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Abstract. Tropospheric ozone (§) is a known greenhouse 1 Introduction
gas responsible for impacts on human and animal health and
ecosystem functioning. In addition,sQplays an important  Tropospheric ozone (§) is a common greenhouse gas re-
role in tropospheric chemistry, together with nitrogen oxides.sponsible for a non-negligible part of the radiative forcing
The determination of surface-atmosphere exchange fluxes (fPCC, 2007). In addition, ®is a major pollutant having
these trace gases is a prerequisite to establish their atmdmpacts on human (and animal) health and ecosystem func-
spheric budget and evaluate their impact onto the biospherdioning (PORG, 1997; Paoletti, 2005; Paoletti and Grulke,
In this study, @, nitric oxide (NO) and nitrogen dioxide 2005; Ainswoth, 2008; Wittig et al., 2009). Since the 1950s,
(NOy) fluxes were measured using the aerodynamic gradibackground @ mixing ratios have doubled and the annual
ent method over a bare soil in an agricultural field. Ozoneaverage @ mixing ratio ranges from 20 to 45 ppb, depend-
and NO fluxes were also measured using eddy-covariancég on the geographical location (Vingarzan, 2004). The cur-
and automatic chambers, respectively. The aerodynamic graent global scale pollution models predict an increase4n O
dient measurement system, composed of fast response semmixing ratios by a factor of 2—4 in the coming century (Vin-
sors, was capable to measure significant differences in N@arzan, 2004). Based on recent ecosystem modelling studies,
and @ mixing ratios between heights. However, due to lo- which include Q impacts on plants, it is thought that this in-
cal advection, N@ mixing ratios were highly non-stationary crease in @would lead to a decrease in G@bsorption by
and NQ fluxes were, therefore, not significantly different terrestrial ecosystems, which would provide a positive feed-
from zero. The chemical reactions betweesy RO and NQ back in the atmospheric greenhouse gas budget (Felzer et al.,
led to little ozone flux divergence between the surface and?007; Sitch et al., 2007).
the measurement height (less than 1% of the flux on aver- Nitrogen oxides (NQ@=NO+NQy) are well known for
age), whereas the NO flux divergence was about 10 % oriheir major role in tropospheric chemistry, in particular for
average. The use of fast response sensors allowed reducirigeir contribution to the photochemical formation o O
the flux uncertainty. The aerodynamic gradient and the eddy{Fowler et al., 1998, 1999) and, thus, their indirect contri-
covariance methods gave comparablefldxes. The cham-  bution to global warming. Nitrogen oxides are released into
ber NO fluxes were down to 70% lower than the aerody-the atmosphere from a variety of sources; the major being
namic gradient fluxes, probably because of either the spatidlossil fuel combustion and biomass burning. However, soil
heterogeneity of the soil NO emissions or the perturbationmicrobial emissions are also of high interest, especially as
due to the chamber itself. they are diffusive sources which, therefore, affect the at-
mospheric chemistry over large areas (Delmas et al., 1997).
Global NG, emissions have increased from 14Igb, yr—1
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during the pre-industrial area to 40-50\[go, yr—1 actu- son studies (Droppo, 1985; Mikkelsen et al., 2000; Keronen
ally (Denman et al., 2007). Sail nitric oxide (NO) emissions et al., 2003; Muller et al., 2009) did not correct the fluxes for
from agricultural soils are estimated to represent 40 % ofchemical reactions before comparing the different methods.
the total soil NO emission (Yienger and Levy, 1995; Aneja  This study reports measurements of N@H0, fluxes
and Robarge, 1996). Soil nitric oxide emissions occur mainlyover an agricultural field after wheat harvest, tillage and
through the nitrification and denitrification processes and deslurry incorporation. The aim of this study was to measure
pend on several factors, such as the amount of nitrogen, thBlO-0O3-NO, fluxes by the AGM with a profile system, com-
soil temperature and the soil moisture (Laville et al., 2009). posed only of fast response sensors. A strong emphasis was
The extent to which terrestrial ecosystems intervene ingiven to the quality and uncertainty estimation of the fluxes,
the atmospheric budget ofzCand NQ is of high inter-  as well as on the impact of chemistry between,NDd G
est. Several studies have been performed to understand ama the flux divergences. The results of the AGM are com-
evaluate the capacity of ecosystems to represent sources pared with Q fluxes measured by eddy-covariance and with
sinks for @ (Lamaud et al., 2002, 2009; Zhang et al., 2002, NO fluxes measured using automatic chambers.
2006; Altimir et al., 2004, 2006; Gerosa et al., 2004; Rum-
mel et al., 2007; Coyle et al., 2009) and N@Butterbach-
Bahl et al., 2002; Rummel et al., 2002; Fang and Mu, 2007;2 Materials and methods
Li and Wang, 2007; Sanchez-Martin et al., 2008; Laville et
al., 2009, 2011). 2.1 Site description and meteorological measurements
Several methods are known to measure trace gas fluxes
between the atmosphere and the biosphere. Among the nirhe experimental site is an agricultural field located at
merous techniques used, it is possible to distinguish betweefBrignon (4851 N, 1°58 E), 40 km west of Paris. The size
the direct micrometeorological methods (such as the eddyef the field is 19 ha with a winter wheat-maize-winter barley-
covariance (EC) and the disjunct eddy-covariance), the indi-mustard rotation. The soil is a silt loam (31 % clay, 62.5 % silt
rect micrometeorological methods (such as the aerodynamiand 6.5 % sand). The site is surrounded by quite heavy traffic
gradient method (AGM), the profile methods and the relaxedroads on the east, south and south-west, with peaks of traffic
eddy-accumulation) (Foken, 2008), and the chamber methbetween 06:00-07:00 UT and 20:00-22:00 UT. The site is in
ods (Meixner et al., 1997; Denmead, 2008). The micrometeothe plume of Paris during east-north-easterly winds, while
rological methods allow measurements at the landscape scathe air is relatively clean during south-westerly to north-
(from a few hectares to several square kilometres), whereasesterly winds. More details of the site can be found in
chambers represent the smallest scale (around)1Te  Laville et al. (2009, 2011), and Loubet et al. (2011).
eddy-covariance method has been extensively used for study- The experiment was carried out from 20 August to 30 Au-
ing carbon dioxide and water vapour exchanges in a networlgust 2009, following cattle slurry application of 98.5kg N-
of flux measurement sites such as CarboEuroFlux, (AubineNH, ha~1 and incorporation by tillage at 5 cm depth on 5 Au-
etal., 2000), AmeriFlux (Running et al., 1999), Fluxnet (Bal- gust 2009. Wheat was harvested just before 31 July 2009.
docchi et al., 2001), CarboEurope-IP (Dolman et al., 2006)The surface was, therefore, a mix of bare soil and sparse
and NitroEurope-IP (Skiba et al., 2009) and became the refwheat residues.
erence method for flux measurements. Nevertheless, for trace Meteorological variables were measured half-hourly: in-
gases for which there is a lack of fast response sensors, suaident solar radiations (CM7B, Kipp &Zonen, NL), wind
as NH;, the use of aerodynamic gradient method is still aspeed (cup anemometer, Cimel, FR) and direction (W200P,
reference method (e.g., Milford et al., 2009). Moreover, es-Campbell Sci. Inc., USA), air temperature and relative hu-
timating the fluxes of chemically reactive species, especiallymidity (HMP-45, Vaisala, FI) and precipitations (ARG100,
O3, NO and NQ, requires measuring both the mixing ratios Campbell Sci. Inc., USA). Soil water content (TDR CS 616,
and the fluxes at several heights to estimate the flux diverCampbell Sci. Inc., USA) profiles were also measured at 5,
gence due to chemical reactions (Kramm et al., 1991, 199510, 20, 30, 50 and 90 cm depth. TDR probes were calibrated
Duyzer et al., 1995). Although the EC method could be ap-against soil core samples. The photolysis rate fop lRo,)
plied to measure simultaneously the flux at several heightswas measured with a filter radiometer (Meteorologie con-
it is costly, since it requires several fast analysers. Thus, thesult GmbH, Germany). In addition, slow response analysers
AGM represents the simplest and cheapest alternative. Nevmeasured @ NO and NQ mixing ratios at 1.6 m (Table 1).
ertheless, there are only few studies reporting comparisons Three methods were used to measure fluxes between
of measurement methods, especially fof &d NQ, and the surface and the atmosphere, i.e., aerodynamic gradi-
some of them report contradictory results. As an exampleent (AGM), eddy-covariance (EC) and automatic chamber
Muller et al. (2009) found a large overestimation ig @e-  (CH) methods. The instrument fetches ranged from 100 m
position with the AGM when compared to the EC method, to more than 400 m. The footprint analysis using the model
whereas Keronen et al. (2003) reported similgflOxes with  described by Neftel et al. (2008) (an “easy-to-use” version of
these two methods. In addition, the few published compari-the Korman and Meixner (2001) model) reported in Loubet
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Table 1. Instruments used for §NO-NO, measurements. The instrument characteristics are those given by the manufacturers.

