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Abstract. We describe a dynamic chamber system to deter-concentration differences has a considerable impact on the
mine reactive trace gas exchange fluxes between plants anmésulting compensation point concentrations yielding values
the atmosphere under laboratory and, with small modifica-closer to zero. The results of field experiments demonstrate
tions, also under field conditions. The system allows mea-the need to consider photo-chemical reactions of NO; NO
surements of the flux density of the reactive NO-NOj and G inside the chamber for the correct determination of
triad and additionally of the non-reactive trace gases @@  the exchange flux densities, deposition velocities, as well as
H>0. The chambers are made of transparent and chemicallgompensation point concentrations. Under our field condi-
inert wall material and do not disturb plant physiology. For tions NG deposition velocities would have been overesti-
NO, detection we used a highly NGpecific blue light con-  mated up to 80 %, if N@photolysis has not been considered.
verter coupled to chemiluminescence detection of the photolWe also quantified the photolysis component for some previ-
ysis product, NO. Exchange flux densities derived from dy-ous NG flux measurements. Neglecting photo-chemical re-
namic chamber measurements are based on very small coactions may have changed reporteddN@mpensation point
centration differences of NO(NO, O3) between inlet and concentration by 10 %. However, the effect on N@epo-
outlet of the chamber. High accuracy and precision measuresition velocity was much more intense, ranged between 50
ments are therefore required, and high instrument sensitivand several hundreds percent. Our findings may have con-
ity (limit of detection) and the statistical significance of con- sequences for the results from previous studies and ongoing
centration differences are important for the determination ofdiscussion of N@ compensation point concentrations.
corresponding exchange flux densities, compensation point
concentrations, and deposition velocities. The determination
of NO, concentrations at sub-ppb levels X ppb) requires
a highly sensitive NO/N@analyzer with a lower detection 1 Introduction
limit (3o -definition) of 0.3 ppb or better. Deposition veloci-
ties and compensation point concentrations were determineblitric oxide (NO), nitrogen dioxide (Ng@), often denoted
by bi-variate weighted linear least-squares fitting regressioras nitrogen oxides (N, and ozone (@) are important
analysis of the trace gas concentrations, measured at the igompounds in atmospheric chemistry. Nigas an important
let and outlet of the chamber. Performances of the dynamigole in radical chemistry and in the chemical formation and
chamber system and data analysis are demonstrated by studestruction of tropospheric and stratospherig (Crutzen,
ies of Picea abied.. (Norway Spruce) under field and labo- 1979). Moreover, NQ and G are coupled by chemical re-
ratory conditions. Our laboratory data show that the qualityactions. NO is oxidized by ©to NO, and NO is regener-
selection criterion based on the use of only significanbtNO ated by photolysis of N@under daylight conditions. Typical
NOy mixing ratios in the atmosphere are a few tenth of ppb
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(remote sites) up to 1000 ppb (urban environments). Known(1) at the entrance of the chamber (= ambient,NOncen-
sources of N are fossil fuel combustion (energy and traf- tration) and (2) within the chamber. If the chamber is well
fic), biomass burning, microbial activity in soils and light- mixed, the latter measurement can be replaced by that of the
ning (Seinfeld and Pandis, 2006). Typical ambient non-urbaroutlet NG, concentration. Alternatively, a set of two cham-
NO, concentrations are 0.05 to 1 ppb (Lerdau et al., 2000) bers, one enclosing the plant the other being empty, can be
Mean annual mixing ratios of Nfare up to 20 ppb in urban used. To relate these two concentration measurements to the
or industrialized regions, or 5ppb in regions of little indus- exchange (i.e. the uni- or bi-directional flux) of N®etween
trial activity. During smog events the N@oncentration may the (chamber) atmosphere and the enclosed plant (or parts of
exceed 1 ppm (Stulen et al., 1998). plant), the full mass balance of the dynamic chamber must be
NOy is subject to a number of local photochemical re- considered, i.e. N®fluxes entering and leaving the cham-
moval processes, and long range transport through the aber, as well as all other fluxes due to h€inks and sources
mosphere. In addition to gas-phase oxidation ofoN@in- within the chamber’s volume. Under typical field conditions
cipally by the OH radical (forming HNg), NO; is removed  (i.e. ambient air enters the dynamic chamber), not only NO
from the atmosphere via uptake to plants. Lerdau et al. (2000put also ambient NO and{are purged through the chamber.
reported that depending on the leaf area indices of the releThe fast reaction between NO and ® a “chemical” source
vant sites only 25 to max. 80 % of the emitted/produced,NO of NO,, while (under daylight conditions) photolysis of NO
may be exported to the atmosphere, when comparing obfx <420nm) is a “chemical” sink. Depending on ambient
served canopy level NOconcentrations and measured NO NO,, NO, and Q concentrations and UV irradiation inten-
soil emission rates (see Jacob and Wofsy, 1990; Yienger andity, corresponding “gas phase fluxes” may reach the magni-
Levy, 1995; Wang et al., 1998). However, these results daude of the NQ flux from/to the enclosed plant(s) (Meixner
not agree with leaf-level measurements regarding B@is- et al., 1997; Pape et al., 2009). Consequently, simultaneous
sion from plants (besides plant uptake of N@nd indicat- measurements of NONO, and Q concentrations at the out-
ing the existence of a so-called “plant compensation point’let of the chamber are required. However, since there is sub-
for NO,. Corresponding compensation point concentrationsstantial uptake of @(and to a lesser extent NO) by the plants,
of NO, between 0.3 and 3 ppb have been reported (Rond NO;, NO, and Q concentrations at the inlet of the chamber
et al., 1993; Thoene et al., 1996; Weber and Rennenbergnust also be measured. As a positive “by-product” of these
19964a; Sparks et al., 2001; Geller et al., 2000, 2002; Hereiddditional concentration measurements, deposition velocities
and Monson, 2001) suggesting plants act as g Dk of O3 (and NO) may be inferred by considering the dynamic
when ambient concentrations are exceeding, or as a souraghamber’s mass balances of @nd NO.
of NO2, when ambient concentrations are below theoNO  In this paper we present results from a dynamic chamber
compensation point concentration. According to Lerdau etsystem used previously for measurements of volatile organic
al. (2000), these results contradict the findings of Jacob andompounds, formaldehyde, formic and acetic acid and sulfur
Wofsy (1990), who demonstrated that even at ambient NO compounds (e.g. Kesselmeier et al., 1993, 1996, 1998; Kuhn
concentrations of 0.2 to 0.4ppb a strong uptake by plantst al., 2000). The system allows exchange measurements of
(primary rainforest) is required to align measured \fon- NO2 (NO and @) under field conditions (uncontrolled) as
centrations in the canopy with the measured NO soil emiswell as studies under controlled conditions including (labo-
sion rates. Lerdau et al. (2000) emphasized the importanceatory) fumigation experiments.
of finding an explanation for this discrepancy, particularly Because N@compensation point concentrations were re-
in remote regions far away from anthropogenic,Nsdurces  ported at (sub-)ppb levels, our laboratory Némigation
(e.g. primary rain and boreal forests under low,;N€gimes).  experiments were performed with 3- to 4-yr old Norway
Thus investigations of the contribution of NQiptake by  Spruce trees at 0.3-3.4ppb. Such low ambient, MON-
plants are required, particularly at N@ompensation point centrations can be expected under field conditions. More-
concentrations of (sub-)ppb levels. A recent study of five Eu-over, exchange fluxes derived from dynamic chamber mea-
ropean tree species under laboratory conditions gives reasagurements are based on generally (very) small differences of

to assume a compensation point only at very low,Na@l- NO> (NO, Os) concentrations between inlet and outlet of the
ues, if there is a compensation point at all (Chaparro-Suarezhamber. Consequently, considerable attention has been paid
etal., 2011). to the detection limits of corresponding analyzers, statisti-

The commonly used technique for leaf-level exchangecal significance of the concentration differences, as well as
measurements of NOs the dynamic chamber technique, a the statistical goodness of measurements have a substantial
technique also used for many non-reactive (e.gGHO, impact on the identification and quantification of statistically
COS) and reactive trace gases (e.g. N@, WOCs, DMS,  significant deposition velocities and compensation point con-
CS, HONO, HNG;, CH,0, HCOOH, CHCOOH). An en-  centrations. Furthermore, as the exchange of G com-
tire plant (or parts of a plant) is enclosed in a (transparent)plex interaction of transport, chemistry and plant physiology,
chamber which is purged by (preferably ambient) air. Two we determined fluxes of NO, NDOs, CO,, and HO in the
measurements of NOconcentration are performed, namely field experiments.
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While the internal plant physiological processes of atmo-three trace gases and excluding NO emission by the plants
spheric NQ consumption are known (NO is oxidized to NO (i.e. gas-phase production and/or destruction of the trace gas
in aqueous solutions to deliver NOGhaffari et al., 2005), can be ruled out), Egs. (1.1)—(1.3) will reduce to the well-
NO; is converted to HN@and HNG in water (Takahashiet  known form of
al., 2007) and NQ/NO, are metabolized by corresponding
reductases to N]{:I which is incorporated into amino acids Fg“xi = —-— (ma,' — msj) i = NO2, NO, O3 2
(Lea and Miflin, 1974; Yoneyama et al., 2003), possiblesNO Aleaf
production processes inside plants and are to our knowledg@here the quantity with superscript™describes the non-
entirely unknown. reactive case with chemical reactions excluded.

In the case of bi-directional exchange (see Eqg. A2), the
exchange between the plant chamber air and the leaves can
be directed to or away from the leaves. This exchange pro-

We consider a small branch of a tree (leaf afigay), which ~ CeSS can pe subject to the so-called “com.pensation point
is enclosed in a transparent plant chamber of volsm&he ~ concentration” ficomp;, in nmol n-%). According to Con-

air within the plant chamber is well mixed by action of one rad (1994)/mcomp; is “that concentration at which the con-
(or more) fan(s). Ambient air (containing NONO, and Q) sumption rate reaches the same vqlue as the pro_dL_Jctlon rate,
enters the plant chamber at the inlet, flushes the chamber witfC that the result of both processes is zero flux”. Similar to the
the purging rateQ (m3s~1) and leaves the chamber at the reésistance concept e.g. by Hicks et gl. (1987) the_ exchange
outlet. Within the plant chamber trace gases of the NO;NO flux density Fex; (of the plant leaves) is parameterized here
Os triad may be (a) emitted and/or taken up from/by leaves,PY @ deposition velocitygep; (in m stor mm s1) of trace

(b) deposited to the inner walls of the plant chamber, anddasi and its compensation point concentratiogomp;

(c) destroyed and/or generated by (fast) photo-chemical re- .
actions. The mass balances of the NO-NG} triad of the Fex; = —vdepi (ms; — moomp;) i =NO2,NO, 03 (3
dynamic plant chamber are derived in Appendix A.

2 Basic considerations

Note, that (by convention)ey; is directed “downward”/
inward to the leaves, ifns; >mcomp;, Fex; IS zero, if

ms; = mcompi,» and Fey; is directed “upward”/outward from
the leaves, ifns; < mcomp;-

Equations (A7.1)—(A7.3) are formulated in terms of molar !N this context it has to be mentioned that the original def-
fluxes (in nmol s1). However, considering the exchange of init.ion of deposition ve]ocity, asitis cqmmonly used, is the
reactive trace gases between the plant chamber’s atmosphéei@tio of the flux of a given trace species measured at some

and the enclosed leaves, the exchange flux den&igyof ~ heightabove ground surface or canopy and the concentration

than the molar flux itself. In the case of plant chamber stug-sured and a reference height where the concentration equals

ies, the appropriate reference surface (reference area) is tH#&re or the compensation point concentration, e.g. within
surface areadjear, in M?) of the leaves. Therefore, the ex- the top soil Iaygr or inside the stomata cavity. Thus, the
change flux densityey, is defined asFey,: = ®i/Ajear, and ~ deposition velocity is related to ground area and includes

the corresponding balance equations will read as follows; ~the well defined turbulent/aerodynami€s) and molecular-
turbulent/boundary-layerRp) resistances. Dynamic cham-

ber measurements usually minimize the turbulent resistance
inside the chamberR;~0) and modify the molecular-

Vv V turbulent/boundary-layer resistand®, (see Pape et al.,
+ Ekms,NOms,@ - 5 J (NO2) ms,NOz) 1D 2009). Therefore, the inverse of the “chamber deposition ve-
locity” is the sum of the so-called “canopy resistancg;

2.1 Molar flux densities, deposition velocities, and
compensation point concentrations

FexNo, = — (ma,NOz — Ms,NG

Aleaf

FexNO= 2 (ma,No — Ms,NO and the chamber specifi®y,. For that reason the “chamber
leaf deposition velocity” is not equal to the leaf conductance of
— kas,NOms,Q + v 7 (NOy) ms.Noz) (1.2) the_ (_:orr_equnding trace substance. Ther_efore, deposition ve-
locities in this paper should always considered as chamber-
Fex oy = — (ma 0 — msoy specific dgposition velocities, which could be transformed to
' Aleaf ’ : g;e(gggg)tltles commonly used by the approach of Pape et
- ék’”s,NOms,Q + 51(“'02) ms,NOz) (1.3) Given, that the quantitie®), Ajear, k&, and j(NOy) are a

priori known and/or simultaneously measured witk; and
In the case of defined laboratory experiments without UV mg;, then, the desired quantitiagiep; andmcomp;, are com-
radiation, where plants are fumigated with only one of themonly determined from the linear relationship betwé&g;
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andms;, wherevgep; is the slope aneicomp; is the intersect The linear relationships betwedry;, andms; are still

of Fex; with the mg;-axis (see Rongh and Granat, 1994; maintained. This can be shown by resolving Egs. (4.1)—(4.3)
Thoene et al., 1996; Weber and Rennenberg, 1996a; SparKer ma; and making use of Egs. (1.1)—(1.3):

et al., 2001; Hereid and Monson, 2001; Gef3ler et al., 2002).

However, sinceFey; (see Egs. 1.1-1.3) contains the term _ Q0 (nno, Ve -
) . FexNo, = —= ; — —= kmg NoTis, 0,
Q/Aleaf (ma; —ms;), the calculation of any form of linear A|eaf bNo2 0
regression betweefsy; andms; is mathematically sensu
stricto not appropriate, because the dependent varighle A < b =J (Noz)) ~msNg, (6.1)
contains the independent variables(). This problem can leat NOZ
be resolved by returning to the originally measured quanti- (_O _ _J 7 (NOy) riis NOZ>
ties,ma; andms;. If we combine Egs. (1.1)—(1.3) and Eq. (3) N Aleaf bno
and resolve these equations i@ no,, ms,No, aNdms o,, We
yield three linear relationships between the measured vari- A| . <1 - % + —kms o3> « Mg NO (6.2)
ablesms no, andmano,, msNo andmano, andms o, and °a
. n
Ma,0s- Fex,0; = (ﬁ - = (NOZ) Mg N02>
Aleaf bo,
MsNO, = NNO, +bNO, - Ma,NO, (4.1 1 v
Ms,NO = nNO+bNo - m (4.2) + <1 ~ 5o T g ks No) msoy (63
S aNo ’ Aleaf bo, 0
.0y = 1105 +b03 MaGs 43 Finally, the desired deposition velocitiessép;) of the NO-
using the definitions: NO,-O3 triad result from Egs. (4.1)—(4.3), resolving for
ANO, : AleafVdep,NG Mcomp,NG, + Vlz’ﬂs,NO"_is,Q_ Udepi»
NO, i= —— = ; _
? O + Ajeatvdep,Ng + V j (NO2) 0 1 V-
Q Udep,NG = Fi (b -1-—=j (NOZ)> (7.1
N — . (5.1) leat \ONO, Q
O + AjeatvdepNg + V j (NO2) 0 1
- - _ Udep,NO= —= ——=1- _k}’}’lso‘,> (72)
NG (= Aleafvdep,q Mcomp,g, + V j (NO2) mis NO, Aeat \bnO 0
o )+ A k1 ) 1 V-
Q + Avearvaep.gy + VAo Udep,Q = = <_ 1= Zkms N0> (7.3
0 Ajeat \ b0y
bNnO = —= = = (5.2 . . . .
QO + Aljeafvdep,NO+ V ks o and the desired compensation point concentratioRsp; )
- AleafVdep,q, Mcomp,a, + V j (NO) riis NG, of the NO-NQ-O5 triad result from combining Egs. (5.1)—
O3= Q + Aleafvdep,Q, + V];n_is,No (53) and Eqs. (71)—(73)
- o )
bo, := Q + Ajeafv : + Vim ©3) Mcomp,NG, = . = o Ekmstoms'C% 8.1
m , - < .
leafVdep,G s,NO 1 — bno, — bNOz%] (NOy)

The quantitiesn; and b; of trace gasi cannot be deter-
mined (graphically or numerically) from single pairs:of;
andms;, but from a (statistically sufficient) set of measured
ma; andms; (i.e. data sets classified for defined conditions

nno — bno % j (NOy) riis N,
Mcomp,NO= g VT (8.2
1-—bno — bNOEk”’_?s,Q

. .. . . vV P
of irradiation, temperature, humidity, concentrations, respec- no; — bo, o/ (NO2) s No, 83)
. m = p .
tively). Thereforepn; andb; represent mean values for these "'comp.Q 1 — bo, — bo, %k’ﬁs,NO

data sets. Consequently, the quantiti®&sAjeas, j(NO»), k,

ms,NOy, Ms No, @ndms,o; IN EQs. (6.1)—(6.3), (7.1)—(7.3),and |t has to be stated, that the use of averaged concentrations
(8.1)—(8.3) must be averaged over the same (time) period (thgguantities with overbars) for regression analysis (Eq. 5.1
same data set) @fa; andms; measurements from which the ) may eventually result in systematic errors for the derived
quantitiesz; andb; were derived. quantities of compensation point concentrations and deposi-
The quantities;; andb; may be evaluated (graphically) as tjon velocities, particularly, if these concentrations will vary
the intercept and the slope of the plot of measunggdver-  oyer a large range. This can basically not be ruled out. More-
Sus measureth,;. Application of different forms of linear over, concentration of NO, N)and G may be more or less
regression analysis deliversandb; and bi-variate weighted  correlated, particularly during field conditions. The way we
linear least-squares fitting (which considers uncertainties ot,ave considered these and other correlations is the applica-
both, ms; andma;) provides also their standard erroi§  tion of the General Gaussian Error Propagation where those
andsp,; (see Sect. 3.4.6). concentrations are considered explicitly (see Sect. 3.4.7).
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(a) (b)
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=4 | compNO2 = ] _m, & ]
n
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MeompNo2[ ™ | 9 < -
‘el | [ - (N H(My=1)m o2) < S
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<
o
0 w 0 Mg noz s NMol M3 ——

Manoz2, NMol M3 ——

Fig. 1. Schematic representation of the determination of bi-directionap K&zhange flux densityFex no,), NO2 deposition velocity
(vdep,NG,), and NG compensation point concentrationdomp,Ng,) from measurements of Nxoncentrations at the plant chamber's inlet
(ma,No,) and outlet f25 No,) Under laboratory conditionsiy No=m4,0, = j(NO2) ~ 0). (a): by linear regression ofig Ng, With ma NG, -

(b): by plotting Fex,n0, VS. 15 NQ,- Dashed lines represent the limits of detection {@efinition) for NO, concentration measurements —

(a) and(b) panel — and the determination of the pl&change flux densitfb), which are both defined by the sensitivity of the applied,NO
analyzer (note: LODita NG,) = LOD (ms No,)). Data points and error bars of N@oncentrations have been simulated to m&ﬁ%l(lma’Noz,
msNG,) =0.9925, error bars of NPexchange flux have been calculated by Gaussian error propagation (cf. Eq. 2). Filled circles identify
data points- LODs, hollow circles thoseLODs.

