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Abstract. In-situ, quasi-continuous measurements of at-these ratios were observed to slightly increase with sampling
mospheric hydrogen (1) have been performed since Oc- height, possibly due to a stronger influence of soil uptake at
tober 2007 at the Cabauw tall tower station in the Nether-the lower sampling heights.
lands. Mole fractions of Bl CO and several greenhouse
gases are determined simultaneously in air sampled succes-
sively at four heights, between 20 and 200 m above ground
level. 222Rn measurements are performed in air sampled all
20 and 200 m.

This H, dataset represents the first in-situ, quasi-
continuous long-term measurement series of vertical profile

of Hy in the lower continental boundary layer. Seasonal cy- _.. . . . )
2 y'ay y Still atmospheric K has until recently received less attention

cles are present at all heights in both &hd CO, and their than other atmospheric components like the ozone depletin
amplitude varies with the sampling height. The seasonality pheri P ' z pieting

is evident in both the “baseline” values and in the short termsu;stanceior the greenL\oqseH%ases. d si hvd
(diurnal to synoptic time scales) variability, the latter being _ ReS€arch on atmospheric;Hihcreased since hydrogen
significantly larger during winter started to be considered an important energy carrier for the

The observed bishort term signals and vertical gradients fﬁturKe. The neled (;O redUﬁe emissions of poIIuta;ts ﬁn.d Off
are in many cases well correlated to other species, especiall e Kyoto regulated greenhouse gases supports the choice o

to CO. Onthe other hand,has at times a unique behaviour, ydrogen as fuel, as the burr_ling of hydrogen produces only
due to its particular distribution of sources and sinks. water. However, the total emissions of pollutants and green-

Our estimation for the regionaldsoil uptake flux, using house gases associated with the usage:ofi¢pend on the

the radon tracer method, is-1.89+ 0.26)x 105 g/(n?h) method of production (e.g. using traditional fossil fuel or re-

significantly smaller than other recent results from Europe. nevyaple s?urcejlof energy} fandllc;an leven be larger than the
H>/CO ratios of the traffic emissions computed from our emissions from direct use ot fossi _ue'

data, with an average of 0.340.07 mol:mol, are larger and  L-@rg€ scale usage ofz-s fuel will most probably lead

more variable than estimated in some of the previous studielf ncreased biemissions from leakages during production,

in Europe. This difference can be explained by a differentfansport and storage. On the other hand, the reduction of
driving regime, due to the frequent traffic jams in the influ- [0SSil fuél usage will lead to a decrease of theethissions

ence area of Cabauw. Thel€O ratios of the large scale associated with fossil fuel burning. It is at this moment diffi-
pollution events have an average of 0:36.05mol:mol: cult to predict whether the combination of these two factors

will lead to a net increase or decrease of the total flux to the
atmosphere and what the effect will be on the atmospheric

Correspondence ta¥l. E. Popa budget of i (Prather, 2003; Schultz et al., 2003; Tromp et
BY (epopa2@yahoo.com) al., 2003; Warwick et al., 2004). This difficulty arises partly
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Introduction

Molecular hydrogen (b) is an important constituent of the
Satmosphere, with a global tropospheric average mole fraction
of about 530 parts per billion (ppb) (Novelli et al., 1999).
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from the fact that the atmospheric budget of &hd the pro- Goddde et al., 2000; Liebl and Seiler, 1976; Schmitt et al.,
cesses affecting it are not well known. 2009; Schuler and Conrad, 1991; Smith-Downey et al., 2006;
Sources and sinks of atmospherig Bre approximately  Yonemura et al., 1999, 2000). At high soil moisture levels,
balanced in the present atmosphere. The different compothe pores are filled with water, which reduces the soil uptake
nents of the K budget have been estimated based on varioudy limiting H, diffusion; at very low soil moisture levels,
approaches, initially using up-scaling from emission studiesthe H, uptake is reduced due to a reduction in the enzymatic
or related trace gases (e.g. CO), but recently also chemistrgctivity (the latter situation is rarely met in field studies).
transport models, inverse modeling, or the use of deuterium The large anthropogenic sources of &fte like the sinks
component of H (Bousquet et al., 2011; Ehhalt and Rohrer, located on land, thus largely in the NH. As the main an-
2009; Hauglustaine and Ehhalt, 2002; Novelli et al., 1999;thropogenic sources of Hand CO are similar, short term
Pieterse et al., 2011; Pison et al., 2009; Price et al., 2007increases in Bl and CO from local sources above the non-
Rhee et al., 2006; Sanderson et al., 2003; Xiao et al., 2007¢ontaminated background level are usually correlated. This
Yver et al., 2011). provides the possibility to estimate the anthropogenjc H
Sources of atmospheric hydrogen are both natural and aremissions, based on the better known CO fluxes (e.g. Novelli
thropogenic. Photochemical oxidation of methane and nonet al., 1999). A series of recent studies in Europe showed
methane hydrocarbons (NMHC) is estimated to constituteconsistent results for the JHCO ratio of traffic emissions,
about 50 % of the total jHisource. Emissions from fossil of about 0.47 mol:mol (Hammer et al., 2009; Volimer et al.,
fuel and biomass burning, both anthropogenic and natural2007; Yver et al., 2009). The emissions from other anthro-
account for about 40 %, while volcanoes, biogenic fixation pogenic sources are less well known and have potentially
of N2 and oceans add up to about 10 %. The main sink,of H a wider range of B/CO ratios; moreover, due to the dif-
is uptake by soil, estimated to account for 75 % of the totalferent effect of soil deposition on the two tracers, the inte-
removal of hydrogen from the atmosphere. About 25 % ofgrated atmospheric signal depends on the distance from the
H> is lost by reaction with OH radicals, which is the reason source and is thus more difficult to interpret. Recent re-
that H, affects the tropospheric chemistry. As £l also  ported H/CO molar ratios for mixed anthropogenic emis-
consumed by reaction with OH radicals, an increase in H sions range between 0.15-0.20 at Mace Head (Grant et al.,
would lead to a decrease in available OH radicals and thu2010b) and 0.3-0.4 at continental sites (Barnes et al., 2003;
to an increase in CHlifetime, which makes K an indirect Hammer et al., 2009; Steinbacher et al., 2007).
greenhouse gas. All these global estimates have large un- Atmospheric measurements ob kvere first made after
certainties, and there are still significant differences betweeri950 (e.g. Glueckauf and Kitt, 1957; Schmidt, 1974; Scran-
estimates based on different methods. ton et al., 1980). Later, measurements at multiple locations
The global distribution of K reflects the distribution of its  around the globe allowed to estimate the global distribu-
main sink. Due to a larger land area, the mean mole fractiortion of Hy (Khalil and Rasmussen, 1990; Langenfelds et al.,
in Northern Hemisphere (NH) is by about 15-30 ppb lower 2002; Novelli et al., 1999). Most of these measurements
than in the Southern Hemisphere (SH); within the NH, thetook place at remote locations. Long term measurements
H> mole fractions are on average larger in the tropics thanclose to continental areas were first started at Mace Head,
at higher latitudes (Khalil and Rasmussen, 1990; Novelli etlreland (Grant et al., 2010b; Simmonds et al., 2000), Monte
al., 1999; Price et al., 2007; Pieterse et al., 2011; Rice et al.Cimone, Italy (Bonasoni et al., 1997) and Harvard Forest,
2010; Simmonds et al., 2000). The few studies reporting verMassachusetts (Barnes et al., 2003).
tical distributions of H from flight measurements over the In recent years a series of studies focused on atmospheric
northern mid-latitudes, as well as models (Price et al., 2007hydrogen in Europe, in particular on the, oil sink and
Schmidt, 1978; Pieterse et al., 2011) showed increases in Hon emissions from anthropogenic sources, especially road
mole fractions with the increasing height, which is consistenttraffic (Aalto et al., 2009; Bond et al., 2010; Hammer and
with the soil being the main sink of H Levin, 2009; Hammer et al., 2009; Lallo et al., 2008, 2009a,
The mechanism of Huptake by soil is not yet fully un-  b; Schmitt et al., 2009; Steinbacher et al., 2007; Vollmer et
derstood. Microorganisms have been shown to consugne Hal., 2007, 2010; Yver et al., 2009). Most of these studies
in certain conditions (e.g. Harris et al., 2007; King, 2003a, were made in the framework of the EU project EuroHydros
b); nonetheless it is widely considered that extracellular en{2006-2009, Project no. 03916) which contributed to devel-
zymes are the main responsible for thgdail uptake (Con-  oping the measurement network in Europe and to establish-
rad, 1995, 1996; Conrad and Seiler, 1981, 1985; Guo andhg a common calibration scale fopKlJordan and Steinberg,
Conrad, 2008; Schuler and Conrad, 1991). The uptake oR011).
H> by soil is temperature dependent as expected from micro- We add to this expertise the results from a different mea-
bial or enzymatic activity; however soil moisture was found surement station, the tall tower Cabauw, in the Nether-
in most cases to be the main control on theddil uptake, lands, where blhas been measured quasi-continuously since
with an optimum around 20-30% water holding capacity September 2007. Cabauw is a 200m research dedicated
(whc) (Conrad and Seiler, 1981; Constant et al., 2008, 2009tower and it is part of the European network of tall towers
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for greenhouse gas measurements that was set up in the As shown by Henne et al. (2010) the influence area (foot-
CHIOTTO project (Ref. No. EVK2-CT-2002-00163) and print) of the Cabauw tower is much wider than of most con-
continued in CarboEurope IP (Ref. No. GOCE-CT-2003- tinental stations, due in principle to the high wind speeds;
505572). Since the 1990s, a new approach has been deved-detailed discussion on the representativity and footprint of
oped to measure greenhouse gases and additional tracers@abauw can be found in Vermeulen et al. (2011).

