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Abstract

The detailed understanding of surface-atmosphechaggefluxes of reactive trace gas
speeieds a crucial precondition for reliable modelingpybcesses in atmospheric chemistry.
Plant canopies significantly impact the atmosphbtidget of trace gases. In the past, many
studies focused on taller forest canopies or crapgre the bulk plant material is concentrat-
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ed in the uppermost canopy layer. However, withiasglands, a land-cover class that global-
ly covers vast terrestrial areas, the canopy siracis fundamentally different, as the main
biomass is concentrated in the lowpstt of thecanopypart This has obvious implications
for aerodynamic in-canopy transport, and consedyiatgo impacts on global budgets of key
species in atmospheric chemistry such as nitrideoyNO), nitrogen dioxide (N§pand ozone

(Os).

This study presents for the first time a comprehendata set of directly measured in-canopy
transport times and aerodynamic resistances, claétmeescales, Damkodhler numbers, trace
gas and micrometeorological measurements for aalaguassland canopy (canopy height =
0.6 m). Special attention is paid to the impactaftrasting meteorological and air chemical
conditions on in-canopy transport and chemical filixergence. Our results show that the
grassland canopy is decoupled throughout the aathd lowemostcanopylayer, the meas-
ured transport times are fastest during nighttiwiach is due to convection during nighttime
and a stable stratification during daytime in this lay&he inverse was found in the layers
above. During periods of low wind speed and high, XKBD+NGQG;) levels, the effect of cano-
py decoupling on trace gas transport was foimée especially distinct. The aerodynamic
resistance in the lowerost canopylayer (0.04—0.2 m) was around 1000 & nfaus which is

as high as valugsem-literature-representingdetermined previousiythie lowest meter of an

Amazonian rain forest canopy. The aerodynamic taste representing the bulk canopy was
found to be more than 3—4 times highker thanin forests. Calculated Damkdhler numbers
(ratio of transport and chemical timescales) sutgges strong flux divergence for the NO-
NO,-O3 triad within the canopy during daytimét-During that time, the timescale of NO
plantuptakeby plantsranged from 90 to 160 s and was the fastest reléwvaascale, i.e. fast-

er than the reaction of NO ang.d’hus, our resultslearlyreveal that grassland canopies of
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similar structurérave _exhibita strong potential to retain soil emitted M@ due to oxidation

and subsequentptake of NQ by the-plants. Furthermoreg-photo-chemical @ production

was observedbove the canopwas-ebsersedvhich was attributed to a deviation from the

NO-NO,-O5 photostationary state by a surplus of NfDe to oxidation of NO by e.qg., peroxy

redica s —wmiebrporioc ron oo opnne oL M Loe MOV O snoles oo ol e

The G production was one order of magnitude higher duhigh NQ than during low NG

periods and resulted in amderestimation of th@®; depositionflux_measured with the EC

method-underestimation—which-was-observed-fofithetime.

1 Introduction

Nitric oxide (NO) and nitrogen dioxide (NDplay a crucial role in air chemistspee athey
act as key catalysts for ozones{@roduction and are therefore involved in the gatien of
hydroxyl radicals (OH) (Crutzen, 1973). The mogngicant tropospheric source of;@s
initiated by photochemical dissociation of N@nd subsequent reaction of the oxygen (O)

atom with molecular oxygen:
NO, + hv (A < 420 nm) — NO + O(®P) (R1)
OCP) + 0, + M - 0; + M (R2)

When In cas®©; is present, it may oxidize NO and re-form NO

k
05 + NO > NO, + 0, (R3)

In the absence of additional reactions, R1-R3 sgmtea null cycle. BesideR1-R3, NO is

oxidized by peroxy radicald10,+R0O;), which-enstituting constitutean additionalimportant

net G production pathway in the troposphere (Warneck020
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Dry deposition to terrestrial surfaces, especiétlyplant canopies, is an important sink for
tropospheric @and NQ. The uncertainties of dry deposition estimatessatestantially high-
er for NQ, because its net ecosystem exchange can be biidiral depending on the ambi-
ent NQ levels (Lerdau et al., 2000).;@nstead is exclusively deposited to surfaces.omc
trast, NO is known to be mainly net emitted fromanhe all soil types. Biogenic NO soil
emissions contribute about 20 % to the globak NlIO+NGO,) emissions RS, —20071PPC,
2013, highlighting the need ofareful detailednvestigations on NOsoil-atmosphere ex-

change.

A major challenge for studies investigating surfatmosphere exchange fluxes of these reac-
tive trace gases is the presence of plant canoplesse significantly modify the turbulent
properties of the surface arttius alter trace gas exchanflexes Most previous studies fo-
cused on taller canopies such as forests. Howgvassland canopies represent a highly im-
portant land cover class covering globally 41 % Badope-wide 19 % of the terrestrial land
surface (Suttie et al., 2005; Kasanko et al., 20ihlgontrast to forests, grasslands feature the
main bulk plant area density near the soil (e.@ley and Redman, 1976; Jaggi et al., 2006),
accompanied with mean distances between plant atlsméonly some millimeters (Aylor et
al., 1993). Organized coherent structures govetvutence dynamics within and above plant
canopies (Finnigan, 2000). The mean in-canopy p@mds slower than above the canopy
(e.g., Nemitz et al., 2009). This modification afganopy transport has important implica-
tions for global atmospheric chemistry. Plant caee@and the soil below are biologically

actively emitting and taking up reactive trace gasedthey conditions within canopianay

provide sufficient time for fast chemical reactidasseeurwithin-the-canop(Nemitz et al.,

2009). Subsequentlyhey modify surface exchange fluxes (e.g., Rinhal.e 2012). For in-

stance, ammonia can be released by a part of tiepgaand taken up by another (Nemitz et



92 al., 2000; Denmead et al., 2007). In addition, pa@ang of NQ originating from biogenic
93 soil NO emissions after reaction withy @ithin plant canopies (Rummel et al., 2002) is ac-
94 counted for in global models by a so-called canmgmuction factor for NQ (Yienger and
95 Levy, 1995). However, these estimates are baseshlynone single experiment in an Ama-
96 | zonan rain forest (Bakwin et al., 1990), and a subseguerdel analysis (Jacob and Wofsy,
97 1990). Canopy reduction for grasslands and othesystems was not experimentally studied
98 | up to now.Censeguently; tlie contrasting canopy structure of grassland arekfeecosys-
99 | tems highlights the need for a detailed analystsamevaluation of theuggestedNOy cano-

100 | py reduction factor o&.q.64 % suggestedy Yienger and Levy (1995) for temperate grass-

101 land.

102 Net ecosystem exchange fluxes are typically medsatra certain height above the canopy.
103 | They rely on the constant flugyerassumption (e.g., Swinbank, 1968), which howevety m
104 be violated for reactive trace gases within or alstve the vegetation. To assess the potential
105 chemical divergence of exchange fluxes, the Dangtdhumber PA) has commonly been
106 applied (e.g., Rinne et al., 2012)4 is calculated as the ratio of the transport timg) (and

107 the characteristic chemical timescatg,|:

108 DA == 1)

Tch

109 Hence,DA above unity indicates that chemical reactions psignificantly faster than the
110 transport (flux divergence), whereBd smaller than 0.1 indicate the reverse case. Tingera
111 | in_-between is commonly addressed as a critical ramgere an impact of chemistry cannot

112 be excluded (Stella et al., 2013).

