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Abstract. Carbonyl sulfide (COS) is an atmospheric trace 1 Introduction

gas that holds great promise for studies of terrestrial carbon

and water exchange. In leaves, COS follows the same pathCarbonyl sulfide (COS) is a source of stratospheric sulfate
way as CQ during photosynthesis. Both gases are taken upaerosols and plays an important role in stratospheric ozone
in enzyme reactions, making COS and £ptake closely ~chemistry Crutzen 1976 Andreae and Crutzenl997).
coupled at the leaf scale. The biological background of leafGlobally, the main source of COS is the ocean, and uptake
COS uptake is a hydrolysis reaction catalyzed by the enzym®y leaves and soil are the main sinksetle et al, 2002
carbonic anhydrase. Based on this, we derive and test a sinkesselmeier et 311999 van Diest et a.2008. The season-
ple kinetic model of leaf COS uptake, and relate COS te CO ality of COS in the northern extratropical atmosphere is dom-
and water fluxes at the leaf scale. The equation was found ténated by COS uptake by terrestrial vegetatidoftzka et
predict realistic leaf COS fluxes compared to observationsl., 2007 Suntharalingam et al2008. This is because COS
from field and laboratory chambers. We confirm that COSis taken up in enzyme reactions in leaves, similar topCO
uptake at the leaf level is directly linked to stomatal conduc-But in contrast to C@, there is no concurrent COS release
tance. As a consequence, the ratio of normalized uptake ratdgom terrestrial ecosystems. Monitoring atmospheric COS
(uptake rates divided by ambient mole fraction) for leaf COSconcentration can thus provide valuable information on ter-
and CQ fluxes can provide an estimate 6f/C,, the ratio  restrial gross carbon fluxes that cannot be obtained by mea-
of intercellular to atmospheric GQan important plant gas suring CQ alone.

exchange parameter that cannot be measured directly. The Based on the close coupling of leaf COS and Q-
majority of published normalized COS to GQptake ratios  take, the global COS sink by vegetation has been often de-
for leaf studies on a variety of species fall in the range of 1.5rived from estimates of C&fluxes Chin and Davis1993

to 4, corresponding t@;/C, ratios of 0.5 to 0.8. In addition, Kesselmeier et g11993 Andreae and Crutzed 997, Watts

we utilize the coupling ot’;/C, and photosynthetit®C dis-  200Q Kettle et al, 2002 Sandoval-Soto et al2005. Re-
crimination to derive an estimate of 2:8.3 for the global cently, it has been proposed to invert this approach, with the
mean normalized uptake ratio. This corresponds to a globa&im to obtain estimates of global terrestrial gross;@Ptake
vegetation sink of COS in the order of 98000 Gg Syr?. from atmospheric COS measurememtm(tzka et al.2007,
COS can now be implemented in the same model frameworkCampbell et al.2008 Suntharalingam et al200§. COS

as CQ and water vapour. Atmospheric COS measurementgluxes have been converted into €@uxes, or vice versa,
can then provide independent constraints orp @@d water  using the ratio of COS to Cfdeposition velocities (up-
cycles at ecosystem, regional and global scales. take rates divided by ambient concentration) observed during
chamber experimentSandoval-Soto et al2005. The ratio

of deposition velocities is identical to the normalized uptake

Correspondence tdJ. Seibt ratio (see Sect. 5). Most ratios arel, with typical values
BY (uli@atmos.ucla.edu) between 2 and 3. This has been interpreted as a preferential
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reaction for COS over C&by carbonic anhydrase (CA), the In analogy to the above, the equation for leaf COS uptake,

enzyme responsible for the irreversible reaction of COS inFcos (pmolm2s~1), can be written as:

leaves Kesselmeier and Merld 993 Protoschill-Krebs et a|.