Errors (e.g. temporal variability) of averaged quantities aredeposition velocitie$;§epi, and compensation point concen-
propagated to the final error of compensation point concentrationsm* are given by

! . o compyj
trations and deposition velocities. B
0
k
2.2 Constraints of precision Fexj = Ajeathi (i + (bi = 1) - ms;)
i = NOg2, NO, O3 9
Exchange flux densitie&yx; are determined from molar con- 0 1—b
centrations of the NO-N@Os triad, both ambient measure-  Vgep; = A le (10
eal 1

ments (r4;) as well as those in the plant chambex() (see o

Egs. 1.1-1.3). These are all measured with one set of anan g, = ﬁ 1y
lyzers. The calculation procedure for exchange flux densi- o

ties, deposition velocities as well as compensation point conRegarding only N@, a schematic representation (using sim-
centrations is based on linear regression analysissgfand ulated data) of how the quantities defined by Egs. (9)—(11)
ms;, which are (a) both error-prone, and (b) not very different are determined from genuine measurements:9fo, and
from each other, i.e. their difference is usually (very) small. msno, is given in Fig. 1a. Since the “1:1"-line is equiv-
The uncertainties of these differences depend mainly on thalent tomano, =ms N0, (i-€. Fexno, =0, see Eq. (2), the
precision of the analyzers; leading to large uncertainties inintersect of the linear regression line and the “1:1"-line
the derived quantitiefex; , vdep;, andmcomp;- is the NG compensation point concentratiomcomp,NG,-

For the sake of simplicity we assume well defined labora-Here, the difficulties associated with an experimental proof
tory conditions. Here, the trace gas exchange flux densitiesf a (highly) significantmcomp,ng becomes obvious. The
Fex; are described by Eq. (2), implying that (a) only pre- lower mcomp,Ng Will be, the more the intersect shifts down
scribed concentrations of trace gag=mj,;) enter the dy- the “1:1"-line, closer and closer to the limit of detection
namic plant chamber, (b) the enclosed leaves are only exef the NG concentration measurements (LODx(no,),
posed to correspondings;, (c) purging rateQ and leaf  LOD (msno,); 3o -definition). This dilemma becomes even
areaAjeas are known and unchanging, and (d) sample con-more obvious, if we consider the schematic representation
centrations of the other trace gases {.;), photolysis rate  of Eq. (2) in Fig. 1b, where LODHex no,) has been cal-

Jj (NOy) as well as wall-sorptions of trace gasare neg- culated from correspondingn s Nno, 8ndsm aNo, DY Gaus-
ligible. After evaluation of the linear relationship between sian error propagation. Hereicomp,ng, (Fex,No, =0) is the
ma; andms;, corresponding exchange flux densitiég(j, intersect of thens no,-axis with the best-fit line ofFex no,

www.atmos-meas-tech.net/5/955/2012/ Atmos. Meas. Tech., 5, 9%8B-2012
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vs.ms No, (Which is statistically problematic, see above). For 1.0 g Toonod 1 -
high NO, compensation point concentrations (as in Fig. 1), - 40
mcomp,NG Can still be evaluated by interpolation from sig- 0.8 1

nificant data pairs (i.e. data pairs, whesd.OD (mno,), ] o1 20
06 ] [
; 0.2 .

] 03 L 20
0.4? 0405()5'07/08 01 :

ppb

>+LOD (Fex,No,), Or <—LOD (Fex,No,), respectively). If
mcomp,NG, falls below LOD (ns no,) @and Fo is consequently
below +LOD (Fex,N0,), Mcomp,Ng, May only be determined

minimum detectable M ym, no2 »

minimum detectable M¢ompno2, NMol M3

by extrapolation from significant data pairs. ] // f LOD(NG,Y<01 p :
According to Egs. (9)—(11), the errors Bfx NO,, VdepNG,» 02 //// 10

and mcomp,Ng, are entirely due to the errors ako, and ///I/// i

bno,, Which are in turn entirely due to the goodness of the & oo e oot 1

linear relationship betweenano, andmsno,, as well as to 0.999 0.995 0.99 0.95 0.9

the errors ofmano, @andmsNo, (Sm.a,NO, @Ndsm.sNO,, S€€ regression coefficient R2 (M no2, Msno2)

Sect. 3.4.7). This leads to the simple conclusion, that de- ) ]
terminations ofFexnoy, VdepNGy: @Nd mcomp NG are more Fig. 2. Th_e_ dynamp plant chamber at well defln(_ad (Iab_ora—

. the higher the rearession coefficié&’?t( tory) conditions: minimum detectable NCcompensation point
precise, ° g o he dg y ) Mg NOy» concentrations rcomp,Ng, at P >0.999, i.e. “highly signifi-
maNo,) and lower the standard errasig s,no, andsm_a,No, cant’) as function of N@ deposition velocity {gep,ng,; Per
are.

| | . q h leaf area) and the goodnes®?j of the ambient vs. sam-
Only one NQ analyzer is used for the measurements Ofple NO, concentration measurements (standard errors of

both concentrationsyano, andmsno,- As shown below  No, concentration measurements  considered). Results are
(Sect. 3.2), the standard errgf a,No, (sm.sNo,) Was found  from data simulation (random number application) match-
to be a weak exponential function @ no, (msNG,), Start-ing pre-scribed R? (ma N, msNo,) and prescribedvgep, NG,
ing with a fixed valuesm Lobno,) at maNo, =msNo, =0 (0.999< R2<0.6 andvgepng =01, 0.2, ..., 0.8mmsh). The
To demonstrate, how the goodnes®? (msNo,: MaNG,)) greenish range represents simulated data of a N@alyzer
of the linear relationship betweena no, and msno, and  with LOD (myp,) = 0.4 nmol nT3 (0.01ppb), the bluish range
how the magnitude afm_a,no, @Ndsm_s,no, iIMpact the NQ for LOD (myo,) =4.5nmol n3 (0.1 ppb), the reddish range for
exchange measurements, we consider (a) the determinatiarob (myo,) = 44.6 nmol nT3 (1.0 ppb).
of the minimum possible, but still highly significant NO
compensation point concentratiommp,ng), and (b) the
precision of the N@ exchange flux density Fex,no,)- _ _ _ _
For that we simulated data sets ma,NOg and mMs,NO, N02 Fompensa.tlor_]_ pOInt Concentrat|0n, l.e. the IOWeSt,
within the range LOD#isno,) <msno, <615nmolmr3  but still highly significantmcomp,ng (P > 0.999) is shown
(15ppb) for pre-scribed N© deposition velocities for a pre-scribed range of NOdeposition velocities as
(0.1<vdepng <0.8mms?, per leaf area) and for function of the. regression coefficiem®? (ms noy, MaNG,)
pre-scribedRz(ms,Nq, mano,) between 0.999 and 0.6. and for three different values of LO:§ no,), Nnamely 0.4,
The latter was achieved by random number application?-> and 44.6 nmol m® (0'(_)1*“0_'1* 1;’0ppb). These three
to the mano, data. Standard errorsn.sno, and sm.ano, valu_es represent a certain “history” of NO/IQICthemé-
were calculated frommano, and msno, (see Eq. 12.1, luminescence analyzers: LOR{No,)=44.6 nmol_rrT
Sect. 3.2), while the standard error 8txno, (SF.exNGy) (1 ppb) represents the state-of-art of commercial %NO
was calculated fromsmsno,s Smanc, and r (msNoy. analyzers of 1985-1995, LOmEnNo,)=4.5 nmolrrr .
ma,NOZ):[RZ (MsNOy» ma,NOZ)]l/Z by application of the (0.1 ppb) the best performgnce between_1995—20053_, yvhlle
general form of Gaussian error propagation (see Sect. 3.4.75:0D (7sn0,) = 0.4nmolnT® (0.01ppb) is characteristic

Application of bi-variate linear regression analysis to 0f theé most advanced NO/NOanalyzers which have
this simulated data set delivers the quantitiag, and been recently ap_plled over the remote Sothern Atlantic
bno, as well their standard errors, no, and spno, Ocean (Hosaynali Beygi et ql., 2011)2. For typ|ca.I ranges of
(which depend ONsm.sNG,: Smano, and Rz(ms,NOZ, laboratory measurements,_ i.e. 9__;92 <0.99, minimum
manc,)). Application of the general form of Gaussian detectable N@ compensation point concentrat|(_)ns range
error propagation (see Sect. 3.4.7) to Eq. (11) delivers thd€tween 17.5-99.4 nmolm (0.39-2.23 ppyk))), if N@
standard error of the Ndcompensation point concentration @nalyzers  with  LOD#is no,) =44.6 nmol m= - (1.0 ppb)
(sm.compNG)- The “detectable existence” oficompng have been used. 'B.est performance of present-dagy NO
(i.e. testing the hypothesisicompng, #0) has been sta- analyzers allow minimum detectablecomp NG be.tV\./een
tistically secured by application of the t-test to the values3-6 and 21.3nmolm? (0.08-0.48 ppb). Very low minimum
of MeompNG, Smcompng @nd N (number of isng, — detectablencompng (0.8-4.0nmol m3 or 0.02-0.09 ppb)
manG,) data pairs). In Fig. 2, the minimum detectable May be reached if the most advanced state of B@alyzers

is considered. It should be noted that, due to the potential
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goodness of the measurements, the minimum detectable Moz, PPb
mcomp,NG, could be lower than the actual LOB no,), but 05 10 15 20 25 30 35 40 45
statistically still highly significant. et TRERERERYP - N AR RN
. 2 1 X I\ R
The impact of smsNo,, SmaNO, and R (msnNo,. | O/ Ny a0
.. ° 1 \ //SIR\\ B ©
manNg,) on the precision of the NPexchange flux den- = ;545 11 LA O I
sity (=sF.exNo,/FexNoy) i demonstrated in Fig. 3. For g I VY N 20 8
the sake of clarity, anoth_er .data set has been sjmu-f ll// / iy \i\\\ 0 g
lated (random number application), namely for pre-scribed - 1.00 3 “‘ // \\Q\ — s
NO, deposition velocities (0.8 vgep.no, < 0.6 mm s, per 3 N o
. PNG =T ! 3 1 ' S
leaf area), a pre-scribed NOcompensation point con- g /\/ \\\_\n g
centration #1comp,Ng =67 nmolnT3 (1.5ppb)), and for 0104 A\ ]
0.99< R?<0.9. Also shown in Fig. 3 is the precision T meomp, N0, 5
of msno, (=SmsNoy/msnNo,; right axis) for the “his- JR IS N v : _ .
tory” of LOD (msno,) Values, namely LODdis no,) = 44.6, o 50 100 150 200
45, and 0.4nmolm3 (1.0, 0.1, 0.01ppb). Before 1995 Ms oz - nmol m

(LOOD(’”NOZ):lppb)' a precision Oinsno, better than o 3 The gynamic plant chamber at well defined (laboratory)
10% could hardly be achieved in the lower ppb-range. Bestgqgitions: precision of N@ concentration measurements (=
performing present-day NOchemiluminescence analyzers smsNO,/msNo,; fight axis) and precision of derived NO
(LOD (mNo,)=0.1ppb) exceed the 10% level ofsn exchange flux densities (Eexno,/FexNO,. l€ft axis) as func-
precision not beforemsno, falls below 14.8 nmolm tion of the NG concentration measured at the outlet of the
(0.33 ppb), while another order of magnitude can be reachedynamic chamber (precisiomsno,, right axis). Results are
with most advanced NQanaWZETS(m,s,Noz/ms,Noz >10% from data simulation (random number application), which con-
not beforems o, < 1.5 nmol nT3 (0.03 ppb)). A review of siders _standard errors of _I\iozconcentration measurements,
these specifications of the NO/N@nalyzers are listed in @nd which matches pre-scribekt” (ma Ny, ms,NG,) and pre-
Table 1. scribed mcomP,NQ:67nmoInT3 (1.5ppb). Black, grey, and
The *“history” of NO, analyzers is also mirrored in dashed lines (=precision ofisNo,) represent data for a NO
the precision of Fexno, (reddish, bluish, and greenish analyzer — characterized by LOB No,) = 44.6 nmol nT3
areas in Fig. 3). In any case, the precision & No, (1.0 ppb), LODfzs No,) =4.5 nmol nT3 (0.1 ppb), and
(= sF.ex N0,/ Fex,No,) reaches infinity atns no, = Mcomp,NG,» LOD(mS,NQZ_):OA nmol m‘_3 (0.01 ppb), respectively. Ranges of
since there the N@ exchange flux density equals zero. the precision —of derived N§ exchange flux den-
Otherwise, the precision OFex,Noz rapidly falls (very) _S|t|es are identified by reddish, b|UISh3, and green-
well below the 10% level. This is a consequence of the!S” areas for LODdsng,)=44.6nmolnt™  (1.0ppb),
fact, thatmano, and msno, are the decisive quantities LOD(mSéNOz):4'5nm°|m (0.1 ppb), and LODEs No,) =04
for the determination ofexNo,. Sincemano, andmsno, nmol m- (0.01 ppb): The W|dtr21 of the colored areas 2stands for
are highly correlated, the standard error K no, is pro- all considered combinations &f 1and Udep,NG, (0.995. R<<0.9
portional to B%,a,NOZ-'-Srzn,s,NOz]l/z_z Sm.aNG, Sm.sNO, and  0.3<vgepNg <0.6mms™=). The respective upper
R2(m m )¥2, rather than proportional to boundary of eactl colored area represents the combination
[ SINGs  7a NG LI s prop vdep,Ng =0-3mmst and R2=0.9, while the lower boundary
+52 12 alone (see Sect. 3.4.7). In other ’

[Sr% a,NO, m_s,NO, =1 2
-a, -S, . . represents =0.6mms - andR“=0.99.
words, the error offex no, benefits from the compensation P dep.NQ

of the errors ofna N0, @andms No, -
Finally, it should be emphasized, that the estimates of,

this subsection are made on the basis of Egs. (9)—(11) for2'3 Constraints of design

(best) defined laboratory conditions. Under field conditions, |, aqdition to the demand for precise and highly sensitive

however, the equations for the determination &kno,:  measurements of NGconcentration, surface exchange flux

vdepNG,» @ndmcomp,Ng Will contain also average quantities  measurements of NOINO, Os) in a dynamic leaf chamber
of msNno, ms,0;, j(NO2), andk (cf. Egs. 6.1, 7.1, 8.1). It fol- system require that:
lows, that their variability (standard errors) leads to larger

standard errors oino, andbno, and diminishR? (ms,Noy,» 1. The environment in the chamber should as closely
maNo,)- Consequently, corresponding minimum detectable as possible represent the surrounding (ambient)
NO, compensation point concentrations will certainly be environment.

higher and precisions ofex,no, Will be lower than those ,

given in Figs. 2 and 3. 2. Enclosing the plant (part of plants) by the chamber

should not affect the plant itself, neither through me-
chanical stress nor due to changed environmental condi-
tions. Changes in concentrations of relevant trace gases
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Table 1. Review of the specifications of NO/NCanalyzers under well defined (laboratory) conditions. Results are from data simulations
(random number application), for details of simulation conditions see text (Sect. 2.2). Ranges of minimum deteciatienpéhsation
point concentrationm{comp,Nq), correspond to ranges of N@eposition velocity and the goodnesszg of relation between the ambient

vs. sample N@ concentration measurements. Sample;NOncentrationsrts no,), Where the precision of Nfconcentration measure-
ments (=m,s NO,/Ms,NO,) €Xeeds the 10 % level, are also given.