113 In this paper, we present directly measured tramdpuoes, chemical timescales and corre-

114 sponding Damkéhler numbers for three layers abaovkveithin a natural grassland canopy
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under contrasting meteorological and air chemicalddions. For the first time, such a com-
prehensive analysis involving trace gas and micteorelogical measurements is made for a
grassland canopy. Furthermore, the consequencesacainopy processes for N@anopy

reduction and simultaneously measured€position fluxes will be discussed.

2 Material and Methods

2.1 Site description

We performed an intensive field experiment fromyol September 2011 at the estate of the
Mainz-Finthen Airport in Rhineland-Palatinate, Gamy (further details given in Plake and
Trebs, 2013; Plake et al., 2014; Moravek et al142D The vegetation at the site was nutri-
ent-poor grassland with a mean canopy height¢f 0.6 m and a leaf area indeX4() of 4.8

m? m?. A list of species and abAl profile are given in Plake et al. (2014), with tager
indicating a high biomass density below 0.2 m @ponding to 85 % of the totddl. Topo-
graphically located on a plateau 150 m above thadValley, the sitevas is-situated located
about 9 km south-west of the city center of Maihke site was surrounded by villages and
motorways in a distance of 2 to 6 km and 4 to 15 tespectively. The surrounding area was
mainly characterized by agricultural use for virmelga orchards and crops. The fetch was

largest in south-western direction without sigrafit anthropogenic pollution sources.

2.2 Experimental setup

A vertical Thoron (Tn) profile system was operastd, = 0.04 mz, =0.2 m andz; = 0.8 m
for the direct determination of transport times (details see Plake and Trebs, 2013). Vertical
profiles of NO, NQ, O; and CQ were measured ai, z,, z; and additionally az, = 4.0 m

by a system described in detail by Plake et all42®riefly, NO was measured by detection
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of the chemiluminescence produced during the reaaif NO and @ (TEI 42iTL Thermo

Scientific, Waltham, USA). N@was photolytically converted to NO by exposuréh#f sam-

ple air to a Blue Light Converter (BLC, Droplet Me@ement Technologies, Boulder, USA).

O3 mixing ratios were measured with a UV-absorptioalgzer (TEI-49i, Thermo Scientific,

Waltham, USA). The efficiency of the photolytic a@nsion of NQ to NO was determined

by a back titration procedure involving the reactad O; with NO using a gas phase titration

system (SYCOS K-GPT, Ansyco GmbH, Karlsruhe, Geyhabetails on the sampling

schedule and time resolution of the trace gas Ippofiystem are described in Plake et al.

(2014).

This study is based on simultaneous operation ¢ bertical profile systems at identical
heights and, thuss—fecused _focuseen the period from 19 August to 26 September 2011
were- whenboth systems were operational. Vertical profiles temperature (HMT337,
Vaisala, Helsinki, Finland), wind speed and dir@ct(\WS425, Vaisala, Helsinki, Finland)
were installed at 0.2 m, 0.8 m, 1.5 m, 2.5 m, 4.(Bwil temperature (107L, Campbell Scien-
tific Inc., Logan, USA) was measured at -0.02 nolgal radiation ¢) and the N@ photolysis
frequency [yo,) were measured at a height of 2.5 m with a neforaeter (CNR1,
Kipp&Zonen, Delft, Netherlands), and a filter raotieter (Meteorology Consult GmbH,
GlashittenKonigsteinGermany), respectively. The data of temperatwind and radiation
were recorded by a data logger (CR3000, Campbé&h$fic) every 10 seconds. A three di-
mensional sonic anemometer (CSAT-3, Campbell St@nplaced atz,.., = 3.0 m measured
3D wind and temperature at 20 Hz and the data vem@ded by a CR3000 data logger. The
friction velocity (u,) and stability functionsz(/L) were computed using the TK3 software
(see Mauder and Foken, 2011). Eddy covariance slote); were simultaneously measured

and are described in detail by Plake et al. (2014).
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2.3 Theory

The data analysis was carried out for three indiaidayers [;_3), which were named in
ascending order starting at the soil surface. Hehgcavas the lowenost canopy layer be-
tween the corresponding measurement heights (Az(L,) = 0.16 m),L, the upper canopy
layer betweer,_; (Az(L;) = 0.6 m), and.; the layer above the canopy betwegrandz,.. ¢
(Az(L3) =2.2m). As shown in Plake et al. (2014) the igalttrace gas gradients between

Zres @Ndz, were negligible, allowing the use of mixing ratimgasured at, for L.

2.3.1 Chemical timescales

The overall chemical timescatg, (in s) of the NO-N@O; triad (Lenschow, 1982) was cal-
culated for each layeL{,i = 1, 2, 3) as:
Ten(Ly) =

2

\/jNOz (L) vezth+ls (L) *kely (Nog (L)+—Nno (L)) +2jn0, (L) ks (L) (Nog (L) +NNno (L) +2NNo, (L)

(2)
whereN,,, Ny, andNy,, are the number densities (in molecules’rmf O;, NO and NQ

for L,_5, andk, the reaction rate constant of R3 (in*amleculé' s*) according to Atkinson

et al. (2004). Geometric means of the number dessditz, , were used in Eq. 2 to account

for non-linear profiles (€.9Nyo(L1) = \/Nyo (21) - Nyo(22)).

Equation 2 qives the chemical time scale of reasti®Rl and R3 derived from the

O3 chemical-budget equation, i.e., considering ohky teactions betweensONO and NQ

and not taking into account reactions of other conmgls (e.g., peroxy radicals and VOCSs). It

is defined as the time at which the mixing ratimoé of the compounds significantly changes

from its initial value when reacting with the othemes. It can also be seen as the time re-

8



183 | quired for reaching a new photostationary statfohg a change in © NO or NG mixing

184 | ratios, or the reaction rate constajyjg,and k (see Ganzeveld et al., 2012). The underlying

185 | assumptions are:

186 - only source and sink terms of the “triad” are cdesed, which means other reactions
187 (e.g. RG +NO) are not included.

188 - covariance terms and other budget terms i.e. hat@t@nd vertical advection, flux di-
189 vergence and change in @ixing ratio d[Q]/dt are neglected.

190 2.3.2 NO; photolysis within the canopy

191 The data gaps in the measured time serigggf(in s1) above the canopy were filled using
192  the parameterization gfyo,as a function ofz (in W m?) by Trebs et al. (2009). This ap-
193 proach was also used to parameterize in-cariggyfrom a vertical in-canopy profile af.

194  The latter was calculated as function of th profile using the method of Monsi and Saeki
195  (1953):
196 G(LAI) = G, - EXp(_kex'LAI) .

197 whereG, (in W m?) is the above-canop§ andk,, is the dimensionless extinction coeffi-
198 cient of the canopy. In this study, the extinctemefficient of barley k., = 0.69 by Monteith

199 and Unsworth (1990)) was used. FitLAI) was deduced and then converted jiatg, . Fi-

200 nally, geometric means ¢f,, were calculated fojy, (L1-3).

