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Abstract. Peroxyacetyl nitrate (PAN) may constitute a sig- during the MBR and between 18 and 26 ppt during the HREA
nificant fraction of reactive nitrogen in the atmosphere. Cur-operation, while during daytime measured PAN mixing ra-
rent knowledge about the biosphere—atmosphere exchang@ms were of similar magnitude. Choosing optimal settings
of PAN is limited, and only few studies have investigated for both the MBR and HREA method, the study shows that
the deposition of PAN to terrestrial ecosystems. We develthe HREA method did not have a significant advantage to-
oped a flux measurement system for the determination ofvards the MBR method under well-mixed conditions as was
biosphere—atmosphere exchange fluxes of PAN using botlexpected.

the hyperbolic relaxed eddy accumulation (HREA) method
and the modified Bowen ratio (MBR) method. The system
consists of a modified, commercially available gas chromato-1 Introduction
graph with electron capture detection (GC-ECD, Meteorolo-

gie Cpnsult GmbH, Germany). Sampling was performed_ byPeroxyacetyI nitrate (PAN, GY€(O)O,NO,) is an impor-
trapping PAN onto two pre-concentration columns; during tant organic nitrogen compound, whose production is often
HREA operation one was used for updraft and one for down-ggsaciated with the anthropogenic emissions of ONO
draft events, and during MBR operation the two columns al-; NO,) and non-methane hydrocarbons (NMHC) (Stephens,

lowed simultaneous sampling at two measurement heights; ggg) |t is formed through the oxidation of the peroxyacetyl
The performance of the PAN flux measurement system wasggical (PA) with nitrogen dioxide (N©:

tested at a natural grassland site, using fast-response ozone

(Os) measurements as a proxy for both methods. The meagcH;C(0)O, + NOy + M = CH3C(O)0oNO» + M. (R1)
sured PAN fluxes were comparatively small (daytime PAN

deposition was on average0.07 nmolnt?s-1) and, thus, The decomposition of PAN is dependent on temperature
prone to significant uncertainties. A major challenge in the(back reaction of R1) and also on the reaction of PA with
design of the system was the resolution of the small PANnitrogen monoxide (NO):

mixing ratio differences. Consequently, the study focuses on

the performance of the analytical unit and a detailed analy-CH3C(O)O2 + NO — CH3C(O)O + NO2. (R2)

sis of errors contributing to the overall uncertainty. The error

of the PAN mixing ratio differences ranged from 4 to 15 ppt
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Due to its long lifetime at low temperatures PAN can be constitute more than 50 % of N(ftotal odd nitrogen com-
transported in the upper troposphere over long distances angounds), the deposition fluxes of these species as part of the
acts as a reservoir species for N@ this way, PAN can alter  nitrogen cycle are largely unknown (Neff et al., 2002).
the ozone (@) budget and the oxidative capacity of the atmo- We developed a flux measurement system using a GC-
sphere, especially in unpolluted and N@oor environments ECD for the determination of biosphere—atmosphere ex-
(Singh and Hanst, 1981). In addition, the dry deposition ofchange fluxes of PAN. The system can be operated to apply
PAN is a source of nitrogen for remote, nutrient-poor ecosys-both the MBR and the hyperbolic relaxed eddy accumulation
tems and, hence, influences carbon sequestration (Magnani GiREA) method. Both methods are favourable when no fast-
al., 2007). response gas analyser for the application of the EC method

Besides thermal decomposition, dry deposition is the madis available. They represent less expensive techniques, po-
jor removal mechanism of PAN from the atmosphere (Shep-+entially applicable also for long-term PAN flux measure-
son et al., 1992; Hill, 1971; Garland and Penkett, 1976).ments. Particularly at low atmospheric mixing ratios of PAN,
However, only very few studies have directly measured thea longer integration time or a trapping mechanism is required
flux of PAN to terrestrial ecosystems (Wolfe et al., 2009; to resolve very small mixing ratio differences required for
Schrimpf et al., 1996; Doskey et al., 2004; Turnipseed et al. flux measurements.

2006). The results of these and other indirect studies about In this study we describe the setup of the PAN flux mea-
PAN deposition fluxes show a large range in the magnitudesurement system and its application on a natural grassland
of PAN fluxes and deposition velocities. The latter varies site using @ as a proxy scalar. We present a detailed assess-
from around 0cms! to 1.5cms? for different ecosystem ment of the system requirements to resolve the expected PAN
types. Although the difference in the obtained results mightfluxes at the site. We additionally evaluate the applicability
be caused by environmental conditions and different uptakeof HREA and MBR under various environmental conditions.
mechanisms of plant species, they can also be attributed t&n extensive quality control (detailed systematic and random
relatively large uncertainties in the determined PAN fluxes.error analysis) is performed, allowing the investigation of the
Both Turnipseed et al. (2006) and Wolfe et al. (2009) usedsystem performance in relation to the magnitude of the deter-
a chemical ionisation mass spectrometer (CIMS) and apmined PAN fluxes. We find that HREA and MBR are gener-
plied the eddy covariance technique (EC) above a pine forally applicable to determine PAN fluxes using our GC-ECD
est canopy; they found flux uncertainties of 25-65 % andsetup, but the limitation of the analytical unit to precisely re-
40 %, respectively. Doskey et al. (2004) applied the modi-solve mixing ratio differences remains a major drawback.
fied Bowen ratio (MBR) method using a gas chromatograph
with electron capture detection (GC-ECD) and determined
uncertainties of PAN deposition velocities of 45 to 450 %
dqrir)g daytime_above a grassland ecosystem. These UNCes 1 Flux measurement techniques
tainties are mainly caused by the low precision and accu-
racy of the concentration measurement, which therefore reps 1 1 Hyperbolic relaxed eddy accumulation (HREA)
resents a major challenge in flux measurements of PAN. For

instance, Wolfe et al. (2009) report total uncertainty for a sin-Relaxed eddy accumulation (REA) systems are widely used
gle point PAN measurement ef(21 % -+ 3 ppt), employing  to determine biosphere—atmosphere exchange fluxes of trace
a CIMS at a pine forest site. Recent measurements with GCgases, in cases when high-frequency measurements for the
ECD achieved a precision 4} of 1 to 3% (Fischer et al., application of the EC method are not possible. According
2011; Zhang et al., 2012; Mills et al., 2007), while the accu-to Businger and Oncley (1990) the turbulent flbgEa) is

racy is typically below 10 % (e.g. Flocke et al., 2005; Fischer determined by the difference of two reservoir mixing ratios
etal., 2011). Schrimpf et al. (1996) derived PAN fluxes from (A x), multiplied by a proportionality factob, the standard
measurements of PAN am?Rn concentration gradients deviation of the vertical wind speedy) and the molar den-
only at night-time when concentration differences were largesity of air o, (conversion of mixing ratio to molar concen-
enough to be resolved by the analysing unit. Other existingration):

studies inferred PAN fluxes using indirect methods such as

boundary layer budget models (Garland and Penkett, 1976 REA =L 0w pm - (xws = Xw-) =b-ow-pm-Ax. (1)
Shepson et al., 1992) or chamber studies on leaves (Sparks Equation (1) implies that sampled air must be separated
et al., 2003; Teklemariam and Sparks, 2004). Mostly, thesento two reservoirs, one for updraft and one for downdraft
are also prone to large uncertainties, as either they rely orvents during a certain sampling period (typically 30 min).
rough assumptions or the errors were not derived under fieldhe separation is made with a fast switching valve, which is
conditions. Hence, our current understanding of the control-controlled according to the sign of the vertical wind speed
ling mechanisms and the importance of PAN deposition for(w) measured by a 3-D sonic anemometer. Bhealue is

the atmospheric and biogeochemical nitrogen cycles is stildetermined using a proxy scalafpfoxy), Which can be mea-
very limited. Although PAN and other organic nitrates may sured with high frequency:

2 Methods
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h— firoxy — . ) vy = — F _ Foroxy ‘ @
Ow " Pm* <X proxy — Xproxy) pm- AX Pm - Axproxy
For an ideal Gaussian frequency distributionshealue is If Fproxy is determined by eddy covariance, the trace gas
0.627 (Wyngaard and Moeng, 1992). However, experimenflux can be calculated as
tal data show that it varies and is on average slightly lower Ay
(Baker, 2000). While some studies found thealue to be  F = —vtr- pm- Ax = Fproxy- A : (5)
independent of stability (Businger and Oncley, 1990; Foken Xproxy

et al., 1995), a sl?ght stability depend_gnce was reported by |1 ig important to note that for the MBR methatiy is
Ammann and Meixner (2002). In addition, thevalue may  yefined as the mixing ratio difference from the upper minus
also vary for different scalars. o the lower height{ x = x (z2)— x (z1)), which yields, for the
Besides the appropriate timing of the valve switching andggme sign of, the opposite sign af x to that with the REA
the choice of the proxy scalar, a major challenge for the apinethod. Furthermore, when using mixing ratios instead of
plication of the REA technique is small values®, which  ¢oncentrations, differences in the molar air density between
must be resolved by the chemical analysis. The valug0f e o measurement heights are assumed to be negligible.
can be increased by the application of a so-called dead band, p major prerequisite for the application of the MBR
a threshold below which air samples are discarded when a4 is the scalar similarity of the scalar of interest and the
is close to zero. The most significant increaseof is re- oy scalar. Furthermore, the occurrence of internal bound-
trieved with the HREA method (Bowling et al., 1999), which 5y (avers and chemical transformations within the consid-
was used in our experiment (Sect. 2.4) since valueS#an  ered layer violate the application of the gradient approach in
near the precision of the chemical analysis were expectedigneral. If the two heights are sampled subsequently and not
(see Sect. 3.1). The HREA method defines a threstbld i itaneously, non-stationarities of the scalar mixing ratios
according to the flux of a proxy scalar as within the sample interval (typically 30 min) are a source of
uncertainty, especially for systems with a low temporal reso-

