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Abstract

The past century has been a time of unparalleled changes in global climate
and global biogeochemistry. At the forefront of the study of these changes
are regular time-series observations at remote stations of atmospheric CO,,
isotopes of CO;, and related species, such as O, and carbonyl sulfide (COS).
These records now span many decades and contain a wide spectrum of sig-
nals, from seasonal cycles to long-term trends. These signals are variously
related to carbon sources and sinks, rates of photosynthesis and respiration
of both land and oceanic ecosystems, and rates of air-sea exchange, provid-
ing unique insights into natural biogeochemical cycles and their ongoing
changes. This review provides a broad overview of these records, focusing
on what they have taught us about large-scale global biogeochemical change.
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Atmospheric tracer:
a chemical compound
that is useful as marker
for distinct processes,
such as atmospheric
mixing or exchange
with other reservoirs

Background air: air
that is free of local
influences and thereby
characteristic of a large
portion of the
atmosphere
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1. INTRODUCTION

Sustained measurements of atmospheric CO; concentration at remote observatories now span
more than 60 years. Measurements of related atmospheric tracers such as the isotopes of CO,
(*C/C, BC/12C, and BO/'%Q), atmospheric O3, and carbonyl sulfide (COS) now also span many
decades. Together with records from ice cores, these measurements have assumed a central role in
the study of both the causes and consequences of climate change, thus providing critical insights
into the functioning of the Earth in a time of rapid global change.

In the 1960s, measurements of rising CO; from the Mauna Loa Observatory called attention
to the potential threat of anthropogenic climate change and the need for more research (1). This
CO; record is known as the Keeling Curve after Charles David Keeling, the scientist who initiated
and sustained the measurements. Over the years that followed, the continuing CO, measurements
helped to establish the close relationship between the CO; rise and fossil-fuel burning, while also
showing that approximately 50% of the excess CO, was being removed from the atmosphere by
natural processes (2) and that the growth rate fluctuated with El Nifio events (3). By the 1980s, a
notable increase in the seasonal cycle in CO, had been observed, heralding large changes in land
ecosystems (4, 5). A major expansion of global measurement networks occurred in the 1980s, led
particularly by the US National Oceanic and Atmospheric Administration (6). By the late 1980s,
measurements of CO,, ¥ CO,, and O, together confirmed that, along with the oceans, the land
biosphere was also a major sink for excess CO, (5, 7, 8). A critical early step was the selection
of measurement sites to sample background air, which, by virtue of rapid atmospheric mixing,
is characteristic of large portions of the atmosphere. The measurements thus provide a holistic
perspective on Earth, much like blood pressure and core body temperature provide for human
health.

This article provides an overview of the observed long-term variability in atmospheric CO,
and the related species, focusing on features that are characteristic of hemispheric or global scales.
This article draws on previous reviews on CO, growth (9-11), on trends in carbon isotopes of
CO; (12), and on trends and other variability in atmospheric O, and COS (13, 14). We discuss
trends, gradients, and cycles in these data, which provide insights into the major processes control-
ling the buildup of atmospheric CO, and the changing biogeochemistry of the land and oceans.
Many of these records touch on related topics, such as the strength of land and ocean carbon sinks,
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the sensitivity of carbon exchange to climate changes, and the detection of large-scale metabolic
changes. For each species, we describe the basic biogeochemical controls, provide a brief histor-
ical context, and review recent literature to highlight major discoveries. In the final section, we
summarize major insights and opportunities going forward, including the continuing relevance of
these measurements to studies of the carbon cycle in the context of global climate change.

2. VARIATIONS IN ATMOSPHERIC CO,
2.1. Global Trend in CO,

Atmospheric CO, concentration has been directly measured since the late 1950s at a growing
number of stations around the world (15, 16). Measurements of old air preserved in Antarctic ice
cores have allowed atmospheric CO, concentration to be determined for earlier periods, although
with more limited temporal resolution (17, 18). These measurements (Figures 1 and 2) document
an accelerating growth in atmospheric CO; that began around 1800 from a natural preindustrial
level of approximately 280 ppm, which prevailed with only small deviations (~10 ppm) over the
previous 10,000 years of the Holocene (18). Atmospheric CO; concentration at Mauna Loa,
Hawaii, was 414 ppm in 2020, nearly 50% higher than the preindustrial concentration. The
measurements also show variability on seasonal, interannual, and decadal timescales, which we
discuss below.

The atmosphere is sufficiently well mixed on timescales of a few years or more (19) that the
trend in CO, can be understood on the basis of global mass balance. The trend is driven by CO,
sources from fossil-fuel burning (FF) and land use (LU), which are partially offset by sinks from
the ocean (O) and land biosphere (B):

M -dC,/dt=FF + LU — O — B, 1.

where dC,/dt is the trend in CO, in ppm, M is a conversion factor of 2.12 Pg C ppm™, and all
other terms are in units of Pg C/year. FF includes a small contribution from cement manufacture.
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Figure 1

Monthly CO; concentrations measured at Mauna Loa, Hawaii (19.5°N) and South Pole (90.0°S)
observatories by the Scripps CO; program (https://scrippsco2.ucsd.edu).
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(@) Diagram of the main controls on the atmospheric CO; rise, showing sources from fossil-fuel burning and land use and the sinks in
the land biosphere and ocean, which partly buffer the rise. (b)) Time series of CO; concentration, estimated from the average of the
Mauna Loa and South Pole annual means (purple solid dots) and from Antarctic ice-core data (red open circles and spline fir) (17).

Airborne fraction:
the ratio of the rise in
atmospheric CO; to
the emissions over a
particular time frame
(e.g., annually)

The ocean and land sinks are sometimes called natural sinks because they reflect natural processes
that buffer the atmospheric CO; rise, such as carbonate chemistry in seawater and photosynthetic
uptake of CO; by land ecosystems. However, although the underlying processes are natural, the
sinks result from human-induced imbalances to the carbon cycle that did not previously exist.