characteristics of unit 1985-1995 1995-2005 present
NO/NO, analyzer (most advanced)
LOD (ms No,) nmolm—3  44.6 45 0.4

ppb 1.0 0.1 0.01
minimum detectablecomp, NG, nmolm3 17.5-99.4  3.6-21.3 0.8-4.0

ppb 0.39-2.23  0.08-0.48  0.02-0.09
ms NG, (Sm_s.NO,/MsNG,) >10%  nmolnT3 150 14.8 1.5

ppb 3.36 0.33 0.03

should be small in order to prevent affecting plant analyzer) forming electronically excited N@olecules. De-

metabolism and stomatal regulation. caying to the ground state, the excited N@olecule emits

a photon (chemiluminescence) and the total light intensity in

the reaction chamber, detected by a photomultiplier, is pro-

portional to the NO concentration. NGn the air sample is
also measured by the NO analyzer after conversion of tdO

NO. In most commercial NO/N®analyzers a molybdenum

converter is applied (heated to 300—-4@), where NQ is

catalytically reduced to NO at the converter’s surface. How-
ever, previous studies demonstrated that molybdenum con-
verters are non-specific for Nbecause other oxidized ni-

5. The chamber system should be applicable for lab-trogen compounds of ambient air, like gaseous nitrous acid
oratory and field measurements without substantialHONO), nitric acid (HNQ), the nitrate radical (Ng), dini-
modifications. trogen pentoxide (BDs), peroxyacetyl nitrate (PAN), and

) other organic nitrates were found to be also converted to NO,

6. Simultaneous measurements of surface exchange fluxgghich leads to systematic and considerable overestimation
of NO2, O3, NO, CQ,, and O should be feasible. of the measured N©values (Winer et al., 1974; Matthews

et al., 1977; Grosjean and Harrison, 1985; Gehrig and Bau-

mann, 1993; Steinbacher et al., 2007). During some studies
hydrated, crystalline ferrous sulfate (Feg@or the surface
reduction of NG to NO were used. However, Fe©@on-
verter also overestimates the mixing ratio of NO and,NO

Furthermore, fumigation experiments to study the,NOr-  (Ridley et al., 1988). Significant interferences:gpropy! ni-

face exchange in the laboratory (M®xchange under con- trate, nitrous acid (HNg) and PAN were reported (Kelly et

trolled conditions) demand the generation of very low (ppb-al., 1980; Cox et al., 1983; Fehsenfeld et al., 1987). As a con-
and sub-ppb levels) and temporally stable Né@ncentra- sequence Fehsenfeld et al. (1987) did not recommend eSO
tions in order to identify statistically significant NGGom-  converter for measuring NO Another frequently used an-
pensation point concentrations. These low Nfncentra-  alyzer to measure NPis the Luminox detector (LMA-3,
tions have to be reproducible and verifiable. Scintrex/Unisearch Inc.). Its measurement principle is based
on the chemiluminescent reaction of N@ith luminol in
] aqueous solution (Maeda et al., 1980; Wendel et al., 1983;

3 Material and methods Schiff et al., 1986). The luminol technique is noted for in-

terferences by ambientg@nd PAN, and exhibits non-linear

response at low N@concentrations. The interferences due

0 Oz and PAN are significant especially at low N©on-

NO and NQ concentrations were measured by a gas—phasé

chemiluminescence NO analyzer (Model 42C, Thermo EIeC_centrations (Kelly et al., 1990). Table 2 shows an overview

tron Corporation, USA). In a low pressure reaction chamber,abOUt commonly used N{ronverters and their reported in-

the NO of the air sample reacts with ozone (provided by ineterferences. No interferences or any artifacts were reported

3. Primary plant-physiological processes, such as 81(@-
face exchange fluxes (assimilation) andsurface
exchange fluxes (transpiration) should be closely fol-
lowed, measured and finally related to the N@O,
O3) surface exchange.

4. Losses of N@Q (NO, O3) on chamber materials must be
negligible (if not: must be quantified).

7. Differences of NQ (NO, Oz) concentrations between
inlet and outlet of the dynamic chamber, which are ex-
pected to be small, must be resolved with statistical
significance.

3.1 Trace gas analyzers
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Table 2. Interferences of chemiluminescence NO-NROy analyzers using different NCconverters.

NO, converter  conversion principle  compound Response author
% of concn
luminol NO, reacts with PAN 25% Drummond et al. (1989)
luminol solution
O3 0.0033 ppb NQ Kelly et al. (1990)
(per ppb @)
molybdenum heated400°C PAN 92 % Winer et al. (1974)
(Mo) surface oxidation ethyl nitrate 103 %
ethyl nitrite 92%
HNO3 not quantified
HNO3 >98 % Grosjean and Harrison (1985)
PAN >98 %

methyl nitrate >98 %
n-propyl nitrate  >98 %
n-butyl nitrate ~ >98 %
hydrocarbons negative interferences  Kurtenbach et al. (2001)

ferrous sulfate  surface oxidation PAN 20% Kelly et al. (1980)
(FesSQ) HONO 100% Cox et al. (1983)
n-propyl nitrate 32 % Fehsenfeld et al. (1987)
PAN 35-45%
photolytic ultraviolet light none Fehsenfeld et al. (1990)
(320-500 nm)
photolytic ultraviolet light HONO 37% Ryerson et al. (2000)
(>350nm) BrONQ 5%
NO3 10%
N>Os 3%
HO>NO> 12%

for photolytic converters, where NOs photolysed by ul-  Corporation, USA). All measured parameters are listed in

traviolet light <420 nm (Fehsenfeld et al., 1990) or were Table 3.

negligible, respectively (Ryerson et al., 2000). Consequently,

we used a highly N@ specific blue light converter (BLC) 3.2 calibrations, limits of detection, standard errors,

which photodissociates NOnto NO at a wavelength of ap- and precision of trace gas concentration

proximately 395 nm (manufactured by Droplet Measurement measurements

Technologies Inc., Colorado, USA). To obtain a better accu-

racy and precision of the NO(@and NO) measurements at oy the calibration of the NO/NDanalyzer (field condi-

sub-ppb concentr.atlons, the NO/I;\IQnaIyzer _has always tions), a NO standard (5.890.1ppm, Air Liquide, Ger-

been operated with pure oxygen (instead with the oxygenmany) was applied. The standard was diluted by synthetic air,

of ambient air) for the internal generation of 0zone, necesyyhich had been additionally cleaned with activated charcoal

sary for the reaction with NO in the low pressure reaction and Puraff® (Purafil, Inc., USA) to remove any potential NO

chl\a/lmber. ts of Coand KO rati and NG contaminations. For the dilution of the NO standard

f e?js%rer_n?n S 3 dpe}n hl-b cloncen ra |Ions w;are g.?fr' a gas phase titration unit was applied (GPT, 146C Dynamic

ormed Dy inirared dual channél gas analyzer for aifler g Calibrator, Thermo Electron Corporation, USA). In the

ence measurements between the outlet of an em'pty referen@PT’ N calibration gas is produced by titration (see Reac-

chamber and .the sample gas (LI-7000, L|Co_r, Llncc_)ln, NE’tion R1) of the diluted NO standard withs@generated by a

USA). An addltlpnal gas analyzer (LI-6262, LiCor, Lincoln, UV lamp in the GPT). The BLC's efficiency was determined

NEZ USA) mo_nltored the apsolute GQnd HO concen- by the ratio of measured NCand the known value of N

trations to deliver a base signal for the LI-7000 Operat'ngobtained by titration of NO. The Qanalyzer was calibrated

in differential mode. @ concentration was detected using by the GPT-generated{Owhere the exact §concentration

an UV-absorption analyzer (Model 49C, Thermo Electron is known from the gas phase titration of the NO standard. For
the calibration of the C&JH,O analyzer three gaseous €0
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Table 3. Measured parameters and instrument specifications. Limit of detection (DI o -definition) for the gas concentrations were
determined under field and laboratory conditions.

parameter symbol  unit LODs(;) instrument (model)
lab field

nitric oxide NO ppb 0.23ppb 0.10ppb  ThermoElectron, 42C

nitrogen dioxide NQ ppb 1.01ppb 0.31ppb ThermoElectron, 42C

ozone Q ppb 0.8 ppb 0.98ppb  ThermoElectron, 49C

carbon dioxide (6(0) ppm 1.2ppm 1.5ppm LiCor, LI-6262/LI-7000

water vapour HO ppth 0.3ppth  0.2ppth  LiCor, LI-6262/LI-7000

air temperature T °C thermocouple

relative humidity rH % Rotronic, MP100A

photosynthetic active radiation ~PAR pmotths—1 LiCor, LI-190SA

photolysis rate j(NOy) s71 filter radiometer

air pressure P hPa Ammonit
s?andards were used (355.At ppm, 401.1 ppm, 453.8 ppm, A'fm,Noz = SMNO,.0 - XD (bNOZ . mNOg) (12.1)
Liquid, Germany); the KO signal has been calibrated by a
dew point generator (LI-610, LiCor, Lincoln, NE, USA). To *™NO= Sm.NO,0 - exp(Bno - mno) 122

maintain high quality concentration measurements even Unghere sy, NO,.0 and smnoo are the standard errors at
der long-term field conditions, it was necessary to controlmNoz =0 andz’nNo:O, bN02’ and Bno (in nmol-1 m3) have

and to service the system frequently. In the field, calibra-peen derived from calibration exercises.
tions were performed once a week to ensure stability of the
analyzers (quantifying potential drifts), while in the labora- 3.3 Dynamic chamber system
tory calibrations were performed just before the start of the
experiment. 3.3.1 Design and construction

The determination of the limit of detection (LOD) is par- ]
ticularly important for the exchange measurements of NOTNe open (flow through), dynamic chamber system was a fur-
and NQ, as (very) low concentrations have been enCoun_ther.qevelopment of the system; operated in previous studies
tered under both, laboratory and field conditions. According(Sctafer et al., 1992; Kesselmeier et al., 1996; Kuhn et al,,
to MacDougall and Crummett (1980) the “limit of detection” 2002). The system was designed for measurements of trace

is the lowest concentration level that can be determined tdas €xchange in the field with minimal effects on the gases.
be statistically different from a measurement of “zero” con- The system has been demonstrated to work under field condi-

centration. Here we define LOBifyo,), LOD (mno), and tions. The design of the chambers is illustrated in Fig. 4 and
LOD (mo,) as three times that standf’;\rd deviati®g (o,.0 details of the used materials and parts are listed in Table 4.
SMNO,0» Sm.0s.0)» Which has been obtained through a statis- The chambers had an inner _dlameter of 4_0 cm. The height
tically significant number (laboratory: 360, field: 160-360) Of the chambers could be varied by extending the frame and
of zero-air measurements. In Table 3 the L@D)of the in- could be adjusted for the plant specimen. The initial height
struments are summarized. The conversion efficiency of tha¥as 45cm and we used extensions of 15 cm at field measure-
BLC for NO, was around 25 % during laboratory measure- ments. The chamber frame and the lid were made of PVC

ments and 32-36.5 % under field conditions. and acrylic glass. _ _ _
Besides the determination and rigorous control of the The inner walls consisted of a thin transparent Teflon film

LOD?’s, the quantification of the analyzers’ reproducibility (FEP). Previous investigations of the spectral transmissiv-
(precision) is still more necessary, as exchange fluxes of th#y of the FEP film have shown that photosynthetically ac-
NO-NO,-Oj triad are evaluated from very small differences tve radiation (PAR) nearly completely transmits this film:
of concentrations measured at the inlet and the outlet of thd" the spectral range of PAR (400700 nm) transmissivity is

dynamic plant chamber. We define the precision of the an2P0ut 95%. In the range of <400nm, the transmissivity
alyzers as the ratio of the standard errgss and the cor-  ©f the FEP film is about 90 % (Séfer et al., 1992; Pape et

responding concentratioms; (i =NO, NO,, Os). The stan- al., 2009). A consequence of the horizontal installation of
dard errors of NO and Nmeasurements were found to the chamber during field measurement is that transmission

be a (weak) function of the NO and NGoncentrations of the acrylic glass parts of the chamber plays only a mi-
themselves: nor role. Furthermore, the Teflon film was reported to show

no interferences with trace gases tested such as organic acids
(Schafer etal., 1992; Kesselmeier et al., 1997), monoterpenes
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controlled the power supply for the mass flow sensors, purg-
ing and mixing fans, and signal recording by a PC card. Each
chamber could be controlled independently. Furthermore, the
V25 operated a number of environmental sensors for air
and needle temperature, photosynthetically active radiation
(PAR) and relative humidity, and recorded their signals.

3.3.2 Implementation of concentration and flux density
measurements

Exchange flux densities of the NO-N&; triad as well as

of CO, and HO are determined from the difference of mo-
lar concentrations measured at the inlet and outlet of the dy-
namic chambers. Ideally, a total of 10 analyzers per dynamic
chamber would guarantee simultaneous concentration mea-
surements at all these positions. However, full simultaneity
is usually prohibited, both for reasons of cost, and because
operation of two trace gas analyzers with an agreement (in
their absolute accuracy) much less of the expected difference
between inlet and outlet concentration is currently not fea-
i@ @) sible. Therefore, only one set of analyzers was used operat-
ing in a mode of continuous switching between the inlet and

Fig. 4. Photograph and schematic drawing of a dynamic chamberPUtlet position(s) of the (different) dynamic chamber(s). For

consisting of: (1) PVC (grey parts) frame, (2) acrylic glass (blue 928 piping the tubes from the different positions at the cham-
parts) lid, (3) FEP film (red parts in the scheme), (4) clamp to attachb€rs were combined to one insulated and heated (above am-

lid to frame, (5) silicon straps, (6) inlet fan, (7) air mass flow sensor, bient temperature) bundle to prevent water vapor condensa-

(8) Teflon propeller, (9) mixing fan, (10) sample tube for chamber tion. To ensure similar conditions for all lines, all tubes were

air, (11) filter, (12) closure, (13) plant material. set to the same length (in this field study 37 m). The sam-
pling air flow was maintained by Teflon membrane pumps
with an air flow of 8—10 I mirrt. To avoid contamination of

and isoprene (Kesselmeier et al., 1996, 1997; Kuhn et a”ubes and analyzers a PTFE particulate filter (pore size 2 um)

2000), and reduced sulfur compounds (Kesselmeier et alV@s installed in front of the intake line. Switching between
1993)j the different intake lines was maintained by several 3-way

The FEP film was fixed with elastic silicone straps around PFA solenoid valves. The necessary quantity of valves de-
the outer side of the frame. The inner side of the lid wasP€nds on the number of dynamic chambers in operation. The
covered by the Teflon film as well. The lid was fixed to the sample line connected the valve block to the analyzers. Even

chamber with four clamps. Several holes in the lid allowedWnen an individual intake line was not switched to the an-
the installation of tubes, mixing fans and the intake system@YZ€rs, the air flow through it was kept constant. A second

of purging air. The purging air flow through the chamber was V25 _unit was used to control the solenoid valves and the cy-
established in the field by a blowing axial inlet fan which Cle times and recorded the data of the trace gas analyzers.
was controlled by an air mass flow sensor installed outsidd"€asurement cycle times and switching (during field experi-

the chamber frame. In the laboratory we used pressurized aff"€Nts) is shown in Fig. 12a. The shown cycling time of 4 min
for flushing the chamber. For a continuous turbulent mixing 'S & result of optimization between fast switching and the an-

of the air inside the chamber a Teflon propeller driven by a_alyzers’ and system’s capabilities: the most important issues

magnetically coupled motor attached outside and two Teflor" this respect are the analyzers’ (moving) averaging times of
coated mixing fans were used. This design ensured that tha® S and the temporal response of the analyzers to switching
air pumped through the chamber only came into contact witncencentrations. o
parts made of Teflon (PFA or PTFE). For the measurements Air temperature and needle surface temperatures inside
several chambers were combined (Fig. 5). As in former studN€ chambers were continuously rﬁcorded by Teflon covered
ies on the N@ exchange with different plants, an extra empty thérmocouples (0.005 Chromegd"-Constantan, Omega,
(“reference”) chamber was also applied. The empty chambel/K)- PAR was detected outside the chamber with a LiCor
was used to detect basic contamination in the system, adsor@{antum sensor (model LI-190SA, LiCor, Lincoln, NE,

tion/desorption, as well as to investigate gas-phase chemicaf SA)- Relative humidity was measured with a combined

reactions within the chamber volume and at the wall surface €Mmperature and relative humidity probe (Model MP100A,

A central V25 microprocessor unit (PASCAL based code) Rotronic, Switzerland).
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Fig. 5. Schematic set-up of the system with three dynamic chambers. Open lines are PFA sampling tubes, black lines are cables for data
acquisition and control.

