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Isotopes of CO₂

• The 17,18O isotopic composition of CO₂ is mainly 
controlled by H2O because of its abundance 

• Most contact between water and CO₂ occurs inside 
leave stomata, and a bit less in ocean and soils 

• This makes their interpretation very complex: one needs 
a full water-cycle isotope model including vegetation, 
soils, and atmosphere 

• However, a recent discovery has sparked excitement… 
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• Because most physical processes discriminate 
depending on mass of a molecule, the relative 
abundance of 16O, 17O and 18O in H2O and CO₂ follows 
a fixed ratio

m45 m46 m47

C17OOC16OO C18OO

Δ17O = ln(δ17O+1)-λ ln(δ18O+1)  



• Because most physical processes discriminate 
depending on mass of a molecule, the relative 
abundance of 16O, 17O and 18O in H2O and CO₂ follows 
a fixed ratio 

• But in the stratosphere (>12km), a chemical reaction 
involving O3 discriminates independent of mass, giving 
an ‘excess’ of C17OO relative to the expected fixed ratio

Δ17O = ln(δ17O+1)-λ ln(δ18O+1)  
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Thiemens et al., 2006
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Δ17O = ln(δ17O+1)-λ ln(δ18O+1)  



Measurements

Thiemens et al., 2014
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Fig. 5-5: Time series of the triple oxygen isotope composition of ambient air CO2 from Göttingen. 

The Δ17O composition of tropospheric CO2 shows a temporal variation: From June 2010 to 

December 2011, the Δ17O variation parallels the seasonal cycle of the measured δ18O values. 

However, in 2012, the Δ17O signal does no longer run parallel to the seasonal δ18O cycle. The 

model prediction for the global troposphere (Δ17O = +0.06±0.05‰, see section 5.4.1) agrees well 

with the Δ17O measurements in the first year, however, the model cannot explain the strong 

decrease in Δ17O in 2012. It may be that the influx of stratospheric CO2 has a significant impact on 

the observed temporal variation in Δ17O of ambient air CO2 from Göttingen. 

Hofmann et al., 2012
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Δ17O surface sink

1.1 Description Simplified version

In the following sections the models will be first described and then compared. For simplic-
ity, the differentiation looks only at the earth as a one box model. The original reference
systems will be kept unless otherwise indicated.

1.1 Description Simplified version
The simplified version is presented by Hoag et al. (2005). The authors assume the carbon
budget as in 1990 with the change in mass of 3.2 PgC/yr and M0=777 PgC/yr.

Terrestrial assimilation

Gross primary production (GPP), which is the fixation of carbon within the biosphere, is
estimated at about 100 PgC/yr (Cramer et al., 1999). Hoag et al. (2005) assume that 12%
of this flux is due to leaf respiration (Ciais et al., 1997) and that the assimilation depends on
the ratio of current mass of CO2 (M0 + dM/dt) and the reference mass M0. Therefore the
assimilation flux FA is

FA = 0.88⇥GPP⇥ M0 +dM/dt
M0

PgC/yr (1.5)

Figure 1.1 shows the components that contribute to the assimilation flux.

Figure 1.1: Assimilation flux FA: Atmosphere-leaf FAL flux enters the stomata and splits into the
equilibrated and non-equilibrated part. Both leave the stomata as leaf-atmosphere FLA flux. The
size depends on the CO2 concentration of the atmosphere (Ca) and the CO2 concentration in the
chloroplasts (Cc)

The flux FA is calculated by the sum of the flux diffusing into the stomata FAL and being
released from the stomata to the atmosphere FLA. It depends on the differences in CO2
concentrations above the leaf (Ca) and within the leaf stomata (Cc).

4

FAL-FLA = GPP



stratosphere Δ17O ≈ 0.6

troposphere Δ17O = ???

leaf water Δ17O ≈ -0.07

Two global box models: Hoag (2005), Hofmann (2012)



Modeling the tropospheric Δ17O 

Stratosphere

Leaf-Atmosphere



Modeling the tropospheric Δ17O 



Linda’s thesis work



Hofmann 2012



Tropospheric Δ17O with TM5 & SIBCASA

SIBCASA (Ivar van der Velde) can provide 1x1 degree global:
Ci/Ca, GPP, C3/C4 vegetation, Reco, RH

TM5 can provide 
transport, STE, source term?