Measurement Gas Analyser Instrument Measurement Measurement principle  Measurement
method measured characteristics height frequency
Aerodynamic O3 FOS, Sextant Technology  Noise (Ir): NA 0.2,0.7and 1.6m Chemiluminescence 5Hz
Gradient Ltd, New Zealand Detection limit &20): NA sequentially (fast sensor)
Method
NO CLD780TR, Ecophysics, Noise (Ir): <0.5% of signal or 0.025ppb 0.2,0.7and 1.6 m  Chemiluminescence 5Hz
Switzerland Detection limit &20): <0.02 ppb sequentially (fast sensor)
NO» LMA 3D-NO», Unisearch Noise (I): 1.5 % of signal 0.2,0.7and 1.6m Chemiluminescence 5Hz
Associates Inc., Ontario, Detection limit &20): 0.05 ppb sequentially (fast sensor)
Canada
Eddy- O3 ATDD, NOAA, USA Noise (I): NA 3.17m Chemiluminescence 20 Hz
Covariance Detection limit &20): NA (fast sensor)
Method - - -
O3 O3 41M, Environnement SA, Noise (Ir): 0.5 ppb 3.17m UV absorption 0.1Hz
France Detection limit &20): 1 ppb (slow sensor)
Automatic NO 42 CTL, Thermo- Noise (I): 0.5 ppb Inside the chambers ~ Chemiluminescence 0.1Hz
Chambers Environmental Instruments  Detection limit @&20): 1 ppb (slow sensor)
Method Inc., USA
O3 O3 41M, Environnement SA, Noise (b): 0.5 ppb Inside the chambers UV absorption 0.1Hz
France Detection limit &20): 1 ppb (slow sensor)
Other NO/NQ 42i, Thermo-Environmental Noise (1): 0.4 ppb 1.6m Chemiluminescence 0.1Hz
Instruments Inc., USA Detection limit @&20): 0.8 ppb (slow sensor)
O3 O3 41M, Environnement SA, Noise (b): 0.5 ppb 1.6m UV absorption 0.1Hz
France Detection limit &20): 1 ppb (slow sensor)

etal. (2011) at 3.17 m height indicated that up to 93 % (aver-Zealand), NO (CLD780TR, Ecophysics, Switzerland) and
age on a 10days running median) of the field was in the EONO, (LMA 3D-NO2, Unisearch Associates Inc, Ontario,
mast footprint in spring-summer. Thus, at least 93 % of theCanada) (Table 1). The fast chemiluminescent gas analysers
field was in the AGM mast footprint since it was lower (see for NO and NQ were already used and described in previous
Sect. 2.2) than the EC mast. Each measurement system atudies (e.g., Nikitas et al., 1997; Jones et al., 2000; Rum-
well as the flux calculations are explained in the following. mel et al., 2002; Biske et al., 2003; Hall et al., 2008). For
O3, the fast chemiluminescent gas analyser is based on the
2.2 Aerodynamic gradient measurements chemiluminescence of a coumarin dye absorbed on silica gel

Th d . di hod diod e O reacting with ozone. The chemiluminescence is monitored
e aerodynamic gradient method was usedto determgne O i, 5 very sensitive photomultiplier. A pump inside the in-

NO-NG; fluxes. The @-NO-NG; mixing ratio profile mea- strument allows a constant flow rate of 2| minto be main-

surements consisted of three Teflon PFA (perfluoroalkoxytamed. These instruments were placed in a thermostated box
copolymer) sample lines, each 7 m long with internal diam-(34 0+0.5°C) (Fig. 1). For NG, an Q scrubber (Drum-

eter of 9.24 mm. The inlets were installed_ at 0.2, 0.7 andmond Technology, Canada) was used to suppress the inter-
1.6 metres above the ground. The geometric mean measures .o of Q. The NO and N fast sensors were cali-
ment height was 0'(.51 m. To av0|d_ the con(_jensatmn of Way ated every 6 h with a GPT (Gas Phase Titration) unit (146C,
tgr vapour ar_1d avoid photoqhem|cal reactions, the Samplel’hermo-Environment, USA). For Dthe fast @ sensor was
lines were slightly heated with copper-constantar! tr,1erm°'c('allibrated every 6 h by regression between measurements of
couples under 12V voltage and protected from radiation, re5low and fast @ sensor at 1.6 m. The flux calculation was

. B 1 . .
s_pectwely. A flow rate of 401 min" in each_ line was pro- performed for time intervals of 30 min. The flu¥¢) of the
vided by a pump (SV 1010 B, Busch, Switzerland), eStab'gas () was calculated with the AGM (see e.g., Sutton et al.,

lishing a turbulent flow reg?me in each line (Reynold§ num- 1993) from friction velocity £..) and the mixing ratio scaling
ber=5900). A subsample line (Teflon PFA, 3.96 mm 'ntemalnparameter(c ) as:
) as:

diameter) was connected on each 7 m sample line and co
nected to a Teflon solenoid valve (NResearch, USA) aIIow-FC — —u.C 1)
ing to sequentially select a sample line. The switch between

each line was performed every 30s. Apurgetimeof 10s WaSyhereu, was measured by eddy-covariance (see Sect. 2.3)
used to purge the subsample line and the analysers. The floy,q ¢, is defined from the stability corrected gradient of
inside the subsample line was 7 | mih The total lag time of scalar mixing ratio€) with height ¢) as:

the system was estimated theoretically as 1.6 s.
Mixing ratios were measured with fast chemiluminescent aC
gas analysers for D(FOS, Sextant Technology Ltd, New C+= ka (n(z—d) — ¥p) @
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1 Solengid  r————————— fluctuation term, respectively. Thes@ux was measured by
valves | Noanaiyser | EC using the Ratio Method described in Muller et al. (2010)
160m 5 :IE : ! by operating fast and slow response sensors at 3.17 m height
| 1 NO, analyser | H
, | \ simultaneously (Table 1).
MIER—
' | pemaser 2.4 Profile measurement analysis, AGM flux
! ! oooo ! ’
B ! uncertainties and detection limits
o70m rrH—— —mm——A4@-—-——=====-
020 0 The application of micrometeorological methods such as the
0 —— AGM requires that the mixing ratios are stationary at each
i (oL level. A stationarity test was, therefore, carried out on NO,

