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Abstract. Stable isotopologues of GQsuch as®CO, and  comparison with mKP (27 %) shows that the former provides
C800, have been used to study the S&xchange between new opportunities for studyingf-8Or dynamics within forest
land and atmosphere. The advent of new measuring techeanopies. Values af'80Or showed large temporal variation,
niques has allowed near-continuous measurements of stablgith values ranging from-31.4 %o (DOY 208) to—11.2 %o
isotopes in the air. These measurements can be used with mipOY 221). Precipitation events caused substantial variation
crometeorological techniques, providing new tools to inves-(~8 %o) in §'80r over a period of approximately 24h. A
tigate the isotope exchange in ecosystems. The objectives afiel trend of§180F was observed, with more depleted val-
this study were to evaluate the use of the isotope flux ratioues present during the daytime. Model simulations indicate
method (IFR) near the forest floor of a temperate deciduoughat the activity of the carbonic anhydrase enzyme was quite
forest and to study the temporal dynamicss&fO of CO, variable during the evaluated period. These simulations indi-
flux near the forest floor by comparing IFR estimates with cate that more frequent sampling&3fO of soil water could
estimates 0820 of net soil CQ flux provided by an analyt-  improve the estimates 620 of net soil CQ flux.

ical model. Mixing ratios of2C1%0,, 13C0O, and G080
were measured within and above a temperate deciduous for-

est, using the tunable diode laser spectroscopy technique. |ntroduction

The half-hourly compositions of the G@lux near the forest

floor (313Ce and §180g) were calculated by IFR and com- Stable isotopes of COhave been used to investigate the
pared with estimates provided by a modified Keeling plot exchange of carbon dioxide between land and atmosphere
technique (mKP) and by a Lagrangian dispersion analysigKeeling, 1958; Farquhar et al., 1993; Ciais et al., 1995; Yakir
(WT analysis). The mKP and IFR®Or estimates showed and Wang, 1996; Cuntz et al., 2003). Naturally occurring
good agreement (slope = 1.03 and correlati®f,= 0.80). CO, isotopologues, such d8CO, and G800, have been
Thes13Ce estimates from the two methods varied in a narrow ysed to study the uptake of Gdy oceans and land (Tans
range of-32.7 and-23.1 %o; the meanf SE) mKP and IFR et al., 1993; Ciais et al., 1995), to investigate the exchange
813Cr values were—27.5%0 (-0.2) and—27.3%0 (-0.1),  of CO, between ecosystems and atmosphere and for parti-
respectively, and were statistically identical £ 0.05). WT  tioning the net C@ ecosystem exchange into photosynthetic
analysis and IFR'Or estimates showed better correlation and respiratory fluxes (Yakir and Wang, 1996; Bowling et al.,
(R? = 0.37) when only turbulent periods.(>0.6ms™)  2001; Oge et al., 2004; Zhang et al., 2006).

were included in the analysis. The large amount of data cap-

tured (95 % of half-hour periods evaluated) for the IFR in
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2386 E. Santos et al.: Use of the isotope flux ratio approach

The isotopologuet®CO, has been used as a tracer in niques, allowing the investigation of isotope exchange in
ecosystems where there is a contrast between the isotoppatial and temporal scales suitable for studying ecosystem
compositions {*3C) of growing plants and soil organic mat- biophysical processes (Griffis et al., 2007; 2010). Griffis et
ter (Rochette et al., 1999; Griffis et al., 2005b). This con-al. (2004) proposed the use of the isotope flux ratio method
trast is commonly observed either wheg @lants are grow-  (IFR), based on gradient-diffusion theory, to determine the
ing in soil with organic carbon derived fromyCesidue or  isotope composition of ecosystem respiration. This approach
vice versa, and it is caused by differences in the photosynshows some advantages over the commonly used Keeling
thetic isotopic discrimination betweens@nd G plants (Far-  plot technique (KP) (Keeling, 1958), since it is theoretically
quhar et al., 1989). On the other hand, the use’80© as  less sensitive to changes in background atmospherig CO
a tracer relies on differences #O composition {1%0) of ~ mixing ratios and provides estimates of flux components that
COy, fluxes originating from soil and plant canopies (Gillon are consistent with the flux footprint (Griffis et al., 2004,
and Yakir, 2001). Thé180 of canopy and soil C&fluxesis  2007). The IFR method could be particularly helpful to study
coupled withs180 of soil and leaf water. Differences 880 C1800 exchange since the conventional KP technique, with
between soil and foliage water pools arise dﬁ@i evapo- concentration data collected during large time intervals (sev-
rates more readily than}80 and due to different evaporation eral hours), is not as reliable for determining {fi® compo-
rates between water pools (Farquhar and Cernusak, 2005jtion of fluxes as when applied t8C measurements (Tans,
Welp et al., 2008). Oge et al. (2004) proposed the use of car- 1998; Flanagan et al., 1999; Griffis et al., 2005a).The IFR
bon and oxygen isotope tracers for partitioning the nep CO method has been applied to investigate the isotope exchange
ecosystem exchange into plant and soil components. The ugdove plant canopies. Studies have shown that the gradient-
of C1800 is particularly advantageous in established ecosysdiffusion theory, in principle, is not suitable to study mass
tems where thé3C differences between plants and soil or- and energy exchange within plant canopies, due to the close
ganic matter are not very large (&g et al., 2004; Griffis et proximity of sources/sinks and to the length scale of turbu-
al., 2005a). lent eddies inside plant canopies (Corrsin, 1974; Denmead