201 2.3.3 Transport times

202 For Ls, height integrated transport timeg(L3) (in s) were derived by multiplying the aero-
203 dynamic resistancer((L3)) (e.g., Hicks et al., 1987; Erisman et al., 1994th the layer

204  thickness 4z(L3)) (cf. Stella et al., 2013):
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Ttr(L3) = Ry(L3) - Az(L3) (4)

R = lin (45w, (9) , (2 ©

Z3

wherex was the von-Karman constant (= 0.d)the displacement height & 0.75 - h.), ¥y

the stability correction function for heat (Fok@008) and. the Obukhov length.

In the canopyr,-(L;,i = 1,2) were derived from the vertical Tn profiles (Lehmaet al.,

1999; Plake and Trebs, 2013):

Crng, (Li)
CTng,, (L)

t (L) = |2 /2 (6)

WhereCTnZl andCTnZu were the measured Tnh concentrations (in BY) at the lower £;) and

upper &,) heights ofL;, anda the radioactive decay rate= In2 /T, s = 0.0125 s* (Hansel

and Neumann, 1995).

3 Results

3.1 Meteorological conditions and mixing ratios

During the field experiment, low and high N@eriods occurred that were directly coupled to

the wind direction and could be attributed to twamttasting synoptic conditions character-

ized by different wind speeds (see Moravek et28114b).Fig. 1a displays the dominance of

south westerly winds at the site during 45 % offtakl experiment and their relation to rela-
tively low NOy levels (< 3 ppb). Contrastingly, winds from therthoeastern sector were
characterized by high NQevels often above 13 ppb (Fig. 1a). High Népisodes (up to
40 ppb) were accompanied with low wind speed (< 8"rand low NQ (< 5 ppb) with wind

speed greater abov8 m s as shown in Fig. 11D; levels exhibited the opposite dependency

10



225 | on wind speed, while- ie measured CQevels generally showed a similar pattéon high

226 | and low NQ level

227 For further data analysis, defined criteria allowwedaccount for these specific relationships.
228 In order to clearly separate entire days (24 h3asftrasting conditions from each other, the
229 | criteria were defined as low N@r high NQ periods when (i) the mean daytimend speed
230 | ws was >3 m%s and the wind direction mainly ranged between 18D a70°, or (i) the

231 | mean daytimevind speedss was < 3 m'$ and the wind direction was mainly outside 180 —

232  270°, respectively. The wind direction definitiaras fulfilled during 96 % of the low NO
233 periods and during 84 % of the high NOx periodslldwng these criteria, we identified

234 | eleven and nine days as low and highyN@riods, respectively, which weseparatehana-

235 | lyzedseparately

236 3.2 Vertical profiles of trace gases

237 ‘ Since the wind fields-the-driver drives—eVertical exchange of scalars such as trace gases
238 between vegetation and the atmosphere (Finnigdd)2@ affects their vertical distribution.
239 Passive tracers such as Rn and, @@ used especially at nighttime as indicatorsvéstical

240 exchange processes within plant canopies (e.gmbote et al., 1990; Nemitz et al., 2009).

241 ‘ Generally, nighttimess—valdes wind speeds duriagthfe low and high NQperiods were ac-
242  cordingly higher and lower, respectively. This wallected by the in-canopy concentrations
243  of both Rn and C®(Fig. 2a—d). During nighttime when both gasesex@usively emitted by
244 | soil, a rather weak enrichment within the canopyg.(Ba,c) reflected highess-wind speeds
245 | and thus enhanced exchange during the low ,N§@riods. In comparison, during the high
246 NOy periods a strong in-canopy @@nd Rn accumulation was observed (Fig. 2b,d).iuri

247 | daytime photosynthesis prohibits the use of £&3 passive tracer, whereas Rn profiles are

11
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still useful as no biological processes such asnatal uptake affect its concentration
(Lehmann et al., 1999). The vertical exchange reegaly enhanced during daytime causing
dilution of the in-canopy Rn concentrations, whighs especially pronouncee-duringthe

low NO periods (Fig. 2a) and was less evident duringhigh NQ periods (Fig. 2h)due-to

with generally lower wind speedidring-the-fatterperiods

The vertical distribution of @(Fig. 2e,f) reflected a typical pattern with lowerxing ratios
closer to the ground and higher mixing ratios abdwes diurnal @ maximum occurred dur-
ing the afternoon around 16:00 CET (= UTC+1). Néwaess, in the low NQperiods the
diurnal @ maximum was much less pronounced compared to itite MO, periods with
35 ppb and 50 ppb, respectively. Furthermore, dbariatic vertical @ distributions were
observed during the low and high N@eriods. Nighttime @gradients were less pronounced
during the low NQ@ than during the high NQOperiods. Median in-canopy values of @Were
10-20 ppb andvere20-25 ppb abovéhe-canopy during the low NQOperiods (Fig. 2e). Dur-
ing the high NQ periods 1-6 pplwf O; were measured in the canopy ariti25 ppbabove

the canopyt68-25-pph(Fig. 2f).

During both the low and the high N@eriods, significantly enhanced NO mixing ratioe-p
vailed during the morning hours from 06:00 to 14@®T (Fig. 2g,h) with median diurnal
maxima of 0.6 ppb and 7.2 ppb, respectively, battuaing at 10:00 CET (not visible in Fig.
2h due to scaling). The NO mixing ratios decreadéztwards to approach nighttime minima.
These were characterized by small vertical NO @ratdi during both periods. During low
NOy nights, NO appeared to be mainly present in theaimopy air layer, with median mixing
ratios atz; andz, of <0.1 ppb. The median valuesztandz, during the high NQperiods

were< 0.3 ppb, respectively.

12
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NO, mixing ratios were generally found to increasehwieight (Fig. 2i,j), featuring signifi-
cantly stronger vertical differences during thehhigO, periods. Similar to NO, also NO
mixing ratios were enhanced throughout the prafieing the morning hours of both, low
and high NQ periods, with corresponding values of 1-2.5 ppth &Al4 ppb, respectively. At
nighttime, comparable NOnixing ratios of around 1 ppb prevailed duringtbperiods at; .

NO, showed stronger gradients above the canopy dahiediigh NQ periods. The diurnal
NO, minima during low and high NOperiods were observed between 12-16 CET and

14-16 CET, respectively.

3.3 Vertical profiles of chemical timescales

The obtained values fat,;, were generally higher during nighttime than durdaytime (Fig.
3a,d,g) anddecrease increasdm L, to L,. The validity of our applied criteria for separa-
tion between low and high NQperiods is shown by the median values (brown and green
lines) that nearly adjoird the interquartile range of the overall data sen@cantly higher

7., Values prevailed during nighttime of the high Né&riods, ranging from 300 to 2500 s in
L,_5. In contrast, low NQperiods were characterized by, of 250-800 s irl;_;. However,
during daytimer,;, was within 100-200 s ih;_; for both periods. During the low N@eri-

odst,, values were slightly higher compared to the higby [deriods.

3.4 Vertical profiles of transport times

The mediart,,.(L;) of all data Fig. 3b was one order of magnitudelEnduring noon than
at midnight with 30 and 200 s, respectively. Asfgr (Sect. 3.3), also in the casef the
medians of the low and high N@eriods adjoined the interquartile range of therall data
set. For exampleg,,.(L3) in the low NQ periods never exceedeg.(L3) in the high NQ

periods (cf. Fig. 3b). The difference 0f.(L;) between noon and midnight was largest in the

13
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high NO, and smallest during the low N@eriods with 47Gsand 40 s, respectively. Com-
pared toL,_, (Fig. 3e,h), the extreme values of the entjredata set were found above the
canopy inLs. The overalk,, minimum occurred during daytime of the low Neriods, and

the maximum during nighttime of the high N@eriods inL;ts.

