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Abstract. Since 1992 semi-continuous in-situ observations

of greenhouse gas concentrations have been performed at the

tall tower of Cabauw (4.927◦ E, 51.971◦ N, −0.7 m a.s.l.).

Through 1992 up to now, the measurement system has been

gradually extended and improved in precision, starting with

CO2 and CH4 concentrations from 200 m a.g.l. in 1992 to

vertical gradients at 4 levels of the gases CO2, CH4, SF6,

N2O, H2, CO and gradients at 2 levels for 222Rn. In this pa-

per the measurement systems and measurement results are

described for the main greenhouse gases and CO, for the

whole period. The automatic measurement system now pro-

vides half-hourly concentration gradients with a precision

better than or close to the WMO recommendations.

The observations at Cabauw show a complex pattern

caused by the influence of sources and sinks from a large area

around the tower with significant contributions of sources

and sinks at distances up to 500–700 km. The concentra-

tion footprint area of Cabauw is one the most intensive and

complex source areas of greenhouse gases in the world. De-

spite this, annual mean trends for the most important green-

house gases, compatible with the values derived using the

global network, can be reproduced from the measured con-

centrations at Cabauw over the entire measurement period,

with a measured increase in the period 2000–2009 for CO2 of

1.90 ± 0.1 ppm yr−1, for CH4 of 4.4 ± 0.6 ppb yr−1, for N2O

of 0.86 ± 0.04 ppb yr−1, and for SF6 of 0.27 ± 0.01 ppt yr−1;

for CO no significant trend could be detected.

The influences of strong local sources and sinks are re-

flected in the amplitude of the mean seasonal cycles observed

at Cabauw, that are larger than the mean Northern Hemi-

sphere average; Cabauw mean seasonal amplitude for CO2

is 25–30 ppm (higher value for lower sampling levels). The

observed CH4 seasonal amplitude is 50–110 ppb. All gases
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except N2O show highest concentrations in winter and lower

concentrations in summer, N2O observations show two addi-

tional concentration maxima in early summer and in autumn.

Seasonal cycles of the day-time mean concentrations show

that surface concentrations or high elevation concentrations

alone do not give a representative value for the boundary

layer concentrations, especially in winter time, but that the

vertical profile data along the mast can be used to construct a

useful boundary layer mean value. The variability at Cabauw

in the atmospheric concentrations of CO2 on time scales of

minutes to hours is several ppm and is much larger than the

precision of the measurements (0.1 ppm). The diurnal and

synoptical variability of the concentrations at Cabauw carry

information on the sources and sinks in the footprint area of

the mast, that will be useful in combination with inverse at-

mospheric transport model to verify emission estimates and

improve ecosystem models. For this purpose a network of

tall tower stations like Cabauw forms a very useful addi-

tion to the existing global observing network for greenhouse

gases.

1 Introduction

The human induced increase in atmospheric greenhouse

gas concentrations since the industrial revolution is caus-

ing changes in Earth’s radiation balance. According to the

consensus in the IPCC 4th AR (Forster et al., 2007), this

will lead to changes in our climate at global and regional

scales. The first consistent and precise time series of tropo-

spheric carbon dioxide, starting in 1958 at Mauna Loa (Keel-

ing, 1960), have been very important for the discovery of the

rising greenhouse gas concentration. Since then a global ob-

servation network has been developed that covers large part

of the Earth with continuous and event sampling of the con-

centrations of the most important greenhouse gases, related
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tracers and isotopes (see e.g. WMO GAW, http://www.wmo.

int/pages/prog/arep/gaw/gaw home en.html; NOAA ESRL,

http://www.esrl.noaa.gov/gmd/ccgg/).

The rising concentrations of the most important green-

house gases (CO2, CH4, N2O, SF6 and the halocarbons) due

to human activities since pre-industrial times have been fairly

well established through direct measurements (e.g., Keeling

et al., 1976; Bacastow et al., 1985; Dlugokencky et al., 1994)

and determination of concentrations in air bubbles trapped in

Antarctic and Greenland ice-cores (Chappellaz et al., 1993;

Neftel et al., 1994; Petit et al., 1999; Etheridge et al., 2002).

The current network allows us to derive the global budget of

the airborne fraction of these gases with high accuracy, us-

ing annual mean concentrations and one dimensional (e.g.,

Le Quéré et al., 2009) or two dimensional (e.g., Levin et al.,

2010; Prinn et al., 2007) simple budget or transport models.

An important focus of research has been the derivation of

spatially explicit budgets of CO2 and CH4 using more ad-

vanced 3-D global transport models, where inverse methods

are used to derive improved emission estimates based on ob-

servations of concentrations and fluxes at higher resolutions

in time and space (e.g. Fan et al., 1998; Law et al., 2003;

Gurney et al., 2002; Bousquet et al., 2005).

At first, right after the start of the Mauna Loa and South

Pole observations (Keeling, 1957) the development of the

global measurement network was slow but steady. A first

wave of increased attention for the global change issue

around 1990 started an acceleration of research activities,

leading to a faster increase of the number of observation sites.

A new development at that time was the deployment of tall

towers as an observation platform, as a way to make observa-

tions on the continent more representative for a larger region,

by minimizing the influence of very local fluxes on the ob-

servations (Bakwin et al., 1998; Haszpra, 1995). Until then

the focus for observation sites was directed to remote “back-

ground” sites, preferably on islands or coastal regions, so that

the observations were representative for the concentration at

the latitude of the station.

Cabauw tower was erected already in 1972 for mete-

orological studies of the planetary boundary layer by the

Royal Dutch Meteorological Institute (KNMI) (van Ulden

and Wieringa, 1996). KNMI still owns and operates the

tower, which is used for continuous meteorological and cli-

matological observations and intensive scientific research

campaigns. One of the big advantages of Cabauw is the

availability of a large set of current and historic meteorolog-

ical and remote sensing observations. Since 2002 a consor-

tium of 9 institutes and universities has been in place to use

the tower as a supersite for atmospheric research (CESAR:

http://www.cesar-observatory.nl).

ECN (Energy research Centre of the Netherlands) started

observations of the most important greenhouse gases (GHGs)

at Cabauw tower in 1992; in this paper we will describe the

Cabauw tall tower site, the different equipment configura-

tions for GHG measurements and a selection of measurement

results. The greenhouse gas observations at Cabauw were

extended and improved since 2004 as part of the EU project

CHIOTTO (Vermeulen et al., 2007), part of the CarboEu-

rope cluster of projects. In this project 8 tall towers have

been equipped. Results from the other towers can be found in

the companion articles in this special issue (Thompson et al.,

2009; Van der Laan et al., 2009; Popa et al., 2010; Schmidt

et al., 2011; Moncrieff et al., 2011; Neubert et al., 2011).

The work on the European tall towers has been contin-

ued as an activity in the follow-up CarboEurope-IP project

(Schulze et al., 2009) and will form an important part of the

ICOS infrastructure (Integrated Carbon Observing System;

http://www.icos-infrastructure.eu).

The continuous concentration records from the tall towers,

together with the continuous records from other more remote

sites, have already proven to be very useful in recent inver-

sions for CO2 and CH4, like those described in Bergamaschi

et al. (2010), Chevalier et al. (2010) and Peters et al. (2009).

2 Cabauw tall tower site and representativity

2.1 Site description

The Cabauw tower (4.927◦ E, 51.971◦ N, −0.7 m a.s.l.) is

a steel structure that rises up to 213 m a.g.l.. It is located

in the center of The Netherlands, about 25 km southwest of

the city of Utrecht (see Fig. 1). The direct surroundings of

the tower have a relatively low population density, although

the area within 100 km of the tower contains a population

of more than 7 million people. The main land use of the

area around Cabauw is a mixture of intensively and exten-

sively managed grassland. Two km south of the tower one

arm of the River Rhine (local name Lek) meanders through

the landscape. Figure 1 shows the location of the Cabauw

site projected on a representation of the Corine 2000 (http:

//image2000.jrc.ec.europa.eu/) land use map at a resolution

of 500 m.

South of the tower the rivers have deposited loam and clay

on the topsoil since the last ice age, on top of the peat layers

that also developed since then. This post-glacial peat layer

covers most of the remaining direct area. On the clay soils in

the river areas, some (fruit) orchards are located. In general

the terrain is very flat with ground levels at or just below sea

level (0 to −2 m a.s.l.). A small town of about 7500 inhabi-

tants (Lopik) is located 1 km east of the tower.

The tower itself consists of a 2 m diameter steel pipe. The

tower is equipped with external platforms and booms every

20 m. Meteorological obsertations of standard parameters

like windspeed, temperature and humidity are made at all

levels (van Ulden and Wieringa, 1996). In the cellar of the

main building at the foot of the mast, the greenhouse gas

measurement equipment is placed. The temperature in this

space is very stable on short time scales (diurnal), due to its
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Fig. 1. Cabauw measurement location (yellow star) and Corine 2000 (http://image2000.jrc.ec.europa.eu/) land use for the surrounding area.

The area displayed in the color map is approx. 300 × 400 km.

location underground, but varies from winter to summer be-

tween approximately 17 ◦C and 27 ◦C.

At about 100 m southwest of the tall tower, a smaller 20 m

high scaffold tower rises that can be used for gradient mea-

surements at heights of 20 m a.g.l. or lower, with less distur-

bance of the main building beneath the tall mast.

