
valence–ionized Ne dimer is slow in compari-
son to ICD. The flatness of the inner-valence
potential energy curves, which enables ICD at
essentially all interatomic distances and prevents
ultrafast dissociation, is specific to van der Waals
systems. In real molecules such as O2, electron-
correlation effects are stronger: The adiabatic po-
tential energy curves in the inner-valence regime
are not flat and have many avoided crossings
associated with steep dissociative curves. Real
molecules can rapidly dissociate and convert
electronic energy into kinetic energy of the dis-
sociating fragments.

Finally, without triple-coincidence COLTRIMS
experiments to locate the curve-crossing region
and moment of onset of the Feshbach autoioniz-
ing state, accurate modeling of these superexcited
states would not have been possible. Generally,
electronic-structure methods, even for excited
states, have made substantial progress. However,
the inner-valence regime remains challenging
because of the large number of electronic states
involved and because of the considerable role
that electronic many-body effects play in this
highly excited energy regime.

We have uncovered the onset of an electronic
Feshbach resonance and the existence of nega-
tive binding-energy states in neutral atoms. We

show that it is possible to actively manipulate
superexcited states above the ionization potential
by interrupting autoionization with a strong femto-
second laser field. These findings should be ap-
plicable to autoionizing states in small molecules.
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Photosynthetic Control of Atmospheric
Carbonyl Sulfide During the
Growing Season
J. E. Campbell,1*† G. R. Carmichael,2 T. Chai,3 M. Mena-Carrasco,4,5 Y. Tang,2 D. R. Blake,6
N. J. Blake,6 S. A. Vay,7 G. J. Collatz,8 I. Baker,9 J. A. Berry,10 S. A. Montzka,11
C. Sweeney,12 J. L. Schnoor,1 C. O. Stanier2

Climate models incorporate photosynthesis-climate feedbacks, yet we lack robust tools for
large-scale assessments of these processes. Recent work suggests that carbonyl sulfide (COS), a
trace gas consumed by plants, could provide a valuable constraint on photosynthesis. Here we
analyze airborne observations of COS and carbon dioxide concentrations during the growing
season over North America with a three-dimensional atmospheric transport model. We successfully
modeled the persistent vertical drawdown of atmospheric COS using the quantitative relation
between COS and photosynthesis that has been measured in plant chamber experiments.
Furthermore, this drawdown is driven by plant uptake rather than other continental and oceanic
fluxes in the model. These results provide quantitative evidence that COS gradients in the
continental growing season may have broad use as a measurement-based photosynthesis tracer.

Parameterizations of carbon-climate feed-
backs in climatemodels are based on climate
sensitivities for photosynthesis and respira-

tion that are highly uncertain (1–3).Measurement-
based estimates of photosynthesis or respiration
fluxes at large scales (>104 km2) are needed to
investigate these feedback mechanisms. Where-
as photosynthesis and respiration-flux estimates
have been made using eddy flux (4, 5) and
isotope techniques (6), robust tools for inves-
tigating these processes at large scales are cur-
rently lacking.

Recent work suggests potential for the use of
atmospheric carbonyl sulfide (COS) as a photo-
synthesis tracer, on the basis of similarities
observed between COS and CO2 in a global air-
monitoring network (7). The similarities are
attributable to the simultaneous uptake of COS
and CO2 in photosynthetic gas exchange by
terrestrial plants (8). COS has also been studied
as a source of stratospheric aerosol (9, 10), with
recent reports suggesting that COS is a major
source and that its contribution may be closely
linked to continental surface fluxes (11, 12).