The diurnal course of,,-(L,) from the entire data set in Fig. 3e exhibitednailar pattern as
74+ (L3), with highert,.(L,) during nighttime than during daytime. Represemgatiighttime
and daytime values were 200 and 100 s, respectigaly a similar nighttime separation be-

tween the low and high N(veriods as in Fig. 3as isobserved.

In contrast, both diurnal;,.(L;) medians representing all data and the high piods (Fig.
3h) were slightly higher during daytime between008and 13:00 CET than at nighttime with
around 200 and 75-175 s, respectivélyDuring the low NQ periods, the median,,.(L,)
was relatively constant throughout the day withuat200 s. The pattern af,(L;) was gen-
erally opposite td.,_5, with fasterr,.(L;) in the high NQ periods than in the low N(peri-

ods.

3.5 Vertical profiles of Damkéhler numbers

The values foDA(L3) presented in Fig. 3c were generally smaller dudagtime than dur-
ing nighttime. They exhibited a diurnal minimum@® and a maximum of 1.3 at 08:00 and
21:00 CET, respectivelya-Duringthe low NQ periods, the difference of thi®4(L;) median
(0.2 <DA(L3) < 0.3), to aDA of unity was highestwhereas in the high N(periodsDA(L5)

remained at higher median values (0.BA(L;) < 3.9).

In contrast, the diurnal course ®A(L,) in Fig. 3f exhibited its maximum of 1.25 at
15:00 CET andeaturednighttime minima of about 0.3. The differencelid(L,) between
the low and high NQperiods was not as pronounced aslfdiL;). Thisk beecame wamost
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obvious from 15:00 to 24:00 CET with low®4(L,) in the low NQ periods. Hence, both
DA(L,3) values throughout the day were witliinabovethe critical range foDA erabeve

under all conditions.

Interestingly, the diurnal course BA(L,) (Fig. 3i) appeared nearlmirrored that of-rverted
te DA(L3), with highest and lowef2A during daytime and nighttime, respectively. Therdi
nal median ofDA(L,) partly exhibited values below 0.1 (transport doamt@s) during
nighttime of the high NQperiods, values above unity (chemistry dominabtesy 12:00 to
17:00 CET under all conditions, and between 0.1 @mitly during nighttime in the overall

data set and in the low N@eriods.

4 Discussion

4.1 Transport times and resistances

4.1.1 Thermal stratification

The diurnal courses of the temperature differedd&d.,_3) in Fig. 4a—c describe the stabil-

ity in each layer. They clearly indicateontrasting stability conditions ity andL,_,. During
daytime, negative values &T (L, ;) reflected unstable conditions, while positix& (L)

reflected stable conditions. In contrast, at nighgtthese conditions were reversed. Similar
diurnal cycles of stratifications are observeddtrer canopies (cf. Jacobs et al., 1994; Kruijt
et al., 2000; Nemitz et al., 2000), and are knowécouple the lower canopy from the air
layers above (cf. Fig. 4d). Canopy coupling regiraes typically classified according to the
detection of coherent structures in high frequetntye series of scalars such as temperature
(e.g. Foken et al., 2012; Dupont and Patton, 20b2pur data seAT (L) eeutd-bewatsed

to explain whyr,,.(L,) was generally smaller, i.e. transport was fastering nightime than
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during daytime (Fig. 3h). The soil released stored hsatharmal plumes during nighttime
that drove an in-canopy nighttime convectiaich reached up to the height of the tempera-
ture inversion agxplained_foundy Dupont and Patton (2012) or Jacobs et al. (19845
effectcaused-thetlower-{(L)—during—highttime-The 7,.(L;) maximum of 200 s from
08:00 to 13:00 CET could accordinglydseattributed to positiveAT (L,) values at that time
indicating a stable stratificatiom—-al-ayers The thermal stratification was stronger during
the high NQ periods and weaker during the low N@eriodsin all layers(Fig. 4a—c). This
was caused by higher wind speeatiiring the low NQ periodscausing increased turbulence

and mixing that yielded smallerthat-yielded-betteringand-thus-theertical temperature
differenceswere-smaller

4.1.2 Aerodynamic resistances and transport times

Aerodynamic resistancesbove(R,) and within the canopyR(,.) are are considered #m-

portant inputparameters variablder modeling studies on surface-atmosphere exchénge

es. Theyepresent can be derived from thansport times through a layer, normalized by the

layer thicknessK, ) = t/Az). In cases when the thicknesses of two layersucatgsider-
ation differ, the effectiveness of transport canrégresented by the corresponding aerody-
namic resistances. On the other hand, transpoestamne required to evaluate the influence of

chemical reactions on fluxes (e.A4).

Aerodyhamic—in-canopy—resistances TypicalR,f valuesare-typically parameterized as

function ofu® andLAlI (e.g., van Pul and Jacobs, 1994; Personne &08l9). These parame-
terizations are based on experiments above eaps@uch as maize (van Pul and Jacobs,
1994) and consider a homogeneous vertically lestfidution (Personne et al., 2009). How-
ever, this approximation may differ substantiallighin grassland canopies, as their structure

is characterized by high biomass density in theekivayer (cf. Sect. 2.1).
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The usefulnress importanaaf our results is underlined by the direct assessroemeasured
R,. values. From Eq. 6 we can ass®&gs for different canopy layersl{, L, and for the
whole canopy;,(z,,23); Az = z; — z,)) within-of the grasslandanepy(cf. Fig. 5). In the
lowemost canopylayer, R,.(L;) was generally highest with medians of 900 to 1960
during nighttime and 1000 to 1300 §'muring daytime (Fig. 5). In comparison, Gut et al.
(2002) found the aerodynamic resistance in the $oweeter of an Amazonian rain forest

canopy in a similar rangend—shewing—the samediurnal—pattavith 600 s M during

nighttime and 1700 s nduring daytimeshowing the same diurnal pattern

As found for the transport times, the diurnal ceuo$R,. was-nversedn the upperlayers

abeve mirrored that of the lowermost lay&ig. 5). In the upper canopy, the median of

R,.(L,) typically ranged around 300 s’nduring nighttime and around 150 §'muring day-
time. In comparison, above the canopy the mediaR,¢0f;) (Eq. 5) was substantially lower
with around 80 and 15 stnduring nighttime and daytime, respectively. Congely, the
aerodynamic resistances in and above the campyl(; ,) andR,(L3)) differed by almost
two orders of magnitude during daytime, and by orger of magnitude during nighttime.
Accordingly, the efficiency of aerodynamic trandpdecreased withecreasindneight, even
if the transport times wengarthy- occasionallyshorter inL; compared td.;. FheR,. for the

entire canopy (Fig. 5) reflects the sum of the mps transport times divided by the entire

layer thickness/Az = z; — z;) and can be considered as equivalent to a weightethge of

R,.(Ly)_and R,.(L,). ferthe-whele—canepy{Fig—5),._ranged in-betweem,.(L,) and

R,c(Ly) with 440 s it during nighttime and 360 s hduring daytime. The opposite diurnal

courses of bothi,.(L,) andR,.(L,) have an impact oR,., which in turn showed a smaller
diurnal variation. AsL, contained around 80 % of the layer thickness batwg and z;

(cf. Fig. 5),R,. was closer t®,.(L,).
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The median transport time through the 0.6 m higlunah grassland canopy (also referred to
as “canopy flushing time”) was presented in thateal study of Plake and Trebs (2013) for
the same experiment. It was measured using thé&alethoron profile between; andz;
(EQ. 6). The canopy flushing time is consistenthvilie sum oft.,.(L;) andz-(L,) in this
manuscript (cf. Fig. 7 below) and represents theaimopy layer down to 0.04. (z,/h.). It
was determined to be6 min exhibiting only small daytime/nighttime vation. Simon et al.