1996. Fcos= grcos(Cacos— Cimcos) ()
Here, we introduce a process-oriented description of CO§;ere

«cos and C,,cos (pmolmot-1) are the mole frac-
uptake at the leaf level, analogous to that for leaGBd  jons of COS in ambient air and at the reaction sites with

water fluxes. To test the equation, we compare predicteq,q enzyme carbonic anhydrase (CA), respectively. The
COS uptake to data obtained in field and laboratory chamyp e combines two diffusion steps: frafjcos to Cicos

bers Kuhn et al, 1999 Sandoval-Soto et l2003. The i, yhe intercellular spaces (equivalent@, in Eq. 2), and
new description directly relates COS uptake at the leaf levek. Cicos to C,,cos within the mesoph’yll cells. In other
to stomatal conductance. As a consequence, the normalizqﬂords, we consider a different diffusion endpoint for COS
uptake ratio for leaf COS and G@uxes can provide an esti- (C, to Cy,) than for CQ (C, to C;). Accordingly, the leaf
mate ofC;/C,, the ratio of intercellular to atmospheric GO conductance to COSg{cos) includes both stomatal con-
an importan.t plant gas exchange parameter that cannot bg,ctance ;o9 and internal conductance:tos Foos=
measured directly. gicos(Cicos— Cmco9)) to account for the transfer of COS
into the mesophyll cells (and the biochemical reaction rates):
2 Expressing leaf exchange of COS in analogy to GO 8rcos= (1/gscos+ 1/8iCOS)_7l- The spatial distribution of
and water vapour C_tA in leaf mesophyll c_ells is not known. We expgct a loca-
tion "upstream” of Rubisco, the enzyme responsible for the
Based on Fick’s law of diffusion, leaf fluxes can be describedreaction with CQ in the chloroplasts. This is because CA
as the product of conductance and concentration gradiergnhances the solution of G@nd thus its supply to Rubisco.
(Penman and Schofield951 Cowan 1977. For exam- Hence, we hypothesize that CA is located directly adjacent to
ple, the transpiration fluxt, (mmolm~2s1), is calculated the intercellular spaces, so thatos should be much larger

from: thang,cos
Carbonic anhydrase is a very efficient catalyst for the reac-
Fy = gu(w; —wg) (1)  tion COS+HO—H,S+CQ (Protoschill-Krebs et al1996

Notni et al, 2007). COS release has not been observed even
at low ambient COSSandoval-Soto et al2005. Thus, we
‘assume thaf,,cos < C,cos, SO that Eq. (3) can be written

to a good approximation as:

wherew, andw; (mmolmot~1) are the vapour mole frac-
tions of ambient air and intercellular spaces, respectively
andg,, (molm~2s-1) is the leaf conductance to water vapour
diffusion. For ecosystem studieg,, is composed of leaf
boundary layerg;,,) and stomatal conductancgmg): 8w=  Fcos=gcosCaCos (4)
(1/gsw~+1/gpw) L. In chamber studies, fans often provide

enough ventilation to render the boundary layer componentl he value ofg;cos is not known, but we can obtain a rea-
negligible, andg,, ~ g,. Leaf conductance is usually ob- sonable approximation fqf;cos by assuming a constant in-
tained from measured values of transpiratidf), vapour  ternal conductance ig;.cos= (1/gscos+1/gicos) ™ *. Al-

mole fraction at measured air temperature and relative huternatively, for a fixed stomatal conductance or mean val-
midity (w,), and assuming saturated air at measured leaf/€S such as large scale estimates, we can also use a con-

temperatureuw);). stant ratio of stomatal to internal conductancegjgos=
Similarly, photosynthetic CQuptake F, (umolnmr2s1),  gscos(1+gscos/gicos) .
can be calculated from: Similar to CQ fluxes, COS fluxes can now be derived
from C,cosandg,,, based on the relationship between COS
Fe=g5c(Ca,c—Cic) (2)  and water vapour conductancescos= gsw/Rw_cos The

ratio R,,_coshas not been determined experimentally yet. In
the following, we provide theoretical and empirically derived
estimates oR,,_cos

whereC, . andC; . (umolmol1) are the mole fractions of

COy in ambient air and intercellular spaces, respectively,

and g, (molm—2s1) is the stomatal conductance to €0

(again, for well ventilated chamber measurements). In con-

trast to water vapour, itis impossible to directly estim@te, 3 Ratios of diffusivities of COS, CQ and water vapour

and hence to obtaig,. from measurements df, andC, ..