2.2 Concentration footprint

Interpretation of in-situ observations like in Cabauw, and us-

ing an atmospheric transport model is not without its prob-

lems. As the observations are point observations in space

and time, they are usually not representative per se for the

modelled concentrations. These modelled values are always

an average in space and time, where the size of the aver-

age is a function of the model (horizontal and vertical) res-

olution. There is also the risk that the observations are in-

fluenced by processes (emissions or meteorology) that are

not resolved by the transport model. This problem is usu-

ally referred to with the term “error of representativeness”,

and this error is often assigned to the observations, although

in fact it is a function of the transport model used (Law et

al., 2007). In a complex and inhomogeneous source area

like The Netherlands this representation error is potentially

large, unless the model resolution is high and the model er-

rors are kept to the minimum. Gerbig et al. (2006) show

that for current models this representation error for CO2 is,

even under optimum conditions, on the order of several ppm,

much larger than the actual measurement precision. Never-

theless their results indicate a strong potential for high reso-

lution retrievals based on a network of tall towers like the

one at Cabauw. Dolman et al. (2009) conclude that cur-

rent mesoscale models will still need significant improve-

ments in order to be able to be used in flux inversions of

in-situ (and intermittent remote-sensing) observations on di-

urnal time scales.

The situation might be better for other gases than CO2. In

a study on CH4, Villani et al. (2010) conclude that synthetic

model inversions, using a European network of stations for

which preferably continuous measurements are available, al-

low the retrieval of the “true” annual total emissions for sin-

gle countries such as France within 20%, and for all North

West European countries together within 5%.
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Fig. 2. (a) Total hourly concentration footprint (2008) for Cabauw 200 m sampling level. First thick red contour contains the area with 25%,

next thin red 50%, next thick green 75%, next thin gray 95% of total potential footprint. Colour scale is percentage of potential footprint

per pixel relative to the maximum pixel value (see text); (b) total hourly concentration footprint (2008) for the Cabauw 20 m sampling level,

colour scale similar to (a) (see text).

The potential influence of sources and sinks on the con-

centrations measured at a tall tower can be evaluated us-

ing transport models to get an impression of the area from

which the fluxes have a detectable influence on the observa-

tions. Henne et al. (2010) evaluated a large number of Euro-

pean stations, among which Cabauw, using footprint analysis

based on a Lagrangian model framework. They characterise

Cabauw as a polluted rural site with one of the largest foot-

prints, i.e. influence regions, of all the considered stations,

due to its sampling height and the specific location with rel-

atively large mean wind speeds and large variability of the

flow directions, so that air masses are sampled from many

different directions.

In principle the influence of fluxes from a region on the

observations declines exponentially with distance and can be

described as an inverse plume. The decay function is deter-

mined by transport speed, vertical and horizontal mixing pro-

cesses, height of the planetary boundary layer and the height

of the observation. In Fig. 2 the annual average potential

contribution from fluxes to the concentrations of CO2 above

the global background are shown for the year 2008, based

on hourly 144 h backward trajectories, arriving at Cabauw

station. The model used for Fig. 2 is the COMET trans-

port model (Vermeulen et al., 1999; 2006). When assum-

ing a constant emission per unit area for all pixels in the

model domain, the contribution to the Cabauw concentration

at 200 m level is shown in Fig. 2a relative to the maximum

contribution (from the pixel in which the station itself is lo-

cated); Fig. 2b shows the equivalent for the 20 m sampling

level. The pixel size in this calculation is 0.1◦ latitude and

longitude.

Figure 2 confirms the finding of Henne et al. (2010) that

Cabauw tower has a relatively large concentration footprint

that covers an area of about 500 × 700 km. The 20 m sam-

pling level is much more sensitive to emissions in the near

field up to 5◦ distance in latitude and longitude around the

tower and shows a more sharp decline of the sensitivity with

distance. The main influence area that causes more than 50%

of the potential received signal on a sampling level has in

Fig. 2 orange to light blue colours. In absolute sense both

sampling levels have roughly the same sensitivity to emis-

sions outside this area; so these more distant areas, depicted

in darker blue colours, have a relatively larger influence on

the 200 m level. By measuring at several vertical sampling

levels one can receive different weighted combinations of lo-

cal signals and more remote signals. One has to use a trans-

port model to disentangle these different signals. During day

time under strongly mixed conditions and PBL heights well

above the highest observation level, all sampling levels will

carry more or less the same information, but in other cases,

and for Cabauw this is the case for more than 60% of the

time, this added value of vertical gradients exists.

Another difference between the 20 m footprint and that

of the 200 m sampling level, is that the 20 m level receives

more signal from the North Sea area northwest of Cabauw.

Air masses that are transported over ocean or sea do not ex-

perience large fluctuations of the PBL height which dilute

the concentration signals of fluxes from previous days on

the way to the receptor, and the boundary layers over sea

are often shallow, leading to relatively large accumulations.

Over land the diurnal variation of the PBL is much larger.

This leads to the effect that during nights with northerly to

Atmos. Meas. Tech., 4, 617–644, 2011 www.atmos-meas-tech.net/4/617/2011/
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Table 1. Gas chromatographic equipment and setup at Cabauw for all periods.

Period A Period B Period C1 Period C2

1992–1997 2000–2004 2004–2008 2009–now

GC Carlo Erba GC8000 Carlo Erba GC8000 Agilent 6890N Agilent 6890N

Detectors FID/ECD FID/ECD FID/µECD FID/µECD

Sample volume 2×5 ml 5 ml 10 ml 10 ml

Oven

temperature

90 ◦C 50 ◦C 70 ◦C 57 ◦C/68 ◦C

Valve

temperature

60 ◦C 60 ◦C 70 ◦C 57 ◦C/68 ◦C

Detector

temperature

320 ◦C 320 ◦C/350 ◦C 400 ◦C/320 ◦C 280 ◦C/390 ◦C

Column (CH4) Porapak Q, 80–100 mesh,

7 ft×¼′′ SS

Hayesep Q, 80–100 mesh,

2 m×¼′′ SS

Unibeads 1S 3ft 1/8′′

Molsieve 5A, 4 ft 1/8′′

Unibeads 1S 3 ft 1/8′′

Molsieve 5A, 4 ft 1/8′′

Column (N2O) Hayesep Q, 2 m×1/8′′ SS Hayesep Q, 2 m×1/8′′ SS HayesepQ, 4 ft 3/16′′;

HayesepQ, 6 ft 3/16′′

HayesepQ, 4 ft 3/16′′;

HayesepQ, 6 ft 3/16′′

He carrier cylinder (6.0) n.a. n.a.

N2 supply cylinder (5.0) cylinder (5.0) cylinder (6.0) cylinder (6.0)

Air supply cylinder (5.7) Air generator

(Chrompack AG110)

Air generator

400 ml/min (Parker

Balston 75–8)

Air generator

320 ml/min (Parker

Balston 75-8)

+ purifier

H2 supply cylinder (5.0) H2 generator

(Packard HG8200)

H2 generator (Parker

Balston A9150)

H2 generator (Parker

Balston A9150)

Ar/CH4 supply n.a. n.a. Ar/CH4 cylinder

(95%/5%) (5.5)

Ar/CH4 cylinder

(95%/5%) (5.5)

+ purifier

Working air Calor compressor Calor compressor Calor compressor Calor compressor

Secondary air

pump

Thomas 8010 Thomas 8010 n.a. n.a.

Data acq. and

processing

MS-DOS Baseline MS Windows 3.1

Class-VP

HP Chemstation v10

rev B01.01

HP Chemstation v10

rev B01.01

westerly flow directions, the 200 m sampling level often re-

ceives air masses that have not been in contact with sea sur-

face emissions, while the 20 m level samples air with rela-

tively high contributions from sea surface emissions. The

oil and gas exploration activities at the North Sea continental

shelf area are known to emit relative large amounts of CH4.

3 Materials and methods

In 1992 the Cabauw tower was equipped by ECN for green-

house gas observations. Cabauw tall tower has been used

since then in different gradually improved equipment config-

urations. In the period 1992–1997 (period A) sampling took

place from the 200 m a.g.l. sampling level and from the small

mast.

In 1997 Cabauw was closed to perform a major refurbish-

ment of the tall tower and its installations. Cabauw tower

was reopened in 2000, and soon after that the greenhouse

gas observations were restarted in an improved setup until

October 2004 (period B). The second major overhaul of the

measurements took place in 2004 as part of the aforemen-

tioned project CHIOTTO (period C).

In this paper we will report all concentrations of gases as

molar mixing ratios in dry air with units ppm, ppb or ppt.

More details on the instruments can be found in Tables 1–3

and Figs. 3–7.

3.1 Instrumental setup period A (1992–1997)

In the period 1992–1997 sampling was performed from

200 m a.g.l. and from the small mast. The air inlet at the

200 m level was connected with a 1/2′′ outer diameter (OD)

www.atmos-meas-tech.net/4/617/2011/ Atmos. Meas. Tech., 4, 617–644, 2011
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Table 2. CH4 working standards in period A, calibrated against

NOAA secondary standards, in ppb (number of injections = 4).

Cylinder Date Mixing ratio s.d.

ECN 31 10 Mar 1994 1928 9

ECN 31 17 Jan 1995 1910 4

ECN 45 17 May 1994 2616 10

ECN 45 17 Jan 1995 2588 5

PTFE tubing to the equipment in the cellar building. The

inlet consisted of a simple PVC filter holder with a 1 µm

filter to remove particulates and rain droplets from the air

stream. Air was drawn through the inlet line with a flow

of about 30 l min−1 by use of a membrane pump (Thomas

type 2737CP390). During the first years of measurement at

Cabauw, also 1/2′′ OD heated inlet PTFE lines were mounted

on the small mast at levels of 1, 2, 5 and 10 m a.g.l., con-

nected to membrane pumps (Thomas type 2737CP390). All

inlets were equipped with a high efficiency particulate filter.

Sample air from all levels was led through HEPA absolute fil-

ters to remove any other particulates in the sample air stream

before analysis.

3.1.1 CO2 observations

A small fraction of the air stream was directed to a NDIR

(Non-dispersive Infra-Red) analyzer (Siemens Ultramat 5)

for analysis of CO2 concentrations. The resolution of this an-

alyzer is according to the manufacturer specification 0.5 ppm

in the measurement range of 0–500 ppm that we used. The

air was pumped at a rate of 2 l min−1 using a simple mem-

brane pump through the NDIR cell. Before entering the

NDIR all air (both sample air and standard gases) was con-

secutively dried and humidified to reach a constant 5 ◦C dew-

point using a Peltier controlled drying and evaporation unit.