(2005) reported canopy flushing timeSaround 60 min during any time of the dagsed on

radon measurements within a 40 m high rain forasbpy Fe+for the layer betweeh,. and

0.13- h. (canopy top to trunk spacefey

any-time-of-the-dayAs in the grassland canopy in Mainz-Finthen, ttigie in-canopy con-

vection accounted for the small daytime/nighttinagiation in their study. Normalization of
their canopy flushing time by the layer thickneidedR,,. in the order of 100 s ™ which

is around 3—4 times lower than the correspondipg of the grassland site. Other studies
(Holzinger et al., 2005; Rummel, 2005) based offaserrenewal models reported somewhat
lower flushing times. Rummel (2005) found flushitmges in a 32 m high rain forest canopy
of <200 s during daytime, which correspond Rg, values< 10 s nit. In the same way
Holzinger et al. (2005) determined flushing timés96 s during daytime and around 300 s
during nighttime within a 6 m high scrubby pinedst. Corresponding,. values were in the

order of 20 and 60 s i respectively.

Thus, it is important to note that even if the gandeight of natural grassland canopies is
small compared to forests (around 1-10 %); theesponding canopy flushing timese
ofare withinthe same order of magnitude as those reportetbfest canopie$t0—400-%.)
The typically high biomass density in the lower @ay of grasslands (e.g., Jaggi et al., 2006;

Nemitz et al., 2009) is the most obvious explamatiib provides a large aerodynamic re-
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sistance (> 900 s ™ in a small layer adjacent to the ground (h&gi(L,)). Fhe This-aero-
eiynramic resistance is large enough to increase the oveeathdynamic resistance of the
whole canopyR,.) by 50 % and 140 % during night and daytime, respely. Consequent-
ly, R,. of the grassland canopy was found at least 3—dstingher tha® . values represent-

ing corresponding in-canopy layers of forests tafkem literature.

Plake and Trebs (2013) compared their directly mneastransport times with the parameteri-
zations of van Pul and Jacobs (1994) and Persdrale (2009). They found that none of the
parameterizations was able to reproduce the editirmal course of the in-canopy transport.
An-aAgreement with the measured transport times wasereitind during daytime (Personne
et al., 2009) or nighttime (van Pul and JacobsA4)9@nderlining the need for more direct

measurements on in-canopy transport.

4.2 Chemical timescales

The non-linear profiles of NO, NCGand Q might have introduced uncertaintiesrif (L,_5).

The potential uncertainties due to averaging wevestigated by determining the individual
Tcn(2,_,) and their subsequent comparison with(L, 5). In L;, L, andL; they were found
to be<13 %,<4 % and< 2 %, respectively, during daytime under any coadit During
nighttime, the uncertainties i3, andL; were found to be 6 and 2 % during the low,Nb@ri-
ods and 57 % and 13 % during the high,Nb@riods, respectively. 1h; the uncertainty dur-
ing nighttime was 30 % for all conditions. Furthem®, the in-canopy parameterization of
Jno, Might have introduced additional uncertaintiexsifi) in reality the attenuation of in-
canopy radiation might be more complex than deedrib Eq. 3, and (ii) the parameterization
of jno, from G is prone to uncertainties of >40 % for G < 100 V¥, h0 — 40 % for G = 100—

500 W m? and< 10% for G > 500 W ff (Trebs et al., 2009Moreover, omitting the influ-
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ence of peroxy radical (H®RO;) levels for the calculation of the chemical timsss intro-

duces uncertainties. However, measurements ofcaénrofiles of HQ+ RO, inside and

above the grassland canopy are challenging and negmmade during our experiment. Addi-

tionally, no straightforward analytical frameworkigts to calculate their influence on chemi-

cal timescales due to the variety of compounds raadtion rates involved in the complex

HO,/RO, chemistry, which would require numeral modellinggdieal et al., 2001).

The diurnal maxima and minima ofy, (L,_;) (Fig. 3a,d,g) were found to coincide with the O

minima and maxima (Fig. 2e,f), respectively. Th@act of the terms in Eq. 2 ap,(L;) was
examined by a correlation coefficient analysisvédts found to be highest for;@ollowed by

NO, and NO with r =-0.57, r =0.46 and r = -0.07 pexsively. Consequently, the chemical

timescale is dominated by the influence gfad long as ©is present in excess compared to

the other compound#s the average air-chemicsituation conditionsn Mainz-Finthenwas

were characterized by a surplus o @ompared to N@or NO (cf. Sect. 3.2), the magnitude
of 7.,(L3) was most affected by the mixing ratios of. @ contrast, NO was generally less
abundant, which explained the low overall impactrgi(L;). Only under duringhigh NG,

situatiensperiodswhen NO levels were above 5 ppb (cf. Sect. Jaf)jncreased impact of

NO ont.,(L3) was found.

Fig. 6a summarizes the chemical timescales. Thedeah variation int.,, expressed by
higher nighttime and lower daytime values, candresidered as a rather typical pattern based
on the diurnal courses of NO, M@nd Q (Fig. 2e—j) and their strong photochemical link.

The vertical variation irt., (L;_;) was on the one hand caused by the attenuatigp,ofin

the canopy, and on the other hand by generallyeasing mixing ratios of NO, NCand Q

with height (Fig. 2e—j). It should be noted, tha tatterfinding was is-a-siteexclusively valid

characteristic-issuefor this experimental .SR&ke et al. (2014) measureddignificantsoil
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biogenicNO sei-emissionswere-measured-byPlake-et-al{20lahd-wereunderlined by

weak in-canopy NO gradients (Fig. 2g,h). As alreddscussed in the previous paragraph,
generally low NO, N@ and Q mixing ratios tend to cause higty, -values and vice versa.
Consequently, at a site with higher NO emissions.gs an intensively managed agricultural

field, the verticak, profile would most likely feature smaller vertiahfferences.

The extremely high.,(L;) during nighttime of the high NQperiods (Fig. 6a) were a direct
consequence of canopy decoupling (cf. Sect. 4.IrAnsport of @ and NQ into the lower
canopy was suppressed by the temperature invefsioRig. 2f,j). The residual 9and NQ
molecules were convectively circulated within tbevér canopy andsubsequently deposited
efficiently to surfaces until both almost disapgehin the early morning (Fig. 2f,j-husCon-

sequently both the negligible NO emissionsgetherwithandhe suppressed supply o O

and NQ from above yieldedsimultanesushvery low mixing ratios of all threepeciestrace

gasesthat in turn led to thextremely venhigh ., (L, ) values.
Our results are in line with those of Stella et(2D13) who reported median diurng}, of
80-300 s and 150-600 s above and within the canggspectively, for an intensively man-

aged meadow. Their in-canopy, maximum was somewhat lower than in Mainz-Finthen,

which might be attributed to NO soil emissions@averaging of different layers.