One of main challenges of using!®0 as a tracer in and Bradley, 1987). However, it has been shown that the
ecosystems is its large temporal dynamics (Griffis et al.,gradient-diffusion based approaches provide reasonable es-
2005a; Wingate et al., 2010; Xiao et al., 2010), which is con-timates of fluxes in the open trunk space of forests (Dolman
trolled by variables such as changes in environmental condiand Wallace, 1991; Baldocchi and Meyers, 1991; Wu et al.,
tions, efficiency of the C®hydration, kinetic fractionation, 2001). According to the localized near-field theory of Rau-
isotopic composition of water in the soil and foliage (Yakir pach (1989a), a gas constituent that originates from sources
and Sternberg, 2000; Seibt et al., 2006). Seibt et al.(2006) obat the ground below a vegetation stand can be described by
served that the rate of equilibration between,G@d water  the gradient-diffusion model.
in soils could not be explained strictly by soil physical prop-  The use of the IFR method beneath plant canopies could
erties and hypothesized that the rate of d@dration was ~ bring new insights into mechanisms regulating the isotope
enhanced by the activity of carbonic anhydrase enzyme (CAgxchange in ecosystems. In this study, near-continuous mea-
in the soil. Soil chamber studies have shown that the effect ofurements of?C60,, 33C0O, and GO0, obtained using
CA varies in time and between sites, so additional studies aréunable diode laser absorption spectroscopy, were used for
required to quantify the level of activity of the CA in the soil the first time with the IFR approach to study the isotopic ex-
in different biomes (Seibt et al., 2006; Wingate et al., 2008,change near the floor of a temperate deciduous forest. Thus,
2010). Furthermore, chamber studies have brought new inthe objectives of this study were
sights into mechanisms controlling thé0°0 exchangein 1 15 evaluate the use of the IFR method near the forest
sons_; howevgr, the use gf soil .chambers. in ecosystem-scale  fo0r of a temperate deciduous forest by comparing its
studlgs requires a very mtensw_e sampling scheme to char-  oqtimates of isotope composition of €ux with val-
acterize the spat!al heterogeneity of ecosystem fluxes (Law ;o provided by a modified KP technique (mKP) and the
et al., 1999; Davidson et al., 2002; Powers et al., 2010). In analytical Lagrangian dispersion analysis proposed by

addition, soil chambers can significantly affect th&00 Warland and Thurtell (2000). The latter analysis takes
exchange between soil and air, requiring the use of soil dif- 14 consideration the proximity of source and sinks and
fusion models to correct for this effect (Seibt et al., 2006). the length scale of turbulence within plant canopies.

The advent of new measuring techniques, such as quantum
cascade laser-based spectrometry (Tuzson et al., 2008; Kam-2. to compare theé®0 of CO; flux measured using the
mer et al., 2011) and tunable diode laser absorption spec-  IFR near the forest floor with modeléd®O of soil CQ,
troscopy (Bowling et al., 2003b; Griffis et al., 2005a, 2008; flux obtained using an analytical model (Tans, 1998;
Wingate et al., 2010), has allowed near-continuous measure- Amundson et al., 1998; Wingate et al., 2009). This
ments of CQ isotopologues in the air. These measurements model has been tested in chamber-based studies and can

can be combined with existing micrometeorological tech- be used to investigate the effect of environmental vari-
ables, such as the isotope composition of precipitation
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Table 1. Textural composition and organic carbon content of the

soil in a deciduous forest. Air Intake heights
. 36.81m
S B
Depth Texture (% C (%)* anemoonr::eter
(cm) Sand Silt Clay 334m O
0-10 | 87.1@3.6) 8.2(2.6) 4.61.1) | 2.40¢0.03)
10-15| 90.5@0.6) 6.5@0.8) 3.0 (0.6) | 0.66 d0.03) —

15-30 | 95.1 ¢t1.0) 3.3@1.3) 1.6€0.4) | 0.63 (0.02)
30-45| 95.3(@1.4) 3.3¢1.3) 1.3¢0.6) | 0.530.02)
45-60| 96.8(41.3) 2.4(1.1) 0.8¢0.4) | 0.52 &0.02)

e
3 o

Ul WO 009~

* soil texture analysis was obtained from three soil cores. Numbers in brackets are
standard deviation

** soil carbon content from nine soil cores. 0.65m

5.51m
and the activity of soil CA on the temporal dynamics of ' soil
8180 of CO; flux near the forest floor (Wingate et al., N . 145
2010). 0.45m
. Manifold
2 Materials and methods T T ] ETL,* @
2.1 Site description 3
Primary cal. tanks Secondary cal. tanks 5
The experiment was carried out in a deciduous forest at Reference gas
the Environment Canada research station at Borden, ON, TGA —ﬁ
Canada (4419 N, 79°56 W) from June to September 2009. ®

The approximately 100-year-old forest, consisting of natu-
ral re-growth on abandoned farmland, is composed of mixed

. . 8 _
hardwood and coniferous species (Neumann and den Haf'9- 1- Experimental setup used to study%; and P00 ex
hange in a temperate deciduous forest in Borden, ON, Canada.

. o C
tog, |1989)' A Sglrvechor_ldl:Eted md200.6 |n;:l|::ates that_ redTGA denotes tunable diode laser; P shows placement of vacuum
maple @cer rubrumL.) is the predominant tree species pumps. Placements of the automatic soil chamber used to measure

(52.2 %) followed by eastern white pin®ifus strobud..) e soil cQ, flux and sonic anemometer are also shown.

with 13.5 %, and large-tooth aspeRopulus grandidentata

Michx.) and white ashRraxinus americand..) (~7 % each)

(Teklemariam et al., 2009). In July 2009, the stand height

was approximately 22 m and the leaf area indeSE) was ~ Measures the mixing ratio of trace gases in the air by com-

3.9 (0.13) nf m-2. paring the infrared absorption of sample and reference gas
The terrain at the site presents variations of elevationin @ Specific absorption line of the spectrum. Additional de-

within 2 m, except for a 20-m deep and 40-m wide river val- tails about stable isotope measurements using the TGA can

ley located 1km south from the 44 m sampling tower andPe found elsewhere (Bowling et al., 2003b; Lee et al., 2005;

a 6-km wide swamp located 5km northeast from the towerCriffis et al., 2005a). The air was sampled using eight air in-

(Lee et al., 1999). Textural analysis of soil cores indicated!@kes, Sét up within and above the forest canopy at 0.45, 1.45,

loamy sand soil at the site and an increase in the proportiorp-51, 9.65, 16.69, 20.77, 25.81 and 36.81 m (Fig. 1). In the

of sand in the soil with depth (Table 1). The averaged carborfirst stage of the experiment (day of year, DOY =182 10 229),

content was equal to 2.4 % by mass in the 0-10 cm layer.  Only the two closest intakes to the forest floor were sampled

during weekends. On week days (Monday to Friday) mea-
2.2 Measurements of mixing ratios of stable isotopes of ~surements were taken above the forest; results related to these

carbon dioxide measurements will be presented in a future study. From DOY
237 to 260, all eight air intakes were sampled.
Mixing ratios of the isotopologues:2C160,, 13C0O, and Each air intake consisted of a 1 m stainless tube (0.43cm

