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Prediction is very difficult, especially about the future. 
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CMIP3/C4MIP emulation with MAGICC6 is 811–
1170ppm. As discussed above, the lower range of the
CMIP5 ESMs is due to one single model, MRI-ESM1,
which already severely underestimates the present-day
atmospheric CO2 concentration. Not including this model
would mean that the lower end of the MAGICC6 range is
significantly lower than the lower end of theCMIP5ESMs.
The warming ranges simulated by the CMIP5 ESMs

and by the CMIP3/C4MIP model emulations are quite
similar (Figs. 2b and 2d). The first set of models displays
a full range of 2.58–5.68C, while the latter set has a 90%
probability range of 2.98–5.98C.

5. Twenty-first-century land and ocean carbon cycle

To further understand the difference in simulated
atmospheric CO2 over the twenty-first century, we
analyzed the carbon budget simulated by the models, as
already done for the historical period. In the E-driven
runs, the ESMs simulate the atmospheric CO2 concen-
tration as the residual of the prescribed anthropogenic

emissions minus the sum of the land and ocean carbon
uptakes—these latter two fluxes being interactively
computed by the land and ocean biogeochemical com-
ponents of the ESMs. Figure 4 shows the cumulative
land and ocean carbon uptakes simulated by the CMIP5
ESMs. Any difference in simulated atmospheric CO2

comes from differences in the land or ocean uptakes.
The models show a large range of future carbon up-

take, both for the land and for the ocean (Figs. 4a and
4b). However, for the ocean, 10 out of the 11 models
have a cumulative oceanic uptake ranging between 412
and 649PgC by 2100, the exception being INM-CM4.0
with an oceanic uptake of 861PgC. As discussed in the
historical section, the reasons for this large simulated
uptake are unknown. The simulated land carbon fluxes
show a much larger range, from a cumulative source of
165PgC to a cumulative sink of 758PgC. Eight models
simulate that the land acts as a carbon sink over the full
period. Land is simulated to be a carbon source by two
models, CESM1-BGC and NorESM1-ME, both sharing
the same land carbon cycle model, and byMIROC-ESM.

FIG. 4. Range of (a) cumulative global air to ocean carbon flux (PgC), (b) cumulative global air to land carbon flux
(PgC) from the 11ESMsE-driven simulations, (c) the annual global air to ocean carbon flux, and (d) annual global air
to land carbon flux. Color code for model types is as in Fig. 1.
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COS plant flux models

2008], but to our knowledge has not previously been used to
construct a model for COS exchange by plants and soil that
could be run globally. We chose to use the carbon cycle
model SiB3 [Baker et al., 2008; Baker et al., 2007] for
this purpose.

2.3. COS Leaf Uptake
[6] CO2 and COS take the same pathway for diffusion

from the atmosphere to the site of reaction. COS is consumed
inside leaf cells by the enzyme carbonic anhydrase (CA),
which is colocated in the chloroplasts of leaves with
Rubisco—the enzyme that consumes CO2 in the first step
of photosynthesis. We assume that COS uptake is unidirec-
tional as shown in Figure 2. Models for the diffusion of
CO2 into leaves and its consumption by photosynthesis are
well developed and are more or less standardized in land
surface models [Bonan, 2008]. Our goal here is to extend
one of these models [Sellers et al., 1996a] to simulate the
diffusion and uptake of COS. Water vapor fluxes are
normally used to evaluate the exchange of gas between the
leaf interior and the surrounding air. The stomatal pore and
leaf boundary layer impose resistances to diffusion (or alter-
natively conductances = 1/resistance), and these are modeled
using an empirical relationship [Ball et al., 1987]. The diffu-
sive resistances of CO2 and COS are framed in reference to
that of H2O vapor. The greater mass and larger cross section
of COS restricts its diffusion relative to H2O in the stomatal
pore by a factor of 1.94 and in the laminar boundary layer
by 1.56 [Seibt et al., 2010; Stimler et al., 2010], whereas
analogous values for CO2 are 1.6 and 1.4 [Bonan, 2008].
Thus, gas phase diffusion of COS is about 20% slower than
CO2. Liquid phase and aerodynamic conductances to COS
were assumed to be equal to that for CO2. Once COS has
diffused into the leaf cell, it is hydrolyzed in a reaction
catalyzed by CA, at a rate, JCOS, determined by its partial
pressure in the choloplast, pCOSc = [COS]c*P, where
[COS]c is the COS mole fraction in the chloroplast, and
P is the total pressure (Pa). In principle, this could be
modeled using Michaelis-Menten kinetics:

JCOS ¼ pCOSc
vm

k1=2 þ pCOSc
(1)

where vm is the maximum reaction rate, and k1/2 is the half-
saturation constant. However, because pCOSc (10–20 mPa)

is typically much less than k1/2 (200–4000 Pa), this reaction
can be approximated as a first order process:

JCOS ¼ pCOSc*v0 (2)

where v0 = vm/k1/2 is an effective first order rate constant
(molm#2 s#1 Pa#1) that determines the rate of uptake of
COS from the intercellular air spaces per leaf area. Since
CO2 is an alternative substrate for CA and COS for
Rubisco, they can act as competitive inhibitors, but this effect
is negligible at the relative concentrations of COS and CO2
present in a leaf under ambient conditions. The apparent
activity for COS uptake is a function of both the amount of
CA enzyme and where it is located relative to the intercellular
air spaces—a factor that introduces a finite mesophyll con-
ductance. At the present time, we have little information on
either of these, but independent studies indicate that both
CA activity [Badger and Price, 1994] and mesophyll con-
ductance [Evans et al., 1994] tend to scale with the photosyn-
thetic capacity or the Vmax (mmol m#2 s#1) of Rubisco
present in the leaf. We therefore assume that both the meso-
phyll conductance and v0 are proportional to the Vmax of
Rubisco. In addition, we note that v0/P has the dimensions
of—and functions in a way analogous to—a conductance
for COS uptake with a COS concentration of zero at the
terminus. Hence, the two processes, mesophyll conductance
and CA activity, can be combined into a single apparent con-
ductance for COS uptake from the intercellular airspaces that
is proportional to Vmax, i.e., gCOS = a*Vmax. Thus,