As mentioned above, the chemistry of &0, is not considered in our study. The reaction

rate constant of NO + HIRO, is about 500 times higher than that of the readi® + Q.

Assuming relatively high average daytime HORO, mixing ratios of 60 ppt inside the can-

opy (see Wolfe et al., 2014) the oxidation of NONI@, would be as fast as with 30 ppb of

Os. This implies that these chemical timescales naygdmparable to those of the reaction

NO + G;, which dominates,;, derived from Eq. 2. However, it should be noted therox-

ides have a high affinity to be lost at surfacehijctv may reduce their presence in dense
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482 | grassland canopies—Since-Eg—2-execlusively-corsiBdand R3,—additional-reactions—may
483

484 | NO.-by-peroxyradicals{Sect-1),Additionally,—reactions between volatile organic com-
485 | pounds (VOCs) and {Je.g., Atkinson and Arey, 2003) might have inflobedambient-NO,

486 | NO.and-Q-levelschemical timescaleSimultaneously measurédogenicVOC mixing rati-

487 os featured very small values at our site (e.@prsne < 0.7 ppb, monoterpene < 0.3 ppb,

488 | J. Kesselmeier, personal communicatidie to the absence of measurements the influence

489 | of anthropogenic VOCs is not taken into accoiimius—thelatterreactions-could-be-consid-

490

491

492 4.3 Influence of meteorology and air pollution on vertcal Damkdhler number profiles

493 | The summarized daytimRA(L, ;) in Fig. 6¢ exhibiteca—pattern-ofdecreasingDA values

494 | with_increasindayer height. Thus, the likelihood of chemicalxfldivergencexas-indicated
495 | te-decreasefrom L, to L;. Throughout., to L5, thet., values (Fig. 6a) showed a lower var-

496 | iation compared to the corresponding values(Fig. 6b). FhereforeHencethe daytimeDA

497 profile was mainly caused by the vertiegl profile.

498 ‘ Interestingly, the nighttim®A ef-for all dataand the high NQperiodsdatashowed opposite
499 vertical profiles, indicating an increasing likadiid of chemical flux divergence with increas-
500 ing layer heightk; to L3). This was especially pronounced during nighttwhéhe high NQ
501 periods, where the only instance without indicatfion a flux divergence within the entire
502 ‘ data setfor L;was foundferL;. The reasons for this were (i) thetraordinary veryhigh
503 t.(L;) (Fig. 6a and Sect. 4.2), and (ii) the reversedicadrtransport time profiles during

504 nighttime (fastest i) of the high NQ periods (Fig. 6b). This finding agrees very weithv
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Rummel (2005) who foundt-righttime thathe transport timescale in thearest lowermost

layer of an Amazonian rainforest-beisfaster than the chemical timescalehe NO-NG-Og

triad during nighttime

Above the canopy, the order of magnitude (Fig.&a) the median diurnal course (Fig. 3c) of
DA compared well with the values of Stella et al.1@0ButtThe in-canopyA of Stella et
al. (2013) was smaller than tied above the canopy throughout the entire day, wtsdh
contrast to our study. Considering theeragecanopy flushing time given in Plake and Trebs
(2013) (cf. Sect. 4.1.2) and thg,(L,) (cf. Fig. 6a),a-comparable the averamecanopyDA

in Mainz-Finthen was in the order of 2 and 1 foytdae and nighttime, respectively. Thus,
our studyin-canopyDA in-eur-study valueareon averagsignificantly higher than above the
canopy throughout the dayps-the-canepyheight-in-Stella—etal (2013} wabravound

-the
lewer-in-canopybA-compared-to-ourstudfinally, it should be noted thab-canopy,DA

valueswithinplant-canepies may not be fully representats-are-notfullyrepresentative for
all-precesses,—sinckesides transport and chemistry, additional seuesel sinks for trace

gases exist within plant canopies. These are spdoifeach trace gas and will be further dis-

cussed below.

4.4 Implications for measured fluxes

4.4.1 Potential NO, canopy reduction

Within the canopyDA(L,_,) (Fig. 3f,i; Fig. 6¢) suggest that chemical reactions exhibited a

larger influence on the NO-N&D; triad during daytime than during night. Howeveactive
traces gases in canopies are deposited to sovegetation elements. Trace gases can be ef-

ficiently taken up by plants due to adsorption/apgson on cuticles and diffusion through
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stomata (e.g., Breuninger et al., 2012). On therotiand, particularly NO is simultaneously
produced by microbial processes and is subsequeridgsed from soil. Although, the latter
process could be neglected in this study due ignifscant NO soil emissions (Sect. 4.2), the
uptake of NQ by plants, however, was investigated in orderreoveneralconclusions on
potentialNOy canopy reduction within natural grasslands carogience additional-infor-
mation-enthe characteristic time scale of plant uptakg ©Of NO, wasreguired—Such-time-
sealese {NO-) integrated over the whole canopy, {,) were wasestimated based on a re-

sistance model (Baldocchi, 1988), following an aggh of Rummel (2005) as:

-1
1 ALAI
Tu(X) = <E > )
x

(7)

wherex denoted the trace gas of interest (hereNO,) andR, was the leaf resistance xof

R = (e b i) ®)

Rblx+Rsx+Rmesx Rblx+Rcutx

with R, being the leaf boundary layer resistance chlculated according to Personne et al.
(2009),R;_the stomatal resistance oftaken from Plake et al. (2014,,,.;  the mesophyll
resistance set to 200 s'nfor NO, andR., the cuticular resistance set to 9999 S due to

the unimportance of cuticular deposition for N@oth values were taken from Stella et al.

(2013)).

During daytimethe median ot, (NO,) calculated from all datewas typically found to be the

shortest amongst all timescales relevant for,N®pically ranging between 90 and 160 s
between 09:00 and 17:00 CET (Fig. 7). This timesaahs closely followed by, (L;142)
exhibiting values between 100 and 200 s in the samewindewperiod butwith-a-sherter

lasting theminimum was slightly skewed towards the afternoém contrast, theratues—of

T4 (L142)=the canopy flushing timey, (L,,,). -fanged from 250 to 290 s (Fig. 7) during this
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time. For asimitar-comparable natural grasslacahopy with significant NO soil emissions,

this would imply an efficient in-canopy conversiohNO to NG during daytime, followed
by an effective N@plant uptake as the transport was found to bei&8s slower. Further-
more, the biomass density within the lowest 0.2fnthe canopy (i) strongly inhibits the
transport, especially in; during daytime (Fig. 5; Fig. 6b), and (dpmpens attenuatdse

photolysis of NQ at the soil-canopy interface, the location whef@ il usually emitted. This
indicatesthat astrongpotential forNOy canopy reductiomeeurring existsn such grassland

ecosystems during daytimé; in casethe precondition of significant NO soil emissiorss i

fulfilled. The presence of peroxy radicals may even amplif/grocess.