O3 and NQ mixing ratios to verify this prerequisite. The
Fig. 1. Measurement set-up for the determination N@-XIO; principle of this test is to divide the signal obtained over
fluxes using aerodynamic gradient method. 30min in j segments of data samples and compare the

standard deviation of the signal over each segment to the

standard deviation over the 30 min period. For each sampling

wherek i_s the von karman's constant (0.41) the disp_lace- height, the segments correspond to the 20 s sampling period
ment height (m) assumed equal to zero forabare soiland  ,cc\yrring every 1 min 30s. For each segment, the standard
the integrated stability correction function for scalars (Dyer yayiation of the mixing ratia is calculated as:

and Hicks, 1970).
The scaling parameter was determined based on the slope )3 (xz)

betweenC and Ing—d)-W¥y using linear regression. o) =,/ =~
n;

— (®)? ®)

2.3  Eddy-covariance fluxes The average standard deviation of the segments over 30 min

Eddy-covariance is a direct measurement method to deter™

mine fluxes without application of any empirical constant Y oj
(Foken, 2008). It has been extensively used to estimate turZsegment= — =
bulent fluxes of momentum, heat and trace gases (Aubinetet ) ) ) o
al., 2000; Running et al., 1999; Baldocchi et al., 2001; Dol- Whlle over the entire 30 min period, the standard deviation is
man et al., 2006; Skiba et al., 2009) and is, thus, not detaile§MPIY:
here. Briefly, the EC mast included a 3-D sonic anemome-

(6)

nj

ter (R3, Gill Inc., UK) and an open-path infrared absorp- ZZ(XiZ,,-)
tion spectrometer for water vapour and £ORGA 7500, o30min= ji — (Bomin? @)
LiCor, USA) located at 3.17 m height. Data were sampled Jni

and recorded at 50 Hz and the flux calculation was performe
for 30 min intervals. Flux calculation and quality control
were performed with the Edire software (Robert Clement,
University of Edinburgh, UK) following the CarboEurope-
IP methodology, which included a WPL (Webb-Pearman—Sx = 100-
Leuning) correction for the latent heat flux (Aubinet et al.,
2000). From these measurements, the friction veloaityif ~ According to Foken and Wichura (1996), the data cor-
ms-1) and the Obukhov lengthLp in m) were estimated as:  responding toS, <30% are of high quality, those with

30 %< S, <60% have an acceptable quality, while those

05 with S, > 60 % should be rejected.

0, = (_M/w/> ' 3) The computation of the fluxes with AGM also requires a
significant gradient of mixing ratios across heights. One use-
ful indicator is the “gradient signal to noise ratio”, which
was estimated as the ratio of the average€’] to the stan-
Lo= —* (4) dard deviation ¢¢) of the mixing ratio difference between
k-g (—“T”Tv/) two successive levels (i.eACloc). The vertical mixing ra-

Y tio gradient is significant inC/o¢ > 1 and conversely. This
wherew andu are the vertical and the |Ongitudina| compo- parameter evaluates the abl'lty to resolve the vertical mixing
nents of the wind velocity, respectively,is the acceleration ratio gradient based on real data, which integrates the anal-
due to gravity (ms2), and7y is the sonic temperature (K). Yser precision and the gradient representativeness over the
The overbars and the primes denote the time average and t@ckground mixing ratio fluctuation.

dl'he stationarity indexS, is then calculated for each
compoundx as:

030min — Osegmen

030min

®
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Another way to determine whether vertical mixing ratio flux divergence between the surface and the measurement
gradients are significant is to perform a statistical test. Forheight, which should be taken into account if one is looking
each 30 min period, a two-sample unpaired Student’s t-tesfor the ecosystem flux. This is true, for instance, when study-
(with a 95 % confidence interval) was performed to evaluateing Oz impacts on plants, since the read @ux experienced
whether the average mixing ratios measured at (i) 0.2 andy the plant may not be that measured at a certain height
0.7m, (ii) 0.7 and 1.6 m, or (iii) 0.2 and 1.6 m, had signif- above the surface. This is also valid for NO when compar-
icantly different averages. If both height (i) and height (ii) ing NO fluxes measured with chambers and those measured
passed the t-test the flux was calculated using the three lewith EC or the AGM. According to Remde et al. (1993) and
els. If either height (i) or height (ii) failed the t-test, but Warneck (2000), the main gas phase reactions for the NO-
height (iii) passed the t-test, the flux was calculated usingO3-NO; triad are:
levels 0.2 and 1.6 m only. Otherwise, the flux was considered

non-significantly different from zero. It must be noted that NO+ Oz — NO2 + Oz &, (R1)
unpaired Student’s t-test can be only used for independent )
data, which in our case requires that we sample the data at NO2 + 02 +hv — NO+ O3 jno, (R2)

frequency smaller than the inverse of the integral time scale B i 11
7 (Lenschow et al., 1994). The integral time scalevas ~ Where kr (=44.4 exp(-1370/(Ta+273.15)) in ppm=s—,

calculated using Edire software. e.g, Walton et al., 19'97) angno, are the ra}te coeffi-
The relative uncertainty of the AGM flux for non-reactive Ci€nt and the photolysis frequency for Reactions (1) and

cases was expressed as: (2), respectively. _
A simple method based on mass conservation for N®-O

o o\ 2 oo\ 2 NOs triad, proposed by Duyzer et al. (1995), was used to cal-
ke _ (L*) ( C*) (9) culate the NO, @and NG flux divergences. This method
Fe Ux Cx calculates the fluxFco at zg (corrected for chemical in-

where o represents standard deviations. The standard deractions) using the flu¥,—, ., estimated atrer (assum-
viation of u, was estimated based on the approach ofi"d that there was no chemical interaction at all). Accord-
Richardson et al. (2006) derived from the basic equationdnd to the simple equations for the flux derived by Lenschow

of turbulence: and Delany (1987), Duyzer et al. (1995) demonstrated that,
for heights lower than 4m, the general form of the flux
_ 2y 05795 divergence is:
Oux (2 ‘L't>0'5 1+ (w/u//awdu)
e . (10) _
2 dF /3z). =aln(z)+b 11
e ! (w’u’/omm) or/ )Z ® ()

The factors: for NO2, NO and Q are calculated as:
where 7y is the integral timescale (i.e., the integral of the

auto-correlation function) of the vertical wind velocityjs aNO, = —aNO = —a0, = _9x
the averaging time (1800 s) alg, ando, are the standard ku
deviations ofw andu, respectively. [k (INOT- Foy, 2=zt + [O3] - FNO,z=zef)
The standard deviation of, (oc,) was determined as — jNOy - FNOZ,Z:Zref] (12)

the standard deviation of the slope betwegrand (Ing-

d) =) by linear regression. However, in order to include where[NO] and[Ogz] are mixing ratios at the geometric mean
the uncertainty in bothC and Wy, the linear regression height of the profile measurements apg = ¢no = do, =
was performed every 30 min on a randomly chosen datasegyo, = ¢ is the stability correction function for heat (Dyer
[N(C, o¢), Wr(N(us,0ux)] with a number of data chosen to and Hicks, 1970; Webb, 1970). As shown by Lenschow
represent the number of independent data acquired with thgnd Delany (1987), the flux divergence at higher levels ap-
fast sensors (at a frequency smaller than the inverse of thgroaches zero. The factbiwas calculated for N§ NO and
integral time scale;). O3z ash = —aln(z2), wherezo = 1.6 m, hence assuming that
The flux detection limit was determined empirically as the at ; =1.6 m the flux divergence was zero. This assumption
sum of the intercept of the linear regression betwegnand  was made since measurements at higher heights were not
Fc and the standard deviation of the intercept. available. For each compound, the fluxzat(Fcorr) is then

. . i approximated as:
2.5 Flux divergence due to chemical reactions

<0
Nitric oxide, NO and QG are supject to (photo-) chgmical € Feonr=Fs +/ (E) dz
actions, thus, leading to chemical sources and sinks of these 9z ),
gases within the layer represented by the measurements.
These chemical sources and sinks lead in turn to a vertical = Freg T az1 (1+|”(22/11)) (13)

