Innovations
in Carbon Cycle
Science

Adapted from “Scientific Communities
Striving for a Common Cause: Innovations in
Carbon Cycle Science,” by Mary E. Whelan
(Rutgers University), Leander D. L. Anderegg,
Grayson Badgley, J. Elliott Campbell, Roisin
Commane, Christian Frankenberg, Timothy
W. Hilton, Le Kuai, Nicholas Parazoo, Yoichi
Shiga, Yuting Wang, and John Worden.
Published online in BAMS, September 2020.
For the full, citable article, see DOI:10.1175/
BAMS-D-19-0306.1.

Troy Magney and Katja Grossmann maintain an
SIF-enabled spectrometer on a tall tower used to
measure CO2 at Niwot Ridge, Colorado. Surface
trace-gas exchange measurements using a
combination of techniques allow us to compare
traditional to cutting-edge datasets and
benchmark new observations from satellites.
Photo courtesy of Christian Frankenberg.
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hotosynthesis is the largest flux of the global carbon
cycle, and yet the amount of carbon being fixed by
plants is highly uncertain. At scales larger than a
single leaf, measuring CO2 uptake is complicated by the
release of CO2 via respiration at the same time and place.
We can observe the net effect of photosynthesis and respiration by measuring CO2 alone, via satellites like NASA’s
Orbiting Carbon Observatory 2 (OCO-2) and OCO-3 or the
long record from the NOAA Cooperative Air Sampling
Network. Two approaches have emerged that are capable of isolating the carbon uptake from photosynthesis
at large spatial scales: measurements of atmospheric
carbonyl sulfide (OCS) and solar-induced fluorescence
(SIF). However, the communities developing these techniques have had limited overlap.
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OCS is present in the atmosphere at a concentration around half a part per billion. Low
daytime concentrations of atmospheric OCS
indicate that nearby plants are consuming CO2
from the atmosphere. Plants open and close
their stomata to regulate carbon and water exchange. OCS has a similar structure to CO2 and
interacts with the same enzymes, independent
of light conditions. Most OCS is made in the
oceans or emitted from certain industries like
rayon manufacturing, and consumed in the
plant leaves after diffusing through stomata.
Observing the lowered concentrations of OCS
over vegetated areas tells us how wide the
“front door” of photosynthesis is open.
When leaves absorb light, a small fraction
is reemitted at a longer wavelength through
fluorescence. SIF is a measure of new photons
emitted from the excited state of chlorophyll-a,
after absorption of solar light, thereby providing insight into the light reactions of photosynthesis. Some SIF photons are produced in parts
of the spectrum where solar light is absent.
Using high-resolution spectrometers, SIF photons can be distinguished from reflected sunlight. In practice, the magnitude of SIF is proportional to the amount of light intercepted by
light-dependent machinery, or the “side door”
of photosynthesis. Measuring the amount of
light reemitted by leaves gives us an idea of
how much light is getting through the door and
ultimately used to power photosynthesis.
SIF and OCS tools collectively cover spatial and temporal domains that elude other
measures of photosynthesis. We can already
quantify carbon uptake instantaneously on the
individual leaf scale with small leaf chambers
attached to water and CO2 gas analyzers. With
eddy covariance flux towers, we can estimate
photosynthesis on the half-hourly and 1-km2
scales by observing the net CO2 exchange and
subtracting respiration from observations when
photosynthesis is limited or absent. In contrast,
SIF data from satellites expand our purview to
instant snapshots of multiple square kilometers. On the ground and from aircraft, SIF spectrometers provide canopy-level estimates that
relate directly to the leaf biochemistry, rather
than involving the uncertainty of respiration
estimates. Where SIF data are sparse because
of thick clouds or limited satellite overpasses,
OCS observations can represent the integrated signal of carbon uptake over a much larger
landscape. Utilizing both a light-based and
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a gas-based tracer fills important gaps in our
knowledge of how much carbon our terrestrial
ecosystems can pull out of the air.