A switching unit allowed to select one of six different sam-

ple air streams. These vertical gradient measurements of the

CO2 mixing ratios above the Cabauw grass canopy have been

applied to derive parameterizations for the grassland assimi-

lation system in Dirks et al. (1999).

The NDIR and valve system was controlled using a Tat-

tleTale based data-logging system. This system logged the

analog output of the NDIR analyzer and switched the in-

let valves every two minutes. After one minute of flushing

time, the last minute of concentration readings were used to

calculate the mean concentration (and starting January 1995

its standard deviation), which were stored in the datalog-

ger’s memory. The datalogger also started daily the auto-

matic zero and span calibration sequence of the analyser and

stored the results of this procedure in memory. The span gas

was supplied from a cylinder containing compressed ambi-

ent air, with an assigned CO2 mixing ratio. Calibration of

Table 3. Estimated precision of the measurements at Cabauw for

the different measurement configurations, based on measured Tar-

get repeatability (1 s.d.).

Period A Period B Period C1 Period C2

CO2 (ppm) 1–3 1–3 0.05 0.05

CH4 (ppb) 10 3 2 1

N2O (ppb) – – 0.7 0.2

CO (ppb) – – 4 1

SF6 (ppt) – – 0.5 0.1

the span gas cylinder was performed using two secondary

WMO certified standards approximately 3–4 times per year.

The estimate of the precision of the measurements is based

on the standard deviation of the span gas measurements that

are taken daily just before the calibration factor was adjusted.

The estimated precision is about 1 ppm, similar to the reso-

lution of the analyzer.

3.1.2 CH4 observations

Another part of the ambient sample air from the 200 m sam-

pling level was led to the gas chromatograph (GC) system

(Carlo Erba GC8000) for CH4 and N2O analysis. The GC

was equipped with a Flame Ionisation Detector (FID) and an

Electron Capture Detector (ECD), and an automated Valco

valve switching system (a detailed description can be found

in Table 1). The results of the N2O measurements using the

ECD detector in this setup were imprecise, with a noise level

of the ambient concentrations of 4–6 ppb, comparable to the

diurnal fluctuations of the ambient concentration, and will

not be discussed in this paper. At 7.5 min intervals, a 5.0 ml

air sample was injected onto a 210 cm × 0.25′′ Porapak Q

column. The analytical column was thermostated at 90 ◦C.

In order to optimise analytical performance, CH4 calibra-

tion was updated every 30 min by injecting a CH4 calibration

standard.

Two-point linear calibration curves were calculated for the

two successive working standards (cylinders containing am-

bient air with approximately 2.0 and 3.5 ppm CH4, respec-

tively). The concentrations of the atmospheric samples taken

between the two working standards were calculated with

each updated calibration curve. From each group of three

air samples, a 30 min average concentration was stored to-

gether with date and time of measurement in a concentration

file. Peak areas of the working standards were stored together

with date and time of measurement in a calibration file.

The CH4 working standards were calibrated approximately

3 times per year against WMO certified calibration standards

prepared by NOAA ESRL GMD (NOAA83-scale: NOAA

109 883 = 7587 ppb; NOAA 121 488 = 1764 ppb). Methane

Atmos. Meas. Tech., 4, 617–644, 2011 www.atmos-meas-tech.net/4/617/2011/
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concentrations of the working standards were calculated

from the mean area of 4 successive injections.

To correct for the influence of the fluctuating ambient wa-

ter vapour concentrations in the sample air, and to arrive at

the proper dry air methane mixing ratios, all concentrations

have been corrected with the following formula, using the

ambient water vapour concentration w at the 200 m level in

the same sampling time, as measured by KNMI by aspirated

dry and wet bulb thermometers:

Cdry =
Cwet

1 − w
(1)

where:

Cdry = Dry molar mixing ratio of the gas (e.g. ppb)

Cwet = Wet molar mixing ratio of the gas (ppb)

w = volume fraction of water vapour (mol/mol)

All CH4 mixing ratio data from this period A (and B) have

been scaled from the NOAA83 CH4 scale to the NOAA04

CH4 scale by multiplying with a factor of 1.0124 as pre-

scribed by Dlugokencky et al. (2005).

In period A also ambient samples from the 200 m level

were taken and analysed for isotopic ratios of 14C in CH4

and 14C in CO2 (Hensen et al., 1995). Details of the proce-

dures and results can be found in Eisma et al. (1995), Ver-

meulen et al. (1997) and Hensen et al. (1997). The CH4

concentration record was used to derive emission estimates

by using a simple inversion scheme with an early version of

the COMET transport model and trajectory data provided by

KNMI (Vermeulen et al., 1999). In a national project the

data has been combined and analysed together with obser-

vations from three other stations in The Netherlands using

a common concentration scale and similar GC observation

techniques (Berdowski et al., 2001).

An indication of the precision of individual CH4 observa-

tions in period A can be derived from the standard deviation

of working standards during the assignment of their concen-

trations using the WMO secondary standards, as shown in

Table 2. Another indication is the standard deviation of the

measurements of the working standards in the measurement

cycle. Both indicate a precision of about 10 ppb for period A.

3.2 Instrumental setup period B (2000–2004)

3.2.1 Air sampling and drying system

Cabauw tower reopened after the refurbishment in the year

2000 and the instrumentation used for period A was revised.

We equipped the tower for performing vertical gradient mea-

surements at 4 heights, i.e. 200, 120, 60 and 20 m a.g.l. Air

was drawn through four 1/2′′ OD polythene tubes at a flow

of approximately 20 l min−1 by use of sliding vane pumps

(Rietschle type Picolino VTE6), located in the basement of

Cabauw main building; the air flow was controlled using

custom made capillary orifices. At inlets on the tower cus-

tom built PVC filters holders and filters were used to pre-

vent water droplets and aerosols entering the system. Inside

the tower, just after the inlets, Nafion membrane pre-dryers

(Permapure, type PP-625–72) were installed, to prevent wa-

ter vapour condensation along the walls of the tubing. All

dryers were provided with a counter-flow of 10 l min−1 of

dry air generated by an air compressor in the basement (Atlas

Copco). The sample air was dried by the Permapure dryers

to a dewpoint of about −10 ◦C.

3.2.2 CO2 NDIR system

The CO2 mixing ratio measurements in period B were per-

formed using the same instrumentation as in period A, after

a factory check and revision of the Siemens Ultramat NDIR.

Sample pump, valves and relays were renewed and the data

logger was replaced by an upgraded version of the Tattle Tale

hardware, and it was now connected directly through a se-

rial communication to the central computer, where all data

were logged in real-time, parallel to the data logger’s own

data collection. The measurement cycle was maintained at

two minutes per sample height, but now only the four main

sampling heights were used, so that the system in sample

mode generated five complete gradient measurements per

hour. Average monitor signal and standard deviation for the

final minute of each two minute measurement interval were

stored in the datalogger. The Ultramat’s automatic zero/span

sequences were again initiated daily, controlled by digital

signals from the datalogger to the analyser. Span and zero

correction normally were within 1 ppm between consecutive

days. In spring and summer of 2003 unfortunately most

measurements were lost due to several malfunctions of the

analyser, and manufacturer repair of electronics and chop-

per/filter hardware were needed.

3.2.3 GC system

The GC system from period A was renovated by renewing

the columns and replacing the pneumatic valves with electric

valves; details of the new GC system can be found in Table 1.

Also valves were fitted inside the GC for selecting the sam-

ple air from one of the two working standards or one of the

four vertical ambient inlets. The sample pump inside the GC

was used during measurement of ambient air to draw air from

one of the tower inlet lines from a t-split just before the main

sample pumps at a flow of approximately 100 ml min−1. In

each measurement cycle the sample loops were flushed for

4.5 min, then the sample loops were equilibrated to ambi-

ent pressure for 30 s, after which injection into the analytical

column took place. Through this shortening of the run cycle,

the system was now able to perform two complete vertical

gradient measurements bracketed by two working standard

injections in 1 h.
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Fig. 3. Period C: general schematic of the Cabauw gas control system for selection of ambient air sampling level, targets and calibration

gases. Connections denoted “Calib gases” also include working standard, archive standards and NOAA secondary standards. All sample

lines are permanently flushed.

3.3 Instrumental setup period C (2004–now)

In November 2004 a new set of equipment has been placed

at Cabauw in the framework of the CHIOTTO project (EU

5th framework programme). The old GC system was re-

placed by an Agilent 6890N GC with FID and ECD de-

tectors for CH4, CO, N2O and SF6 measurements. The

CO2 analyser Siemens Ultramat NDIR was replaced by a

Licor 7000 NDIR analyser.

In 2006 the Cabauw equipment was supplemented with a
222Rn monitor from ANSTO (Zahorowski et al., 2004), sam-

pling from 200 m, followed by a second 222Rn monitor of the

same type in 2007, sampling from 20 m.

In 2007 the Cabauw equipment was supplemented with a

reduction gas analyser (RGA) for measurements of the ambi-

ent mixing ratios of H2 and CO. Setup and results from these

measurements are discussed in Popa et al. (2011).

3.3.1 Air sampling and drying system

All sample air tubing between inlets on the tower and air

pumps in the basement was replaced with Synflex 1300

12 mm OD tubing. From a T-split in the basement, the sam-

ple air is moved through 1/2′′ OD tubing (Synflex 1300).

All Nafion pre-dryers at the inlet were disassembled, cleaned

and assembled again according to the manufacturer specifi-

cation. The sample air pumps were replaced by more ef-

ficient and quiet pumps (Becker VT 4.4). Air flow is now

controlled and logged using Mass Flow Controllers (Brooks,

type 5850S), the air flow through the sample lines is fixed

at 12–16 l min−1. The counter-flow dry air for the Nafion

pre-dryers is provided by a large compressor system at the

building cellar (Atlas Copco, type SF2), this compressor is

provided with outside ambient air at the intake.