Thus, g, is usually derived frony,,, based on the known The relationships between stomatal conductances for

relationship between CQOand water vapour conductances: two different gases correspond to their diffusivity ra-

8sc = &sw/ Rw—c, WhereR,,_. ~ 1.6 (Lide, 200§ is the ratio  tios: Ry_. = Dgw/Dac, Rw—cos=Daw/Dscos and

of water vapour and Cgxiffusivities. Rc.—cos=Dg ¢/Dycos, WhereD,, ., D, ., andD,cos are the
diffusion coefficients of water vapour, G@nd COS in air.
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Table 1. Theoretical values of diffusivitie®, ¢ (cm? s~1) of water vapour, C® and COS in air (parameters taken frdsird et al,

2007). Empirical estimates oDy, and D, . from Massmar(1998.

temperature during the chamber experiments. For plants at typi
probably small.

All estimates were derived for a temperature of 23C, the average air

cal field conditions, the effect of temperature on the ratios of diffusivities is

gas M o Qa,g  Dayg Ry—co, Dagg Ry-co,
Ry-cos Rc—cos emp. emp.
air 28.96 3.62
HO 18.01 260 1.18 0.248 0.252
CO, 4401 4.00 1.04 0.150 1.66 0.160 1.58
COS 60.08 4.13 1.15 0.124 2.01 1.21

The diffusion coefficientD, , (cnm?s™t) of a gas (sub-
scriptg) in ambient air (subscript) can be calculated from
Chapman-Enskog theorifd et al, 2007):

1
2
Ua,gQa,g

_ 3 [2RD® 1 1
T 1, TN
a g AD

D )

T

where R (8.31JK tmol~1) is the gas constant] (K) is
temperatureM (gmol1) is the molar mass of the ga&s
(6.022 183mol~1) is the Avogadro constanp, (atm) is am-
bient pressurer, , = (0, +09¢)/2 (A) is the collision diame-
ter of the molecules, and, , is the dimensionless collision

their differences (fluxa concflowrate/leaf area). Transpira-
tion and net CQ fluxes were determined similarly from dif-
ferential measurements of sample vs reference chamber air.
We then obtained,,, values from transpiration rates (Eqg. 1).
In this context, we note that the appropriate values for use
in Egs. (1), (2) and (4) are),, C,. and Cycos in the air
surrounding the observed leaves or plants, i.e. in the sample
chamber. Often, they first need to be calculated from refer-
ence chamber values and flux rates.

One data set was obtained on brancheBagfus sylvatica
(European beech) in laboratory chambear{doval-Soto et
al., 2005. COS mole fractions were quantified using an au-

integral for diffusion. This approach was chosen because itgmated setupvpn Hobe et a].2000 with an analytical pre-

provides molecular parameters for all three gaBasl(et al,
2007).

cision of about 8 pmolmott, plus any uncertainties in the
chamber systemS@andoval-Soto et al2005. The average

Theoretical values of diffusion coefficients for water cog mole fractions in the reference and sample chamber
vapour, CQ and COS in air are summarized in Table 1. The \yere 450 ppt and 340 ppt, respectively. Rates of leaf COS

theoretical diffusivity ratio for C@ and water is 1.66, some-

what higher than the empirical estimate of 1.58aésman

uptake were predicted from Eq. (4) usigg, and C,cos
data, and based oR,,_cos=2. The predicted fluxes are in

1998. Based on the difference between theoretical and €Myood agreement with the observed COS uptake rates over
pirical estimate, as well as the analysis of uncertainties prepree days of measurements (Fig. 1). As the enzyme reac-

sented iMMassmar(1998, theoretically predicted diffusivity

tion of CA with COS is light independenP¢otoschill-Krebs

ratios are probably within 10% of the empirical values. Thus, gt al, 1996, COS uptake can continue in the dark as long

the resulting diffusivity ratios for COS am,,_cos=2.0+0.2
with respect to water vapour, amt}_cos=1.2+0.1 with re-
spectto CQ.