<1
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2.6 Turbulent transport and chemical reaction times

The comparison between the turbulent and the chemical tiqueplNoz = 1
scales indicates if chemical reactions may occur during the JNO;
transport of chemical species and, therefore, whether these . . .

can be treated as passive scalar or not. The turbulent trang——he r.atlo betweentyans and Tchem IS defined as the
port time @yansin S) between the measurement height)( Damiohler number D A) (Damkohler, 1940):

and the ground surface was simply expressed as the transfer Ttrans

resistance through each layer multiplied by the layer heightDA =
(Garland, 1977):

(20)

(21)

Tchem
2.7 Automatic chamber flux measurements
Trans= Ra(z) % (zm — z0) + Rp x (z0 — 20/)
~ Ra(z) X (zm — 20) (14) The automatic chamber method was used to determine NO
emissions from soil. Details can be found in Laville et
al. (2011). Briefly, 6 automatic chambers in stainless steel

Ra(z) = u@@)  Wn/L)—W¥mGE/L) (15) (0.7mx0.7m in area and 0.2m height) measured continu-
u? ku ously NO fluxes. The chambers were closed in sequence for
15 min each. The complete duration of one measurement cy-
Rp = (Bsyity) (16) cle was, therefore, 1h 30 min. The NO ang @ixing ratios

inside the chambers were measured using slow sensors (Ta-
where R,(z) and R, (smr!) are the aerodynamic resis- ble 1). The fluxes of NO without corrections for chemical
tance and quasi-laminar boundary layer resistance, respegeactions were calculated as:
tively, calculated following Garland (1977B; is the Stan-
ton number (dependent of the gas considered,the wind  fyo = v 9INC]
speed (ms?), Wy the integrated stability correction func- A ot

tion for momentum (Dyer and Hicks, 1970), anflandzo  \hereFyq is the NO flux,V the chamber headspace volume,
represent the roughness height for momentum and scalarg he ground area covered by the chamber apdo] /a1

(m), respectively. The contribution of the quasi-laminar e time derivative of the NO mixing ratio. The NO flux was
boundary layer Ry x (z0 —z0)) was small (1.3%0.7%)  determined during the first 3 min after chamber closure. Be-
and was, therefore, neglected. The chemical reaction tim@se of the long residence time of the air in the head space
for NO-O3-NO; triad (zchem in s) gives the characteris- f the chamber, the NO fluxes need to be corrected for reac-
tic time scale of the set of reactions NO$© NO2+0z2  {jons with Oy and NG. This was done following Laville et
and NG + Oz +hv — NO +Os. This timescale is the time 4 (2011), based on measurements of NO,N@d G. As

at which the @ concentration significantly changes from its {he chambers were opaque to solar radiation, only the reac-
“initial” value when reacting with NO and N©(which also i petween NO and ©was considered and the photolysis

have an initial value and evolves). It can also be seen as thg¢ NO, was ignored. The corrected NO flux from chamber
time required for reaching a new photo-stationary state fol-yethod is given as:

lowing a change in the concentrations of NO, N@ O3 or

(22)

the reaction constanksor Jno,. It was evaluated at the mea- V (9[NQ]
surement height following the approach of Lenschow (1982)FNOc0rr - ot +kr -[NOJ- [Os] (23)
as:
. — =2
Tchem= 2/ I:]NOZZ + k,? ([03] - [NO]) 3 Results
. — ——— 1105
+ 2jNogkr ([03] +[NOJ + Z[NOZ])] (A7) 3.1 Overview on meteorological conditions, mixing

Based on this expression, the chemical depletion times for  ratios and AGM fluxes of O3, NO and NO,
NO, Oz and NG were estimated as the asymptotic limits ) ) ) ) )
of Eq. (17) when either NO, @ or NO, mixing ratio was The experimental period was quite sunny with global radia-

becoming the dominant specie (see also De Arellano andion reaching 800 W m? at noon, apart from 24 and 27 Au-
Duynkerke, 1992): gust, during which global radiation only reached 400 WPm

It rained on 24 August with a cumulated precipitation of

TdepINO= 1_ (18) gmm (Fi.g._ 2a). The period was dry and_ warm. The rela-
kr[O3] tive humidity was around 80 % during night-time and de-
creased to about 30 % during daytime (Fig. 2b). Air temper-
1 ature varied between P& during night-time and 25C dur-
TdeplQ; = k. [NO] (19) ing daytime (Fig. 2c). During the measurement period, the
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The mixing ratios of @, NO and NQ featured a strong
—— diurnal and day-to-day variation. Thes@nixing ratios ex-
pectedly increased during the early morning to reach a max-
| N imum in the early afternoon. Night-timezQevels were be-
tween 0 and 30 ppb, whereas daytime levels were between
1 40 and 60 ppb. The £mixing ratio variation between day-
] time and night-time was larger during the beginning, than
20 towards the end of the experiment. The NO and,M@Xxing
0 ratio variations were markedly different: the minimum oc-
curred during daytime and the maximum occurred during the
early morning (between 05:00 and 07:30UT) and the early
evening (between 20:00 and 22:00 UT) during traffic peaks.
0 The highest NQ mixing ratios were observed during easterly
winds, i.e., when air masses originated from the city of Paris.
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B g @ZZ ”'X o f‘:.‘ﬁ"' 5’:«’»},«’" W These mixing ratio peaks were less marked for NO than for
SET T ;;‘ii% TR T T T T e | NO,, with NO, mixing ratio always greater than those of NO

0 S (Fig. 2f).
e 06 The fluxes of @, NO and NQ estimated using the aero-
S 24| dynamic gradient method are represented in Fig. 2g. These
E’ g EM MWM/MW fluxes were uncorrected for chemical reactions, i.e., directly

. obtained using Eg.1), and without any filtering based on
f 60— — — stationarity tests or statistical tests. Foy &d NQ, deposi-
o a0l S 1‘ ﬂ P — tion was observed, whereas NO was emitted from the ground.
EEE, N N L [ OV AN The G; flux showed a marked diurnal cycle. It increased
=" K i '}Mﬁ"ﬂ o during the early morning to reach a maximum at noon and

_ then decreased to nearly zero during night. The NO flux was
Re small during most of the measurement campaign, and peaked
£ M w \;b"‘yﬂh/' S on 24 August and 25 following the rain event. The NO
Rl o T e flux had a less clear dynamics with alternating increases and
€ -82/20/2009 8/22/‘2009 8124;2009 8/26;2009 8128;2009 NOSZISOIZOOQ decreases In the ﬂux (Flg 29)

Fig. 2. Time series ofa) global radiation (black line) and rainfall 3.2 Mixing ratio gradients, quality analysis and AGM

(grey line),(b) air relative humidity,(c) air temperature(d) wind flux uncertainties

direction, (e) friction velocity, (f) O3 (dotted line), NO (black line)

and NQ (grey line) mixing ratios andg) Oz (dotted line), NO  Nitric oxide (NO) mixing ratios measured with Thermo-
(black line) and N@ (grey line) fluxes without chemical corrections Environmental 42i and CLD780TR agreed very well with a
determined by the AGM at = 0.61 m. The fluxes were calculated very small deviation of less than 1% over the whole period,
without chemical corrections and tests on quality assurance. Th%lthough the scatter was quite large at higher mixing ratios
dotted lines in pangld) indicate winds coming from Paris. (Fig. 3). On the contrary, N©mixing ratios measured with
the Thermo-Environmental 42i were systematically higher,
up to 25 % in mean over the whole period, than those mea-
sured with the LMA 3D-NQ@ (Fig. 3). We can hypothesise
here that the large mixing ratios of NO (and MNQcorre-
sponded to advective situations. Under such situations, the
plume emitted from the local traffic lines is not well mixed
and, therefore, exhibits a large spatial and temporal variabil-
ity in NO and NG mixing ratios. Since the CLD780TR was
sampling sequentially at the three levels, the mixing ratio
measured at one level would miss some periods. Similarly,

«a

A A
AN TA TN A &
J hY

Flux

wind blew from Paris from 22 and 24 August and during the
nights of the 25 and 26 August (Fig. 2d). The WFPS (water-
filled pore space) in the 0—10 cm top soil layer was around
29 % during the whole period.