the continental boundary layer using tall towers. The ratio- Greenhouse gas measurements were first started at
nale is to measure close to continental sources and sinks, ar@abauw in 1992 as part of National Research Projects on
from a sufficient height above ground that a signal which isClimate Change (Vermeulen et al., 1999) and were extended
regional to continental can be observed. The usual strategin 2004, within the EU-funded project CHIOTTO. The mea-
is to measure air from several sampling heights, in order tasurement system in operation since 2004 was designed to
distinguish between signals from different influence areasmeasure in-situ, quasi-continuously, mole fractions oL, CO
Although 15-20 such tall atmospheric measurement tower€H,, CO, NbO and Sk in air sampled at four heights of the
exist worldwide (9 of them in Europe), Cabauw is to our tower (20, 60, 120 and 200 m). The setup includes a LiCor-
knowledge the only tall tower performing continuous in-situ 7000 non-dispersive infrared analyzer (NDIR) for £@nd

H> measurements. an Agilent 6890N gas chromatograph (GC) with a flame ion-
This paper presents the first three years of \értical ization detector (FID) and an electron capture detector (ECD)

profiles measurements at Cabauw, constituting the first londor CH4, CO, NbO and Sk.

term measurement series 03 Mertical profiles in the lower A reduction gas analyzer (RGA) forHneasurements was

troposphere. We first describe the technical setup and théntegrated into the existing measurement system in Septem-
quality check procedures and results. We illustrate the mairber 2007, additionally providing a second set of CO data.
characteristics of the observed signals, including interestingrhe setup of the RGA measurement and the data acquired
features of the vertical gradients. In the last part of the paperduring the first three years of operation constitute the subject
we investigate the soil sink fluxes in the area, and thl&€®  of this paper. The setup and results of the other measure-
ratios of typical pollution signals. ments at Cabauw are presented in Vermeulen et al. (2011).

Supporting??2Rn measurements are performed in air sam-
pled at two heights of the tower, 20 and 200m. Measure-
ments of various meteorological parameters are provided by
KNMI ( http://www.cesar-databasel/

2 Methods
2.1 Site description

The measurement station Cabauw (station code: CBW) is -2 Instrumental setup

213 mtall tower located in the centre of the Netherlands (Lat: . . .
51°58 N, Long: #55 E, Alt: —2ma.s.l.), which was specif- A S|mpl_|f|e<_j diagram of the t_rac_e gas mgasurement system is
ically built for meteorological research. The tower is owned S"OWn in Fig. 2. Atmospheric air is continuously drawn from
by KNMI (Royal Netherlands Meteorological Institute) and 4 heights of the tower (20.m, 60m, 120m, 200ma.g.l) via
hosts various collaborative measurements of meteorologicali)ek,albon® 12mm OD tubing at a flow rate of 12_15 l/min.
parameters, pollutants, aerosols, clouds and trace gases undégiion™ membrane dryers (Perma Pure LLC) are installed

the name of CESAR (Cabauw Experimental Site for Atmo- at the air intakes for a first drying stage. The measure-
spheric Research) ment laboratory is situated at the base of the tower. Here,

The area surrounding Cabauw tower is dominated bya 400 ml/min stream is separated from the air bulk (the restis
grassland and agricultural terrain, as can be seen in Fig. lushed outside) and driven through custom made glass traps
In the immediate vicinity of the tower the terrain is open immersed in a cryogenic bath where the air is dried to a dew-

pasture. The North Sea is about 50km to the WNW, andPint of about—50°C (Neubert et al., 2004). The sample
important urban areas, like Utrecht, Rotterdam and Amster21" IS further divided, one part being d;/re(_:ted to :]hez(}(h- J
dam, are located within few tens of kilometres. The popula-2/¥Zer (150 ml/min), and other (80 mi/min) to the GC an

tion density in the area is relatively high, about 3007kim RGA instruments which are inst.alled in series. )
the surrounding 10 km, and about 900Ain the surround- Hz and CO are measured with an RGA-3 reduction gas
ing 50 km. Besides high population density, the Netherland"@lyzer (Trace Analytical Inc.), using Helium as a carrier

has also the most dense motorway network in the EuropeaH@S: The sample loop has a volume of 5ml and it is tem-
Union (57.5km road per 1000 Kn The soil in the tower perature stabilized. The sample air is first separated inside a

surroundings consists of 0.6 m of river-clay, overlying a thick MolSieve-5A packed chromatographic column maintained at

layer of peat. The water table is about 1 m below the surfacel10°C- The sample is then carried over a heated bed of mer-

but can be higher during wet periods. curic omdg (HgO), where the reqlucmg compounds CO and
H» react with the HgO. The reaction results mercury vapour,
which is detected by UV absorption, and the signal is pro-

portional to the H or CO concentration in the sample air.

www.atmos-chem-phys.net/11/6425/2011/ Atmos. Chem. Phys., 11, 64252011
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Fig. 1. Corine land cover 2000 (CLC2000) map around the Cabauw tall tower station. The star shows the location of the Cabauw tower.

The daily calibration is made using a set of four aluminium

high pressure cylinders (Luxfer model P2806Z, volume 501, convel systom ar _

maximum working pressure 200 bar) with Rotarex-Ceodeux.,,,, i e -

valves (model D20030163, brass, with PCTFE seat) anc™* T analyzer

Scott regulators (model 51-14C, high purity, two stages, Ni

platted brass, SS diaphragm). The cylinders have been fille Gas select =

with atmospheric air and calibrated at the Max Planck In- " Sorastion ot 8o

stitute for Biogeochemistry Jena, Germany (MPI-BGC). The Target & O '

assigned K values have been updated to the new hydroger T O

calibration scale MPI-2009 (Jordan and Steinberg, 2011) = &

and the CO values are linked to NOAA 2000 scale. gases O3 > er,
The initial set of calibration cylinders had azHnole T e

fraction range between 146 ppb and 540 ppb, covering only

partly the range of atmospheric variability (as it will be seen Fig. 2. Principle (simplified) scheme of the trace gases measure-

in Sect. 4.1). A new calibration gas with g Irhole fraction ~ ment system at Cabauw.

of about 845 ppb was brought in use in August 2009, and the

remaining three calibration gases were replaced by new ones

in April 2010; the present calibration scale covers the range The same sample (air or gas) is measured by the three

320-845 ppb. analyzers (C@analyzer, GC and RGA). One measurement
The system includes four additional high pressure cylin-takes 5 min, dictated by the duration of the GC analysis. Dur-

ders filled at ECN laboratory with normal atmospheric air ing the default measurement sequence, the atmospheric air

(T1... T4in Fig. 2). Only two of these cylinders (T3 and from the four heights of the tower is measured successively,