Estimates of the terms in Equation 1 have been compiled by the Global Carbon Project (10)
on an annual basis. Table 1 shows results for the decade 2010-2019. The atmospheric growth
term is derived from global observations, similar to Figure 1. Fossil-fuel and cement emissions
are derived from industrial records. Land-use emissions conceptually include contributions from
deforestation, afforestation, logging, forest degradation, shifting cultivation, etc., and are estimated
by combining historical records of land use with estimates of carbon densities.

The atmospheric rise accounts for 46% of total emissions (FF + LU) or 54% of fossil-fuel
emissions (FF) over 2010-2019 (Table 1). This rise/emission ratio, known as the airborne fraction,
has remained relatively constant since 1960 (9, 20), showing that the land and ocean sinks have

Table 1 The global carbon budget for January 2010-December 2019 from Friedlingstein et al. (10)

Magnitude Fraction of total Fraction of fossil-fuel
Term (Pg Clyear) emissions (FF + LU) emissions (FF)
Fossil fuel and cement (FF) 94+£0.5 85% 100%
Land use (LU) 1.6 £0.7 15% 17%
Atmospheric increase (M-dC,/dt) 51+0.2 46% 54%
Land biosphere sink (B) 34+09 23% 36%
Ocean sink (0) 2.5+06 27% 26%
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grown roughly proportionally with emissions. The detection of long-term changes in the airborne
fraction (using FF + LU) is limited by uncertainty in land-use emissions (21).

The ocean sink term in Table 1 is based on an ensemble of ocean models that simulate the
chemistry of CO, in seawater and rates of ocean mixing. The ocean sink can also be estimated
from a range of observational methods (10), including trends in atmospheric O,, as discussed
below. These alternate estimates of the ocean sink are in relatively good agreement.

The global land sink term merits special attention. The estimate in Table 1 of 3.4 £+ 0.9 Pg
C/year uses the mean and standard deviation of an ensemble of dynamic global vegetation models.
From a modeling standpoint, however, unlike the ocean sink, the processes controlling the land
sink are still imperfectly understood, and different models disagree (22, 23). There is a consensus
that the sink is at least partly accounted for by CO; fertilization, but the magnitude of this effect
is still highly uncertain [£100% (22)], and the relative role of other processes such as climate
impacts on land ecosystems and the role of anthropogenic nitrogen inputs is unclear (24). The
model ensemble standard deviation of £0.9 Pg C/year (or £26%) therefore cannot reflect the
full process-level uncertainty, which is much larger. The model mean is very similar to the
residual sink of 3.5 & 1.1. Pg C/year that is required to balance the budget (residual sink = FF +
LU - M - dC,/dt — O), which likely reflects some degree of tuning of the land models to balance
the global budget.

2.2. Seasonal Cycles in CO;

Throughout the Northern Hemisphere, atmospheric CO, undergoes a regular seasonal cycle with
a peak in late spring and a trough in late summer or early fall. This cycle was first discovered in
1960 and recognized as a signal of seasonal uptake and release of CO, from the land biosphere
in the Northern Hemisphere (25), which has been confirmed by modeling studies and isotopic
measurements (26). The amplitude is weaker, and the phasing is later at lower latitudes compared
to higher latitudes (Figure 3). In the Southern Hemisphere, a much weaker cycle is found, as
expected from the smaller land area.

Intriguingly, the amplitude of the cycle in the Northern Hemisphere has increased markedly
since the 1960s, with the phasing of the summer drawdown shifting earlier by ~1 week. Figure 3
shows the longest records from Barrow (71°N) and Mauna Loa (20°N). The increase was already
evident in the 1980s (27, 28) and has continued to the present, superimposed on interannual vari-
ability (29-31). Measurements made by aircraft and at surface stations show that the amplitude
increase is much larger north of 45°N (31, 32). Due to atmospheric mixing, the changes in CO,
amplitude seen in any given location depend on changes in CO, flux over a wide portion of the
Northern Hemisphere.

Despite the clear evidence for changes in seasonal amplitude, a firm mechanistic understanding
of the cause is still lacking. The observed pattern indicates that CO, uptake in the spring/summer
growing season has increased over large areas of boreal, Arctic, and temperate ecosystems, poten-
tially focused in Eurasia (31-33). Simulations with biogeochemical models driven by CO, changes,
climate changes, and land-use changes over the past decades typically show amplitude increases
but disagree on the relative importance of the different driving mechanisms and underestimate
the observed trends (31, 34). The most consistent factor across models tends to be CO, fertil-
ization, but they disagree on the magnitude of this effect and the impact of other factors such
as climate change and land use. The most recent models suggest that changes in cropland area
have played at most a minor role in the amplitude changes north of 45°N (34). One hypothesis
is that photosynthesis per unit of light absorbed may have risen more than in the models (34),
which is consistent with other observations including increases in leaf area measured by satellite
and increases in global gross primary production (GPP) based on COS (35).
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An important role may be played by warming trends in spring months, which allow plants to
become active earlier in the season and may enhance growing-season productivity (29, 36). More
generally, a strong link to warming is suggested by the larger amplification of the CO, cycle at
higher latitudes, where warming has occurred more rapidly (32). Another significant change in

the cycle is the earlier shift of the upwards zero crossing, suggesting increases in fall respiration

are also occurring, possibly linked to warming (37).

2.3. Variations on El Nifio and Interannual Timescales

The annual growth rate of CO, exhibits significant variability on interannual timescales
(Figure 4). These fluctuations are much too large to be caused by year-to-year variations in
fossil-fuel emissions. High growth rates tend to occur during and following El Nifio years, when
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Figure 4

(@) Time derivative of the CO; growth rate calculated from average of records at Mauna Loa, Hawaii (19.5°N) and the South Pole
(90.0°S). (b)) Annual running mean temperature of the National Centers for Environmental Prediction Nifio 3.4 Index, which is an
index used to define El Nifio events based on sea-surface temperatures in a region of the Eastern Tropical Pacific Ocean (https://psl.
noaa.gov/data/correlation/nina34.data). The CO; time derivative was computed from one-year differences of running annual mean
at monthly resolution. Also shown is the timing of major volcanic eruptions (gray boxes).

sea-surface temperatures along the Equator in the Eastern Tropical Pacific are anomalously
warm. Low growth rates accompany the counterpart La Nifia years. This link to El Nifio events
was first noted by Bacastow (3), who assumed the fluctuations were of oceanic origin. In fact,
this phenomenon was later shown to be caused primarily by natural fluctuations of the tropical
land biosphere, based on isotopic measurements (38, 39) and inverse modeling (40). During El
Nifio years, warm and dry conditions prevail over much of the tropical land masses, decreasing
photosynthetic CO; uptake and increasing CO, release by respiration and fire. The oceans play a
much weaker and partly counteracting role, as reduced upwelling during El Nifio events restricts
the natural outgassing of CO, in the Eastern Equatorial Pacific (41, 42). Recent work indicates
that the CO, fluctuations may originate from not just tropical forests but also semiarid tropical
ecosystems, such as savannas (43, 44).