During the measurement campaign, the friction velocity
ranged from around 0.03 m'$ during night-time to around
0.45mst. The friction velocity showed a marked diurnal
variation. It was at a minimum during night-time, increased
during the morning to reach its maximum at noon and thenthe 42i has an internal cycling and samples successively NO,

decreased to its minimum during the afternoon. The sec-
ond half of the measurement campaign (from 26 to 30 Au—NOZ and a pre-chamber and, therefore, does not sample NO

gust 2009) was characterised by higher friction velocities\(/\’/\le?: Iziavt\/:élg?gv\tlhrﬁ;t'rn;g'frzlr?]aélgé;h;;gfaﬁgﬁyjeg;T\]/Zsstzen
than during the first part of the campaign, both during night- Y

time and daytime (Fig. 2e). different NO concentrations in a non-well mixed plume.
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Table 2. Averaged mixing ratio difference measured between 1.6 m o : ‘ : :

T T T
8/20/2009 8/22/2009 8/24/2009 8/26/2009 8/28/2009 8/30/2009

and 0.7 m and between 0.7 m and 0.2 m over the entire measuremer

period for G, NO and NG and for different... classes. Fig. 4. Time series of(a) the “gradient signal to noise ratio”

(AClo¢) and(b) the stationarity indexy) for NO (grey sym-
bols) O3 (black symbols) and N®(open symbols). The dotted line

in panel(b) corresponds to a signal t8C/o¢c =1. (c) Time se-

ries of the fluxes determined by the AGM (without chemical cor-
rections), satisfying both the stationarity test and the Student t-test.

Mixing ratio
difference between
1.6 mand 0.7 m (ppb)

Mixing ratio
difference between
0.7m and 0.2m (ppb)

Uy O3 NO NO, O3 NO NO, . .

The flux was calculated either from 3 heights (grey symbols for
0.05 211 -0.59 0.90 3.11 -0.71 1.68 NO; black symbols for @) or 2 heights (red symbols for NO; blue
0.15 0.97 -0.32 0.14 169 -1.27 0.37 symbols for Q) based on the t-tests (see text for details). Note that
0.25 0.77 -0.03 0.07 119 -0.06 0.13 NO, fluxes are not represented because they failed both the t-test
0.35 0.98 -0.05 0.11 1.19 -0.02 0.09 and stationarity test.
0.45 0.32 -0.01 0.02 0.23 —0.05 0.04

between at least two of the three levels (data not shown). The
“gradient signal to noise ratio” showed a diurnal dynamics
for the three gases: this ratio was higher during night-time
nd decreased during daytime, following the increase in tur-
ulent mixing. For @, this ratio was systematically greater

For the three compounds, the mixing ratio difference be-
tween each level was dependentignand increased when
u, decreased. Ozone mixing ratio gradients were quite Iargég1

compared to NO and NOmixing ratio gradients. Indeed,
s C than 1, whereas for NO and NGt was generally below 1
O3 mixing ratio difference ranged from 0.32 ppb to 2.11 ppb during daytime (except from 24 and 26 August for NO) and

between 0.7m and 1.6 m and from 0.23 ppb to 3.11 ppb be: i . )
tween 0.2m and 0.7 m, while it only ranged from 0.01 to larger than 1 at night (Fig. 4a). It resulted in 93.5% of the

1.68ppb for NO and N@ whatever the levels. However, three-heights mixing ratio gradient was significantly differ-

O3 and NQ mixing ratios increased with height indicating ent from zero for @, but only 50.2% and 48.5% for NO

deposition fluxes on average, whereas NO mixing ratio de-and NG. However, 98.5%, 83.0% and 82.7 % of the two-

creased with height indicating an emission flux on averageheIghtS mixing ratio gradient (0.2m and 1.6 m) were signifi-

(Table 2) cantly different from zero for @ NO and NQ, respectively
The “gradient signal to noise ratioc’A(C/o¢) was found (T?:ble ,3)' h o i " tati

to be a good indicator of the quality of the mixing ratio gra- s °r60%’ € rrt1r|]xmghre} 105 vyecrje (r)n?s gln;n—sf {ahlor:jarty

dients between the three levels. Indeed, for most of the data(é xt>f 4 t(;]) ovtert_ N V\i ote {)e'r:[o .4bn yd - t?l 03 T: aoa

ACloc was larger than 1 when both the t-test indicated that ausfie € stationarity test (Fig. and Table 3). Fer

mixing ratio where significantly different between both 0.2 m ;mc:]N% the sctjatut)_narlty fISt shO\(/jvec_j a d'.urhrﬁl. cyﬁji\'(vaib
and 0.7m, and 0.7m and 1.6 m (95% confidence interval) igher during daytime and lower during night-time (Fig. 4).

. 0 0 .o
On the contraryAC/oc was smaller than 1 when the t-test Itt rﬁsulte_ttj tthatt ]?2'2 o 3”@092'2 v ?f tTe fjl_ag’ll sgnsﬁed the
indicated that mixing ratios were not significantly different stationarity test for @an respectively (Table 3).
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Table 3.Number of data available with significant mixing ratio gradients between the three measurement levels (i.e., 0.2m 0.7 m and 1.6 m),
with significant mixing ratio gradients only between the highest and lowest measurement height (i.e., 0.2m and 1.6 m), and satisfying the
stationarity test for @ NO and NGQ. The number of data satisfying both stationarity test and having significant mixing ratio gradients are
also given. The percentage of data kept are indicated in brackets. The significance of mixing ratio gradients was established using Student'
t-tests at the 95 % confidence interval.

O3 NO NO,
No. of data available 443 476 476
Significant mixing ratio gradient between the 3 heights 414 (93.5%) 239(50.2%) 231 (48.5%)
Significant mixing ratios gradient only between 0.2 m and 1.6 m heights 22 (5.0%) 156(32.8%) 163 (34.2%)
Nb of data satisfying stationarity tes,( < 60 %) 320 (72.2%) 439 (92.2%) 29 (6.1%)
Stationarity test and significant gradient between the three heights 311(70.2%) 230 (48.3%) 17 (3.6 %)
Stationarity test and significant gradient between 0.2m and 1.6 m heights 5(1.1%) 146 (30.7%) 9(1.9%)
3 Based on the standard deviation of the flux, the flux de-
* NO . L .
. o = 124006 Ty o1 22878 tection limit was estimated as 0.08 nmot#s~! for Oz and
e . Ré=06976 Ri=03322 0.22 nmolm2s~1 for NO.
—— O3 regression line u
T masnine. y=ostore 3.3 Flux divergences due to chemical reactions

[

o
°

.