T4) are dedicated to the GC and RGA measurement. Thestollowed by two cylinder measurements (T3 and T4). In this

two cylinders are measured half-hourly and their use is agvay a vertical profile is determined every half hour. The daily

follows. One of them (either T3 or T4) is used during the calibration sequence consists of measuring once each of the

calculation of the mole fractions, to correct for variations of four calibration gases, also followed by the two cylinders T3

instrument sensitivity; this cylinder is referred to as “Work- and T4. This way a calibration curve is recorded for one half

ing Tank”, or WT. The remaining cylinder is not involved hour each day.

in the calculation of mole fractions, but used as independent 22?Rn is measured in air sampled via dedicated inlet

means for quality check. This cylinder is referred to as “Tar- lines at two heights of the tower, 20 and 200 m, by two

get Tank”, or TT. independent dual flow loop, two-filter radon instruments,

Atmos. Chem. Phys., 11, 6426443 2011 www.atmos-chem-phys.net/11/6425/2011/
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designed and constructed at the Australian Nuclear Science The regular calibration consists in measuring the four cal-
and Technology Organisation (ANSTO) (Whittlestone and ibration gases in a row. Calibration parameters are computed
Zahorowski, 1998). The inlet flow rate is 801/min; each as a two degree least squares fit for each calibration. The
detector has a delay volume of 15001. From each heightalibration results are quality checked, and the ones consid-
there is one data point every half hour, with the exceptionered bad are not used further. Next, a set of “virtual” cali-
of few hours per month when the calibration is performed. bration parameters are calculated for each point of the mea-
The lower limit of detection, defined as the radon concen-surement time series, as a time-weighted moving average of
tration corresponding to a relative counting error of 30 % for all the good calibrations comprised into a time interval of 50
a one hour count, is equal to or less than 30 mBg/@al- days around. These virtual calibration parameters are used
ibrations of the radon detectors are performed monthly byfor the calibration of the previously calculated ratios, in or-
injecting known amounts of radon into the inlet air stream der to obtain the final mole fraction results.

from a calibrated radon source (Model 2000A, Pylon Elec-

tronics Inc., Canada). Calibration accuracy of the source is

+4% at a 1o confidence level. For concentrations higher 3 Data coverage and quality

than 700 mBq/m the overall uncertainly is predominantly

attributed to the accuracy of the source. 3.1 Coverage

23 Software The RGA measurements have been running without major
interruptions since the end of September 2007. The number

The RGA data are transferred at a frequency of 50 Hz toOf existing data is about 94 % from the total possible num-

a PC equipped with PeakSimp|eTM Chroma[ography softber of data points, and about 91 % of the data obtained were

ware (SRI Instruments). PeakSimple™ performs the inte-considered good after the final quality check.

gration of the chromatographic peaks of interest according A leak affected intermittently the measurement from the

to a user-defined method, and creates reports containing thé00 m sampling line for extended periods of time; the cor-

area, height and retention time of the peaks. responding data have been identified and flagged as bad.
A custom-made Delphi software controls the overall mea-Throughout this paper we therefore show data from the

surement sequence and receives the data from the PeakSid00 m height for limited time intervals, but, in order to pre-

ple reports and from the other instruments. The Delphi soft-vent biases due to different data coverage, we do not include

ware calculates the calibration parameters and the real-timgata from this sampling height when describing general (av-

mole fractions and writes data at different processing levelserage) features like seasonal cycles or diurnal cycles.

(raw and calibrated) into an Access database. Additional di- o

agnostic parameters from various sensors (flows, pressures;2 Precision

temperatures) are registered for posterior data processing a

quality check r]rdhe long term repeatability of the Target measurement is a

good estimator of the average analytical precision. The av-

2.4 Data processing and quality control erage precision of the RGA measurement at Cabauw, ex-
pressed as one standard deviation of all the Target results

A first quality check and flagging is performed on the raw (over the whole measurement series), is about 3.5 ppb for

data. Diagnostic parameters recorded in parallel with theéboth H, and CO. If we look at shorter time periods of days

signals from analyzer (flows, temperatures), and other inforio weeks, the standard deviation of the Target results is typ-

mation registered by operators (e.g. maintenance), are usedally 1.5 ppb for CO and 1.5 to 3 ppb forzH These latter

to recognize the time intervals when the system did not pervalues are the ones we will use throughout the rest of this

form well. The corresponding raw data are flagged as “bad’paper when looking at short term signals.

and will not be used further.

Next step is to compute the ratio between each measure3-3 Accuracy
ment (peak area or height) and a “reference” measurement. . . , ,
We use as reference the interpolated value of the filtered (3- High pressure cylinders are used in the atmospheric mea-

outliers removed) WT measurements. The ratios computeUr€Ment community for inter-comparisons between differ-
in this way are used for further calculation of mole fractions. €Nt laboratories and field stations. We performed several in-

The main purpose of this method is to correct for short andtercomparison exercises with the MPI-BGC laboratory, using

medium term variations of instrument sensitivity, due to for S&tS Of three or four “travelling” cylinders within the projects

example variations of atmospheric pressure or room temperSarPoEUrope 1P vww.cucumbers.uea.acpland Eurohy-

ature. For both Wand CO, peak height has proven so far dros. The cylinders’ mole fractions were in the approximate
to give better results in terms of precision, especially during'@9€ of 450-650 ppb fordtind 100-400 ppb for CO.

periods when the measurement was less stable. For Hy, the average difference between the results at
Cabauw and the MPI-BGC values wa$.9+ 2.3 ppb, from

www.atmos-chem-phys.net/11/6425/2011/ Atmos. Chem. Phys., 11, 64252011
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a total of 13 cylinders measured during 2008—-2009. The avestimate an inter-annual trend. For that reason a linear com-
erage difference is not statistically significant, and the stanponent was not included in the function above.
dard deviation is close to our typical precision. For CO, on The seasonal curves forp,Hand CO are shown in Fig. 4
the other hand, we found a statistically significant differencein different colours for three sampling levels (20, 60 and
of 6.5+ 2.7 ppb between Cabauw and MPI-BGC results. We120 m); the data from the 200 m sampling height were not
could not detect so far a dependence of the differences bencluded for the reason explained in Sect. 3.1. For visual
tween our results and MPI-BGC on the mole fractions for reference, we also show the time series from the 120 m sam-
either i or CO. Also, no time evolution of these differences pling level. The dashed black lines show the seasonal varia-
was found, which is particularly important, as the intercom- tion of the “baselines”; these were computed from the 120 m
parison exercises took place before and after replacing onkevel data by fitting the same seasonal function to the 5th
of the calibration gases in August 2009. percentile of the weekly afternoon data fog,tnd to the 3rd
The intercomparison results demonstrated the accuracy gbercentile of the monthly afternoon data for CO.
our Hy calibration scale, but also helped to detect a system- The general appearance of the seasonal curves afhd
atic error between our results and the MPI-BGC ones, whichCO is quite similar during winter and spring months, and
is probably due to a shift in our CO calibration scale. Furtherbecomes very different during summer. The mole fractions
investigation is necessary in order to document and eventuef both H, and CO increase sharply starting from October,
ally correct this problem, and intercomparison activities will until they reach the absolute maximum in January. They
be continued as an on-going verification. sharply decrease to an inflexion point in March, and after that
is a steady period in April-May. Starting from May the two
species have different behaviour. CO decreases sharply un-
4 Results and discussion til it reaches the absolute minimum in July, Has a slower
decrease, and the minimum is reached three months later in
October, while CO values are increasing again after the sea-
sonal minimum. Nevertheless, the CO mole fractions seem
ﬁo reflect somewhat the Hminimum in October, having an

4.1 Data overview

Figure 3 shows the time series of Hind CO measured in air
sampled at 20, 60 and 120 m above ground at Cabauw ta flexion point around that time
tower, since the start of measurements in September 2007 P '

until October 2010. The measurement from the highest sam- Similarto our results, Steinbacher et al. (2007) founca H

. . . . dQ,easonal cycle with a maximum in winter, using data from
pling height was not included here for the reasons explaine . o )
in Sect. 3.1 another polluted continental site {{Pendorf, Switzerland).