FCOS ¼ COS½ %a* 1:94=gsw þ 1:56=gbw þ 1:0=gCOS½ %#1 (3)

where FCOS is the flux of COS uptake, [COS]a is the COS
mole fraction in the bulk air, and the terms in brackets repre-
sent the series conductance of the leaf system for COS calcu-
lated from the respective conductances to water vapor
simulated by the model (Figure 2). The effective Vmax of
Rubisco in the model is modulated by temperature and the
presences of high temperature or water stress. We assume
that these affect gCOS similarly.
[7] We used gas exchange observations of simultaneous

measurements of COS and CO2 uptake [Stimler et al., 2012;
Stimler et al., 2010] to calibrate the parameter a used in the
model to scale gCOS to Vmax. First, the Vmax parameter
was fit individually to each gas exchange experiment (36 with
C3 and 7 with C4 leaves, each consisting of 3–12 separate
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Figure 2. Resistance analog model of CO2 and COS uptake. Numbers in parentheses are conductance
values (molm#2 s#1) corresponding to the numbered key: (1) Boundary layer conductance, gb.
(2) Stomatal conductance, gs. (3) Mesophyll conductance, gi. (4) Biochemical rate constant used approxi-
mate photosynthetic CO2 uptake by Rubisco or the reaction of COS with carbonic anhydrase as a linear
function of cc. In this case, COS uptake is 12.6 pmol m#2 s#1 and that of CO2 is 5.6 mmol m#2 s#1.
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COS plant flux models

DRAFT
Fig. 2. NOAA airborne COS observation locations [9], STEM domain boundaries
(dashed lines), and spatial transects considered in Results and Discussion (solid
lines). “x” markers show observation sites used to create climatological boundary
conditions, and “o” markers show observation sites used for modeled–observed COS
drawdown comparisons.

Methods

The three GPP diagnoses and three COS leaf exchange models
we considered resulted in six di�erent COS plant flux parame-
terizations (table 1).

We then use STEM on a North American grid with 60 x
60 km horizontal resolution to test the sensitivity of these
CO2 spatial diagnoses to four uncertainties that may con-
found the use of COS as a GPP tracer: continental boundary
condition complexity and uncertainty, LRU–photosynthetic
pathway variability, anthropogenic COS fluxes, and soil COS
fluxes. We do not include an explicit ocean flux in the analy-
sis because the Pacific ocean is accounted for in the western
boundary condition and the Atlantic Ocean is downstream in
this climatological analysis.

We then compared the STEM-simulated vertical COS gra-
dients to airborne observations the plausibility of the STEM
results.

Observations. The NOAA Earth System Research Laboratory
Global Monitoring Division operates an air-monitoring network
throughout the world. Regular flights were conducted from
16 surface locations in the USA between the years 2005 and
2012. Each flight descended in a corkscrew path from roughly
8000 meters above sea level (ASL) to the surface and collected
up to 12 ambient air samples (mean number of samples is
10.8) in glass flasks during the roughly 30 minute descent [9].
The flasks were analyzed in NOAA’s laboratory in Boulder,
CO, USA using gas chromatography and mass spectrometry
detection, accurate to roughly 6.3 parts per trillion.

Plant Fluxes. As noted, we consider two approaches for mod-
eling COS plant flux at the leaf level. The first builds a
mechanistic treatment of COS leaf enzyme kinetics into the

Table 1. COS plant flux models considered. Each model pairs a GPP
CO2 flux model (left column) with a leaf-scale COS uptake model
(right column).

GPP model COS uptake model
CASA-GFED3 LRU = 1.61 (eq. 2)
CASA-GFED3 LRU = C3/C4 weighted (eq. 2)
Can-IBIS LRU = 1.61 (eq. 2)
Can-IBIS LRU = C3/C4 weighted (eq. 2)
SiB LRU = 1.61 (eq. 2)
SiB mechanistic canopy (eq. 1)

SiB ecosystem model [15] according to the equation:

Fplant = [COSa] ú [1.94/gsw + 1.56/gbw + 1.0/gCOS]≠1, [1]

with [COSa] the COS mole fraction in bulk air, and gsw, gbw,
and gCOS series conductances of the leaf system. See [15] for
detailed descriptions of the enzyme kinetic model.

The second COS plant flux model scales COS plant flux
proportionally to GPP, leaf-level COS–CO2 relative uptake
(LRU), and the ratio of COS and CO2 concentrations:

Fplant = GP P ú LRU ú [COS]
[CO2] , [2]

with Fplant the COS plant flux, GPP the CO2 gross primary
productivity, LRU the COS-CO2 leaf scale relative uptake,
and [COS]/[CO2] the ambient ratio of surface concentrations.
This approach, while methodologically simple, is supported
by laboratory leaf chamber studies[16].

C4 plants have lower COS–CO2 LRU (1.16 ± 0.20) than C3
plants (1.82 ± 0.18) [16]. We regridded a 1 degree by 1 degree
C4 plant percentage dataset [30] to our 60-km North American
grid. We used these percentages to weight previous laboratory
C3/C4 LRU estimates [16] according to the percentage of
plants using each photosynthetic pathway in each gridcell. We
then used the CASA-GFED3 GPP and Can-IBIS GPP to
calculate plant COS fluxes using this weighted C3/C4 LRU
and equation eq. 2. We also calculated plant COS fluxes using
CASA-GFED3 GPP and Can-IBIS GPP and a prescribed LRU
of 1.61 (the optimal value from leaf-scale laboratory work [31]
is 1.61 ± 0.26). We also consider two SiB-derived COS plant
fluxes: one from SiB’s mechanistic canopy simulation, and one
calculated from eq. 2 using SiB GPP and a prescribed LRU of
1.61. The GPP-LRU pairings considered are summarized in
table 1. The weighted C3/C4 LRU and the weightings used
to derive it are shown on a map in fig. S2.