W Xproxy luti
H> ’ ©) ution.
Ow * T xproxy Like for the HREA method, the major challenge for the

) / successful application of the MBR method for PAN is the
wherew and oy, are the Reynolds fluctuation of and  accurate determination of small values/®f by the chem-
Xproxy, respectively, andy, ., is the standard deviation of ical analysis. Especially during daytime, when the boundary
the proxy scalar. If scalar similarity between the scalar of in-layer is well mixed A x values are expected to be small. For
terest and the proxy exista,x is maximised since the thresh- conditions with weak developed turbulence, the transfer ve-
old is only exceeded when high vertical wind speed fluc-locities determined with the MBR method are expected to be
tuations are accompanied by high fluctuations of the proxyvery small and prone to large uncertainties. Hence, Liu and
scalar. Foken (2001) suggest omitting flux data where the friction

REA systems are usually designed for inert scalar quanwvelocity () is very low @, < 0.07ms?1), which mainly
tities since air samples are stored in the reservoirs. Howconcerns night-time periods.
ever, the lifetime of PAN in the troposphere varies signifi-
cantly, mainly with temperature and the N®IO; ratio (e.g. 2.2 Modification of the PAN GC-ECD
at 30°C and a NQ/ NOs, ratio of 0.5 the lifetime of PAN is
about 45 min). Hence, its reactivity is a critical point in the We used a commercially available GC-ECD for PAN (Me-

design of a REA system for PAN. teorologie Consult GmbH, Germany), which is a further
development of the system described by \Volz-Thomas et
2.1.2 Modified Bowen ratio method (MBR) al. (2002). To prevent contamination of the main column, the

automatic GC-ECD contains a pre-column, which is back-
Gradient methods based on the flux—gradient relationshigiushed once all substances of interest have eluted onto the
are commonly used for the determination of biosphere-main column (Fig. 1). The chromatogram retrieved by the
atmosphere exchange fluxes. The MBR method assumes thg{CD is automatically integrated by the ADAM32 software
the ratio between the molar flud( Fproxy), in this case  program (Meteorologie Consult GmbH, Germany), which
normalised byopm, and the mixing ratio differenceAlx, s installed on a PC and facilitates the control of the GC
A Xproxy) Of two measurement heights is equal for the scalarsystem, the data acquisition and reduction via a USB-based
of interest and a proxy scalar (Businger, 1986; Liu and Fo-| /0 module (USB-1408FS, Measurement Computing Corp.,

ken, 2001). This implies that both quantities would be trans—US/_\) (for details on GC-ECD analysis see the Supplement
ported with the same transfer velocity{: Sect. SM1).
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Figure 1. Simplified flow scheme of the modified GC-ECD for PAN flux measurements. During the sampling mode (shown in this example)
the sample gas is drawn through two pre-concentration units (PCU 1, PCU 2). For the subsequent analysis a 12-port valve (Valco 1) is
actuated, whereas a 6-port valve (Valco 2) switches between the two pre-concentration units (see text for further explanation). The analysis
of PAN is performed by a commercially available GC-ECD (Meteorologie Consult GmbH, Germany).

<

We modified and optimised the GC-ECD for the appli- the sampling period. Depending on the overall sampling time
cation of both the HREA and MBR method to determine this required a low flow rate of only a few mL mit (see
PAN fluxes. The two reservoirs required for the HREA sam- Sects. 2.4 and 2.5 for details on flow rate and flow control).
pling (see Sect. 2.1.1) can also be used for the simultaAt the end of the sampling time, PAN was injected from
neous sampling at two heights and subsequent analysis byCU 1 into the separation columns by back-flushing the pre-
the GC-ECD required for the MBR method. Sampling for concentration units (Valco 1; see Fig. 1) and simultaneous
both methods was realised by trapping PAN onto two pre-heating of the MXT-1 column to 25C (see Sect. SM1 in the
concentration capillary columns (MXT-1, Restek, USA; for Supplement). PCU 2 was injected in the same way 10 min
details see Sect. SM1 in the Supplement) over the samplingfter the injection of PCU 1 by actuation of the 6-port valve
period and subsequent analysis by the GC-ECD. For this(Valco 2; see Fig. 1). After a further 5min, the system was
we modified commercially available pre-concentration unitsswitched back to sampling mode (Valco 1), which led to a
(Meteorologie Consult GmbH, Germany) and implementedtotal analysing time of 15min for both PCUs. The in-built
them together with two additional multi-port valves (Valco, pneumatic-actuated 10-port valve (Valco 3; see Fig. 1) was
VICI, Switzerland) in an extended housing of the GC-ECD kept from the commercial analyser to connect the pre- and
(Fig. 1). The modifications of the two pre-concentration units main column in series just before the injection of both PCUs
(PCU 1, PCU 2) mainly involved improvements on the tem- and to back-flush the pre-column 5 min after injection (in the
perature control and stability as well as a removable housinggase of PCU 1) or just before switching back to the sampling
which allowed us to exchange the columns easily for mainte-mode (in the case of PCU 2).
nance (for details see Sect. SM1 in the Supplement). All con-
nections were made of/16 in. OD (outside diameter) PEEK 2.3 Field experiment: experimental site and general
tubing (ID (inside diameter) 0.050 and 0.075mm), which setup
was coated with silicon tubes as insulation against temper-
ature Changes_ During the Samp"ng mode, Samp|e air Wag—he teSting, validation and application of the PAN flux mea-
drawn through the pre-concentration columns, which wereSurement system was carried out at a natural grassland site
cooled to—5°C to enhance the pre-concentration efficiency (49-9683 N, 8.148T E) at the estate of the Mainz-Finthen
for PAN. The pre-concentration was performed in conser-Airport, Rhineland-Palatinate, Germany. The vegetation is
vation mode (Novak et al., 1979); i.e. the frontal zone of classified as a nutrient-poor steppe-like grassland ecosystem

PAN would not leave the pre-concentration column duringWith @ mean canopy height of 0.6 m and extends roughly
over 0.7 kmx 1 km, providing good fetch conditions for flux
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measurements. The modified GC-ECD was installed in arcontainer (Sect. 2.3) and a low sample flow through the PCUs
air-conditioned container, which was located about 20 m(Sect 2.2) were required, we designed a REA system with
north of the eddy covariance complex, a compromise be-a bypass (see Moravek et al., 2013), where subsamples are
tween short inlet tubing and a large distance to reduce flondrawn from the main sample line into the reservoirs (Fig. 2a).
distortion. For the main sample line a 21.5m long opaque PFA tube
Three-dimensional wind vector and temperature werewith 1/4in. OD was used, equipped with a HDC-II particle
measured by a sonic anemometer (CSAT3, Campbell Scifilter (ACRO50 LCF, Pall Corporation, USA). This filter type
entific Inc., USA) at 3ma.g.l. and recorded at 20Hz us-did not cause an increasing pressure drop with time due to
ing a data logger (CR3000, Campbell Scientific Inc., USA). contamination, which is typically observed with PTFE mem-
In addition, a fast-response open-path ZHYO analyser brane filters. The flow rate through the inlet tube was regu-
(LI-7500A, LI-COR, USA) was installed next to the sonic lated by a mass flow controller (EL-flow, Bronkhorst High-
anemometer and sampled by the logger at the same freFech, Netherlands) and set to a volume flow of 11 LTin
quency (for details see Moravek et al., 2013). All turbu- to ensure turbulent flow conditiongRé ~ 3800). A buffer
lent fluxes and stability parameters were calculated using th&@olume was implemented upstream of the membrane pump
eddy covariance software TK3.1 (Mauder and Foken, 2011)(MD 8C, Vacuubrand GmbH, Germany) to ensure a constant
We chose @ as a proxy scalar for both HREA and the performance of the mass flow controller. The volume flow
MBR method due to its similarity to PAN (see Sect. 4.3 for instead of the mass flow was regulated to maintain a con-
discussion). For this, a fast-responsgdetector (Enviscope stant lag time between the change of sign of the vertical wind
GmbH, Germany) was added to the eddy covariance comspeed and the switching of the splitter valves (see Moravek
plex. The sensor discs required for the fast-responsa€x- et al., 2013). The lag time was calculated online by cross-
surements were prepared according to Ermel et al. (2013gorrelation between the vertical wind velocity and the high-
and exchanged every five to eight days. Since the sensitivityfrequency signal of an in-built high-frequency génalyser,
of the sensor disc typically decreases with time, thesignal ranging between 1.3 and 1.7 s, while the main variation was
was calibrated by independent @easurements at 4 ma.g.l. attributed to the sensor separation effect (see Moravek et al.,
using a slow UV-absorption £analyser (49¢c, Thermo Envi- 2013).
ronmental, USA). The employed analyser was part of atrace During sampling mode, the splitter valves were switched
gas profile system with inlet heights at 0.2, 0.8 and 4 m a.g.l. according to the sign of the vertical wind velocity (Fig. 2a).
with which also NO and N@were measured (CLD 780 TR, A third splitter valve was used for dead band situations.
Eco-Physics, Switzerland). The profile system was installedThe splitter valves were mounted on a PFA manifold, which
on a profile mast located 3 m northwest of the eddy covari-was installed in the main sample line. We used bi-stationary
ance complex. valves (type 6604, Birkert, Germany) to reduce the heat de-
For the application of the modified Bowen ratio technique, velopment causing a reduction of PAN mixing ratios, which
we modified a UV-absorption £analyser (49i, Thermo En- was observed when using other solenoid valves. In addition,
vironmental, USA) to directly measure mixing ratio differ- the valves were composed of inert materials (PEEK, FFKM)
ences between 0.8 m and 4 ma.g.l. (differentigh@asure-  and they feature a low internal volume (35 pL). Tests with a
ments, see Cazorla and Brune, 2010). To account for sysfast pressure sensor revealed that the valves were suitable for
tematic errors the instrument was zeroed every 30 min by dia switching frequency of more than 33 Hz (see Sect. SM2 in
recting the gas flow of each height through an ozone scrubthe Supplement).
ber for 1.5 min before entering the absorption cells. The O  The subsamples, which were diverted by the splitter valves
analyser was placed in a waterproof box together with a datdrom the main sample line, were purged througl8 ih.
logger (CR1000, Campbell Scientific Inc., USA) for instru- OD Nafion dryers (MD-50-12-F, Perma Pure LLC, USA)
ment control and data acquisition. For the inlet lines opaqueo prevent the condensation of water-e6°C in the PCUs
1/4in. OD PFA tubes and PTFE membrane patrticle filters(Sect. 2.2). To improve the performance of the Nafion dry-
(Pall Corporation, USA) were used. ers, we introduced a by-pass system, which allowed purging
The PAN flux measurement system was operated in thehe splitter valves and the Nafion dryers with 30 mL min
HREA mode in the period from 20 to 27 September 2011regulated by a mass flow controller (Fig. S4 in Sect. SM5
and in the MBR mode from 19 August to 4 September 2011.in the Supplement). The dew point of the sample air in the
outflow of the Nafion dryers was constantly monitored with
2.4 Setup of PAN flux measurement system: a humidity probe (HMP series, Vaisala, Finland, not shown
HREA operation in Fig. 2a). The average dew point wasl4°C and never
exceeded-10°C during the experiments. A loss of PAN by
The inlet for the HREA system was installed at 3 ma.g.l. Nafion dryers was not observed.
at the eddy covariance complex, with a horizontal displace-
ment distance to the CSAT3 of 25cm. Since a long inlet
line from the eddy covariance complex to the air-conditioned
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Figure 2. Setup of the PAN flux measurement system showing the inlet system, the pre-concentration units, the GC-ECD for PAN analysis,
the data acquisition and control as well as additional measurenfaptSperation in the HREA mode: the system contains one inlet line,