From each sample air line, a small air stream of

400 ml min−1 is taken; this flow is controlled and logged

using Mass Flow controllers (MFC) (Brooks, type 5850S).

The air is pumped continuously with small diaphragm

pumps (KNF Neuberger type PM21188-86) through cryo-

genic vapour traps operating at around −50 ◦C, to reduce the

water content from the sample air. The cryogenic vapour trap

is a modified design from CIO Groningen (Neubert et al.,

2004) and consists of two sets of four glass fingers with a vol-

ume of 100 ml, placed in 2-l stainless steel dewars filled with

silicon thermofluid oil (Renggli, M60.115.05). The dewars

are cooled using cryogenic coolers (Thermo Neslab CC65).

The system switches to one of the pre-cooled glass trap sets

every 20.4 h. After switching, the unused dewar is heated to

38 ◦C and the trapped water is expelled from the glass fingers

by a counter flow stream of ambient air to prepare the trap set

for the next sampling period.

From the dried sample air streams, one can be selected

through a set of three way valves (Bürkert, model DS-330)

for analysis by GC and NDIR, or the system can select

one of the target gases or working standards for analysis.

The selected sample is split by a T-junction into two sub-

streams, which are led through a MFC and a Mass Flow Me-

ter (Brooks, type 5850S) and are used to flush the NDIR sam-

ple cell and the GC sample loops. Figure 3 shows the general

setup of the gas selection system.

During period C the measurement cycle for one vertical

gradient takes in principle 30 min, in which 4 vertical lev-

els and two targets are sampled. One measurement from

one level or from a target takes 5 min. Every 25 h one or
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two complete cycles are replaced with a calibration cycle

in which, next to the regular two target gases, 4 working

standards are measured. The first calibration period starts

at 01:00 UTC, every day the calibration cycle is set to start

one hour later. As soon as the last calibration cycle started

at 07:00 UTC has ended, the system sets the next calibration

time to 19 h ahead, i.e. 01:00 UTC next day. This in order to

prevent gaps in data coverage for fixed times of the day due

to a too regular calibration scheme.

All valve control, mass flow control, logging and handling

of instrumental data is handled through a custom software

application written in Borland Delphi, running under Win-

dows XP on a standard PC system equipped with a fail-safe

RAID-1 harddisk system and a UPS system. Data communi-

cation with the flow controllers and meters is through a sin-

gle RS-485 line; the communication between PC and NDIR

is through a RS232 connection. The central software com-

municates with the HP Chemstation software to synchronise

measurements through a software DDE connection. All mea-

surement data is processed in real-time to provide for exam-

ple provisional calibrated measurement data, and is stored

in an on-line SQL database that can be used for real-time

data evaluation, plotting etc. The PC is connected to Internet

through the KNMI network and can be remotely controlled

using a VPN connection.

The daily calibration is performed using a set of 4 work-

ing standards contained in aluminum high pressure cylin-

ders (Luxfer model P2806Z, volume 50 l, maximum work-

ing pressure 200 bar) with Rotarex-Ceodeux valves (model

D20030163, brass, with PCTFE seat) and Scott regulators

(model 51-14C, high purity, two stages, Ni plated brass, SS

diaphragm). The cylinders have been filled with atmospheric

air and calibrated at Max-Planck Institute for Biogeochem-

istry Jena, Germany, and the assigned values have been up-

dated to the current WMO scales for the relevant gases.

3.3.2 CO2 measurement system

The NDIR (LICOR 7000) is used in differential measure-

ment mode. The reference cell is flushed with reference air

from a cylinder. The reference air is ambient air pumped

up at the institute (located at the North Sea coast) dur-

ing conditions where air is expected to be close to back-

ground (usually north-westerly winds with arctic or subarc-

tic origin), as judged by prognostic trajectory data from the

Hysplit model provided by ARL (http://ready.arl.noaa.gov/

hysplit-bin/trajtype.pl). The reference cell is flushed at a

flow of 25 ml min−1, significantly lower than the sample air

stream flow rate, in order to be able to maintain the same

reference cylinder for periods longer than three months. The

measurement cell is flushed with 150 ml min−1 out of the se-

lected dried sample air stream of 400 ml min−1, the remain-

ing sample gas is used to flush the GC sample loops or is

released through a needle valve that provides a small over-

pressure in the sample lines. In the current setup it takes

4 min of flushing before the NDIR returns readings that are

stable within 20 ppb of CO2. In the following minute the

CO2 concentration of the sample cell is measured at a fre-

quency of 1 Hz and averaged. The average and the standard

deviation over the last minute are stored.

The air pressure between reference and sample cell is con-

trolled to be within 1 µbar difference by adjusting the refer-

ence flow rate, using a differential pressure controller (MKS

Instr. Gas Inlet Pressure/Flow Control Module 250E-1-D),

a differential pressure sensor (MKS Instr. Baratron 223BD)

and a control valve (MKS Instr. Solenoid 248) (see Fig. 4a

for a schematic overview). A needle valve in the reference

gas outflow line is adjusted to result in the desired low refer-

ence cell flow rate while at the same time keeping the pres-

sure difference between the measurements cells minimal. By

keeping the reference flow rate low, the reference gas tank

has a longer life time. The resulting flow through the refer-

ence cell is measured by a Mass Flow Meter (MFM) (Brooks

type 5860S) and stored in the database as well. The NDIR,

MFC, MFM and the MKS pressure sensor are all mounted

in a temperature controlled isolated box (see Fig. 4b), that is

kept at 10–15 ◦C above the ambient temperature using a ven-

tilator and a heating element. The temperature is measured

using a Class 2 PT100 resistor and the box is heated by a

30 W heat element, controlled using a standard PID regula-

tor in proportional mode. A ventilator in the box keeps the

temperature distribution within the box homogeneous. The

temperature in the box is measured and logged, also the in-

ternal temperature of the Licor is logged; the PID system is

capable of keeping the temperature stable within 0.05 ◦C.

3.3.3 Non-CO2 measurement system

Period C1 (November 2004–February 2009)

The GC system in the period C consists of an Agilent 6890N,

equipped with FID and µECD detectors. The setup of the

system is based on the description of Worthy et al. (2003).

Flows, pressures and temperatures were set to allow for a full

chromatogram to take only 4.5 min. The system is equipped

with 4 electronic pressure controllers to maintain stable re-

tention times.

Figure 5 shows the layout of the GC system in period C1.

After both sample loops (10 ml), switched in series, are filled,

an analysis starts with equilibrating the sample loops to am-

bient pressure for 35 s. After injection from the sample loops,

the system is switched to immediately start flushing the sam-

ple loops with air from the next sample stream.

The first column (type Unibeads 1S) is used to separate

the CO2, CH4 and CO from the bulk of air. The valves

switch such that only the CO and CH4 are transferred further

into the main analytical column (type Molsieve 5Å). The GC

is equipped with a Ni catalyst fed with H2, which converts

CO into CH4. The CH4 and CO, eluting from the Molsieve
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(a)

(b)

Fig. 4. (a) Schematics of the Licor gas control system

(b) Licor 7000 NDIR in the isolated box (isolated front panel re-

moved for picture) with temperature, flow and pressure control.

column at different times, are led through the Ni catalyst to

the FID.

The µECD detector is used to detect N2O and SF6 peaks.

The baseline of the µECD detector is relatively high, causing

the detector to operate in a highly non-linear response zone

and small purity problems in carrier gas may result in raised

baselines that may take days to weeks to improve again. Also

the detector response shows sudden jumps and slower waves

in the baseline that cannot be explained. At Cabauw the orig-

inal µECD had to be replaced after two years of operation.

After a long period of problems the current setup (C2, see

next paragraph) provides satisfying results on the µECD.

Period C2 (February 2009–now)

After more than 4 years of continuous operation, the GC sys-

tem was upgraded. Figure 6 shows the layout of the upgraded

GC system in period C2. All columns and stainless steel tub-

ing have been replaced with tubing of smaller bore and all

valves have been replaced by high speed micro-electric Valco

multiport valves (two 10 port: type EH6C10WE; two 4-port

type WH6C4WE). Both 10-port valves, sample loops and the

ECD have been placed in a separate oven (Heraeus type 870).

The two 4-port valves and the FID columns are placed in the

GC oven. This allows to optimise the temperatures for ECD

and FID columns seperately. In this setup the two 4-port

valves are used as shunt valves that direct the leading air and

oxygen peaks away from the detectors, which improves the

stability of the baseline and allows for more precise integra-

tion of the peaks. Again here oven temperatures, flows and

pressure have been modified to allow for run-times of about

4.5 min. Typical chromatograms from this setup are shown

in Figs. 7a and b.

3.3.4 Data processing for period C

Real-time data processing

All relevant measurement data and ancillary parameters are

stored in an online SQL database and in separate text files.

The measurement table contains one record per five minutes

with the values for average raw CO2 concentration from the

NDIR; for all peaks identified on the GC system: peak areas,

heights, retention times and symmetries; and relevant tem-

peratures and flows. The system detects when a calibration

sequence has ended and stores the result in an internal table

for every calibration where flows and temperatures are within

their correct limit. The system keeps the last ten calibration

sequences in this internal table; here the user can manually

disable measurement results that are suspected to be invalid.

Each calibration sequence is evaluated for each gas species

using a least squares (LSQ) regression of a quadratic func-

tion against the assigned concentration values for each of the

four working standards. Each measurement then is real-time

calibrated using a weighted average of the 10 most recent

calibration curves. The most recent calibration curves have

the largest weight, this weight decreases with a factor of two

between successive calibrations. When only two calibration

gases are available in a calibration sequence the LSQ regres-

sion is performed using a linear function. In the resulting

real-time data no correction is made for drift using the mea-

sured values for the target gases as described for the off-line

processing in the next section. For the CO2 measurements,

which are much less sensitive to ambient pressure and tem-

perature fluctuations, this drift is very small and the real-time
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Fig. 5. Layout of the GC measurements system at Cabauw in period C1 from November 2004–February 2009. For further description see

text.