Second-order COS Fluxes. We consider four participants in
regional land–atmosphere COS exchange that are thought to
be of lesser magnitude than COS plant fluxes but that could
potentially confound the use of COS as a GPP tracer.

Soil COS Fluxes. The first global gridded COS soil flux data
product [18] was derived from a parameterization [32] of a
single agricultural location in Germany. They also note the
importance of, but do not account for, the possibility of soil
redox potential enhancing or reducing soil fluxes. Recently,
two more extensive models describing soil COS exchange have
been developed [33, 34], but enough data are not available
over our study area to tune these more complicated models.

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Hilton et al.
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Fig. 1. The top row shows GPP CO2 flux; the middle row shows COS plant flux; the bottom row shows COS vertical drawdown (eq. 3 from COS plant flux only, calculated using
eq. 1 or eq. 2 and GPP flux from SiB, Can-IBIS, and CASA-GFED3.

or by a COS–CO2 LRU (1.61 or C3/C4). However, the tran-
sect drawdowns di�er starkly when driven by di�erent spatial
GPP assignments (northern-USA-focused vs. southern-USA-
focused).

We believe it is conceptually reasonable that regional LRU
variability does not a�ect transport model analyses of regional
airborne COS drawdown observations significantly, because
airborne observations observe air that has experienced regional
atmospheric mixing processes. Airborne observations are there-
fore averaged across larger spaces and longer timescales than
surface measurements. The mechanistic leaf-level COS ex-
change model includes diurnal variability in the relative leaf
uptake of COS and CO2; this is also seen in observations
[12–14]. Thus LRU variability might impact eddy covariance
tower COS flux observations more heavily because these ob-
servations are made at the surface near to the processes that
drive LRU variations, and also have high temporal resolution.
At a flux tower, atmospheric mixing has not yet “washed out”
the LRU variability signal.

This suggests that although it is known that LRU is not in
fact constant [16], the methodological simplification of treating
LRU as a constant introduces considerably less error than GPP
uncertainty (as estimated by inter-model GPP di�erences).
This satisfies a critical requirement for using COS as a tracer
for regional GPP.

The results in fig. 3 illustrate that although Can-IBIS
matches COS vertical drawdown observations reasonably
well at many northerly Mid-continent sites, its estimates in
the Southeastern USA are larger than observations indicate.
Though we use Can-IBIS to illustrate the point, this result
is likely not unique to Can-IBIS. The simulation–observation
comparisons summarized here disagree with a number of
ecosystem models [3, 8] that place the strongest North Ameri-
can GPP in the Southeastern USA.

SiB and CASA-GFED3 place the strongest GPP in the
upper Midwestern USA; fig. 3 shows that this is more consis-
tent with GPP derived from COS observations and equations
1 and 2, even when uncertainties contributed by COS–CO2
LRU uncertainty, COS soil fluxes, COS anthropogenic fluxes,
and boundary conditions are included in the analysis. This
spatial GPP placement is also consistent with the picture of
North American GPP delivered by observed solar-induced
fluorescence [3]. These results from Can-IBIS, CASA-GFED3,
and SiB are illustrative of the problem of equifinality that
can arise in ecosystem CO2 flux diagnoses [7]: di�erent model
parameterizations can produce similar total flux results via
starkly di�erent spatial diagnoses. This demonstrates the need
for new sources of information to constrain models. Observa-
tions of COS and solar-induced fluorescence are two promising
possibilities.

Conclusions

The North American regional atmospheric transport mod-
eling analyses of airborne COS observations reported here
demonstrate that placement of the strongest North American
GPP in the Southeastern USA is not consistent with observed
along-transect vertical COS drawdowns. Our results show this
inconsistency for three di�erent CO2 GPP-COS leaf uptake
relationships (mechanistic, fixed LRU, and C3-C4 varying
LRU), and for several di�erent treatments of soil COS fluxes,
anthropogenic COS fluxes, and transport model boundary
conditions. Our finding that spatial placement of regional
GPP dominantly drives the consistency of modeled COS plant
fluxes with observed COS concentrations even in the presence
of concurrent COS surface fluxes and COS–CO2 uptake mech-
anistic uncertainty supports the use of COS as a tracer for
CO2 GPP.

Hilton et al. PNAS | April 15, 2016 | vol. XXX | no. XX | 3
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Fig. 1. The top row shows GPP CO2 flux; the middle row shows COS plant flux; the bottom row shows COS vertical drawdown (eq. 3 from COS plant flux only, calculated using
eq. 1 or eq. 2 and GPP flux from SiB, Can-IBIS, and CASA-GFED3.
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the Southeastern USA are larger than observations indicate.
Though we use Can-IBIS to illustrate the point, this result
is likely not unique to Can-IBIS. The simulation–observation
comparisons summarized here disagree with a number of
ecosystem models [3, 8] that place the strongest North Ameri-
can GPP in the Southeastern USA.

SiB and CASA-GFED3 place the strongest GPP in the
upper Midwestern USA; fig. 3 shows that this is more consis-
tent with GPP derived from COS observations and equations
1 and 2, even when uncertainties contributed by COS–CO2
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and boundary conditions are included in the analysis. This
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North American GPP delivered by observed solar-induced
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and SiB are illustrative of the problem of equifinality that
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possibilities.
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anistic uncertainty supports the use of COS as a tracer for
CO2 GPP.
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Figure S1: Surface COS soil fluxes (top row) and the associated STEM-
simulated vertical COS drawdowns/enhancements (bottom row) for two dif-
ferent COS soil flux estimates. The left panels (a and c) show results for
(1) soil COS fluxes, and the right panels (b and d) show results for the
“hybrid” COS soil flux map derived from the weighed average of (2) COS
soil fluxes for agricultural areas and (1) COS soil fluxes for non-agricultural
areas. Cropland land area percentages are from (3).
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Figure S3: COS surface fluxes from two di↵erent anthropogenic COS inven-
tories (top row) and the resulting STEM-simulated COS vertical drawdown
(bottom row). Panels a and c show (6) anthropogenic COS fluxes; panels b
and d show (1) anthropogenic COS fluxes.
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Fig. 3. July and August mean COS vertical drawdown for 48 STEM simulations
(section “Methods: Transport Modeling”) with bootstrapped 95% confidence intervals
(section “Methods: Uncertainty Quantification”). Site locations (horizontal axis) and
spatial transects (panels a, b, c) are shown in fig. 2. COS Drawdown values shown
here include all model components (COS plant flux, COS soil flux, COS anthropogenic
flux, and boundary conditions) and all COS plant flux models (mechanistic, C3/C4-
varying COS–CO2 leaf-scale relative uptake (LRU), and fixed LRU (see section
“Methods: Plant Fluxes”). We calculated drawdown (eq. 3) to approximate the
difference in COS concentration between the atmospheric boundary layer and the
free troposphere.
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Fig. 2. NOAA airborne COS observation locations [9], STEM domain boundaries
(dashed lines), and spatial transects considered in Results and Discussion (solid
lines). “x” markers show observation sites used to create climatological boundary
conditions, and “o” markers show observation sites used for modeled–observed COS
drawdown comparisons.