and subsamples are drawn according to the sign of the vertical wind velocity into the PCUs acting as reservoirs. The hyperbolic dead band
is calculated using the signal of a high-frequencyadalyser(b) Operation in MBR mode: two separate inlet lines are employed, and the
system is capable of simultaneously sampling at two inlet heights and performing subsequent analysis of PAN.
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The sample air was drawn through the PCUs with a flow2.6 Calibration and quality control
rate of 1 mL mim! (STP), which was regulated with a nee-
dle valve (CNV1A150S1, VICI, Switzerland) and monitored 2.6.1 Calibration method
with a mass flow meter (EL-flow, Bronkhorst High-Tech, .
Netherlands). A pressure sensor (HCX series, Sensortechnidd€ flux measurement system was calibrated regularly to ac-
GmbH, Germany) and a temperature probe were installed upsount for changes in the performance of the PCUs and the in-
stream of the mass flow meter (Fig. 2a). A buffer volume wascreasing sensitivity of the ECD with time. The PAN calibra-
employed upstream of the sample pump (NMP 830 KNDction airwas produced using a photolytic calibrgtion unit (Me-
B, KNF Neuberger GmbH, Germany) to exclude an effect of teorologie Consult.GrT]bH,_Ggrm_any) as described by Patz et
high-frequency variations in the pump performance on theal. (2002). Synthetic air (Air Liquide, Germany) was first en-
flow rate through the PCUSs. riched with acetone in a permeation cell. A known mixing ra-
During operation of the PAN flux measurement system intio of NO standard gas (Air Liquide, Germany) was then pho-
the HREA mode the sampling period was set to 30 min. To-tolysed in a reaction cell together with the acetone—air mix-
gether with the analysing time of 15min (Sect. 2.2) a totalture to produce PAN. Finally, the calibration air was diluted
time resolution of 45 min was achieved. with zero air that was produced from ambient air aspirated
A PC together with a LabVIEW (National Instruments through a membrane pump (NO35, KNF Neuberger GmbH,
Corporation, USA) software program was used for the con-Germany) and purified with active charcoal and PuPafil
trol of the HREA system. The software program was de- To obtain the same flow and pressure conditions as during
signed to perform (a) acquisition of all signals and control the sampling mode, we aspirated the diluted calibration air
of mass flow controllers, (b) coordinate rotation of the wind through an identical inlet system, consisting of one tube dur-
vector using the double rotation method, (c) hyperbolic dead"d the HREA operation and two tubes during the MBR op-
band calculation, (d) switching of splitter valves and (e) data®ration. _ _
storage with a frequency of 20 Hz. Details on the accurate Since the total mass collected by the PCUs varied during
timing of the signal transmission and processing are given ifIREA sampling, PAN calibration coefficients:( ¢) were
Sect. SM2 in the Supplement. Statistical values used for th@Ptained by normalising the peak integrals (Int) with the
coordinate rotation and the calculation of the hyperbolic deacs@mpled volume (vol), derived from the actual sampling time
band were retrieved by applying a moving average windowof each PC.U. and the flow rate (at STP) through the PCUs.
of 5min. Furthermore, the LabVIEW program calculated the The PAN mixing ratios gpan) were then determined as
online cross-correlation for the lag time for the switching Int
of the splitter valves as well as the actual lag of the high- ypan = m - — +¢ 6)
frequency @ signal at the end of every sampling interval vol
(i.e. every 45 min) (see Moravek et al., 2013). for both PCU 1 and PCU 2 individually.
To obtain a similar amount of sample volume to that dur-
2.5 Setup of PAN flux measurement system: ing the HREA sampling, the splitter valves were switched
MBR operation according to the sign of the vertical wind velocity and with
the respective dead band during the HREA calibration. Con-
For the application of the MBR method, the setup of the GC-gequently, the pressure and flow conditions in the PCUs were

ECD, the flow control and data acquisition was the same ashe same as during sampling, which improved the accuracy
described in Sect. 2.4. However, the inlet system was modigf the calibration.

fied for simultaneous sampling at two measurement heights

(Fig. 2b). Two ¥4in. OD PFA inlet tubes were installed 2.6.2 Determination of PAN mixing ratio

at the profile mast, one at 0.8 and the other at 4.0ma.g.l. difference errors

Like for the HREA operation, the inlets were equipped with

HDC-II particle filters and had a length of 21.5m. The com- For both the HREA and the MBR method, the accuracy and
bined volume flow rate at the position of the mass flow con-precision of A xypan is of crucial importance. Uncertainties
troller was set to 11 L min!, leading to a residence time of in Axpan may be caused for example by slight variations
~ 3s. Subsamples were drawn directly from the inlet tubes;n the sample flow or in the pre-concentration efficiency of
through the Nafion dryers into the PCUs with a total flow rate the two reservoirs. To account for these systematic and ran-
of 2mLmin~1 (STP) (Fig. 2b). Since both sample lines and dom errors ofA xpan, We performed side-by-side measure-
both PCUs were identical in their setup, it was assumed thaiments of the two PCUs before, during and/or after the flux
the flow rate through each PCU was close to 1 mLmhin  measurements (the periods are denoted as SBS_HREA 1,
The sampling time was reduced to 15 min to ensure that th&&BS_HREA 2, SBS MBR 1 and SBS_MBR 2 and com-
frontal zone of PAN would not leave the pre-concentration prised for each method at least 50 h in total). Accordingly, we
column. With an analysing time of 15 min (Sect. 2.2) the to- introduced an artificial time delay of 30 s for the switching of
tal time resolution during the MBR operation was 30 min.  the splitter valves for the HREA operation. This ensured that
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the actual sampling time and the pressure conditions were For the evaluation of the presented PAN fluxes, we used
identical with the HREA sampling. According to the parame- time periods with sufficient developed turbulence and sta-
terisation by Moravek et al. (2013), who describe the effect oftionarity (Foken and Wichura, 1996), represented by the
an erroneous lag time on REA fluxes, the HREA flux is neg-quality flags 1-6 after Foken et al. (2004). Additionally,
ligible for an artificial lag time of 30 s under most environ- a footprint analysis and a site-specific characterisation ap-
mental conditions. However, a larger artificial time lag can beproach (Gdckede et al., 2004, 2006) were conducted, utilis-
chosen in future experiments to avoid any potential contribu-ing a Lagrangian forward stochastic model from Rannik et
tion from lower frequencies. For the side-by-side measure-al. (2000). We excluded data where the footprint area of the
ments during the MBR operation, we placed the two trace gaslux measurement included less than 80 % of the target area.
inlets side by side at 0.8 ma.g.l. For both the HREA and the