Past models of COS plant uptake assume a
1:1 relation between relative uptake of COS and
net primary productivity (NPP) (13–16). This
relation was challenged by plant chamber (8) and
atmospheric measurement studies (7), which
suggest a new model of uptake that is related
to photosynthesis [gross primary productivity
(GPP)] and yields four to six times the uptake of
the NPP-based models. COS uptake is related
to GPP because atmospheric COS and CO2 dif-
fuse at similar rates into stomata, dissolve at sim-
ilar rates into intercellular plant water, and are
consumed by photosynthesis enzymes (17, 18).
COS is taken up preferentially to CO2 because
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photosynthesis enzymes transform one-third of
the dissolved CO2 in leaf water but irreversibly
transform most of the dissolved COS (19, 20).
The remainder of the dissolved CO2 diffuses back
to the atmosphere. The chamber studies suggest a
GPP-based uptake model

F ¼ GPP ⋅
½COS�
½CO2� ⋅ VCOS=CO2

ð1Þ

where F is COS plant uptake, GPP is the photo-
synthetic uptake of CO2 by terrestrial plants,
[COS]/[CO2] is the ratio of ambient concen-
trations, and VCOS=CO2

is the leaf-scale relative up-
take measured during plant chamber experiments.

This GPP-based model was found in recent
work to be qualitatively consistent with varia-
tions of global atmospheric measurements, sug-
gesting that the total atmospheric lifetime of COS
is only 1.5 to 3 years (7, 21). However, it remains
to be determinedwhether atmospheric COSmea-
surements are quantitatively consistent with GPP-
based plant uptake.

To provide a quantitative test of the relation
between GPP and atmospheric COS, we com-
pared atmospheric COS measurements from an
airborne experiment with two simulations from
a three-dimensional atmospheric transport model;
one simulation was driven by the GPP-based up-
take, and the secondwas driven by the NPP-based
uptake. The airborne experiment, the Inter-
continental Chemical Transport Experiment–
North America (INTEX-NA), included 1741
daytime measurements of COS over continental
North America between the surface and 12 km
in altitude during July and August 2004. The
experiment also included measurements of CO2

(22) and many other species (23). We compared
these INTEX-NA observations to the NOAAEarth
System Research Laboratory (NOAA/ESRL)
airborne observationsmade during July andAugust
of 2005, 2006, and 2007 (7). To interpret the
INTEX-NA observations, we simulated COS
and CO2 concentrations over North America for
the INTEX-NA period (24, 25). The COS simu-
lations were driven by plant uptake, soil sinks,
and ocean and anthropogenic sources (direct and
indirect). We calculated GPP-based plant uptake
(Eq. 1) by scaling regional GPP fluxes (26) by
leaf-scale relative uptake estimates. The NPP-
based uptake and other surface fluxes were taken
from a recent inventory of gridded surface fluxes
(14). We simulated CO2 concentrations using eco-
system, ocean, and anthropogenic surface fluxes.
See the supporting online material (SOM) for
details on observations and model simulations.

The persistent vertical drawdown (Fig. 1) and
variability (Fig. 2) in the boundary layer are well
represented by the GPP model, whereas the NPP
model performs poorly. Plant uptake was found
to be dominant over other sources and sinks in
the continental COS budget during the growing
season (Fig. 3), a necessary condition for the use
of COS as a photosynthesis tracer. These results
are discussed below.

The mean modeled and measured CO2 con-
centrations along the INTEX-NA flight paths (Fig.
1A) show the expected net uptake of CO2 and
boundary-layer mixing during the growing season
(27). The agreement between the observed and
modeled drawdown indicates that atmospheric

mixing is well represented in the model.Whereas
model underestimation in the 2- to 5-km altitude
range may suggest some deficiencies in the sim-
ulated mixing, there is only a 10% difference be-
tween the observed and modeled estimates of the
column-integrated drawdown (21).

0

2

4

6

8

10

12

365 370 375

CO2 (ppm)

Observation

Model

380 405 430 455 480

COS (ppt)

Observation

Model GPP

Model NPP

A
lt

it
u

d
e 

(k
m

)
A

lt
it

u
d

e 
(k

m
)

A B

Fig. 1. Vertical profiles of COS and CO2 along INTEX-NA flight paths. Mean concentrations for all
continental INTEX-NA data for CO2 (A) and COS (B) (error bars indicate T 95% CI, n = 70 average
observations in each bin). Model results were interpolated to time and location of each observation. ppm,
parts per million.