Both species show relatively high variability, due to the On the other hgnd, thej—i;easonal cycles in background. ar
L : . . masses at similar latitudes were shown to have the maximum
proximity of various sources and sinks. Fog,Hhe ampli-

e : : later, in spring (e.g. Barnes et al., 2003; Bond et al., 2011;
tude of the short term variations is typically on the order of Ehhalt and Rohrer. 2009° Grant et al.. 2010b: Novelli et al
1.00 Ppb during summer anq 200 ppb during winter, but Iarggrlggg_ Simmonds ét al. éOOO). If we.iook at ihe “baseline;"
signals (500-600 ppb amplitude) can also be observed du”ngurvé in Fig. 4, we find 'Ehe maximum in April, similar to the
winter. The variability of CO is strongly seasonal, primarily results from. bf;lckground stations '
reflecting the large seasonality of the main CO sink — the There are three main factors.contributing to the result-
reaction with the OH radicals, but also the seasonality of at-

C . ; . ing Hy seasonal cycle: the uptake by soil, the source from
mospheric mixing. The typical amplitude of the CO signals . S .
ranges from 100-200 ppb during summer to 300-500 ppbOH oxidation of hydrocarbons, and atmospheric circulation

. . . . : and vertical mixing; besides these, anthropogenic emissions
with occasionally larger pollution events during winter. ; .
are also weakly seasonal. During summer, the soil uptake

4.2 Seasonal cycles of gand CO dominates the net flux at this latitude (even if the local flux

' is small, see below), resulting in the autumn minimum ob-
Seasonal cycles in both the “baseline” and the variabilityServed at all stations. The spring maximum at background
of H, and CO mole fractions are evident in Fig. 3. In or- Stations is due to accumulation over winter, when the soil
der to describe the seasonal variations quantitatively, the 3ink is weak. At continental polluted sites like Cabauw and
harmonics function shown below was fitted separately to thé?Ubendorf, in the presence of large emissions, the decrease

data from each sampling height by a linear least squared! atmospheric mixing leads to large excursions in the mole
method. fractions during winter, which in turn result in a shift of the

maximum of the seasonal cycle towards this period; the ef-
3 . (2 2 fectis visible in the CO seasonal cycles as well. This explains
f)=ao+y (bns'n<3_65”x> Tn COS<3_65”X)) (@) the difference in the timing of maximum between continental
n=t and background stations, and between the average and “base-
Because of the shortness of this data series, combined witline” seasonal cycles at Cabauw anitig@ndorf.
large short term variability, it is not technically feasible to
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Fig. 3. Time series of H and CO from three sampling heights. Different sampling heights are shown in different colours.
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Fig. 4. Seasonal cycles of fHand CO at three sampling heights (colour lines) and the baseline at 120 m (black dashed line). Grey dots are
the measurement series from 120 m sampling level.

The peak to peak amplitude of the; ldeasonal cycle is long term record at Mace Head, Ireland. We note however
slightly decreasing from about 47 ppb at the 20 m samplingthat the computed peak to peak amplitudes depend on the
height, to about 42 ppb at the 120 m sampling height. The CQchosen data processing method; this should be taken into ac-
seasonal cycle has the amplitude of about 186 ppb at 20 nsount when comparing these results with other studies.
sampling height, decreasing to about 148 ppb at 120 m sam-
pling height. Larger seasonal amplitudes at the lower sam4.3  Short term signals and vertical gradients
pling heights are due to the proximity of sources and sinks
that largely modulate the seasonal variations. The peak t@haracteristic short term signals and vertical gradients of var-
peak amplitudes of the “baseline” curves are about 43pphoys trace gases measured from tall towers have been de-
for Hz and 65ppb for CO, similar to the results of Grant gcriped in the literature (e.g. Bakwin and Tans, 1995; Hurst
et al. (2010b) for background air masses, obtained from they 51, 1997). However not much information exists regarding
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Fig. 5. Examples of H and CO signals(a) Evening and morning peaks during rush hours, and night time accumulétipharge scale
pollution event.(c) Pollution events detected at the highest sampling altitude (highlighfgdH, data from 20 and 60 m show night time

depletion due to uptake by soil, whifé2Rn, continuously emitted by soil, is accumulating in the stable boundary lég)eReversed H
gradient (highlighted).

the H vertical gradients in the boundary layer. Several air- On short time scales, the variability of atmospheric con-
craft and balloon measurements have been reported (Cofer eentrations is controlled by atmospheric circulation and ver-
al., 1986; Ehhalt et al., 1977; Fabian et al., 1979; Price etical mixing, and by variations in source and sink fluxes in
al., 2007; Schmidt, 1978; Seiler et al., 1978) but these arghe influence area. The observed Yhriations share some
usually at higher altitudes, where the signals due to groundeatures with the other gas species, as they are affected by
sources and sinks are smoothed out. the same atmospheric transport and vertical mixing. Also,

Atmos. Chem. Phys., 11, 6426443 2011 www.atmos-chem-phys.net/11/6425/2011/



M. E. Popa et al.: Measurements at the Cabauw tall tower in The Netherlands 6433

a b c d
local pollution event high altitude pollution event reverse H2 gradient night time H2 soil uptake
200 200 [ ) 200 200
——H2(1) /
- 150 H2(2) 150 / 150 150
E ¢
— 100 100 / 100 100
= /
>
]
£ % 50 I 50 50
H b
04 ‘ ‘ ‘ 04 : ‘ ‘ 04 ‘ ‘ 04 ‘ 2 (PPb)
500 550 600 650 500 550 600 650 520 540 560 520 540 560
200 —e—Co(1) 200 200 ° 200
\ —e—CO(2) ‘
—~ 150 \ 150 150 ‘ 150
E N\ :
E 100 100 100 100
S \
(o]
T 50 50 50 * 50
® CO (ppb)
0+ - - . 0+ - - . 0+ - - - . 0+ .

150 250 350 450 100 200 300 400 120 140 160 180 200 120 140 160 180 200

Fig. 6. Vertical profiles of H (top) and CO (bottom) for various atmospheric situations. Except for fiptsertical profiles before (blue)

and during the event (red) are shown (see text for explanations). Note that the x-axis ranges are not the same for all plots, but the proportion
between H and CO ranges is maintaine@) Local pollution event (night of 18—-19 March 2009, see also Fig. @g)Pollution event at the

highest sampling altitude (22 February 2008, see also Fig(&d)l, reverse gradient (27 March 2009, see also Fig. @5)Night time soll

uptake of b (21 May 2009, see also Fig. 5d).

the main H sources in this region are anthropogenic, beingH- is of anthropogenic origin. (The correlation between H
common with other gas species, especially with CO. and CO will be discussed in more detail in Sects. 4.6 and
However, unlike other trace species (e.g. CO,4CHhat 4.7). Such pollution events last typically for a few hours but
have sources near ground and sinks higher in the atmosphergpme situations have been observed when the accumulation
H, has both the main source (anthropogenic emissions) an@f emissions lasted for several days.
the main sink (uptake by soil) in the lowest part of the tro-  An increase in mole fractions near ground can be driven
posphere. Species like CO and £bhow usually vertical by an increase in emissions, a decrease in atmospheric mix-
gradients with higher mole fractions and higher variability ing, or a combination of the two. For example, we observe at
near ground. In contrast, the vertical gradient gfdépends  Cabauw increases ing&nd CO mole fractions during morn-
on the actual balance of sources and sinks near ground, aridg and evening traffic rush hours due to increase in emis-
on the input from the higher atmosphere. sions, as can be seen in Fig. 5a, for the evening of 20 March
This section discusses different types of short term vari-2009 and the morning of 21 March 2009. On the other hand,
ations in B mole fractions observed at Cabauw, and theduring stable nights, the mole fractions increase near ground
corresponding vertical gradients. Figure 5 shows several sedue to a decrease in vertical mixing, although the emissions
lections of H, CO and?22Rn data from different sampling typically decrease during night. Night time accumulations
heights, featuring typical short term signals. Figure 6 showscan be observed in Fig. 5a, during the nights of 18-19 March
examples of vertical gradients corresponding to some comand 20-21 March 2009. Figure 5b shows a situation when an
mon situations. accumulation of trace gases lasted for several days, during an
atmospheric blocking in the region.
4.3.1 Local pollution signals
4.3.2 Pollution events detected at the highest
The most frequently observed variations iptdole fractions sampling altitude
are due to emissions from local or regional surface sources.
These are seen as increases in mole fractions at the lowest type of signal that is unusual for the other gas species is
sampling heights, and are largest during stable atmospherioccasionally observed forgithat is, a sudden large increase
conditions. Depending on the intensity of vertical mixing, in Hx mole fraction at highest sampling levels (Fig. 5c). This
the signal is sometimes transported, delayed and attenuatethcrease is sometimes (but not always), transmitted towards
to the higher sampling levels. In most cases a good correlathe lower sampling levels. Thegsignal can be mirrored
tion between H and CO mole fractions shows that the excessby a correlated CO signal, but often during such events CO
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mole fraction shows none or a smaller increase, and no simi- There are no similar measurements in the lowest few hun-
lar large signals are observed in any of the other trace speciedred meters of the troposphere to compare our results with.
measured. The origin of these signals is unclear, but we susSome of the few reported aircraft observations made at mid-
pect emissions from a tall industrial chimney in the region ordle to high northern latitudes found an increase efwith

low flying airplanes. The sharpness and amplitude of thesaltitude, with a maximal vertical gradient in summer-fall

signals show that the source cannot be very far. (Cofer et al., 1986; Price et al., 2007; Schmidt, 1978). Mod-
o . eling studies (Hauglustaine and Ehhalt, 2002; Pieterse et al.,
4.3.3 Local soil sink signature 2011) predicted large vertical gradients at these latitudes as