3.3.3 Laboratory set-up middle of the chamber was about 450 pmol photond a1+,

The plant chambers were continuously flushed with pu-
For laboratory experiments the plant chambers were in+ified air, obtained by passing compressed air through a
stalled inside a thermostatted cabinet (Heraeus, Germanyjas purification system consisting of several columns in
which was kept under controlled temperature and humid-series, filled with silica gel (2-5mm, Merck, Germany),
ity conditions (day: 23C, 60 %,; night: 20C, 50%) with  molecular sieve (0.3nm perlform, Merck, Germany), char-
a light/dark regime of 12/12h. In addition to the cabi- ¢oal (0.3 mm LS-Labor Service, Germany), and glass wool
net irradiation (Osram Powerstar HQI-BT 400 W/D) we (Merck, Germany). The purified air was then led through
used a set of light emitting diodes with a spectral band-a glass tank filled with demineralized water to humidify
width of 400-700nm. The total measured PAR in the
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Table 4. Manufacturer details for parts of the dynamic chamber system.

part manufacturer

specifications

(1)+(2) chamberframeandlid MPI workshop, Germany

?3) inner chamber wall Saint Gobain, Germany

4) clamps Holex, Germany

(5) silicon straps Dichtungstechnik Bensheim GmbH, Germany
(6) inlet fan Micronel, Switzerland

@) air mass flow sensor Honeywell International Inc., USA

(8) propeller APC Propellers, USA

9) mixing fan Micronel, Switzerland

(10) tubing diverse

(11) in-line filter case Entegris Inc., USA

particulate membrane
filter

solenoid valves
sample pump

heating tape

Pall Corporation, USA

Entegris Inc., USA
Vakuubrand, Germany

EHT Haustechnik AEG, Germany

PVC, acrylic glass
FEP (fluorinated ethylene propylene) film,
thickness 0.05 mm, chemically inert,
transparent for visible and UV light
parallel clamp, typ 25
transparent MVQ-silicone cord, diameter 5mm
axial fan, model D344T012GK-2
model AWM 700
Sport Prop,Xa@,
Teflor® coating by MPI workshop
ultra slim fan, model F62MM012GK-9,
Teflor® coating by MPI workshop
1/4PFA tubing
Gal@ldntegral Ferrule in-line filters

Zeftdbmembrane disc filters, model P5SPJ047,
pore size 2 um, diameter 47 mm
Gal@ldiaphragm valves, 3-way, Y/drifice
diaphragm pump, model MZ4C, chemical resistant
typ HT SLH 15/L300, self limiting,
max. holding temperature 8C, heat output 15 W mt

the air. Different NQ concentrations (between 0.3 and were used. Each chamber was flushed at a constant flow

4ppb) were generated by mixing NCfrom a pressur-
ized standard cylinder{sd,ng, =41 151+ 2049 nmol 3
(1.00440.050 ppm) NQ in N2; Air Liquide, Germany) into

(0) of 141min~1, controlled by mass flow controllers (MKS
Instruments, USA), resulting in an exchange of the entire
chamber’s volume every 4 min. For two minutes each, air

the purified air stream. Mixing was performed by adjust- samples were directed to the analyzers from three different
ment of two mass flow controllers (MKS Instruments, USA), intake lines (purging N@ mixture (upstream of the cham-

one to keep the flow of N@standard gasdsi ng), the
other the flow of the purified air strean®§;) constant. The
blended NQ concentrationspiend,ng) and its standard er-
ror (sm_blend,NG) are given by

(mstd,NG, Ostd, NG, + Mdil N0, Odil)

Mplend, NG = (131
end.NQ (OstdNo + Odil)
2
o b = (mblendNG)
Sm-blend NG Mmstd, NG, Ostd, NG,
2
5Q_std,NG, Qdil) 2
== ) + (so.dil (132
\/< Ostd,NG (so.01)

bers), outlet of empty and plant chambers). All analyzers
were placed inside a cabinet (GKPv 6522, Liebherr, Ger-
many) thermostatted at 2& to minimize variations of the
analyzers’ signals caused by temperature fluctuations.

3.3.4 Field site description and set-up

The field experiment was conducted within the project EGER
(ExchanGE processes in mountainous Regions). The second
intensive observation period (IOP-2) of EGER took place
in summer 2008 (1 June—15 July) in the “Fichtelgebirge”
(northeast Bavaria, Germany), a mountainous region, cov-
ered mainly by forests and arable land (including meadows),

wheresm plend,Ng results of Gaussian error propagation ap- and lakes. The research site “Weidenbrunnen®(8®31” N,
plied to Eqg. (13.1); concentrations (and standard errors) ofLl1°5201" E; 774ma.s.l.) is part of a spruce forest ecosys-

Mstd NGy Mblend, NG » @Ndm il No, are in nmol T3, flow rates
(and standard errors) of i@sta.no, and Qg are in n¥s™L.
For calculation ofm plend,ng it IS assumed, thatisig ng, 1S

tem, which resulted from intensive re-forestation in the last
century. The plant cover is dominated by Norway Spruce
(Picea abied..). The stand-age was 56 yr (according to Al-

constant (during the time of the laboratory experiment) andsheimer, 1997) and the mean canopy height was 23 m (Ser-

mdi iS zero.

afimovich et al., 2008). The tree density of the stand was

The NG mixture was directed into the dynamic plant 1007/ha (Alsheimer 1997), with a leaf area index (LAI)
chambers (without using the blowing axial inlet fan as for of 5.2 (Thomas and Foken, 2007).
our field studies). For the laboratory measurements one plant For the field measurements we used two dynamic cham-

chamber and one empty chamber with a voluvig ¢f 57 |

www.atmos-meas-tech.net/5/955/2012/

bers to determine exchange flux densities of two spruce

Atmos. Meas. Tech., 5, 9%8B-2012



968 C. Breuninger et al.: The dynamic chamber method to study trace gas exchange

branches of two different trees. In addition, one empty3.3.6 Monitoring of plant-physiological processes
chamber was operated nearby the plant chambers. The cham-

bers were installed at a height of 13 m above ground (at aVorking with chambers and enclosed plants (parts of plants)
32m tall tower). The ambient air inlet was mounted at 16 mnecessitates control of the plant living conditions. Chamber
height. The chambers had a volunié) (of 751, and a con-  operation and design must not disturb plant metabolism. For
stant flow ) of 601 min~! maintained a continuous and €xample an insufficient purging air flow would affect the gas
complete air exchange in 75s. For best performance, all anexchange of the plant. An increase of water vapor concentra-
alyzers were placed inside an air-conditioned container orfion and a drop of the Cflevel would trigger a nonphysi-
the forest ground close to the tower. All insulated and heatecPlogical stomatal behavior. Thus, the simultaneous measure-
(see above) intake lines were running from the individual po-ment of CQ mixing ratios and surface exchange fluxes (as-
sitions of the chambers to the container and were of equa$imilation), HO surface exchange fluxes (transpiration) and
length (about 37 m). The four intake lines (ambient air; out- determination of stomatal conductance were performed to
lets of plant chamber 1, plant chamber 2, and empty champrovide an indication of the plant condition. For long term
ber) were sampled consecutively for four minutes each. Thdield measurements further comparing measurements with
measurement cycle was as follows: (1) ambient air, (2) planf1on enclosed plants (or part of the plants) would be advanta-
chamber 1, (3) reference chamber, and (4) plant chamber geous to indicate the potential effects of enclosures. Within

(see Fig. 12a). this context, measurements of the photosynthetic capacity in
response to temperature, radiation, 3fiixing ratio and rel-
3.3.5 Plant material ative humidity or analysis of the nutrient composition of en-

closed and control plants are of great help. We validated the
Laboratory experiments were performed with 3- to 4-yr old photosynthetic capacity of the enclosed needles in compari-
Norway Spruce treesP{cea abiesL.) grown in pots in @  son to control needles by measurements of in-sity @
commercial soil mixture. All specimens originated from the H,0 needle gas exchange in response to temperature, radia-
EGER field site and were dug out half a year before thetion using a portable gas exchange system (WALZ GFS3000,
measurements started. For the laboratory studies the abovgvalz, Effeltrich/Germany).
ground parts of the whole tree were enclosed in the cham-  After field experiment we could not identify visual dif-
ber. A typical young tree had a leaf are@idy) of 0.44n?  ferences between enclosed and not enclosed plant material.
in total. For the field experiments branches of adult Nor- Moreover, no differences in physiological performance were
way Spruces were investigated. The front part of an intactdetectable. Furthermore, analyses of the composition of nu-
branch with older needles and new shoots, still attached tqrients of needles were without findings. Detailed results of
the tree, was enclosed to around 40 cm length in the chamthese analyses will be given in a consecutive publication.
ber. Two plant chambers on different trees were used for the
field studies. At the end of the studies the total enclosed leaB.4 Quality assurance and error analysis
area (two-sided) was measured to be 0.99tree 1) and
1.02nt (tree 2) with a dry weight of 66 g (tree 1) and 78g 3.4.1 Corrections for concentration changes in long
(tree 2). For determination of leaf area and dry weight the tubing
leaves of the enclosed branches were harvested at the end of ) . , .
experiments. Leaves were scanned by a calibrated scannkPNd intake lines (mostly necessary for field experi-
system (DeskSCAN I, Hawlett-Packard, USA; area deter-MeNts) may impact the trace gas concentrations (Beier
mining software SIZE, Niller, Germany). Dry leaf weight 2nd Schneewind, 1991). Trace gases may ad- or absorb
was obtained after drying for two days atDin an oven  ©" the inner walls of_the tubing, and/or react with v_aach
(Heraeus, Germany). During the long term field measureOther according Reactions (R1) and (R2) (see Appendix A).
ments spruces were producing new needles, therefore we ednerefore, we used opaque tubing to completely prevent
timated the leaf area during measurement time by linear inPotolysis of NQ. Hence, Reaction (R1) (NO +fpwas the
terpolation. The needles of spruce have stomata on the entif@0St important reaction to consider. For a known residence
needle surface, therefore the area of the whole surface wadme: temperature and pressure in the tubes, the mixing
used. For needle surface area calculation the single surfad@lios of NO, NQ, and @ can be corrected according to
area was multiplied by factor 2.74 according to Riederer etS€i€r and Schneewind (1991). To proceed, the residence
al. (1988). All exchange measurements started one day aftdfme of the individual trace gas in the tubing as well as

enclosure in order to allow an acclimatization of the branchth® characteristic chemical reaction tims; (i =NO, @2
or plant. must be known. The latter is calculated ty6 = (k No,) ™~

and o, =(k Nno)~ L, respectively Mo, and Nno in
moleculescm?®, kr1=k=1.4x 10 2exp (-1310/) in
cm® molecules® s~1; see Atkinson et al., 2004).
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3.4.2 Temporal response of analyzers Sorption effects (ad-, ab-, desorption) to and from the
inner wall materials of the dynamic chamber should not
Tests were carried out to check the response of analyzergodify the concentrations of (reactive) trace gases. Using
to changes of concentrations when switching between inthe laboratory set-up, we investigated potential sorption ef-
take lines with low concentration of the respective trace gasects to the inner walls of an empty chamber by fumi-
(NO, NGO, Og) to another intake line with high trace gas gating it consecutively with different NO, NO and G
concentration (after stabilization), and back to the intake lineconcentrations. There were no desorption effects observed.

of low concentration. Wall absorption was quantified in form of “blank” deposi-
tion velocities, where ;i =0 (ma; —ms;)(Awalms;
3.4.3 Temperature dependence of analyzers (i =NOy, NO, O3). depuwalli = Q (ma; si)/(Awaims;)

The signals of analyzers are sensitive to the surrounding tem- In the field, the transmissivity of the FEP film (the dy-

perature. These effects are of particular importance for field"2M'c chamber's wall) for PAR and the N@hotolysis rate

. o e j(NO2) was monitored by continuous and simultaneous mea-
studies where it is more difficult to keep temperatures con- ) o o
. . surements of corresponding radiation fluxes inside and out-

stant. Thus a series of tests were performed to determine the : .
ide the chamber. PAR was measured with a LiCor quan-

temperature dependence of all trace gas analyzers. The tes[ S

were done inside the conditioning cabinet (Heraeus, Ger-amsensor (model LI-190SA, LiCor, Lincoln, NE, USA) and

many) under different temperature conditions (temperature/(NOZ) was determined as an omni-directional actinic UV

range: 18-48C). For each analyzer a calibration was carried radlatlon_ flux using ey(NOz).-s_enso.r (filter radiometer, Me-
: " teorologie Consult GmbH, &nigstein, Germany).

out at each temperature level. We considered the correction

of the analyzers’ signals necessary if th_e obseryed drift W|th3 45 Significance of concentration differences

temperature exceeded the maximum signal noise measured

with zero air. We did not perform a correction when the drift In the laboratorv. the exchanae flux density is directly pro-

was below 1% for the entire temperature range or the ana- Y 9 Y yp

; . . portional toAm; =(ma; —ms;), the difference of trace gas
lyzer's noise was greater than the temperature drift. concentrations at the inlet and the outlet of the dynamic

3.4.4 Dynamic chamber: internal mixing, exchange rate chamber (see Eq. 2). Even under field cqnditions, the major
of chamber volume, wall absorption, and component of the exchange flux densfity; is O/ Ajeat A m; .
transmissivity Keeping in mind, that (a) the sign @fm; determines direc-

tion of the exchange flux density, and (b) the errorsgf

Effective turbulent mixing and fast exchange of the plantandms; are decisively controlling the error afm;, (and

chamber’s volume are essential for the determination of exconsequently that afex;), it is obvious to control the signif-

change flux densities of reactive as well as non-reactive trac&ance ofAm. The corresponding statistical test requires the
gases (cf. Meixner, 1994; Meixner et al., 1997). Particularly,number of individual measurements, the averages and stan-
the derivation of accurate NOand G leaf conductances dard errors ofns; andma;. These were provided and cal-
from NO, and G deposition velocities obtained by dynamic culated from the individual concentration measurements dur-
chamber measurements critically depend on the effectivened§9 one measurement cycle (laboratory: 30 min, field: 4 min).
of internal mixing and the chamber volume’s exchange ratePrior to this, we identified outliers in the data sets by ap-

(Cf. Pape et al., 2009) Fast internal mixing of the Chamber’spncation of the Nalimov-test, a variant of Grubbs’ test. The

volume was assured by Operation of three fans (See F|g 4§ignificance of differentiation between the two averages of

inside the chamber. A similar procedure was chosen by Pap#s; andma; was statistically secured by application of the t-

et al. (2009), who quantified complete mixing of the cham- test. Am with statistical significance below 99 % & 0.99)

ber volume in less than 2s. The exchange rate of the chamwere correspondingly flagged and not included in subsequent

ber's volume is primarily determined by the voluriieand  calculations.

the purging rate). However, due to delay effects of the sam-

pling lines and due to the limited response times of the ana3.4.6 Regression analysis

lyzers after switching between the different intakes, it is not

possible to directly observe the trace gas’ mixing in the plantSince the concentrations,; andms; are measured with

chamber. Therefore, the time needed to equilibrate trace gaéentical analyzers (see above), corresponding standard er-

concentrations in an empty plant chamber was determinedOrSsms; andsma; are of the same order of magnitude. There-
by measurements of a fast-response helium detector (Pictore, bi-variate weighted linear least-squares fitting (which
leak detector, MKS Instrument Inc., USA). A helium pulse considers uncertainties of boths; andma,) is preferred to

was released into the purging stream of the chamber and th@ny standard forms of linear regression analysis (which con-
needed time for equilibration was determined. sider, at best, uncertainties in thevalues, but no uncertain-

ties in thex-values). The preferred algorithm delivers cor-
responding values of interseet; ] and slope &;) and other
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statistical quantities, like the standard errorsngfand b; Table 5. Results of the temperature dependence tests of the analyz-
(sn,, sb;i), as well as correlation and regression coefficients,ers used in this work. Stated temperatures are internal temperatures
r(ms;, ma;) andR%(ms;, ma;). York et al. (2004) presented ©f the analyzers. The drift specifies the signal change over the whole
the original set of equations for bi-variate weighted linear temperature range. The signal noise is the maximum noised@-
least-squares fitting regression analysis, where the gippe t€cted with zero air during the test.

has to be solved iteratively (see Appendix B). We made

use of a Microsoft Excélspreadsheet for the iterative cal- 2 2 gtgzce terrgzzr:t”re drift (;;gna' noise
culation, which has been provided by Cantrell (2008) as a
Supplement of his papehitp://www.atmos-chem-phys.net/ 'I::‘Zggg ggzz ;;jj"g +%-957 ppm 8-225 ppm
-8- - - i - : —35ppm  0.23ppm
8/5477/2008/acp-8-5477-2008-supplemen}.zip TEl 49C o 2146°C  +04ppb  0.7ppb
. TEI 42C NO 18-46C  —1.9ppb 0.2 ppb
3.4.7 Stand.a_rd errors.qf exchange flux deq3|tles,_ TEI42C/BLC NO, 18-46°C  —104%  0.5ppb
deposition velocities, and compensation point
concentrations

of the hypothesis whether or not the averagen@bmp; is

highly significantly ¢ =0.999), significantly ¢ =0.99), or
likely (a =0.95) different frommg, .. = 0.