The interannual CO, fluctuations provide an important test for our understanding of the re-
sponse of tropical ecosystems to short-term climate fluctuations. For example, Cox et al. (45)
showed that the predicted impact of global warming on Amazonian rain forests correlated with
the strength of the modeled El Nifio CO, signal, allowing future responses to be narrowed by
rejecting models with unrealistic El Nifio signals. An important mechanistic question concerns
the roles of temperature and moisture. Tropical drought, as measured by soil moisture, tends to
cause reductions in both photosynthesis and respiration, with a larger impact on photosynthesis,
whereas warm anomalies tend to suppress photosynthesis but enhance respiration (46). Temper-
ature and hydrological changes during El Nifio conditions thus both lead to anomalous CO,
release. A strong role for hydrological changes in driving the interannual CO, fluctuations is in-
dicated by strong correlations with satellite-determined terrestrial water storage (47), which is
consistent with the large drought effect found in local studies (43, 44). Temperature effects are
clearly also important at the global scale (46). The growth rate of CO, was anomalously low af-
ter the major volcanic eruptions of Agung in 1964, El Chichén in 1982, and Pinatubo in 1991
(41). This response has been attributed primarily to reduced soil respiration caused by cooling,
although other causes also have been considered (48, 49).
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Additional variability in CO, growth that is not tied to fossil-fuel burning or volcanos is also
detectable on decadal timescales, such as slower than expected growth in the 1940s and 2000s
(50, 51). These longer-term perturbations may be partly explained via tropical processes similar
to the EI Nifio response but projected onto longer timescales (20).

2.4. Interhemispheric CO, Gradient

The atmospheric CO, records show a growing CO, excess in the Northern Hemisphere com-
pared to the Southern Hemisphere (Figure 1). The difference between annual CO, levels at
Mauna Loa and the South Pole, for example, has grown from ~0.5 ppm in 1960 to ~4 ppm in the
2010s.

The main process accounting for this north-south gradient is the burning of fossil fuels, which
occurs mostly in the Northern Hemisphere. Intriguingly, a plot of the CO, gradient versus global
fossil-fuel emissions (Figure 5) yields nearly a straight line with an intercept of 0.6 ppm and
a slope of 0.45 ppm/Pg C year™'. This linear relationship is a striking emergent property of the
carbon system (52). If fossil-fuel burning were the only influence on the gradient, an intercept of
zero and slope of >0.60 ppm/Pg C year™ would be expected (53). The negative intercept could
have several causes (52, 54) but is best explained by natural processes (e.g., horizontal transport of
carbon in oceans and rivers), which, in the absence of human carbon sources and sinks, produce a
slight excess of CO; in the Southern Hemisphere (55).

The lower-than-expected slope must arise from the impacts of the land and ocean carbon
sinks. The ocean sink, however, acts to increase, not decrease, the gradient. This is because
more anthropogenic CO; is taken up by the ocean in the Southern than Northern Hemisphere
(54). The land sink must therefore more than offset the growing impact of the ocean sink on
the gradient. Tropical ecosystems can have little impact on the gradient because their impact
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Figure 5

Difference in annual-mean CO; concentration between Mauna Loa, Hawaii (19.5°N) and South Pole
(90.0°S) observatories (y-axis) versus global fossil-fuel emissions (x-axis). Based on annual means for each
calendar year. Dashed line is linear least-squares fit.
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on atmospheric CO; is spread symmetrically between the hemispheres (52). Ecosystems in the
southern extratropics also cannot be important because of their small land area. The lower-
than-expected slope therefore requires a land sink in the northern extratropics. The existence
of a northern land sink was first highlighted in the landmark studies of the interhemispheric
gradient by Tans et al. (7) and Keeling et al. (56), which helped to cement the major role of
the land biosphere as a CO, sink. Like the constant airborne fraction, the growing atmospheric
CO, gradient and constant slope indicate the land and ocean sinks have continued to grow in
proportion to fossil-fuel burning over the past 50 years (53, 54).

3. VARIATIONS IN CARBON ISOTOPES OF CO,
3.1. Radiocarbon

A very small fraction (~107!?) of the carbon in atmospheric COj; is comprised of the radioactive
isotope *C, also known as radiocarbon. *C is naturally produced in the upper atmosphere by
cosmic rays via neutron capture by nitrogen and artificially produced by nuclear weapons testing
and to a small degree by nuclear reactors (Figure 6). With a half-life of 5,700 years, 1*C can readily
spread from the atmosphere into the oceans and the land biosphere before decaying. Carbon
reservoirs that were recently sourced from the atmosphere, such as leaves, will have a '*C/C ratio
similar to atmospheric CO,, whereas reservoirs that are more isolated (such as the deep ocean) will
have lower *C/C ratios due to radioactive decay. The natural abundance of *C in atmospheric
CO; reflects a quasi-steady-state balance between production by cosmic rays and loss by decay
and dispersal into the other reservoirs.
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Figure 6

(a) Diagram of main controls on atmospheric radiocarbon, showing preindustrial ranges of A*C in land biospheric and oceanic
reservoirs. (b) Annual-mean A'*C values for three zonal bands representing the northern extratropics (30-90°N), tropics (30°S-30°N),
and southern extratropics (30°-90°S), as presented in Graven et al. (12, 61).
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Suess effect: the
decrease in the 1*C/C
ratio of atmospheric
CO; caused by the
input of 14C-free CO;
from fossil-fuel
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Atmospheric radiocarbon measurements are conventionally reported in A*C notation in per-
mil, reflecting deviations in *C/C from a standard ratio. A*C is notionally equal to (Tsample —
Tstandard)/Tstandard X 1,000, where 7 is the *C/C ratio, but it includes small corrections for sample
age and P C/!?C ratio. The primary standard is based on samples of oxalic acid and defined to be
similar to atmospheric A*C in 1890 (57).