Annual 
mean 
GPP



DJF MAM

JJA SON

Surface Δ17O in TM5



One year simulation of Δ17O with TM5, p=500 hPa



Future plans
• Try to simulate/understand the data from Mt Bröcken 
• Contrast simulated Amazon and Arctic signals 
• Improve stratospheric source description 
• Work on soil invasion flux & leaf-water Δ17O
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Triple oxygen isotope composition of tropospheric carbon dioxide as a

tracer of terrestrial gross carbon fluxes
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[1] Stratospheric photochemistry leads to anomalous
oxygen isotope enrichments in CO2 (for which D17O =
d17O ! 0.516 " d18O 6¼ 0). This isotope anomaly is not
lost until air returns to the troposphere and CO2 undergoes
isotope exchange with water primarily in the terrestrial
biosphere and oceans. A two-box model is used to
investigate the contribution of stratospheric production
and contemporary surface carbon fluxes to tropospheric
D17OCO2. The predicted magnitude of $0.15% is large
enough that measurement of a globally averaged
tropospheric D17OCO2 should provide a new constraint
for gross carbon exchanges between the biosphere and
atmosphere in terrestrial carbon cycle models. Importantly,
D17OCO2 should be complementary to the primary isotopic
tracer of gross carbon exchanges, d18OCO2, but is
not dependent on numerous hydrologic variables.
Furthermore, with improved measurement precision,
D17OCO2 could serve as a direct tracer of gross carbon
exchanges and their variations. Citation: Hoag, K. J., C. J.
Still, I. Y. Fung, and K. A. Boering (2005), Triple oxygen isotope
composition of tropospheric carbon dioxide as a tracer of
terrestrial gross carbon fluxes, Geophys. Res. Lett., 32, L02802,
doi:10.1029/2004GL021011.

1. Introduction

[2] The terrestrial biosphere plays a dominant role in
controlling atmospheric CO2 on annual and interannual
timescales and is responsible for about half of the net global
carbon sink for anthropogenic CO2. This net sink and its
variability on short time scales are governed primarily by the
gross fluxes of CO2 into and out of the atmosphere due to
respiration and photosynthesis, respectively. Because the net
sink is the small difference between these large fluxes and is
more easily constrained by observations, large uncertainties
remain in the global magnitudes and the temporal and
spatial variability of these gross fluxes [e.g., Gurney et al.,
2002]. Moreover, the climate sensitivities of these gross
fluxes are a key uncertainty in climate change predictions
since understanding the distinct responses of photosynthesis
versus respiration to changing environmental conditions is
critical to predicting how carbon storage by the terrestrial
biosphere will respond to global change [e.g., Friedlingstein
et al., 2003; Cox et al., 2000; Schimel et al., 2001].

[3] While net CO2 exchanges between the atmosphere,
biosphere, and ocean are studied using observations of the
concentrations and d13C values of CO2 [e.g., Francey et al.,
1995] or measuring the local net fluxes of CO2 directly
[e.g., Goulden et al., 1998], observations and modeling of
d18O of tropospheric CO2 have received increasing atten-
tion as a means to constrain gross carbon exchanges since
both the gross photosynthetic uptake of carbon and the total
ecosystem respiration play dominant and often opposing
roles in determining d18OCO2 [e.g., Farquhar et al., 1993;
Ciais et al., 1997]. Francey and Tans [1987] first suggested
that isotope exchange between CO2 and water in the
chloroplasts of leaves during photosynthesis largely deter-
mines tropospheric d18OCO2. While $1/3 of atmospheric
CO2 entering leaves is assimilated, the remainder diffuses
back out with a new d18O value determined largely by
d18Oleaf-H2O. Farquhar et al. [1993] related this isotope
exchange process to gross primary productivity (GPP) in a
model which included a large number of isotopic, physical,
hydrologic, and biological variables. Subsequent modeling
studies confirmed that land biota are the primary determi-
nant of d18OCO2 [e.g., Ciais et al., 1997; Cuntz et al.,
2003a, 2003b]. Table 1 summarizes the isotope exchange
processes in the global d18OCO2 cycle. Among the current
aims of modeling efforts is to use d18O observations of CO2

and H2O to improve estimates of GPP and respiration, both
globally and locally [e.g., Cuntz et al., 2003a, 2003b; Riley
et al., 2003].
[4] Clearly, using d18OCO2 as a constraint on terrestrial

GPP requires estimates and/or detailed modeling of d18O
values for numerous water pools which can be difficult to
ascertain. d18O of leaf water, e.g., depends on plant anatomy,
the vertical distribution of d18OH2O in soils, the humidity in
the canopy and its d18O, and other factors such as precip-
itation and temperature. In contrast, the anomalous rela-
tionship between d18O and d17O of tropospheric CO2, or
D17OCO2 defined below, does not depend directly on values
for d18O or d17O of soil and leaf H2O and may therefore be
easier to link directly to GPP and to deconvolve the
response of GPP to interannual changes in, e.g., tempera-
ture and precipitation.
[5] Stratospheric CO2 is anomalously enriched in 17O

and 18O [e.g., Lämmerzahl et al., 2002; Boering et al.,
2004]. Most physical and chemical processes fractionate
isotopes in a mass-dependent manner for which d17O = l "
d18O, with l = 0.500 to 0.529 [e.g., Thiemens, 1999].
However, for stratospheric CO2, d17O $ 1.7 " d18O, and
the magnitude of the CO2 isotope anomaly may be defined
as

D17O ¼ d17O! l" d18O ð1Þ
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stratosphere Δ17O ≈ 0.6

leaf water Δ17O ≈ -0.07

FLA = 240
FAL = 160 TER = 78

FST = 100