4 Testing the leaf COS equation with chamber
observations

as stomata remain open. However, the uncertainties in ob-
served COS fluxes were often larger than the fluxes in the
dark (i.e. no significant differences between reference and
sample mole fractions).

The second data set was obtained on brancheé3uef-
cus agrifolia(Coast Live oak) in field chamberKiihn et al,
1999. COS mole fractions were quantified using cryogenic

To evaluate the relationships developed in the previous sedrapping and a gas chromatograph system, with an overall
tion, we calculate leaf COS uptake using Eq. (4) with the precision of about 25 pmol mot (Kuhn et al, 1999. The
theoretical estimate aR,,_cos, and compare the predicted predicted COS fluxes are reasonable compared to the mea-
to observed COS fluxes. We use concurrent data on transpsured COS uptake, and mostly within the limits of uncertain-
ration, COS and C®fluxes from leaf-scale chamber mea- ties of the measurements (Fig. 2). We only show the results
surementsKuhn et al, 1999 Sandoval-Soto et al2005. for times where the observed COS fluxes were larger than
Briefly, experiments were carried out with an automated systheir uncertainties.

tem consisting of two dynamic (flow-through) chambers, one  Using Eqgs. (1) and (4), and observed chamber mole frac-
with enclosed tree branch, and an empty reference chantions and flux rates, we also obtained first empirical estimates
ber. COS mole fractions were quantified by consecutive samef R, _cos, the ratio of conductances of COS and water
pling in both chambers, and COS uptake determined fromvapour. We assumed a constantos of 0.2 molnT2s1,
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Fig. 1. Leaf COS uptake predicted from transpiration data Fig. 2. Leaf COS uptake predicted from transpiration data

(Eqg. (4), assuming,,_cos=2 and constant internal conductance, (EQ. (4), assumingk,,_cos=2 and constant internal conductance,
¢icos=0.2), and observed uptake rates from measuremerfia-on  8icos=0.2), and observed COS uptake from measurements on
gus sylvatican laboratory chambers (original data frddandoval- Quercus agrifoliain field chambers (original data frokuhn et al,

Soto et al, 2005. For comparison, we also show predicted rates 1999. For comparison, we also show predicted rates where inter-
where internal conductance is assumed to be a negligible limitatior?@l conductance is assumed to be a negligible limitation to COS
to COS diffusion ;cos=20). Shaded areas indicate measurementsdiffusion (¢;cos=20).

in the dark.

Using Egs. (2) and (4), we can rewrite the above defini-

relating it to the meag,cos for day-time measurements by tions as:

a factor of ten §,cos/gicos~0.1). As a test, we also used

giCcos of 20 mO|I’TT2571 (gscos/gicos %0.001), i.e. effec- vCco, = Fc/Ca,c =gsc(1— Ci,c/Ca,c) (6)
tively neglecting the internal part of the diffusion pathway.

For the re-analysed laboratory data Emgus sylvaticathe =~ VCOS= Feos/ Cacos= gcos )
mean ratio wa,, —cos=2.0+0.3 (or 2.2 forgicos=20). For Thus, the normalized uptake ratio of COS to £O

the re-analysed field data @Quercus agrifoliathe mean ra-

tiowasR,,_cos=2.2+0.8 (or 2.4 forg;cos=20). Both values

are close to the theoretical estimate of 2, but the uncertainties gcos 1

are still large due to the high uncertainties in the measure?COS/Vco, = ge 1-Ci/Ca

ments of water vapour and particularly COS fluxes. 1
Rc—cos(1+gscos/gicos)(1—Ci/Ca) (©)

using gcos = (1/gscos + 1/gicog) ™!, and R._cos =
gsc/ gscos for the ratio of stomatal conductances. We write