However, during nighttimeg,,(NO,) was found to be very large (Fig. d)e to plant stomata

closure,.Hhence, the role of turbulence-chemistry interacti@hd(L, ,)) was dominating

over biological uptake processes.Linthe transport of soil emitted NO would be slowast
der relatively windy nighttime situations (low N@eriods in Fig. 3h) due to undeveloped in-
canopy convection. Thus, a considerably high mixetgp of Q within the canopy (Fig. 2e)

would lead to an efficient formation of N@ndicated byDA(L,_,) close to unity. The uptake

of NO, by plants would be insignificant (see above), anlty soil deposition would lead to a
small NG depletion. Most likely, such nighttime conditiowsuld lead to simultaneous NO
and NO canopy emission fluxd3uring nights with lows- wind speedghigh NQ, periods),
the temperature inversion constitutes a “canogy Wdthin the canopy L, .,) the reaction of
residual Q (cf. Sect. 4.2) and soil emitted NO would compeith the Q deposition tcsur-
faces-depesition Subsequently, a mixture of NO and N@ould be trapped inside the cano-
py. Besides some minor in-canopy Nf@sses (see above), a distinct NO and, N€ease
may occur in the morning hours, which has beenrebsgefor forests (cf. Foken et al., 2012;

Dorsey et al., 2004;Jacob and Wofsy, 1990).
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4.4.2 Influence on O; deposition flux

Similar to NQ, the application of in-canopRA values for @ remains difficult, since plant
uptake and deposition to plant surfaces and tHeaseiadditional @loss pathwaysbesides
chemistry The characteristic timescale of @lant uptake and soil depositiep(05), shown
in Fig. 7, was estimated using Eqgs. 7 and 8, withO;, R;,,.; Setto O's m (Erisman et al.,
1994) andR.;, = Rps, — Rsour, (€.9., Lamaud et al., 2009, was taken from Plake et al.
(2014) andRg,;, = 240's it according to Lamaud et al. (2009),(05) ranged from 30 to
150 s, which clearly illustrates the dominancemtanopy Q@ plant uptake and soil deposi-

tion. 7,,(03) was significantly faster than both,.(L,_,) andz.,(L,_,) during the entire day

(values are given in Sect. 4.4.1).

Consequently, onlp A valuesabove the canopy, i.0A(L;)-n-this-study are-validas-anpro-
vides anindicator indicatiorfor potential Q flux divergenceBecause Sincthe DA(L;) al-
ways exceeded 0.1 (Fig. 3c, Fig. 6¢), a chemicad divergence could not be excluded at the

Mainz-Finthen site. Furthermor®A > 1 (Fig. 3c) during the early evening hours clearly

indicated petential—flux—divergencethe dominance of chemioadctions over transport

Duringia the low NQ periods, the probabilitjoref flux divergence was lowest. The influ-
ence of chemistry on {deposition fluxes determined by Plake et al. (3Cdt4the Mainz-

Finthen grassland site will be discussed below. ifikeeian Q fluxesfor the entire measure-

ment periodranged from about -1.5 to -6 nmof 8T during night and daytime, respectively.

Due to negligible NO soil emissions, a chemicak ftlivergence irl.; resulting from counter-
directed fluxes of NO and {wvas very unlikely. Nevertheless, we dse simplified method

proposed by Duyzer et al. (1995) based on R1 anarii3the law of mass conservatin

approximate-The flux divergences-appreximatedy the correction factaz,, as:
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Ao, = f—i [k1 - (Nwo - Fo, + No, * Fro) = jno, * Fro,] ®)

where ¢, = ¢, = ¢y Was the stability correction function for heat @g3trom, 1988)F,,
the measured Oflux at z.., determined by the eddy covariance method (cf. ePketkal.,
2014) andFy, andFy,, the corresponding NO and N@uxes determined by the dynamic
chamber technique (cf. Plake et al., 2014). Thenes¢d Q deposition flux atz; (F,,) was

then calculated as:

re d * re
F,=F,_ + sz3 4 (a—i) dz = F5 +ag, 23 (1 +In Z—f) (10)

z Z3

where the term/ ™/

7 (a—F) dz was the integrated flux divergence withip. The resulting
Z

0z

median @ flux divergence was quantified to be less than, Icéafirming the-oura priori
assumptiomf-irrelevant Q-flux-divergenece

Nevertheless, we examined the influence of the megth NO mixing ratios in the morning
hours (Sect. 3.2, Fig. 2g,h), accompanied by veny Os/NO ratios (Fig. 8) on the measured
Os fluxes. A chemically induced {3lux F.(03) due to productio®(03) or lossL(05) of O3

by R1 and R3 integrated over the air columi.pfvas quantified according to Rummel et al.

(2007) as:

F.(05) = P(03) — L(0;) = [[7/ M0 04D) . g _ frey ks D04 g, (11)

23 TNO, (2) 23 Tos (2)

wherep, (in mol m®) was the molar density of dry aity, andt,, (in s) were the chemical
depletion times of N@and Q, respectively:

1

TNo, = ino, (12)

S 1
03 ™ kyNyo

(13)
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Fig. 9a displays the diurnal courses Bf0;) and L(0;) exhibiting median values of
0to 1.9 nmol rif s* and 0 to -1.4 nmol ths?, respectively. Theraximum maximamedian
values were related to the enhancedyN&Yels in the morning. The resulting median net
F.(05) in Fig. 9b ranged between 0.6 and -0.05 nmiblsth representing a netz@roduction

in L, during daytime and a net loss during nighttime. é&2gdly, the medians of low and
high NQ, periods adjoined the interquartile range of therall data set, showing a variability
of one order of magnitude of nBt(05) during daytime. Considering the median valuedlof a

data, themeasured chemical contribution to the measured IBC df Oz depesition—fiux

would be ehanrge-baround +10 % during daytime and -3 % during nighttiConsequently,

the actual daytime £deposition to the canopy is higher than measureth®yEC method.

This finding is interesting, as to our knowledgewpous studies only reportethemicalOs

lossesabove the canopy-when-dealing-with-the—chemicad-fivergence—of-@Fhedue to

outbalancing of the reactions of @ith NO (e.g., Dorsey et al., 2004) or VOCs (ekurpius

and Goldstein, 2003) emitted by soil or plantspeesively;—+esuled-in-ret-Oless Thenet
O3 production in our study was attributed to a deeratrom the NO-NGQ-O3; photostationary
state by a surplus of NObased on NO oxidation by e.g. peroxy radicalstber oxidantgcf.

Trebs et al., 2012)Unfortunately, we were not able to assess theaahpf thee reactions

involved in the net @productionon the calculated chemical timescales as measuaterné

peroxy radicals were not available. The NgDrplus might have originated from simultaneous
emissions of non-methane hydrocarbons, carbon mdaqO) and NO from motorways
surrounding the site in a distance of some kilonsetlt is well known that under daytime
conditions peroxy radicals are formed that can iaeidNO without consumption of {esult-

ing in net Q production (Seinfeld and Pandis, 2006). Althoubig O; production might also

prevail at other experimental sites, this effeanisst likely balanced or even exceeded by the
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destruction of @due to biogenic soil NO emissions which were rggigle at our site (a nutri-

ent poor grassland site).