C1800, were measured at 10 Hz within the forest canopyl.D.) with a rain diverter and mesh screen in one of its ex-
and above the forest using a sampling system connected tivemities. The other extremity of the tube was connected
a tunable diode laser trace gas analyzer (TGA100A, Campto a stainless filter (SS-4F-K4-7, 7pum sintered element
bell Scientific, Logan, UT, USA; hereafter TGA), kept in a filter, Swagelok, OH, USA). In order to prevent conden-

temperature-controlled enclosure set up in atrailer. The TGAsation, the filter holder was heated using a 0.5W heater

www.biogeosciences.net/9/2385/2012/ Biogeosciences, 9, 238583-2012



2388 E. Santos et al.: Use of the isotope flux ratio approach

550 ———— 813C = —16.202 %0 (-0.002%0) ands'80 = —11.861 %o
a M= L4 (£0.007 %o). The calibration of the secondary tanks followed
E 500l = 445 E the two point calibration procedure suggested by Bowling
S s - et al. (2003b). An example of corrected mixing ratios for
€ 4501 - - secondary tanks and standard deviations, obtained during a
o - - weekly calibration, is shown in Table 2.
B = = TGA measurements during tank calibration were also used
o 4007 = g to determine the time necessary to flush the TGA sampling
x z z cell after switching intakes (Fig. 2). The time required for the
EN 350+ § < 45s 1 TGA to reach 95 % of the total response after switching be-
g A = tween high (545 pmol mof1) and low (330 umol mott)

300 12¢160, concentration tanks was-4.5s, which was the

0 10 20 ; 30( ) 40 50 60 same time response obtained fof¥300 and3C0O,. Thus,
Ime (s

the mixing ratios of the two isotopologues for each in-
Fig. 2. Average 12C160, mixing ratios (-1 standard deviation) ta_lke an_d calibration tanl_<s were extracted from the dataset,
measured during switching between secondary calibration standls_cardlng 5 S after switching |_ntal_<es._A total Qf.50 data
dards at 10 Hz/( = 44). The solid horizontal lines indicate the times POINts were discarded after switching intakes giving a to-
(0 and 30s) when the TGA sampling system switched from low tal of 4800 data points per sampled height and 3000 data
(327 umol mot ) to high (~543 pmol mot1) concentration cali-  points per calibration cycle every 30 min when the TGA
bration tanks, and dotted lines indicate the times (4.4 and 4.5s) afsystem was sampling the two intakes near the forest floor.
ter switching air intakes at which TGA readings reached 95 % of High-frequency sampling (10 Hz) allows for large number
the total response. of measurements at each observation height and has the
advantage of improving the precision of concentration dif-
ference measurements (Wagner-Riddle et al., 2005). The
connected to a 12V DC power supply and a critical flow data were averaged into 5min intervals and corrected us-
orifice located downstream of the filter was used to reduceing the measurements obtained from each calibration tank
the air pressure in the intake line. Approximately 40 m of during each measuring cycle. The corrected data were used
polyethylene/aluminum tube (0.431.D., Synflex 1300, Au- to calculate half-hour mean mixing ratios for each isotopo-
rora, OH, USA) directed the sample to a custom-made manlogue. The isotope ratios of GOn the air $13C, and
ifold (Campbell Scientific). 8180,) were expressed according to the delta notation, in
The manifold was used to control the flow of ambient air reference to the Viena Peedee Belemnite (VPDB) scale,
from the air inlets and calibration gases through the TGA.i.e. [*3C]/[2C] = 0.0111797, which differs from the Chicago
The duration of each sampling cycle was 5min, in which Peedee Belemnite i{C]/[12C] = 0.112372) by approxi-
the system measured atmospheric and secondary calibratianately 5 %o, and 2O)/[160] = 0.002088349077 (Allison et
tank mixing ratios for each isotopologue. The sampling sys-al., 1995; Griffis et al., 2004).
tem manifold switched between air intakes every 15s for
4 min, and then each of the two calibration tanks was sam2.3 Supporting measurements
pled for 30 s. The air was pulled continuously through all air
intakes at a flow rate of approximately 600tmin~—?! using The temporal variation of half-hourly soil G@lux was mea-
a vacuum pump (RB0040, Bush Vac. Tec., Boisbriand, QC,sured using one automated dark chamber (Li-8100, LI-COR)
Canada). A sub-sample of the total flow was directed to thewith a 20 cm diameter. Automated chamber measurements
TGA at a flow rate of 200 cAmin~! in order to maintain  (Fstati) Were taken every 15 min and averaged into half-hour
the TGA sample cell at approximately 1.8 kPa reducing theintervals. To correctFstatic for the effect of spatial hetero-
pressure broadening of the absorption line (Bowling et al.,geneity of the soil flux, the net soil CQlux (Fr) was mea-
2003b). sured weekly using a static chamber at 10 different points in
The secondary calibration tanks were compared weeklyan area adjacent to where the automated measurements were
with two primary calibration standards obtained from the taken. A linear modelKr = 0.727 + 0.62Fstatic. R = 0.88,
Stable Isotope Laboratory (SIL) at the Institute of Arctic p < 0.001) was used to scale up the single-point soil cham-
and Alpine Research, University of Colorado, in cooperationber measurements, following Ohkubo et al. (2007). Measure-
with the Earth System Research Laboratory (ESRL/GMD) of ments ofFr were used for modeling th380 of net soil CQ
the National Oceanic and Atmospheric Administration. Theflux (see Sect2.5).

calibration values for primary standard A were £Rixing Soil samples were taken weekly to determine&H® of
ratio = 360.62 umol moit, §13C = —8.475%. -0.003%.)  soil water §180gy,) at 5, 10 and 50 cm depth. Liquid water
and 880 = —1.037% (0.006%0). Primary standard from soil samples was extracted using the cryogenic vac-
B consisted of C® mixing ratio = 545.77 umol mott, uum extraction method (Ehleringer and Osmond, 1989). In

Biogeosciences, 9, 2383399 2012 www.biogeosciences.net/9/2385/2012/
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Table 2. CO, isotopologues mixing ratiatf mean standard error) of secondary calibration tanks obtained during weekly calibration on day
of year 188.