MBR method, systematic differences between the two reser2.7  Simulation of expected PAN mixing ratio

voirs were corrected for by adjusting PCU 2 to PCU 1 using differences

an orthogonal fit function. The random error (precision) of L

Axpan (denoted asapan) was defined as the standard devi- The successful application of both the HREA and the MBR

ation of the residuals of the fit according to Wolff et al. (2010) Method largely depends on the capability of the analytical
(see Sect. 3.3). system to resolve the mixing ratio differencesxpan). We

simulated the expectedl xpan Values under various meteo-
2.6.3 Random flux error, flux detection limit and quality rological conditions for the Mainz-Finthen experiment site
control to define the precision requirements of the analytical sys-
tem and the optimal configuration for the application of
The random flux errorr) was deduced for both the HREA the HREA (dead band) and MBR method (measurement
and the MBR method by combining the random errors of heights). Expected xpan values were calculated according
the individual terms in Egs. (1) and (5), respectively, usingto Eqgs. (1) and (5) with @as a proxy scalar for the data
Gaussian error propagation (see Sect. SM3 in the Suppleseriod from 1 August to 30 September 2011.
ment), while for the HREA method thievalue in Eq. (1) was WhereasFo, and A xo,(MBR) could be retrieved from
substituted by Eq. (2). The required individual random errorsdirect measurements\ xo,(HREA) was retrieved by sim-
were determined as follows. (a) The random error of the PANulating the conditional sampling using the measured high-
mixing ratio differencesd{apan) was deduced from the side- frequency time series of £and the vertical wind velocity.
by-side measurements (Sect. 2.6.2). (b) The random error ofo investigate the influence of different dead bands, the sim-
mixing ratio differences of the scalar proxyAo,) was de-  ulation was performed using both fixed and hyperbolic dead
rived for the HREA method from the calibration. A value bands of various sizes. For the dead band calculation and the
of 1% was found and applied as a conservative estimate. Fosimulation the same data pre-processing steps as during the
the MBR methodg o, Was derived by propagating the stan- real-time REA measurements were performed (Sect. 2.4).
dard deviations of the ambient air and zero air measurement The required estimate faFpan Was derived by applying
of the differential @ analyser (Sect. 2.3). (c) The random the big leaf multiple resistance approach (Hicks et al., 1987;
error of the @ flux (o, ) was calculated by the TK3.1 soft- Wesely and Hicks, 2000). The approach divides the overall
ware program according to Mauder et al. (2013), representresistance against deposition (inverse of the deposition veloc-
ing the turbulence sampling error. Although it was not di- ity) of a substance into the aerodynamic resistaig, the
rectly used for the flux calculation, we derived the randomquasi-laminar boundary layer resistan@g)and the surface
error of theb value @3,) by combing the individual random resistanceR:) and can be used to describe unidirectional de-
errors in Eg. (2) (see Sect. SM3 in the Supplement). For theposition fluxes, which was expected for PAN at the grassland
determination of the random error 6§, (o,,,), we assumed  site. Fpan is then expressed as the ratio of the PAN concen-
that o, mainly results from the uncertainty of the vertical tration (PAN mixing ratio multiplied bypyn) at one height
wind speed measurement, which is given by the manufacand the resistances against deposition to the ground:
turer as 0.5 mms! (see Sect. SM3 in the Supplement).
For all above-mentioned quantities, we define values tog,\ = o - Pm - XPAN- (7)
be insignificant from zero and, thus, below the detection Ra+ Rp+ Re
limit V\_/hen the relative random error (denoteda;"/é) of the Ra Was calculated according to Garland (1977), using
quantity ) exceeds 100 %. Additionally, PAN fluxes are re- yhe integrated stability correction function of Businger et

garded as below the flux detection limit whéxxpan is be- 5 (1971) modified by Hogstrém (1988, can be described

low the detection Ijmit (i.(_aaZA’PAN > 100 %). Furthgrmore, according to Hicks et al. (1987) as a function wf, the
flux values determined with the MBR method which do not pyandt| and Schmidt number. The latter largely depends on

megt t.he'tgrbulence criterion (see Sect. 2.1.2) are considerggla molecular diffusivity of the trace gas and was found for
as insignificant from zero. PAN, according to data of Hicks et al. (1987), tobd.72.
For theR. we assumed as a rough estimate that the resistance
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Figure 3. Effect of various dead band sizes on the expected rel-
ative PAN mixing ratio differences, thie value and the sampling
time for the application of the REA method. Median values are dis-
played and the shaded area represents the interquartile range of t
expected mixing ratio differences. Variations of thealue and the
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total sampling time with no dead band to 5.4 %&a& 1.5. In
contrast to the relativa xpan values, both the simulation of
the b value and the sampling time showed only a very small
variability.

Figure 3b shows the results of the simulation for a fixed
dead band scaled only lay,. The linear increase of relative
A xpan Values with increasing dead band is less steep com-
pared to a hyperbolic dead band, only resulting in median
relative A ypan values of 2.5 % at a dead band ob1oy,. In
return, the effective sample volume per PCU is still 17 % at
this point.

Since the simulation yielded much higher expecategan
with the HREA method, we chose a hyperbolic dead band of
H = 1.1 for the further simulation and the experiment. The
lower sample volume associated with the hyperbolic dead
band could be compensated by using a higher sample flow
rate (as given in Sects. 2.4 and 2.5) through the PCUs with-
out reaching the breakthrough of PAN.

3.1.2 Diurnal cycle of expected PAN mixing ratio
differences

The diurnal course of the expected PAN values is shown in
Fig. 4 for both the HREA and MBR method. For the HREA
faethod, expected ypan values were very low during night-
time (median values> —5 ppt), whereas absolut& xpan

sampling time were only small. Shown are the results from the sim-values increased in the morning together with both the in-
ulation based on data from the Mainz-Finthen grassland site for thexrease of turbulent mixing and the increase of PAN mix-

period from 1 August to 30 September 2011 employ@a hyper-
bolic dead band with ®as a proxy scalar an) a fixed dead band
value scaled by only.

at the surface for PAN was similar #®(O3), which could
be determined from the resistance approach sifggvas
known.

3 Results

3.1 Expected PAN mixing ratio differences

3.1.1 Effect of HREA dead band

ing ratios (not shown). The average mediagpan values
during the day were around27 ppt; most values ranged
between—15 ppt (0.25 percentile) and50ppt (0.75 per-
centile). Lowest absolute values close to zero occurred at
high wind speeds under neutral stability conditions. Com-
parable daytime values were simulated when applying the
MBR method. As found for the HREA method, lowest val-
ues were reached under neutral conditions. During night-
time, expected\ ypan vValues were generally larger but also
showed a high variability with median values between 23 and
117 ppt.A xpan Values of up to 300 ppt were calculated un-
der conditions with limited turbulent exchange. However, un-
der these conditions fluxes are expected to be very small and
might be below the turbulence criterion (Sect. 2.1.2).

The size and type of the dead band had to be chosen careful§.2 Calibration

since it influences not only the magnitude of the sampled
A xpan Values but also the effective sampling time and the
scalar similarity. The results from the HREA simulation anal-
ysis (Fig. 3a) show a steady increase of the relaiy@an

values from a zero dead band (median: 1.4 %) to a large hy

The aim of the regularly performed calibrations was (a) to
determine the point of saturation of the PCUs, which was
important for setting the sample flow; (b) to investigate the
relationship between peak integral, sample volume and PAN

perbolic dead band of 1.5 (median: 6.3 %); at the same timemixing ratio; and (c) to determine the precision and limit of
the variability increases with the dead band size. As a resultletection (LOD) for a single mixing ratio measurement.

of the increasing\ xpan Vvalues, the» value decreased expo-
nentially with increasing dead band, starting from 0.56 with
no dead band to 0.14 f&f = 1.5. In the same way, the effec-

Experiments testing different flow rates through the PCUs
showed that the time after which the PCU was saturated de-
creased linearly with an increasing sample flow rate. For a

tive sampling time for each PCU decreases from 50 % of thesample flow rate of 1mLmint (STP), as set during the
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Figure 4. The expected absolute PAN mixing ratio differences using both the HREA and MBR method presented as diurnal cycles using
hourly boxplot statistics. Shown are the results from the simulation based on data from the Mainz-Finthen grassland site for the period
from 1 August to 30 September 2011. In addition, the median turbulent exchange coeffigientdisplayed, which was calculated with

the aerodynamic approach using the universal stability functions for the sensible heat flux of Businger et al. (1971) modified by Hogstrom
(1988). For most of the night-time differences for the MBR method the turbulence criterian,(ke0.07 m s according to Liu and Foken,

2001) is not fulfilled and the flux calculation is not possible.

HREA application, the saturation occurred afted2 min. calibration with PAN mixing ratios of 1080 pptH50 ppt).
For the average sampling time per PCU of 3.&8(77) min During SBS_HREA 2 and SBS_MBR 1 higher PAN mix-
(with H = 1.1) this was sufficient to guarantee that the ing ratios above 200 ppt prevailed, reaching up to 700 and
frontal zone of PAN would not have eluted from the PCUs 1400 ppt, respectively. For all side-by-side measurements the
during sampling. Since the volume (and not mass) flow ratdinear regressions show systematic differences between both
of the sample gas controls the speed of the frontal zone iPCUs, which were corrected for by using PCU 1 as a ref-
the PCU, the saturation point is dependent on the pressurerence and adjusting the signals from PCU 2 with the or-
in the PCUs. During the HREA operation the pressure meathogonal fit function. For the periods between the side-by-
sured downstream of the PCUs ranged between 718.2 anside measurements, we linearly interpolated the values for
739.8 hPa. These variations were mainly caused by the diurthe slope and intercept given in Table 1.
nal course in ambient air temperature. The standard devia- As shown in Table 1, the derived precisions (Sect. 2.6.2)
tion of the short-term signal over one sampling period wasvaried between the different experiments. While for the MBR
40.7 hPa. The mean pressure during the MBR operation wasperation the precision was determined as 15.2 ppt before
higher, ranging between 901.3 and 927.6 hR®.5hPa), and as 4.1 ppt during the flux measurement experiment, the
which was due to the employment of two instead of one samprecision before and after the HREA flux measurements
ple line. This led to a longer time until saturation of the PCU was much lower, namely 32.5 and 59.9 ppt, respectively (Ta-
was reached, which allowed us to set the sampling time durble 1). The significantly larger scatter during the HREA side-
ing MBR operation to 15 min. by-side measurements was partly corrected for (for details
We generally found, on the one hand, a linear relationshipsee Sect. SM4 in the Supplement and Sect. 4.2) and the pre-
between the peak integral and the sample volume for differ<ision was improved by 50 %, to 17.9 and 26.1 ppt, respec-
ent PAN mixing ratios (Fig. 5a), and, on the other hand, be-tively (see Table 1 and Fig. 6a). This correction was applied
tween the peak integral and the PAN mixing ratio at differentto all data in the post-processing of the HREA measurements.

sampling times (Fig. 5b). As defined in Sect. 2.6.3, the precision values presented in
Table 1 are considered as the detection limitAgtpan. This