Direct measurements of atmospheric A*C began in the 1950s and continue at a limited num-
ber of sites today (58-62). Although ice cores are problematic for radiocarbon because of cosmic
ray production of *C within polar ice (63), earlier A*C variations can be reconstructed from
reservoirs that were directly sourced from atmospheric CO, and can be independently dated,
such as tree rings or varved lake sediments (64). Figure 6 shows compiled records of A*C since
1850.

The most prominent perturbation to atmospheric A*C of the past century is the spike caused
by atmospheric testing of nuclear weapons (58), which produced excess '*C via neutron reactions,
similar to cosmic ray production (Figure 6). By the time of the Partial Test Ban Treaty in 1963, the
radiocarbon content of the atmosphere had nearly doubled, increasing to ~835%o in the Northern
Hemisphere and 635%o in the Southern Hemisphere (60). In the following decades, this bomb
spike mostly dissipated, as the excess '*C spread from the atmosphere into the ocean and land
biosphere carbon reservoirs, with the dissipation rate controlled by CO, exchange with and within
these reservoirs.

Another major perturbation has been fossil-fuel burning. Fossil fuels are devoid of *C, cor-
responding to A*C = —1,000%o (#sample = 0). The addition of fossil-fuel CO, to the atmosphere
therefore decreases A'*C while increasing atmosphere CO,. Before the onset of the bomb tests,
fossil-fuel CO, emissions caused A'*C to drop from a preindustrial value near zero to ~20%o. The
detection of this decrease in tree rings by Hans Suess (65) comprised the first evidence of a hu-
man imprint on atmospheric CO,. In honor of this important discovery, the fossil-fuel impact on
atmospheric A*C is known as the Suess effect. During the first few decades after the bomb tests,
the Suess effect was dwarfed by the bomb perturbation. In recent decades, however, as the bomb
spike has mostly dissipated, the main driver of the decreasing A*C trend is again the Suess effect
(60, 66) and A C will soon drop again below the 0%o preindustrial level (12).

Measurements of atmospheric A*C at background air stations also show variations on shorter
timescales. In the early 1960s, A'*C underwent marked seasonal variations of approximately 50%o
due to the seasonality in the exchange of air between the troposphere and stratosphere, where
the bomb *C was initially injected (59). More recently, seasonal cycles of 3 to 10%o are evident,
depending on station location, which partly reflect continuing seasonal injection of natural cosmic
ray—produced *C from the stratosphere (60, 67). Stratospheric inputs may also explain small
variations evident on multi-year timescales that correlate with the quasi-biennial oscillation (66).
A substantial interhemispheric gradient with excess 1*C in the north was evident in the 1960s, as
the bomb testing was mostly done in the Northern Hemisphere. In recent years, the north-south
A™C gradient has reversed sign owing to the strong impact of fossil-fuel burning concentrated
in the Northern Hemisphere, but with counteracting influences on the gradient from the oceans
and the land biosphere (60, 67).

Measurements of atmospheric '*C, when combined with '*C measurements in the ocean and
the land biosphere, have been applied to address a wide range of geochemical questions. Measure-
ments of A'*C in the ocean have quantified the uptake of bomb 1*C by the ocean (68, 69). Together
with the atmospheric data, these measurements quantify the air-sea gas exchange velocity, which
dictates the rate the upper ocean equilibrates with atmospheric CO; (69-71). The data have also
historically played a key role in quantifying the global ocean carbon sink (68). Via mass balance
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(72), the combined ocean and atmospheric datasets yield estimates of the uptake of bomb *C
by the land biosphere, which provides constraints on global rates of photosynthetic net primary
production of the land biosphere (60, 73). The *C-based constraints on air-sea and atmospheric-
biosphere exchange improve our understanding of the controls on atmospheric 1*C, thus enabling
more powerful *C applications (73, 74). A'*C measurements are also being developed to quantify
CO; emissions from fossil-fuel burning, which are devoid of *C. This application is difficult at
the global scale due to uncertainty in other influences on A*C (60), but it is very promising at
continental or smaller scales, including urban environments (75-77).

3.2. Carbon-13

Carbon has two stable isotopes, 12C and *C, with roughly 99% present as ?C and 1% as *C.
Variations in the ¥C/"2C ratio are typically small, but they can provide useful information.
One source of variability is photosynthesis, which involves isotopic discrimination via selective
uptake of 12CO; relative to *CO,, producing biomatter that is approximately 2% depleted in *C
relative to the ratio in the air and leaving behind CO; in the air that is enriched in *C (i.e., higher
B3C/12C ratio). Photosynthesis therefore increases the *C/!?C ratio of atmospheric CO, while
reducing CO, concentrations. This discrimination effect varies with photosynthetic pathway (C;
versus Cg4) and leaf environment (e.g., water stress). Respiration reverses this process, increasing
CO; and decreasing the *C/"2C ratio of CO;. A similar impact is produced by the burning of fos-
sil fuels, which are ultimately formed from biomatter with a similar *C/?C ratio. The ¥ C/!2C
ratio of CO; is not strongly influenced by net exchanges of CO; across the air-sea interface, but
it is influenced by gross exchanges across the air-sea interface and with the land biosphere, which
allow isotopic anomalies in the atmosphere to spread into the ocean and land biosphere. These
types of isotopic exchanges, which swap atoms between reservoirs but entail no net CO; flux, are
known as disequilibrium fluxes. Variations in '*C/!2C ratio are typically reported in delta notation
in permil, 3*C = (sample/Tsandard — 1) % 1,000, where 7 is the BC/12C ratio and the standard is
based on Pee Dee Belemnite carbonate.