Tank Mixing ratio (umol mot 1)
12C02 13CO2 ClBoo
1 327.142 £0.007) 3.4973£ 0.0001) 1.326714£0.00003)

2 542.70140.007) 5.94834 0.0001) 2.225504£0.00003)

0 The precipitation and air temperature were measured in an
open pond area adjacent to the site using a tipping bucket
0.1 - 1 rain gauge (Belfort, Baltimore, MD) and air temperature
A probe (HMP45A, Vaisala, Vantaa, Finland). The wind ve-
= 0.2y 1 locity components were measured at 33.4m using a sonic
% 0.3 y anemometer (CSAT3, Campbell Scientific, Logan, UT, USA,
o Fig. 1).
@
04 2.4 Determining thes80 and §13C of CO, flux near the
0.5 A e = forest floor

12 1B 10 . 8 Three methods were used to determine the isotope compo-
80 5 () sition of CQ, flux near the forest floor: IFR, mKP and WT
Fig. 3. Measured (symbols) and fitted (lines) profiles180 val- analysis. Griffis et al. (2004) proposed the gradient diffusion

; 18 . theory to calculate the ratio between fluxes of heavier and
ues for soil waterd~°Osyw) for three sampling dates (day of year, . hter i | heavy, r-lighty -
DOY = 198, 211 and 217) in a temperate deciduous forest. HeréIg ter isotopologuesK JEET):

8180gy is expressed in the VSMOW scale and was sampled at K7/ M=) diheavy /d
i - F
three depths: 0.05, 0.10 and 0.50 m. Fitted curves are exponentiaf"e2¥¥/ Flight — ( 'Oi/ a) [__W (1)
functions with e-foldings of 5cm (DOY = 198 and 217) and 8cm — (K'pa/ Ma) d[light]/dz
(DOY =211). where K is the eddy diffusivity, which was assumed to be

the same for the heavy and light isotopologugs.s the
mean density of dry aitM, is the molar mass of dry air and
addition, thes®0 of precipitation waterg!®0py,) was de-  dfheavyj/dz and dlight]/dz are the time-averaged vertical
termined on an event basis. The precipitation water was colgradients of the heavy and light isotopologues measured si-
lected using a plastic funnetL5cm diameter) placed on  multaneously at the same height. For practical applications
the top of a thermally insulated plastic bottle and then storedeq. (1a) can be rewritten as
in sealed glass vials. Th&80 of soil and precipitation was
determined using the GOequilibration method on a gas heavy, plight _ [heavyl., —[heavyl,, @)
bench auto sampler attached to a mass spectrometer (Delta [light],, — [light]
Plus XL, Thermo Finnigan, Bremen, Germany) with preci- i o
sion of 0.1 %o. Thes!80 of soil water and precipitation was Whereheavyl and{light] are the half-hour mean mixing ra-
expressed relative to the Vienna Standard Mean Ocean W4i0S Of isotopologues, measured at two heights % 0.45
ter (VSMOW) in the delta scale. Profiles 6#80gy,, used ~@ndzz = 1.45m) near the forest floor. Large uncertainties
to model 180 of soil CO, flux (Sect. 2.5 and Appendix N the estimates provided by the IFR method were observed
B), were obtained by fitting exponential functions with e- When the gradient ot°CO, mixing ratio was smaller than
foldings of 5 and 8 cm to measuréd0gy (Fig. 3), as pro-  0-035 umol mof* m~%, which, considering the typical pro-
posed by Wingate et al. (2008). The mean absolute differP0rtion of**CO, in the air, corresponds to a gradient of £0
ence between measured and estimafé@s, ranged from  Mixing ratio of approximately 3.2pumolmotm-*. The
0.25%o (DOY 198) to 0.53 %0 (DOY 211). Lightet'80g, same threshold was also observed by Griffis et al. (2005b).
values close to the soil surface on DOY 211 were a result of {€nce, only half-hours, in which the difference of £@ix-
a precipitation event on DOY 206 wit80g, = —14.64%.. NG ratio between two measurement heights was larger than
Soil temperatures) and water contentdg) were mea- 5 Mmolmof, were used to Fa|CU|atEheaVy/F"ghtv which
sured at 10 cm depth using thermocouples (105T, Campbelvas expressed in delta notation:
Scientific, Logan, UT, USA.) and moisture probes (CS615- Rp
L, Campbell Scientific, Logan, UT, USA), respectively. SF

= -1 3
RvpDB ®)

www.biogeosciences.net/9/2385/2012/ Biogeosciences, 9, 238583-2012
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where 6r is the isotope ratio of the GOflux, reported time scale {i). Equation (3) can be also used to solve the

in parts per thousand (%.) in this studRr is the ra- inverse problem (i.eS from C). Further details on WT anal-

tio between the heavier and lighter isotopologue fluxesysis calculations are shown in Appendix A.

(Fheawy, plighty defined asF13/F12 for 13C0O, and 12CO, The flux (F;) for each source layer is given by

fluxes, or 0.5-18/ F16 for C180160 and G®0, fluxes, and

Rvppg is the molar ratio ¥¥C/A2C or 180/10) of Viena m

Peedee Belemnite. Fj=) SjAz; ©)
The isotope composition of GCilux (8180r and §13Cr) j=1

provided by the IFR approach was compared 0 and

813Cr estimates derived using a mKP technique. Pataki eEstimated2C180,, 13CO, and G800 fluxes for the ground

al. (2003) recommended the use of a minimumyGaix- level source layery;) were converted to delta notation using

ing ratio range of 75 umol mot to minimize the errors of  Eq. (3) and compared with the IFR estimates. To do thaf,

the conventional KP approach used Wii€ flask sampling ~ was set to 1.4 m to match the two lowest concentration intake

data spanning long periods (hours). However, one of the maireights.

limitations of applying KP technique t0 is the high vari-

ability of §*80 of source water in leaves and soil at shorttime 2.5 Modeling §*80r

scales (i.e. hours) (Bowling et al., 2003a;&eget al., 2004;

Griffis et al., 2005a). In this study we attempted to minimize The §180 of CO, flux obtained near the forest floor us-

this problem by applying the KP method to ders’€Or for  ing the IFR approach was compared with estimate$'&®

half-hourly periods using 5 min values of G@ixing ratios,  of net soil CQ flux (§180g) obtained using an analytical

8180, and §13C, measured at 1.45m above the forest floor model (Tans, 1998; Wingate et al., 2009). This formulation

(mKP). During half-hour periods, the threshold of mixing assumes isothermal and uniform soil water conditions to es-

ratio (75 umol mot?!) for conventional flask-based Keeling timates80Og:

plotis unlikely to be met, so in this study the half-hour Keel-

ing plot data were screened based on the range of mixing;g . 13 18 18 _Ca
ratio (>25 pmol mot1) and R? values ¢0.95). In addition, % Or = 6""Oeqgs + £d.eff + (8 Oegs— 6 Oa) Vinv o (6)

the type | regression was used to estimate the Keeling-plot
intercept since some bias can be introduced with the type l|yhere 5180eqs (%0, VPDB) is the 5180 of CO; in iso-