3.3 Side-by-side measurements means that ypan values below are associated MK’PAN >
100 %.

Although all side-by-side measurements were performed

during good weather conditions and covered a period of one8.4 PAN flux measurements

diurnal cycle or more, the range of prevailing PAN mixing

ratios was large (Fig. 6). During both periods, SBS_HREA 13.4.1 HREA measurements

and SBS_MBR 2 PAN mixing ratios below 200 and 400 ppt

were measured, respectively. Due to the low mixing ra-During the period of the HREA measurements (20 to
tios during SBS_HREA 1 we included the results from the 27 September 2011) dry and mostly sunny autumn weather

Atmos. Meas. Tech., 7, 20972119 2014 www.atmos-meas-tech.net/7/2097/2014/



A. Moravek et al.: Development of a flux measurement system for PAN 2107

Table 1. Results from the side-by-side measurements during MBR and HREA operation, showing the parameters of the orthogonal fit
functions. The residuals of the regression were used to determine the random error of the PAN mixing ratio differgnges (

Period Date Duration[nrs] n  Slope Intercept [mV s mtl] R? oAPAN [ppt]
MBR  SBS_MBR1  18-19 Aug 2011 1775 36 1.08 3294.3 0.9958 15.2
SBS_MBR2  29-30Aug 2011 3325 67 1.05 —298.5 0.9972 4.1
HREA SBS_HREA1 19-20 Sep 2011 32.0 *43 0.86 142.0 0.9931 32.5
(corrected) 19-20 Sep 2011 32.0 *43 0.88 73.3  0.9995 17.9
SBS_HREA2 27-28 Sep 2011 29.0 39 0.70 1819.3 0.7707 59.5
(corrected) 27-28 Sep 2011 290 39 083 1228.8 0.9233 26.1

* Including calibration data.

(a) conditions were encountered. On these days, the daytime
° 8 average maximal wind speeds and the averageralues
87 *1ppb R2=0.9944 (see Fig. 7a) reached 4.5 and 0.5mh,srespectively, which
Seq "=0bmeb were much larger in comparison to the other days. The
o5 Og'i: EEE higher turbulent exchange during those days is represented
c4 ' R2 = 0.9993 by higher values oty (Fig. 7a), which has an impact on
g 3 R? = 0.9990 the REA flux (Eqg. 1). During the other days, the mean max-
82 imum value ofoy, during daytime was 0.1#0.07ms?t,
§ 1 mo 9095 which is lower than the respective annual mean for the site
0 - (ow=0.18+0.15ms 1) and during the period of the MBR
0 2 4 6 8 10 12 measurements{ = 0.13+0.11ms 1),
sample volume, ml (STP) Since Q was used as a proxy scalar for the determina-

tion of the HREA dead band and tlhevalue, the similarity
between PAN and @mixing ratios is shown in Fig. 7b. On
most days both quantities feature a simultaneous increase of
R?=0.9988 their mixing ratios in the morning and a diurnal maximum

(b)

+10 min

8

87

S6 6 min

o5 . in the afternoon between 16:00 and 17:00 CET with max-

24 2 min imal PAN mixing ratios ranging between 243 and 1172 ppt

< 3 R2 =0.9997 and G mixing ratios between 41 and 57 ppb. On 22 Septem-

= 2 ber the daytime PAN mixing ratios did not show a significant

§ 1 / increase, which was probably caused by both reduced pho-

= T K :'0'9?97 tochemical production due to overcast periods and lowNO
0 0.2 0.4 0.6 0.8 1 12 conditions, as well as downward transport of PAN-poor air

PAN, ppb masses due to the enhanced turbulent mixing.

The values forA xo,, calculated from the high-frequency
Figure 5. Results of a multi-step calibration experiment illustrating Og data with a dead band size #f = 1.1, were mostly neg-
the linear relationship betwe(a) the area of the PAN peak and ative and reached minimal values o8 ppb in the late af-
the sample volume (STP) for various PAN mixing ratios as well ternoon, indicating a deposition flux (Fig. 7c). Not consid-
as(b) the area of the PAN peak and PAN mixing ratios for differ- ering theA xo, values which are below the detection limit

ent loading times of the PCUs. Since the flow rate through the pre, o ” :
. ; o . > 100 %), few positive values were observed durin
concentration unit was regulated by a mass flow controller, both the( . 803 ) P 9

loading time and the sample volume are linearly proportional to themght_“me’ which might be Cagsed by limited turbulent ex-
mass of the sampled air volume. change and small £Xluxes at night (Fig. 7d). The £eddy
covariance fluxes showed a clear diurnal course with max-

imal deposition fluxes betweea5 and —10nmolnT2s1
during daytime.
conditions prevailed, with maximum daytime temperatures Theb values, which were determined from the flux and
of 20 to 25°C and minimum temperatures of 8 to 42  Axo; values, are shown in Fig. 7e. The median was 0.21,
during the night. While on most days atmospheric condi-which is slightly higher than the median value (0.16) from
tions were unstable during daytime and stable during nightthe simulation analysis with a dead band sizerbt 1.1
time, on 22 September mostly neutral conditions prevailed(Fig. 3a). However, as found by other studies (e.g. Oncley
during daytime and on 24 September only slightly unstableet al., 1993; Beverland et al., 1996), calculatechlues may
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(a) 1200 . | | are randomly.di.stributed_ throughout. t.he timg series and still
y= 088+ 2.0; R? = 0.9095 7 seem to be within the noise of the mixing ratio measurement.
1000 1 y=085x+ 403, re= 0233 v Only on 25 September were some significantpan values
’ ,’@ detected, which reached up+dl 50 ppt, indicating a net de-
Ryt position flux.
800 , //o&"bra“on As a consequence of the lowypan values, PAN fluxes
Y] 7 . . .
35 during the HREA measurement period were in most cases
Q 600 below the flux detection limit (Fig. 7g) as defined in
= Sect. 2.6.3. Only on 25 September was a deposition flux
; 400 o Porcd T of up to —0.4nmoln2s! found. For the remaining val-
< ues above the flux detection limit & 21) a median ran-
200 P> O Period2 | dom flux error of+£0.078 nmolnt2s~ for daytime and
/ ———m 1 4+0.020 nmolm?s~1 for night-time (Fig. 9a) was deter-
0 mined. The daytime flux errors were mainly attributed to the

0 200 400 600 800 1000 1200 error of Axpan With a median error contribution of 50 %
PAN, ppt (PCU 1) (Fig. 9b). The magnitude of the covariance term in the er-
ror propagation equation (Sect. SM3 in the Supplement) was
largely governed by the error & xo,. During night-time all

(b) 1200 : . : terms had a similar impact on the total flux uncertainty.
y =0.88x + 2.9; R? = 0.9995 , .’
1000 4 v=0.83x+49.3; R2= 0.9233 ,@ 3.4.2 MBR measurements
4
800 % Aaiibration In general, the weather conditions during the MBR measure-
S e / ments (19 August to 4 September 2011) featured not only
o 600 higher temperatures and stronger wind speeds, but also more
S & frequent isolated rain events than during the period of the
5 HREA measurements. The MBR measurements can be di-
<z(' 400 o Period 1 vided into two sections (S1Sll) according to the prevailing
o o Period 2 weather conditions: (SI) 20 to 26 August was a sunny pe-
200 riod with occasional cloud cover and one short rain event on
/ ---- 21 August. Stable stratification at night and unstable strati-
0 fication during daytime, sometimes leading to free convec-

0 200 400 600 800 1000 1200 tion, prevailed. Daily maximal temperatures reached up to
PAN, ppt (PCU 1) 34°C, while maximal wind speeds in the afternoon were on

Ei . : . _average 3.5mg. Period S| was terminated by a passing
igure 6. Results from side-by-side measurements for two periods . .
during(a) HREA operation after correction for pressure effects (seeCOId front in the late _afternoon of 26 August acc_ompamed
Sect. SM4 in the Supplement) ati) MBR operation of the PAN by rainfall together with a temperature drop and increasing
flux measurement system. For the conversion to PAN mixing ratios Wind speeds. (Sll) The period from 30 August to 4 Septem-
the calibration coefficient from PCU 1 was applied for both PCU 1 ber was a dry period with mostly sunny days under the influ-
and PCU 2 to illustrate the systematic deviation from thé $lope.  ence of high-pressure systems with increasing temperatures
and lower wind speeds (mean diurnal maximum: 2.3 s
resulting also in lower, values (Fig. 8a) as during Sl. Dur-
vary significantly (interquartile range of 0.19 to 0.30 in this ing that period also stable stratification at night and unstable
study). The variation was particularly large for conditions stratification during daytime, partially leading to free con-
with weak turbulenceu(, < 0.1m s1) and small sensible vection, prevailed. The period from 27 to 30 August is not
heat fluxes of:5 W m~2. Under these conditions, which oc- considered here due to the performance of the side-by-side
curred mostly during night-time, both the conditional mix- measurements (Sect. 3.3), extended calibrations and mainte-
ing ratio differencesA xo, and the Q eddy covariance flux nance of the GC-ECD in this period.
(> —0.5nmolnr2s1) changed sign occasionally (Fig. 7c  The effect of the varying weather conditions on énd
and d) and were also characterised by higher random errorsPAN mixing ratios is shown in Fig. 8b. On most days during
Figure 7f shows the measured PAN mixing ratio differ- period Sl and SllI a clear diurnal course of @ixing ratios
encesA xpan, between the two PCUs for updraft and down- is visible with maximum values of 65 ppb, while during SlI
draft events. MostA xpan Values did not exceed the detec- the development of strong nocturnal inversion layers lead to
tion limit (UZA)PAN > 100 %) determined from the side-by-side nearly complete @ depletion at night. The diurnal course
measurements (Table 1). The values above the detection limiaf PAN mixing ratios was strongly coupled to that 0§,0
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Figure 7. Results from the HREA experiment at the Mainz-Finthen grassland site from 20 to 27 September 2011 &awiramdoy,