Time-series measurements of 3*C of atmospheric CO; began as a collaboration between
Charles D. Keeling at Scripps and Wim Mook in Groningen in the late 1970s (78), and other
groups in the 1980s and 1990s (39, 79, 80). Measurements from ice cores have allowed past vari-
ations in 3"*C to be reconstructed (17, 61). These measurements (Figures 7 and 8) show a rich
spectrum of variability, including seasonal cycles, systematic gradients between the hemispheres,
interannual variability associated with El Nifio events, and a long-term downward trend, mirror-
ing the rise in CO,.

Figure 8 shows the main controls on the downward 3"*C trend. This trend is known as the
13C-Suess effect, as it is driven by input of fossil-fuel CO, with slightly lower 1* C/!2C ratio, similar
to the downward trend in A*C from fossil-fuel burning. This trend is countered by the disequi-
librium fluxes, which spread the 1*C-Suess effect into other reservoirs while reducing the Suess
effect in the atmosphere by returning older carbon to the air. The downward trend is also coun-
tered by net uptake of CO; by land biota (B — LU = 1.8 Pg C/year; see Table 1), which thereby
offsets the impact of fossil-fuel burning on both CO, amount and §"*C of CO,. The net uptake
of anthropogenic CO; by the ocean has minimal impact on §*C of CO; (81).

An important early motivation for the §!*C measurements was resolving the global land and
ocean carbon sinks (82). The approach effectively solves for the land sink from the $"*C trend,
after correcting the trend for the fossil-fuel and disequilibrium flux contributions. The ocean
sink is then resolved from the global balance (Equation 1). Sinks quantified by this approach are
generally consistent with other methods (81, 83, 84); however, a significant complication involves
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analyzed by the Scripps CO; program.

uncertainty in the disequilibrium fluxes, which are sensitive to gross exchange rates as well as
possible shifts in isotopic discrimination (74).

The approach can also be applied at smaller scales. For example, the interhemispheric $*C
gradient, with lower 3'*C in the north mirroring the gradient in CO; (compare Figures 1 and 7),
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() Diagram of main controls on 8!3C of atmospheric CO; showing isotopic composition of net fluxes circa 1999 from Keeling et al.
(74, table S5). (b)) Global annual-mean 8!C, as presented in Graven et al. (12, 61).
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has influences from fossil-fuel burning, oceanic exchanges, and biospheric exchanges and provides
additional evidence in support of a northern land carbon sink (54).

On seasonal and interannual timescales, the variability of 3*C of CO; is dominated by ex-
changes with land biota, producing tightly anticorrelated variations of 3*C and CO;. In the
Northern Hemisphere, the combined seasonal cycles in 3> C and CO, provide large-scale con-
straints on the isotopic discrimination of photosynthesis and their variations from year to year
(78). The interannual variations in the downward 8*C trend (Figure 7) have proved useful for
confirming that land ecosystems are the dominant source of interannual variability in CO, (38,
39). Interannual variations in 3'*C are driven not only by interannual variations in net CO, flux
but also by changes in 3"*C discrimination of land photosynthesis that covary with the driving
processes, such as droughts. This covariation complicates the use of 3!*C data to resolve net land
and ocean carbon fluxes on interannual timescales (85, 86).

Several recent studies have applied !*C data to resolve changes in photosynthetic discrimina-
tion rather than carbon sinks. For C; plants, discrimination is closely tied to intrinsic water-use
efficiency (WUE), a measure of photosynthetic carbon uptake per unit water loss. Keeling et al.
(74) show that the long-term trend in 8'3C appears to require that discrimination has increased
globally by 0.014 & 0.007%o per ppm CO,, which is consistent with iWUE increasing roughly in
proportion to atmospheric CO,. Applications of atmospheric 3"*C data to resolve shifts in water-
use efficiency have also been applied on smaller spatial scales (87, 88).

4. VARIATIONS IN ATMOSPHERIC O;

The O; content of air is nearly constant at 21%, but varies measurably at the ppm level, provid-
ing information on carbon cycling and biogeochemistry. The main processes driving changes in
O; are reactions involving production or destruction of organic carbon, such as photosynthesis,
respiration, and fossil-fuel burning. These reactions produce O, while consuming CO;, or vice
versa, yielding opposing changes in O, and CO,. The changes are much smaller in relative terms
for O, due to its higher abundance in air (21% versus 0.04%). O, is not sensitive to the ocean
carbonate chemistry reactions that buffer changes in atmospheric CO; nor to the disequilibrium
fluxes that buffer changes in the isotopes of CO,. Measurements of atmospheric O, can thus pro-
vide a distinct window on biogeochemical processes that is not available through measurements
of CO; and its isotopes.

Changes in O, are typically reported as relative deviations in the O,/N, ratio in per-meg units:
8(02/N3) = (Fsample/Tstandard — 1) X 109, where 7 is the O,/N, ratio and the standard is archived nat-
ural air. Changes in §(O,/N;) and CO; can be compared using a conversion factor of 1/0.2094 =
4.78 per meg/ppmy; i.e., converting 1 ppm of CO; into O, raises 3(0,/N,) by 4.78 per meg (0.2094
is the O; mole fraction of the standard).

Time-series measurements of changes in atmospheric O; began around 1990 and now include
multiple international programs (13, 89, 90). Figure 9 shows examples of time series from stations
in the Northern and Southern Hemispheres. Major features include a decreasing trend, seasonal
cycles with opposite phasing in the Northern and Southern Hemispheres (91, 92), and a north-
south gradient with higher 8(O,/N3) on average in the south (92, 93).

The seasonal cycles in O,/N, arise from exchanges of O, with terrestrial ecosystems and
the oceans, which are largely in phase, releasing O, in summer and taking up O, in winter.
The 8(0,/N,) cycles are larger than the cycles in CO, due to the larger oceanic component,
especially in the Southern Hemisphere (89). Oceans release O, in spring and summer because O,
is less soluble in warmer waters, marine phytoplankton produce more O, by photosynthesis, and
vertical ocean mixing is more limited by warmer, more buoyant surface waters. These biological
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and physical processes also drive changes in CO,, but the resulting seasonal CO, exchanges
are much smaller than those of O, because air-sea CO, exchange is slowed down by carbonate
chemistry (94).