COS fluxes can be directly compared to those of,@&® CilC, (instead ofC; ./ C,..) from hereon for simplicity. The

expressing them as uptake rates normalized by the ambieffti/Ca ratio is an important plant parameter that cannot be
mole fraction of each gascosandvco, (molm=2s-1). The measured directly. It is an expression for the balance be-

normalized uptake ratiotos/vco,) is identical to the ratio  IWeen the C@supply (limited by stomatal conductance) and
of deposition velocities, but instead of using ambient con-deémand (limited by light and the efficiency of enzyme reac-
centrations as in deposition velocities (e.§afdoval-Soto tions). Based on Eq. (8) and the theoretical estimate of the

et al, 2009), normalized uptake rates are defined relative toStomatal conductance rati&(-cos=1.2+0.1), it should be
ambient mole fractions: possible to determin€;/C, from observed fluxes and mole

fractions of COS and C®

Ci 1

- Si_q- 9
vcos= Feos/ Cacos Cq R._cos(1+ gscos/gicos)vcos/vco, ®)

The ratiovcos/vco, Was also used in a recent analysis of For the estimate of internal COS conductance
atmospheric COS dat&Campbell et al.2008 to calculate (gscos/gicos=0.1) that is consistent with the GOand
global COS uptake by vegetation from modelled leaf2CO water data from the laboratory experiments, Eq. (9) can be
fluxes: Fcos= Fc(Cacos/ Ca.c)(vcos/vco,), WhereF. cor-  simplified to: C;/C, ~ 1—0.75(vcos/vco,) .

responds to gross primary production (GPP, see Eq. (1) in The relationship betweencos/vco, and Ci/C, ratios is
Campbell et a|.2008. illustrated in Fig. 3. Values oficos/vco, between 2 and

vcos/vco,, can be written as:

5 The normalized uptake ratio of COSto CG as a
proxy for C;/C,

VCO, = Fc/Ca,c

Biogeosciences, 7, 33341, 2010 www.biogeosciences.net/7/333/2010/
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100 We assume that the enzyme CA is very efficient at convert-
ing the COS reaching the sites of reacti®ndtoschill-Krebs
et al, 1996, so that leaf COS uptake is primarily limited
by diffusion. Biochemical studies are needed to resolve the
extent to which CA activity may limit the overall rate. We
implicitly include the CA reaction with the physical diffu-
sion limitation ing;cos As a consequence, even if there is
» Ry v cos o8 an enzymatic preference of CA for COS over £@is not
! expressed incos/vco, values. Instead, the higher normal-
ized uptake of COS compared to g€@sults from the higher
020 — uslglcos =01 reaction efficiency of CA, relevant for COS, compared to Ru-
/ - gs/gi_COS = 0.001 bisco, relevant for C@ associated with back diffusion of
non-assimilated C®(seeMontzka et al, 2007). This is ex-
0 2 4 6 8 pressed in the negligible internal concentration of COS com-
Veodteon pared to CQ (Egs. 2 and 4), and the coupling @fos/vco,
to C;/C, (Eq. 9).
Fig. 3. Ratios of intercellular to ambient GGnole fraction C;/C, Also listed in Table 2 are thecos/vco, values for a
can be obtained from the normalized uptake ratios of COS tg,CO range of ecosystem types used to estimate global COS up-
vcos/vco,. based on Eq. (9) anft,_cos=1.2. We assume that take by vegetationGampbell et a].2008. The global mean
leaf internal conductance is much higher than stomatal conductancecos/vco, is 2.2 which corresponds to @;/C, of 0.66, a
(gscos/gicos=0.1 or 0.2). Thus, neglecting this component (i.e. typical ratio for G vegetation. Most ecosystem specific val-
assigning a value of 0.001) does not make a large difference comyes are close to the global mean, except for one lower value
pared to including it. Itis also possible thatosis a more limit-  of 0,44 for C;/C, of boreal forests. The relationships for
ing part of the d|ffu3|on_al pathwgy (0.5), W|t_h a narrower range of vcos/vco, developed here should also hold fog @lants,
vcos/vco, corresponding to typical;/C, ratios. where CA is distributed throughout the mesophyll ceart
nell and Hatch1988, but there is not enough data available
for evaluation of Eq. (4).