(b) PAN and @ mixing ratios,(c) Axo,. (d) Fog, (€) b value,(f) Axpan and(g) Fpan. Grey error bars denote random error. Black data
points indicate values below the detection limit (for details see text).

although on some days (e.g. 26 August and early morningstratification. During daytime some values were below the

of 4 September) the decline of PAN mixing ratios starting detection limit (IZA’OS > 100%). Q deposition fluxes were

in the late afternoon was much stronger. During nights withhigher than during HREA measurements and reached up to

strong Q depletion, PAN mixing ratios of more than 200 ppt —12nmolnt2s~! during daytime, with an average maxi-

prevailed. Daily maxima of PAN mixing ratios ranged from mum of —8 nmol nm 2 s~1. During night-time Q fluxes were

400 ppt to more than 1200 ppt. small except on nights with neutral stratification, when fluxes
The Axo, values and the ©flux, which were used to of up to—5 nmol nr2s1 prevailed.

calculate the transfer velocity, are displayed in Fig. 8c and The resulting transfer velocity (Fig. 8e) representing the

d. While during daytimeA xo, values were on average layer between 0.8 and 4.0ma.g.l. showed average daytime

2.0 ppb (0.6 ppb), the differences during night-time were values of 0.08 ms! (£0.06 ms1), whereas during night-

much larger and reached up to 18 ppb during strong stable
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Figure 8. Results from the MBR experiment at the Mainz-Finthen grassland site from 19 August to 4 September 2011 &jawing
(b) PAN and & mixing ratios,(c) Ax o, (d) Fo,, (€) vir, (f) Axpan and(g) Fpan- Grey error bars denote random error. Black data points
indicate values below the detection limit (for details see text). Red data points denote periods whdr®7 msL.

time the transfer velocity was close to zero and often below On those days with significant daytim& ypan values
the detection Ilmltof% > 100 %). also a significant daytime PAN deposition flux was vis-
As a result of the limited turbulent exchange at night, ible and reached up te-0.2nmolnt2s~1 (Fig. 8g). On
A xpan Values reached up to 400 ppt (Fig. 8f). In general, other days, when daytime& ypan values were smaller or
the course of night-time\ xpan compared well toA xo,, not different from zero, PAN fluxes were below the flux
indicating scalar similarity of PAN and £ On average, detection limit (for definition see Sect. 2.6.3). Considering
the daytimeA xpan values were 27 ppt30 ppt). While on only values above the flux detection limit, daytime PAN
some days they were clearly different from zero, on otherdeposition was on average0.07 nmolnt2s~1 during that
days they were close to zero and did not exceed the detegeriod. The corresponding median random flux error was
tion limit (JZ’PAN > 100 %) determined from the side-by-side 4+0.033 nmolnt2s-1 (Fig. 9¢c) and mainly consisted of the
measurements (Table 1). errors of A xpan and A xo, with median error contributions
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Figure 9. Boxplot statistics of random errors for the HREA (upper panel) and MBR (lower panel) measurements during day and night-
time at the Mainz-Finthen grassland site) and(c): absolute random errors of the PAN flutk) and(d): relative contribution to the total

random flux error of the individual components used in the error propagation method (Sect. SM3 in the Supplement). The covariance term
accounts for a possible correlation of the individual error terms and can be positive or negative. Values below the flux detection limit were
not considered, which did not have a significant impact on the displayed boxplot statistics.

of 52 and 65 %, respectively (Fig. 9d). At night-time PAN and achieved a much lower LODA2lefinition) without pre-
fluxes were negligible or fell below the turbulence crite- concentration, 3 ppt ane 5 ppt, respectively. During cali-

ria whenu, <0.07ms?! (see Sect. 4.1.3 for discussion). bration experiments with 850 ppt PAN we found a precision
The magnitude of the night-time random flux error (median: (1) of 1.5 % in the gradient mode and of 3% in the HREA
+0.005 nmol m?s~1) was mainly attributed to the errors of mode (for discussion see also Sect. 4.2). These values are
Axo, and the @ flux (median contribution: 38 and 52 %, re- within the range of other recent GC-ECD systems, which re-
spectively), while the error ah ypan Was insignificant (me-  ported a & precision for PAN of 1% (Zhang et al., 2012) or
dian contribution: 5 %). 3% (at 470 ppt) (Fischer et al., 2011).

Although the performance of the GC-ECD was similar or
even better than that of other state-of-the-art GC-ECD sys-
tems, the derived precision value at a single mixing ratio does
not necessarily apply for the whole range of prevailing PAN
mixing ratios. In addition, for the application of the HREA
411 Performance of the GC-ECD and MBR method the precision @ xpan iS important. As

presented in Sect. 3.3, the precision for thgpan values
The uncertainties in the PAN fluxes were mainly caused byderived from the side-by-side measurements ranged between
the error OfAXPAN- Hence, a precision and performance 17.9 and 26.1 ppt for the HREA measurements and between
of the GC-ECD analysis is a main criterion for the perfor- 4.1 and 15.2 ppt for the MBR (Table 1). The precision was
mance of the flux measurement system. The LOD of absolargely independent from the prevailing PAN mixing ratios,
lute PAN mixing ratios was derived from the height of the Which is the reason why we applied a constant absolute ran-
residual peak compared to the baseline noise during calibradom error for the whole range of PAN mixing ratios. For the
tion with zero air and determined as 5 ppw(8efinition). ~ HREA operation the experimentally determined precisions
This value compares well to other GC-ECD systems whichwere as high as the simulated daytime differences (Sect. 2.7),
employed a capillary column for the pre-concentration of Which explains the large errors of the PAN flux.
PAN (Jacobi et al., 1999; Mills et al., 2007). For systems
without pre-concentration LODs above 10 ppt (Schrimpf et4.1.2 Effect of HREA timing
al., 1995; Fischer et al., 2011) ranging up to 30ppt or
higher (Volz-Thomas et al., 2002; Zhang et al., 2009) wereFor the HREA measurements, an accurate conditional sam-
reported previously. Flocke et al. (2005) and Williams et pling of updraft and downdraft air masses into the accord-
al. (2000) designed their systems for aircraft measurementsng PCUs is important, especially at high eddy reversal

4 Discussion

4.1 Performance of the PAN flux measurement system
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frequencies (e.g. Baker et al., 1992; Moravek et al., 2013). 300

Besides a correct online coordinate rotation of the wind vec- ' MBR data

tor and the appropriate choice of the dead band size and e ... 0. =20%
proxy scalar, this required a precise timing of the switch- 250 B o 50%
ing of the splitter valves and the investigation on high- . T T o
frequency attenuation effects of the inlet tube. As presented ! o =100%

in Sect. SM2 in the Supplement, the electronic time lag be- 20 . _. 16 (MBR 1)
tween exceeding the dead band threshold and switching of > 1@ (MBR 2)
the splitter valves was less than 20 ms and could be neglecteE}Z u<0.07ms™
(Moravek et al., 2013). As shown by Moravek et al. (2013), & |
the application of the online cross-correlation method cor-<

rected for the sensor separation effect, but was associated 100 |

with a random error of£100 ms. The resulting flux error

was determined using the relationship between flux loss and -

the eddy reversal frequency (Moravek et al., 2013). Dur- 54| T T AR == -
ing the experiment, the eddy reversal frequency ranged from p 2, 50 % 100 %
3.0 to 12.4Hz (median: 7.6 Hz) for the applied hyperbolic D e B o P T . . —|
dead band off = 1.1. A simulation analysis (Moravek et 0 - - - - - - -

al., 2013) yielded a random flux error due to the error of the 0 01 02 03 04 05 06 07 08

online cross-correlation method betwe#0.6 and+9.9 % u,ms

(.medlan' 4.09%). For the effect of hlgh-frequency attenua_Figure 10. A xpan Values during the MBR operation against(vi-
tion a CUt'Oﬁ_ frequency of 1.2Hz was determined _for the olet circles) are shown together with fitted lines of relative random
21.5m long m!et tgbe (Moravek et al., 20_13)' which led fyy errors of 20, 50 and 100 % (black lines) at the Mainz-Finthen
to an underestimation of the PAN flux ranging from 1.8 to grassland site. The red lines mark the precision fortheay mea-
31.4% (median: 11.8%), which was corrected for in the surement determined from side-by-side measurements. Values be-
post-processing. low this precision were excluded from the plot. The grey area with
uye < 0.07 ms 1 indicates fluxes with high relative random errors
4.1.3 Random flux error under varying meteorological  due to limited turbulent exchange

conditions

A main criterion for the performance of the PAN flux mea- modified by Hogstrom (1988):

surement system is the random flux error. As presented in

Sect. 3.4 and in Fig. 9, the flux errors were large compared tq)tr _ k- uy )
the observed fluxes and were caused to a large extend by the In22 —w (2)+ v ()

error of A xpan, but also by the error oA xo,. This was the

case for daytime MBR fluxes, when the standard deviation ofvhere « is the von Karman constant and the lower
Ao, is large at high @ mixing ratios. and z» the upper height of the gradient system. Finally,

The difference between the daytime and night-time flux A ypan (a;/gAN) is expressed as a functionof, representing

error indicates that the flux error does not only depend onthe tyrbulent and micrometeorological conditions, for differ-
the performance of the method but also on the meteorologiznt relative random flux errors. Figure 10 shows the hyper-
cal conditions. Considering the error &fypan as the largest  pglic fit functions foro2 of 20, 50 and 100 % together
fraction of the flux error, we estimate values®fpan that  ith the measured ypan values during the MBR operation.
would have to be measured with either HREA or MBR to ob- While for I'"gher-u>k the 6[0'{|O:AN values are quite constant for

tain fluxes with a certain minimum precision under varying
meteorological conditions.