(geometric) regression when the range ofafixing ratio  topjc equilibrium with the soil watersq ef is the effective

is small (Zobitz et al., 2006). In this study we adopted the jsotopic fractionation during COdiffusion in soil pores,

term mKP to designate the modified Keeling plot approachc, is the CQ molar concentration (umolT#) obtained at

to emphasize that the period and range o,®axing ratio 0 45m above the forest floor ankk is the soil CQ flux

were different than what is usually used in the literature.  (ymolnr2s-1) measured using soil chambers (SexB),
Estimates 08'%0 ands*Cr. provided by the IFR method .. (m s~1) represents the rate at which €@ a column

were also compared to the Lagrangian dispersion analysigt ajr exchanges its oxygen atoms with liquid water in the

proposed by Warland and Thurtell (2000) (hereafter, WT gl (Tans, 1998), which is given by

analysis). The WT analysis was used to infer half-hourly

12¢160,. 13CO, and G800 fluxes near the forest floor. This —

formulation is based on Taylor's Lagrangian dispersion the-"™ = Béwks D1 )
ory (Taylor, 1921) and assumes that the canopy is formed by ) . - .
several vertical source layers, each one with a specific valud/NereB is the Bunsen solubility coefficient for GQWeiss,

1974,B = 1.739x exp(—0.0390x Ts + 0.000236x T.2), 6

of source strength(). Over time, each source layer releases i 3 - S A
is the soil water content (fim~—3), D1g is the effective dif-

a certain amount of matter or energy that is assumed to dis= " ™~ 18 ; i k >
perse in a Gaussian fashion. The vertical gradient of concenfUSivity of C**00 in soil air,s is effective rate Olf oxygen
tration (dC/dz) can then be obtained by adding the contribu- ISOtOPe exchange between gand liquid water (s°):
tions from each source layer:

ks = fCAkh (8)
dc
dz

where fca is the relative increase in hydration resulting
from the CA in the soil (Riley et al., 2003; Seibt et al.,
wherei andj are the concentratiorC() and sourcef) layer  2006; Wingate et al., 2008) and, is the rate of oxy-
indices, respectivelyp is the number of source layeraz; gen isotope exchange between £énd water, equal to
is the thickness of the source layewith respect to the verti-  1/3x 0.037x expg?-118x (Ts=291 (Skirrow, 1975; Wingate et
cal coordinatey) andM is the dispersion matrix, calculated al., 2008). Additional details on calculations of parameters
using profiles of vertical wind velocity(y) and Lagrangian  used to modes'8Og are shown in Appendix B.

m
=Y My;S;Az; (4)
i j=1
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3 Results and discussion

40 30

= ’ o
3.1 Environmental conditions and temporal dynamics E ( )f 7.5
of CO; isotopes in the air near the forest floor 5§ 2
= 0]
Rainfall was well-distributed throughout the experiment & %
with the largest daily totals occurring at the end of July g =
(DQY = 207) and beginning of August (DOY 221) (Fig. 4a). =
The total precipitation from July to September was 190mm, &
which was above the long-term average (144 mm) from 1989 %
to 2006 for a nearby weather station (Egbert, Environment 5
Canada, 2009). The daily average air temperature during the g
experiment was slightly cooler (17°E) than the long-term g
average (17.8C). Air temperature reached its maximum in £
August (DOY 229) and then presented a downward trend un- 3
til the end of the period (Fig. 4a). Average soil temperature
at 10 cm was equal to 2Z over the study period. Large pre- —
cipitation events and good drainage favoured by sandy soil at "
the site (Table 1) contributed to the occurrence of significant c
variability in the soil water content throughout the season, ©
with soil water content ranging from 0.08 to 0.18 m—2 at g
10 cm depth (Fig. 4b). The half-hourly soil GGlux (FRr) u®
showed similar temporal variation as the soil water content. b o . F
Higher values ofFr(~6.5umolnt2s~1, DOY 205) were 180 190 200 210 220 230 240
Day of year 2009