, well, with strong H depletion towards surface during sum-
Uptake by soil represents one of the largesfltixes overthe o These however do not cover the lowest part of the plan-

continental areas. It is therefore expectable that soil “ptak%tary boundary layer with high resolution. Our dataset does
would influence the mole fractions and the vertical gradients, i show any clear evidence of seasonality in thevettical
measured at a continental site. Previous studies (e.g. Hanbrofiles.

mer and Levin, 2009; Yver et al., 2009) reported decreases \ye jnterpret these systematic vertical gradients as possibly

of Ha mixing ratios near ground, which were attributed t0 6 t4 4 large scale influence of soil uptake at this latitude.
soil uptake during night time stable atmospheric conditions.

In such cases, the CO mole fractions measured in paralle} 3.5 \Vertical gradients summary
show no significant decrease, and #48Rn increases due to
accumulation from the soil efflux. Figure 6 summarizes the vertical profiles of ldnd CO,

At Cabauw we observe similar soil uptake signals, i.e.as observed at Cabauw for the typical situations described
night time H depletion at lowest sampling heights, but more above. Plots 6a show the correlated increase in(tdp)
seldom than at other continental stations. This is because thand CO (bottom) before and during a local pollution situa-
local and regional anthropogenic emissions are large and oftion with near-ground accumulation for both species (night
ten dominate the net flux, and because the atmospheric mixef 18-19 March 2009, see also Fig. 5a). Plots 6b show the
ing conditions in the Netherlands tends to be less stable tha@O and H vertical profiles before and during a pollution
at more continental locations. However, even when an abevent at the highest sampling level fog,hivhen CO did not
solute decrease inHmole fraction is not very evident, we follow a similar evolution (see also Fig. 5c). Plots 6¢ show
often observe a relative depletion i t low sampling lev-  the CO and H gradient during a situation of “reversecH
els compared to the high sampling levels, as can be seen igradient” (27 March 2009, see also Fig. 5e). Finally, plots 6d
Fig. 5d. show the evolution of CO andHertical profiles during the

night of 21 May 2009, when CO was slowly accumulating,
4.3.4 Reversed H vertical gradients (Hz increase with  while H, was depleted near ground due to local soil uptake,
sampling height) resulting in a relatively large Hvertical gradient (see also
: o : : Fig. 5d).
Besides the night time local soil uptake signals, we observe summary, the observations at Cabauw show that the
another interesting feature in the Mertical profiles, as ex- 1, mole fractions and vertical gradients in the continental
emplified in Fig. 5e. Under certain atmospheric conditions, o ngary layer are highly variable over short time intervals,
usually when the air column is relatlvely well mixed and not jue to overlapping influences of soil sink, emissions from
very polluted, h has a small and relatively constant verti- 4nhropogenic sources and atmospheric transport and verti-
cal gradient with higher mole fractions at higher sampling . mixing. Thus high frequency atmospheric observations

heights; the difference between the highest and the lowesf,qqe at different sampling heights are necessary for obtain-
sampling heights is usually of 5-10 ppb. During such mter-ing a representative picture.

vals, the???Rn has a small opposite gradient, with higher
values at 20m. The other species measured either show g4  Diurnal cycles
gradient, or a small gradient with higher values near ground,
similarly to22?Rn. The average diurnal cycles obHCO and??Rn, calculated

We initially suspected a contamination with room air, as separately for weekdays, Saturdays and Sundays are shown
the room air has usually a highoHtoncentration due to a in Fig. 7. Diurnal cycles of atmospheric constituents are due
continuously operating Fgenerator. However thedfen-  to both the periodicity of fluxes, and the periodicity of the at-
erator was stopped during two periods in 2009, between 1imospheric circulation, especially of the vertical mixing. The
March and 22 April, and between 17 June and 2 September22Rn plots in Fig. 7 help to distinguish between these two
During these intervals, when a contamination could not beinfluences on the fHand CO diurnal cycles, as we expect
the cause, the systematic difference between the 200 m artthat the averagé’?Rn concentration depends mainly on the
the other sampling levels persisted, as shown in Fig. 5e.  atmospheric vertical mixing.
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dip level. A similar feature can be observed in Yver et
20m al. (2009), in their Fig. 6, with a CO evening peak increas-
60m . . . . .
120m ing during weekend, while $levening peak showed no in-
20m crease. We propose the following explanation. During week-
end, the evening and night traffic increases, but (unlike dur-
ing working days) there are no afternoon commuter traffic
jams, which leads to a more fluent driving regime,/€0
ratios are higher during jammed rush hours, when the fre-
guent acceleration leads to an increase jnerhissions due
to an altered combustion chemistry in fuel-rich and oxygen-
deficient conditions, and to a poorer catalytic removal of H
(Vollmer et al., 2007, 2010). Traffic jams occur regularly dur-
ing working days on the Dutch main roads, especially in the
Utrecht area which is not far from our site. The/BO ratios
during weekdays are therefore affected by largererhis-
sions relative to CO during rush hours, while the weekend
Fig. 7. Average diurnal cycles of j CO and222Rn, for week- ratios, with IO\_/ver H rg_lative to CO, are more representative
days, Saturdays and Sundays. Each data point is the trimmed afor fluent traffic f:ondmons (sge also Sect. 4.6). Note that the
erage (discarding the 10 % lowest and highest values) of a 2-hourljarger CO evening peak during weekend does not necessar-
bin. The data between 03:00 and 04:00 were excluded, because tHl imply larger emissions; the weekend evening peak occurs
daily calibration took place mostly during this interval, thus the re- later, when the atmospheric mixing is lower, thus the larger
sults were possibly biased. Fopldnd CO, the data from the 200m increase in mole fractions is probably due to weaker vertical
height are not shown for the reason explained in Sect. 3. The errodilution.
bars are standard errors of the means corresponding to 67 % confi- The afternoon dip in both Hand CO is mainly due to
dence intervals. vertical mixing, although the decrease in emissions after the
morning peak contributes as well. As also observed by Stein-
. N bacher et al. (2007), the CO afternoon minimum at 20 m sam-
. On the diurnal scale, the_ var|abll|ty of CO f"md I8 dom- . pling height is more pronounced than the night time min-
inated by. large mole fraction Increases dur!ng the MOMINGium, whereas for bithe two minima have approximately
and evening peaks of human activities, mainly wraffic. 'I_'he he same level. The reason is that both CO minima are mainly
peaks are Iarges_t at20m, a’?d appear attenuateq and S“gh e to dilution by cleaner air from the free troposphere, and
delayed at the higher sampling levels. The morning peak 'Shis dilution is much stronger during day. The Hight time

§harper, as |t.starts QUrlng the time when the ve.rt|cal MIXINGminimum has in addition a contribution from soil uptake,
is poor, and it terminates abruptly at the morning onset of

the vertical mixing. The afternoon peak starts while the ver-
tical mixing is still relatively strong, thus the mole fraction
increases are slower. 45 Hy soil sink
There is an obvious difference between the weekday and

weekend diurnal cycles ofand CO, as similarly observed 222Rp, js a natural radioactive noble gas with a half-life time
at other polluted sites by e.g. Steinbacher et al. (2007) angf 3.8 days, which is exhaled continuously from the ground.
Yver et al. (2009). Although attenuated, the difference be-|ts only non negligible sink mechanism is radioactive decay.
tween weekday and weekend appears at higher samplinghis makes?22Rn a good tracer for atmospheric transport

heights as well, suggesting that this is not only local, but agnd evaluation of the extent to which an air parcel has been
larger scale effect. As expected, no significant difference bein contact with the soil in the past few days.