Methods

The three GPP diagnoses and three COS leaf exchange models
we considered resulted in six di�erent COS plant flux parame-
terizations (table 1).

We then use STEM on a North American grid with 60 x
60 km horizontal resolution to test the sensitivity of these
CO2 spatial diagnoses to four uncertainties that may con-
found the use of COS as a GPP tracer: continental boundary
condition complexity and uncertainty, LRU–photosynthetic
pathway variability, anthropogenic COS fluxes, and soil COS
fluxes. We do not include an explicit ocean flux in the analy-
sis because the Pacific ocean is accounted for in the western
boundary condition and the Atlantic Ocean is downstream in
this climatological analysis.

We then compared the STEM-simulated vertical COS gra-
dients to airborne observations the plausibility of the STEM
results.

Observations. The NOAA Earth System Research Laboratory
Global Monitoring Division operates an air-monitoring network
throughout the world. Regular flights were conducted from
16 surface locations in the USA between the years 2005 and
2012. Each flight descended in a corkscrew path from roughly
8000 meters above sea level (ASL) to the surface and collected
up to 12 ambient air samples (mean number of samples is
10.8) in glass flasks during the roughly 30 minute descent [9].
The flasks were analyzed in NOAA’s laboratory in Boulder,
CO, USA using gas chromatography and mass spectrometry
detection, accurate to roughly 6.3 parts per trillion.

Plant Fluxes. As noted, we consider two approaches for mod-
eling COS plant flux at the leaf level. The first builds a
mechanistic treatment of COS leaf enzyme kinetics into the

Table 1. COS plant flux models considered. Each model pairs a GPP
CO2 flux model (left column) with a leaf-scale COS uptake model
(right column).

GPP model COS uptake model
CASA-GFED3 LRU = 1.61 (eq. 2)
CASA-GFED3 LRU = C3/C4 weighted (eq. 2)
Can-IBIS LRU = 1.61 (eq. 2)
Can-IBIS LRU = C3/C4 weighted (eq. 2)
SiB LRU = 1.61 (eq. 2)
SiB mechanistic canopy (eq. 1)

SiB ecosystem model [15] according to the equation:

Fplant = [COSa] ú [1.94/gsw + 1.56/gbw + 1.0/gCOS]≠1, [1]

with [COSa] the COS mole fraction in bulk air, and gsw, gbw,
and gCOS series conductances of the leaf system. See [15] for
detailed descriptions of the enzyme kinetic model.

The second COS plant flux model scales COS plant flux
proportionally to GPP, leaf-level COS–CO2 relative uptake
(LRU), and the ratio of COS and CO2 concentrations:

Fplant = GP P ú LRU ú [COS]
[CO2] , [2]

with Fplant the COS plant flux, GPP the CO2 gross primary
productivity, LRU the COS-CO2 leaf scale relative uptake,
and [COS]/[CO2] the ambient ratio of surface concentrations.
This approach, while methodologically simple, is supported
by laboratory leaf chamber studies[16].

C4 plants have lower COS–CO2 LRU (1.16 ± 0.20) than C3
plants (1.82 ± 0.18) [16]. We regridded a 1 degree by 1 degree
C4 plant percentage dataset [30] to our 60-km North American
grid. We used these percentages to weight previous laboratory
C3/C4 LRU estimates [16] according to the percentage of
plants using each photosynthetic pathway in each gridcell. We
then used the CASA-GFED3 GPP and Can-IBIS GPP to
calculate plant COS fluxes using this weighted C3/C4 LRU
and equation eq. 2. We also calculated plant COS fluxes using
CASA-GFED3 GPP and Can-IBIS GPP and a prescribed LRU
of 1.61 (the optimal value from leaf-scale laboratory work [31]
is 1.61 ± 0.26). We also consider two SiB-derived COS plant
fluxes: one from SiB’s mechanistic canopy simulation, and one
calculated from eq. 2 using SiB GPP and a prescribed LRU of
1.61. The GPP-LRU pairings considered are summarized in
table 1. The weighted C3/C4 LRU and the weightings used
to derive it are shown on a map in fig. S2.

Second-order COS Fluxes. We consider four participants in
regional land–atmosphere COS exchange that are thought to
be of lesser magnitude than COS plant fluxes but that could
potentially confound the use of COS as a GPP tracer.

Soil COS Fluxes. The first global gridded COS soil flux data
product [18] was derived from a parameterization [32] of a
single agricultural location in Germany. They also note the
importance of, but do not account for, the possibility of soil
redox potential enhancing or reducing soil fluxes. Recently,
two more extensive models describing soil COS exchange have
been developed [33, 34], but enough data are not available
over our study area to tune these more complicated models.

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Hilton et al.
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likely bias included in our estimated global TER such that
the NEE estimate is also likely too low (too negative) by 5–
10 Pg C yr−1. A second approach of direct upscaling of NEE
using MTE yields −17 ± 5 Pg C yr−1. Using a third approach
based on the flux estimates in Table 2 and equation (4), we
infer a global NEP of 15–21 Pg C yr−1. Although the
independently derived NEP estimate and the upscaling
derived NEP estimate appear to be generally consistent,
MTE does not yet yield reliable spatially explicit estimates
of mean NEP (see section 3.1) because several relevant
predictors are lacking, e.g., soil and site history related
variables.