Fig. 6. Layout of the GC measurements system at Cabauw in period C2 since April 2009. For further description see text.

values can be considered to be very precise. The real-time

CO2 data is transferred automatically on a hourly basis to the

ftp-site of the IMECC project in order to be used there by

external parties in the framework of IMECC and GMES.

Offline final data processing

In the 1st phase of the processing the chromatograms can

be manually reprocessed using the Chemstation software for

selected periods, in which corrections of the peak integration

method are needed because of shifts in retention times, base-

lines and/or other causes. The improved peak area results are

then stored in an intermediate database table replacing the

real-time acquired peak area data for the selected intervals.

In the 2nd phase, using the same check on correctness of

the measurements as in real-time, by looking at the values of

logged temperatures and flows, the raw measurement table is

processed for all measurements of CO2 and non-CO2 gases;

all measurement where the conditions do not meet the qual-

ity criteria for temperatures, flows, standard deviation in the
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(a)

(b)

Fig. 7. Example chromatograms showing (a) the response of the FID in pA for CH4 resp. CO and (b) the response of the ECD in Hz for N2O

resp. SF6. The bottom time axis runs from 0 to 5 min (period C2). In the interval between 0 and 1.1 min (FID) and 0.5 and 1.5 min (ECD)

the detector is switched directly to carrier gas by the shunt valve (V2 and V4 in Fig. 6) to prevent preceding peaks polluting the detector,

thereby enabling maximum stability of the analysis.

final averaging minute (for CO2 only) and raw absolute con-

centration values are marked and not used in the next phases.

The 3rd phase is the correction of the GC peak areas for

short and medium term drift in the response of the sensors

due to atmospheric pressure, temperature and other changes.

As the connected reference gases change from time to time,

this analysis has to be performed in time periods lasting 2–

6 months (on average). Whenever one of the target gases

changes, a new period starts. Over each period the mean re-

sponse for one of the reference gases (WT = Working Tank)

is determined, discarding outliers (defined as being outside

the interval of the mean responses ±3 times the standard de-

viation of the mean). Following this the ratio between the

response for the WT and the mean response for the same

reference gas is calculated for every target measurement in

time. This drift correction ratio is applied to all instrument

responses in the same half hour cycle. The standard deviation

of the following response for the other target (TT = Target

Tank) can be used as a measure for the precision of the in-

strument for that gas at each period. The drift corrected re-

sponses are used in the next phase of the data processing.

The 4th phase in the data processing is the evaluation of

the calibration events. When a calibration event passes the

tests, a LSQ regression fit for a second order function is eval-

uated, just like in in the real-time processing. All calibration

fit parameters with regression coefficients R2 higher than the

limit specified for that species are stored as a function of the

calibration time and used in the next processing phase.

In the 5th phase the (drift-corrected) ambient raw obser-

vations are evaluated using the calibration curves from the

4th phase. For CO2 measurements, every measurement is

calibrated twice, using first the calibration events before and
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Fig. 8. Concentration of Target gas 3 for CH4 (a), CO (b), SF6 (c) and N2O (d) after correction of the GC response to Target gas 4 for

a 6 month period. Similarly (e) is the typical NDIR measured CO2 concentration for Target gas 2 (without correction for Target gas 1),

(f) shows the standard deviation of the half-hourly measurements of the CO2 concentrations in Target gas 2 over a 4 month period.

after the measurement. The final assigned concentration

is taken as a weighted average of these two values, using

the time between measurement and calibration time as the

weight. For the GC measurements a time weighted 50 days

centred running mean average of the fit parameters is used in

order to minimise the transfer of noise from the calibration

data to the measurements.

In the final phase all calibrated data is carefully scruti-

nized by hand for problems not detected by the automatic

data processing routines. All events where suspicion arises

are marked and when the operator log-books justify reasons

for the deviations the data is marked as unreliable.

Figure 8 shows the results of the drift corrected concentra-

tions for one of the target gases over a long time period for
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(a)

(b)

Fig. 9. Time series (1992–2011) of CO2 (a) and CH4 (b) at Cabauw 200 m a.g.l.: all values (dark grey crosses), daily CO2 minima or daily

CH4 25%-trimmed minimum values (coloured dots), fitted harmonic function (black line, methods C resp. A; see Sect. 4.4) and confidence

interval for the harmonic fit, computed from the standard deviation of the daily values (light grey area), see also section 4.5 and Table 6.

all measured greenhouse gases. For the CO2 measurements

no drift correction is applied, because of the low drift of the

measurements, implementing the target correction would just

result in increasing the noise in the measurements by aug-

menting with the noise in the target measurements; a plot

like Fig. 8e however is very useful for checking the perfor-

mance of the measurements. Another useful diagnostic for

CO2 is the standard deviation of the measurement of the tar-

get concentrations as shown in Fig. 8f. Plots like in Fig. 8

are very useful in identifying possible problems in the mea-

surement system like the decrease in sensitivity for CO in

December 2007 (Fig. 8b) after changes in the CO retention

times on the GC system.

3.4 Precisions and variability

Table 3 shows the estimated precision of the measurements

for the different gases as a function of measurement period

and configuration. These estimates for the precision are

based on the repeatability of the measurements of the Tar-

get gases.

High pressure cylinders are used in the atmospheric mea-

surements community for inter-comparisons between differ-

ent laboratories and field stations. We performed so far three

inter-comparison exercise with the MPI-BGC laboratory, us-

ing a set of three “traveling” cylinders within the European

projects CHIOTTO and CarboEurope IP, and a set of cylin-

ders prepared for the IMECC project (“cucumbers”). The
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(a)

(b)

Fig. 10. Overview of the time series (2000–2010) of hourly concentration gradient of CO2 (a) and CH4 (b) at Cabauw for the vertical levels

200 (green), 120 (blue), 60 (pink) and 20 (black) m a.g.l.

“travelling” cylinder results pointed to problems in the cali-

bration scales for CO2 and N2O that have been corrected by

reassignment of the working standard calibrations with up-

dated propagated values. With CO a still unresolved issue is

the uncertainty in the higher side of the calibration scale, due

to high uncertainty of the assigned concentration in the high-

est working standard, that is out of range on the calibration

scale of the central lab.

For CO2, the difference between the central lab (MPI-

BGC) assigned values and the measurement at Cabauw in the

IMECC comparison was 0.07 ± 0.1 ppm (1 s.d.). For CH4

the average difference was 1.5 ± 1.0 ppb. For CO the differ-

ence was −8.3 ± 1.5 ppb. For N2O the average difference

was 0.06 ± 0.3 ppb. For SF6 the results show a difference of

−0.06 ± 0.11 ppt (values slightly updated from: Manning et

al., 2009).

4 Results

4.1 Overview of the observations

In Fig. 9 the hourly average concentration observations for

1992–2010 of CO2 and CH4, as observed at the 200 m level

at Cabauw tower, are shown as separate dots together with a

trend analysis that is further explained in Sect. 4.5. On this

timescale of a multitude of years the concentration record

displays a marked noisy appearance. In the remainder of

this text we will show that the observations are actually rich

in structure and contain a vast amount of information. In

this paper we will limit ourselves to qualitative analyses of

the most prominent features of the data. It has been shown

already that the real value of these kind of observations can

only be exploited to the maximum using current and future

high resolution (inverse) atmospheric transport models (e.g.,

Tolk et al., 2009; Bergamaschi et al., 2010). The full verti-

cal gradient measurements started in 2000; Fig. 10 shows the

hourly vertical concentration gradient along the tower for the

same gases for the period of 2000–2009.
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(a) (b)

(c) (d)

(e) (f)

Fig. 11. Average diurnal vertical concentration profiles per season at Cabauw for the period 2005-2008 for: CO2 (a), CO2 standard devia-

tion (b), CH4 (c), CO (d), N2O (e), and SF6 (f). Seasons are defined as Winter = December–February; Spring = March-May; Summer = June-

August; Autumn = September-November. Colours as in Fig. 10.

The relative variability of the CH4 atmospheric signal at

the Cabauw 200 m level is clearly higher at the seasonal

timescale than the one for CO2. The CH4 signal varies be-

tween roughly 1800 and 2200 ppb (corresponding to 20%),

while the CO2 signal varies in a “noise” band of roughly

about 20 ppm (∼5%) on top of a strong seasonal pattern

with high values in winter and lower values in summer. The

CO2 concentration also shows a strong upward trend over the

years, while there is no obvious multi-annual trend visible in

the CH4 concentrations. CH4 shows a weak seasonal pattern

with usually only slightly higher baseline values in winter-

time, most pronounced in the winters of 1994–1995, 1996–

1997, 2001–2003 and 2003–2004, as shown in Fig. 10.

Short periods of very high concentration appear in the ob-

servations for CO2 and CH4. Here again the CH4 peaks

seem to be relatively higher, reaching values up to 3 times

the monthly “noise” level above the baseline concentration,

where the CO2 peaks reach up to 2 times that bandwidth.

When looking at Fig. 10 we see that the variability at lower

levels is even higher, as expected because of the larger poten-

tial influence of local sources (and sinks). At the lower levels

concentrations for CH4 as high as 3000 ppb are reached reg-

ularly, and maximum CO2 concentrations up to 500 ppm can

be observed.

Details on the annual statistics of the observations at the

200 m level of CO2 and CH4 at Cabauw during the full period

are provided in Tables 4 and 5.
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Table 4. Measurement results for CO2 for the whole observation period. Numbers in blue refer to years with incomplete data because of

instrumental failures or start or stop of the observations during that year. All concentrations in ppm. The coverage percentage is not corrected

for calibration intervals (4–8%).