cycles. Levin (1984), and it has since been used to determine fluxes
The morning peak is largest during weekdays, and it at-of various trace gases at local to continental scale (e.g. Bi-
tenuates on Saturday and further on Sunday. The attenuatiomud et al., 2000; Gaundry et al., 1990; Levin et al., 1999;
appears to be larger for CO, which on Sunday morning hasviessager et al., 2008; Schmidt et al., 2001, 2003; Wilson et
an inflexion point, but no significant mole fraction increase al., 1997). The concept is comprehensively described in e.g.
at the lowest sampling height. Schmidt et al. (2001), and Hammer and Levin (2009) (also
The H, evening peak decreases from weekdays to Saturkevin, 1984, in German). In essence, the method uses the
day and Sunday, and it is slightly delayed during the week-correlation, during stable atmospheric conditions, between
end. In contrast, the CO evening peak has an increasingariations in concentration 3#?Rn and of the trace gas of
tendency during weekend, when compared to the afternooiterest. Based on this correlation, and assuming that the flux
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which further decreases the mole fraction to a level compa-
rable to that of the afternoon minimum.
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of 222Rn is known and constant, it is possible to compute thethe exact time interval was chosen after careful visual inspec-
net flux of the trace gas studied. tion. For these periods we computed the34?Rn ratio, as a

Several recent studies employed the radon tracer methodlope of a linear least square fit that minimizes the residuals
to determine the night time Hsoil uptake rates at differ- on both x and y axes, taking into account the assigned uncer-
ent European locations: Heidelberg, Germany (Hammer andainties for both x (H) and y €2°Rn) (York et al., 2004). For
Levin, 2009), Gif-sur-Yvette, France (Yver et al., 2009), Hz data we assigned a constant error of 1.5 ppb, based on the
Helsinki and Pallas, Finland (Lallo et al., 2009a, b). The repeatability of the Target measurement during the period of
reasoning for using the radon tracer method to infer the soiinterest. ForP??Rn data we assigned a constant relative er-
uptake of H is as follows. During the nights with stable ror of 4%, based on the average standard deviation of the
atmospheric conditiong2?Rn that is emitted by soil atarel- half-hourly counts. We assumed a const&3Rn soil flux
atively constant rate will accumulate in the boundary layer.of 0.29+0.1 atom/(crs) (1645 Bg/(?h)), which is the
For Hy, the only significant sink during night is soil uptake. average for the Netherlands for the year 2006 as reported by
If the concurrent K emission is smaller than the absolute Szegvary et al. (2007a). The correction for the radioactive
value of the soil uptake flux, Hevels in the boundary layer decay 0f?2?Rn was made according to Eq. (3), and the H
will decrease. The net flux of Hcan be computed from the flux was computed using Eg. (2).
observed ratio of the variations inpHind?2?Rn concentra- For 18 of the selected nights a correction for concurrent
tions, using the equation: anthropogenic emissions was applied, based on the parallel

CO measurements. During these nights, CO was increasing,
F, = Frn ACh, ) indicating that the emissions were significant. The CO flux

ACrn was computed using the radon tracer method, and a correc-
tion for the K soil flux was computed by scaling the CO flux
with a factor of 0.5 mol:mol. For the CO data we assigned a
constant error of 1.5 ppb.

The estimated errors represent the result of combined
222Rn flux error with the individual slope errors and with the
error resulted from the correction for concurrent emissions.

) A final check was performed, eliminating the nights which
3

whereFy, is the net flux of H into the boundary layetfrn

is the net flux o??Rn; andACy, and ACgy, are the mea-
sured variations in concentration obtdnd22?Rn. Fgrp in-
cludes theé???Rn emission from soil and the loss by radioac-
tive decay, and it can be computed as follows:

did not fulfill the following conditions: (1) the Pearson cor-
relation coefficient- of the H, and?2?Rn data (in absolute
value) at least 0.5; (2) the relative error of thg#4°Rn slope

In the equation above, is the decay constant 8#?Rn,  smaller than 25 % (3) the #range minimum 2 ppb; (4) the
Crn is the instantaneou®2Rn concentration, andt is the  222Rn range minimum 0.1 Bg/® (5) at least 4 half-hourly
time interval considered for calculation. data points for both Hland?22Rn; (6) the combined psoil

The method can only be applied when a stable nocturnafiux error smaller than % 10~° g/(m?h). A number of 66
boundary layer is formed, as in that case the exchange beaights remained after this final selection.
tween the boundary layer and the layer above it can be con- The H, soil flux results are presented in Fig. 8. There were
sidered negligible. no deposition events that passed the selection criteria during

In order to infer the H soil uptake in the influence area winter, and there are only a few data points in 2008. This
of Cabauw tall tower station using the radon tracer methodjs due to the high atmospheric instability in the Netherlands,
we proceeded as follows. First, we selected all nights wherand to the high anthropogenic emissions which most of the
simultaneous K depletion and’??Rn increase could be ob- time dominate the net flux of 4
served at the 20m sampling height. From these, only the Some structure can be observed, for example an increasing
nights when the B mole fraction at 20 m decreased below tendency in May—June 2009, and a decrease in flux in autumn
the H, mole fraction at the higher sampling heights were con-2009. Although this is consistent with a seasonal variation of
sidered. the soil uptake, which has been observed before at other sam-

As discussed by e.g. Moxley and Cape (1997), it is im- pling sites (e.g. Hammer and Levin, 2009; Lallo et al., 2008;
portant that the mole fraction at the start of the decline isYver et al., 2009), it is obvious that we cannot draw a strong
typical for the background, and declines below this level atconclusion based on this dataset. This variation may as well
night, otherwise a decrease in emission could be erroneouslige a short term feature, related to the weather conditions dur-
interpreted as soil sink. We paid therefore special attentioring the respective months.
to exclude those situations when the Was decreasing to- The average bl flux is (—1.8940.26)x 10~>g/(nm? h)
wards the background value after an evening pollution event(the + values through the paper are the 95% confi-
and the synoptic variations. dence intervals for the mean); as the distribution is

Based on these criteria, 84 nights were selected from th@symmetrical, the median is probably more informative
whole measurement series. For each of the selected night§-1.59x 10~2g/(m?h)). The corresponding deposition

A
Frn=FRn_soil* FRn_decay=FRn_soil | 1— /CRn(f) dt
ACRn
At
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Fig. 8. Hy soil deposition flux calculated with tH&2Rn tracer method for selected deposition events.