observed when soil water content values were high, while

smaller magnitudes of soil r!asplratlon _(3'1 pmdl?ns_l, Fig. 4. (a) Daily total precipitation (bars) and mean air tempera-
DOY 220) were observed during dry periods (Fig. 4c). The yre (solid line),(b) daily mean soil temperature (solid line) and
ensemble-averaged G@nixing ratio (86 days)§'®0, and  mean soil volumetric water contert, dashed line) at 10 cm depth,
813C, obtained near the forest floor show a distinct diurnal (c) half-hourly soil CG flux (Fr). The gaps observed ifir data
pattern (Fig. 5). The COmixing ratio reached its minimum were caused by automatic soil chamber failure.
(379 umol mot?) in the early afternoon (13:30h EST), and
its maximum (465 pmol mol') at 08:30 h EST. Data points
during liquid nitrogen refilling time were excluded from this tively) when R? was not used to screen mKP data. Con-
Fig. Conversely,s180, became less negative reaching its versely, 95 % of the half-hour intervals met the criterion used
maximum value £0.39 %o) in the early afternoon and min- to screen the IFR data obtained close to the forest floor, i.e.
imum (—2.63%o) in the morning. Values af'3C, showed difference of CQ mixing ratio between the two air intakes
a similar daily trend as$'®0,, with values ranging from near the forest floor was larger than 5pmol olThe es-
—11.01 to—7.94 %o. The causes of this daily patternsétfO,  timates ofs180k provided by the IFR method showed good
ands13C,, the expansion of daytime boundary layer, the en-correlation {2 = 0.80) and agreement (slope = 1.03) with es-
trainment of air enriched it°C, and*®0 during the daytime  timates ofs*80r obtained using the mKP technique. The re-
and the buildup of C@depleted in the heavy isotopes orig- gression analysis coefficients were not significantsfoCr
inated from the soil during low turbulence conditions in the (P < 0.01). This can be explained by the relatively large un-
nighttime (Griffis et al., 2004, 2005a; Seibt et al., 2006). certainties in mKP and IFR estimates in comparison to the
small range ofs13Cr values observed for this ecosystem.
3.2 Comparison between isotope flux ratio and Keeling  The mean+4SE) mKP and IFR13Cr values were-27.5 %o
plot approaches (£0.2) and—27.3 %0 @0.1), respectively, both within the
range of values reported for soil respiration of €osys-
The comparison betweet®Or and§3Cr estimated using tems (Buchmann et al., 1997; Bowling et al., 2005), which
the mKP and IFR methods is shown in Fig. 6. The aver-provides evidence supporting the validity of these methods
ages of mKP standard error of intercept were equal to 0.9 %inside the forest. Student’s t-test showed that the two esti-
and 1.3%o for8180r and §13Cr, respectively. Only 17% mates fors'3Cr were not different statistically® > 0.05).
(6180F) and 24 % §13Cr) of the half-hours analyzed met  The KP approach has been widely used to determine the
the criteria used to screen the mKP estimates{@ge 13CO, composition of ecosystem respiration (Pataki et al.,
>25 pmol mott and R? > 0.95). The intercept error was 2003). However, previous studies have shown that this ap-
much larger (3.4 and 3.7 %o, f&80OF and §13Ck, respec-  proach may not be reliable for inferring t15é80 of CO,
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Fig. 6. Relationship between half-hourly isotopic ratios of the,CO
flux near the forest floorsé80g, §13Cr) estimated using Keeling
plot (+ standard error of intercept) and isotopologue ratio method
in the understory of a deciduous forest.
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----------------------- Fig. 7. Relationship between half-hourly isotopic ratios of the,CO
0 2 46 81012141618202224 flux near the forest floorst80F ands13Cr) estimated using a La-
Local time (EST) grangian dispersion analysis (WT analysis) and flux ratio method
] o ) ) in the understory of a deciduous forest. is the friction velocity
Fig. 5. Ensemble half-hourly average of G@nixing ratio and iso- (ms1).
topic compositions of C® (5180, ands13C,, VPDB scale) in the
air at 1.45m above the floor of a deciduous temperate forest from
day of the year 188 to 274 in 2009. The error bars indicale _ we acknowledge that the magnitude &f, could be larger
mean standard error. Data from 10.00 to 11:00h (EST) were dis, o 14 the activity of the enzyme carbonic anhydrase in the
carded due to liquid nitrogen filling time, which resulted in fewer _ . .
data points than the remaining hours of the day. soil (E_qs. _7 and 8)_. _The effect of this enzyme on the,CO
hydration in the soil is not fully understood and shows large
temporal and spatial variation (Seibt et al., 2006; Wingate et
- al., 2008, 2010).
flux (Flanagan et al., 1997; @g et al., 2004; Griffis et al.,
2005a). Tans (1998) demonstrated that the use of KP ap3.3 |sotope flux ratio and WT analysis comparisons
proach to estimat&!80g could lead to significant error due
the 180 exchange between GOn the air and soil water, Estimates 08180 and$13Cr obtained using the IFR were
which is also known as abiotic flux or non-respiratory in- compared withs*80r and §*3Cr obtained using the WT
vasion flux Finy) (Miller et al., 1999; Riley, 2005), defined analysis (Fig. 7). This comparison was only performed for
as the product ofj,, (Eq. 6) andC,. Tans (1998) showed a 23-day period (DOY 237 to 260), when the eight air in-
that the magnitude of the error in the derivé®Ogr using  takes were sampled continuously within and above the for-
the KP approach is proportional #,,/Fr. His simulations  est canopy. The regression analysis coefficients were not
indicate that an error of 3 %o could occur 880k, derived  significant (P > 0.05) for the relationships betweet8Or
using the KP approach, whdh,,/Fgr is 0.5 and an error of and §13Cr obtained using IFR and mKP methods. Santos
9 %0 would be expected faFi,,/Fr = 2. In this study the ra- et al. (2011) observed that the WT analysis yielded spuri-
tio between modeledi,, and measureflk was calculated ous estimates of COflux for the lowest source layer in a
for half-hour periods (shown in Fig. 6), in whié?8Or was  corn canopy. They hypothesize that the poor performance
compared with the mKP approach. The averagg/ Fr for of the WT analysis was observed when the flows above
these periods was 0.13, and the maximum value for this raand within the canopy were decoupled due to poor mixing
tio was 0.19, consideringca = 1. The good agreement be- within the corn canopy. In this study the regression analy-
tween the IFR and mKP8Or estimates is encouraging, but sis coefficients for the relationship between WT analysis and
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IFR 8180 were significant { = —9.9+0.28x, R2=0.37,  ability of the TGA to measure concentration differences be-
P < 0.01) when only half-hour periods with friction veloc- tween air intakes (Wagner-Riddle et al., 2005).
ity (u5) > 0.6 ms 1 were included. The mean difference be-  Values ofFr during the four selected periods ranged from
tweens13Cr estimated by mKP and IFR methods was not 3.2 (DOY 220) to 6.4 umolmol' (DOY 206) and showed
statistically significant based on Student’s t-teRt{ 0.05), good correlation with the soil temperature (data not shown).
as observed previously for the comparisons between mKF5oil water content showed large variation between selected
and IFR methods. The WT analysis could be used to studyeriods as a result of precipitation events and the good soil
isotope exchange within plant canopies; however, additionatirainage at the site. During a dry period (DOY 199 to 201),
evaluation of this methodology under different turbulence values o#,, showed small variations and average of 10 %; on
conditions is still required and needs to be performed in fu-the other hand for a rainy period (DOY 206 to 20&),was
ture studies. higher reaching 23 % after a precipitation event (DOY 206).
A concern that is generally raised when using gradient-Averages80, was —2.9 %o; however, more depleted®0,
diffusion based methods is the occurrence of countervalues (6.3 %o) were observed after a precipitation event on
gradient fluxes within canopies. Corrsin (1974) observed thaDOY 207.5180,, sampled at 10 cm did not show large vari-
a description of the turbulent exchange of scalars using thations between sampling dates, and further considerations on
gradient-diffusion theory is only feasible if the length scale of the §180g,, impact on model calculations will be discussed
turbulence is much smaller than the distance over which théelow.
gradient of concentration of the transported scalar changes. Figure 8 show also comparisons betwé&0r and mod-
Wilson (1989) demonstrated that near elevated sources, suaed$180gr. These comparisons rely on the assumption that
as plant canopies, there are substantial changes in gradiertise variation ins'8Or is mainly caused by®0Og dynam-
of concentration of transported entities over distances muclics. This was considered a valid assumption since flux ratio
smaller than the length scale of turbulence, expressed byneasurements were obtained near the ground and the veg-
owT\, leading to counter-gradient fluxes in some situations.etation in the forest understorey was sparse. Estimated val-
Raupach (1987) used a Lagrangian homogeneous turbulenages of§180f using the IFR method ranged from31.4 %o
formulation to demonstrate how counter-gradient fluxes aris§DOY 208) to —11.2%. (DOY 221). Large variations in
in plant canopies. His results showed that counter-gradiens'80r were observed on DOY 206 to 208, when precipita-
fluxes are expected to occur when the transported entitgion events caused a reduction 4420 of approximately
source profile strength shows an intense and localized pea& %o from nighttime periods of DOY 207 to 208. A diurnal
in the foliage well above the ground; however, his simu- variation ins180r was observed on DOY 213, 220 and 221,
lations do not indicate the occurrence of counter-gradientwith more depleted'®Or present during daytime.
fluxes in the trunk space near the ground. Wilson (1989) ob- Wingate et al. (2010) also reported more deplet¥tDg
served that the magnitudes®f and7;. are smallin relation  values in the daytime in a maritime pine stand, which were
to the gradient of concentration near the surface (Fig. Al)synchronized with variations 6180, and Fg. In their study
so the gradient-diffusion theory is suitable to investigate thes180, was more enriched during the daytime, similarly to the
transport of scalars near ground-level sources. Furthermore}®0, daily trend observed in the present study (Fig. 5). On
previous studies have confirmed the suitability of gradient-the other hand, Seibt et al. (2006) observed an opposite trend
diffusion based methods to study scalar exchange in the opeim §180;, close to the soil surface, with values around 3 %o
trunk space of forests (Dolman and Wallace, 1991; Baldoc-during the night- and-2 %o in the daytime. They observed
chi and Meyers, 1991; Wu et al., 2001). These studies andhat daily variations ins10Og were coupled with$180,. In
the results obtained here indicate that the IFR is suitable tdhis studys'80, and§180g were not well coupled (Fig. 8)
investigate the isotope exchange in the trunk space near thand this could not explain diel changessHOg. One hy-
forest floor. pothesis to explain our daily variations 480 is that diel
variations in8180g, could lead to changes #t80g, but a
3.4 Comparison between isotope flux ratio estimates more frequent soil water sampling scheme would be required
and modeleds180g to test this hypothesis.
The mean differences betwegtOr and modeled180g
The 8180 estimated by the IFR approach near the forestover the whole period were equal to 4.2, 0.53 and 4.8 %o
floor was compared with modeledd®Or (Eq. 5) to inves-  for fca = 1, 20 and 100, respectively (Fig. 8). Wingate et
tigate the impact of environmental variables on the tempo-al. (2010) observed that a temporally uniforfga = 70
ral dynamics 08180k during four selected periods (Fig. 8). improved the agreement between modeié®Ds,, and es-
These periods were selected because all the measuremetitmated from the oxygen composition of the net £flux
required for modelingg’80Or were available and the sam- obtained during a 20-day period. Our results show that the
pling system was being used exclusively to measure the aiuse of fca = 20 could minimize the differences between
intakes near the forest floor, resulting in a larger number ofs'0r and modeled®0g over the whole period. However,
data points for each intake and consequently improving thehe use of a single value gta over the whole period could
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fca =1, 20 and 100, respectively. We acknowledge that the