Because of the direct coupling to stomatal conductance,
measurements of COS fluxes could provide a valuable al-
ternative to determin€;/C, at high humidity, when water
Huxes may be too small to be reliably determined. As an
illustration, we calculated’;/C, for Fagus sylvaticafrom
stomatal conductance to COSg,fos) and water vapour
(gsw). Over three days, we foun€;/C,=0.67+0.07 from
gscos, andC;/C,=0.6%-0.01 fromg,,, (original data from
Sandoval-Soto et al2005. The mean values are in good
agreement, but the COS based estimate has larger uncertain-
ties than the,, based estimate.

0.60

ci/c,

0.00

3 correspond toC;/C, from 0.63 to 0.75, typical mean
C;IC, ratios of G plants under field conditions. In contrast,
vcos/vco, ratios below 1 or above 6 may indicate that pro-
cesses other than photosynthetic uptake are contributing t
the observed COS and/or G@uxes (for example, 781.3
for ecosystem scale uptake, recalculated fr¥m et al,
2002. Neglecting internal resistancg;tos/gicos=0.001)
has little effect on the relationship betweegos/vco, and
C;IC,. On the other hand, ig;cos is a much stronger
component of the diffusion pathwaycos/gicos=0.5), we
would expect slightly lowebtcos/vco, of 1.5 to 2 for typical
C;IC, values.

Ratios ofvcos/vco, and corresponding’;/C, for pub-
lished data are listed in Table 2. Several values are above thg  Estimating the normalized uptake ratio of COS to
typical C;/C, range, probably because relative humidity and  co, from carbon isotopes
stomatal conductances are often higher in cuvettes compared
to ambient conditions. Mosicos/vco, ratios were calcu-  The relationships described above (Eqg. 8) can also be used
lated from COS and Cmole fractions in atmospheric air, to obtainvcos/vco, ratios from independent estimates of
but the conditions relevant for gas exchange calculations ar€;/C,. One possibility is to utilize the coupling @f;/C, and
those of the chamber air surrounding the leaves. Recalculaphotosynthetict*C discrimination to determinecos/vco,
ing with chamber air mole fractions usually leads to higherratios. Indeed, the use of COS to investigate,Qas ex-
vcos/vco,. For example, for the laboratory data Bagus  change is quite similar to the more traditional use of isotopic
sylvaticapresented in Fig. 1Sandoval-Soto et al2005, tracers in this context.
we obtained a meancos/vco, of 2.4 based on air in the In its simplest form,13C discrimination (A, %o) during
sample cuvette, substantially higher than thes/vco, of photosynthesis can be written &a(quhar et a).1982 Far-
2.0 calculated from reference air. In addition, air supplied toquhar and Richard4984:
chambers can have a very different composition than typical c

atmospheric air, particularly during laboratory experiments. A — 4+ (g_a)_f (10)
Ca

www.biogeosciences.net/7/333/2010/ Biogeosciences, 733332010
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Table 2. Normalized uptake ratios of COS to GQucos/vco,) and their corresponding;/C, ratios (based on Eq. (%,cos/gicos=0.1)

for published datagandoval-Soto et al2005, and ecosystem types used to estimate global COS uptake by vegeGaioplgell et al.
2008. Note that for published data from enclosure studies (except those recalculated from original data, indicategdy/ t50, Was
calculated from reference (or atmospheric) COS angd @0le fractions. As the mole fractions of the air surrounding the leaves (i.e. chamber
air) should be used instead, their actugbs/vco, values could be 10 to 15% higher than listed in the table.