The global downward trend in 3(O,/N,) is driven by fossil-fuel burning, but it is counteracted
by O; sources from the land and oceans:

M - d8(05/N)/dt = —appFF + ag(B — LU) + Zg, 2.

where FF, LU, and B are terms from the CO; budget in Pg C/year (Equation 1), a3 and app are
effective oxidative ratios (O,:C) of the global net land sink and global fossil-fuel combustion, Z
is the effective ocean source of O, and M’ is a unit conversion factor of 2.12/4.78 = 0.444 Pg
(per meg)™'. Equation 2 notably has no term corresponding to the ocean CO, sink nor any dise-
quilibrium terms. The term Z,gaccounts for transient oceanic loss of O driven by climate changes
or anthropogenic nutrient inputs, which are tied to ocean deoxygenation (95). Zy also includes a
small contribution from warming-induced loss of dissolved N,.

A major application for 8(0,/N;) measurements is quantifying the global ocean carbon sink
(O) and the net land sink (B — LU) by solving Equations 1 and 2 using estimates of the other
quantities in these equations (13, 89). The oxidative ratio o is not measurable at global scales, but
it must have a value near 1.1, similar to the ratio expected for major forms of biomatter (lignin,
humins, etc.) (13). The oxidative ratio of fossil-fuel apr depends on fuel type (coal 1.17, petroleum
1.44, natural gas 1.95), recently averaging 1.38 globally (13). Z,5is the smallest term in the budget,
but it is not negligible. Z4 has generally been estimated using a scaling relationship with ocean
heat content (13). On timescales of a few years, the application of Equation 2 is complicated by
uncertainties in the air-sea O, exchanges, but this complication is less serious on longer timescales
(96). The uncertainties in the calculated decadal average land and ocean sinks are dominated by
contributions from fossil-fuel burning and Z (13). Using measurements of the 3(0,/N;) trend,
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Figure 10

Monthly atmospheric potential oxygen (APO) data in the Northern Hemisphere (Alert Station, 82.5°N) and
Southern Hemisphere (Cape Grim, 40.7°S) from the Scripps O, program.

Keeling & Manning (13) estimate an ocean sink of 1.9 & 0.6 Pg C/year and net land sink (B —
LU) of 1.2 £ 0.8 Pg Cl/year for the decade of the 1990s, in good agreement with independent
estimates for this decade (10).

8(02/N;) measurements also provide unique signals of ocean biogeochemical processes.
3(0,/N;) and CO, data can be combined to compute atmospheric potential oxygen (APO), where
APO = 3(0,/N,) + 1.1 - 4.78 CO; (93). By design, APO removes the effect of exchanges with
the land biosphere, which often dominate observed variability in O, and CO, but by virtue of
the nearly fixed oxidative ratio of 1.1, produce compensating changes in 3(0,/N,) and CO,. The
APO concentration in air can be influenced by air-sea exchanges of CO;, O, and N3, as well as by
O, and CO, exchanges caused by burning fossil fuels which have oxidative ratios higher than 1.1.
The variations in APO can be corrected for the direct contributions of fossil-fuel burning, thus
resolving residual changes driven by air-sea exchanges (93).

Figure 10 shows APO time series from flasks measured at Scripps from the Alert (82.5°N) and
Cape Grim (40.7°S) stations. At both stations, seasonal cycles and a downward trend are visible.
Because the seasonal air-sea exchanges of CO, and seasonal fossil-fuel contributions are small,
the cycles of APO reflect the component of the O,/N, cycle caused by air-sea exchanges. The
global downward trend in APO results mainly from fossil-fuel combustion and long-term oceanic
uptake of CO; and forms another basis for estimating the global ocean and land CO; sinks (13).
The APO data also contain more subtle interannual signals tied mostly to changes in ventilation
in various ocean basins, including the North Atlantic and Pacific (97), Equatorial Pacific (98, 99),
and Southern Ocean (100).

APO measurements have helped to advance understanding of key carbon cycle processes, such
as rates of ocean production and ventilation (89, 101, 102) and rates of air-sea gas exchange (91).
They have also proved useful for testing of ocean biological models (93, 96, 103-106). APO mea-
surements have also recently been applied to constrain long-term air-sea heat fluxes on hemi-
spheric and global scales (107, 108), showing a resolvable signal of global ocean warming related
to ocean deoxygenation (107).

5. OXYGEN-18 IN CO, AND CARBONYL SULFIDE

We now turn to two tracers with geochemical similarities: the 0/!O ratio of CO, and COS
(carbonyl sulfide). The 80/!%O ratio measures the abundance of the O!2C!0O isotopologue,
in which one of the oxygen atoms is replaced with the rare isotope O (comprising ~0.22%
of oxygen atoms). COS is similar, with one oxygen atom instead replaced with sulfur. Changes in
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180/160 are reported in delta notation, 880, similar to > C/"2C, whereas COS is reported as mole
fraction in parts-per-trillion.

The variability of §'80 of CO, is controlled by exchanges with liquid water (109). CO; that is
in contact with liquid water will tend to achieve both chemical and isotopic equilibrium with the
water based on hydration reactions that exchange O atoms between H,O and dissolved CO,. The
most important water reservoirs for CO, exchange are the oceans, soil water, and leaf water. Al-
though the oceans are relatively homogeneous isotopically, the equilibrium fractionation depends
on temperature (110). 3'80 in soil- and leaf-water reservoirs is highly variable due to fractionation
of water isotopes during evaporation and precipitation (111, 112). These sources of variability are
imparted onto variability in 8'%0 of CO,. Exchange of atmospheric CO, with leaf water occurs
via CO; molecules that diffuse into leaves through stomata, equilibrate, and then diffuse back out
again, escaping photosynthesis. Roughly two-thirds of the CO, molecules entering the stomata
escape in this way (109). Exchange of CO, with soil water occurs either by diffusion of CO, into
the soil and back out again or via a loop that involves CO, uptake by leaves, respiration below
ground, and diffusion of CO, out of the soil (113, 114). In leaves and in some soils, the isotopic
exchange is accelerated by the enzyme carbonic anhydrase, which catalyzes the hydration reaction
(115, 116). The presence of carbonic anhydrase makes leaf water the most important reservoir for
O-atom exchange. The lifetime of atmospheric oxygen atoms in CO, with respect to exchange
with liquid water is estimated to be less than 1.9 years (117, 118).