um‘-“: ° 'VN“WWV/W extrapolation of$180g, beyond the sampling depths could
AT T lead to errors is180g estimates, especially when large gra-
o0z ) Ny — dients of 180, were observed close to the soil surface
I (DOY 211, Fig. 3). An arbitrary reduction of 2 %o (VSMOW)
£od in 81805, resulted in a decrease o %o (VPDB) in §180g
g g A TN Mﬁ\,w v?lues, assumingca = _100. Thus, more ;uperficial soil sam-
2 0 _plnglgould be beneficial when using this model for estimat-
~ 10 l14.64%o -7.33'%o ing s Or. 18
L e P | et On DOY 220 to 2225-°Cf, values showed an upward
Y AT YN I %%W S g o trend, which was coupled witlir variation; however, this
© %0 ’ i trend was not captured by th#80g model. Wingate et
200 201 207 208 al. (2008) observed that, besides the effect of the CA, an

evaporative enrichment of 3 %o 180, values was required
to improve the agreement between model&tDg and soil
chamber observations during a 3-day period in a Mediter-

FR
(umol m 2s 1)
S [}

%02
SE T — ranean soil. In this study, an enrichment-e2.5 %o (VS-
Eoi1 MOW) in §180g,, from DOY 220 to 222 (before precipitation
30 event) would be necessary to improve the agreement between
o 5 e modeleds*®0g and measuresfOr for a constanffca = 20.
© 10 —— Large disagreement between modebé8Ogr and §180¢
g L — e ad % was observed after precipitation events, which was likely due
(T itk T XS i S o 518 i o i
$ % : N to changes ir5~°Ogy. A decrease of approximately 5 %o in
© B0 A 8180, would be required to match measured with modeled
213 2 g o year 2000 2 222 8180k values on the nighttime of DOY 208, assuming a con-
stant fca = 20. These results show that changes?Osy,
P — it o fon=1 fn=20 fa=100 o g% caused by precipitation events are unlikely to be properly

represented by the weekly soil water sampling scheme per-
Fig. 8. Half-hour values of soil C@flux (FRr), soil water content  formed in this study. The proper characterizatiors 510g,y

(bw) and d‘BOO composition of the a_.ilﬁflSOa, blue solid ||ne), ex- would require more frequent soil samp”ng aj‘-rgosw mod-
pressed using the VPDB scale, during four selected peno%ﬁOH eling approaches that take 0 of precipitation into con-
composition of the soil watest80s, VSMOW scale) at the 10cm  gjderation (Braud et al., 2005; Wingate et al., 2010).

depth between two sampling dates'800 composition of C@ ’
flux (5180F) near the forest floor obtained using the isotope flux ra-
tio method §180F |FRr, open circles) and modeled80 of net soil
CO;, flux (lines) according to Wingate et al. (2009) using three val-

ues for the relative increase in hydration due to the enzyme carbonic
anhydrase activity in the soilfea, Eq. 7) in a temperate decidu- | ne IFR and mKP methods showed very good agreement