Species vCOS/VCOo, CilC, reference
crops, lab enclosures
Brassica napus 1.3 0.42 Kesselmeier and Merk, 1993
Pisum sativum 3.8 0.80
3.1 0.76 Hofmann, 1993
Triticum aestivum 3.2 0.77
trees, lab enclosures
Fagus sylvatica 2.6* 0.71 Sandoval-Soto et al., 2005
Quercus ilex 2.4* 0.69
Pinus sylvestris 2.6* 0.71
Picea abies 1.4* 0.46
trees, field enclosures
Picea abies 8.7-10.3 0.91-0.93 Huber, 1993
Quercus agrifolia 1.8* 0.58 Kuhn et al., 1999
Porterandia cladantha 2.4 0.69 Kesselmeier et al., 1993
Sacoglottis gabonensis 1.7-5.5 0.56-0.86
values used in global analysis
boreal forest, taiga 1.35 0.44 Campbell et al., 2008
flooded grasslands, savannas 2.0 0.63
temperate mixed forests 2.35 0.68
tropical and subtrop. forests 2.65 0.72
global mean 2.2 0.66

whereq is the fractionation during C&diffusion through the We calculate a GPP weighted global megs/vco, ra-
stomata (4.4%., Craig, 1953), ahds the weighted fraction-  tio of 2.8+0.3 (for G plants, Egs. (8) and (11), possible
ation during internal transfer of Cand fixation by Rubisco  variations ing,cos/gicosare included in the uncertainty es-
and PEPc. Using Eq. (10) to substitutdor C;/C, inEq. (8)  timate), larger or in the upper range of previous estimates

yields: (Sandoval-Soto et al2005 Montzka et al. 2007). With
_ a global GPP estimate of 109.3 Pg C¥rfor 2001-2003
VCOS/VCO, = 1 f’_a (11) (zhao et al. 2005, we estimate a global vegetation sink of
Rc—cos(1+gscos/gicos) b— A COS in the order of 908100 Gg Syr?. This is in the lower

This relationship has the advantage that measurements §f"9€ of 730-1500Gg Syt (Sandoval-Soto et 12009

l .
the 513C of leaf samples, ecosystem exchange, or the re@nd 120&300GgSyr= (Xu et al, 2002, but much higher

sults of atmospheric inversion studies, can be used to dethan the estimate of 490 Gg Syr (Suntharalingam et al.
rive vcos/vco, ratios independent of COflux measure- 2008.

ments. Here, we apply this approach to obtaips/vco,

for a global range of biomes (data from Table Zloydand 7 cgnelusions

Farquhai(1994). To be consistent with the original calcula-

tions, we deriveC;/C, from their equation (Eq. 4 ofloyd  we have developed a simple model of leaf COS uptake, anal-
and Farquha(1994, »=27.5, and including photorespira- ogous to the equations for leaf G@nd water fluxes. We
tion) instead of Eq. (10). Most of the resultingos/vco,  describe these equations as process-oriented (not process-
ratios (Eq. 8) fall between 2 and 3 (Table 3, for the best guespased) because they all require estimates of stomatal con-
gscos/gicos=0.1). The lowest ratios are derived for dry ductance, for which we do not yet have a fully mechanis-
biomes such as semi-desert (1.7), whereas tropical forestgc understanding. Leaf COS uptake predicted from the new
tend to have the highest ratios3 (Table 3), reflecting the  equation was in good agreement with data from field and lab-
increase in stomatal conductance with decreasing evaporaratory chamberskuhn et al, 1999 Sandoval-Soto et al.

tive demand. 2009, although with large uncertainties.

Biogeosciences, 7, 33341, 2010 www.biogeosciences.net/7/333/2010/



U. Seibt et al.: Analysis of leaf COS uptake 339

Table 3. Normalized uptake ratios of COS to GQvcos/vco,) andC;/C, obtained from estimates dfc discrimination f\) during
photosynthesisl{oyd and Farquharl994), assuming that internal conductance is a negligible ¢s/g;cos=0.001), intermediate (0.1,
0.2), or large (0.5) limitation in the diffusional pathway of COS.