The variability of COS is controlled by the balance of sources and sinks (14, 119). Major sources
include the oceans, which release COS directly and indirectly (as a breakdown product of other
sulfur gases), biomass burning, and anthropogenic emissions associated with synthetic fiber, alu-
minum, and coal industries. The primary sinks are uptake by terrestrial vegetation and soils where
COS is hydrated and thereby destroyed (119, 120). The pathway for COS uptake in leaves is very
similar to the pathway for !0, involving diffusion through stomata and hydration by carbonic
anhydrase (121). Relatively minor contributions to the COS budget are made by emissions from
volcanos, anoxic soils, wetlands, and removal by oxidation in the troposphere and stratosphere
(122). COS has a relatively short lifetime of <2 years based mainly on the rapid hydration in
leaves and soils (122). COS is climatically important as a source of stratospheric aerosol and as a
greenhouse gas (123).

Time-series measurements began in the late 1970s for 3'%0 (117) and in 2000 for COS (124).
Variations in COS prior to 2000 have been recovered from air extracted from polar ice cores and
firn, providing quasi-decadal resolution (122). Reconstruction of earlier changes in $'80 has not
been possible because ice cores do not preserve 380 of CO,. Figure 11 shows examples from
time series from Barrow, Mauna Loa, and the South Pole.

Both tracers undergo seasonal cycles with larger cycles in the Northern Hemisphere. In the
Southern Hemisphere, the oceans dominate the variability of COS, whereas the variability of 38O
has both oceanic and terrestrial contributions. In the Northern Hemisphere, terrestrial exchanges
dominate both signals (124, 125). In the summer, when vegetation is active, COS is removed and
3180 of CO; is altered through exchanges with leaf and soil water. Particularly at high northern
latitudes, leaf and soil water tends to be depleted in 3'80 leading to a summertime decrease in
8180 of CO,. This strong summertime exchange also leads to a gradient in annual-mean 380
of CO; within the Northern Hemisphere, with lower values in the north (109). The time series
in Figure 11 show little evidence for long-term trends in either 8'#0O or COS, although §'*O
does vary interannually in association with El Nifo events (117). The lack of a long-term trend
in 3180 is a reflection of the rapid turnover of O atoms with the water reservoirs overwhelming
other influences such as emission of fossil-fuel CO,, which is slightly depleted in 380 (109).
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Figure 11

(a) 3180 and (b) carbonyl sulfide (COS) data from Barrow (71.3°N), Mauna Loa, Hawaii (19.5°N), and the South Pole (90.0°S).
Monthly 8!80 from the Scripps CO; program. COS measurements are averages of paired flask samples in parts-per-trillion (pmol
mol™) collected every one to two weeks from National Oceanic and Atmospheric Administration Global Monitoring Laboratory
(downloaded from ftp://aftp.cmdl.noaa.gov/hats/carbonyl_sulfide). These data extend the records published in Montzka et al. (124).

The Antarctic ice and firn records show COS rising from a preindustrial level of ~350 ppt to
a maximum of ~550 ppt around 1990, and then roughly stabilizing over the next 10 years to
current levels of 500 ppt. Greenland firn records show a similar pattern, but with an earlier peak
circa 1975. These variations have been attributed to changing anthropogenic emissions of COS
with the lifetime of COS remaining roughly constant (122).

Both tracers can potentially provide insights into leaf-level processes such as stomatal conduc-
tance and GPP of terrestrial vegetation. To date, global-scale applications have relied on particular
signals that are interpretable despite the many potential complications (anthropogenic COS emis-
sions, soil impacts, fractionation of water isotopes in the hydrological cycle). One such signal is
the variability of 880 with El Nifio events, which is driven by changes in tropical leaf- and soil-
water 3180 associated with variable tropical drought (117). There is a significant lag in the §'%0
response to El Nifio that constrains the global turnover time of the O atom in CO,, which is useful
for constraining global GPP (117). GPP estimated using this approach is significantly higher than
in previous studies (117). Another signal is the long-term trend in COS resolved from firn data,
which appears to require a large increase in GPP since 1900 (126). The COS lifetime is propor-
tional to CO,/(GPP-LRU) where LRU (leaf relative uptake) is a measure of the relative uptake
efficiency of COS versus CO, by vegetation (122). If LRU and the COS lifetime remained rela-
tively constant over the twentieth century, then GPP must have increased roughly in proportion
to atmospheric CO,, corresponding to a 30% increase from 1900 to 2000 (126).

6. DISCUSSION AND OUTLOOK

We have reviewed results from long-term measurements of atmospheric CO; and related tracers
in the atmosphere, which serve to document the rise in CO, and the exchanges of CO, with the
land and oceans. The records have enabled a steady stream of scientific discoveries that were not
anticipated at the time the measurements were initiated.

One of the most notable findings of these measurements is the surprisingly large changes
in land ecosystems. The interhemispheric gradients in CO; and 8*C indicate the presence of a
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growing Northern Hemisphere land sink (53, 54), whereas the combined mass balance relation-
ships for O, and CO, require a growing land sink at the global scale (127). The large changes
in the seasonal cycle show that significant changes have occurred in net photosynthetic uptake
of CO; in the summer (31) and in fall respiration (37). The carbon isotopic data help clarify that
large-scale changes in water-use efficiency have accompanied the rise in CO, (74) and the COS
data support a large increase in GPP (126). These large changes, which were partly unanticipated
by ecologists (e.g., 128), have played a major role in motivating research into the terrestrial
carbon cycle in recent years.