The fluxes atzg with chemical corrections, i.e., corrected
from chemical reactions in the air column, were calculated
as described in Sect. 2.5. However, the method used required
NO, Oz and NQ fluxes. As indicated previously, NGluxes

Relative flux uncertainty
-

o
o

. did not pass the quality tests and the Nflux divergence
°s o o o ) o was, therefore, not analysed. Nevertheless, we hypothesized
Friction velocity (m's ™) that the magnitude of the NOfluxes was, however, cor-

rect in order to establish and discuss the flux divergence
Fig. 5. Relative flux uncertainty as a function of friction velocity 5, 05 and NO.

for Og (black circles), NO (grey circles), and, (crosses). Black The fluxes atzg with chemical corrections calculated

line, grey line and dotted line are regressions far MO andu., . . . y
respectively. The size of the bins used for averaging is 0.01'ms using Eq. .0‘3) were higher than those without chemi
cal correction atz=0.61m for NO, whereas they were

Only data satisfying both stationarity test and having mixing ratio X -

gradients between the three levels above the detection limit werdower for Q. The absolute chemical correction was

used. Since N@failed both tests it is not represented here. 0.12nmol m?s~* on average for both NO andsCbut could

reach 1.44 nmolm?s~! during the NO emission peak (24
and 25 August). Due to differences in fluxes magnitude, the

The percentage of AGM fluxes passing the stationarity testveight of the chemical correction term on the flux was dif-

and for which the three-level mixing ratio gradient was sig- ferent for NO and @: chemical corrections accounted for

nificantly different from zero was 70.2 % fors048.3% for  less than 1 % for @ while it was around 10 % for NO, when

NO and 3.6 % for N@. If the two-level mixing ratio gradient ~ averaged over the experimental campaign. For NO, the flux

(0.2 and 1.6 m) is considered, the percentage of good qualitgifference increased markedly and could reach up to 80%

data was 71.3% for § 79.0% for NO and 5.5% for N®  when the Dam&hler number became greater than unity (see

(Table 3 and Fig. 4c). Since not enough Nfluxes satis-  Fig. 6). Such conditions typically occurred between 19:00

fying quality tests were obtained, the M@uxes were not and 04:30 UT.

discussed in the following. The comparison between the chemical reaction time of
The relative uncertainty of the AGM fluxes decreased ex-the NO-Q-NO, triad and the chemical depletion times for

ponentially with increasing friction velocity (Fig. 5). The rel- NO, O3 and NGQ showed thatrchem Was particularly close

ative flux uncertainties ranged from 100-200 % for the low- t0 Tgepino, Whereasrgepios and rgepinoz Were always much

estu, to around 20% (@ and 40% (NO) for the highest larger thantchem (Fig. 7).

u.. The relativeu, uncertainty ranged from 90% to 15 %

whereas the relativ€, uncertainty varied from 110 %to 5 %

(O3) and 35% (NO).
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Fig. 7. Comparison between chemical reaction time for the set of
125 | o o, chemical reactions of the NO4NO, triad (tchem) @and chemical
= . S e e . depletion times for NO (black symbols),sqopen symbols) and
§ N Mﬂ;z Sese N NO, (grey symbols). The black line corresponds to the 1:1 line.
O ®e ]
LL
< 0751
S luminescence produced by the reaction between Had
S s an alkaline luminal solution. The only interference reported
3 is with Oz, quoted as less than 1%, and PAN, quoted at
L 0.25 25 % of the equivalent mixing ratio of NO(Nikitas et al.,
1997). However, the LMA 3D-N@ was used with an ©
0 scrubber, and the fact that the analyser with the molybde-

0.1 1 10 100 num sensor gave larger mixing ratios rather suggests that the
Damkohler number Thermo-Environmental 42i was subject to positive interfer-
ences, probably due to the presence of other reactive nitrogen
Fig. 6. Ratio of fluxes without to fluxes with chemical corrections species (NQ), although the LMA 3D-NQ could be subject
as a function of the Dantihler number fo(a) NO and(b) Os. to PAN interference as indicated previously.
The application of the AGM requires that (i) the mixing
ratio gradient is above the detection limit, and that (ii) the

4 Discussion mixing ratios are stationary. The gradient detection limit was
evaluated with the “gradient signal to noise rati?k /o),
4.1 Quality of NO-O3-NO, AGM fluxes as well as with an unpaired t-test evaluating if the averaged

mixing ratio at two levels were significantly different. For
One critical point when using the aerodynamic gradientOs the three-height mixing ratio gradient was most of the
method is to measure the mixing ratios of gases at differtime above the detection limit as shown BYC/o¢c > 1 and
ent heights with sufficient accuracy and precision. Nitric by the t-test approach. On the contrary, for NO anchNBe
oxide mixing ratios measured with the CLD780TR anal- three-heights mixing ratio gradient was above the detection
yser agreed very well with the Thermo-Environmental 42i, limit only during 50 % of the time, as shown by the t-test as
whereas N@ mixing ratios from the Thermo-Environmental well as byAC/o¢, which was above 1 only during night-time
42i were larger than with the LMA 3D-N©O(Fig. 3). The  (Fig. 4, Table 3). For NO and N the two-heights mixing
Thermo-Environmental 42i uses a molybdenum converteratio gradient was, however, above the detection limit during
heated at 325C to convert N@Q to NO and evaluate N© 80 % of the time (Table 3).
mixing ratio by the difference between N@nd NO mixing Although the gradient system was shown to be adapted for
ratios. This catalytic conversion is unfortunately not specific measuring mixing ratio gradients above the detection limit,
to NO,. Several compounds as peroxyacetyl nitrate (PAN),(for three or at least two levels), the stationarity criteria was
nitrous acid (HONO), HN@ and organic nitrates are also not met for all gases. For NO andsOthe mixing ratios
converted to NO and, therefore, induce an overestimation ofvere generally stationary during daytime and non-stationary
the NGO mixing ratio (Parrish and Fehsenfeld, 2000; Dari- during night-time (Fig. 4b), which results from the inter-
Salisburgo et al., 2009). The interference using a molybdemittency of the turbulence during night-time. For Bl@he
num converter could be as large as 50 % of the apparentlynixing ratios were systematically non-stationasy & 60)
measured N@mixing ratio in some reported studies (Dun- with even largerS, values at night. During night-time the
lea et al., 2007). The LMA 3D-N®measures the chemi- NO, non-stationarity was also caused by the turbulence
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intermittency, as suggested by the simifgrfound for G,
NO and NQ at night (Fig. 4b). However, during daytime,
the non-stationarity of N@cannot be explained by the turbu-
lent regime, as the same turbulence is experiencedand
NO, which are stationary. It can be reasonably hypothesized
that the non-stationarity of NEInixing ratios during daytime
was due to local advection: the NO emitted by traffic road lo- 03 | 1L .
cated at a few hundreds of metres rapidly reacted wihoO [In=40 In=3a2
form NO, and was advected, leading to non-stationarity in o 500 1000 1500 2000
NO, mixing ratios. Number observations per level per 30 min
The combination of stationarity tests and gradient detec- » 2000 5
tion limit criteria led to a rejection of 94.5% of the NO
fluxes and only 28.7 % and 21 % of@nd NO fluxes mea-
sured by the AGM. However, for this latter it must be noted
that up to 50 % of the data would be rejected if we had calcu- 2
lated fluxes based on three levels instead two levels (0.2 anc; .
1.6 m). This larger noise in the NO and N@radients was ool de s "’.*
both due to a combination of small fluxes (Fig. 2) and large JrRe i S "‘" w‘”« : .9"
local advection from the nearby traffic lines. Indeed, since 8,20,2009 ' a,zz,’zoog opinocs | wnomoos | omenoos | sopons
(i) the O3 flux is larger than NO and N&fluxes and (ii) the
lifetime of Oz is greater than those of NO and NQ@_ogan,
1983), the @ mixing ratios are expected to show larger gra-

dient and smaller fluctuations than NO and N@hus, in from 15:30 to 16:00. The number of points available from measure-

this study.the quality of AGM,WaS perturped by local advec- ments using the fast response sengoe(327) and under the hy-
tion (dominant for NQ@) and (ii) the magnitude of the fluxes  ,qhesis of the use of slow response senset 60) are indicated
(dominant for NO). on the figure with the dashed ling) Time series of number of mix-

