnal pro le
numbers from table 8 are use.
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7.2 Maps of CH 4 emissions per tracer in the Netherlands

Figure 18: CH4 emissions from the re neries in the Netherlands in 2017. Note that emissions smaller than
10* kg/km ?/year are not shown on the map.

61



Figure 19: CH,4 emissions from the other industry in the Netherlands in 2017. Note that emissions smaller
than 10! kg/km 2/year are not shown on the map.
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Figure 20: CH,4 emissions from the chemical industry in the Netherlands in 2017. Note that emissions
smaller than 10! kg/km 2/year are not shown on the map.
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Figure 21: CH,4 emissions from the re neries in the Netherlands in 2017. Note that emissions smaller than
10% kg/km 2/year are not shown on the map.
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Figure 22: CH,4 emissions from the energy sector in the Netherlands in 2017. Note that emissions smaller
than 10° kg/km 2/year are not shown on the map.
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Figure 23: CH4 emissions from the traf ¢ and transport in the Netherlands in 2017. Note that emissions
smaller than 10! kg/km 2/year are not shown on the map.
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Figure 24: CH,4 emissions from the consumers in the Netherlands in 2017. Note that emissions smaller than
10? kg/km 2/year are not shown on the map. Emissions above 10° kg/km 2/year are indicated with the
color black.
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Figure 25: CH,4 emissions from the construction in the Netherlands in 2017. Note that only emissions
between 10" kg/km 2/year and 10 2 kg/km 2/year are shown on the map.
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