In contrast, long-term atmospheric measurements have led to fewer surprises regarding the
behavior of the oceans. The data strongly support theories already advanced in the 1950s that the
ocean sink would be dominated by physical dissolution of CO, in the ocean and physical transport
into the interior (129). Marine organisms are now under the triple threat of ocean warming, acidi-
fication, and deoxygenation (130). But other than the signal of ocean warming and deoxygenation
that has emerged from the APO trend (95, 107), and the ocean acidification implied by the CO,
uptake, no other major indicators of marine ecological changes are evident in the atmospheric
records. The seasonal cycles in APO, for example, show no clear evidence of hemispheric-scale
trends from 1990 to present, and thus no major changes in marine productivity or seasonal ven-
tilation over this period. We know from long-term observations of CO, in the surface ocean that
significant variability in oceanic CO, uptake occurs at the scale of individual basins over a range of
timescales, and this variability must contribute to global variability in CO, (131, 132). But a signal
of these processes has not yet been clearly resolved in the global trends of CO, or its isotopes.

An important result is the finding that the sinks for CO, have been growing roughly in pro-
portion to emissions over the past sixty years. In simple models, a relatively constant airborne
fraction is expected from the quasi-exponential growth of emissions, which leads to relatively
constant partitioning of the excess CO; across land, ocean, and atmospheric reservoirs (15, 129).
Assuming emissions eventually plateau, a decreasing airborne fraction is expected, as the sinks de-
pend on the full emissions history rather than current emissions (133). For example, a rapid drop
in emissions does not imply an equally rapid drop in the sinks. The long-term sink behavior will
depend strongly on the future emissions pathway, eventually weakening or possibly reversing if
CO; drops sufficiently (134).

The discovery of new phenomena through these datasets will almost certainly continue. As the
records grow in length, new signals have emerged. Just within the past decade, a possible signal
of secular changes in the El Nifio impacts on CO, has emerged (135), as have El Nifio signals
in 180 of CO; (117) and signals of long-term increasing water-use efficiency of land ecosystems
from 3"*C (74). In time, we may discover clear signals in changing ocean biogeochemistry through
APO, feedbacks between climate change and carbon fluxes with the oceans or permafrost through
A™C (12), or better constraints on trends in gross or net primary production of land ecosystems
through COS and 3'80. We still await positive detection of a change in the airborne fraction.

In this review, we have not attempted to describe phenomena on small space- or timescales.
In this context, an important direction of ongoing research is the creation of denser sampling
networks, taking advantage of new technologies for in situ, satellite, and column-measurement
approaches (136-138). At present, our knowledge of long-term trends in CO, and related species
is mostly based on air samples that were collected weekly or monthly in flasks and shipped to
a central laboratory for analysis. A massive improvement in temporal resolution is now possible
by deploying in situ analyzers that employ laser-based and other novel measurement technolo-
gies to measure every second or minute. Data assimilation systems using inverse modeling to
derive surface fluxes or constrain the controlling processes on land or in the ocean are becoming
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more advanced (139, 140). Nevertheless, the development of assimilation systems that fully utilize
the multi-tracer constraints is still in the early stages (75, 141), as are the observations of changes in
rarer CO; isotopologues, such as ¥ C180160 or 2 C!7 OO, which may provide further constraints
on carbon cycling (142).

Sustained measurements of atmospheric CO; and related tracers provide the foundation of
carbon cycle research, and they are as important now as ever. Many processes in the carbon cy-
cle are still not well understood, such as the land CO; sink, which means that future projections
of atmospheric CO; and climate change span large potential ranges. Continuing these observa-
tions and using them in innovative new studies will be fundamental to advancing the state of the
science. CO, and related tracer measurements are also critical for the detection of feedbacks of
climate changes on carbon sinks, which may significantly modify the climate response to fossil-
fuel emissions (143). As the world takes steps to mitigate climate change, a sustained slowing in
the CO, growth rate observed at Mauna Loa will be necessary to show that mitigation measures
are effective.

1. The buildup of atmospheric CO; from fossil-fuel burning and land use has been offset by
approximately 50% by land and ocean sinks, which have grown roughly proportionally
with emissions over the past 60 years.

2. Alarge increase in the amplitude in the CO; seasonal cycle has been detected since the
1960s in high northern latitudes, which indicates widespread changes have occurred in
boreal and temperate terrestrial ecosystems.

3. The growth rate of CO, has fluctuated on interannual timescales, mainly as a result of
variations in the growth and decay of tropical biomass tied to moisture and temperature
variations.

4. The Northern Hemisphere contains an annual excess of several ppm CO; compared to
the Southern Hemisphere. The excess is driven by fossil-fuel burning, which is concen-
trated in the North, but it is partly counteracted by a northern land sink for CO; which
has grown roughly in proportion to fossil-fuel emissions.

5. The radiocarbon content of CO, (*C/C) increased following the atmospheric atom-
bomb tests of the 1950s and 1960s, but has decreased since then, as the bomb excess *C
has spread into the oceans and land reservoirs, and as fossil-fuel emissions have injected
4C-free CO; into the atmosphere. Measurements of radiocarbon have proved critical
for quantifying CO, exchange rates between reservoirs and quantifying fossil-fuel
emissions.

6. The BC/C ratio of CO; has decreased over the past century due to the burning of
fossil fuels with low 1*C/*2C ratios. * C/*> C measurements are useful for quantifying land
carbon sinks and resolving changes in the water-use efficiency of land photosynthesis.

7. The atmospheric O,/N; ratio has decreased in concert with the rise in CO, because
O, is consumed by fossil-fuel burning. Measurements of O,/N, provide unique insights
into land and ocean carbon sinks and changing ocean biogeochemistry.

8. Measurements of carbonyl sulfide and the #O/!°O ratio of CO, provide insights on the
global rate of photosynthesis by land plants and its change over time.
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. Continued measurements of CO, and related tracers are vital for assessing progress to-

ward climate mitigation and detection of climate feedbacks impacting CO; buildup.

. Time-series measurements of O, are poised to provide novel insights changing ocean

biogeochemistry, similar to the role played by CO, and its isotopes in the detection of
changing land biogeochemistry.

. An important goal is the monitoring of trends in the airborne fraction. As fossil-fuel

emissions eventually plateau and decrease, the airborne fraction is expected to decrease.

. Opportunities for vast improvements in measurement quality and data density for CO,

and related tracers are possible by employment of novel measurement techniques based
on lasers and other technologies.

. Major insights into the carbon cycle may be achieved through the development of models

that assimilate not just CO, data, but also data for carbon isotopes, O,, and COS.
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