For that, it is assumed that each of the test quantities

Standard errors of exchange flux densities;, deposi-
tion velocitiesvgep;, and compensation point concentrations
mcomp; Of the NO-NQ-Og3 triad may be derived by apply-
ing standard Gaussian error propagation. The standard errors
of all variables on the right hand side of Egs. (1.1)—(1.3), B .
(7.1)~(7.3), and (8.1)—(8.3) must be known, and all variables’i = (mcompi - mcompi) '
of each individual equation should be independent of each

other. However, the latter is not the case for (at leagf)and ~ matches the-distribution with N — 1 degrees of freedom.
ma; (see Egs. 1.1-1.3). Therefore, application of the generDepending onw, the hypothesisncomp; = mgomp; Must be
alized form of the Gaussian error propagation is preferredyejected, if

which considers the mutual dependence of each pair vari- .

ables (Taylor, 1982; Phillips et al., 2002). The general for-"hcompi — Mompi| = Sm,compi * fo; N—13 (i.e.% < 1) (16
mulation of the standard errey of a quantityy = f(x1, x2, !

i = NO2, NO, O3 (15

Sm,compi

X3, ...,Xn) reads as follows: wheret,. y_1 are the values of thedistribution v — 1) for
«a=0.999, 0.99, 0.95, respectively.
Sy = _.'sx’l') +2: PRy
=1 \0xi P e L L 4 Results
“Sx,i Sx,j 0 (x,-;xj) (14)

4.1 Analyzers and system performance
wherer (x;; x;) are the correlation coefficients between each
pairs of allx; andx;.

The individual variables; for the quantitiesy = Fex,No,,

The results for the test of temperature dependence of all ana-
lyzers (see Sect. 3.4.3) are listed in Table 5. Between 18 and
FexNo» FexOy: UdepNG» VdepNO  UdepQs  McompNGys 46°C the efficiency of the BLC drifted f_rom 37.0%to47.4 % _
mcc;mp,No and mcomp:q are defined by ’ Egs. (1_1)’_(1'3), over the whole.temperature range. ThIS means that for an ini-
(7.1)~(7.3), and (8.1)(8.3). These are listed in Appendix clial concentration of 10 ppb NfJa drift of 2.2 ppb over the
as well as all the corresponding derivatives necessary to calvnole temperature range would be oblserved, which is equiv-
culate the standard errors of these quantities according tg'€nt to 3.6nmolm= K=" (0.08 ppb K%). For NO the sig-

Eq. (14). nal drift was 2.8 nmolm3K~1 (0.07 ppb K'1). The data of
the CQ and 4 analyzers did not need to be corrected be-
3.4.8 Significance of the compensation point cause the signal drift was below 1% for the entire temper-
concentrations ature range, in contrast to the NO and N@lues. For the

mathematical correction the slope of the regression line of
The bi-variate weighted linear least-squares regression anathe temperature tests (trace gas concentration versus temper-
ysis ofma; andms; delivers the intercept;, the slopé;, and ature) was used.
their standard errors,; andsp;. According to Egs. (8.1)— On the basis of the results of calibration procedures it was
(8.3), each of the compensation point concentratiogssp; found, that the standard error of theg @oncentration mea-
of the NO-NQ-Os triad can be considered as a random vari- surements could be considered as constafg(3 nmol nT3
able, represented by the averagemgfomp; and the stan- or +0.32 ppb) for the observed range o Goncentrations
dard errorsm,comp;- The decision whether or not a com- (719-2866 nmol m3 or 19-77 ppb). The standard errors of
pensation point concentration exists is equivalent to the tesNO, and NO concentration measurements are described by
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Fig. 7. Response test for step changes between two different NO

Fig. 6. Precision {m no,/mNo,) Of the applied NO/N@ ana- concentrationsmno,). The red dashed line marks the switching
lyzer during laboratory (red curve) and field experiments (greenpoint. Note: negative values resulted in delayed internal compen-
curve). For comparison, curves for precisions of hypothetical an-sation process for temperature and pressure of the analyzer after
alyzers with 0.0k LOD (mpo,) < 2 ppb are also shown (numbers  Switching.

on black and grey curves). The blue curve is the precision of the

blended NG concentration used for fumigation of the young spruce

trees in the laboratory. and by chemical reactions inside corresponding tubing (see

Sect. 3.4.1). The tubing residence time for the 36.5m long
tubes of the field experiment wast.1 s under ambient tem-
perature and pressure conditions, calculated from sample
flow (8.5-10 1 mir1), the length of the tubes, and the tubes’

- m inner diameter (0.00435 m). Since a considerable high flow
Bno, =3.42x 19_44 nmoil ”;3 (1.40x %(2) ZPEE’ ). and through the intake filters and the long, thin tubes caused
Bno=7.88x 107" nmol" m" (3.23x 10~ ppb™7). a distinct pressure drop (approx. 490 hPa), the actual resi-

In Fig. 6, thg precision Stni/mi) of 'the concentration dence time was consequently shorter (1.9 s). The character-
measurements is exemplified for N@uring laboratory (red .

. : - stic chemical time scalerénhem e-fold time) for the NO+Q@
curve) and field experiments (green curve). The precision O#reaction (see Reaction R1) was within 2@cnem<120S
mno,Was only approx. 359% during laboratory expernments y i, the entire field experiment. Sineghem was always
at LOD (nno,) = 1.04 ppb (46.4 nmol ). Before the field g b ' Shem y

: h ¢ f the NO/N@nal h much longer than the tubing’s residence time, any effects
experiment, the performance of the N@nalyzer has of the NO + QG reaction on measured concentrations could

been considerably improved by increasing the residenc%e neglected (as well as for the N®hv Reaction R2,

tlme_o_f the air sample in the BLC cell. Co(r)lse_quently_the since opaque tubes have been used). However, the flow rate
precision at 1ppb improved to nearly 10% in the field between the valve block (see Fig. 5) and the analyzers is

(ggvgever, lpregisitl):n Wfas iti” 35%at !‘O@“OJ = 03]& ppbh about 1/10 of the tubing purge flow; therefore, the “response
(13.8 nmol ). For further comparison, we consider that time” of the entire system for a sudden change of concentra-

concentrationm;, where corresponding precision curves tions was tested. Results are shown in Fig. 7 for,N@ep
fall short of the 10 %-precision lines. These concentrationsChange from 41 to 861 nmol ). Immediately after switch-
were 161.9nmolm3 (3.63ppb; laboratory conditions), '

3 T " ing some typical pressure effects (valves) could be observed,
35'22@()' ml (13'08 p3%b f:fld cgnfglons)i%ndotgesy wtc))uld but a temporally stable concentration was reached after 90 s.
be 14./nmoim (0.33pp )an +-5 Mo (0.03 ppb), For the return switch a quite similar effect were observed,
if analyzers could be applied with LORyo,)=0.1 and

- : and “response times” of NO,)CO,, and HO were com-
0.01 pp_b, respecp\_/ely. Forthe NO ?‘”@ @nalyzers applied parable (data not shown). Based on these tests, the first 90 s
under field conditions, corresponding NO angd ncen-

. o of each concentration measurement were skipped from fur-
trations (<10% precision) were 15.2 nmolt (0.34 ppb; PP

- ' ther data processing.
LOD (mno) =0.10ppb) and 144.5 nmol  (3.24 ppb; The temperature difference between inside and outside
LOD (mo,) =0.98 ppb), respectively.

. the plant chamber was 1.330.98K for the entire field
The performance of the dynamic chamber system dependéxperiment

critically on the temporal delay of concentrations (measured
by only one set of analyzers) which are caused by switch-
ing between different intake lines of considerable length

Egs. (12.1) and (12.2); the parametéfsvo,,0, andsm no,0
are given in Table 3 (@-definition: LOD (n;) = 3 sm,.0), and
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Fig. 9. Simultaneous measurements of radiation in and outside a

Fig. 8. Temporal course of blended N@oncentrations (12.3, 24.6, chamber(a) Photosynthetically active radiation PAR (slope =0.94,
41.0,73.8,and 139.4 nmolmd (0.3, 0.6, 1.0, 1.8, 3.4 ppb)) used for R2=0.98, n=456), (b) photolysis rate j(NO,) (slope=0.66,
fumigation of young spruce trees during the laboratory experimentsR2 = 0.99,n = 1440). The black line indicates the 1:1 line and the
NO» concentrations were provided by diluting a Bl€tandard into  red line represents the linear fit on the data points.
purified air. Red dashed lines indicate times where blending was
changed to obtain the next N@oncentration.

4.3 Characterization of the dynamic plant chamber
4.2 NGO, blending for fumigation experiments 4.3.1 Radiation and NG photolysis rate

For laboratory N@ fumigation experiments very low (ppb- Transmissivity of PAR through the chamber walls (FEP film)
and sub-ppb levels) and temporally stable Nédncentra-  is a fundamental requirement if the plant is not to be affected
tions have to be made available. That is essentially necessatyy the chamber itself. Moreover, the calculation of the ex-
to significantly identify any N@ compensation point whose change flux densityey; (see Egs. 1.1-1.3) has to consider
concentrations are expected at these low concentration lewhe NG, + hv reaction. For this, the photolysis raféNO5)

els. Blended N@ concentrationsrpiend,ng) Of 13.4, 26.8, inside the chamber volume has to be known. Therefore the
44.6, 80.3, and 151.7 nmolm (0.3, 0.6, 1.0, 1.8, 3.4ppb) transmissivity was quantified by simultaneous measurements
were provided by diluting an N®standard into purified inside and outside the chamber. While PAR was 10 % lower
air (see Sect. 3.3.3). A typical course of these concentrainside the chamber than outsidgNO,) was 30% lower
tions are shown in Fig. 8, where the vertical dashed linesinside the chamber (Fig. 9). Therefore, 70% of ambient
indicate times where blending was changed to obtain thej(NO,) was used for the calculations 6ky;, vdep; , mcomp;

next N concentration. A stable signal of the new NO and their standard errors.

concentration level was reached after max. 60 min. Fluctu-

ation of the blended N©concentration was between 8.0 and 4.3.2 Sorption effects and chamber volume exchange
16.1nmolnT3 (0.18-0.36 ppb). These fluctuations do not time

depend on the analyzers’ temperature (see Sect. 4.1). Dur- . .
ing laboratory measurements, the temperature variation of\? €mpty dynamic chamber has been exposed to vari-
the instrument was only:0.5°C, which would be equiv- ©OUS concentrations of NONO, and @ and “blank flux
alent to a change Ofipiend,Ng = 44.6 nmol m3 (1ppb) of gjensmes have _b_ee? determined according to _Eq. (2).
less than 1 %. The measured fluctuations could be also dugdlank flux densities” for NO, N@, and Q are listed

to the precision ofnpiend.ng Which depends on the preci- nj Table 6. They wer(,a glways negative (i.e. no desorp-
sion of the applied mass flow controllers. According to the fion from the chamber's inner surfaces) and revealed very
manufacturer, the precision of the mass flow controllers isloW values. Expressedg in corresponding ::W""” deposition
+0.8 % of full scale. Using this information, the precision of Velocities” __32-12X %0_ (NO), —2.92x 107°(NO), and
mplend,NG has been calculated through Egs. (13.1) and (13.2)"1-94x 107> mms™(Os) were found. These values were
and is also shown in Fig. 6. Uncertainty of the mass flow con-WO orders of magnitude lower thanyep; observed un-
trollers may have addee20 % to the observed variation of 9er laboratory as well as under field conditions. Comparing
measured the blended N@oncentration. Consequently ap- Ncoming and outgoing concentrations of the NO-NOs
plication of future NO/NQ analyzers (lower detection limit  fiad, @ maximum of 2% of the trace gases may have been
(30) < 2.2 nmol N3 (<0.05 ppb) will be useless, unless the absorbed by the inner surfaces of the plant chamber. There-

uncertainty of the N@blending for fumigation experiments fore, with regard to the mass balance of the dynamic plant
is improved significantly. chamber, neglecting of any mass fluxes to the walls of the

chamber ¢wa,;) (see Appendix A) is justified.

Atmos. Meas. Tech., 5, 955389, 2012 www.atmos-meas-tech.net/5/955/2012/



C. Breuninger et al.: The dynamic chamber method to study trace gas exchange 973

Table 6. Parameters of sorption effects to the inner chamber walls determined by laboratory expegmgeanslggg denote the 10 % and
90 % quantiles of the entire blank flux densify,,; ; data, concentration ranges represent applied fumigation concentrations during the
experimentAcmeandenotes the mean concentration difference of incoming and outgoing chamber air in % (range of differences in %).

Fyall,;,» pmol m2s1 concentrations
gas meanto) q10---990 Vdepwall,i» M s1  range, ppb Acmean
NO —4.47@352) -7.95..-1.13 —212x10°6 1062 0.8% (0.3-1.6)
NO, —4.43@3.11) -911..-151 —2.92x10°6 6-47 1.8% (0.4-3.4)
O3 —4.88 42.47) —7.05..—2.05 —1.94x10°6 7-45 1.6% (0.5-3.7)

The chamber volume exchange time was determined from
an experiment, where a short pulse of (chemically inert) he-
lium has been added to the purging flow of the dynamic _
chamber (see Sect. 3.4.4). Results are shown in Fig. 10. Fo_g
the time of complete exchange (i.e. a constant level of He 2
is observed), we used the time interval to reach 98 % of the g
final He concentratiorydg). Due to the limited temporal res-
olution of the He detector (5 sihg might have been between
80 and 85s. This result was similar to the time (79s) cal-
culated from chamber volume&/(=791) and purging rate
(0=60Imin1).

m,,. (arbit

4.4 Demonstration of exchange flux density
measurements

4.4.1 NQ exchange flux density: laboratory results , , , )
Fig. 10. Results of the response time test with helium. The

chamber ¥ =0.079n?) was operated with purging air flow rate

0 =601min—L. The red lines represent start and end of the helium

addition, the black dashed line marks the end of equilibration. For
the approximation of a complete exchange we used the time interval
for 98 % approximationzgg).

Here, we confine ourselves to the results of “daytime” exper-
iments, i.e. fumigation of the 3- to 4-yr old Norway Spruce
trees with 13<mano, <152nmolnT3  (0.3-3.4 ppb),
controlled temperature (2%), relative humidity (60 %),
and PAR (450 pmol photonstTis~1, for 12 h) conditions.
During experiment no significant difference mb, or mno
between reference and plant chamber could be detected, amben calculated according to Eq. (14) and are shown in
the amount ofj(NO,) inside the chamber was negligible Fig. 11. Figure 1la displays results dfexno, Where
with respect to any measurable effects due to Reaction (R2¢he 2--LOD (mno,)-definition, Fig. 11b where the ok

As shown in Sect. 4.1, the performance of theNfalyzer | OD (myo,)-definition has been applied. Furthermore, in
was definitely sub-optimal (LODrno,)=1.04ppb; 3-  poth panelsFex no, data were separated for the significance
definition). Therefore, we based our evaluationd'®{no,,  of Amyo, (significant: blue circles, non-significant: reddish
VdepNG, and mcompNg On @ 20 NOz detection limit  diamonds); the Kexno,; msnoy)-regression lines have
(28.5nmol nT3 or 0.6 ppb) for the observed concentrations been calculated according to Eq. (9) for #lxno, data
(ma,NGy» MmsNG,)- A total of 51 pairs ofinang, andmsno,  (pink line), and for thoseFexno, data, whereA mpo, is
have been obtained during the fumigation experimentssignificant (blue line). Corresponding N@ompensation
17 data pairs passed the LObNo,) criterion, where point concentrationsncomp,ng, Were calculated according
another three of them had to be rejected due to the signifEq. (11) and are represented by red filled circles (significant
icance criterion forAmno, = (maNo, —ms,Ng,)- Fourteen  Amyp,) and pink hollow circles (all data). Details of sta-
data pairs ofinano, andmsno, have been subjected to a tistical evaluation are listed in Table 7. Applying the simple
bi-variate weighted regression analysis (see Sect. 3.4.6)inear least-square fitting algorithm (without considering
which resulted inR?=0.9706, n1=1.74 2.63 nmol n73, Sm_a,NO, NOT Sm_s,NG,) comp,NG, IS @lways highly significant

b1=0.71£0.035, vgep,ng =0.22+0.013mm s1, and
Mcomp,NG, = 5.94 9.13 nmol m3. The significance proba-
bility of mcomp,ng # 0 is 47 % (“unlikely”). NG, exchange

(regardless of which LOD#no,)-definition is applied),
even if only thoseFexno, data are considered where
Amno, is significantmcomp,ng remains still significant.

flux densities fexNno,) and their standard errors have However, applying linear leastsquare fitting algorithms

www.atmos-meas-tech.net/5/955/2012/
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Table 7. Parameters of N@laboratory measurements of simple (no errors considered), simple (standard ey gf considered) and
bi-variate weighted (standard errormf o, andma no, COnsidered) linear least-squares fitting regression analysis. Data were separated
for all data ofAmno, = (ma,NG, — 1s,NO,) @nd for only significant data ofmnp,. Limit of detection (LOD) of 2r, 1o and no LOD was

applied to the data.

all (ma,NOZ - mS,NOz) data
linear least-squares fitting algorithm

only significantfa no, — 15,NQ,) data
linear least-squares fitting algorithm

simple, simple, bi-variate simple, simple, bi-variate
no errors onlymsNno, and weighted, no errors onlyh sno,  and weighted,
considered considered  sma,NG considered considered  smaNG
LOD (mNo,) statistical andm s NG andsm s NG,
definition quantity unit considered considered
LOD (mno,) N [1] 17 17 17 14 14 14
2X0mNO,0  R? (maNoy MsNG,) [ 0.9692 0.9716 0.9610 0.9794 0.9778 0.9706
definition Mcomp,NG, nmolm=3  165+1.81  14.2£12.15 17.3:7.29 6.8+2.22 2.2+ 16.76 5.9+9.13
Mcomp NG, 7 07 % 99.99 (HS) 74.03 (UL) 96.94 (L) 99.13(S) 10.31 (UL) 47.00 (UL)
Vdep,NG, mms 1 027+0.007 0.24:0.016  0.26+0.014 0.2H-0.006 0.26£0.015  0.22+0.013
LOD (mNo,) N [1] 45 45 45 33 33 33
1xomNop0 R? (maNoy: MsNOy) (1] 0.9695 0.9754 0.9605 0.9847 0.9851 0.9782
definition Mcomp,NG, nmolm—3  6.8+0.52 7.3:5.95 8.1+ 3.46 —-1.84+0.63 —-0.7+7.82 0.6+3.67
meomp, NG, 7 0? % 99.99 (HS)  77.46 (UL) 97.59 (L) 99.25 (S) 7.19 (UL) 12.17 (UL)
Vdep,NG, mms 1 0.21+0.004 0.22:0.012  0.22+0.010 0.19:-0.003 0.2G£0.012  0.2G+0.009
LOD (mno,) N [1] 51 51 51 36 36 36
not R? (maNgy Ms,NO,) [1 0.9682 0.9728 0.9575 0.9819 0.9815 0.9719
considered Mcomp,NG, nmol n—3 7.1+0.44 6.8+4.72 7.6+ 3.07 —-16+0.60 —0.4+6.22 0.5+ 3.67
Mcomp,NG, % 0? % 99.99 (HS)  84.62 (UL) 98.28 (S) 98.69 (S) 4.67 (UL) 11.30 (UL)
Udep,NG, mms1  0224+0.004 0.22£0.012 0.22:0.010 0.19£0.003 0.26£0.011  0.2G:0.010
(@) Msnoz2. PPb (b) Mg no2, PPD
0.0 0.0 0 1.0 1.5 2.0
0.005 + 0.005 +—+—+——+ L A
_,0.000 _ 0.000 - ‘ 1 1 1
2 ] 0 1 ‘ | |
£ -0.005 1 £ -0.005 ] ; | |
E ] °© ] ! !
£ -0.010 E -0.010 1 ; |
8 1 & 1 |
2 -0.015 ] © .0.015 ] |
Ll.é 1 3 1 |
-0.020 A L -0.020 | =
-0.025 0,025 1 :
0 0 20 40 60 80 100