CO2 1992 1993 1994 1995 1996 1997 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

200 m

Coverage % 65 76 68 88 76 76 71 88 91 50 44 76 89 81 85 89

Nr 2208 8761 8760 8760 8784 744 8784 8760 8760 8760 8784 8760 8760 8760 8784 8760

Nr missing 763 2117 2832 1086 2117 178 2516 1082 777 4370 4876 2077 932 1632 1339 920

Mean 365.53 366.2 362.8 370.2 370.6 389.5 374.4 380.0 383.3 382.0 394.1 387.3 390.1 390.9 392.6 395.2

Median 363.41 363.9 361.5 368.0 367.8 386.5 374.0 379.5 382.5 378.7 392.0 386.3 389.0 389.5 392.0 394.5

StdDev 10.06 12.3 9.1 11.8 12.3 14.1 9.7 13.1 12.1 14.1 10.3 10.4 10.5 11.0 10.3 10.8

Skewness 2.41 2.3 1.5 1.5 1.9 0.7 1.2 1.4 1.1 1.5 1.4 0.9 1.0 1.4 1.4 0.9

p1 352.56 349.0 347.8 352.9 353.6 367.0 357.5 357.6 362.1 362.2 377.2 368.3 371.6 372.2 374.9 375.5

p5 355.30 351.6 350.8 355.2 356.4 369.0 360.8 361.3 366.4 365.0 381.3 371.5 374.6 375.4 378.3 378.7

p10 356.31 354.6 353.0 357.7 358.5 371.8 362.9 364.2 369.2 367.3 383.6 374.2 377.3 378.5 380.8 381.8

p90 378.18 379.3 373.5 384.6 384.7 410.3 385.0 394.0 397.7 401.2 408.0 400.0 403.1 404.9 404.4 408.3

p95 382.15 389.5 379.8 394.3 394.5 414.1 390.1 401.4 405.4 408.8 414.3 405.7 409.2 411.5 410.8 414.5

p99 410.45 413.2 394.7 409.2 419.5 429.3 407.9 425.3 423.4 423.8 428.4 417.9 422.0 424.8 426.9 427.5

Table 5. Measurement results for CH4 for the whole observation period. Numbers in blue refer to years with incomplete data because of

instrumental failures or start or stop of the observations during that year. All concentrations in ppb. The coverage percentage is not corrected

for calibration intervals (4–8%).

CH4 1993 1994 1995 1996 1997 2000 2001 2002 2003 2004 2005 2006 2007 2008

200 m

Coverage % 53 28 89 88 68 36 67 76 36 40 67 88 85 92

Nr 8761 8760 8760 8784 8760 8784 8760 8760 8760 8784 8760 8760 8760 7801

Nr missing 4122 6302 959 1050 2823 5578 2888 2085 5615 5298 2910 1049 1349 658

Mean 1932.5 1961.6 1927.3 1948.1 1927.6 1923.2 1931.1 1921.8 1938.8 1933.5 1930.6 1931.4 1953.1 1946.1

Median 1901.1 1922.9 1898.8 1908.8 1895.1 1908.4 1901.8 1897.7 1918.7 1906.9 1909.4 1911.0 1927.6 1928.5

StdDev 109.1 133.1 100.5 115.1 104.0 80.1 116.4 87.2 86.2 79.9 76.1 72.3 101.9 70.5

Skewness 2.9 2.0 2.3 2.0 2.7 2.6 3.1 2.2 1.7 1.9 2.2 1.9 4.6 2.4

p1 1819.3 1790.8 1814.9 1824.3 1823.8 1802.6 1800.0 1808.7 1829.3 1844.1 1841.4 1842.0 1851.3 1854.1

p5 1834.7 1822.6 1832.3 1839.7 1837.2 1837.5 1822.3 1831.9 1845.1 1855.7 1856.4 1856.1 1865.6 1871.9

p10 1844.5 1843.5 1840.9 1848.1 1845.2 1849.7 1835.5 1844.9 1854.2 1863.8 1863.9 1864.1 1874.7 1882.5

p90 2059.8 2129.3 2049.5 2103.2 2052.7 2014.8 2049.5 2027.8 2044.4 2043.7 2024.2 2028.2 2054.0 2034.2

p95 2140.2 2233.9 2128.1 2170.4 2135.3 2073.9 2133.3 2091.9 2108.6 2105.9 2074.6 2069.2 2113.6 2080.1

p99 2357.0 2407.2 2305.5 2350.3 2307.2 2204.9 2410.9 2246.0 2258.6 2198.1 2216.1 2174.7 2301.9 2198.3

4.2 Diurnal vertical gradients

The measurement of vertical concentration gradients allows

in principle the observation of the influence of sources and

sinks from different footprints. During night time the influ-

ence of local sources is largest especially on the lower levels,

as is shown in the diurnal variation of the CO2 concentra-

tion gradients in Fig. 11a. The diurnal profiles are shown

here for CO2 for the period 2005–2008, separately for the

four seasons. Seasons are defined as Winter = December–

February; Spring = March–May; Summer = June–August;

Autumn = September–November. Night time gradients are

largest in summer and autumn, with a maximum around

04:00 UTC (06:00 LST), on average of 30 ppm between the

20 and 200 m level, with higher concentrations at the lower

levels due to the net emission of CO2 in the area of the con-

centration footprint during night time. The vertical gradients

are, except in winter time, very small during afternoon. Dur-

ing spring and summer the measurements show lower day

time concentrations at the lower levels, due to net uptake of

CO2 in the footprint area. The average day time concentra-

tion difference between the 200 and 20 m level is between

0.5 and 1.0 ppm between 09:00 and 14:00 UTC. In winter

time the vertical gradient never shows signs of net uptake

of CO2 and the lower levels always show the highest con-

centrations. In winter time, the minimum vertical gradient

for that season occurs around 13:00 UTC, but this gradient

is still around 4 ppm. The mean gradient during day time

between the 20 and 60 m level is still 2 ppm. This means

that mid-day observations of CO2 at a ground level station

or small tower at the location of Cabauw (or in similar re-

gions influenced by local sources and sinks like respiring

soils, assimilation and/or fossil fuel fluxes) would show rep-

resentation errors due to very local fluxes of at least 2 ppm
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Fig. 12. Time series for the CO2 concentration gradient at Cabauw for three weeks spring and early summer 2008 (a), three weeks in autumn

2008 (b), and three weeks in winter 2008/2009 (c). Colours as in Fig. 10.
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positive in winter time and 1 ppm negative in spring and

summer. The 200 m record shows highest peak concentra-

tions around 07:00 to 08:00 UTC. In winter time this peak is

less pronounced and occurs between 09:00 and 10:00 UTC.

The other levels show peak concentrations earlier, with the

earliest peaks at the 20 m level. This behaviour can be ex-

plained by the early morning process of breakdown of the

stable night time boundary layer, which causes CO2 and

other gases, that have accumulated during night time in the

shallow boundary layer, to be transported to higher levels,

until a well-mixed convective boundary layer has developed

during the rest of daylight time. In winter time the aver-

age gradient is maintained during the cold conditions, a shal-

low boundary layer then persists even during day time (see

Fig. 11a).

The relative size and timing of the morning peak after sta-

ble night time conditions can be used to estimate the mean

emission fluxes during these accumulation periods by con-

sidering the influence area by trajectory analysis. For the

Cabauw time series of N2O this has been analysed in Hensen

et al. (1999).

Figure 11b shows the diurnal variation of the standard de-

viation of the CO2 measurement for each vertical level. As

the precision of the instrument used at Cabauw, derived from

measurements of the target gases, is better than 0.05 ppm

since 2005, most of the variation seen is due to variabil-

ity of the ambient concentrations during the 1 min averag-

ing period of the measurement. The observed variability is

likely to be an underestimate of the true variability, due to

buffering of variations in sample line and cryogenic cooler.

It is clear that in periods of large concentration changes,

most notably during evening and night accumulation in sum-

mer and the passing of the morning peak in spring, summer

and autumn, the variability of the CO2 concentration is de-

termined by the variability in the atmosphere and that this

variability can reach 0.3–0.4 ppm for all measurement lev-

els and is largest for the lower levels, except for winter time,

when the 200 m level shows the largest variability. Only dur-

ing afternoon outside the winter season the variability of the

concentrations is close to the instrumental limit. One way

to smooth out the short term variability and to make sure

that the semi-continuous observations reflect the true average

concentrations, buffer volumes can be used like in Winder-

lich et al. (2010).

In the presence of local sources, the diurnal variation in

vertical gradients is determined largely by atmospheric mix-

ing processes, so the vertical gradients observed for CH4

(Fig. 11c) show the main features as already seen for CO2,

except that of course for this component, as for the other non-

CO2 greenhouse gases, the day time negative gradients due

to uptake by assimilation are not observed. Another differ-

ence is the relatively smaller seasonal variation of the 200 m

baseline concentration for CH4 (50 ppb, i.e. 2.5%) and larger

maximum average gradient (300 ppb, i.e. 15%) versus CO2

(25 ppm, i.e. 6.5%) resp. (37 ppm, i.e. 10%). Even smaller

seasonal variation (1 ppb, i.e. 0.3%) and relative size of the

vertical gradient (max 8 ppb, i.e. 2.5%) is observed for the

N2O mixing ratios (Fig. 11e). CO shows a marked seasonal

variation (Fig. 11d), with highest mean concentrations in

winter and autumn and very low levels in summer with small

vertical gradients in summer, also during night time. SF6

(Fig. 11f) shows relatively small vertical gradients, largest in

the early morning. In autumn the concentrations are higher

on average, with also substantial mean gradients in the late

evening. This can be explained by a few events with extraor-

dinary high concentrations that happened to take place in the

autumn season during the last two years of the observation

period. The exact cause for these events is not clear yet, but

might be related to emissions from nearby chemical produc-

tion facilities.