Biome GPP A C;lc, vCOS/VCO,

(Pmolyr1) (%) (0.001) (0.2) (0.2) (0.5)
Tropical rain forest 3.46 184 0.76 3.40 3.09 283 227
Tropical seasonal forest 0.77 189 0.78 3.71 3.38 3.10 248
Tropical savannah 1.28 186 0.77 3.51 3.20 293 235
Evergreen warm mixed forest 0.14 19.0 0.77 3.63 3.31 3.03 242
Cool/cold deciduous forest 0.28 196 0.79 3.96 3.60 3.30 264
Cool/cold mixed forest 0.20 18.3 0.73 3.08 2.80 257 2.05
Cool/cold conifer forest 0.47 154  0.60 2.08 1.89 1.74 1.39
Taiga 0.12 156 0.61 2.14 1.94 1.78 1.43
Xerophytic woods and scrub 0.07 129 0.52 1.70 1.55 142 114
Grasslands and shrub 0.51 155 0.62 2.19 2.00 1.83 1.46
Grasslands 0.82 174  0.70 2.77 2.53 231 1.85
Dryland agronomy 0.80 17.0 0.69 2.62 2.39 219 175
Irrigated agronomy/ horticulture 0.07 164 0.67 2.48 2.26 2.07 1.66
Dryland tropical horticulture 0.05 15,0 0.61 2.12 1.93 177 141
Tundra 0.25 16.1 0.63 2.22 2.02 1.86 1.48
Semi-desert 0.06 142  0.57 1.92 1.75 1.60 1.28
Paddy rice 0.33 180 0.74 3.16 2.87 263 211
Mangroves 0.05 155 0.64 2.26 2.06 189 151
GPP weighted mean 178 0.73 3.11 2.83 260 2.08

As a consequence of the close coupling of leaf COS andAppendix A
CO, uptake, the normalized uptake ratio of COS and,CO
can be used to provide estimates@fC,, the ratio of in-  Equations including internal conductance
tercellular to atmospheric GO an important plant gas ex-
change parameter that cannot be measured directly. In adrhe following provides alternative versions of the above
dition, COS and3C discrimination can be combined to ob- equations, with internal conductance included directly. The
tain independent estimates of photosynthesis (GPP). The netotal leaf conductances to G@nd COS §;., g:cos) com-
process-oriented description provides a framework for un-bine stomatal conductancg{, gscos) and internal conduc-
derstanding COS fluxes that should improve the usefulnestance to the reaction siteg;{, gicos):
of atmospheric COS and GQ@neasurements to obtain esti-
mates of gross photosynthesis at regional to global scales. o = (i + i)fl (A1)

To develop COS into a reliable proxy féx/C, and GPP, 8 &
we now need to reduce the experimental uncertainties, char- . )
acterize concurrent terrestrial pﬂuxes such as soil COS up!‘eaf uptake of C@and COS ., Fcos) can be written as:
take, and evaluate the assumptions and parameters of th)sc:gtc(ca,c_cc,c) — g5c(Cac—Cic) (A2)
new COS model (Eq. 4) under a wide range of environmental
conditions. With better analytical precision, COS could also = 8ic(Ci.c = Cec)
become a valuable addition to measurements at the ecosys-
tem scale,_ particularly when water measurements are difficuItFCOS: 2:c05(Cacos— CmCos) = 25COS (A3)
or impossible due to high humidity, for example in tropical
ecosystems. Thus, COS has the potential to provide new con-

straints on stomatal and canopy conductance, a fundament% illustrate the parallel diffusion pathways of g@nd COS
— and difficult to measure — plant process that regulates th‘?rom ambient air (mole fractions, ., C,cos) into the inter-

exchange of carbon, water and energy of the terrestrial b'obellular spaces(, ., Cicos). The internal component of the

sphere. COS pathway g;cos) indirectly includes the reaction with
carbonic anhydrase (CA). In contrast to the Q@ole frac-
tion in the chloroplasts(. ), we assume&,,cos< C,cos
(Protoschill-Krebs et gl.1996 Sandoval-Soto et al2005

(Cacos— Cicos) = gicos(Cicos— Cincos)
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Notni et al, 2007, and rewrite Eqg. (2) as: References
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