The relative uncertainty of £and NO fluxes was depen- ing ratio points used to estimate the mean mixing ratio at each level
dent on the friction velocity and ranged from 150-200 % at per 30 min based on the frequency corresponding to the inverse of
low u, to 20% (Q) and 40 % (NO) at higla, (Fig. 5). The the integral time scale of turbulence. This frequency corresponds
relative uncertainties on the flux were a combination of theto the maximum frequency above which the data are not indepen-
uncertainty on:, and on the mixing ratio gradient. Indeed, dent and should not contribute to diminish the standard deviation as
the uncertainty on the mixing ratio gradient contributed to Shown in(@).
oc«lCy While u, contributed (i) on the one hand tg,,/u.
and (ii) on the other hand tec./C (i.e., in thewy func-
tion through Obukhov length estimation). Thus, whnwas  data is equal to zero). Since by definition, the integral time
low, typically during night-time, the uncertainty on the mix- scaler, is the time over which the turbulent signal is corre-
ing ratio gradient was small and of similar magnitude far O lated to itself (Lenschow et al., 1994), the number of inde-
and NO, but the uncertainty an. was large and dominated pendent points to be considered are those points sampled at a
the uncertainty on the flux (Fig. 4a). On the contrary, whenfrequencyf, = rl‘l. In the example considered in Fig. 8a, the
u, was large, the uncertainty on bath and the mixing ratio  number of point was evaluated as 327 per level per 30 min.
gradients contributed equally to the flux uncertainties. ThisThe resulting relative flux uncertainty is quite close to the
also explains why the ©flux uncertainty was nearly two minimal one, i.e., around 30 % for the example considered.
times lower than the NO flux uncertainty at largg when Under the hypothesis of the use of slow response sensor, only
u, was large, the @flux was much larger than the NO flux 40 measurements per level per 30 min would be available,
which led to a larger mixing ratio gradient and a lower uncer-which corresponded to a relative flux uncertainty ranging
tainty (as illustrated by the differencesAC/o¢) (Table 2). from 35% up to 40%. In addition, the tersy./u, is con-

The large number of mixing ratio points available to eval- stant and was equal to 30 % in the example considered, and
uate the mixing ratio at each level using fast sensors is benthe termoc./C, is equal to 10% to 20 % for 40 measure-
eficial in diminishing the flux uncertainty. Figure 8a shows ments per level per 30 min and equal to 5% for 327 mea-
indeed that the relative flux uncertainty diminishes with the surements per level per 30 min. Thus, the use of fast sensor
number of measurement points per level over a 30 min peallowed to diminish the relativ€', uncertainty by decreas-
riod. In the present study, the use of fast response sensdng theo, value, by a factor 2 to 4 for the example consid-
provided approximately 2000 measurements per level peered here. However, over the whole campaign, the use of fast
30 min. However, Fig. 8a is constructed assuming that allresponse sensors was only beneficial during daytime when
points are independent (any cross-correlation between thehe friction velocity was high and the integral time scale was

0.34 = Oylu-

|
|
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|
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Fig. 8. (a) Relative flux uncertainty for the aerodynamic gradient
method as a function of the number of mixing ratio data available
per level per 30 min. Example of theg@lux the 25 August 2009
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Table 4. Relative difference between AGM fluxes (of3ONO 80% for NO (Fig. 6). The flux divergence for the two
and NG) determined using the stability functions proposed by gases was dependent on the Daimler number. The chem-
Dyer and Hicks (1970) and those proposed by Businger efical reaction time was similar to the chemical depletion
al. (1971) and modified by &gstrom (1988). Positive values in- time for NO, whereas the chemical depletion times for
dicate.greaterfluxes using the stability functions proposed by DyerNo2 and G were systematically higher (Fig. 7). This re-
and Hicks (1970). sult demonstrates that the flux divergence was mainly due
to the reaction between NO andz3@nd was limited by

O3 NO NG, NO which mixing ratio was the lowest, but was not caused
1st Quartle  +6.4%  +59%  +6.3% by NO, photolysis. During the campaign,zOnixing ratios
Median +9.4%  +9.3%  +9.5% ranged between 15 ppb-6.2x 10?7 nmol m~3) and 60 ppb
3rd Quartile  +14.5% +14.4% +14.8% (~24.9x 102 nmol n3), whereas NO mixing ratios only

ranged between 1 ppb~0.4x 10° nmolm~3) and 10 ppb
(~4.2x 10 nmol m~3) (Fig. 2f). In addition, the reaction

small (Fig. 8b). From the overall look at the dataset, we findbetween NO and ®is a second order reaction, but in this
that an acquisition frequency of around 1.2 Hz would havestudy it could be approximated by a pseudo-first order reac-
been optimum in our case (Fig. 8b). This conclusion wouldtion since @ was most of the time in excess when compared
change depending on the averageat the site studied. to NO. The pseudo-first order reaction rate constant could be
In spite of the possibility to decrease the relative flux un- defined ag; =k, -[O3] (ins™H).
certainties by increasing the acquisition frequency, it must The flux divergence sharply increased, especially for
be kept in mind that one important source of uncertainty isNO, when the Damhler number became greater than 1,
the choice of the stability functions to calculate fluxes from i-€., when the turbulent transport time was larger than the
the AGM. In this study, the stability functions proposed by chemical reaction time (Fig. 6). This typically occurred dur-
Dyer and Hicks (1970) were used, but several others existing night-time, when the friction velocity was very low, and
in particular the stability functions proposed by Businger etthe turbulent transport time very large. Under such condi-
al. (1971) and modified by &ystrom (1988). Table 4 shows tions NO reacted with @inducing large chemical flux diver-
that the @, NO and NQ fluxes estimated using stability gences. The largest flux divergence (1.44 nmofsr?) was
functions proposed by Dyer and Hicks (1970) were system-Observed during the night between 24 and 25 August 2009,
atically greater (by roughly 10 % on average) than those obi-e., when the soil NO emission was large angfldx was
tained using the stability functions proposed by Businger etélatively small. For DA< 0.1, i.e., when turbulent transport
al. (1971) and modified by dfystrom (1988). For 25 % of the IS much faster than the chemical transformation time, there
time, the Dyer and Hicks formulation can even be up to 14 %S not enough time for the chemical reactions to occur during

to 15 % larger than the Busingeidgstrom formulation. the transport and the chemical flux divergence is small. How-
ever, for 0.1< DA < 1, chemical reactions are still expected
4.2 Influence of chemical reactions to induce a flux divergence. In that range the flux divergence

ranged between 0% and 25 % of the surface flux (Fig. 6a).

The fluxes of reactive species in the surface boundary layeNear the ground, @mixing ratios were lower and NO mix-
may diverge with height due to chemical reactions. Foring ratios higher than those at the mean geometrical height.
the NO-Q-NO3 triad, this was shown in previous stud- Thus, NO emitted from soil could rapidly react withg @
ies (Kramm et al., 1996; Walton et al., 1997). However, if form NO,, which induced a divergence ing@nd NO fluxes
only the NG-Os triad is considered, the mass conservation near the ground.
lead to height invariant-fluxes of NOINO + NOy) and &
(NO; + Og) (Kramm et al., 1996; Walton et al., 1997). 4.3 Comparison of AGM fluxes with EC Oz and

The flux divergence due to chemical interactions was es- automatic chambers NO fluxes
timated as 0.12nmolnfs ! on average for NO and £
However, this flux divergence was typically negligible for There are only few studies reporting comparisons of mea-
Os as it accounted for around 1 % of the @ux on average, surement methods, especially fog @hd NQ,, and most of
whereas for NO it was 10 % of the flux. Indeed, thg fldix them do not account for the chemical flux divergence.
(mean:—4.27 nmolm?2s~1) was roughly ten times higher Ozone fluxes measured using the aerodynamic gradient
than the NO flux (mean: 0.41 nmoltAs™1). The same re- method showed a reasonable agreement witHBes mea-
sult was reported by Galmarini et al. (1997) during an ex-sured by eddy-covariance (Fig. 9). Over the whole period, the
perimental study, for which there was no substantial differ-difference between EC and AGMs@luxes was only about
ence between 9and inert species fluxes, whereas NO flux 1 % which is in the range of theg@ux uncertainty. However,
divergence was strongly affected by chemistry. at the half-hourly scale the difference between EC and AGM

At the half-hourly time scale, the flux divergence was fluxes was around 31 %, but could reach up to 200 %, espe-
highly variable and could reach 25% forgGnd up to  cially when fluxes were particularly small. Indeed, for the
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Fig. 10. Comparison between NO fluxes measured by the aerody-

mic gradient method (black line) and automatic chambers (grey
ine). Solid and dotted lines are fluxes with and without corrections
for chemical reactions, respectively. Grey and open symbols are re-
spectively maximal and minimal NO fluxes measured by automatic
chambers.