4.3 Temporal variations on the synoptic time scale

When zooming in on the hourly measurements and looking

at variations on the weekly time scale, the patterns observed

are different from season to season. In this section the fo-

cus is on the main greenhouse gas CO2 as an example, the

concentrations of this gas also show the largest variations on

these timescales.

In spring and early summer large variations in the base

line can be observed when shifts of mean flow to continen-

tal air masses connected to warm weather conditions lead

to lower concentrations, in these conditions gradients can be

seen with lower concentrations at the lower levels during day

time due to assimilation fluxes. During night in these fair

weather conditions high respiration fluxes and very stable at-

mosphere in combination with low wind speeds leads to large

positive excursions in the concentrations at all vertical levels.

The 200 m level is at night not always decoupled from the

lower levels due to higher wind speeds and connected higher

mixing layer depths. Figure 12a shows a four weeks early

summer period in 2009. Please note that the baseline CO2

concentrations can change with 15–20 ppm in just a couple

of days due to changes in air mass origin.

In early autumn often periods exist with quiet weather sit-

uations and relatively high temperatures. Later in autumn

temperatures drop, wind speed increases and low pressure

systems bring precipitation. The early autumn often brings

stagnant weather with morning fog and stable night condi-

tions with very low winds. This leads to a large diurnal vari-

ation in the CO2 concentration with night time conditions

when usually the 200 m level is disconnected from the lower

levels. An example period of three weeks of these conditions

is shown in Fig. 12b. The baseline concentration does not

vary much in this period and the negative gradients during

day due to assimilation fluxes are small to zero, as assimila-

tion is minimal in this time of year. Usually the maximum

concentration during night is lower in autumn than in early

spring. During the autumn storms the concentration gradi-

ents and night time maxima are very small.
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In winter time the concentration variation is usually very

similar to the late autumn pattern. A dramatic change occurs

during cold mid-winter periods, when a large scale so-called

Omega block (AMS, 2000) leads to large scale subsidence

of air masses with associated stable boundary layers, eventu-

ally in combination with cooling during clear nights, leading

to very stable inversion layers close to the surface. During

the meteorological condition that is characterized as Omega

block, the normal westerly flow over the temperate zones

of the Northern hemisphere is interrupted by one or more

connected blocking high pressure systems somewhere in the

region from Greenland to Russia and the atmospheric jet

stream at higher altitudes is diverted to more southerly re-

gions. The associated large scale easterly flow then trans-

ports continental air masses with accumulated pollution in

a thin stable boundary layer to Cabauw and surroundings.

As the PBL height hardly rises during daytime in these pe-

riods, in absence of surface heating by the winter sun, the

mixing of the surface layer with the rest of the troposphere

is strongly suppressed. Elevated concentrations at the lower

sampling heights can in this situation be sustained for peri-

ods of weeks to months. At the end of these cold periods

often warmer air originating from the Atlantic Ocean is ad-

vected from the southwest while the surface flow is still from

easterly continental directions. In these conditions the upper

part of the tower can be within the warm clean air while the

lower levels experience the continental polluted conditions;

temperature gradients of 20–30 ◦C and wind veering of 180◦

between surface and the 200 m level at Cabauw have been

observed under these circumstances. An example of this con-

dition can be seen in Fig. 12c around 3 January 2009. Dur-

ing 5 and 6 January 2009 all levels experience the influence

of the clean warm air. Soon after this the Omega block in-

creases again and the polluted cold air reaches the lower lev-

els again for a period lasting a week. In this period the stable

layer oscillates in thickness, leading to large fluctuations of

the concentration at the 200 m level, until at 12 January all

levels are within the cold polluted layer.

Observations of concentrations and vertical gradients for

shorter periods at Cabauw have been used to study the com-

plex behaviour of greenhouse gas flux and transport pro-

cesses in the atmosphere, like in Vila et al. (2004) where the

entrainment of CO2 was studied; Casso-Torralba et al. (2008)

where a simple budget equation was successfully tested to

separate advection and vertical transport, and the mesoscale

model study of Tolk et al. (2009), where it is shown that in

the period studied during afternoon the CO2 concentration

variation at Cabauw is determined mainly by the fluxes from

biosphere and fossil fuel and potentially can be used to im-

prove these flux estimates despite the uncertainties from the

meteorology in the transport model.

4.4 Seasonal variation

In order to derive from the “noisy” Cabauw dataset the trend

at annual time scales and the amplitude of the seasonal varia-

tion, an appropriate smoothing procedure is required. Several

procedures have been tested and a variant of the method de-

scribed in Thompson et al. (2009) turned out to work well. In

this procedure first the data is filtered by taking daily trimmed

means of the observations. Depending on the gas either the

means were trimmed by taking (A) the mean of the lowest

25% of the hourly values, (B) the mean of the values ex-

cluding the lowest and highest 25% of the data or (C) the

day-time minimum concentration. For each gas the choice

between the three options was made for the method that lead

to the maximum explained variability of the fit function; this

function is explained in the next paragraph.

A function is fitted through the daily mean data as a func-

tion of time (Ct ) consisting of 4 harmonics and a linear

trend (a) with time (t , expressed in days since 1 January of

the fit period starting year):

C(t) = C0 + at +

4
∑

n=1

(

bn sin
2π nt

365
+ cn cos

2π nt

365

)

(2)

For CH4 and CO2 the data series from 2000–2009 were

taken, and the harmonic fit of Eq. (2) was evaluated for the

year 2005, excluding the influence of the linear trend a. The

result for the fit of all four heights is displayed for CO2 in

Fig. 13b and for CH4 in Fig. 13c. For the other gases the

data period used was 2005–2009 and the data displayed in

Fig. 13 is evaluated also excluding the annual trend and is

shown for the year 2007.

All gases, except N2O, show highest concentrations in

winter and lowest concentrations in summer. The seasonal

pattern is most prominent for CO2, propably due to the up-

take signal in summer. Contrary to the other gases N2O con-

centrations are highest in June and September, these maxima

could very well be correlated to the application of fertilizer

and the following emissions after precipitation.

All gases show consistent and significant average vertical

gradients throughout the year. Only for SF6 and to a lesser

extent also for CO these vertical gradients become very small

in summer time. The vertical gradients are largest in the sum-

mer for N2O and, surprisingly, also for CO2; for the other

gases the gradients are largest in winter. The 200 m level al-

ways has the lowest concentrations. However, when looking

at the day time minimum concentration for CO2 (Fig. 13a)

the gradient almost disappears for most of the year, except in

winter time. In the summer months a small reverse gradient

can be seen with on average 1 ppm lower CO2 concentrations

at the 20 m than at the 200 m level, due to assimilation up-

take fluxes. The seasonal amplitudes are for all gases largest

at the lower levels. The amplitude of the seasonal cycle for

CO2 is 25 (200 m level) to 30 ppm (20 m level). This ampli-

tude is larger than the Northern Hemisphere average of about
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Fig. 13. Seasonal variation of the gradient of the day time minimum concentration of CO2 (method C) (a) and the daily mean vertical

gradients (all method B) of CO2 (b), CH4 (c), N2O (d), SF6 (e) and CO (f) at Cabauw. The line is the result of the fitted trend with

4 harmonics of the trimmed mean as described in Sect. 4.4, with the term for the linear trend removed. The absolute concentration is the

average for the year in the middle of the measurement interval. For CO2 and CH4 this shows the gradient for 2005 (2000–2009 data), for the

other gases the year displayed is 2007 (based on 2004–2009 data). 200 (red), 120 (blue), 60 (green) and 20 (black) m a.g.l.
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15 ppm (Globalview-CO2, 2009). From comparing Fig. 13a

with Fig. 13b it can be seen that taking daily mean concentra-

tions does not affect the seasonal pattern much for the 200 m

level, but for the other levels this affects the seasonal pat-

tern considerably, as the night time accumulation and higher

concentrations in these periods shift the mean to higher val-

ues. From Fig. 13a it can also be seen that in winter time the

20 m level day time concentration has a positive bias of about

7 ppm compared to the 200 level concentration and that in

this period the 200 m level concentration is not representative

for the boundary layer concentration. The seasonal cycles

for the other gases also show lowest concentrations in sum-

mer and higher concentrations in winter. For CH4 the fitted

mean amplitude of the seasonal cycle at Cabauw (as shown

in Fig. 13c–f) is depending on sampling height 50–110 ppb,

for N2O this is 1–2.5 ppb and for SF6 it is 0.17–0.25 ppt.

4.5 Trend analysis

The global observation network and its measurements have

been designed to measure concentrations representative for

the global average (depending on station latitude). This al-

lows the derivation of global budgets for the greenhouse

gases, and very accurate multi-annual concentration trends

that are useful for following the state of the Earth System

(Gurney et al., 2004). A station like Cabauw will receive on

top of this global signal a large amount of fluctuations due to

regional and local sources and sinks. For models to be able to

construct from this additional signal the spatial and temporal

structure of the sources and sinks, it should be possible to

also detect the global signal from the measurements. In this

section an attempt is made to isolate the global trends from

the Cabauw measurements using a simple statistical method.

The daily calibration and measurement of targets allows

for high precision and accuracy of the measurements at the

timescale of days. Trend analysis of atmospheric abundances

of greenhouse gases relies on the long term accuracy of the

measurements. Only when eventual drift of the working

standards, archive standards and secondary standards is de-

tected and corrected for, this will result in correct estimates

of trends that are of a similar order of magnitude as the mea-

surement accuracy. Comparisons using cylinders containing

samples of compressed air, regular re-assignment of work-

ing standards and secondary standards and travelling instru-

ments for on-site comparison between instruments are the

necessary means to achieve this (WMO GAW, 2009a,b; http:

//cucumbers.uea.ac.uk/). Another prerequisite is the stability

of the sampling strategy, measurement techniques, method-

ology and avoidance of data gaps, as long as these do not

conflict with gradual improvement measures. However, all

these necessary measures to ensure accuracy take time and

careful recalculation of previously gathered data.