NEP ¼ NBPþ Fþ LUCþ CHþ DCþ VOC ð4Þ

See Table 2 for definition of terms.
[35] Our estimated mean latent heat flux of 158 ± 7 × 1018

J yr−1, equivalent to 39 ± 2 W m−2, and to a water flux of
65 ± 3 × 103 km3 yr−1 agrees with independent global esti-
mates: 66 × 103 km3 yr−1 [Oki and Kanae, 2006]; 38.5Wm−2

[Trenberth et al., 2009]; 58–85 × 103 km3 yr−1 [Dirmeyer
et al., 2006]; 37–59 W m−2 [Jiménez et al., 2011]. The
global sensible heat flux of 164 ± 15 × 1018 J yr−1 (41 ±

4 Wm−2) is larger than the value reported by Trenberth et al.
[2009] (27 W m−2) but in the range of various state of the
art estimates of the global mean sensible heat flux of 18 to
57 W m−2 [Jiménez et al., 2011]. Global mean annual values
of estimated biosphere-atmosphere fluxes are summarized
in Table 3.

3.3. Spatial Distribution of Mean Annual
Biosphere‐Atmosphere Fluxes
[36] The global spatial distribution of mean annual GPP,

TER, and LE are similar with largest fluxes occurring in the
equatorial tropics followed by monsoonal subtropical
regions (e.g., south and east Asia), and humid temperate
regions in eastern North America, and western and central
Europe (Figure 3). Small GPP, TER, and LE fluxes occur in
cold and dry environments. The similarity of spatial GPP,
TER, and LE patterns results from their intimate coupling:
GPP provides substrate for respiration and is thus the first
order factor controlling TER which has been shown in
various studies [e.g., Lasslop et al., 2010], GPP and LE are
closely linked since a certain amount of water needs to be
transpired to fix a certain amount of carbon during photo-
synthesis (water use efficiency), and because evaporation of
intercepted rain depends on LAI as does GPP.
[37] The global spatial distribution of H shows the largest

values in subtropical dry regions where available energy is
preferentially partitioned to H rather than LE. We infer that
the median evaporative fraction, here defined as LE/(LE+H),
is 0.47 and varies spatially from 0.01 in very dry areas to
0.78 in very humid regions (95% range, map not shown).
[38] A quantitative comparison of the upscaled mean

annual LE against catchment water balances, and land sur-
face model simulations shows strong consistency (R2 of
0.92 for catchment water balances and 0.91 for ensemble of
land surface models [Jung et al., 2010]). A detailed multi-
model comparison of global H and LE flux estimates
including those presented here is available from Jiménez
et al. [2011].

Figure 3. Mean annual (1982–2008) (a) GPP, (b) LE, (c) TER, and (d) H derived from global empirical
upscaling of FLUXNET data.

Table 3. Global Mean Annual Carbon and Energy Fluxes of the
Vegetated Land Surface (127.9 × 106 km2)a

Carbon Fluxes Mean (g C m−2 yr−1) Total (Pg C yr−1)

Gross primary production (GPP) 933 ± 46 119.4 ± 5.9
Terrestrial ecosystem respiration

(TER)
753 ± 47 96.4 ± 6.0

Net ecosystem exchange (NEE) −133 ± 37 −17.1 ± 4.7

Energy Fluxes Mean (MJ m−2 yr−1) Total (ZJ)

Latent heat (LE) 1239 ± 54 158 ± 7
Sensible heat (H) 1280 ± 117 164 ± 15

aUncertainty estimates refer to one standard deviation and are derived
from the spread of individual model trees.
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Fig. 1. The top row shows GPP CO2 flux; the middle row shows COS plant flux; the bottom row shows COS vertical drawdown (eq. 3 from COS plant flux only, calculated using
eq. 1 or eq. 2 and GPP flux from SiB, Can-IBIS, and CASA-GFED3.

or by a COS–CO2 LRU (1.61 or C3/C4). However, the tran-
sect drawdowns di�er starkly when driven by di�erent spatial
GPP assignments (northern-USA-focused vs. southern-USA-
focused).

We believe it is conceptually reasonable that regional LRU
variability does not a�ect transport model analyses of regional
airborne COS drawdown observations significantly, because
airborne observations observe air that has experienced regional
atmospheric mixing processes. Airborne observations are there-
fore averaged across larger spaces and longer timescales than
surface measurements. The mechanistic leaf-level COS ex-
change model includes diurnal variability in the relative leaf
uptake of COS and CO2; this is also seen in observations
[12–14]. Thus LRU variability might impact eddy covariance
tower COS flux observations more heavily because these ob-
servations are made at the surface near to the processes that
drive LRU variations, and also have high temporal resolution.
At a flux tower, atmospheric mixing has not yet “washed out”
the LRU variability signal.

This suggests that although it is known that LRU is not in
fact constant [16], the methodological simplification of treating
LRU as a constant introduces considerably less error than GPP
uncertainty (as estimated by inter-model GPP di�erences).
This satisfies a critical requirement for using COS as a tracer
for regional GPP.

The results in fig. 3 illustrate that although Can-IBIS
matches COS vertical drawdown observations reasonably
well at many northerly Mid-continent sites, its estimates in
the Southeastern USA are larger than observations indicate.
Though we use Can-IBIS to illustrate the point, this result
is likely not unique to Can-IBIS. The simulation–observation
comparisons summarized here disagree with a number of
ecosystem models [3, 8] that place the strongest North Ameri-
can GPP in the Southeastern USA.