For the MBR method, the requireflypan values are ob-
tained for a certain relative random flux erro«;{;W in %)

a certainA xpan value, belowu, = 0.07 ms? the flux er-
ror increases rapidly. The latter value is also given by Fo-
ken (2008) as a limit for MBR measurements and, hence, was
b used in the definition of the flux detection limit (Sect. 2.6.3).
y According to the error lines in Fig. 10 and not considering
A ( % ) _ O Fpan ) values below the flux detection limit, we find that 47 % of
XPAN \ 7 Foan v (uy) - o the measured PAN fluxes are associated with a relative ran-
Foan dom error of between 20 and 50 %, and 27 % between 50 and
whereof,,, is the absolute flux error derived from the er- 100 %. Only a few values (8 %) showed a relative flux error
ror propagation method. Herey is determined as a func- below 20 % and some (18 %) above 100 %.
tion of u, via the aerodynamic approach, using the integrated
stability correction functions¥) of Businger et al. (1971)
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Using the same approach for the HREA measurements to a. Uncertainties due to chemical reactions in the inlet tube

determine the influence of the meteorological conditions on
o;/;AN was not successful. A clear relationship between the
required A ypan Values andu, was not found due to the
higher scatter of the determined,, values. For the day-
time fluxes, the errors during HREA operation were on av-
erage twice as high as during MBR operation (see Fig. 9a
and c), which can mainly be attributed to the lower precision
of the analysing unit (see Sect. 3.3). However, it has to be
noted that the HREA measurements took place in September
and deposition fluxes to vegetation are lower than during the
MBR measurements in August. On the one hand, the surface
resistance was higher due to a higher fraction of dead grass
species and a reduced stomata opening of the green plant ma-
terial. For that reason it is also unlikely that prolonging the
measurement period would have improved the precision of
the mean HREA fluxes significantly. On the other hand, dur-
ing the HREA measurement periog, values, which reflect

the magnitude of turbulent exchange (Eq. 1), were below
the annual average and also lower than during MBR period.
Hence, in general lower fluxes due to the prevailing condi-
tions are an additional obvious reason for the lower quality
of the HREA measurements.

As was outlined in Sect. 1, the flux errors derived by other
studies, which measured direct PAN exchange fluxes in the
past, are also significant and vary depending on the chosen
method. Doskey et al. (2004) give a rough estimate of the ex-
pected flux errors ranging between 45 and 450 % for daytime
fluxes. They assume at a deposition velocity of 1cmha
vertical mixing ratio difference of 1-10 % of the mean mix-
ing ratio and an error of\ ypan Of 4.5% determined from
the PAN calibration. However, we find that the most reli-
able method to determine the error®fpan are side-by-side
measurements at the field site to retrieve the error character-
istics over the whole potential range of ambient air PAN mix-
ing ratios. The flux error using the eddy covariance technique
with a CIMS (Turnipseed et al., 2006; Wolfe et al., 2009)
was found to be less (25-60 %), although the uncertainty for
a single concentration measurement is larger than with the
GC-ECD method, and the effect of the background signal on
PAN measurements is currently being discussed (Phillips et
al., 2013). To evaluate the uncertainties further, direct com-
parisons of PAN flux measurements with the CIMS method
and the GC-ECD HREA or MBR methods are desirable for
future experiments.

4.2 Sources of uncertainties of PAN mixing ratio
differences

As uncertainties in the PAN flux were mainly caused by ran-
dom errors in the determination afypan, we discuss poten-
tial error sources and possibilities for their reduction. Three
different parts of the PAN measurement system contribute to
the random errors: (a) the inlet tube; (b) the pre-concentration
step; and (c) the peak separation, detection and integration.

www.atmos-meas-tech.net/7/2097/2014/

could be excluded due the short sample air residence
time of ~1.5s (HREA) and~ 3.0 s (MBR) and turbu-
lent flow conditions. Experiments employing different
inlet tube lengths revealed that the main effect of the
sample tube was due to its impact on the pressure con-
ditions in the PCUs, which was accounted for by us-
ing the same inlet tube length also during calibration
(Sect. 2.6.1).

b. The use of capillary columns as a reservoir for the

REA, MBR or other gradient methods is unique and re-
quired the application in conservation mode (Sect. 2.2).
Since we determined the saturation point regularly and
found a good linear relationship between the PAN mix-
ing ratio and the ratio of peak integral and sampled
volume, potential uncertainties associated with the pre-
concentration step are not caused by the operation in the
conservation mode in general.

However, the higher random errors found during
the side-by-side measurement in the HREA mode
(Sect. 3.3) suggest that disturbed flow conditions due
to fast switching may have an influence on the per-
formance of the PCUs. Apparently, short-term pressure
differences induced by the fast switching of the splitter
valves or varying sample volumes influence the quality
of the PAN measurement. As shown by the developed
correction functions for the HREA fluxes (Sect. SM4 in
the Supplement), we found that larger deviations were
correlated with larger sample volume differences be-
tween both reservoirs. Large differences in the sample
volume are caused by an imbalance of up- and down-
draft events during the sampling interval. This is accom-
panied by an imbalance of the mean duration of up- and
downdraft events, which might have an effect on the
pressure equilibrium states in the PCUs. Although we
did not observe any pressure change downstream of the
PCUs induced by the switching of the splitter valves, it
might be possible that very small pressure fluctuations
inside the PCUs led to the higher random errors for the
HREA operation. Hence, we suggest that future setups
should employ capillary columns using zero air when
one PCU is not active. However, in our case this would
have increased the total sample time for each PCU from
around 4 min (Sect. 3.2) to 30 min and required either
a much lower sample flow or a longer capillary col-
umn to avoid breakthrough of the PAN frontal zone.
Since a much lower sample flow than the one used here
(~1mL min~1) would cause other problems and is not
desired, more efforts should be made to develop PCUs
with longer capillary columns. In this case, the quantita-
tive release of all PAN from the column during injection
is the major challenge.
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Since the pre-concentration efficiency is largely dependtemperature variations could not be determined and cannot
on the cooling temperature, small fluctuations of the be excluded, we suggest for future setups, aiming to resolve
pre-concentration temperature might also cause randorsmall mixing ratio differences, to place the GC in a thermally
errors. Due to the optimised temperature control of theinsulated and temperature-controlled compartment (Flocke
PCUs, the cooling temperature, which was set5°C, et al., 2005). An effective method to adjust for instrumen-
showed variations of only=0.1 K. Furthermore, tem- tal variations and thereby reduce the uncertainties of the GC
perature measurements at different parts of the capillarymight be the addition of an internal standard to the main inlet
column revealed that potential temperature differencedine of the REA system (Schade and Goldstein, 2001; Park et
along the column were less than 0.5K. We found anal., 2010). Due to the small mass flow variations as a result
increase of the pre-concentration efficiency of aroundof maintaining a constant lag time during the HREA applica-
4%K~1 in the temperature range from5 to —5°C. tion, the use of an internal standard was not feasible for the
Consequently, larger variations of the cooling tempera-presented system.

ture would be necessary to have a noticeable effect on

the precision of the PAN measurements. In addition,4.3 Scalar similarity and influence of chemistry

variations of the heating temperature during injection

were also small compared to their potential effect. Nev-Scalar similarity is defined as the similarity in the scalar time
ertheless, it cannot be excluded that a significant im-series throughout the scalar spectra (Kaimal et al., 1972;
provement of the temperature control would reduce thePearson et al., 1998). Since the maximal time resolution of
uncertainties. a single PAN measurement with the GC-ECD was 10 min,

It was found that contamination of the pre-concentration & could not determine its scalar spectrum over the whole
capillary column was problematic. After some time of range to obtain a detailed analysis as suggested by other au-

operation additional peaks in the chromatogram Werethors, (P_ear;on etal., 1998; R“Ppe” ?t ‘,"‘I" 2006). However,
observed when heating the pre-concentration capillar)}he distribution of sources and sinks within the footprint area
column above 56C in the injection mode. Hence, we is an important factor determining scalar similarity. The tro-

suggest either cleaning the column by regularly heat-POSPheric production of £and PAN is strongly coupled to

ing it or exchanging the pre-concentration column from photochemistry and drive_n by the abundgnce of hydrocar-
time to time. bons (Roberts, 1990; Seinfeld and Pandis, 2006). Further-

more, for both quantities downward transport from higher
c. The chromatogram of the PAN GC featured a PAN peakaltitudes is an important source to the lower boundary layer
directly preceded by a carbon tetrachloride (@@eak,  (Singh, 1987). The sink distribution of botrg@nd PAN is
which is present at a relatively constant level in the at- strongly linked to dry deposition to the biosphere, in our case
mosphere (Galbally, 1976) and detected by the ECD dudhe grassland species at the Mainz-Finthen experimental site.
to its electron affinity. Although we achieved a good Although we can assume that stomatal uptake is the major
chromatographic resolutio®(~ 1) with the employed ~ deposition process for boths@Zhang et al., 2006; Bassin et
operation settings, a small overlap of both peaks lead€l., 2004; Coyle et al., 2009) and PAN (Sparks et al., 2003;
to potential errors that might be relevant when resolvingOkano et al., 1990) when stomatal opening is not inhibited,
small differences. We tested this effect by comparingthe role of cuticular and mesophyllic uptake processes for
the results from the integration using the ADAM32 soft- PAN (Sparks et al., 2003; Doskey et al., 2004; Teklemariam
ware with another independent software program andand Sparks, 2004; Turnipseed et al., 2006) as well as deposi-
found a random integration error of only 2 %. tion on soil are not well understood (see also Sect. 1), which
may be the cause for some divergence from scalar similarity
Moreover, we found a temperature dependency of the PANoetween @ and PAN.
signal which could not be attributed to one single instrument In order to investigate whether near-ground production,
part or process. For slow temperature changes with small didepletion or reaction with other species has an effect on the
urnal amplitudes the PAN integrals were anti-correlated toapplication of the HREA and MBR method, we analysed the
the temperature measured inside the instrument, and a temnatio between chemical timescales for PAN (see Doskey et
perature change of 2 K led to a change of PAN integralsal., 2004) and turbulent transport times (see Stella et al., 2012
of approximately 5%. During the field experiment the air for calculation) in the respective layer (Damko&hler number
conditioning controlled the air temperature in the measure{Da)). For PAN, daytimeDa values were below 1.2 102
ment container te-1 K with an average periodicity of around and night-time values below 0<8.0~2, revealing that chemi-
15min. Since the observed temperature effect was of inereal timescales were much longer than turbulent transport and,
tial nature and a slow temperature change would have an efthus, did not have an effect on the flux measurements. This
fect on the measurement of the PAN from both PCUs, weimplies that the contribution of the thermochemical loss of
found the impact of the temperature effect to be insignificantPAN to the total flux, as e.g. observed by Wolfe et al. (2009),
for our results. However, as the potential influence of fastwas negligible. Furthermore, reactions with volatile organic
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compounds are unlikely due to their very low abundancea function of the inlet heights of the gradient measurements,

at the site (e.g. isoprenre0.7 ppb, monoterpene 0.3 ppb;
J. Kesselmeier, personal communication, 2013).