velocity average is (114 1.54)x 10~3cm/s (the medianis pends on the soil moisture (Szegvary et al., 2007b, and ref-
9.8x 10~3cm/s). Note that these results cannot be viewederences therein), being higher under dry conditions. As we
as annual averages, since there are no data during the cotthose only stable nights, which are drier than the average, the
months when the soil uptake is likely to be smaller. real?22Rn flux during these nights is probably higher than the
The mean K deposition flux (and the resulting depo- average. For these reasons, we suspect that the average value
sition velocity) we obtained is significantly smaller than of 0.29 atom/(crs) is an underestimation of the ré&fRn
most other results from European sites recently reportecﬂux during the intervals selected for our calculation, which
in literature. Yver et al. (2009) found an average flux of leads to an underestimation of the bbil uptake fluxes.
—4.26x 107°g/(m? h) at Gif-sur-Yvette, a rural site near  This is supported by a simpf2Rn flux estimation we
Paris. Hammer and Levin (2009) and Schmidt et al. (2009)made based on the in-siff2Rn measurements. After a
reported flux values of-4.6 g/(nf h) and an annual mean well mixed afternoon situation, the vertical mixing decreases
deposition velocity of about 3@ 10-3cm/s at Heidelberg,  during stable nights, ané??Rn accumulates in the shallow
Germany. Lallo et al. (2008, 2009a, b) studied theddil  boundary layer. In such cases, we observe an increase in
uptake at several sites in Finland and found theddposi- ~ 22?Rn concentrations at 20 m, while there is no increase (or
tion velocity ranging mainly between 10 and 8A03cm/s  even a slight decrease) at 200m. In order to compute the
with a significant seasonality. Steinbacher et al. (2007) founc??2Rn flux, we assume that m#2Rn is transported above
arange of 5-1& 10~3 cm/s near Zurich in Switzerland, and the 20 m level, and that the layer between 0 and 20m is
Grant et al. (2010a) computed from only winter time data anuniform (both assumptions will lead to an underestimation
average of 2 102 cm/s from Bristol, UK. of 222Rn flux). If the accumulation time is 8 h, arfd?Rn
There are two main factors that could have potentially con-reaches at the end of this time a value of 8 BY{mhich is
tributed to the small bifluxes we obtained. First, itis likely typical during stable nights, but not the maximum), then the
that the soil uptake in the Cabauw area is indeed smaller thaf??Rn flux required is 0.36 atom/(chs) (or 20 Bg/(n? h)).
in other areas in Europe. The soil at Cabauw is peat, and his is a lower limit value, because in fact some of the emit-
the water content is relatively high. Previous studies found aed?2?Rn is certainly transported above the 20 m height, and
decrease of the Huptake with the increase in soil moisture because the concentration near ground is higher than at 20 m.
above 20-30 % whc (Conrad and Seiler, 198ad@e et al.,  Even with these limitations, th#2Rn flux calculated for in-
2000; Smith-Downey et al., 2006). dividual nights is up to 0.6 atom/(cfs). Although this is
Second, thé??Rn flux from Szegvary et al. (2007a) for @ simplistic approach, it shows that th&Rn fluxes in the
the Nether'ands Of 0.29 atom/(eg) is Very Sma" Compared CabaUW area can be in Certain Conditions Signiﬁcantly h|gher
to other countries in the area. Also, this flux was computedthan the average value of 0.29 atom/tshgiven by Szeg-
for the year 2006 and does not account for interannual varivary et al. (2007a).
ability. Moreover, the short term variability 6£2Rn emis- In summary, because the value used for $FRn flux
sions can be large (see Szegvary et al., 2007b, Fig. 3, wherikely leads to an underestimation of the Hoil flux, we
the variation over few weeks during summer was approxi-think that our results could represent a lower limit of the
mately between 20 and 100 BgAim)). The?2?Rn flux de-  real H soil uptake flux in the region. It would be useful to
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Fig. 9. Molar Hy/CO ratios from morning rush hour data. For comparison, the data before and aftersbé tiptake correction are shown.

compare direct soil flux measurements from chambers withpling height, we obtain a HCO ratio of 0.46 over the time

results derived from the tall tower data. interval 04:00-06:30, which is comparable with the discrete
results presented above.
4.6 Hy/CO ratios from traffic emissions Our results for the traffic ICO ratio are higher and more

variable than some of the previously reported results of simi-

In order to derive the HICO ratios specific to traffic emis- |ar calculations in Europe. For example, the results of Stein-
sions, we followed an approach similar to Hammer etpacher et al. (2007) and Yver et al. (2009) frorati2ndorf,
al. (2009) and Yver et al. (2009), adapted to the particulari-Switzerland, and Gif-sur-Yvette, France, are very similar
ties of our site and data. to each other (0.33 mol:mol), but different from our results;

Because the traffic peaks depend on local time (while ourHammer et al. (2009) observe@#@O ratios of 0.40 mol:mol
measurement system uses GMT), we considered the time inat Heidelberg. Although we found some values around 0.3—
tervals 04:00 to 06:30 GMT during summer (equivalent to 04 mol:mol, this seems to be the lower limit of the range,
06:00-08:30 local time) and 05:00 to 07:30 GMT during and about 40 % of our results are higher than 0.5 mol:mol.
winter (06:00-08:30 local time). We selected the morningsGrant et al. (2010a), on the other hand, reportetO® ra-
with monotonous increase iRHCO andP??Rn at 20m sam-  tios as high as 0.57 for the morning traffic peaks (and 0.53
pling height during this interval. From these, we only chosefor all data) using winter time measurements at an urban site
those mornings when the presence of significant vertical grain UK.
dients in?22Rn (between 20m and 200 m) showed that the Hammer et al. (2009) showed that directly measured
vertical mixing is weak. This second selection is necessarnH,/CO ratios are not fully representative for the traffic emis-
in order to exclude large scale synoptic events like frontalsions, unless corrected for the concurrent soil fluxes of CO
system passages. For each of the selected mornings we corand H. At our site, however, the 20 m sampling level can
puted the H/CO ratio by a least squares fit, as described inpe, in the early morning when the vertical mixing is mini-
Sect. 4.5. The results were then filtered using the follow-mal, above the local mixed layer. Even in these conditions
ing criteria: (1) the correlation coefficienthad to be larger  we observe traffic signals, horizontally transported from sur-
than 0.8; (2) the absolute slope error had to be smaller thanounding areas with high traffic, where the atmospheric tur-
0.15mol:mol, and the relative slope error smaller than 40 %;bulence is enhanced and the influence of the soil uptake is
(3) the increase in CO andzthad to be larger than 10 ppb insignificant. It is thus possible to sample air masses that
respectively 5 ppb. were strongly influenced by traffic emissions but little af-

The H/CO ratios we obtained for the 85 mornings that fected by soil uptake. We consider therefore the soil cor-
passed these criteria are shown in Fig. 9. The medG@ rection at Cabauw less meaningful than at the sites where it
ratio is 0.54+0.07 mol:mol, with a standard deviation of was previously applied by Hammer et al. (2009) and Yver et
0.32mol:mol and a median of 0.45 mol:mol. al. (2009).

We computed for comparison thex#O ratio for the Keeping the above in mind, we applied a correction for
morning peak of the average diurnal cycle (see Fig. 7). Ifthe soil sink to our results, as an exercise and for comparison
we only consider the working days data and the 20 m samwith previous studies. We used a method similar to the
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Fig. 10. H,/CO ratios of large scale pollution events, for the four sampling heights. Overlapped are the ratios of the morning traffic peaks,
for comparison. The results are not corrected for the concurrent soil uptake.

one of Hammer et al. (2009) and Yver et al. (2009). We CO, and, depending on the air-fuel ratio, potentially higher
considered the soil uptake of CO negligible, and for the H,/CO ratios of up to 1.5. As mentioned above, traffic con-
H» soil flux we used the values estimated in Sect. 4.5, ofgestions are common in the Netherlands especially during
(—1.8940.26)x 10~ g/(m? h) during the warm season and rush hours. This supports our conclusion that the driving
an arbitrary value of{1+ 0.26)x 10~2g/(m? h) during the  regime, which is slow and irregular during the rush hours,
cold season. The CO traffic flux (approximately equal to theis the main explanation for the highpHCO ratios.
total flux) was computed applying the radon tracer method
to the individual selected morning intervals. The corrected4.7 H,/CO ratios from pollution events
H,/CO ratios (grey markers in Fig. 9) yield an average of
0.63+0.27 mol:mol, with a median of 0.54, thus the soil Besides F/CO ratios from traffic emissions, we investigated
correction increased the fCO ratios by about 18%. We the ratios in large scale pollution events. We selected for
consider that the corrected values show the upper boundarifis a number of large pollution events that start from mole
of the real B/CO ratios specific to the local traffic, while the fractions close to the baseline, that cover at least 24h and
uncorrected results show the lower boundary. for which the preliminary visual inspection indicates a good
Previous recent results reported in Europe, computed ireorrelation between fand CO. We computed, separately
a similar manner and corrected for the oil sink, are:  for the four sampling heights, the;FCO ratios as slopes of
0.4640.7 (Hammer et al., 2009) and 0.40.08 (Yver et  a least squares fit, similarly to the ratios for the traffic peaks
al., 2009). Volimer et al. (2007) measured emission ratios indescribed before (fitting method described in Sect. 4.5).

a highway tunnel neariZich, and obtained a meamnt€O After computing the EF/CO slopes, we removed the ones
ratio of 0.484+ 0.12; in this case the correction for the Bbil for which the H/CO correlation was lower than 0.7 or the er-
sink was not necessary. Our results are (as expected from ther of the computed slopes was larger than 0.1. The remain-
uncorrected results) larger than these other estimates. ing 13 events are all during winter (Fig. 10). This reflects the