SiB and CASA-GFED3 place the strongest GPP in the
upper Midwestern USA; fig. 3 shows that this is more consis-
tent with GPP derived from COS observations and equations
1 and 2, even when uncertainties contributed by COS–CO2
LRU uncertainty, COS soil fluxes, COS anthropogenic fluxes,
and boundary conditions are included in the analysis. This
spatial GPP placement is also consistent with the picture of
North American GPP delivered by observed solar-induced
fluorescence [3]. These results from Can-IBIS, CASA-GFED3,
and SiB are illustrative of the problem of equifinality that
can arise in ecosystem CO2 flux diagnoses [7]: di�erent model
parameterizations can produce similar total flux results via
starkly di�erent spatial diagnoses. This demonstrates the need
for new sources of information to constrain models. Observa-
tions of COS and solar-induced fluorescence are two promising
possibilities.

Conclusions

The North American regional atmospheric transport mod-
eling analyses of airborne COS observations reported here
demonstrate that placement of the strongest North American
GPP in the Southeastern USA is not consistent with observed
along-transect vertical COS drawdowns. Our results show this
inconsistency for three di�erent CO2 GPP-COS leaf uptake
relationships (mechanistic, fixed LRU, and C3-C4 varying
LRU), and for several di�erent treatments of soil COS fluxes,
anthropogenic COS fluxes, and transport model boundary
conditions. Our finding that spatial placement of regional
GPP dominantly drives the consistency of modeled COS plant
fluxes with observed COS concentrations even in the presence
of concurrent COS surface fluxes and COS–CO2 uptake mech-
anistic uncertainty supports the use of COS as a tracer for
CO2 GPP.
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Soil COS fluxes

Figure S1: Surface COS soil fluxes (top row) and the associated STEM-
simulated vertical COS drawdowns/enhancements (bottom row) for two dif-
ferent COS soil flux estimates. The left panels (a and c) show results for
(1) soil COS fluxes, and the right panels (b and d) show results for the
“hybrid” COS soil flux map derived from the weighed average of (2) COS
soil fluxes for agricultural areas and (1) COS soil fluxes for non-agricultural
areas. Cropland land area percentages are from (3).
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Anthropogenic COS fluxes

Figure S3: COS surface fluxes from two di↵erent anthropogenic COS inven-
tories (top row) and the resulting STEM-simulated COS vertical drawdown
(bottom row). Panels a and c show (6) anthropogenic COS fluxes; panels b
and d show (1) anthropogenic COS fluxes.
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Boundary conditions

Figure S5: Climatological mean lateral boundary [COS]. The lateral bound-
ary indices (horizontal axis) refer to the location of the column; they are
indices to a ring surrounding the domain horizontally. Fig. S6 shows selected
indices; column zero is the southernmost corner of the domain and the indices
increase counter-clockwise.
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Figure S6: Climatological mean top boundary [COS]. The green codes in-
dicate the NOAA observation location (main text fig. 2) that supplied the
[COS] for each horizontal grid cell. The lateral bounds indices (black num-
bers in white boxes) refer to the horizontal axis of fig. S5 – a handful of
indices are plotted for orientation of fig. S5
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COS-CO2 LRU

Figure S2: COS–CO2 LRU (panel a) derived from weighted C3/C4 vegetation
percentages (5) (panel b) as described in main text section Methods: Plant
Fluxes.

5

C4 percentage

Still et al. (2009)

24



References
Berry, J., A. Wolf, J. E. Campbell, I. Baker, N. Blake, D. Blake, A. S. Denning, S. R. Kawa, S. A. Montzka, U. Seibt, K. Stimler, D. 
Yakir, and Z. Zhu (2013), A coupled model of the global cycles of carbonyl sulfide and CO2: A possible new window on the 
carbon cycle, Journal of Geophysical Research: Biogeosciences, 118(2), 842–852, doi:10.1002/jgrg.20068. 
!
Campbell, J. E., M. E. Whelan, U. Seibt, S. J. Smith, J. A. Berry, and T. W. Hilton (2015), Atmospheric carbonyl sulfide sources 
from anthropogenic activity: Implications for carbon cycle constraints, Geophysical Research Letters, 42(8), 3004–3010, doi:
10.1002/2015GL063445. 
!
Friedlingstein, P., M. Meinshausen, V. K. Arora, C. D. Jones, A. Anav, S. K. Liddicoat, and R. Knutti (2014), Uncertainties in 
CMIP5 Climate Projections due to Carbon Cycle Feedbacks, Journal of Climate, 27(2), 511–526, doi:10.1175/JCLI-D-12-00579.1. 
!
Jung, M., M. Reichstein, H. A. Margolis, A. Cescatti, A. D. Richardson, M. A. Arain, A. Arneth, C. Bernhofer, D. Bonal, J. Chen, D. 
Gianelle, N. Gobron, G. Kiely, W. Kutsch, G. Lasslop, B. E. Law, A. Lindroth, L. Merbold, L. Montagnani, E. J. Moors, D. Papale, 
M. Sottocornola, F. Vaccari, and C. Williams (2011), Global patterns of land-atmosphere fluxes of carbon dioxide, latent heat, and 
sensible heat derived from eddy covariance, satellite, and meteorological observations, Journal of Geophysical Research: 
Biogeosciences, 116(G3), n/a–n/a, doi:10.1029/2010JG001566. 
!
Kettle, A. J., U. Kuhn, M. von Hobe, J. Kesselmeier, and M. O. Andreae (2002), Global budget of atmospheric carbonyl sulfide: 
Temporal and spatial variations of the dominant sources and sinks, Journal of Geophysical Research: Atmospheres, 107(D22), 
ACH 25–1–ACH25–16, doi:10.1029/2002JD002187. 
!
Still, C.J. and J.A. Berry and G.J. Collatz and R.S. DeFries (2009), ISLSCP II C4 Vegetation Percentage, in ISLSCP Initiative II 
Collection, edited by Hall, Forrest G. and G. Collatz and B. Meeson and S. Los and E. Brown de Colstoun and D. Landis, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A. 
!
Whelan, M. E., T. W. Hilton, J. A. Berry, M. Berkelhammer, A. R. Desai, and J. E. Campbell (2016), Carbonyl sulfide exchange in 
soils for better estimates of ecosystem carbon uptake, Atmospheric Chemistry and Physics, 16(6), 3711–3726, doi:10.5194/
acp-16-3711-2016.