Fig. 9. Comparison between{Jluxes measured using aerodynamic
gradient method and eddy-covariance method. The measured flux
were corrected for chemical reactions.

lowest fluxes, i.e., smaller than2 nmolnt2s~1, O3 fluxes
from eddy-covariance measurements were smaller compared
to AGM fluxes. These conditions typically corresponded to
night-time when smalk, occurred. It is well recognised that in the chamber headspace, such as peroxy radicals, which
eddy-covariance method underestimates fluxes during noceould lead to underestimates of NO fluxes using the cham-
turnal conditions with lowu, (Goulden et al., 1996; Gu et ber method. In addition to chemical reactions in the cham-
al., 2005; Moureaux et al., 2006). Many reasons, such a®er, other reasons could explain the difference between NO
drainage and intermittent turbulent transfer in time and spacdluxes measured by chambers and AGM methods. On the one
(Massman and Lee, 2002), could explain the underestimatiomand, it is well known that NO emissions are quite heteroge-
of O3 fluxes using the EC method, leading to the discrep-neous as shown by the large difference between maximal and
ancy with the AGM flux measurements. It is also very well minimal NO fluxes measured by the 6 automatic chambers
known that AGM fluxes are subject to large uncertainties(Fig. 10). It seems, however, that spatial variability could
under stable conditions (Foken, 2008). not explain solely the difference as the maximal NO fluxes
The comparison between NO fluxes measured using aumeasured by chambers were still twice as small as the AGM
tomatic chambers and AGM method showed a good correlaNO fluxes during the peak NO emission. However, it must
tion. However, NO fluxes measured by chambers were nearlype noted that chamber measurements were not in the AGM
five times smaller than those measured by AGM during thefootprint, even if the nitrogen treatment was the same for the
large NO emission peak between 24 and 26 August 2009vhole field. Thus, it was possible that in the AGM footprint,
without corrections for chemical reactions (Fig. 10). It re- NO emissions were greater than in the area where the au-
sulted that the difference between NO fluxes estimatedomatic chambers were installed. On the other hand, the in-
from AGM and chambers was around 0.45nmofa—?! crease in NO emissions followed a weak rainfall event on
on average, but could reach 6 nmotfis—1. Chemical re- 24 August 2009, with only 2 mm cumulated. The NO emis-
actions explained only a part of this discrepancy. For thesion was, thus, enhanced by a small increase in humidity at
chamber method, the chemical correction term accountedhe soil surface. Since this rainfall event was short, it was
for 0.13nmolnT?s~1 on average over the whole period, likely that chambers did not receive the same amount of wa-
but could reach 0.92 nmolnd s~ during the NO emission ter because of the chamber cover. Thus, the soil surface in-
peak. These values are comparable to the chemical flux diside the chambers may be not in the same hydric state as out-
vergence estimated with the AGM (i.e., 0.12 nmolds ! side, limiting soil NO emission and leading to underestima-
on average and 1.44 nmolths~! at maximum). Even with  tion of NO fluxes using chamber method. Finally, it must be
chemical corrections, the chamber NO fluxes were still threekept in mind that the discrepancy between AGM and cham-
times lower than the AGM fluxes during the large NO emis- ber method for NO flux measurements could be linked with
sion between 24 and 26 August 2009, with a maximal ab-limitations of the AGM: for heterogeneous fluxes such as NO
solute difference between the two methods that reachedluxes, the different heights (i.e., 0.2m, 0.7 m and 1.6 m) had
5.3nmolnr?s! (Fig. 10). However, it must be noted that not the same footprint and, therefore, the mixing ratios at
the chemical correction we used for chambers measureeach height is influenced by different areas of the field which
ments only takes into account the chemical reaction betweemay have different soil NO emission. Indeed, the soil NO
NO and Q. Indeed, other compounds could react with NO emissions measured by the chamber showed a large spatial
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variability at the local scale (around 60 % for a few metres). The aerodynamic gradient and eddy-covariance methods
However, heterogeneities at larger scales (a few tens to hurwere found to give similar results forgluxes except dur-
dreds of metres) are also expected because of the soil, wang night-time conditions with low friction velocities affect-
ter and biomass heterogeneity (see Loubet et al., 2011). Thimg both EC and AGM fluxes measurements. The NO fluxes
other limitations of the AGM were discussed at length in pre-determined with the dynamic chamber method were lower
vious sections and could also explain part of the discrepancythan those obtained by the AGM, with a maximum difference
between the two methods of about 6 nmoifs— without

) chemical correction and 5.3 nmolths 1 including the cor-
5 Summary and conclusions rection for chemical reactions in the chamber headspace,
due to heterogeneous soil NO emissions and a probable
The study reports measurements of NQ,a0d NQ fluxes perturbation of the soil surface by the presence of chambers.

using the aerodynamic gradient m(_athod. The mixing ratio Thus, this study showed that, contrary to the comparison
profile measurements were done using fast response sensors.

. . . reported by Muller et al. (2010), thesGluxes measured by
The experiment was performed over an agricultural field

during a period with bare soil, from 20 August to 30 Au- AGM and EC are reliable, supporting the results obtained

gust 2009. The aim of this study was to evaluate flux mea-.by Keronen et al. (2003). Accor_d!ng to the results obtained,
it is recommended to use specific gas analysers and to use

surements using the AGM, to understand to which eXtemfast response sensors to limit the uncertainty in flux measure-

NO, O3 and NG fluxes were affected by chemical reactions . .
: ents using profile methods. Although fast response sensors
and to compare them to results from dynamic chambers an . N
are usually used for EC measurements, their application to

the EC method. .
) . . . AGM measurements could represent a valuable alternative
A special attention was focussed on mixing ratio measure-

o L ; . : to estimate fluxes of chemically reactive species, which re-
ments, significance of mixing ratio gradients and quality of

. ) . ... quire flux and mixing ratio measurements at several heights.
AGM fluxes. The comparison of mixing ratios measured with ~. I .
Finally, fast response chemiluminescent analysers are subject
slow and fast response sensors showed a good agreement t%e

; . 0 less interference than slow response analysers (e.g., water
tween the instruments, except for WOrhe conversion of . k
. vapor for @ UV absorbance analysers (Wilson and Birks,
NO> to NO using a molybdenum converter heated at 325 . s
. o - - 2006); PAN, HONO, HN@ and organic nitrates for slow
is not specific to N@ explaining the observed overestima-

tion of NO, by the Thermo-Environmental 42i. Owing to NO; analysers based on catalytic conversion with molyb-

the high accuracy and fast response of the chemilumines(—jenum converter (Dunlea et al., 2007)), allowing accurate

cent NO, Q and NG analysers, the gradient system was mixing ratio measurements.
capable of detecting significant differences between mixing
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