Mg o2 NMol m3

Mg No2 - Nmol m3

Fig. 11. Laboratory NGQ fumigation of 3—4yr old Norway Spruce treeRi¢ea abiesL.) under controlled conditions (2%, 60 %,

450 pmol photons m2s~1): NO, exchange flux densityFex,Nnp,) VS. NO; concentration measured at the outlet of the dynamic plant
chamber f:5 No,) for application of 2-LOD (mg no,)-definition(a) and I -LOD (ms no,)-definition(b). Fex no, data were calculated ac-
cording Eq. (2), their standard errors according to Eq. (14). Blue circles idefgif)o, wherems no, > LOD (mg ng,), White circles stand

for Fex,no, Wheremg N, < LOD (ms No,), and reddish diamonds for thosgy no, data, which have to be rejected for non-significance of
Ampo, = (ma,NO, — Ms,NG,)- Blue line (considering blue circle data) and pink line (considering blue circle and reddish diamond data) are
calculated according to Eq. (9). N@ompensation point concentratim@omp,,\,q is calculated according to Eq. (11) and is represented by
red filled circles (considering blue circle data) and pink hollow circles (considering blue circle and reddish diamond data). More details of

statistical evaluation are listed in Table 6.
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which consider eithesm s No,, OF Sm.a,NO, 8N0sm_s,No,, the (&
. « . " . ambient air
existence ofmcompNg becomes mostly “unlikely”. With ch Pt
the exception of applying thes2NO, detection limit to all ChR
FexNo, data, the impact of different statistical treatments chpz2y L | B —
on the evaluation of N® deposition velocities is small () e 0 —
(0.19< vgep,Ng <0.22mms?). 2 20 1
8“ -40 ] ]
4.4.2 NO-NG-O3 exchange flux densities: field results < o M i
(C) £ 6 4 4
In Fig. 12 typical time series of trace gas mixing ratios are B 41 =t L
shown, measured at two different spruce branches duringthe S, 7 ’
. . . : T 0 S o, A .
EGER field campaign. The observed mixing ratio changes S I BN N N A e e .
were due to switching between the different intakes. Af- ) 60
ter switching, concentrations showed the delay effects men- g 5 1 Al | - L A ]
tioned above (see Sect. 4.1). Due to this, the first 90's after 5 e o1 ]

valve switching were skipped from subsequent data process N
ing (these first 90 s interval indicated as grey shaded vertical ) 20

bars in Fig. 12). Values for C£and HO were measured as g (5] I A x Fo ]
the difference between empty chamber and each switchedin s _e"’fm el e W
take. The temporal variation of G@nd HO concentrations = -
of the plant chambers versus ambient air or empty cham- o
ber represented the physiological activity of the plants, since 202 18 ]
the CQ exchange flux density represents the photosynthetic ;Uz j slen A T N s
e . LT go. D%m,m&_ywcwvfwh@ma,

CO, assimilation and the $0 flux density the transpiration o AY | g - *d B
of the enclosed plant parts. W G

During the field experiment nearly 3000 pairs mf; iy . I
and ms; have been obtained. Applying the LOB)) %gm ] % va% Z
(8o-definition) and the significance criterion for E et b A
Am;=(ma; —ms;), around 60% of the N© data pairs : T T L T T .
remained. In Table 8 the details of the data pairs selection time; ‘min

for both trees are listed for NO, NQand Q. Classifi-

cation according to measurements during day and n|ghF|g 128W|tch|ng scheme and time series of trace gas mixing ra-
demonstrated, that during night fewer data pairs werelios over two full measurement cycles during EGER field experi-

distinguishable from each other, especially those of NO . ment. Data were corrected for calibration factors, temperature de-

Between the spruce branches in both sampling chambers I,]|%endency and offset of analyze(g) Control scheme indicating
differences were noticeable periods of skipped data (first 90 s) for data processing (grey bars),

o o i sampling/analysis of ambient air (yellow bars), sampling/analysis

_ Afte_r cla55|f|cat|0n_ of all individual concentration _data_ of plant chamber 1 (green bars), sampling/analysis of reference
into different categories of leaf conductance (approx. identi-champer (red bars) and sampling/analysis of plant chamber 2 (blue
cal to different categories of radiation conditions), bi-variate pars).(b—c) Time series of C@ and H,O mixing ratios measured
weighted regression analysis between classified pairgpf  as difference between reference chamber and respectively switched
and ms; was performed (see Sect. 3.4.6). The data pairgntake.(d—f) Time series of @, NO, and NO mixing ratios(g) Pho-
were additionally screened for singular concentration peakgosynthetic active radiation (PAR).
of NO, NO,, and @, which mainly occurred due to advec-
tion of automobile exhaust gases from a busy country road
(2000 cars hl) in a distance of about 1-2 km from the site. PAR radiation (mean PAR =355 ptmol photonshs™1).
The problem of advection at this field site is well known, and The analysis for N@ resulted in R?(mano,,
has been documented through profile measurements of irsNo,) =0.9480, n1=6.5£1.59nmolnT3,  b;=0.79
and above canopy concentrations, as well as through eddy: 0.016, vdepng =0.18+0.034mms?, and mcompNg
covariance flux measurements of NO-NOs performed si- = —9.54+ 14.75 nmol nT3. The probability Ofncomp,Ng # O
multaneously to our dynamic chamber measurements (Plakés 46.37 % (“unlikely”); however, a negative N@ompen-
2009). For the analysis of dynamic chamber derivediax sation point concentration would be physically meaningless.
densities, we assumedcomp,q, =0 (no; =0), since emis-  For O; the analysis resulted iﬂz(ma,os, ms 0,) =0.9847,
sions of @ from plants are not known so far. b3=0.80+0.005, and vgep,q =0.324-0.018 mm sl In

For the present study, we restrict our results to oneFig. 13a (Fig. 14a), results of bi-variate weighted regression
spruce branch (chamber 1) and one category with highanalysis betweennano, and msno, (mao0, and mso,)

www.atmos-meas-tech.net/5/955/2012/ Atmos. Meas. Tech., 5, 9¥8B-2012



976 C. Breuninger et al.: The dynamic chamber method to study trace gas exchange

Table 8. Percentage of data; (i =NO, NO,, O3) above limit of detection (LOD #;), 3o-definition) and significant differences
Am; =(ma,NoO, — Ms,NG,) Of tree 1 and 2 for field measurements.

tree 1 tree 2
m; > LOD + significantAm; % of total m; > LOD + significantAm; % of total
(number of total) (number of total)
all (2988) day (1885) night(1103) all (2993) day (1887) night (1106)
NO 24 33 7 24 33 8
NO» 57 62 48 67 69 63
O3 96 98 93 98 99 97
(@) Mano2. PPD (b) Mg noz2: PP
0 1 2 3 4 5
2507#|###%# ——+—+—+—++ —— +
. 2001 £ %
‘e 1+ o
S 150 ] l E 11 ®
E ] : g 0057 | e
- : | I
§ 100 | & 0Ly e el L e T —
PR g |
= 11 $015 g e
50 12 - 2
11 g 027 ¢
1z % o »»%4 3
0 E r . . T 0.25 - - T ‘ I T T
0 50 100 150 200 250 0 50 100 150 200 250
M, oz » NMol m™ Mg o2 » nmol m™

Fig. 13. Field measurements{a) NO, concentration measured at the outlet of the dynamic plant chambegfd,) vs. NGO,
concentration measured at the inlet of the dynamic plant chambgmg,). Light blue circles identify data pairs for signifi-
cance of Amno, = (ma,No, —Ms,NO,) @nd reddish diamonds for those data pairs, which have to be rejected for non-significance of
Amno, = (ma,NO, — s,NG,)- Blue line (considering blue circle data) is calculated according to bi-variate weighted linear least-squares
fitting regression analysis (see Sect. 3.4(6).NO, exchange flux densityFex no,) VS. NO, concentration measured at the outlet of the
dynamic plant chamberis No,)- Fex,No, data were calculated according Eg. (1.1), their standard errors according to Eq.(14). Reddish dia-
monds stand for thosEqy No, data, which have to be rejected for non-significancésfno, = (ma,Nno, — ms,NO,)- Blue line (considering

blue circle data) and pink line (considering blue circle and reddish diamond data) are calculated according to Eq. (6.1).

are shown, while in Fig. 13b (Fig. 14b) those Bfx No, there were no further evaluations fékx no, vdep,No @nd
(Fex,0;) Versusmsno, (ms,0;). In Fig. 13a and b, data can mcomp,no

be individually identified for their significance ok mno,

by corresponding color coding. ForzOthere is no corre-

sponding color coding, since almo, were significant (see 5 piscussion

Table 8). Linear relationships betwedfaxno, andmsNo,

were calculated by Eq. (6.1) for data pairs owing significants 1 Effects on enclosed plants

Amyo, and for all data pairs. In Table 9 all results of statis-

tical analysis ofFex,n0, and Fex,o, data are listed. Results Enclosing plants or parts of plants in a dynamic chamber
of bi-variate weighted regression analysis for NO are showryequires the control of plant conditions in order to be sure
in Fig. 15. A large part ofnno was lower than LODriino) — that observations and data are not created under artificial
(grey diamonds) or corresponding data pairs were nonconditions and consequently transferable to the normal en-
significant - with respect to Amno=(maNo—msNO)  vironment. It is important to make sure that the plant is
(reddish diamonds). The regression coeffici®ft(mano,  not affected by the chamber, especially for long-term stud-
ms,No) was only 0.5355. Therefore, consecutive analyseses. Consequently, we checked the status of the plants after
are biased: probabilities of significamtomp,noandudepno  field experiment. In most chamber studies plant conditions
becomes unlikely (51.7 and 22.4%, respectively). Hence,yere monitored just by measuring the £@nd HO ex-

change of the plant(s) and these values were used to calculate
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Table 9. Parameters of bi-variate weighted linear least-squares fitting regression analysis for field measuremeditaN@re sep-

arated for all data ofAmyQ, =(ma,N0g, — ms,NO,) @nd for only significant data ofAmyq,. Data of G were always significant for
Amo, =(ma,0; — ms,0;)- 30 detection limit was applied to the data.

all only significant only significant
(maNo, —msNO)  (maNo, —MsNO,)  (ma,05 — s,05)
data data data
statistical quantity unit N© NO» O3
N [1] 154 123 155
R? (ma;, ms;) [1] 0.9404 0.9480 0.9847
Mcompij nmol n—3 —18.2+17.57 —9.54+14.75 (6)
meomp; 7= 07 % 69.86 (UL) 46.37 (UL) -
Vdepj mms1 0.14+0.031 0.18+0.034 0.32£0.018
* assumption for @: mcomp,gy = 0-
@ Ma03. PPb (b) Ms03, PPb
0 10 20 30 40 50 60 0
3000 ey 0 ¢
] ! ‘ ! | Lo f ]
! F 60 ]
. ]
1 - -0.5
r 50 R ]
,,,,,, a 'E :
08 5 -1
- e 4
30 8 < ]
E”f ;-1.5 ]
F 20 % ]
LLGJ
””” e o o) 217 ol
P r 15 s ®
| g S S P . 2 ¥ S -2_57'9‘ | 1 —— Ttl N
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
M, o3, nmol m*® 3

Mg o3, Nmolm

Fig. 14. Field measurement¢a) O3 concentration measured at the outlet of the dynamic plant chambgs,} vs. Oz concentration
measured at the inlet of the dynamic plant chambey §,). Orange circles identify data pairs for significanceNofio, = (ma,0, — ms,0,)-
Orange line is calculated according to bi-variate weighted linear least-squares fitting regression analysis (see Séb}. Gzdeizhange
flux density Fex,0,) vs. O3 concentration measured at the outlet of the dynamic plant chambey,§. Fex o, data were calculated according
Eq. (1.3), their standard errors according to Eq. (14). Dark red line is calculated according to Eq. (6.3).

corresponding leaf conductances (e.g. Thoene et al., 1996.2 Overview of previous NQ exchange flux
Sparks et al., 2001; Gel3ler et al., 2002). These measurements

allow quantification of the actual photosynthesis and transpi-
ration rates of the enclosed plants. However, to check for a
otential effect of the enclosure on the plant control mea- . . .
gurements (e.g. photosynthesis and transppiration rates, nutr-i[able 10 shows a list of past dynamic che_lmber studies
ent content) on enclosed and comparable non-enclosed par&gat have focused on N(exchange between different plant
of the plant are necessary. Some elemental analyses of t eC1es and _the atmosphere. MO.St of these mea;qrements
needles were previously done by Rennenberg et al. (1998\{vere made' with N@ converters which were not specific for
but rather to secure a sufficient initial nutrient supply of the O detection. Some authors usecf heated m_olybdenum con-
plants than to control effects of the chamber on the nutrient’ erters (T_hoene etal., 1991, 1996; Teklemariam and Sparks,
conditions during the experiments. 2006; Ralvoqen et al., 2009), hgated ferrous sulphate con-
verters (Rondn et al., 1993; Ronth and Granat, 1994), or
a detector based on chemiluminescence on liquid surfaces
(Hanson et al., 1989; Hereid and Monson, 2001; Sparks et
al., 2001). All these converters overestimateJN@ncentra-
tions because of interferences with other (oxidized) nitrogen
compounds (see Sect. 3.1). Only the application of photolytic

measurements using dynamic plant chambers
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Mano. PPb corresponding flux densities were calculated from the con-
0 0.1 0.2 0.3 0.4 0.5 centration differencea mno, between the outlet of the plant
25; I N and empty chambers, respectively. This allowed a certain
] £ correction for chamber specific wall absorption and/or des-
o 201 v orption processes (Geliler et al., 2000, 2002; Raivonen et al.,
E : 2 2009). However, this procedure may not rule out adverse ef-
% 157 : = fects of fast gas-phase reactions on the evaluated flux densi-
. I 2 ties, deposition velocities, and compensation point concen-
%10 1 ! e trations (see below).
£ : I
5] Femm e —— — LoD - - 0.1 5.3 Precision, data quality, and photochemical reactions
o - 100 5.3.1 Precision and data quality

As shown in Sect. 4.1, the precision of N©oncentration

hé(a I 0,
Fig. 15. Field measurements: NO concentration measured at themeasurements of our nalyzer improves from 359% (at

outlet of the dynamic plant chambemgno) vs. NO concen- its limits of detection) rapidly to<10% at 162 nmo.I m3
tration measured at the inlet of the dynamic plant chamber(g'63 ppb; laboratory) and 46 nmofth (1.03 ppb_; _f'EId)'
(mano)- Light green circles identify data pairs for significance of N Sect. 2.1 we presented the expected precision of the
AmNo = (maNo— msNoO), reddish diamonds stand for those data NO2 exchange flux density for NOconcentrations up to
pairs, which have to be rejected for non-significanceefo, and 200nmolnT3, for pre-scribed Mcomp,NG, = 67 Nmol 3
grey diamonds for data pairs wheneyo <LOD (mnp). Green  (1.5ppb), pre-scribed N£O deposition velocities (0.3—
line (considering green circle data) is calculated according to bi-0.6 mm 3-1), and typical R? (maNo,, msNO,) ranging
variate weighted linear least-squares fitting regression analysis (SeRom 0.99 to 0.9 (see Fig. 3). Sindax no, approaches zero
Sect. 3.4.6). atmsNo, = mcomp,NG,, the exchange flux density’s precision
(0rex,N/Fex,N0,) Will become indefinite there. Conse-
quently, the uncertainty afex no, Will become as higher as
converter guarantees the interference-free determination d¥0Sermsno, approachesicomp,ng (from either side). Anal-
low NO, concentrations. ogously to the results shown in Fig. 3, we determined which
During most of the field studies filtered air was used for NO2 concentration  difference, % |ms,No, — mcomp,NG |,
purging the dynamic chambers. In most cases, this air wa¥/ill be necessary to keep the MCexchange flux den-
free of O; and NQ,, and known NG concentrations were de- Sity’s precision for our N@ analyzer under 10%. For
livered to the dynamic chamber by diluting standard mixtureslaboratory — conditions ~ (LOD#no,) =45nmoln3  or
of NO, from a cylinder (GeRler et al., 2000, 2002; Sparks 1.01 ppb), this difference was13.8 nmol nm3 or +:0.31 ppb
et al., 2001; Hereid and Monson, 2001). Some studies addi{vdepNg =0.6mms™; R?(mano,, msno,)=0.99), and
tionally controlled the C@ and water vapor concentrations £91nmolnt3 or £2.05ppb  (gepng =0.3mms?;
of the purging air, the irradiance and temperature conditionst(ma,Noz, msNg,) =0.9). During the EGER field ex-
inside the chamber (Hereid and Monson, 2001; Sparks et alperiment  (LOD {:no,) = 13.8 nmol m3  or 0.31ppb)
2001). Filtered and/or synthetic air (i.e. home-mad®tnd  corresponding values weret4.5 and +8.5nmolnT3
CO, concentrations, free of non target reactive trace gases0.1 and+0.19 ppb), respectively. A serious consequence of
hardly represents ambient air. Therefore, a potential influ-these calculations is, that, for a given detection limit, there is
ence on the physiological behavior of the plant cannot en-a well defined limit ofmcomp ng Where the N@ compen-
tirely be excluded. sation point concentration can be inferred from flux density
For field measurements of the NO-N@;3 triad under  data Grex,ng,/ Fex,N0o, < 10 %) by interpolation of data mea-
ambient conditions, fast gas phase reactions inside the chansured on both sides ofcomp ng. Below that limit, due to
bers must be considered. Therefore, NO,,N&nhd G con- the obvious conflict of the requeste}:ﬂhs,Noz —mcomp,NQ]
centrations have to be measured simultaneously, even if onlgnd LOD (nno,), mcomp,Ng, Can only be inferred from flux
one of the trace gases is of interest (Pape et al., 2009). Altlensity data aizs No, > mcomp,NG, DY €xtrapolation, owing
previous field studies described corrections of the calculatedhe risk of (much) higher uncertainties. These limits were
exchange flux densities not in detail. Rémndet al. (1993) for our NO, analyzer 33.5 and 133.8 nmolth (0.75 and
specified some corrections for measured NO concentration8.0 ppb; laboratory) and 13.4 and 44.6 nmoii(0.3 and
only, although @ and UV radiation were present in their dy- 1.0 ppb; field) for the above mentioned combinations of
namic chamber. In those cases where measurements of €Xgep,ng, andR2 (ma,Noy, Ms,ND,)-
change flux densities were performed applying a simulta- In previous studies the NOsensitivity (a proxy for
neously operated empty chamber (as “reference” chamberprecision) of corresponding NOor NO, analyzers has
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980 C. Breuninger et al.: The dynamic chamber method to study trace gas exchange