Vollmer et al. (2010) studied emissions from a passengefact that B and CO are, during summer, well correlated on
car engine, and showed that the absolute quantitiesafid  short term (like during evening and morning traffic pollution
CO emitted, and the $#CO ratio depend on the operational peaks) but the correlation decreases for intervals longer than
regime. They found that exhaust loncentrations (after several hours, due to soil uptake of ldnd stronger atmo-
catalyst) decrease below the atmosphericcBincentrations — spheric mixing.
in fuel lean functioning conditions; if this is the general rule, The resulting H/CO ratios tend to be larger at higher
then fluent traffic should not have a large impact on the atmosampling heights (probably due to a stronger soil sink in-
spheric H mole fractions (while still affecting atmospheric fluence near ground), but this is not a strict rule, and the
CO). It follows that the large Fimole fraction increases ob- variation with sampling height is not monotonous. The
served during morning rush hours are mainly due to enginesnean H/CO ratios for the sampling heights of 20, 60, 120
operating in fuel-rich combustion conditions, which, accord- and 200m are: 0.36 0.05, 0.3A 0.04, 0.40£0.06, and
ing to the same study, emit much larger quantities pHd 0.37+0.07 mol:mol. It can be seen that on average, both
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the H/CO ratio and the spread of the results increase withtions at highest sampling levels can be observed also during
sampling height. less stable atmospheric conditions, when the air masses re-
The H/CO ratios for the large scale pollution events are ceive influences from a wider area; these vertical gradients
on average lower than the ratios for the traffic peaks; they arean probably also be explained by soil uptake, but on a much
also less variable, somewhat surprisingly as they are from darger spatial scale than the nocturnal depletions.
combination of different sources and influence areas. The We estimated the #soil sink flux in the footprint of the
lower variability of H,/CO ratios during large scale events 20m sampling level, using the radon tracer method simi-
is probably more representative for the integrated regional tdarly to other recent studies in Europe. Due to the gen-
continental emissions, and suggests that the large spread waally high atmospheric instability in the area, and to our
found in the case of traffic emission ratios is a smaller scalestrict data selection criteria, we could only perform this
feature related to the local traffic conditions. flux estimation for warm season nights, between April and
The values we found for the lowest sampling height, of September. The average of all individual results obtained
0.36 0.05 mol:mol, are close to other results from conti- is (—1.89+ 0.26)x 10~ g/(n? h), significantly smaller than
nental Europe; e.g. Hammer et al. (2009) obtained an averagether recent results from Europe. There are two possible
of 0.3140.05 mol:mol for synoptic events, and Steinbacher (partial) explanations for this difference. The soil character-
et al. (2007) computed an overall ratio of 0.33 mol:mol. istics in the Cabauw area, together with the high water con-
tent can probably explain a somewhat smaller than average
soil uptake. Also, our result relies critically on the average
5 Summary and concluding remarks value of?22Rn flux for the Netherlands derived from Szeg-
vary et al. (2007a), which is significantly smaller than values
Atmospheric H has been measured at the tall tower Cabauwreported for other areas in Europe, and, being an annual av-
since September 2007 »lik measured in air alternately sam- erage, might not represent well the ré&Rn fluxes during
pled from four heights of the tower, between 20 and 200 m,the time of our estimation.
in parallel with other trace gas species: CO,,COHs, N2O Diurnal cycles in atmospheric Hand CO are due to a
and Sk. 222Rn measurements are performed in air sampledcombination of atmospheric vertical mixing and periodic-
at 20 and 200 m. The long term precision of the RGA mea-ity in emissions. Both b and CO diurnal cycles show
surement, estimated from the repeatability of a Target cylin-evening and morning peaks associated to road traffic emis-
der measurement, is about 3.5 ppb for bothadd CO. sions. Differences between weekdays, Saturdays and Sun-
From three years of data, we were able to determinedays are clearly visible in the diurnal cycles of both species.
systematic features and variability patterns on various timeHowever the evolution over the week time o$ nd CO is
scales. Seasonal cycles are present in bethrtdl CO time  not identical, which points to different proportions of Bind
series, and their amplitudes vary with the sampling height.CO emitted in various traffic conditions.
The short term variability is also changing with season; larger The Hy/CO ratios for the morning traffic peaks are more
variability during winter is explained by seasonality of the at- variable and on average higher than previous results from Eu-
mospheric transport and, in the case of CO, also by seasonabpe. The difference can probably be explained by a different
variations in the atmospheric lifetime, controlled by the OH driving regime, due to the frequent traffic jams in the influ-
radical concentration. ence area of Cabauw. In contrast, thg/ @D ratios of the
Unlike most other trace gasesp Has in this area both large scale pollution events are similar to results of previous
the main source and the main sink near ground level. Thistudies (e.g. Hammer et al., 2009; Steinbacher et al., 2007);
causes specific features of the short term signals and of thehese ratios were observed to slightly increase with the sam-
vertical gradients. During short term pollution events, like pling height, possibly due to a stronger influence of soil up-
the evening and morning peaks due to traffic emissions, H take at the lower sampling heights.
vertical gradients and the variations in mole fraction are The highest sampling levels at Cabauw have a large aver-
strongly correlated to the ones of CO. Outside these shorage influence area, as estimated by Henne et al. (2010) and
intervals with intense emissionsphariations in mole frac-  further discussed by Vermeulen et al. (2011). Vermeulen
tions are not always associated to similar variations in COet al. (2011) show that the average influence area for the
mole fractions. Unexpected large ldignals have been ob- 200 m sampling level is roughly 500700 km around, cov-
served, typically at the higher sampling levels, for which ering large part of West Europe, while the 20 m sampling
CO showed much smaller or even no increases; the origirlevel receives a relatively larger influence from local emis-
of these signals is unclear. sions. The representativeness of particular results is however
The H; soil sink plays an important role in determining the dependent on the data selection and analysis method. For
atmospheric Kl mole fractions. The local soil sink is respon- example, depending on how we process the data, we can ex-
sible for the H depletion near ground during stable nights, tract from our data series seasonal cycles representative for
associated with a reversed Mertical gradient compared to the background air at the latitude of the Cabauw tall tower,
CO. Vertical gradients of Hwith slightly higher mole frac-  or for continental polluted air. The results for the Hoil
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uptake and for the HCO ratios of the traffic emissions are Bond, S. W., Vollmer, M. K., Steinbacher, M., Henne, S., and
based on short term (several hours) signals at the lowest sam- Reimann, S.: Atmospheric molecular hydrogenHObserva-
pling heights and thus are largely influenced by fluxes within tions at the high altitude site Jungfraujoch, Switzerland, Tellus
few tens of kilometers. On the other hand, thg @D ratios B, 64-76,d0i:10.1111/}.1600-0889.2010.005052011.

for the larger pollution events are representative for a wider3ousauet, P., Yver, C., Pison, I, Li, Y. S., Fortems, A., Hauglus-

area, which probably explains the closer similarity with re- 2in€: D Szopa, S., Rayner, P. J., Novelii, P., Langenfelds, R.,
. . Steele, P., Ramonet, M., Schmidt, M., Foster, P., Morfopoulos,
sults from other locations in Europe.

. T ) . C., and Ciais, P.: A three-dimensional synthesis inversion of the
This data set represents the first in-situ, quasi-continuous, olecular hydrogen cycle: Sources and sinks budget and im-

long term measurement of vertical profiles of id the lower plications for the soil uptake, J. Geophys. Res., 116, D01302,
continental boundary layer. It provides a wealth of informa-  doi:10.1029/2010JD014599011.

tion of sources, sinks and processes affecting atmospheriCofer lil, W. R., Harriss, R. C., Levine, J. S., and Edahl Jr., R. A.:
H,. The mole fraction data coupled with inverse models \Vertical distributions of molecular hydrogen off the eastern and
will be used to derive regional fluxes of,H The location Gulf coasts of the United States, J. Geophys. Res., 91, 14561~
in Western Europe is suitable for monitoring from the start 14567, 1986.

the effects of a large scale introduction of Bs an energy Conrad, R.: Soil Microbial Processes and the Cycling of Atmo-

‘e ; ; heric Trace Gases, Royal Society of London Philosophical
carrier; for this, the measurements have to be continued on SP _ ases, oy Y
long term Transactions Series A, 351, 219-230, 1995.
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