Fig. 2. COS plant uptake flux and
boundary-layer concentrations. (A)
COS plant uptake flux (mean July
2004) calculated by scalingmodeled
GPP by leaf-relative uptake. See SOM
for details. Continental INTEX-NADC8
flight paths (red lines) are shownwith-
in the model domain (gray box). (B
to D) Modeled and observed atmo-
spheric COS concentrations at all con-
tinental sampling points under 2 km
in altitude above sea level (ASL).
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The mean COS vertical profile (from the
1741 INTEX-NA samples) also shows consider-
able drawdown in the boundary layer (Fig. 1B).
The INTEX-NA concentration drawdown (dif-
ference between 6 to 8 km and 0 to 2 km in
altitude) of 59.9 T 8.9 parts per thousand (ppt)
[mean T 95% confidence interval (CI), n = 50
vertical profiles] for sampling in July and August
of 2004 is consistent with the NOAA/ESRL
drawdown of 55.9 T 19.0 ppt (mean T 95% CI,
n = 12 airborne sites) for sampling in July and
August of 2005 through 2007. The NPP model
largely underestimates the observed drawdown
as expected (13, 16), whereas the GPPmodel has
good agreement with the observed drawdown.
Aswith CO2, some deficiencies in theGPPmodel
are apparent in the 2- to 5-km altitude range.
However, there is only a 15% difference between

the observed and GPP model estimates of the
column-integrated drawdown (21). The column-
integrated drawdown for the observed data was
4.2 times theNPPmodel estimate (21). Sensitivity
analysis showed that the drawdown estimates are
robust with respect to boundary condition uncer-
tainty (21).

Maps of INTEX-NA boundary-layer COS
concentrations show considerable variability in
the boundary-layer observations (SD = 39 ppt),
and this variability is similar to that in the GPP
model (SD = 34 ppt) but much larger than that in
the NPP model (SD = 24 ppt) (Fig. 2). The GPP
model captures much of the observed variability
in the boundary-layer COS concentrations with a
correlation coefficient of 0.71 (n = 440). This
GPP model performance is similar to the a priori
performance in CO2 studies that use a model-

observations analysis to infer surface-flux esti-
mates (28). The variability in the GPP model is
largely driven by themagnitude of the plant uptake
and caused by the mixing of background air with
boundary-layer air that is depleted of COS (21).

The combined evidence from the concentration
drawdown, column-integrated drawdown, boundary-
layer variation, CO2 profiles, and NOAA/ESRL
data are consistent with the GPP-based model
rather than the NPP-based model. Next, we con-
sider the relative influence of the different surface
fluxes on the COS airborne samples using trans-
port simulations driven by only one surface flux
at a time (Fig. 3A). Anthropogenic COS emis-
sions (direct and indirect) are concentrated in the
eastern United States but result in a boundary-
layer enhancement that is less than one-third of
the vegetative drawdown (21). The COS soil up-

Fig. 3. Tropospheric drawdown for
observed and modeled concentra-
tions along continental INTEX-NA
flight paths. Tropospheric drawdown
of COS (A) and CO2 (B), for total (left
bracket) and modeled components
(right bracket) as the difference be-
tweenmean 6- to 8-kmand0- to 2-km
altitude ASL concentrations for all con-
tinental INTEX-NA data (error bars
indicate T 95% CI, n = 50 vertical
profiles). Anth, anthropogenic; Photo,
photosynthesis; Resp, ecosystem res-
piration; BC, boundary condition.
Positive drawdown is removal from
the atmosphere, and negative draw-
down is a source to the atmosphere.
Individual component drawdowns
(right bracket) are based on multiple
atmospheric transport model simula-
tions using only one flux at a time as
input and fixed boundary conditions.
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take is <10% of the plant uptake, which is con-
sistent with available field observations (29).
Although ocean fluxes are a large source globally
(14), they have only a small influence on the ver-
tical profile for the continental growing season.
There may be large missing sources in the global
COS budget that could be important in relation to
plant uptake for some regions (8). However, the
good agreement of modeled and observed COS
during INTEX-NA suggests that these missing
sources are not located in North America during
the growing season.Whereas the COS drawdown
is dominated by plant uptake, the CO2 drawdown
has offsetting influences of photosynthesis and
respiration components that are many times the
net CO2 drawdown (Fig. 3B). These offsetting
components make it challenging to apply CO2

measurements to separately investigate photo-
synthesis and respiration, reinforcing the need
for a tracer such as COS.