Separate uncertainties

Beyond SIF and OCS measurements, processlevel questions remain about photosynthesis
and respiration on the continental to global scales. Luckily, OCS and SIF are used to
estimate the same parameters while being
affected by separate sources of uncertainty.
By using both to constrain our estimates of
carbon fluxes, we reduce the total uncertainty.
Only 1%–2% of photons intercepted by chlorophyll are reemitted as SIF. Subtle variations
in this efficiency, termed “fluorescence yield,”
contain detailed information about leaf-level biochemistry. Reducing the signal further,
some of those newly emitted photons are intercepted by other leaves in the canopy. The variations in SIF measured by canopy-scanning
spectrometers give us information about plant
canopy structure and thus whole-plant productivity that appears to be mostly independent
from concerns of fluorescence yield or light absorption. SIF may therefore provide both a new
boon of information about leaf-level biochemistry and an entirely new way to study canopy
structure and within-canopy light absorption.

Data serendipity

Since OCS is an atmospheric tracer, different error sources factor into its measurement. There
is a million times less atmospheric OCS than
CO2, and signal-to-noise detection is therefore
challenging. The uncertainty inherent in modeling of atmospheric transport, which affects
OCS and CO2 equally, makes it difficult to attribute changes in atmospheric signal to changes
in surface uptake. Fortunately, this uncertainty can be reduced by measuring OCS and CO2
at the same geographic point.
Both SIF and OCS global, long-term datasets were generated by instruments that were
designed to measure other phenomena. For
example, OCS concentrations were included in
the NOAA Global Flask Network data on a detector originally configured to quantify other
low-concentration atmospheric gases. New
commercially available detectors are targeted
specifically at OCS, addressing some earlier
measurement problems.
Likewise, none of the satellite missions
from which SIF is currently derived were
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specifically designed for dedicated SIF measurements. Rather, satellite-based SIF observations were enabled because SIF emissions
fortuitously share a similar spectral range to
that needed for cloud and trace-gas detection.
This has led to issues such as low signal-tonoise and coarse satellite pixels, which have
complicated scientific interpretation.
Although thankfully several existing and
planned satellites collect such data, the small
signal of SIF is difficult to extract from the
noise. SIF observations require a carefully calibrated high-spectral-resolution spectrometer
to distinguish “additive” fluoresced photons
from “reflected” photons in reflected sunlight,
and high-spatial-resolution footprints to distinguish land types. Fortunately, new technologies and observing strategies are likely to
overcome many of these challenges.
The fluorescence of leaves has been known
since the 1870s, but fluorescence observable
as distinct from sunlight was not demonstrated until 1990. Spectrometers are now available
to make this measurement remotely in the air
and on the ground.
New satellite observations of SIF and OCS
provide a more comprehensive look into regions
of the world, such as the tropics, where feedbacks among climate, carbon, radiation, clouds,
and water are moderated by photosynthesis.
Satellite-based SIF measurements, when paired
with other satellite measurements of carbon
cycle tracers such as CO2 and CO, have transformed our understanding of how climate perturbations such as El Niño–Southern Oscillation
affect the tropical carbon cycle. The satellite OCS
data, when paired with aircraft measurements,
provide direct evidence for a substantive tropical oceanic source. Updating the OCS budgets
is an important step toward using these data to
quantify seasonal photosynthesis variability.
Current OCS and SIF satellite data are relatively
sparse over tropical regions, underscoring the
importance of combining space-based methods
with airborne and tower-based measurements
to reduce fundamental uncertainties in the processes controlling the carbon cycle.

Challenges remain, but the future
looks bright

The scientific community would benefit from
space-based sensors specifically designed
to measure OCS and SIF, coordinated with
ground measurements. Two recent articles
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OCS is a gas present everywhere in the troposphere at around 0.5 parts per billion. OCS is
destroyed in plant leaves by the same enzymes as
CO2 and in proportion to how wide the stomata or
“front door” of photosynthesis is open. SIFs are
new photons produced when leaves receive more
light than can be used. Some of these photons
have wavelengths the sun does not make and can
be distinguished from reflected sunlight.