For the first period of the Cabauw measurements (pe-

riod A) these comparisons and re-assignments have not

been performed and it is clear from this paper that the

measurement and sampling methods at Cabauw have been

changing over the years, due to upgrades and extensions.

Still we think that due to the regular calibration with NOAA

standards in period A and the daily drift corrections, the use

of fitted trends using these data can be justified, as well as use

of the data to derive regional emission estimates. Due to the

limited accuracy and precision, care should be taken when

individual observations or data from small time periods from

period A are directly used in relation to concurrent data from

other stations.

The trend analysis in this section will also test the accuracy

of the measurements and could allow to detect when changes

in methods and instrumentation at Cabauw through the years

have caused sudden jumps in the concentration scale. For

this section the data for the 200 m level was chosen as this is

the level for which at Cabauw the longest records exist.

In order to derive the annual trend in the greenhouse

gas concentrations at Cabauw, the harmonic fit function of

Eq. (2) and data treatment method as described in Sect. 4.4

was used.

Table 6 summarizes the findings for the trend analyses.

Overall the trends compare quite well with the Globalview

reported trends at Mace Head (MHD) station for all species

except for CH4 in the period 1992–2009 and for CO, where

the time series (only 2 years) probably is too short.

The trends detected were found to depend only very

weakly on the method to derive the means (method A, B,

or C), although this choice strongly affects the C0 parameter

from Eq. (2) (offset at t = 0), the correlation coefficient R2

and the associated uncertainty in trend a.

For CO2 a clear trend is observed with a low uncertainty,

the observed trend is a bit smaller than the global observed

trend. The harmonic fit explains 70–75% of the observed

variability with a clear seasonality of high concentrations in

(early) winter and low concentrations in late summer. In the

middle of the winter a relatively large number of days are

found with high concentrations outside the fitted parameter

space. In the winters between 2005 and 2008 also a large

number of concentrations are observed on the lower side of

the fitted seasonal curve (Figs. 10a, 14a). This can be ex-

plained by the rather mild winters (record since observations

started) in this period in The Netherlands and the connected

lower demand and use of fossil fuels for heating.

For CH4 a small trend in the concentration can be ob-

served from the Cabauw observations in the period with data,

and there are clear indications of a growing positive trend in

the years since 2000 (Figs. 10b, 14b). The trend detected

is quite uncertain, but compares within its uncertainty quite

well with the trend observed in the global network. The har-

monic fit does not explain much of the observed variability,

there is too much (random) influence of sources. From the

eye the seasonal trend found in the harmonic fit still can be

confirmed, with highest concentrations in winter and lower

in summer, similar to CO2, but the amplitude seems to be

underestimated by the fit. The low trend in variability of the
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Table 6. Results of the multi-annual concentration trend analysis for CO2, CH4, N2O, SF6 and CO based on the Cabauw 200 m level

concentration measurements. Correlation coefficient R2 is based on the whole fit of Eq. (2), including trend and harmonic parameters. For

explanation of the Trimming Methods used see text (Sect. 4.5).

Gas Period Reference Trimming Obs. Uncert. R2 Unit

Trend Method Trend (95%) (%)

CO2 1992–2009 1.91 C 1.88 0.05 81 ppm yr−1

2000–2009 2.11 C 1.90 0.10 76 ppm yr−1

2005–2009 2.21 C 2.00 0.24 72 ppm yr−1

CH4 1992–2010 3.62 A 1.4 0.3 17 ppb yr−1

2000–2010 3.02 A 4.4 0.6 22 ppb yr−1

2005–2010 5.92 A 7.4 1.2 21 ppb yr−1

N2O 2005–2009 0.834 B 0.86 0.04 59 ppb yr−1

SF6 2005–2009 0.214 A 0.27 0.01 80 ppt yr−1

CO 2005–2010 −1.93 B −0.6 1.7 36 ppb yr−1

1 GlobalView-CO2 (2009) for MHD; 2 GlobalView-CH4 (2009) for MHD; 3 GlobalView-CO (2009) for MHD; 4 Forster et al. (2007)

methane concentration (see also Table 5) does not support

the expectations based on the officialy reported reduction in

methane emissions in the region with 30–40% in the period

1996–2004 (EU-JRC, 2009), which may be due to signifi-

cantly increased natural emissions in this period or that less

emission reduction has been achieved in the region than what

has been officially reported.

For N2O a clear positive trend in the concentration and a

clear seasonal signal can be detected through the harmonic

fit, explaining 60% of the observed variability in the daily

mean concentrations. The trend found compares very well

with the global average. Highest concentrations of N2O are

found in spring and late summer/early autumn. The lowest

concentrations are found around March and August and De-

cember (Fig. 14c).

For SF6 a clear positive trend is detected and only a small

seasonal variation. The trend detected is somewhat higher

than the global average, and this could be due to the fact

that the precision of the measurements (0.3–0.4 ppt) is not

good enough to detect the trend in this short period with good

accuracy (Fig. 14d).

For CO a negative and uncertain trend of −0.6 ± 1.7 ppb

per year is detected, however the time period with good mea-

surements is quite small and the fit relies for a large part on

a small number of (winter time) measurements at the start of

the 4 year period (Fig. 14e), followed by a two year gap in

the data.

5 Conclusions and discussion

In this paper we have summarized the greenhouse gas obser-

vations at Cabauw tall tower in The Netherlands from 1992

up to 2010. Despite some interruptions due to external cir-

cumstances the measurement systems delivered half-hourly

semi-continuous concentration records with a data coverage

of up to 85–92% per year. The data coverage has improved

through the years and is now close to the target of 95%. As

shown in this paper the measurements have been gradually

expanded in number of components, precision and vertical

resolution.

The concentration footprint of Cabauw is relatively large

when compared to other tall tower stations due to the mean

high transport speeds of the air masses at this location. The

area that potentially contributes to 50% of the concentration

signal at Cabauw, on top of the background concentrations,

covers the Benelux area, the southern part of the North Sea,

south of the UK, Northern France and large parts of Western

Germany.

The measured concentrations show distinct vertical and di-

urnal patterns, that have common features for most of the

measured gases. This can be explained by the co-location of

the sources and the similar accumulation processes in the at-

mosphere for all the (greenhouse) gases and other pollutants.

As the immediate surroundings of Cabauw tower is full of

sources and sinks, the concentration enhancements above

background are typically larger than for other tall tower lo-

cations and this is even stronger when comparing with ob-

servations at background locations. Deriving estimates of

the local and regional sources of the greenhouse gases from

the concentration enhancements measured at Cabauw cur-

rently remains a challenge, although large progress has been

www.atmos-meas-tech.net/4/617/2011/ Atmos. Meas. Tech., 4, 617–644, 2011
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Fig. 14. Time series of Cabauw CO2 (a), CH4 (b), N2O (c), SF6 (d), CO (e) daily trimmed means (50%) (method B) of ambient concen-

trations at 200 m a.g.l. (red dots), with fitted harmonic trend for the period 2005–2010 (CO2, CH4, CO) or 2005–2009 (N2O, SF6): (black

lines), standard deviation of the daily trimmed means (grey area).

made in recent years (Peters et al., 2009; Bergamaschi et

al., 2010; Corazza et al. , 2010; Chevalier et al., 2010) for

emission verification of CO2, CH4 and N2O. This inversion

problem on the regional scale can only be solved by using

a network of (tall) tower observations and will profit from

further improvements of the atmospheric transport models

and inversion techniques. Resolving emissions and uptake

of CO2 from the diurnal signal at stations like Cabauw will

require very detailed and high resolution coupled emission-

vegetation-transport models (Tolk et al., 2009; Ahmadov et

al., 2009; Carouge et al., 2010).

Despite the large influence of local and regional sources,

the global background signal and the larger synoptical

signals can also be retrieved from the Cabauw observational

record. We detected atmospheric growth rates for all gases

in the observation period based on the Cabauw observations

only, that are very well in line with the Globalview and IPCC

(Forster et al., 2007) reported values.

The diurnal patterns of the vertical concentration profiles

show that using mid-day concentrations from the lower level

as representative for the mixed layer concentration, as is usu-

ally performed in inverse systems for regular continuous or

flask-based observation sites, might introduce systematic bi-

ases under many conditions, as the well-mixed assumption

is only approached during convective conditions (in summer

time). Vertical concentration gradient measured along tall
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towers will allow improvement of the estimate for the bulk

concentration of the boundary layer and to better separate

the local and regional influences of sources and sinks on the

concentration.
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Vuichard, N., Wattenbach, M., Nabuurs, G. J., Poussi, Z., Ni-

eschulze, J., Gash, J. H., and the CarboEurope Team: Importance

of methane and nitrous oxide for Europe’s terrestrial greenhouse-

gas balance, Nat. Geosci., 2, 842–850, 2009.

Thompson, R. L., Manning, A. C., Gloor, E., Schultz, U., Seifert,

T., Hänsel, F., Jordan, A., and Heimann, M.: In-situ measure-

ments of oxygen, carbon monoxide and greenhouse gases from

Ochsenkopf tall tower in Germany, Atmos. Meas. Tech., 2, 573–

591, doi:10.5194/amt-2-573-2009, 2009.

Tolk, L. F., Peters, W., Meesters, A. G. C. A., Groenendijk, M., Ver-

meulen, A. T., Steeneveld, G. J., and Dolman, A. J.: Modelling

regional scale surface fluxes, meteorology and CO2 mixing ra-

tios for the Cabauw tower in the Netherlands, Biogeosciences, 6,

2265–2280, doi:10.5194/bg-6-2265-2009, 2009.

van Ulden, A. P. and Wieringa, J.: Atmospheric boundary layer re-

search at Cabauw, Bound-Lay. Meteorol., 78, 34–69, 1996.

Vermeulen, A. T., Beemsterboer, B., van den Bulk, W. C. M.,

Eisma, R., Hensen, A., Kieskamp, W. M., Möls, J. J., Slanina, J.,
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