25



carbonyl sulfide primer
photosynthesis respiration

- large
- cannot measure

- large
- cannot measure

- small
- CAN measure

CO2 net ecosystem exchange

CO2 GPP

(1

(

CO2 respirationOCS

Forest image creator: DragonArt
dragonartz.wordpress.com

http://creativecommons.org/licenses/by-nc-sa/3.0/us/

(1)

year

month

day

hour

(1 m)2

10-4ha
(1 km)2

102ha
(10 km)2

104ha
(100 km)2

106ha
(1000 km)2

104ha
Rearth

Spatial Scale

Ti
m

e 
Sc

al
e

C
ha

m
be

r F
lu

x

decades Forest
Inventory

Ed
dy

 C
ov

ar
ia

nc
e

To
w

er
 F

lu
x

Airborne Flux

Atmospheric
Inversion

?

Figure 1: time and spatial scales of NEE and/

or GPP observations.
Figure 2: Carbonyl sulfide (OCS) is metabolized 

along with CO2, but the plant flux is in one 

direction only (atmosphere to plant).
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The problem: CO2 GPP is a critical unknown affecting future climate predictions, but quantifying it 

at scales less than global and greater than chamber-scale remains highly uncertain.

this suggests an approach to use OCS to constrain CO2 GPP:

Fplant is the plant OCS flux, GPP is CO2 gross primary production, LRU is the normalized leaf-scale 

relative uptake of OCS relative to CO2, and [OCS]/[CO2] is the ambient ratio of surface 

concentrations

Motivation

Using eq (1) to constrain CO2 GPP depends on at least four conditions: 

no reemission from plant; OCS and CO2 do not interact.   

Fplant dominates other sources/sinks of OCS

uncertainties in LRU, [OCS/CO2], transport, convection, etc. are 

smaller than uncertainty in GPP

� Stimler et al (2010)

� Campbell et al (2008)

(i)

(ii)

(iii) ?  read on....

Modeling Experiments

Here we present experiments using the Sulfur Transport and dEposition Model (STEM).  We test the 

sensitivity of simulated COS vertical drawdown to COS plant flux, LRU, boundary conditions, and 

modeled convection intensity.

Fplant, LRU experiments

Figure 3: Calculating LRU as a weighted 

average according by vegetation type 
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COS exchange models

DRAFT
Fig. 2. NOAA airborne COS observation locations [9], STEM domain boundaries
(dashed lines), and spatial transects considered in Results and Discussion (solid
lines). “x” markers show observation sites used to create climatological boundary
conditions, and “o” markers show observation sites used for modeled–observed COS
drawdown comparisons.

Methods

The three GPP diagnoses and three COS leaf exchange models
we considered resulted in six di�erent COS plant flux parame-
terizations (table 1).

We then use STEM on a North American grid with 60 x
60 km horizontal resolution to test the sensitivity of these
CO2 spatial diagnoses to four uncertainties that may con-
found the use of COS as a GPP tracer: continental boundary
condition complexity and uncertainty, LRU–photosynthetic
pathway variability, anthropogenic COS fluxes, and soil COS
fluxes. We do not include an explicit ocean flux in the analy-
sis because the Pacific ocean is accounted for in the western
boundary condition and the Atlantic Ocean is downstream in
this climatological analysis.

We then compared the STEM-simulated vertical COS gra-
dients to airborne observations the plausibility of the STEM
results.

Observations. The NOAA Earth System Research Laboratory
Global Monitoring Division operates an air-monitoring network
throughout the world. Regular flights were conducted from
16 surface locations in the USA between the years 2005 and
2012. Each flight descended in a corkscrew path from roughly
8000 meters above sea level (ASL) to the surface and collected
up to 12 ambient air samples (mean number of samples is
10.8) in glass flasks during the roughly 30 minute descent [9].
The flasks were analyzed in NOAA’s laboratory in Boulder,
CO, USA using gas chromatography and mass spectrometry
detection, accurate to roughly 6.3 parts per trillion.

Plant Fluxes. As noted, we consider two approaches for mod-
eling COS plant flux at the leaf level. The first builds a
mechanistic treatment of COS leaf enzyme kinetics into the

Table 1. COS plant flux models considered. Each model pairs a GPP
CO2 flux model (left column) with a leaf-scale COS uptake model
(right column).

GPP model COS uptake model
CASA-GFED3 LRU = 1.61 (eq. 2)
CASA-GFED3 LRU = C3/C4 weighted (eq. 2)
Can-IBIS LRU = 1.61 (eq. 2)
Can-IBIS LRU = C3/C4 weighted (eq. 2)
SiB LRU = 1.61 (eq. 2)
SiB mechanistic canopy (eq. 1)

SiB ecosystem model [15] according to the equation:

Fplant = [COSa] ú [1.94/gsw + 1.56/gbw + 1.0/gCOS]≠1, [1]

with [COSa] the COS mole fraction in bulk air, and gsw, gbw,
and gCOS series conductances of the leaf system. See [15] for
detailed descriptions of the enzyme kinetic model.

The second COS plant flux model scales COS plant flux
proportionally to GPP, leaf-level COS–CO2 relative uptake
(LRU), and the ratio of COS and CO2 concentrations:

Fplant = GP P ú LRU ú [COS]
[CO2] , [2]

with Fplant the COS plant flux, GPP the CO2 gross primary
productivity, LRU the COS-CO2 leaf scale relative uptake,
and [COS]/[CO2] the ambient ratio of surface concentrations.
This approach, while methodologically simple, is supported
by laboratory leaf chamber studies[16].

C4 plants have lower COS–CO2 LRU (1.16 ± 0.20) than C3
plants (1.82 ± 0.18) [16]. We regridded a 1 degree by 1 degree
C4 plant percentage dataset [30] to our 60-km North American
grid. We used these percentages to weight previous laboratory
C3/C4 LRU estimates [16] according to the percentage of
plants using each photosynthetic pathway in each gridcell. We
then used the CASA-GFED3 GPP and Can-IBIS GPP to
calculate plant COS fluxes using this weighted C3/C4 LRU
and equation eq. 2. We also calculated plant COS fluxes using
CASA-GFED3 GPP and Can-IBIS GPP and a prescribed LRU
of 1.61 (the optimal value from leaf-scale laboratory work [31]
is 1.61 ± 0.26). We also consider two SiB-derived COS plant
fluxes: one from SiB’s mechanistic canopy simulation, and one
calculated from eq. 2 using SiB GPP and a prescribed LRU of
1.61. The GPP-LRU pairings considered are summarized in
table 1. The weighted C3/C4 LRU and the weightings used
to derive it are shown on a map in fig. S2.