been specified through their detection limit only (see Ta-for the analyzers. During field experiments this may be not
ble 10). Neubert et al. (1993) and Geller et al. (2000),always feasible. There, we used an air conditioning system
who used analyzers equipped with photolytic Néonvert-  for the entire instruments’ shelter (container). Since the still
ers mentioned a LOD#{no,) of 4.5nmol m3 (0.1ppb);  remaining fluctuations of temperature were large enough to
however, the corresponding definition of LODo(120 or affect the precision of the NO/NOanalyzer, we corrected
3o of ono,,0) is not reported. Based on the manufacturer’s the analyzer’s signals (see Sect. 4.1) It should be stated, that
data of the analyzers and on our experience, we assumall mentioned previous studies on M@&xchange flux densi-
that the reported values correspond to the-dkfinition ties have even not mentioned this problem.
(P =0.68). This assumption is in agreement with the values Laboratory measurements at very low concentrations de-
of Rondbn and Granat (1994), who have used the samg NO mand low and stable blended M©@oncentrations for fumi-
analyzer model, namely with LOB1{no,) =8.9 nmol 3 gation of the plants. During our experiments we observed
(0.2 ppb; 2 -definition). Using the same LOD-definition substantial fluctuations of the blended N©oncentration
(20), Rondbn and Granat (1994) reported a four times which entered the dynamic plant chamber. These fluctuations
lower LOD for NO of 2.2 nmolm3 (0.05 ppb). Weber and were due to the blending procedure (and the limited sensitiv-
Rennenberg (1996a,b) using also a photolyticoNédn- ity of the NO/NG, analyzer). As shown in Fig. 6 (blue line),
verter, have not reported any specifications about their inthe noise of N@ concentrations caused by the blending pro-
strument’s sensitivity; therefore, we assumed that, based onedure itself will substantially affect the precision of the NO
the manufacturer’s information about the applied NOMNO concentration measurements (and consequently thosepf NO
analyzer, the LOD for NO was 3.3nmolth (0.075ppb;  flux density), particularly if the detection limit of future NO
3o-definition). According to Rongh and Granat (1994), analyzers will be improved to be better than 10 nmofm
and based on our experience the corresponding LODO0.25ppb). Then, the improved precision of the Nn-
for NO, can be assumed to have not been better tharcentration measurements will fall short of the noise of the
10nmolnT3 (0.225ppb; 3x LOD (mno)). Using the re-  blended NQ concentration at the inlet of the dynamic cham-
sults of our simulation of the minimum detectable NO ber (see Fig. 6) and the improvement of the blending pro-
compensation point concentration (see Sect. 2.2), weedure (e.g. by application of more precise flow controllers)
can state that N® compensation point concentrations will become necessary.
>44.6 nmol nT3 (>1 ppb) can be detected with high signifi-
cance, if NQ analyzers with LOD#ino,) ~ 13.4 nmol nT3 5.3.2 Significance of concentration differences
(0.3 ppb) were used (as Weber and Rennenberg, 1996a;
Geller et al., 2002) and?z(ma,Noz, msNQ,) Was in The error of NQ exchange flux density measurements by
a typical range (0.9-0.99) of laboratory measurementsthe dynamic chamber method mainly depends on the error
Using NG analyzers with LOD#no,) ~ 44.6 nmol 3 of trace gas concentration differencesm;, between the
(=1ppb; e.g. analyzers with molybdenum converters) theinlet and the outlet of the dynamic plant chamber. In con-
significant detection ofizcomp ng, > 44.6 nmol n3 (Lppb)  trastto laboratory conditions, N@oncentrations in the field
would already be difficult, if thevgep,ng is very small  were relative high and rarely conflicted LOR(o,). How-
(<0.3mms1). For example, Thoene et al. (1996) reported ever, during field measurements about 30 to 40 % of day-
Meomp,NG = 73.1 nmol n3 (1.64 ppb) which has most likely  time A myo, data were found to be not significantly different
be detected with high significance, because they reportedrom zero (Table 8) and had to be rejected from further anal-
UdepNG = 0.8mm sl On the other hand, the detection Ysis. This rather high percentage of rejected data was mostly
of mcomp,Ng = 13.4-31.2 nmol m (0.3-0.7 ppb; Ronh et due to the tgmporal var_iation of ambient. MConcentration
al., 1993) abgep NG, = 0.8 MM s1 seems now, from a statis- (ma,Noy) durlng' the 4 min measurement |'nterval, ra"[h'er than
tical point of view, to be unlikely. dut_a to the precision or to LODrno,). Amb!ent NG mixing

The data quality of exchange flux densities requires the@tio can rapidly change due to the spatially and temporally
control of quantifiable parameters of the measurement techY&rying sources within area surrounding the site of measure-
nique. To these belong the results of regular calibrations of "€Nts (nearby country roads). In our laboratory studies the
the applied analyzers, their detection limits and those paramP€rcentage of non—S|gn|f|cam13nN02 “daytime” data was
eters which quantify the dependence of the analyzers’ sig3/ % formano, < 44-2””10' (1 ppb) and vanished for
nals from other external factors like the ambient tempera/aN0, = 71.4nmolnT* (1.6 ppb).
ture. Our studies showed that the temperature dependence of " S0me of the previous studies means or data sets were
the applied chemiluminescence NO/N&nalyzer cannot be compared for significant differences by analy_S|s of variance
neglected (0.08 ppb). Hence, constant ambient tempera- (€-:9- Weber and Rennenberg, 1996a,b; Hereid and Monson,
ture is definitely necessary to operate the analyzers at the re2001; Sparks et al., 2001). However, actual numbers on sig-
quested level of precision. For our laboratory experiments welificant Amno, were not reported. We like to emphasize,

solved this problem with a commercial thermostat housingthat (1) our approach to apply a significance test on the
measured concentrations directly is rather novel, and (2) the
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control of the significance oA mno, is one of the funda- 100 2
mental quality control criteria for highly significant N@x-
change flux densities, NQdeposition velocities, and above
all the detection of highly significant NODcompensation S0 A= ] 1
point concentrations. When using data without significance
control of Amno,, NO2 compensation point concentrations 0 L0
will be overestimated. N s
533 Ph : : ; . 2 S0+ --1 8
3. oto-chemical reactions in the dynamic plant ©) g
chamber: impact on net exchange flux densities, 8 u
deposition velocities, and compensation point w .00+ VA - -2
concentrations
. , , . 4504 —— - -3
In the previous studies mentioned above, the impact of photo-
chemical reactions was for the most part not considered, nei- i
ther for the calculation ofigep ng, NOT for that ofmcomp, NG, - -200 -4

Not all components of the NO-N&Os triad were always NO NO; O3
measured. This was rglateq o the fgct thgt most field Stl."di:ig. 16. Relative contribution of gas-phase flux densitfggs; to
ies have not used ambient air as purging air. Instead, ambie

i . . ; %e exchange flux densitiegy; for NO (green diamond), N®
air was filtered to remove reactive trace gases, particularl ; ; :
J %blue diamond) and ©(orange diamond). Results are from the field

Oz and NQ.. Afterwards, the desired NKzoncentration was  experiment, restricted to one selected data category (see Sect. 4.4.2).
blended (eg Gelller et al., 2000). Use of filtered air, free ofThe apexes of the diamonds represented the upper (75%) and the
NO and @, allows Reaction (R1) to be neglected, but photol- lower (25 %) quantile and the black dash in the middle of the dia-
ysis of NG, (Reaction R2) will still occur, as soon as appre- monds the medianfyas noand Fgas ng Were applied to the left
ciable amounts of (NO,) are present in the plant chamber. y-axis andFgas g to the right y-axis.
Consideration of photo-chemical reactions, like the,NiG3s
by Reaction (R2) and the formation of N®y Reaction (R1)
were mentioned by Neubert et al. (1993), the production andlestruction fluxes, we combine the mentioned equations to
destruction of NO by Rorith et al. (1993). obtain:
With the framework of equations developed in Sects. 2.1
and 2.2, we provide a straightforward tool to examine the FexNO= Fexno, —
impact of photo-chemical reactions on the determination of v oo B
exchange flux densities, deposition velocities, and compen-FexNo= Fexno — Ao (J (NOp) s No, — kiiis,noris, ;) (17.2)
sation point concentrations. While actuly;, vdep;, and Voo B
meomp; are described by Egs. (6.1)—(6.3), (7.1)~(7.3), and Fex0= Fexo, — Tont (J (NOp) rits No, — kiiisnoriis,0;) (17.3)
(8.1)—(8.3), the quantitieB, ;, viep,» andmg,y,,; are given
by Egs. (9)-(11). The latter are the quantities, which wouldWhether actual exchange flux densitiés; are higher, equal
have been observed if no photo-chemical reactions had takeor lower than corresponding; ; depends whether the differ-
place (e.g. for N@ during our laboratory experiments, see ence of the corresponding gas-phase destruction and produc-
Sect. 4.4.1). tion fluxes (second term, right hand side of Eqgs. 17.1-17.3)
In previous experiments, where photo-chemical reactionds positive, negative and different from zero.
have not been considered, the actual exchange flux densities If we differentiate our calculated exchange flux densities
Fex; have been substituted W:xj alone. During some of  Fey; Of the field experiment into the (chamber) flux densities
the more recent experiments photo-chemical reactions weréy, ; and the gas-phase flux densitfgs;, which comprised
either (partially) excluded by corresponding set-ups or werethe gas-phase production and destruction of NOAX, we
taken into consideration by application of the “empty cham-can identify the fraction ofgas;, Of eachFey;. For the se-
ber (reference chamber) approach” (Rondet al., 1993; lected leaf conductance category (see Sect. 4.4.2), the per-
Geller et al., 2000, 2001, Hereid and Monson, 2001; Sparksentage ofFy,g; is displayed in Fig. 16 for NO, N©and
etal., 2001; Raivonen et al., 2009). However, photo-chemicalOsz. The fraction of Fgas g at the exchange flux density of
reactions within the latter chamber will be definitely differ- O3 is very small £1 %); therefore, it can be neglected. For
ent from those in the dynamic plant chamber, simply for the NG, exchange flux density the fraction &fasng be-
the fact, that neithej(NO2), nor msno,, msNo, OF ms 0y comes much more important. The median contribution of
are identical in both chambers. In order to examine poten-Fyas ng 10 Fex,no, Was just +8 %, but in particular cases it
tial under/overestimation of simple “chamber flux densities” could be +22 % or-12 %, respectively. Quite clear becomes
Fgy;» by neglecting NO-N@ O3 gas-phase production and the impact of the gas-phase reactions for the NO exchange

= (ks Notiis,0p — J (NO2) riisng,)  (17.1)
Aleaf
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flux density. Here Fyas noamounted +42 % (median value), empty chamber. The results of field measurements by Sparks
but ranging from +85 % te-170 %. That means, that under etal. (2001) and Hereid and Monson (2001) most likely have

certain conditiongex no Can change its sign, Fgasno will not been affected by NOphotolysis because they used a
not be considered: the estimated NO emission will convert tdeaf chamber system with red light-emitting diodes which
a NO deposition (or vice versa). produce no appreciable radiation in the wavelength range of
Similar relations can be developed for deposition veloci- j (NOy).
tiesvdep; by combining Egs. (7.1)—(7.3) with Egs. (10): The corresponding relations for the compensation
point concentrationsncomp; are obtained by combining
Vv o g pi
Vdep.NG, = Uéep,NQ -7 7 (NOy) (18.1) Egs. (8.1)—(8.3) with Egs. (11):
leaf
vV - Mcomp,N =;mg N
YdepNO= Vjepno— T ks (18.2) Q7 Meomp.NG
‘|/eaf 1 - bno, |:l + 7,1,\‘;/2 5 Eﬁs,NOms,Q (1 - bNOz):|
v = Viepo — = km 183 : . 191
dep.0, = Viep,qy ~ 7 —K/MsNO (1833) 1— bno, <1 + %7 (N02)>
where the quantities with the superscript &re those which  comp,NO= méomp,No
be derived from using “chamber flux densitieg}, ; instead 1—bualle V7 -
o ) - + —— j(NOp) riisng, (1 — bnO)

of actual exchange flux densitidgy,;. The actual deposi- : NO[ mo0 /T2 _ms N No] (19.2)
tion velocitiesvgep; are in any case lower thaxje()i with the 1-bno (1 + 5krﬁs,os)
excep_tlonms,o3 =0, ms,NO= 0, and j(NO2) =0 (i.e. during _ Meomp.G = mZomp,q
nighttime). To examine how much the gas-phase reactions
yvill affect Udepi, We split our calculated deposition veloc- 1 — bo, [1+ ﬁ]’(NOz) msno, (1— ;,03)}
ity vdep; for the field data mto;;‘jepi and the complementary . 3 - (19.3)
part caused by gas-phase reactions. The contribution of pho- 1 - bo, (1 + ék’ﬁs,NO)

tolysis (see Eqg. 18.1) togep,ng Was 80 %, that of Reac- ) ) _

tion (R1) Onvgep,q, Only 3%. Corresponding estimates on Here, the valye of the fraction (right hand side qf Eqs._19.1—
vdep,NoWere not performed, since NO deposition velocities 19.3) dfatermmes whetherthe actual compensation point con-
were not significant during the EGER field experiment. For Centrationsncomp; are higher, equal, or lower thaf, ..

their experimental conditions, Neubert et al. (1993) identi- For our experimental conditionsicomp,ng Would be

fied an error of about 20 % for theikep,ng, determination, overestimated by 10 %, if the gas-phase reactions would not
if they would neglect photolysis of N However, our re- have been considered (i.e. assumingmp,Ng, = omp ng,)-

sults should be compared to those of previous studies witf-or the compensation point concentration of te overes-
caution: in most of the previous studies it is not clear whethertimation would be only 1%. The Ncompensation point
the photolysis of N@Qwas correctly taken into account. Nev- concentration values reported in previous studies (Thoene et
ertheless, we tried to estimate the potential impact opNO al., 1991, 1996; Rorah et al., 1993; Gefler et al., 2002)
photolysis on these, previously reportegs, ng. For that, would be overestimated between 3 and 17 %, if the photoly-
the quantitiesdjear, V, j(NO2), vgep,Ng,, and transmissivity ~ Sis of NG, was not considered.

of used chamber material have to be a priori known or they When the value of the fractions on the right hand side of
must be derived from other (accompanying) data. We madd=ds. (19.1)—(19.3) are examined for being greater, equal, or
an educated guess Afe,f On available accompany data. The lower than unity, the following relations are obtained:
transmissivity for the wavelength range pfNO,) was es- .

timated on basis of available material information. Thoene "compNG > (=, <), Mcomp NG

et al. (1991, 1996) and Geller et al. (2002) used borosilicate . in—?s,Nonﬁs,@

glass (Schott Glaswerke, Mainz, Germany) with an estimatedf 72comp,ng, > (=: < T (NO»y (20.1)
material transmissivity of 60% and Romd et al. (1993) *J 2

used FEP-Teflon film with estimated material transmissiv-  "comp.NO> (= <) Mcomp,NO

ity of 70 %. Thej(NO) values ranged between 6.8210~* . Jj (NOp) ris NG,

and 3.48< 10-3s1. In summary: if actual N@photolysis ! "compN0™> (=: <) T imee (20.2)
would not have been considered at adkp ng, Values would . s

have potentially been overestimated by 20 up to more than "*comp.Q =~ (=, <) Meomp g

100 % (according to Eqg. 18.1). However, applying an empty = Jj (NOp) ris NG,

(‘reference”) chamber (see Sect. 5.2), the impact onpNO I Mcomp,g > (5+ <) ———=———— (20.3)

) . kmsNo
photolysis on the reportediep,ng Values might be smaller

if the underlying assumption would be correct, that the ef-The relevance of these relations consists in their potential
fect of NO, photolysis is identical in the plant and in the for simply checking, whether or not the correct evaluation
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of compensation point concentrations has to consider photoa few cases previous authors have applied the bivariate al-
chemical reactions. Having evaluated measured concentragorithm (e.g. GeRdler et al., 2000, 2002). Finally, it should
tionsma; andms; by bi-variate weighted linear regression be stated that in all previous studies values@p ng, and
(which deliversn; andb;), the quantitiesmzompi are deter-  mcomp,ng, have been derived from linear relationships be-
mined. Using the simultaneously measured averages of tweenFex Nno, andms no, Which is statistically problematic,
J(NO2), ms N0y, ms,NO, andms o, the right hand fractions  since the dependent variablx no, contains the indepen-

of relations Egs. (20.1)—(20.3) can be calculated, which pro-dent variablens no, (see Sect. 2.1).

vide the necessary quantities to test whether oy,
have to be corrected for photo-chemical reactions in the dy- ,
namic plant chamber (by Egs. 19.1-19.3). 6 Conclusions

N (I)t ng:k.j (tj)e n(_)(;edt;[]hat ||nt?ract||0n of V(?sztywth thehNO- In this paper we presented a dynamic chamber system for
2-Us tnad inside the plant enclosure affecting exchangey ¢, .o exchange flux measurements of reactive and non-
fluxes cannot be excluded completely. However, though reac-

fons 1 VOCs ih @ wou b o enough, we may Co s 2221 Pt under i nd abraton cor
sider them to be negligible, becauRieea abiess a species

emitting low amounts of VOCs (Kesselmeier and Staudt, 1. One of the most important characteristics of our dy-
1999). Furthermore, the residence time of air in the dynamic ~ namic chamber system is the minimal disturbance of
chamber of 75 seconds can be regarded as short enoughtoex- plant physiology and growth. The check of the plant
clude direct reactions of NGand VOCs. Reactions of VOCs status after long-term field experiment resulted in no de-
with NO are only relevant if peroxides derived from the reac- tectable differences of photosynthetic capacity between
tions of VOCs and OH are generated inside the chamber. As  enclosed and not enclosed plant material.

we may exclude a flux of OH into the chamber due to losses
within the tubes, we expected maximal OH concentrations
deriving from reactions of ozone with monoterpene species
to range around Pdmolecules cm?®. As typical monoter-
pene species we took into accounpinene ands-pinene,
which are the main monoterpenes emitted by spruces. This
would result in a maximal concentration of peroxides around
50 x 10° molecules cm?®. For a potential impact of the reac-
tion of NO with these peroxides on the determination of ex- 3. The performance of the dynamic chamber system must
change flux densities we assumed a mean NO concentration  be controlled and, if necessary, suitable parameterized
of 0.16 ppb, as measured in course of our field experiment. correction algorithms applied to maintain/improve the
Under these conditions the contribution by the reaction of  precision of NQ concentration and exchange flux den-

2. According to our “blank” measurements, the wall ma-
terial of our plant chamber can be considered as chemi-
cally inert. We emphasize, that mass fluxes to the walls
of the chamber can basically not be neglected and must
be considered in the mass flux balance of the dynamic
plant chamber, if there are any appreciable effects of ad-
or desorption.