ous forest. The180 of CO, flux is expressed in the VPDB scale. (Slope =1.03) and good correlatioRq = 0.80) when used to
Shaded areas in the graph indicate nighttime periods, and arrowestimate half-hourly!80g. The mean£SE) mKP and IFR
indicate precipitation events with respective isotope composition ofs -3Cr values were-27.5 %o 0.2) and —27.3 %0+0.1), re-
precipitation water expressed in the VSMOW scale. spectively, both within the range of values reported for soll
respiration of G ecosystems (Bowling et al., 2005), which
provides evidence supporting the validity of these meth-
not explain diel variations i4180g. The daytime depletion ods inside the forest. The comparisons between IFR and
in 8180 (DOY 200, 213 and 220), for example, required mKP techniques are encouraging, as they show that the IFR
larger values offca to improve the daytime agreement be- method can be used to study the isotope exchange near the
tween modeled and measured values when compared to tHerest floor. The large amount of data capture®% % of
fca values used for the nighttime. Seibt et al. (2006) used ahalf-hour periods evaluated) for the IFR method compared
multi-layer model to study the temporal dynamicss&Or to the mKP method provides new opportunities for the study
in a P. sitchensigplantation. Their results also indicate large of §280r dynamics within forest canopies.
temporal variation offca, requiring the use offca values The coefficients of the regression analysis between WT
ranging from 80 to 1000 for soil top layer to match chamberanalysis and IFR were not significanP ¢ 0.05). How-
observations during three sampling campaigns. The use déver, better correlationR? = 0.37) between WT analysis
large values offca results in shalloweteq (see Appendix B).  and IFR 8180F was obtained when only turbulent periods
In this study typical values ofeqwere 7, 1.5 and 0.6cm for (4, > 0.6 m s 1) were included in the analysis. During low

4 Conclusions
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turbulence periods, the decoupling between above and within 15
canopy flows could be one of the reasons for the poor agree-
ment between the two methods. Further investigation on the |
use of the WT analysis to study the isotope exchange in 10l
ecosystems is still necessary. '
The 8180 of CO; flux near the forest floor showed large
temporal variation, with values ranging from —31.4 %. (DOY
208) to —11.2 %0 (DOY 221). Precipitation events caused sub-
stantial variation £8 %) in §'0F over a period of approx-
imately 24 h. A diel trend 08180 was also observed, with
more negative values being observed during the daytime. The 0.6}
use of a single value ofca over the whole period could not
explain the diel variation of80r. The results also show the
importance of a frequent soil sampling scheme for the accu- 0.37
racy of modeled'80g values.

0.9+

z/h
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Normalized variable

WT analysis and turbulence statistics calculations . . ' —
Fig. Al. Normalized profiles of Lagrangian time scalg; § and

. : standard deviation of vertical wind velocity{), calculated using
Warland and Thurtell (2000) used a dispersion matu {0 the parameterizations proposed by Styles et al. (2002) and Leuning

relate the concentration profile with the source strength dis'(2000) respectively
tribution of transported scalars within plant canopies (Eq. 4). ' '
A full description of this analysis and details in the deriva-

tion of M can be found in Warland and Thurtell (2000). The o, _ (az/h+1D) +d1\/(az/h +b)° —46abz [ for == 084 (A3D)

dispersion matrixM is calculated using turbulence statistics u. 20
at source and concentration measurement heights: where u,, is the friction velocity, obtained using sonic
) anemometer set up at 33.4m (Sezid), i is the canopy
{Lexp(%ﬂ height,c1 = 0.2, co= 1.5, a = 0.85, b = 0.4, d; = —1 and
o o7 - G +Gijforz > z; 6 =0.98. Theoy profiles obtained using these equations
UW’LL‘[ EXD( ‘/;(Luﬂu)ﬂﬂ are in agreement with turbulence measurements, reported by
Mij =1 Gij . forzi =z; (A1) Raupach (1989b) and obtained for seven different canopies
|:1fexp<%):| (two corn and forest canopies and three wind tunnel models).
. =) +Gjforz; <z Styles et al. (2002) proposed the following function to de-
ZowiLLi [1‘8’“’(‘\/% mﬂ scribe the profile of . within and just above plant canopies:

1—exp(—c3-z/h) h

where L is the Lagrangian length scale, given by = TL=caq — — -

; : 1—exp(—ca)

owTL, z; andz; are the heights of the concentration mea-
surements and of the source layet, respectively, andy;;

represents the image source, specified to create a reflecti

(A4)

Usx

wherecs andcey are fitted coefficients. We adopted values for
3 (= 4.86) and4 (= 0.10), obtained by Haverd et al. (2009),

boundary (Warland and Thurtell, 2000): using an optimization procedure to improve the agree_:ment
between modeled and measured concentration profiles of
—(zi+42;)? temperature, water vapour and g£€bncentration in a tem-
B [1 - exp( 2AZ? )} perate eucalyptus forest. The parameterizations of turbulence
Gij = —te)) (A2)  statistics described above were developed under neutral at-
20wi L [1 - exp(_\/;(LL,-+—L|_j)/2):| mospheric conditions, so atmospheric stability functions pro-

o o posed by Leuning (2000) were used to correct the profiles of
The parameterizations of turbulence statistics proposed b}gw and7; for non-neutral conditions.

Leuning et al. (2000) and Styles et al. (2002) were used to es- Equation (4) needs to be integrated to be used with dis-

timateo,, and7L profiles, respectively (Fig. Al). Leuning &t crete measurements. This integration was performed using
al. (2000) used exponential and non-rectangular hyperbolighe trapezoidal rule from the concentration measurement

functions to describe the profile of;: height ¢;) to the reference heightg = 36.81 m), reducing
ow coz/h the sensitivity of the source to small gradients between ad-
P c1e for z <08k (A3a) jacent heights when solving the inverse problem (Qiu and
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Warland, 2006): soil pores filled with air;03 = 0sar— 6w, Where 655 is the
1 g soil water content at saturation estimated to be 0.6
C.—C: = Z(M;i +Mgan:)SiAzi Az A5 at the_ site (Saxton and Wlllgy, 2008), is the soil Wat.er '
o ;;2( Y w+) SjAz A% (A9) retention parameter, determined to be equal to 6.2 in this

) study (Cosby et al., 1984),5 = 298K andr is 1.5 (Bird et
whereC, andC; are the concentrations gt andz;, respec- al., 2002).

tively, m (= 4) is the number of source layers, an¢= 8) is

and the number of concentration measurement heights. The

use of redundant concentration datam) reduces source ~Acknowledgementstunding for this research was provided by
strength uncertainties originating from errors in the concen-"€ Natural Science and Engineering Research Council. The first
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In the present study, a layer thickneas; = 0.01m was Technological Development (CNPq). Xuhui Lge acknowledges
used in Eq. (A5), following Qiu and Warland (2006)1.(?02 support by the US National Science Foundation through grant
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canopy using concentration measurements obtained when the
TGA sampling system was set to sample eight air intakesEdited by: U. Seibt
within and above the forest canopy (Sect. 2.2).
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