Second-order COS Fluxes. We consider four participants in
regional land–atmosphere COS exchange that are thought to
be of lesser magnitude than COS plant fluxes but that could
potentially confound the use of COS as a GPP tracer.

Soil COS Fluxes. The first global gridded COS soil flux data
product [18] was derived from a parameterization [32] of a
single agricultural location in Germany. They also note the
importance of, but do not account for, the possibility of soil
redox potential enhancing or reducing soil fluxes. Recently,
two more extensive models describing soil COS exchange have
been developed [33, 34], but enough data are not available
over our study area to tune these more complicated models.

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Hilton et al.
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Fig. 2. NOAA airborne COS observation locations [9], STEM domain boundaries
(dashed lines), and spatial transects considered in Results and Discussion (solid
lines). “x” markers show observation sites used to create climatological boundary
conditions, and “o” markers show observation sites used for modeled–observed COS
drawdown comparisons.

Methods

The three GPP diagnoses and three COS leaf exchange models
we considered resulted in six di�erent COS plant flux parame-
terizations (table 1).

We then use STEM on a North American grid with 60 x
60 km horizontal resolution to test the sensitivity of these
CO2 spatial diagnoses to four uncertainties that may con-
found the use of COS as a GPP tracer: continental boundary
condition complexity and uncertainty, LRU–photosynthetic
pathway variability, anthropogenic COS fluxes, and soil COS
fluxes. We do not include an explicit ocean flux in the analy-
sis because the Pacific ocean is accounted for in the western
boundary condition and the Atlantic Ocean is downstream in
this climatological analysis.

We then compared the STEM-simulated vertical COS gra-
dients to airborne observations the plausibility of the STEM
results.

Observations. The NOAA Earth System Research Laboratory
Global Monitoring Division operates an air-monitoring network
throughout the world. Regular flights were conducted from
16 surface locations in the USA between the years 2005 and
2012. Each flight descended in a corkscrew path from roughly
8000 meters above sea level (ASL) to the surface and collected
up to 12 ambient air samples (mean number of samples is
10.8) in glass flasks during the roughly 30 minute descent [9].
The flasks were analyzed in NOAA’s laboratory in Boulder,
CO, USA using gas chromatography and mass spectrometry
detection, accurate to roughly 6.3 parts per trillion.

Plant Fluxes. As noted, we consider two approaches for mod-
eling COS plant flux at the leaf level. The first builds a
mechanistic treatment of COS leaf enzyme kinetics into the

Table 1. COS plant flux models considered. Each model pairs a GPP
CO2 flux model (left column) with a leaf-scale COS uptake model
(right column).

GPP model COS uptake model
CASA-GFED3 LRU = 1.61 (eq. 2)
CASA-GFED3 LRU = C3/C4 weighted (eq. 2)
Can-IBIS LRU = 1.61 (eq. 2)
Can-IBIS LRU = C3/C4 weighted (eq. 2)
SiB LRU = 1.61 (eq. 2)
SiB mechanistic canopy (eq. 1)

SiB ecosystem model [15] according to the equation:

Fplant = [COSa] ú [1.94/gsw + 1.56/gbw + 1.0/gCOS]≠1, [1]

with [COSa] the COS mole fraction in bulk air, and gsw, gbw,
and gCOS series conductances of the leaf system. See [15] for
detailed descriptions of the enzyme kinetic model.

The second COS plant flux model scales COS plant flux
proportionally to GPP, leaf-level COS–CO2 relative uptake
(LRU), and the ratio of COS and CO2 concentrations:

Fplant = GP P ú LRU ú [COS]
[CO2] , [2]

with Fplant the COS plant flux, GPP the CO2 gross primary
productivity, LRU the COS-CO2 leaf scale relative uptake,
and [COS]/[CO2] the ambient ratio of surface concentrations.
This approach, while methodologically simple, is supported
by laboratory leaf chamber studies[16].

C4 plants have lower COS–CO2 LRU (1.16 ± 0.20) than C3
plants (1.82 ± 0.18) [16]. We regridded a 1 degree by 1 degree
C4 plant percentage dataset [30] to our 60-km North American
grid. We used these percentages to weight previous laboratory
C3/C4 LRU estimates [16] according to the percentage of
plants using each photosynthetic pathway in each gridcell. We
then used the CASA-GFED3 GPP and Can-IBIS GPP to
calculate plant COS fluxes using this weighted C3/C4 LRU
and equation eq. 2. We also calculated plant COS fluxes using
CASA-GFED3 GPP and Can-IBIS GPP and a prescribed LRU
of 1.61 (the optimal value from leaf-scale laboratory work [31]
is 1.61 ± 0.26). We also consider two SiB-derived COS plant
fluxes: one from SiB’s mechanistic canopy simulation, and one
calculated from eq. 2 using SiB GPP and a prescribed LRU of
1.61. The GPP-LRU pairings considered are summarized in
table 1. The weighted C3/C4 LRU and the weightings used
to derive it are shown on a map in fig. S2.

Second-order COS Fluxes. We consider four participants in
regional land–atmosphere COS exchange that are thought to
be of lesser magnitude than COS plant fluxes but that could
potentially confound the use of COS as a GPP tracer.

Soil COS Fluxes. The first global gridded COS soil flux data
product [18] was derived from a parameterization [32] of a
single agricultural location in Germany. They also note the
importance of, but do not account for, the possibility of soil
redox potential enhancing or reducing soil fluxes. Recently,
two more extensive models describing soil COS exchange have
been developed [33, 34], but enough data are not available
over our study area to tune these more complicated models.
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