5 Conclusions

For the first time, we simultaneously measured gjpant times (aerodynamic resistances),
vertical profiles of NO-N@ O3 mixing ratios and micrometeorological quantitieshim and
above a natural grassland canopy. The obtainedwda analyzed to gain insights about the
potential NQ canopy reduction in the grassland canopy, andatyae the=ffect contribution

of chemistry on fluxes of purely depositing compdsinsuch as £ We observed two ex-
treme regimes: ahe-first-characterized-Hyigh wind speed and low NOnixing ratios (low
NOy periods) and b)re-secoend-bjow wind speed and high NOnixing ratios (high NQ
periods). Our study highlights th@} as a result of in-canopy convection, nighttimesgort

in thelewest lowermostanopy layer is fastestvhile during-highly-stableonditions above

the canopyre highly stablerefated dtelow wind speedduring thehigh NO, periods.

Interestingly, our results on transport-chemistrigractions within the grassland canopy are
partly comparable to those found in the Amazonginforest, although the vertical canopy
structure differs substantially. Natural grasslaeghibit very high biomass densities in the
lowest canopy part. Thus, theedianaerodynamic resistance in the lowest canopy layer
(0.04-0.2 m) was found to bef the same magnitude (> 900 &)rand to feature the same
diurnal pattern (higher during daytime, lower aght) as the aerodynamic resistameele-
termined forthe lowest meter of an Amazonian rain forest. Tidianin-canopy aerody-
namic resistance representing the whole grasslandpy was at least 3—4 times higher than
in-canopy aerodynamic resistances of forest casogwailable from literature. Our results

reveal that even if the canopy height of naturalsgland canopies is small compared to for-
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664 | ests (around 1-10 %), the corresponding canopifigstimes arest-the-samaf the same
665 | order of magnitude as those reported for foresopms{16—-400-%) The mediancanopy

666 | flushing times exhibited only small daytime/night& variability, which isa#eHl-in accordance

667 with a detailed study on flushing times within am#&zonian rain forest (Simon et al., 2005).
668 The small daytime/nighttime variability is causeglthe compensating transport efficiencies

669 | inthelower and upper canopy layers during daytime agtttime for both canopy types.

670 | Themediancanopy flushing time of the grassland was founddg 6 min and the chemical
671 timescale of the NO-N&O; triad during daytime ranged between 1-3 min. Tais obvious
672 | implications e.g., for soil emitted reactive compds such as NQqotentiallyimplying fast

673 | chemical conversion of NO to NQuvithin the grassind canopy. During daytime the plant

674 uptake of NQ was shown to be 2-3 times faster than the canloghihg time. Inevitably,
675 this leads to a strong potential N©@anopy reduction in the presence of biogenic ND so

676 | emissionsThis effect may be amplified in case substantiaéle of peroxy radicals prevail

677 | inside the canopyDue to the extensive global terrestrial coveragi \grassland canopies,

678 this finding is highly relevant for the applicatia@f global chemistry and transport models.
679 | Our resultselearty—revealindicate thahe daytime NQ canopy reduction for grasslantb
680 | may be-be-muehigher than 64 %. Nevertheless, an improved dairagel_for the NOy
681 | canopyreductionfactorin analogy to the-ere-ifYienger and Levy (1995) cannot be presented

682 | here due to the insignificant NO soil emissionthatexperimenat site.

683 | Moreover,-Wve determined a median net chemical gpoduction of 10 % during daytime

684 | within the air column between thHeC flux measurement and the canopy, which was due to
685 | the absence dofoil biogenic NOsei-emission in our study. Hence, in contrast to pnesio
686 | studies our measureds;@eposition flux byeddy-cevarianceEGs slightly underestimated.

687 | Thechemicalflux divergence for @was one order of magnitude larger during the NGk
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than during the low NQperiods. In-canopy Damkdhler numbers were showetoelevant
for NO, only under nighttime conditiong¢hich wasdue to the minor role of NQuptake by

plants at this timeAbeve-the-canepfpamkdhler numbersbove the canopwdicated a po-

tential flux divergence, but did not provide a hiot the observed chemical production gf O
The only instance without indication forcaemicalflux divergence within the entire data set

was found during nighttime of the high N@eriods in theswest lowermostanopy layer.
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Fig. 1.(a) Frequency distribution of wind direction rekhteo NQ, mixing ratios; (b) NQ@

mixing ratios as function ef:s wind speed (wsat the Mainz-Finthen grassland site.
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Fig. 2. Time height cross sections indicating the mediaticad distribution of (a,b) Rn, (c,d)
CO,, (e,f) G, (g,h) NO and (i,j) N@during low NQ (left panels) and high NQright pan-
els) conditions at the Mainz-Finthen grassland Jitee canopy height (dotted line) abgd 5

are also shown. The plots were made usingahtourf function of MATLAB.
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Fig. 3. Diurnal courses of (a, d, @}, (L;-3), (b, e, h)t.-(L;_3) and (c, f, )DA(L,_3) con-
sidering all data from 19 August to 26 Septembet12(medians and shaded interquartile
ranges) and the low NGand high NQ periods (green and brown medians and interquartile

boxes) at the Mainz-Finthen grassland site.
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Fig. 4. (a)—(c) Diurnal courses of measu®fl(L,_3) considering all data from 19 August to
26 September 2011 (medians and shaded interquaniigs) and the low and high Nferi-
ods (green and brown medians and interquartileagnagote AT (L, L;) do not fully cover
L, andL; (Sect. 2.3) due to availability of measurementc{S2.2); (aAT(L3): 2.5-0.8 m;
(b) AT(L,): 0.8 -0.2m; (cAT(L;): 0.2 —-0.02 m (soil temperature). (d) Median icait
temperature profiles and interquartile boxes reprisg the thermal stratification at
00:00 and 12:00 CET considering all data from 1@usi to 26 September 2011 at the

Mainz-Finthen grassland site.
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Fig. 5. Diurnal courses of in-canopy aerodynamic resistaf@eeach individual canopy layer

Ter (L) +7r (L)
Z3—Z

‘ (Rgc(L1), Ry:(Ly)) and for the entire grassland canopy, (= ) at the Mainz-

Finthen site (median and shaded interquartile reyagéor comparison, the aerodynamic
resistance above the canopy is also displaigdLg)). The layer thickness\g) is indicated.

‘ The plos includes all data from 19 August until 26 SeptenftEl 1.
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Fig. 6. Comparison of box plot statistics fog, (L1-3), T4 (L1—3) andDA(L;_3) during day-
time and nighttime including all data from 19 Augustil 26 September 2011 separated for

the low and high NQperiods at the Mainz-Finthen grassland site.
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Fig. 7. Comparison of median diurna},(N0,), 7,,(03), T, andz,, with interquartile ranges
for the whole canopy layeL{,,) considering all data from 19 August to 26 Septenit®11

at the Mainz-Finthen grassland site.
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4  Fig. 8.Diurnal course of the ©to NO ratio inL; considering all data from 19 August to

5 26 September 2011 (median and shaded interqueatilge) and separated for the low ,NO
6 and high NQ periods (medians and interquartile boxes) at tekAFinthen grassland site.
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Fig. 9. Diurnal courses showing (&(05) and L(05) and (b)F.(05) (Eq. 11) forL; consider-
ing all days from 19 August to 26 September 201é&diens and shaded interquartile ranges)

and separated for the low and high ,N@&riods (medians) at the Mainz-Finthen grassland

site.
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