For O3 a similar ratio between turbulent and chemical
timescales was foundDz < 2.0 x 10-2), except between
06:00 and 10:00 CET, when higher NO mixing ratios led to
a faster @ depletion. During that timepa values of up to
0.25 occurred occasionally (mediaa4.0x 10-2). Conse-

quently, chemical reactions might have had an influence orPw _ 4 3,

O3 flux measurements during these periods.

4.4 Applicability of HREA and MBR for PAN flux
measurements

As shown in the previous sections, the applicability of HREA

the stability correction function terms an%g. The latter rep-
resents the integral turbulence characteristicsufpmwhich

can be parameterised as a functionjof(Panofsky et al.,
1977). For the turbulence data at the Mainz-Finthen grass-
land site we found the best agreement using the parameteri-
sation given by Panofsky et al. (1977) fér< 0:

a-2)”

and for{ > 0 a constant value independent from stability:

Z
-~ <0,

7 (12)

Uy

Oy 4
. >
L

1.3: 0. (13)

U

and MBR for PAN flux measurements largely depends on the

capability of the flux measurements system to resolve smal

PAN mixing ratios. Furthermore, the magnitude of the mea-

sured mixing ratio differences is influenced by the meteoro-

IInserting the parameterisations in Eq. (11), we derive a func-

tion for Q o, which is only dependent on the inlet heights of
the gradient system, the REA dead band size anbh case

logical conditions, the PAN deposition as well as the deadeither z or z is used as the reference level fér the sta-

band setting (HREA) and the separation of the inlets (MBR).

bility correction term is independent from the absolute inlet

The simulation analysis revealed that expected daytimeheights and only their ratior{ = z2/z1) has to be given. Fig-

A xpan Values were of similar magnitude for both the HREA

ure 11 displays the expectgth , and Qz)l( values form =8

and MBR method (Sect. 3.1.2, Fig. 4). Prior to the measure-andm = 1.5, representing gradient measurements above low
ments it was assumed that, especially under conditions wheand high vegetation, respectively. For=8 andb = 0.6, we

strong turbulent mixing results in only small vertical mixing
ratio gradients, the application of the REA method might be
preferred. However, for the conditions at the Mainz-Finthen

find, under unstable to near-neutral conditio@g,, ranging
between 1.5 and 2; i.e. the gradient method yields higher
values than the REA method. In contrast, when using a REA

grassland site and for the presented setup of inlet heightslead band resulting in & value of 0.2, highe\ x values
(Sect. 2.1.2) and dead band settings (Sect. 3.1.1), no signifare retrieved with the REA metho@gi > 1). Form =1.5,

icant advantage of the HREA method was found. To evalu-
ate the conditions under which the HREA method may be

favoured over the MBR method (highérypan values) for

QZ}( values are greater than 2, 3 and 44aalues of 0.6, 0.4
and 0.2, respectively. Hence, above high vegetation the REA
method has a clear advantage under unstable and also neu

the presented PAN flux measurements, we examine the Iz, conditions. During stable conditions, the REA method

tio of the derived mixing ratio differences by the MBR and

HREA method. Using the relationships in Egs. (1) and (4),
we obtain a description of this ratio, which is independent of
the PAN flux:

Axpan(MBR) — Fpan b - ow
Axpan (HREA)  (—vy)

. 10
Fpan (10)

Instead of determiningy with a proxy scalar, its aerody-

only yields higherAx values when choosing a dead band
above high vegetation. However, for most other settings, the
ratio shows a steep linear increase from near-neutral to stable
conditions in favour of the gradient method, obtaining higher
A x values. Since the latter especially prevail under weak tur-
bulence conditions, it has to be noted again that fluxes under
stable conditions might still be prone to large errors when
determined with the gradient method. Consequently, a turbu-

namic representation can be used (see Sect. 4.1.3). Expredence criterion as for the MBR method (Sect. 2.1.2) should
ing Eq. (10) for any scalar quantity and gradient measurebe applied.

ments in general, the ratio af xy from gradient and REA
measurementsd, ) is then represented by
Qar="4 ¥ (REA)

o (nZ (@) ()

while 0. is defined as the inverse fa, .

_ Ax(Gradieny

22
L

21
L

72
In=—-w
21

(11

K Uy

Since theb value can be considered a constant for a cer-

tain dead band size (see Figs. 3 and (&),, and Qg)l( are

www.atmos-meas-tech.net/7/2097/2014/

Applying the setting used in this study (= (zo—d)/(z1—
d) =10 andb =0.21), largerA y values are expected with
the MBR method than with the HREA method not only for
stable and neutral but also for unstable conditions (Fig. 11).
During the latter, when highest PAN deposition fluxes are ex-
pectedQay is nearly unity ati- = —1, butincreases to about
1.3 at the transition between unstable and neutral conditions.
The curve representing this study is in good agreement with
the ratios ofA y obtained by the simulation analysis of MBR
and HREA measurements (Sects. 2.7 and 3.1). This confirms
that the presented method can be a simple tool to evaluate the
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zIL 5 Summary and conclusions

We developed a measurement system for the determina-
tion of biosphere—atmosphere exchange fluxes using both the
HREA and MBR method. It is the first REA system for the
determination of PAN fluxes, and the system was designed
such that it could also be used for simultaneous measure-
ments at two inlet heights for application of the gradient

= O approach. Sampling for both methods was realised by trap-
SA| ping PAN onto two pre-concentration columns over a sam-
pling period of 30 min and subsequent analysis by a GC-
4r ECD. A linear relationship was found between the PAN peak
3l area and both the PAN mixing ratio and the sample volume.
T This allowed the system to be used with varying sample vol-
27 umes, which is a prerequisite for the application of the HREA
Gradient
1 method.
REA

We validated the system and made PAN flux measure-
ments at a natural grassland site at the estate of the Mainz-
Finthen Airport, Rhineland-Palatinate, Germany. For the im-
plementation of the HREA method the wind vector was

ar—-— i adjusted online using the double rotation method. High-
5| _ frequency @ measurements were used as a proxy for cal-
Toéf culating the hyperbolic dead band/ = 1.1) and b coeffi-
61 1 cient (~0.21). The application of the hyperbolic dead band
71 o | reduced the sampling time to about 12 % for each reservoir.
R The setup of the system allowed compensating the resulting
8f.. ] reduction of the sample volume by a higher flow rate through
ol | the pre-concentration columns. The lag time between the
vertical wind speed signal and the splitter valves — a cru-
10 " Yy 0 o5 1 cial parameter to determine accurate fluxes —was determined

continuously online during the measurements and varied by
about200 ms, mainly depending on the prevailing wind di-

Figure 11. ExpectedA x (Gradienty Ax (REA) ratio (Qax) dis-  rection and the error of the cross-correlation method. High-
played on the uppey axis and theA x (REA)/ Ax(Gradient) ra-  frequency attenuation due to the long intake tube was found

z/IL

tio, (QZ}() displayed on the lowey axis (reversed) versus-. to be small and corrected for.
Shown are the ratios determined with Eq. (11) fo&ré% =8 (blue Flux simulations revealed that the uncertainties in mea-

lines) and m= Z—i =1.5 (red lines), representing gradient measure- sured mixing ratio differences are the most critical issue for
ments above low and high vegetation, respectively, anlues a successful application of both the HREA and the MBR
of 0.6 (solid line), 0.4 (dashed line) and 0.2 (dotted line). The method. For the presented natural grassland site, the system
black line was calculated with the settings from this stusly<{  should be able to resolve mixing ratio differences of at least
(22-d)/(z1~-d) =10 and> =0.21). The upper measurementheight 30 hnt for hoth the MBR and the HREA method to obtain

of the gradient measuremenp{ was used as a reference height for significant daytime fluxes of PAN. The precision of the gra-

< in Eg. (11) and in the calculation of the integral turbulence char- . . . .

L gelent system was determined by side-by-side measurements

acteristics (Eq. 12). The shaded areas indicate ranges of unstab . L
(white), neutral (light grey) and stable (dark grey) conditions. Dur- and ranged from 4 to 15ppt. During the HREA application

ing the latter, fluxes might be prone to large errors when determined€ Precision ranged between 18 and 26 ppt after applying a

with the gradient method, and a turbulence criterion as for the MBRCOITection for pressure fluctuations. The higher noise in PAN
method (Sect. 2.1.2) should be applied. mixing ratios during HREA application was most likely at-

tributable to small pressure changes in the pre-concentration
columns caused by the switching of the splitter valves.
applicability of the REA and gradient approach, especially We propagated the individual errors of the required
when small mixing ratio differences are expected, as in ourquantities for the PAN flux determination and de-
case for PAN. rived median random errors of the daytime PAN fluxes
of £0.077nmolm?s~! for the HREA system and of
+0.033nmolm?2s! for the MBR system. Most val-
ues were below the flux detection limit for the HREA
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