in Science demonstrate how satellites such
as the Greenhouse Gas Observing Satellite
(GOSAT) and OCO-2 are being used to address
remaining challenges.
Additionally, a new satellite was just
launched and two others are planned for SIF
measurements, including the Geostationary
Carbon Cycle Observatory (GeoCarb), targeted
for launch in 2022. It will be the first geostationary satellite to measure SIF.
OCS measurements have been retrieved
from satellite spectrometers that were already
launched. While several satellite products
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report OCS measurements in the upper troposphere and stratosphere, no OCS-specific
space-based sensors are planned for the
future. For ecosystem science applications,
OCS boundary layer measurements are needed
to supplement satellite observations, particularly over land. A targeted satellite approach
could make OCS estimates nearer to Earth’s
surface possible and open up a wider field of
questions that OCS data can answer.
Combining both SIF- and OCS-based tools
is a very powerful method of measuring global

plant activity. Harmonizing the two approaches and comparing estimates of photosynthesis
on large scales will be the goal of an upcoming
workshop in 2022. With a suite of other more
established tracers, like heavy water, we can
get a better picture of the carbon exchange.
When we have a more accurate map of ecosystem function, we can explore and improve
our existing process-based ecosystem models.
We need to understand how Earth is breathing
now to know how resilient it will be to future
change.

METADATA
BAMS: What would you like readers
to learn from this article?

and how to deal with the
inevitable uncertainties.

Mary Whelan (Rutgers University):
There are two groups of researchers
developing new tools to estimate
land carbon uptake. Both require
careful measurements. One tool,
atmospheric carbonyl sulfide (OCS)
concentrations, involves observing
changes in a trace gas that is a
million times rarer than CO2 . The
other, solar-induced fluorescence
(SIF), requires observing new light
produced in leaves that fall within
the tiny gaps of the solar spectrum.
The first tool integrates the carbon
uptake signal over large regions
and over time. The second gives an
instantaneous view of photosynthesis. There are only a handful of
researchers who are taking both
perspectives.

BAMS: What got you initially interested in your field?

BAMS: How did you become interested in the topic of this article?
MW: Researchers studying OCS
and SIF came together for a
week to figure out how to talk
to each other. This manuscript
is just a subset of the ideas that
were generated during our
conversations. Since OCS and SIF
are relatively new, there needed
to be some reckoning about what
each group was truly observing
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MW: I was trained initially as a
lab chemist and liked to make
challenging measurements to
see system functioning that was
otherwise hidden. We happen to
live in the atmosphere and are
constantly exchanging trace gases
with it. Ecologically important
processes also exchange a suite of
gases with the atmosphere. Being
able to measure a few key low-level
gases at the proper scale can help us
understand how our ecosystems are
coping with climate change.
BAMS: What surprised you the most
about the work you document in
this article?
MW: When you think about a tree
canopy, you can imagine all the
different leaves at different angles
and capturing different amounts of
light. A SIF measurement is composed of new photons created by
leaves, most of which are simply
absorbed by other leaves, before
escaping the canopy at just the
right angle to hit a sensor. This
sounds like a big problem for
making SIF measurements from

space and correcting from the
observed number of photons to
the theoretical number of photons
that the canopy is producing.
Luckily, sunlight of nearly the same
wavelength is encountering the
same canopy environment. We can
use other remote sensing products
like NIRv that rely on solar photons
to understand the structure of the
canopy and to interpret SIF observations. Using a signal that relies
on a lot of light (NIRv), you can
understand measurements that
only generate a tiny amount of
light (SIF).
BAMS: What was the biggest challenge you encountered while doing
this work?
MW: OCS and SIF researchers are
trying to solve the same problem:
How much carbon does land take
up? However, the two communities have disparate terminology
and approaches, and unresolved
arguments. For added difficulty,
OCS and SIF are both tricky measurements to make. The data should
not be applied without a deep
understanding of the phenomena
behind the signal. It is a formidable
task to become an expert in either
approach. The purpose of this
manuscript is to inspire OCS and SIF
researchers into collaboration.

DECEMBER 2020
Unauthenticated | Downloaded 01/09/23 07:06 PM UTC