This evidence that continental-scale varia-
tions of atmospheric COS over North America
are driven by the COS/photosynthesis relation
suggests the potential use of COS as a carbon-
cycle tracer. One tracer application is to estimate
the ratio of GPP CO2 fluxes relative to net eco-
system exchange (NEE) CO2 fluxes using
relations between simultaneous observations of
COS and CO2. For vertical profile observations,
a useful relation is the ecosystem-scale relative
uptake (ERU), which is the ratio of the relative
drawdown of COS to CO2 (7, 21). When plant
uptake is the dominant flux, the ERU is propor-
tional to the ratio of GPP/NEE with a proportion-
ality constant that is the leaf-scale relative uptake.
The INTEX-NA and NOAA/ESRL observations
have ameanERUof 5.7 T 0.6 (mean T SD, n = 31
vertical profiles, July and August 2004) and 5.7 T
2.1 (mean T SD, n = 10 airborne sites, July and
August of 2005 through 2007), respectively. For
a mean continental leaf-scale relative uptake of
2.2 (21), these ERUvalues imply aGPP/NEE ratio
of 2.6, which is similar to estimates of GPP/NEE
of crops duringmid–growing season from eddy-flux
studies (5, 7, 30). Both INTEX-NA and NOAA/
ESRL observations show lower ERU values over

themid-continentwhereC4corn is extensive (Fig. 4).
This regional depression in ERU could reflect a
decrease in the ratio of GPP/NEE for C4 corn
plants that has also been observed in eddy co-
variance studies of the North American growing
season (5). Alternatively, lower leaf-scale relative
uptake values have been hypothesized for C4
plants (7, 8) and we suggest that the leaf-scale
relative uptake and the ratio of GPP/NEE for C4
plants be explored more widely. Although the
ERU could also be influenced by a regional an-
thropogenic COS source, the anthropogenic source
relative to the plant uptake is rather weak in this
region (21).

Another tracer application is to estimate the
photosynthesis CO2 flux with the use of an
inverse analysis (31) of the COSmodel concentra-
tion error. Inverse analyses must consider multiple
sources of model error, including transport param-
eterizations, different surface fluxes, boundary
conditions, and representation error. For the COS
inversion, the two flux parameters, other thanGPP
(Eq. 1), must be well constrained, and the COS
fluxes other than plant uptakemust bewell known
or relatively small, as may be the case for the
continental growing season. One flux parameter,
the concentration ratio parameter (Eq. 1), is well
constrained by observations and has an observed
variability of <10% in the INTEX-NA boundary-
layer samples (n = 440). The other flux parameter,
leaf-scale relative uptake, may be more uncertain
because of the dependence on plant type and
growth conditions, but the success of the simple
leaf-scale uptake mapping used in this work is
promising (21). Knowledge of leaf-scale uptake
could be improved with additional plant chamber
and ambient studies in support of efforts to
recover GPP values.

The results presented here suggest global
COS plant uptake and vertical gradients that are
more than four times those predicted in previous
global models (14–16). This finding implies a
large missing source in the global COS budget
(7, 8) and large uncertainty in how previous
global models have predicted the transfer of
COS to the stratosphere. Applications of the GPP

model at a global scale should help to resolve
uncertainties in COS budgets and could improve
our understanding of the relation between COS
surface fluxes and stratospheric aerosol. How-
ever, the most intriguing application may be to
recover GPP and ecosystem respiration infor-
mation by inverse analysis of atmospheric COS
measurements.
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Fig. 4. Observed ERU of
COS toCO2 from INTEX-NA
and NOAA/ESRL measure-
ments. ERU is the normal-
ized drawdown of COS
relative to the normalized
drawdown of CO2, calcu-
lated from the difference
between airborne obser-
vations in the 0- to 2-km
and 6- to 8-km altitude
bins. Samples were taken
in July and August 2004
for INTEX-NA (circles) and
July and August of 2005
through 2007 for NOAA/
ESRL (triangles). Repeated
vertical profiles at the same location are shown as a single average. (See SOM for details.)
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