NO with peroxides to the N@exchange flux density was sity measurements. The sensitivity of the NO/AN&h-
found to be smaller than 1%. Therefore, from our point of alyzer to changes in ambient temperature is one of
view, these chemical reactions can be neglected. these key parameters. The drift in our analyzer was
0.07 ppb K1 (NO) and 0.08 ppbK! (NO,). The pre-
5.4 Bi-variate weighted linear regression cision of the NQ exchange flux densities is almost en-
tirely determined by the precision of the N®@oncen-
The determination of deposition velocitiegep;, as well as tration measurements, which in turn depends on the sen-
compensation point concentrationgomp; is based on linear sitivity (limit of detection) of the NQ analyzer. At best
regression of the measured concentration of trace igeam- a flux density precision 010 % may be reached, as
bient air and within the dynamic plant chamber. Therefore, it long as NQ concentrations in the plant chamber differ
was necessary to consider errors of both variables in the de- by more than 0.1 ppb from the expected Né@mpen-
termination ofvgep; andmcomp;. For our laboratory results sation point concentration.

(see Sect. 4.4.1) we have shown the effect of applying sim-
ple linear regression (no errors considered at all), linear re-
gression (y-errors considered), and bivariate weighted linear
regression (y- and x-errors considered) on the significance
of derivedvgep,Nng @andmcomp,Ng data (see Table 7). Gen-
erally speaking, applying a simple linear least-square fitting
algorithm, the probability ofncomp; # 0 can be highly sig-
nificant, while applying the bi-variate weighted linear least-
square fitting algorithm the probability for the existence of 5. The significance of concentration differences:; (be-
mcomp; could easily become *“likely” or even “unlikely”. In tween trace gas concentrations measured at the inlet and

4. Determination of NQ concentrations at sub-ppb level
and of NG exchange flux densities at the thousandths
(hundredths) of nmolm?s~1 level definitely require
(a) a NG specific converter (photolytic converter) and
(b) a highly sensitive NO/N@analyzer (lower detec-
tion limit (3¢) of at least 13 nmol m? (0.3 ppb), prefer-
ably 4.5 nmol n2 (0.1 ppb)).
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the outlet of the dynamic chamber) is an important qual- 9. It is recommended, that results from previous studies
ity criterion for the determination of high quality ex- on NG, exchange flux densities, N@eposition veloci-

change flux densities and deposition velocities, and also
has a considerable impact on the resulting compensa-
tion point concentrations. Especially under field mea-
surements, the percentage of non-significAmt; can

be rather high due to the temporal variation of ambient
concentrations during the measurement interval.

ties, and N@ compensation point concentrations which
have been obtained by dynamic plant chambers should
be handled with care owing to neglecting (at least) the
effects of NQ photolysis in the plant chamber’s volume
and insufficient characterization of the specifity and pre-
cision of the NQ analyzers. A re-evaluation would be

helpful.

. Photo-chemical reactions in the dynamic plant cham-
ber’'s volume must be considered (or be excluded by

corresponding set-ups). Otherwise, particularly the ex-Appendix A

change of the NO-N®Oj5 triad with the plants could be

seriously over- or underestimated. This is particularly Mass balance of the NO-NQ-Og3 triad of a dynamic plant

important for the determination of the N@eposition
velocity. Under our experimental conditions in the field,

chamber

the overestimation of the Ndeposition velocity had ~ Considering the molar flux of the trace gag =NO;, NO,

reached about 80 % if photolysis of N®as been ne-

0O3), i.e. the derivative of molar magg; with respect to time

glected. Excluding the chemical reaction of NO with (3M;/0t=®; in nmols?), the individual flux components
O3 by corresponding experimental design (e.g. usingof the dynamic plant chamber system are defined as follows:

NO and @ free purging air), effects of N©photoly- Din,i
sis would still be present, as long as there is appreciable
illumination of the plants. This is unavoidable because Pout;
for plant physiological studies the presence of photo-
synthetically active radiation is essential. The only way Pwall,i
out would be to use a chamber wall material where the

transmissivity for PAR is high, and in the wavelength

range of j(NO») negligible. For laboratory studies, the ~ Pem;
application of light-emitting diodes which do not emit
in the wavelength range g{NO>) is promising. DPep;

. While the application of an empty (“reference”) cham-

ber for the exchange of non-reactive trace gases may Dprod;
be not problematic, it becomes difficult for reac-
tive trace gases. Considering photo-chemical reactions
(which might compensate each other) implies thabNO
photolysis and N@, NO, and Q concentrations of the
empty and the plant chambers are identical; however,
this is not the case, neither under laboratory nor under
field conditions.

q’desu‘

. In a mathematical stricter sense, deposition velocities
and compensation point concentrations should be de-
rived from linear relationships between the originally
measured quantities, namely the NO, N@nd G con-

centrations at the inlet and the outlet of the dynamic
chamber. A straight-forward and thorough statistical

treatment of measured data will result in high-quality + ®in; — ®out; — Pwalli + Pem; — Pdep;

molar flux of trace gas entering the plant
chamber

molar flux of trace gas leaving the plant
chamber

molar flux of trace gasto the inner wall of

the plant chamber (due to ad-absorption of trace
gasi)

molar flux of trace gas caused by (biogenic)
emission from the leaves

molar flux of trace gas caused by uptake to the
leaves (e.g. cuticular, stomatal, and/or
mesophyllic uptake)

molar flux of trace gasinto the plant chamber’s
volume caused by gas phase production, i.e.
from photochemical decay or fast chemical
reaction of other trace gas(es)

molar flux of trace gas out of the plant
chamber’s volume caused by gas-phase
destruction, i.e. by photochemical decay of trace
gasi or by fast chemical reaction with other
trace gas(es).

Under steady-state conditions (i.e. concentrations of trace
gasi are constant with time) and considering the convention,
that fluxes into (out) of the plant chamber’'s volume are

counted positive (negative), the molar flux balance of the
trace gas is given by

(A1)

and reliable data of exchange flux densities, deposi-_ Dprod; — Pesti = 0

tion velocities, and compensation point concentrations,

if solid characterization and quantification of trace gas hile the first three and the last two left-hand terms of
concentration errors as well as errors of all other quanti-Ed: (A1) may be known and/or are determined by laboratory
ties (necessary for calculation of the exchange flux den°f IN-Situ measurementem; _and Dgep; are the U”k”OWH_
sities) is achieved and general Gaussian error propagdlUxes of trace gas. We combine these two fluxes to the bi-
tion as well as bi-variate weighted linear least-squaresdirectional “exchange flux®ey;

fitting regression analysis is applied. Dex; = +Pem; — Pdep; i = NOz, NO, O3 (A2)
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Considering the purging ra®@ (m3s-1) and the molar con-  Appendix B
centrationma; (nmolm~3) of trace gas in ambient air, the
ingoing flux is Bi-variate weighted linear least-squares fitting regression
) analysis

®Qin; = Q -ma; i =NOz NO, O3 (A3)
The molar concentration at the outlet of the plant chamber is[Fleld data of concgntratlong n partlpular, have usually n_o? al

. . i he same uncertainty. All kinds of linear least square fitting
equivalent to the molar concentration within the plant cham- L :

methods (considering errors jnandx) account for the fact,

i 3 i s vol-
ber (’flsl n ””.‘0' m ), provided the plant chambers vol that data with the least uncertainty should have the greatest
ume is well mixed by one (or more) appropriate fan(s) (see.

) X ‘influence on the interceptand the slopé of the fitted line.
mgli(hneecr:r?;r?wll;elr?gfeiﬁgcej E;al" 2009). Then, the flux leav This is achieved by weighting each of the data pointg;(

ms;) With a factorw;, which is usually set to the inverse of
dout; = Q - ms; i = NOz, NO, O3 (A4)  the square of stazndard erzrors (standard deviations)anfd
_ _ _ y-values (heres_ 2. ands <)

The flux to the inner walls can be easily determined by York et al. (2004) have provided a very detailed descrip-

corresponding laboratory experiments (e.g. Ludwig, 1994;tion of the bi-variate weighted linear least-squares fitting

Meixner et al., 1997). If the material of the plant chamber method. Here, only those equations are presented which are

is consisting of chemically inert material, the fldgai; can  necessary to calculate the intersecnd the slopé of the

usually be neglected. In case of the NO-NO; triad, the  pest straight line (and related standard erregsand s;).

relevant photo-chemical reactions controlling the gas-phasgor the sake of comparability with York et al. (2004), we

production and destruction of the respective trace gas are setmq; 1= X; andms; = Y;, 552‘ =wX;, and Srgz, =wY;.

NO + O3 = NO + Oy, kpy = k = 1.4 x 10712, (-13107) (R1) The method of York et al. (2094) to calculat(_a the interoept
(s,) and the slop@ (s;) comprises the following set of four

NO2 + hv = NO+ O, kr2:=j (NO2), A <420nm (R2) equations:

Applying simple reaction kinetics, the corresponding fluxes n=Y —bX; =12 ...,N (B1)
Dprodj andPgesy; are given by Y Wi (v; - Y) (52)
Dprod,NO, = Pdest,NO= Pdestg = V - k - mgsNO - ms 0y (AS) Z Wi (Xi - X)
1
2 -2 2

and Sn = W + X Sb (83)
chest,NQ = cI:’prod,N0= chrod,Q,, =V.j(NOy) - ms NG, (AG) 2 1

Sb:—ZW. Y (B4)
where V is the plant chamber’s volume & k is the P (=0
(temperature-dependent) reaction coefficient of the N@ + O where,
reaction (nfnmoi*s™') (Atkinson et al., 2004), and _ Rtpn y=T+p
J(NOy) (s71) is the photolysis rate of Reaction (R2), which f_X , x;; o w Y’_’;’ Fo LW, 5 Xy
can be measured in-situ (or parameterized from data OfW,- _ &<f+),‘,”z(y()y) o (Xi) :s;f-; » (Y)) =S£? (B5)

global radiation; see Trebs et al., 2009). ot o)
ideri Bi=Wilgy + o )
Considering Egs. (A1)—(A6), the molar flux balances of (w(v,) (X)) )

the trace gas triad NO-NfOs (under steady state condi- The original set of equations presented by York et al. (2004)

tions) can be formulated as follows: contain additional terms in the equations #&f and g; for

consideration of potential correlations betwagn andsy;,

which are set to zero here (i.8aa; andsms; are assumed to

be uncorrelated). Since the equation for the slbEq. B2)

Pex,No= O - msNO — O - maNO contains the variable®; andg;, which are in turn functions
+V -k -msno-mso,— V - j(NOp) - msno,(A7.2) of b (see Eq. B5), Eq. (B2) has to be solved iteratively.

Dex,03 = 0 - ms0; — O - Ma,0;
+V -k -msno-mso, — V- j(NO2) - msNo, (A7.3) Appendix C

cI>ex,N02 =Q- msNO, — 0 - ma,NO,
-V - k-msno-mso; + V- j(NO2) - msno, (A7.1)

Equations (A7.1)—(A7.3) explicitly define the molar fluxes
(in nmols ™) of the NO,, NO, and Q surface exchange
between the plant chamber's atmosphere and the enclosestandard errors OFex;, Vdepi» @Ndmcomp; have been calcu-
leaves in terms of measured and/or a priori known quantitiesated by app“cation of the genera| Gaussian error propaga-
only. tion according to Eq. (14). During field experiments,a};

Calculation of standard errors of Fex;, vdep;, and mcomp;
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andms; of the NO-NQ-O3 triad have been measured in cy-

cles of 4 minutes. During this time period, it has been shown,

that the error of the purging rat is negligible. The volume

V of the chambers is a-priori known, its error is considered to
be zero. Standard errors af,; andms; are known for each
data pair of measurements. Averages and standard errors
Aleat, j (NO2), k and conjugated concentratioms ; (j # i)
have to be calculated individually from each data set which
is used for the determination &y, , vdep;, andmcomp;-

Therefore, according to Eqg. (1.1), the mass exchange

flux density Fexno, IS @ function of 7 error-prone vari-
ables, namelyx; = Ma Ny, X2 =MsNOy» x3=j(NOy),
x4=k, x5 =msNo, X6=Ms,0; andx7=Ajear. Analogously

t0 Fex,N0y, the 7 variables foFex Nno (Fex,0;) in Eq. (1.2)
(Eq. 1.3) are x=maNno (ma0;), x2=msno (ms0y),
x3=j(NO2), x4=k, x5=msN0,, X6=ms0; (msNo), and
x7=Ajear. Considering Eq. (7.1), the deposition velocity
vdep,NG IS @ function of 3 error-prone variables; = bno,,
x2=7j(NO), and x3=Ajear, While the deposition velocity
vdep,NO (Vdep,q;) depends on 4 error-prone variables, namely
x1=bno (bo,), X2 =k, x3=ms 0, (MsNQ), aNdxs = Ajeat. The
compensation point concentrationsomp,Ng (7comp,NO

mcomp,q) are each functions of 6 error-prone variables (see

Eqs. 8.1—8.3). These amg =nNo, (nNo, nog), )CZZbNo2
(bno, bO3), x3= j(NO2), x4 =k, x5 =ms N0 (s NOys s NO,)
and xg =ms,o, (ms0;, msNo). Bi-variate weighted linear
least-squares fitting regression analysis of measutgder-
susma; (which considers bothsma; andsms;) delivers the
quantitiesnno,, nNo, no; and bno,, bno, bo, as well as
their standard errotsNo,, $:NO, 8103, @NASENO,, SHNO, S50;-

To calculate the standard errofex,Ng,, SFex,NO SFex,Qy
Sv,depNO,: Sv,depNO; Sv,depOz» Sm,compNO,» Sm,compNO, and
sm,compO, DY application of the general Gaussian error prop-

C. Breuninger et al.: The dynamic chamber method to study trace gas exchange

Mma, molar concentrationin ~ nmoln¥, ppb
ambient air of gas

ms; molar concentration nmol n¥, ppb
within plant chamber
of gasi

of Mcompj COMpensation point nmoln3 or ppb

concentration of gas

mgompi compensation point nmoln3 or ppb
concentration of gag
“non-reactive” case

M; molar mass of gas nmols!

n; intercept of regression  nmolTA
analysis of gas

N number of samples -

PAR Photosynthetically pmolnf st
Active Radiation

0 purging rate ms1

R? regression coefficient -

s standard error

o standard deviation

T temperature °CorK

T characteristic time scale s

®; molar flux of the trace  nmol&
gasi

1% chamber volume m

Udepi deposition velocity of mst
gasi (quantity is
chamber- specific,
see Sect. 2.1)

Viepi deposition velocity of,  ms!

gasi “non-reactive”
case

agation (Eqg. 14), one have to calculate all the derivatives

of y; = Fex;, ¥i =vdepj,» andy; =mcomp;, (i =NO2, NO, O3)
with respect to the corresponding variables x2, ..., x,
mentioned above.

Appendix D

List of symbols and abbreviations

Aleaf leaf area 13

b; slope of regression nmol ™
analysis of gas

Fex; exchange flux density nmolmMs 1
of gasi

F3 exchange flux density  nmolmd s—1
of gasi, “non-
reactive” case

j(NO2) photolysis rate of N@ st
(A <420nm)

k rate constant for cAmoleculelst

chemical reactions
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